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‘Indulge your passion for knowledge,” says nature, ‘but seek
knowledge of things that are human and directly relevant to
action and society. As for abstruse thought and profound
researches, I prohibit them, and if you engage in them I will
severely punish you by the brooding melancholy they bring,
by the endless uncertainty in which they involve you, and by
the cold reception your announced discoveries will meet with
when you publish them. Be a philosopher, but amidst all your
philosophy be still a man.

David Hume, An Enquiry Concerning
Human Understanding, 1748.
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Abstract

Designing local controllers for networked systems is challenging, because
in these systems each local controller can often access only part of the over-
all information on system parameters and sensor measurements. Traditional
control design cannot be easily applied due to the unconventional informa-
tion patterns, communication network imperfections, and design procedure
complexities. How to control large-scale systems is of immediate societal im-
portance as they appear in many emerging applications, such as intelligent
transportation systems, smart grids, and energy-efficient buildings. In this
thesis, we make three contributions to the problem of designing networked
controller under information asymmetries and limitations.

In the first contribution, we investigate how to design local controllers to
optimize a cost function using only partial knowledge of the model governing
the system. Specifically, we derive some fundamental limitations in the closed-
loop performance when the design of each controller only relies on local plant
model information. Results are characterized in the structure of the networked
system as well as in the available model information. Both deterministic and
stochastic formulations are considered for the closed-loop performance and
the available information. In the second contribution of the thesis, we study
decision making in transportation systems using heterogeneous routing and
congestion games. It is shown that a desirable global behavior can emerge
from simple local strategies used by the drivers to choose departure times and
routes. Finally, the third contribution is a novel stochastic sensor scheduling
policy for ad-hoc networked systems, where a varying number of control loops
are active at any given time. It is shown that the policy provides stochastic
guarantees for the network resources dynamically allocated to each loop.
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CHAPTER 1

Introduction

“Thoughts without content are void; intuitions without conceptions,
blind.”

Immanuel Kant, The Critique of Pure Reason', 1781.

ECENT developments in control engineering, embedded computing, and com-
munication networks have enabled many complex systems, such as aircraft
and satellite formations [1, 2|, intelligent transportation infrastructures [3, 4], and
flexible structures [5, 6]. A common feature of these large-scale control systems
is that they are composed of several subsystems coupled through their dynamics,
decision-making process, or performance objectives. When regulating these sys-
tems, it is often necessary to adopt a distributed architecture, in which the decision
maker (e.g., controller, network manager, social planner) is composed of several
interconnected units. Each local decision maker can only access a subset of the
global information (e.g., sensor measurements, model parameters) and actuate on
a subset of the inputs, perhaps in its vicinity. This distributed architecture is
typically imposed because otherwise the central decision maker with full access to
information might become very complex and not possible to implement, or because
different subsystems may belong to competing entities that wish to retain a level
of autonomy. Therefore, in this thesis, we try to mathematically formulate the ef-
fects of such information asymmetry and limitation in some control and estimation
problems for complex networked systems.

The thesis consists of three parts. In the first part, we focus on decentralized
control design under limited plant model information. We remove a common, but
often implicit, assumption in the control literature, namely, that control design is
performed in a centralized fashion with full knowledge of the plant model (even if

IKritik der reinen Vernunft, translated by John M. D. Meiklejohn, 2011.
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the controller is decentralized and has access only to a subset of the state). For these
problems, we are interested in understanding how to optimize a social cost function
using only partial knowledge of the model governing the system (in addition to the
partial knowledge of the system state measurements). In the second part, we study
decision making in road traffic using heterogeneous routing and congestion games.
Specifically, we model the drivers’ decision-making process for selecting departure
time and route. Also in this case, the decision makers do not have access to the full
information (e.g., the preferences of other players) when making their decisions. A
desirable global behavior still can be achieved under certain conditions. Finally, in
the third part, we propose a stochastic scheduling policy with the ability to balance
the sensor sampling and transmission rates in ad-hoc networked control systems.

In the following chapters, we present motivating applications, review the exist-
ing literature, and discuss the contributions of the appended papers. Specifically, in
the remainder of this chapter, we discuss the challenges that we face when control-
ling large-scale systems under asymmetric information regimes. In Section 1.1, we
discuss power networks and transportation systems as two motivating applications.
In Section 1.2, we present the main questions that we address in this thesis. In
Section 1.3, we mathematically formulate several illustrating examples, which we
use in Chapter 3 as well as in the attached papers, to demonstrate the developed
results. Finally, in Section 1.4, we outline the thesis.

1.1 Motivating Applications

We start by presenting two motivating applications to illustrate the challenges we
face in optimal control and estimation of shared infrastructures in power networks
and transportation systems.

1.1.1 Power Networks

Consider the Baltic sea region electricity transmission grid portrayed in Figure 1.1.
Most of the power is generated in a few large power generators and transmitted
through the network to the consumers. The power network consists of tens-of-
thousands of components (generators, transmission lines, converters, etc) connected
together. These components have local interactions with each other through the
grid and through a supporting communication network, which results in a struc-
tured networked control system.

For a power transmission grid, one of the design goals is to optimally regulate
voltage, active and reactive power, and frequency in the face of variable demand,
stochastic generation (mainly due to renewable energy sources), and faults. Sensors
(e.g., phasor measurement units) measure voltages, phase angles, and frequencies
among other variables and transmit these measurements over a communication net-
work to the control stations. Due to the complexity of the grid (and because of the
communication limitations), all sensor information is not used in every controller in
the system. Therefore, the local controllers do not use full state measurements, but
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only a subset of the overall state. This constraint brings challenges in the design
of stabilizing and optimal controllers.

Let us consider the overall problem of controlling power networks in a bit more
detail. Power networks are highly complex time-varying dynamical systems, which
are hard to model in detail for several reasons. First, these systems are social-
technical systems meaning that they are composed of a technical layer (electrical
and mechanical components and their interconnections) and a social layer working
together [7]. The social layer consists of the end users, who put physical constraints
on the technical layer, and the human operators, who change the structure of the
technical layer and manage the production levels to control the power flow. At
the control design, the behavior of the social layer is partially unknown (although
to some extent predictable by the historical data and the regulations). Second,
several companies produce varying levels of power based on the prices and the pub-
lic demand. As a consequence, a varying set of generators (thermal, wind, hydro,
etc) at each time instant provide the power needed across the network. These
companies might be unwilling to share their information about their own produc-
tion capacities and local network as it might compromise the company’s financial
benefits by giving tactical advantages to other companies in the energy generation
market. Third, power networks consist of many nonlinear components, although
it is common to design linear controllers with acceptable closed-loop performance
based on linearized models. These controllers are functions of the linearized model
and, in turn, functions of their operating points. Finally, safety constraints must
be satisfied at all time instances to protect the electrical equipments and end users
from harm due to faulty conditions or other hazardous situations. Therefore, safety
switches automatically connect or disconnect electrical components or transmission
lines (to meet these safety requirements). The switches change the topology of the
network and the transmission lines impedances.

Due to the complexities mentioned above and because power networks are imple-
mented over a vast geographical area (even across multiple countries), it is difficult,
if not impossible, to gather all the model information (e.g., entire network topology,
line impedances, and operating conditions) at one place. Even if one could gather
all the information, the controller based on that information necessarily needs to
be very complex. This motivates our interest in designing local controllers based
on only local model information.

1.1.2 Transportation Systems

Consider the Swedish road network in Figure 1.2. According to Statistics Sweden?,
in December 31, 2006, there were 4 202 463 passenger cars registered in Sweden,
which is 461 vehicles per 1000 inhabitants [9]. In addition, there were 479 794

2Statistics Sweden is an administrative agency aimed at supplying customers with statistics
for decision making and research. For more information, visit their webpage http://www.scb.se/.
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Figure 1.3: Heavy-duty vehicles can form platoons to reduce the air drag co-
efficient and thereby improve their fuel efficiency. Picture provided courtesy of
Scania http://www.scania.com/.

registered lorries® and 13 363 buses [9]. The Swedish road network together with
mainly these millions of vehicles form a large complex dynamic system with severe
resource constraints and almost no centralized control.

Traffic congestion creates many problems, such as increased transportation de-
lays and fuel consumption, air pollution, and dampened economic growth in heav-
ily congested areas [10-12]. A recent study [12] shows that the transportation
has contributed to approximately 15% of the total man-made carbon-dioxide since
preindustrial era and suggests that it will be responsible for roughly 16% of the
carbon-emission over the next century. In addition to these environmental and eco-
nomical issues, there are also a high number of injuries and deaths associated with
the use of motor vehicles. Transport Analysis* details that during 2012, a total of
16 458 road traffic accidents involving personal injury (including fatal, severe, and
slight injury) were reported by the Swedish police. They caused the death of 285
individuals [13].

To circumvent some of the problems with traffic congestion, the local govern-
ments in some urban areas introduced congestion taxes. For instance, Stockholm

3Petroleum tankers, trucks, vans, tractors, and other means of carrying goods (e.g., special
tankers for transporting dairy products, water, and chemicals).

4Transport Analysis is a government agency in Sweden with the aim of providing decision
makers with relevant policy advice and statistics in transportation. For more information, visit
their webpage http://www.trafa.se/en/.
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implemented a congestion taxing system in August, 2007 after a seven-month trial
period in 2006. A survey of the influence of the congestion taxes over the trial
period can be found in [14], which shows significant improvements in travel times
as well as favorable economic and environmental effects. Behavioral aspects and
other influences of the Stockholm congestion taxing system is discussed in [15-18].

Intelligent transportation solutions, such as vehicle-to-vehicle communication,
dynamic toll administration, and commercial fleet management [10, 19], can be
employed for reducing the fuel consumption in conjunction with improving the road
safety. One way to improve the fuel efficiency is vehicle platooning (see Figure 1.3),
as vehicles experience a reduced air drag when they travel in platoons [20-24].
Heavy-duty vehicles can significantly improve their fuel efficiency by platooning.
In [20], the authors report 4.7%-7.7% reduction in the fuel consumption (depending
on the distance between the vehicles among other factors) when two identical trucks
platoon close together at 70km/h. In addition to improving the fuel efficiency,
platooning is suggested to reduce the road fatalities by around 10% [25, 26].

The problem of coordinating heavy-duty vehicle platoons can be decomposed
into three main layers [27]. At the top layer, we have transport planning and route
optimization to determine the vehicle routes and their timing along the route. At
the middle layer, we have road planning and road segment optimization, which de-
cides for instance about the platoon velocity. At the lowest layer, we have platoon
coordination in which decisions are made on merging with other platoons, splitting
platoons, and changing the order of the vehicles in a platoon. This layer also han-
dles real-time inter-vehicle control and vehicle cruise control in which the vehicles
communicate state measurements and other information to regulate the distance
between vehicles. Optimizing these layers to achieve decreased fuel consumption
and increased safety is a challenging task. Let us discuss this challenge in some
detail for two specific platooning layers.

First, we focus on the transport planning and the route optimization. Consider
a future scenario when all heavy-duty vehicles are equipped with platooning equip-
ments. The number of vehicles that need to be coordinated is then enormous and,
typically, they are geographically scattered across large areas. Therefore, gathering
all the required information at one place is a time-consuming and complex task.
Even assuming that this information can be gathered in a single place, a global
decision-maker might become extremely complex to implement and execute. In
addition, heavy-duty vehicles often belong to competing entities. These entities
may wish not to share their private information with a central decision maker due
to privacy constraints enforced by their clients or because of the fact that the re-
leased information might give a competitive advantage to other companies. Hence,
it would be interesting to study if a desirable behavior, such as using the road at
the same time or choosing the same path among alternative routes, can emerge
from simple local strategies, such as appropriate monetary (e.g., taxing or subsidy)
policies.

Second, let us consider the real-time inter-vehicle control of the layered platoon
architecture. The control design might be constrained by that each vehicle should
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only rely on the parameters of its own vehicle due to several reasons. For instance,
it might be the case that the controller of each vehicle should be fixed. Arguably,
safety constraints might be a motive for this as time-varying controllers may result
in behaviors harder to predict. Furthermore, the local controller of each vehicle
cannot be designed based on the model information of all possible vehicles it may
cooperate with in future traffic scenarios. Finally, the vehicle parameters (e.g., its
mass) might not be available to other trucks because these vehicles may belong to
other competing entities. In this case, it is interesting to see if the fleet owners still
can guarantee a reasonable bound on the closed-loop performance of the platoon
in terms of reduced fuel consumption.

1.2 Challenges

As illustrated by the motivating applications, it is often the case that when regulat-
ing a large-scale system composed of several interconnected subsystems, one needs
to adopt a decentralized control architecture. In addition, when designing each lo-
cal controller, we may not have access to the full model information. For instance,
it might be desirable that each local controller is a function of only local parame-
ters, so that it does not need to be modified if the model parameters of a particular
system (that is not in its vicinity) change over time, or due to privacy constraints
or other reasons, as discussed previously. This way, we can ensure simple control
systems tuning and maintenance, if we are still able to guarantee good closed-loop
performance. Hence, it is important to consider decentralized control design under
limited model information. One question could be to study how far the best control
design with limited model information is from the optimal control design with full
model information in terms of the closed-loop performance. This can potentially
shed some light on inherent limitations caused by the lack global model information.
Another important question could be to study if it is possible to reduce the gap
between the best control design with limited model information and the one with
full model information through constructing more complex® control laws. For in-
stance, when dealing with linear time-invariant systems, the optimal control design
strategy with full model information and full state feedback is static; however, this
observation may not extend when migrating to limited model information regime.
In that case, we need to characterize the “simplest” control design strategy that one
should construct to achieve a reasonable performance. We can also study whether
it is possible to capture the value of information; i.e., the level of improvement in
the closed-loop performance caused by moving from a given information regime to
a richer one. Using this notion of value of information, we can understand what
parts of the model information are more important when designing a local controller
and, hence, we must acquire even at a high cost. This is highly relevant because

5We measure complexity in control laws in the sense that nonlinear control laws are more
complex than their linear but dynamic counterparts which, in turn, are more complex than static
controllers.
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we typically have a finite budget (in terms of time, money, or computational re-
sources) in the control design procedure. In all the above mentioned problems, we
can consider two different approaches for handling the unknown parts of the model.
We can either consider the worst-case possible combination of the parameters or
use statistical data (where applicable and, more importantly, available) to remedy
the average behavior of the closed-loop system.

Another challenge that we consider in this thesis is strategic decision making
by drivers in transportation networks. In these systems, the drivers compete over
a common resource (i.e., the road network). The choice of route, departure time,
and speed of each driver affects some of the other drivers in the network. We model
the drivers’ decision making using game theory since they wish to optimize their
own costs rather than contributing the social welfare (e.g., the total time wasted
in traffic). In our model, we explicitly account for the heterogeneity of the drivers
and their vehicles. An interesting questions is to understand whether desirable
properties, such as the existence of an equilibrium in which no one can improve her
cost by unilaterally changing her decision, can be guaranteed. We can also study
how difficult it is to find such an equilibrium. For instance, we can investigate
the convergence properties of various decentralized learning dynamics. Another
interesting question could be to study if it is possible to encourage the drivers to
take socially responsible decisions through appropriate monetary (i.e., taxing or
subsidy) policies. Finally, we can also use these setups to better understand the
incentives of cooperative driving scenarios, such as heavy-duty vehicle platooning,
in transportation networks.

The third challenge we consider is optimal resource allocation for control and es-
timation of large-scale networked systems. When transmitting sensor measurements
in a networked system, such as the power grid, we need to assign time intervals in
which each sender transmits its measurement across the shared communication net-
work (e.g., wireless communication network, Internet) to its designated estimation
unit. Noting that there are potentially a huge number of sensors employed, we need
to efficiently coordinate these sensors to avoid packet collisions and dropouts while
maintaining an acceptable sampling rate. Furthermore, communication resources
in large networks almost always are varying over time due to the needs from the
individual users and physical communication constraints. In many practical net-
worked systems, a varying number of control loops may be active at any given
time. Therefore, a very interesting problem could be to design a scheduling policy
for ad-hoc networked systems so that it adapts itself to the number of active control
loops and their closed-loop performance requirements.

1.3 lllustrative Examples

In this section, we briefly introduce a few numerical examples to demonstrate the
main problems considered in the thesis. We revisit these examples in the subsequent
chapters and the attached papers to illustrate the developed results.
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1.3.1 Power Grid Regulation

Let us consider the power network composed of two generators shown in Figure 1.4
from [28, pp. 64-65], see also [29]. We can model this power network as

51 (t) = W1 (t),

w (t) = Mil [(Pr(t) +wi(t)) — &5 sin(B1 (1) — d2(t)) — & Fsin(d1 (1)) — Diwn (1)),
and

0 (t) = wa(t),

wa(t) = ML2 [(P2(t) +wa(t)) — &5 sin(da(t) — 81(t)) — & sin(da(t)) — Dawa(t)],

where 9;(t), w;(t), P;(t), and w;(t) are the phase angle of the terminal voltage,
the rotation frequency, the input mechanical power, and the exogenous input of
generator i, respectively. We assume that Pi(t) = P + Mjvi(t) and Py(t) =
P9 + Mvs(t), where vy (t) and vo(t) are the continuous-time control inputs of this
system, and P and PY are constant references. Now, we can find the equilibrium
point (§7,03) of the system and linearize it around this equilibrium. Furthermore,
let us discretize the linearized system by applying Euler’s constant step scheme
with sampling time AT, which results in

xz(k+1) = Az(k) + Bu(k) + Hw(k),

where
A (k)
_ | Awi(k) _ | w(k) _ | wi(k)
*R) =1 As(k) | wk) =1 k) | wk) =1 o) |
sz(k)
1 AT 0 0
—AT(Ey'c0s(81-65)+¢1 'e0s(81)) | ATD, AT cos(57—683) 0
A= M, My E12 My
0 0 1 AT |
AT cos(63—67) 0 —AT (£, cos(85-87 ) +&5 'cos(d3)) 1_ATD,
12 M2 Mo M,
and
0 0 0 0
110 1m0
B= 0o 0 H= 0 0
0 1 0 1/M,

Here, Ady(k), Ada(k), Awi(k), and Aws(k) denote the deviation of d1(t), da(t),
w1(t), and wy(t) from their equilibrium points at time instances t = kAT. Addi-
tionally, let the actuators be equipped with a zero order hold unit which corresponds
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Figure 1.4: Schematic diagram of the power network.

to v;(t) = u;(k) for all kAT <t < (k+ 1)AT. Finally, we use the notation w;(k)
to capture the equivalent influence of w;(t) over kAT <t < (k+ 1)AT.
Alternatively, we can consider DC power generators such as solar farms and
batteries. Suppose these sources are connected to AC transmission lines through
DC/AC converters that are equipped with a droop-controller [30, 31]. Let us assume
that both power generators in Figure 1.4 are DC power generators equipped with
droop-controlled converters. We can then model this power network as

d1(t) = * [(Pr(t) + wi(t) — &3 sin(61(2) — 62(t)) — &5 P sin(81(t)) — Dywr (t)],

1

da(t) = s

[(P2(t) +wa(t)) — &5 sin(d2(t) — 61(1)) — & " sin(d2(t)) — Dawa(t)],
where 6;(t), 1/D; > 0, and P;(t) are respectively the phase angle of the terminal
voltage of converter i, its converter droop-slope, and its input power. Now, we
can find the equilibrium point of this nonlinear system and linearize it around this
equilibrium, which results in

x(k+1) = Az(k) + Bu(k) + Hw(k),

where
_ | Adi(k) _ | w(k) _ | wi(k)
x(k)_{Aéz(k) ) u(k) = (k) | w(k) = ws(k) |
—AT (&' cos(3] —03) € cos(37)) AT cos(87=83)
A= D1 &12D1
AT cos(85—07) —AT (&5, cos(35467)—&; P cos(d3)) |
§12D2 Do
and

- [00] [ ]
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We are interested in the optimal control of this power network. Whenever
we restrict our considerations to linear time-invariant controllers, the closed-loop
performance measure is given by

J =Ty (5)I15,

where Ty, (3) denotes the closed-loop transfer function from the exogenous input
w(k) to output vector y(k) = [z(k)T w(k)T]T in which 3 is the symbol for the one
time-step forward shift operator. Through minimizing such a cost function, we
guarantee that the frequency of the generators stays close to its nominal value (e.g,
50Hz in Sweden) without wasting too much energy. For the design of nonlinear
controllers, we consider the cost function

T-1

J= Tlgog;];)x(k)Tx(k) + u(k) Tu(k).

This cost function is equal to the Hy-norm of the closed-loop transfer function for
linear time-invariant systems excited by exogenous inputs that are elements of a
sequence of independently and identically distributed Gaussian random variables
with zero mean and unit covariance.

Let us assume that the impedance of the lines that connect each generator to the
infinite bus in Figure 1.4 varies over time. We define «;, ¢ = 1,2, as the deviation
of the admittance ;" ! from its nominal value. Notice that «; only appears in
the model of subsystem i. When designing the control laws, we assume that the
information regarding the value of parameter «; is only available in the design of
the controller for subsystem i. One motivation for this can be that the generators
are physically far apart from each other.

1.3.2 Heating, Ventilation, and Air Conditioning Systems

Let us consider the problem of regulating the temperature in N rooms on the
274 floor of the Electrical Engineering building at KTH (see Figure 1.5). Let us, for
the sake of simplicity, assume that each room can be heated by a single actuator.
The corridors and stairways are supposed to have the ambient temperature z,
which may be assumed to be constant. Let us denote the average temperature
of room i by z;. By applying Euler’s constant step discretization scheme to the
continuous-time model (both in time and space), we obtain the following difference
equation

Zi(k+1) =Y iy (@ (k) — 2i(k)) + Bi(Fa — Zi(k)) + (), (1.1)
i

where 3; and «;; are constants representing the average heat loss rates of room 7 to
the ambient and to room j, respectively. The goal is to regulate the temperature
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Figure 1.5: The architecture plan of the 2°¢ floor of Electrical Engineering building
at KTH. Provided courtesy of Akademiska Hus http://www.akademiskahus.se/.
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Figure 1.6: Regulating the distance between three trucks.

of each room at a prescribed value by minimizing the performance criterion

T =303 (@ilk) = 1) + (wilk) — i), (12)

k=0 i=1

where r;, for each 4, is the reference temperature of room i, and u;, for each ¢, is
the steady-state control signal of room 1.

The characteristics of each room (such as opening doors and windows, place of
furniture, etc) influence its model parameters {f;} U {cs; | j # i¢}. Sometimes it
could be desirable to let the controller of each room not depend on the parameters
of other rooms. Another interesting problem here could be to propose a scheduling
policy for the sensors in each room to communicate their measurements to the
neighboring rooms as well as to a central estimation unit. Certainly, this scheduling
policy should be able to adapt itself to the number of control loops that are active
at any given time because not all the rooms are occupied with people at all times.

1.3.3 Heavy-Duty Vehicle Platooning

Consider a physical example where three trucks are following each other closely in
a platoon (see Figure 1.6). Each truck can be modeled as a continuous-time linear
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system described by

i‘i (t) o 0 1 xX; (t) 0 wil(t)

50 =10 —am Lo [+ L 0+ [ 000 ]
where v;(t), x;(t), and u;(t) denote the velocity, the position, and the control input
(i.e., the acceleration) of truck i, respectively. In addition, w;1(t) and w;2(t) are
the exogenous inputs to truck ¢ (i.e., the effect of wind, road quality, friction, etc).
Finally, g; is the viscous drag coefficient of vehicle ¢ and b; is its power conversion
quality coefficient. These parameters are all scaled by the maximum allowable mass
of each vehicle. Let us define d;;(t) as the distance between vehicles i and j (see
Figure 1.6). Now, we can model the whole platoon as

z(t) = A(a)z(t) + B(a)u(t) + w(t),

where
V1 (t) ’wlg(t)
dlg(t) U (t) wll(t) - w21(t)
x(t)=| wvalt) |, w(t)=| u2t) |, w(t)= waso () ,
dgg(t) us (t) ’wgl(t) — 1U31(t)
v3(1) w32 (t)
and
—01 /m1 O 0 O 0 bl /m1 0 O
1 0 -1 0 0 0 0 0
A(a): 0 0 *Qz/mg 0 0 s B(a)z 0 bg/mg 0
0 0 1 0 -1 0 0 0
0 0 0 0 —Qg/mg 0 0 b3/m3

In this example, we assume a = [m; mg m3]’ € R? is the vector of parameters
with m,; denoting the mass of vehicle ¢ (scaled by its maximum allowable mass).

We define the state of each subsystem as

n(t) = [ o } a(t) = vs(t), ws(t) = [ gt }

For safety reasons, we want to ensure that the exogenous inputs do not significantly
influence the distances between the vehicles. However, we would like to guarantee
this fact using as little control action as possible. We capture this goal by minimiz-
ing the Ho,-norm of the closed-loop transfer function from the exogenous inputs
w(t) to

2(t) = [ dia(t) dos(t) wi(t) wa(t) ws(t) ]

Therefore,
J = [|T20(8)|los
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Figure 1.7: The dashed black curve shows the segment of northbound E4 highway
between Lilla Essingen and Fredhéllstunneln in Stockholm.

where T, (s) denotes the closed-loop transfer function from w(t) to z(¢) in which s
is the symbol for the Laplace transform variable. For practical reasons, it could be
desirable to let the controller of each vehicle not depend on the model parameters
of the other vehicles. It is interesting to understand what limitations such privacy
constraint put on the achievable closed-loop performance of the overall platoon.

1.3.4 Decision Making in Transportation Systems

In this subsection, we model the traffic flow at various time intervals of the day on
the segment of northbound E4 highway between Lilla Essingen and Fredhéllstunneln
in Stockholm (see Figure 1.7) using an atomic congestion game. Let us divide the
time window of interest into R € N non-overlapping intervals and denote each
interval by r; for 1 < ¢ < R. The set of all these intervals is denoted by R =
{r1,72,...,rr}. Here, we assume there are two types of agents, namely, cars and
trucks. Let 2z = {z}¥, and = = {z;}}, denote the actions of N cars and M
trucks that are participating in the congestion game. Now, we describe the utilities
of these players.
Car i, 1 < i < N, maximizes its utility given by

Ui(zi7 Z—ia‘r) = é-zc(zl?]—‘vc) + vz, (Z,l’) +p?(2’7l’),
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where the mapping & : R x R — R describes the penalty for deviating from the
preferred time interval for using the road denoted by Tf € R (e.g., due to being
late for work or delivering goods), v.,(z, ) is the average velocity of the traffic flow
at time interval z;, and p(z,x) is a potential congestion tax for using the road
on a specific time interval. The choice of the penalty mappings &, 1 < ¢ < N,
can capture various models of cars. For instance, we can use &5 (z;, TF) = af|z; —
T¢|, with flexibility parameter af < 0, to describe the case where the driver of
car ¢ is penalized symmetrically by deviating from its preferred time interval T7.
Following [32—-34], we assume that the average velocity at time interval r € R is an
affine function of the total number of vehicles (both cars and trucks) that are using
the road at that time interval

N M
’I’LT»(Z, JI) = Z 1{Zg:’l"} + Z 1{wg:r}~
=1 /=1

We use real traffic data from sensors on this stretch of highway to extract reasonable
parameters for modeling the average velocity at any time interval as a function of
the total number of vehicles that are using the road at that time interval. The
measurements are extracted during October 1-15, 2012. Figure 1.8 shows the
average velocity of the flow as a function of the number of vehicles. As we can
see, for up to 1000 vehicles, a linear relationship v,(z,z) = an.(z,2z) + b with
a = —0.0110 and b = 84.9696 describes the data well. However, for higher numbers
of vehicles, it fails to capture the behavior of around 20% of the data (shown by
the red dots in Figure 1.8). Some of these outlier measurements can be caused
by traffic accidents, sudden weather changes during the day, or temporary road
constructions.
In the congestion game, truck j, 1 < j < M, maximizes its utility given by

Vj(x]"‘r—jvz) :f;(%aTgt) + Vz; (Z,QL‘) +p£(2,x) + 6Ulﬂj (Z"T)mwj (.13),

where, similar to the utilities of the cars, f}(xj,Tjt) is the penalty for deviating
from its preferred time Tj for using the road, v, (2, z) is the average velocity of
the traffic flow, and pt(z, ) is a potential congestion tax for using the road at time
interval x;. Trucks have an extra term v, (2, 2)mg, () in their utility because of
their benefit in using the road at the same time as the other trucks in which m,; ()
denotes the number of trucks that are using the road at time interval x; € R. The
increased utility can be justified by the fact that whenever there are many trucks
on the road at the same time interval, they can potentially collaborate to form
platoons and thereby increase the fuel efficiency. Note that this extra utility is a
function of the average velocity of the flow since trucks cannot save a significant
amount of fuel through platooning at low velocities [20, 27].

It is interesting to find the equilibria of this strategic game. In particular, we
study decentralized learning dynamics that do not use the knowledge of the utilities
of other vehicles.
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Figure 1.8: Average velocity of the traffic flow as a function of the number of
vehicles that are entering the segment of northbound E4 highway between Lilla
Essingen and Fredhéllstunneln for 15 min time intervals.
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Figure 1.9: An example of a networked system with water tanks composed of
decoupled scalar subsystems.

1.3.5 Water Tank Regulation

Consider a networked system composed of L decoupled water tanks illustrated in
Figure 1.9, where each tank is linearized about its stationary water level h, as

dzg(t) = =22 [ L zy()dt + dwg(t); 2(0) = 20. (1.3)
ae 2hg

The exogenous inputs {w(t) }iers,, 1 < ¢ < L, are statistically independent Wiener
processes with zero mean. They represent input flow fluctuations and other distur-
bances. In this model, a} is the cross-section of water tank ¢, a, is the cross-section
of its outlet hole, and ¢ is the acceleration of gravity. Furthermore, zo(t) € R
denotes the deviation of the tank’s water level from its stationary point.

It is interesting to develop an optimal scheduling policy to sample the water
levels in these tanks and transmit these measurements to their respective estimation
units over a shared communication medium. Certainly, it is preferable to construct
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a scheduling policy to deal with ad-hoc networked systems since a varying number
of water tanks may be utilized at any given time. In addition, since these water
tanks may work around slowly-varying stationary levels, their linearized models
change over time. Therefore, the designer may want to only rely on local model
information for designing the controller to avoid redesigning the whole controller
whenever a single parameter changes in the system.

1.4 Thesis Outline

This thesis is a compilation thesis. In the remainder of this chapter, we discuss the
organization of the chapters and the papers.

First, we present the introductory material. Specifically, Chapter 2 gives a re-
view of the pre-existing literature on cooperative and competitive decision making
with limited information. We particularly focus on networked control systems and
strategic decision making in transportation systems. In Chapter 3, we discuss the
contributions of the thesis in control design with limited model information, strate-
gic decision making in transportation networks, and stochastic sensor scheduling
with application to networked control systems. We present the conclusions and
possible directions for future research in Chapter 4.

Part 1: Control Design with Limited Model Information

The first part of the thesis consists of six papers on optimal control design with
limited plant model information. In what follows, we briefly discuss these papers.

Paper 1: Optimal Structured Static State-Feedback Control Design
with Limited Model Information for Fully-Actuated Systems

In this paper, we introduce the family of limited model information control design
methods, which construct controllers by accessing the plant’s model in a constrained
way, according to a given design graph. We investigate the closed-loop performance
achievable by such control design methods for fully-actuated discrete-time linear
time-invariant systems, under a separable quadratic cost. We restrict our study to
control design methods which produce structured static state feedback controllers,
where each subcontroller can at least access the state measurements of those sub-
systems that affect its corresponding subsystem. We compute the optimal control
design strategy (in terms of the competitive ratio and domination metrics) when
the control designer has access to the local model information and the global inter-
connection structure of the plant-to-be-controlled. Finally, we study the trade-off
between the amount of model information exploited by a control design method and
the best closed-loop performance (in terms of the competitive ratio) of controllers
it can produce. This paper is published as:
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F. Farokhi, C. Langbort, K. H. Johansson, “Optimal Structured Static State-
Feedback Control Design with Limited Model Information for Fully-Actuated
Systems,” Automatica, vol. 49, no. 2, pp. 326-337, 2013.

A preliminary version of the paper was presented as:

F. Farokhi, C. Langbort, K. H. Johansson, “Control Design with Limited
Model Information,” in Proceedings of the American Control Conference,
pp- 4697-4704, 2011.

Paper 2: Dynamic Control Design Based on Limited Model Information

The design of optimal Hy dynamic controllers for interconnected linear systems
under limited plant model information is considered in this paper. An explicit
minimizer of the competitive ratio is found. It is shown that this control design
strategy is not dominated by any other strategy with the same amount of model
information. The result applies to a wide class of system interconnections, controller
structures, and design information. This paper was presented as:

F. Farokhi, K. H. Johansson, “Dynamic Control Design Based on Limited
Model Information,” in Proceedings of the 49th Annual Allerton Conference
on Communication, Control, and Computing, pp. 15761583, 2011.

Paper 3: Decentralized Disturbance Accommodation with Limited
Plant Model Information

The optimal control design for disturbance accommodation with limited model in-
formation is considered in this paper. As it is shown in Papers 1 and 2, when it
comes to designing optimal centralized or partially structured decentralized state-
feedback controllers with limited model information, the best control design strat-
egy (in terms of competitive ratio and domination) is static. This is true even
though the optimal partially structured decentralized state-feedback controller with
full model information is dynamic. In this paper, we show that, in contrast, the
best limited model information control design strategy for the disturbance accom-
modation problem gives a dynamic controller. We find an explicit minimizer of the
competitive ratio and we show that it is undominated. This optimal controller can
be separated into a static feedback law and a dynamic disturbance observer. This
paper was published as:

F. Farokhi, C. Langbort, K. H. Johansson, “Decentralized Disturbance Ac-
commodation with Limited Plant Model Information,” SIAM Journal on
Control and Optimization, vol. 51, no. 2, pp. 1543-1573, 2013.

An early version of this paper was presented as:
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F. Farokhi, C. Langbort, K. H. Johansson, “Optimal Disturbance-Accommo-
dation with Limited Model Information,” in Proceedings of the American Con-
trol Conference, pp. 4757-4764, 2012.

Paper 4: Optimal Control Design under Structured Model Information
Limitation Using Adaptive Algorithms

In this paper, we show that with an adaptive networked controller with limited plant
model information, it is indeed possible to achieve a competitive ratio equal to one.
Therefore, by migrating from the set of linear control laws studied in Papers 1-3 to
the set of nonlinear control laws, we can drastically reduce the competitive ratio.
The plant model considered in the paper belongs to a compact set of stochastic lin-
ear time-invariant systems and the closed loop performance measure is the ergodic
mean of a quadratic function of the state and control input. This paper is under
review for journal publication as:

F. Farokhi, K. H. Johansson, “Optimal Control Design under Structured
Model Information Limitation Using Adaptive Algorithms,” Submitted.

Paper 5: Optimal H,, Control Design under Model Information
Limitations and State Measurement Constraints

In this paper, we present a numerical algorithm for constructing control design
strategies that rely on limited model information and partial state measurements.
The algorithm is based on successive local minimizations and maximizations (us-
ing the subgradients) of the Ho,-norm of the closed-loop transfer function with
respect to the controller gains and the system parameters. This paper was recently
presented as:

F. Farokhi, H. Sandberg, K. H. Johansson, “Optimal H,, Control Design
under Model Information Limitations and State Measurement Constraints,”
in Proceedings of the 52nd IEEE Conference on Decision and Control, pp.
6218-6225, 2013.

Paper 6: Optimal Control Design under Limited Model Information for
Discrete-Time Linear Systems with Stochastically-Varying Parameters

Here, we design optimal state-feedback controllers for interconnected discrete-time
linear systems with stochastically-varying parameters. The design of each controller
relies only on exact local plant model information and statistical beliefs about the
model of the rest of the system. Therefore, as opposed to Papers 1-4, in this
formulation, we may use statistical beliefs about the model of other systems. For
quadratic cost functions, we show that the optimal controller is a linear function of
the state measurements. Furthermore, we study the value of model information in
optimal control design using the performance degradation ratio (a concept related
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to that of competitive ratio) which is defined as the supremum (over all possible
initial conditions) of the ratio of the cost of the optimal controller with limited
model information scaled by the cost of the optimal controller with full model
information. This paper is submitted for journal publication as:

F. Farokhi, K. H. Johansson, “Optimal Control Design under Limited Model
Information for Discrete-Time Linear Systems with Stochastically-Varying
Parameters,” Submitted.

A preliminary version of this paper was presented as:

F. Farokhi, K. H. Johansson, “Limited Model Information Control Design for
Linear Discrete-Time Systems with Stochastic Parameters,” in Proceedings of
the 51st IEEE Conference on Decision and Control, pp. 855-861, 2012.

Part 2: Strategic Decision Making in Transportation Systems

The second part of the thesis consists of two papers on strategic decision making in
transportation systems. In what follows, we present a brief recapitulation of these
papers.

Paper 7: When Do Potential Functions Exist in Heterogeneous Routing
Games?

We study a heterogeneous routing game in which vehicles might belong to more than
one type. The type determines the cost of traveling along an edge as a function
of the flow of various types of vehicles over that edge. We extend the available
results to present necessary and sufficient conditions for the existence of a potential
function. We characterize a set of tolls that guarantee the existence of a potential
function when only two types of users are participating in the game. We present
an upper bound for the price of anarchy (i.e., the worst-case ratio of the social cost
calculated for a Nash equilibrium over the social cost for a socially optimal flow)
for the case in which only two types of players are participating in a game with
affine edge cost functions. This paper is a technical report:

F. Farokhi, W. Krichene, A. M. Bayen, and K. H. Johansson, “When Do Po-
tential Functions Exist in Heterogeneous Routing Games?,” Technical Report
TRITA-EE 2014:009, 2014.

A preliminary version of this paper was presented as:

F. Farokhi, W. Krichene, A. M. Bayen, and K. H. Johansson, “A Heteroge-
neous Routing Game,” in Proceedings of the Annual Allerton Conference on
Communication, Control, and Computing, pp. 448-455, 2013.
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Paper 8: A Study of Truck Platooning Incentives Using a Congestion
Game

Another aspect of transportation systems in the time at which vehicles decide to
use the transportation network. In this paper, we introduce an atomic congestion
game with two types of agents, cars and trucks, to model the traffic flow on a
road over various time intervals of the day. Cars maximize their utility by finding
a trade-off between the time they choose to use the road, the average velocity of
the flow at that time, and the dynamic congestion tax that they pay for using the
road. In addition to these terms, the trucks have an incentive for using the road at
the same time as their peers because they have platooning capabilities, which allow
them to save fuel. The dynamics and equilibria of this game-theoretic model for the
interaction between car traffic and truck platooning incentives are investigated. We
use traffic data from Stockholm to validate parts of the modeling assumptions and
extract reasonable parameters for the simulations. We use joint strategy fictitious
play and average strategy fictitious play to learn a pure strategy Nash equilibrium
of this game. We perform a comprehensive simulation study to understand the
influence of various factors, such as the drivers’ value of time and the percentage
of the trucks that are equipped with platooning devices, on the properties of the
Nash equilibrium. This paper is submitted for journal publication as:

F. Farokhi, K. H. Johansson, “A Study of Truck Platooning Incentives Using
a Congestion Game,” Submitted.

Preliminary versions of this result may be found in:

F. Farokhi, K. H. Johansson, “A Game-Theoretic Framework for Studying
Truck Platooning Incentives,” in Proceedings of the 16th International IEEE
Annual Conference on Intelligent Transportation Systems, pp. 1253-1260,
2013.

F. Farokhi, K. H. Johansson, “Investigating the Interaction Between Traf-
fic Flow and Vehicle Platooning Using a Congestion Game,” Accepted for
Presentation at the 19th World Congress of the International Federation of
Automatic Control (IFAC), 2014.

The first conference paper focuses on motivating the modeling assumptions and to
extract appropriate simulation parameters using real traffic data from Stockholm
while the second conference paper studies the problem from a theoretical perspec-
tive to show the existence of a pure strategy Nash equilibrium and to prove the
convergence of the learning algorithms.

Part 3: Stochastic Sensor Scheduling

The last part of the thesis consists of one paper on stochastic sensor scheduling
with application to networked control and estimation.
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Paper 9: Stochastic Sensor Scheduling for Networked Control Systems

Here, we model sensor measurement and transmission instances using jumps be-
tween states of a continuous-time Markov chain. We introduce a cost function for
this Markov chain as the summation of terms depending on the average sampling
frequencies of the subsystems and the effort needed for changing the parameters
of the underlying Markov chain. By minimizing this cost function, we extract an
optimal scheduling policy to fairly allocate the network resources among the con-
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CHAPTER 2

Background

“Knowledge is of two kinds. We know a subject ourselves, or we know
where we can find information on it.”

Samuel Johnson' (1709-1784)

N THIS thesis, we focus on the effects of information asymmetries and limitations
I in decision making. To discuss decision making with limited information, one
must first define and quantify information®. The theory of knowledge dates back
to Greek philosophers, such as Plato and Aristotle [35, 36]. However, it was not
until much later that Descartes, Berkeley, and Hume, among many other prominent
philosophers, started to formally study the problem [37-39]. Later, the term epis-
temology was coined by Ferrier to describe a branch of philosophy concerned with
knowledge [40]. There are also many mathematical approaches for modeling infor-
mation or knowledge [41]. The idea of quantifying information has attracted much
attention to the point of creating the field of “information theory” in mathematics,
communication theory, and signal processing [42, 43].

A common approach to model the information available to an agent (e.g., human
beings in a market) is to partition the space of all the possible scenarios (i.e., state
space) and, upon realization of one state, the agent can only know that an element
of the partition, to which the realized state belongs, has occurred [44-47]. In
this framework, an agent has more (detailed) information if her partition becomes
finer. The agents can also form beliefs (i.e., probability distributions on the state
space) and update these beliefs based on their observations [41, 48]. In information
theory, the uncertainty in capturing a random variable can be quantified using
the concept of entropy [43]. Another approach is to use semantics to model the
information available to each agent [49, 50]. Using these definitions, several studies

LQuoted in “Life of Samuel Johnson” by James Boswell, 1791.

2Different academic disciplines use different terminologies to refer to what we call information
in this thesis. For instance, economists and philosophers use the term knowledge instead. In this
chapter, we will use these two terms interchangeably when reviewing results from the literature.
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have developed results in decision making with limited information. In the rest of
this chapter, we discuss some of them.

Specifically, in Section 2.1, we review decision making with limited informa-
tion in both cooperative and competitive settings. In Section 2.2, we focus on
networked control and estimation as an application of cooperative decision mak-
ing with limited information. In Section 2.3, we review parts of the literature on
routing and congestion games as applications of competitive decision making with
limited information.

2.1 Decision Making with Limited Information

The problem of decision making with incomplete information and the value of
information is a well-studied problem in economics® and computer science [53—
57]. For instance, in [54], Arrow studied the degradation in economic decisions
caused by the lack of information and communication between both competing
and cooperating agents. He also gave an estimate of the value of information in
a network using this degradation factor. In [55, 56], the value of information in
distributed algorithmic decision making was studied. The value of information was
captured using the competitive ratio [58, 59], which was defined based on the so-
called regret ratio in economics [53]. We can study distributed decision making in
both cooperative or competitive settings, that is, the agents that are involved in
determining a decision may have aligned performance criteria or conflicting ones.
We review these two settings in the remainder of this section.

2.1.1 Cooperative Decision Making

Cooperative decision making with limited information arises naturally in many
scenarios where agents must make decisions in a system in which they influence each
others through dynamics or performance criteria; however, due to several reasons,
such as communication constraints or memory limitations, they cannot share all
their information or process all the available information. Examples of this problem
can be found in optimal coordination of multi-agent systems and decentralized
control of interconnected systems [60-66]. A key feature of cooperative decision
making is that although the agents have different information regarding the system,
the cost function that they are trying to optimize is the same.

First, it might be case that the agents prefer to calculate the outcome in a
distributed fashion to improve the robustness of the overall system because if they

3 Arguably, economic decision making with limited information is historically as old as the
classic economics literature itself. In 1776, Adam Smith, a prominent philosopher and the pioneer
of political economy, discussed competitive markets as means to dynamically solve large-scale
resource allocation problems with only local information about demand and production levels [51].
There is much controversy regarding effectiveness, practicality, and stability of the considered
economic system [52]; however, one certainly cannot argue with Smith’s genius in recognizing the
issues present because of the lack of global information in the system.
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designate a node a priori to make such decisions and transmit all their information
to that node, there is a chance that the designated node might fail (e.g., due to a
hardware malfunction) or get hijacked (by malicious agents to change the collective
decision of the group). Another reason could also be that each agent does not have
the necessary computation capabilities to solve the problem on its own and, hence,
they require to collaborate in order to solve the problem. These reasons motivate a
large body of studies in distributed consensus-seeking, synchronization, and forma-
tion acquisition [60, 61, 67, 68]. These studies started with [69] in which Reynolds
examined bird flocks to understand how local decision rules may result in complex
global behaviors. Later, in [70], a dynamical model was introduced to study the
coordination of particles and it was observed that if the agents update their heading
to be equal to the average of their neighbors, all of them eventually move in the
same direction. A theoretical proof for this observation was later presented in [66].
Following these studies, several authors proposed synchronization and consensus-
seeking algorithms using both discrete-time and continuous-time models [60, 71, 72].
An extension of these results to time-varying communication links as well as asyn-
chronous communications was presented in [61, 73-76]. These results had appli-
cations in vehicle formation [77, 78], attitude alignment [79, 80], rendezvous op-
erations [81], synchronization of oscillators [82, 83], and flocking [71, 84], among
many other problems. For a comprehensive survey of the applications of consen-
sus algorithms, see [85]. As mentioned earlier, the lack of necessary computational
resources can also be a motivation for decision making with limited information.
The lack of computational resources in decision making has inspired the research
in distributed computation and optimization [86-89]. For instance, decomposition
algorithms for large-scale programming were introduced in [90-92]. Later, dual
decomposition was introduced and explored as a powerful method for solving large-
scale optimization problems [93, 94]. Recently, the idea of alternating direction
method of multipliers (based on earlier studies in [95, 96]) was revived and applied
in distributed optimization [88]. A survey of various decomposition methods can
be found in [88, 89, 97, 98].

Another reason for decision making with limited information might be privacy
constraints. This reason has motivated studies in distributed optimization with
privacy constraints [99-102]. For instance, the authors in [101] studied the stan-
dard linear programming problem when each agent just knows a subset of the
coefficients that appear in the constraints. They motivated this problem using dis-
tributed decision making in network management (see also [103, 104]), distributed
task assignment problem, and organization theory. The problem was generalized
to dynamic cases (i.e., multistage optimization problems) in [105, 106]. Since these
studies are the origin of the definitions of competitive ratio and domination for
decentralized control design with limited plant model information in this thesis, we
review them in detail in Subsection 2.2.4.

In addition to the above mentioned reasons, constraints in communication in-
frastructure may also force the agents to only rely on information that they can
measure directly. Decentralized control design is mainly motivated by such com-
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munication restrictions [62-64, 107]. We review the available results in distributed
and decentralized control in Subsection 2.2.3.

2.1.2 Competitive Decision Making

Competitive decision making, opposed to the cooperative one studied in the previ-
ous subsection, appears when agents belong to competing entities. Examples can
be found in economic and financial systems, such as inventory management, supply
chains, and competitive markets [108-111]. An important ingredient of these results
is game theory. Game theory has a rich history dating back to 1713 when de Mont-
mort introduced an example of mixed strategy using Waldegrave’s problem* in
probability [112]. Much later, in 1838, Cournot considered a duopoly problem and
presented a solution concept for it [113]. In this study, an equilibrium concept was
introduced that is closely related to the Nash equilibrium (i.e., a set of decisions for
which no agent can improve her cost/utility by unilaterally changing her decision).
However, game theory, as we know it today, did not exist until it was formalized
in 1928 with the celebrated result of von Neumann [114] and his subsequent book
with Morgenstern in 1944 [115]. The concept of mixed strategy Nash equilibrium
for zero-sum games was introduced in [115]. This notion was generalized to arbi-
trary games with a finite number of players by Nash himself [116]. Many studies
also considered the existence of an equilibrium [116, 117]. In setups with many
decision makers, the idea of common knowledge (an event that everyone knows
about, everyone knows that everyone knows about it, and so on) was introduced
and formally characterized (see [48, 50, 118, 119]) to better understand decision
making in a distributed setup®. The introduced studies typically focused on games
with complete information, that is, all the players’ payoff functions and parameters
were common knowledge. In 1967, Harsanyi introduced the notion of games with
incomplete information (i.e., Bayesian games) and formulated the Bayesian Nash
equilibrium in a series of papers [120-122]. For more information about games with
complete and incomplete information, see [123].

4Waldegrave’s problem was originally discussed in a letter from Pierre Rémond de Montmort
to Nicolas Bernoulli on April 10, 1711 (see [112, p. 318-320] with its translation provided courtesy
of http://cerebro.xu.edu/math/Sources/) and was called “Probléme de la Poule” (or Problem
of Pool) as

“.. This same Geometer [Mr. Waldegrave] who is a Gentleman of much intellect,

has proposed to me lately & has resolved a quite pleasing Problem which is here.
Pierre, Paul & Jacques play a pool at Trictrac or at Piquet. After one has deduced
whom will play it is found that Pierre and Paul begin. We demand, 1°. what is
the advantage of Jacques. 2°. How great are the odds that Pierre or Paul will win
rather than Jacques. 3°. How many games must the pool naturally endure. [sic]”

5For instance, the knowledge that green traffic light means that the drivers may pass through
the intersection should be common knowledge between the drivers in a society otherwise they
cannot make any decision in a distributed manner regarding how to pass an intersection [50].
Common knowledge is a prerequisite for achieving agreement in any setup.
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It is known that Nash equilibria in strategic® games are typically not socially
optimal [124]. To quantify this inefficiency, the notion of price of anarchy (i.e.,
the worst-case ratio of the social cost function calculated for a Nash equilibrium
over the social cost function calculated for a socially optimal decision) was first
introduced in [125, 126]. Later, this criterion was utilized in various games [127—
131]. In parallel, the theory of competitive analysis of distributed algorithms was
used to compare the cost of a distributed on-line algorithm to the cost of an optimal
distributed algorithm [132]. The authors of [133, 134] discussed a setting in which
several agents jointly solve a coordination game and studied the value of information
in these games. Many related measures, such as price of stability, information,
cooperation, and fairness, were later introduced and studied [127, 135, 136].

Motivated by the above mentioned results, we know that agents (that are em-
ployed to make a decision in a distributed manner) do not blindly follow instruc-
tions to optimize a social cost function. Therefore, we need to incentivize them
using appropriate monetary schemes to follow the intended algorithms. Mechanism
design theory” is concerned with how to create and enforce a socially preferable
decision in the presence of strategic agents [137-140]. A direct revelation mecha-
nism design problem considers how the leader can design a decision-making process,
possibly with a side payment mechanism, so that followers are incentivised to tell
the truth. A central positive result about this problem is the celebrated Vickrey—
Clarke—-Groves (VCG) mechanisms (in which the tax imposed on an agent is equal
to its marginal contribution to the rest of the society) to encourage truthful re-
ports [140-143]. However, there are also several negative results in mechanism
design theory. For instance, a leader can only implement trivial decision rules (in
an appropriate sense) without introducing monetary policies [140]. Furthermore,
generally, there does not exist any mechanism except the VCG mechanisms in or-
der to make truth-telling a dominant strategy [144]. VCG mechanisms require the
computation of optimal social decisions in the central node (based on the reported
information by the agents). A recent study in [145] proposed a framework for dis-
tributed implementation of VCG mechanisms; however, these results may not be
easily used in any context since, in general, VCG mechanisms combined with an
approximated solution can destroy incentive compatibility (i.e., cannot guarantee
that truth-telling is a dominant strategy) [146]. Generalization of mechanism design
to dynamic situations may be found in [147, 148].

A natural question in game theory is whether it is possible to propose dynamics
to actually determine an equilibrium (e.g., Nash equilibrium, correlated equilib-
rium, etc). For instance, in 1951, Brown introduced the idea of fictitious play for
learning Nash equilibria in which each player plays its best response to the empiri-
cal frequency of the observed actions [149]. In [150], it was shown that if fictitious

6Sometimes, the term strategic is employed to emphasize the fact that the agents are strate-
gically optimizing their own cost or utility (which are conflicting with each other).

"Mechanism design is sometimes referred to, albeit informally, as reverse game theory since in
mechanism design, one typically wants to design a game (based on reverse engineering) that has
an equilibrium with appropriate properties.
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Figure 2.1: Tllustrative example of a networked control system.

play converges to any distribution, those probabilities correspond to an equilib-
rium of the game; however, the fictitious play may not converge in general [151].
Stronger convergence results for fictitious play exits in the case of zero-sum two-
player games [152] and potential games (i.e, the games for which there exists a
potential function, such that its variation when only one agent changes her action
is equal to the variation of the utility of the corresponding agent) [153]. Other vari-
ants of fictitious play were subsequently proposed and studied [32, 154]. There exist
many other learning algorithms in game theory such as Nash dynamics [155, 156],
reinforcement learning [157], no regret learning [158, 159], and trial and error learn-
ing [160].

2.2 Networked Control and Estimation

According to [65], a networked control system is “a spatially distributed system
in which sensors, actuators, and controllers are connected to each other through a
band-limited digital communication network”. Figure 2.1 illustrates an example of a
networked control system which is composed of several controllers C; and systems P;
connected to each other through a communication network. The network topology
defines how sensors communicate with controllers and how controllers send their
commands to the corresponding actuators.

Networked control systems have several characteristics. First, these systems are
typically distributed geographically over a vast area (as the power grid application
in Subsection 1.1.1). It is natural to assume that a given subsystem can only in-
fluence a subset of neighboring subsystems (due to the geographical constraints).
Therefore, the geographical profile of the system and its underlying physical char-
acteristics dictate the interconnection pattern between subsystems. In many situa-
tions, the interconnections of the subsystems are fixed (and given) in advance. This
property of large-scale control systems has attracted a lot of attention and many
have studied the generic properties of structured systems. We take a deeper look
into structured systems in Subsection 2.2.1.
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Second, any communication medium brings limitations such as band-limited
channels, sampling, quantization, variable delays, and packet drop-outs. A realis-
tic communication network has band-limited channels, that is, it can only relay a
limited amount of data per unit of time. Therefore, it might not make sense to as-
sume that each subcontroller has access to the full state measurements of the plant.
Note that even if each channel has high bandwidth, the point-to-point capacity of
a large multi-hop network can still be very limited [161]. We first review some
results in scheduling algorithms for communication networks in Subsection 2.2.2.
The absence of full state information gives rise to several challenges in designing
stabilizing and optimal controllers which we discuss in Subsection 2.2.3.

Finally, in large-scale dynamical systems, it may be extremely difficult to iden-
tify all system parameters and update them globally. One can only hope that the
designer knows the local parameter variations and update the corresponding sub-
controller based on them. This fact motivates optimal control design with limited
model information. We briefly review the related literature in Subsection 2.2.4.

2.2.1 Generic Properties of Structured Systems

The study of structured systems dates back almost four decades [162-166]. In [162],
the author first introduced the definition that a pair of matrices (A, B) is struc-
turally controllable if there exists a controllable pair of matrices (A’, B’) with the
same structure as (A4, B). A structurally controllable system can be shown to
be controllable for almost all parameter combinations, except for a measure-zero
set that might occur when the system parameters satisfy certain equality con-
straints [162-164]. Thus, structural controllability helps the designer to overcome
the inherently incomplete knowledge of the system parameters. There exist graph-
theoretic conditions for verifying structured controllability [162]. A set of algebraic
conditions has been presented in [163, 165] to check structured controllability. It
is interesting to note that, as structured controllability gives controllability of a
continuum of linearized systems, the aforementioned results may also provide a
sufficient condition for controllability of many nonlinear systems [167-169].

Many classical control results have been generalized to structured systems. For
instance, the problem of input-output decoupling of structured systems was dis-
cussed in [170-172]. The problem of disturbance rejection and disturbance de-
coupling was addressed initially in [173-175]. Decentralized control of structured
systems was considered in [176-179]. For instance, the authors of [176] presented
necessary and sufficient conditions for controllability under a decentralized infor-
mation structure. In [177], the authors studied geometric properties of structured
systems using graph-theoretic tools. They also obtained graph-theoretic conditions
to determine stabilizability of structured interconnected systems via decentralized
feedback control. Decentralized stabilization and pole placement of structured sys-
tem were discussed in [180]. Parts of these results were generalized to descriptor
systems in [181]. More related studies can be found in a recent survey of structured
systems and their generic properties [182]. There has also been some work on fault
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detection and isolation for structured systems. For instance, in [183], the authors
provided necessary and sufficient graph-theoretic conditions under which the fault
detection and isolation problem has a solution. Later, the sensor location problem
for fault diagnosis in structured systems was discussed in [184]. Recently, a nec-
essary and sufficient graph-theoretic condition for the existence of vulnerabilities
that are inherent to the power network interconnection structures was developed
in [185].

2.2.2 Scheduling Algorithms

In many practical scenarios, several agents are competing or collaborating on a
shared medium to provide or to receive services, such as on power grids, economic
markets, or communication networks. This problem has attracted much atten-
tion from various research communities, such as computer sciences, economics,
and industrial and communication engineering [186-189]. For instance, in net-
worked control systems, communication resources need to be efficiently shared
between multiple control loops in order to guarantee a good closed-loop perfor-
mance under communication constraints; e.g., bit-rate constraints [190-193] and
packet loss [194-197]. The authors of [189] proposed a scheduler to allocate time
slots between several users over a long horizon. In that scheduler, the designer
must first manually assign shares (of a communication medium or processing unit)
that an individual user should receive. Then, each user achieves its pre-assigned
share by means of probabilistic or deterministic algorithms [189, 198]. The au-
thors in [186, 199] proved that implementing the task with the earliest deadline
achieves the optimum latency in case of both synchronous and asynchronous job
arrivals. In [200], a scheduling policy based on static priority assignment to the
tasks was introduced. Many studies in the communication literature have also
considered the problem of developing protocols in order to avoid the interference
between several information sources when using a common communication medium.
Examples of such protocols are both time-division and frequency-division multiple
access [201, 202]. As a continuation of these studies, several authors have focused
on proposing distributed algorithms for solving resource allocation problems (i.e.,
determining time shares for communication in time-division multiple access pro-
tocols or bandwidth assignment in frequency-division multiple access) [203-207].
There have been studies in stochastic sensor scheduling algorithms. For instance,
in [208], the authors developed a stochastic sensor scheduling policy using discrete-
time Markov chains.

2.2.3 Distributed and Decentralized Control Design

Band-limited channels in a networked control system force us to design distributed
and decentralized controllers as subcontrollers in the overall system that may ac-
cess only a strict subset of the state measurements. Distributed and decentralized
control and estimation in large-scale and networked systems is a well-studied prob-
lem [64, 209-211].
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There is a huge body of literature on stabilizing decentralized systems. For in-
stance, the authors of [63, 212-214] showed that the absence of so-called fixed modes
is a necessary and sufficient condition for stabilizability of a linear time-invariant
dynamical system with a time-invariant decentralized controller. Later, this result
was extended to show that a time-varying controller might be able to eliminate
the fixed modes that are not structurally fixed modes and, as a result, a linear
time-invariant dynamical system could be stabilized with a decentralized controller
even when fixed modes are present [215, 216]. Fixed modes may also be eliminated
with vibrational control or sampling techniques [217-219]. It was also shown that
if a fixed mode cannot be eliminated by a decentralized periodically time-varying
controller, then it cannot be eliminated by any decentralized controller [220, 221].

There are contributions in multi-agent systems related to distributed control,
such as a Nyquist-like condition for stability of a formation using the individual
plant transfer function and the Laplacian of the graph describing the network topol-
ogy [77]. This work was generalized to the stability of multi-input multi-output dy-
namical systems with arbitrary dynamical interconnection between the subsystems
with fixed interaction topology [222]. The coordination of a group of autonomous
agents when the graph topology changes over time was considered in [61, 66]. These
works were generalized to a framework for stability analysis of interconnected sys-
tems where the topology can potentially be time-varying [78]. The authors of [223]
presented an algorithm for designing controllers that preserve the stability of the
closed-loop system under any interconnection and communication typology.

There has been a great effort in designing optimal distributed and decentral-
ized controllers. Witsenhausen showed that, in general, a linear controller is not
optimal for a quadratic performance criterion with a linear time-invariant system
subject to Gaussian noise under the distributed information constraint and that
the cost function is not necessarily convex in the controller variables [224]. The
authors of [225, 226] established that the discrete-time version of the Witsenhausen
counter-example is NP-complete. There have been some efforts also to identify the
cases in which a linear solution is optimal. For instance, Witsenhausen identified
some cases where the resulting optimal controllers are linear [227]. The authors
of [228] showed that under a partially nested information pattern the optimal con-
troller is a linear controller. It was shown in [229] that the optimal controller
is linear if each subcontroller has access to all the previously implemented con-
trol values and observations made by any other subsystem in the system before
the current time and its own observations including the current time. There were
some studies under the spatial invariance assumption [62, 230]. Some other control
structures were shown to result in optimal linear controllers [231, 232]. In [233],
the author presented a solution to the optimal decentralized state-feedback control
design problem for partially nested information structure. Recently, it was shown
that under quadratic invariance and internal quadratic invariance information pat-
terns, one can formulate structured H,.- and Hs-optimal control design as convex
optimization problems [234-237]. This formulation resulted in an explicit solution
for the problem of designing decentralized Ho-optimal controllers for a special class
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of systems [238-242]. Also using partially ordered sets, the authors of [243-245] in-
troduced an explicit solution to the decentralized state-feedback Ho-optimal control
design problem for some classes of plant interconnection and information structure.
The problem of designing optimal distributed controllers was recently approached
using team decision theory in [246, 247]. That work was further generalized to solve
the stochastic linear quadratic control problem under power constraints [248]. In
that work, the output-feedback problem was also considered. Later, the team deci-
sion theory was used to develop optimal distributed Hy,-optimal controllers when
each subsystems has access to the state measurements and control signals of those
subsystems that can affect it [249].

There have been studies on designing optimal controllers for positive systems
with more general structures. For instance, the authors of [250, 251] gave a neces-
sary and sufficient condition for existence of a diagonal Lyapunov function for pos-
itive systems. They also showed that, in this case, the H.,-optimal control design
problem can be written as a convex optimization problem (and, therefore, it is com-
putationally tractable). Later, the author of [252] proved that Hu.- and ¢;-norms
of transfer functions are equal for single-input single-output positive discrete-time
linear time-invariant systems. It was also shown that the problem of designing
an optimal controller for these systems can be written as a convex optimization
problem under some conditions on the controller structure.

There have been studies on sub-optimal distributed and decentralized control
design because, as it was mentioned earlier, the problem of synthesizing optimal
controllers for arbitrary information patterns is computationally expensive. The
authors of [253] considered the problem of designing sub-optimal static and fixed-
order dynamic structured compensators. Some approaches were based on gradient
descent, Newton, and quasi-Newton algorithms [254-259]. A set of sufficient lin-
ear matrix inequalities for finding distributed controllers was presented in [260].
In [261], the authors presented an algorithm for designing a near-optimal decen-
tralized controller that replicates the behavior of the optimal centralized controller.
The problem of near-optimal decentralized output regulation of hierarchical sys-
tems subject to disturbances was studied in [262]. In [263, 264], the problem of
designing an optimal decentralized state-feedback controller was solved on a finite-
horizon using dynamic programming. In those papers, the authors provided both a
computationally intensive optimal solution and a sub-optimal solution that is more
computationally tractable. A receding horizon approach to develop a sub-optimal
controller was considered in [265, 266]. A recent result was introduced in [267] us-
ing decomposition methods in distributed optimization accompanied with a special
stopping criteria to synthesize a sub-optimal controller with closed-loop perfor-
mance guarantees.

2.2.4 Limited Model Information Control Design

The problem of designing controllers using uncertain plant model information is a
classical topic in control theory [268-273]. In robust control design, the goal is to
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design a controller such that some level of performance of the controlled system
is guaranteed irrespective of changes in the plant dynamics within a predefined
bound around a given nominal global model. This is different from designing an
optimal controller without a global model since in optimal control design with
limited model information, subsystems do not have any prior information about
the other subsystems’ model (i.e., there are no nominal models for the subsystems
in the design procedure) and there are no, a priori known, bounds on the model
uncertainties. In addition, in control design with limited model information, the
uncertainty sets are different from the perspective of each designer since the design
of each local controller is done based on different parts of the model information.

There have been some interesting approaches for tackling the limited model
information control design problem, although they are not specifically tailored for
it. For instance, references [274-277] introduced methods for designing sub-optimal
decentralized controllers without a global dynamical model of the system. In these
papers, the authors assume that the plant consists of an interconnection of weakly
coupled subsystems. They designed an optimal controller for each subsystem using
only the corresponding local model and connect the obtained subcontrollers to con-
struct a global controller. They showed that, when the coupling is negligible, this
latter controller is satisfactory in terms of closed-loop stability and performance.
However, as coupling strength increases, even closed-loop stability guarantees are
lost. The motivation behind their studies was to design fully-decentralized near-
optimal controllers for large-scale dynamical systems and to avoid numerical com-
plications, stemming from the high dimension of the system, by splitting the original
problem into several smaller ones. The idea of “decentralized design” for systems
that may be decomposed into several weakly coupled subsystems was further in-
vestigated in [278, 279]. Other approaches, such as [4, 266], are based on receding
horizon control and use decomposition methods to solve each step’s optimization
problem in a decentralized manner with only limited information exchange between
subsystems.

The problem of designing an optimal controller with limited model information,
in the setup that we are considering in this thesis, was first approached in [105, 106].
In these papers, the authors introduced control design strategies as mappings from
the set of plants of interest to the set of eligible controllers. They investigated the
quality of the controllers that these control design strategies construct. This quality
was measured by a quadratic closed-loop performance criterion. They introduced
the competitive ratio as a performance metric and the domination as a partial or-
der on the set of limited model information control design strategies to study the
intrinsic limitations of limited model information control design strategies. Previ-
ously, there were no other metrics specifically proposed for control design strategies.
The authors defined the competitive ratio as the worst case ratio of the cost of a
control design strategy to the cost of the optimal control design with full model
information. They worked with communication-less control design strategies as an
extreme family of limited model information control design strategies that only rely
on each subsystem model for designing the corresponding subcontroller. They used
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the term communication-less to illustrate the fact that different parts of these con-
trol design strategies do not exchange model information (and, equivalently, do not
communicate) with each other. The subsystems were assumed to be scalar. Under
these assumptions, it was proven that, when dealing with continuous-time linear
time-invariant dynamical systems, the competitive ratio of any control design strat-
egy is always unbounded. Thus, they focused on discrete-time linear time-invariant
systems and found an explicit minimizer of the competitive ratio over the set of
limited model information control design strategies. Since this minimizer might
not be unique, they also proved that it is undominated, that is, there is no other
control design method that acts always better while having the same worst-case
ratio. This undominated minimizer of the competitive ratio was shown to be the
deadbeat control design strategy. Towards the end, they briefly studied the amount
of information needed to find a control design strategy with a lower competitive
ratio than the deadbeat control design strategy or to dominate it.

2.3 Congestion and Routing Games

A problem that has attracted much attention is modeling the traffic flow in trans-
portation systems and communication networks using congestion games or routing
games [280—-286]. Rosenthal [283] presented a noncooperative game in which a finite
number of players compete for the use of a finite set of resources with application to
transport networks. He showed that a class of these games admit at least one pure
strategy Nash equilibrium. However, later, in [287], Rosenthal showed that this
result may not be generalized to arbitrary weighted multicommodity congestion
games. When cost functions (e.g., latency) of each road are affine in the number
of vehicles that use it, an equilibrium certainly exists [288]. Later, the authors
of [153] showed that atomic congestion games are indeed potential games under
some conditions and, hence, one can find a Nash equilibrium by minimizing the
potential function. A class of congestion games that are not in general potential
games were studied in [289]. For a survey of these (and related) results, see [290].
Most of these studies modeled the route selection using an atomic congestion game;
however, recently, the authors of [32] utilized a congestion game for modeling the
time when drivers use a road.

In the context of transportation networks, routing games were originally studied
in [286]. This study also formulated the definition of an equilibrium in routing
games. Researchers in different academic communities use different names for the
equilibrium such as user-optimizing flow [291, 292], Wardrop equilibrium [292-
294], Wardrop first principle [293], and Nash equilibrium [131, 295]. The term
Wardrop equilibrium is common in transportation literature due to the pioneering
work of [286] as well as the fact that the term pure strategy Nash equilibrium is
primarily utilized in the context of games with finitely many players [294]. It is vital
to note that the definition of Nash equilibrium in [131, 295] is indeed different from
that of [294], which shows that by increasing the number of users (in a game with
finitely many players), the Nash equilibrium converges to the Wardrop equilibrium
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under appropriate assumptions. Later, in [296], it was shown that under some mild
conditions, the routing game admits a potential function and the minimizers of
this potential function are the equilibria of the routing game which guarantees the
existence of an equilibrium for these games.

2.3.1 Inefficiency of the Equilibrium

Considering that the Nash equilibria are not efficient in general, we can use the
price of anarchy as a measure to determine the degradation caused in the social
cost function due to the selfish nature of the agents. The price of anarchy of atomic
congestion games with linear latency functions was studied in [297]. This problem
was also studied for routing games. For instance, in [130] and [298], an upper
bound and a lower bound for the price of anarchy was presented, respectively.
The lower bound was called the Pigou bound due to an example presented by
Pigou, an influential scientists in welfare economics, in [299]. Later, in [298, 300],
it was shown that the Pigou bound is tight, i.e., it can be achieved by a special
class of routing games. Due to this inherent inefficiency of the Nash equilibrium,
there have been several studies in reducing the inefficiency by imposing tolls on
the roads in the transportation network [296, 299, 301, 302] and rerouting a fixed
percentage of the flow [303-305]. For instance, in [299], Pigou suggested marginal
congestion taxes (i.e., taxes corresponding to the increase in cost of the flow on
a road caused by adding one user to that road) in order to guarantee that the
socially optimal solution becomes a Nash equilibrium and, hence, eliminating the
inefficiency of the equilibrium. This result is very useful when we can impose tolls
on all the edges of the network rather than only a subset of them. Later, in [302],
it was shown that, when we can only impose tolls on a strict subset of the roads
in the network, the problem of computing optimal tolls is NP-hard even for only
two commodities and linear latency functions. However, in the same study, the
authors presented a polynomial-time algorithm for finding optimal tolls in a single-
commodity routing game with linear latency functions over a parallel link network.
As mentioned earlier, another approach to reduce the inefficiency is to reroute a
fixed percentage of the flow. This approach is known as Stackelberg routing since
the problem can be formulated as a Stackelberg game (i.e., a game in which the
leader announces her strategy as a function of the actions of the followers in advance
and the followers react to it). For instance, in [305], it was proven that computing
the optimal Stackelberg strategy is NP-hard for a class of routing games; however, a
simple algorithm for achieving a reasonable suboptimal strategy was proposed. For
parallel networks and a special category of cost functions, the optimal Stackelberg
strategy can be computed efficiently [306].

2.3.2 Heterogeneous Routing Games

An important category of routing and congestion games are heterogeneous games,
as many factors may result in different cost functions for different classes of drivers.
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For instance, in a transportation network, if we include the fuel consumption of
the vehicles in the cost functions, two vehicles (of different types) may experience
different costs for using a road even if their travel times are equal. For example,
this phenomenon can be caused by the fact that heavy-duty vehicles experience an
increased efficiency when a higher number of heavy-duty vehicles are present on the
same road (because of a higher possibility of platooning and, therefore, a higher
fuel efficiency [20]), while such an increased efficiency may not be true for cars.
Drivers may have different sensitivities to the latency under different circumstances
or depending on their personality and background. In addition, due to economic
advantages, heavy-duty vehicles might be more sensitive to latency in comparison
to cars (because they need to deliver their goods at specific times). Finally, the
drivers generally react differently to road tolls, e.g., based on the reason of the trip
or their socioeconomic background [307].

Heterogeneous routing games have been studied extensively over the past start-
ing with the pioneering works in [291, 308]. In these studies, a routing game with
multi-class users was introduced and the definition of equilibrium was given. Fur-
thermore, in [291], the author introduced a sufficient condition for transforming the
problem of finding an equilibrium to that of an optimization problem (equivalent
to the existence of a potential function [153, 287]). The sufficient condition holds if
over each edge, the users of any two types influence each other equally, i.e., the in-
creased cost of a user of the first type due to addition of one more user of the second
type is equal to the increased cost of a user of the second type due to addition of
one more user of the first type [291]. This condition was considered later in [307] in
which it was also noted that satisfaction of this symmetry condition may depend on
the units (e.g., time or money) adopted for representing the cost functions when the
users’ types are determined by their value of time (i.e., a scalar factor that balances
the relationship between the latency and the imposed tolls). This result is of special
interest since the equilibrium does not change by using different units for the cost
functions (if the latency only depends on the sum of the flows of various types over
the edge, not the individual flows, and the value of time appears linearly in the cost
functions) [309]. Necessary and sufficient conditions for the existence of potential
functions in games with finite number of players were recently investigated in [310];
however, these results were not generalized to games with a continuum of players
as in heterogeneous routing games. The authors of [292] studied the existence of an
equilibrium in heterogeneous routing games even if such a symmetry condition does
not hold. In contrast to these articles that assumed a finite set of types to which
the users may belong, a wealth of studies also considered the case in which the users
may belong to a continuum of types [311, 312]. The problem of finding tolls for
general heterogeneous routing games as well as the case in which the types of users
is determined by their value of time have been considered extensively [313-318].
For instance, in [313], the problem of determining tolls on each edge or path for
heterogeneous routing games was studied. Guarantees were provided for the so-
cially optimal solution (also referred to as system-optimizing flow [291]) to be an
equilibrium of the game. However, in that article, the users were assumed to be
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equally sensitive to the imposed tolls. The problem of finding optimal tolls for
routing game in which the users’ value of time belong to a continuum was studied
in [314].






CHAPTER 3

Contributions

“Science is facts, just as houses are made of stones ... But a pile of
stones is not a house and a collection of facts is not necessarily science.”

Jules Henri Poincaré, Science and Hypothesis', 1903

ONTRIBUTIONS of the thesis can be categorized in three parts: Decentralized
C control design with limited model information, strategic decision making in
heterogeneous transportation networks, and stochastic sensor scheduling with ap-
plication to networked systems. In Section 3.1, a brief recapitulation of our results
in designing decentralized control laws using limited model information is presented.
In Section 3.2, we review our contributions in strategic decision making in trans-
portation systems. Finally, in Section 3.3, we discuss our results in stochastic sensor
scheduling using continuous-time Markov chains.

3.1 Control Design with Limited Model Information

In this section, we discuss our contributions in decentralized control design with
limited model information. First, in Subsections 3.1.1 and 3.1.2, we revisit two
numerical examples introduced in Chapter 1. Then, in Subsection 3.1.3, we outline
the contributions.

3.1.1 Numerical Example: Power Grid Regulation

In this subsection, we revisit the example presented in Subsection 1.3.1, specifically,
when controlling DC power generators. At first, we are interested in static control

11a science et ’hypothése. Translation of the quote provided in “What constitutes a theoretical
contribution?” by David A. Whetten.
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laws of the form
u(k) = Ka(k),

where K € K with K denoting the set of admissible controllers. Let us construct
full state feedback controllers and, hence, set K = R?*2. Now, define control
design strategies as mappings I' : A — K where A denotes the set of all plausible
parameters?. Let us define the deadbeat control design strategy I'*(a) = —A,
where the dependency to parameters o appears in matrix A. Clearly, I'> is a
control design with limited model information, because design of control ¢ only
relies on a; (due to the structure of matrix A). The results of Papers 1 and 2 show
that
J(T2()) < 2J(K*(a)), Ya € A,

where K*(«) € K is the optimal control design with full model information, that
is, for any given a € A, J(K*(a)) < J(K) for all K € K. Recalling from Subsec-
tion 1.3.1, the cost function J(-) is the Hy-norm of the closed-loop transfer function.
Therefore, the deadbeat control design strategy, which uses only local model infor-
mation, is never worse than twice the optimal controller. However, if we relax the
set of admissible controllers I to also contain adaptive control laws, the results of
Paper 4 shows that there exists I' such that

J([(a)) = J(K* (), Yo € A,

for all @ € A except a measure-zero set. Again recalling from Subsection 1.3.1, it is
easy to see that the closed-loop system is no longer linear when using a nonlinear
(adaptive) control law and, hence, we utilize the ergodic mean of a quadratic func-
tion of the state and control input as the cost function J(-) (which coincides with
the Ho-norm of the closed-loop transfer function when using linear control laws).
This control design strategy follows naturally from generalization of [319] to a set-
ting in which each controller separately uses a maximum-likelihood estimator with
regularization term to estimate the global model of the system and, then, applies
the optimal control law designed using that estimate.

3.1.2 Numerical Example: Heavy-Duty Vehicle Platooning

In this subsection, we revisit the example presented in Subsection 1.3.3. Let us fix
0i = 0.1 and b; = 1 for all i = 1,2,3. We assume that

A={aeR®|a; €[0.5,1.0] for all i = 1,2, 3}.
We are interested in static control laws of the form

ui(k) = Kyyi(k), Vi=1,2,3,

2Notice that this definition is slightly different from those of Papers 1 and 2 since in this
example only some of the parameters can vary and the rest are fixed. However, irrespective of
this difference, the following portion of the results holds.



3.1. CONTROL DESIGN WITH LIMITED MODEL INFORMATION 45

Figure 3.1: The design graphs utilized in the vehicle platooning.

where
v1(t)
’Ul(t) dlg(t) ’Ug(t)
()= di2(t) |, w2(t)=] va(t) |, ys(t)=| das(t)
Ug(t) d23(t) ’Ug(t)
v3(t)

Notice that the choice of these particular observation vectors is convenient as the
vehicles can measure them directly (using velocity and distance sensors mounted
on the front and the back of the vehicles) and they do not need to relay these
measurements to each other through a communication medium. Let us again denote
the set of admissible controllers by K.

Let a directed graph Ge = (Ve, &) with vertex set Ve = {1,2,3} and edge
set & C Ve x Ve be given, which we refer to as the design graph. An edge
(i,7) € & indicates that the parameter of truck ¢, i.e., its mass in this example, is
available in the design of the controller for truck j. We can define a control design
strategy as a mapping I' : A — K and use the the notation C to denote the set of
all such mappings that satisfy the pattern of information availability by Ge. Fix
basis functions 7y (a) = 1, ma(a) = my, n3(a) = m?, ni(a) = ma, n5(a) = m3,
ne(a) = mg, and n7(a) = m3. Now, define the set C((n¢);_,) as the intersection of
the set C and the set of all mappings constructed by linear combinations of basis
functions (n)7_,. Our objective is to find the optimal control design strategy I'
through solving

min max ||, (5;1,
recin, | max [T ( )l

o0 !

where T, (s;T, ) denotes the closed-loop transfer function from the exogenous
input w(t) to the performance measurement vector z(t) for a € A. Since solving
this problem is difficult in general, we settle for a local solution. We discuss the
definition of a local solution and the method for constructing one at length in
Paper 5. For now, let us demonstrate the achievable closed-loop performance under
various plant model information availability regimes.
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We start with the case where each local controller only relies on the mass of its
own vehicle. This model information availability corresponds to the design graph
Ge in Figure 3.1. For this case, we get the performance

max HTzw (S;Flocal, a) H = 4.7905,
acA b

where T'°°! is the suboptimal control design strategy under this model information
availability. In the next step, we let the neighboring vehicles communicate their
mass to each other. This model information availability corresponds to the design
graph G/ in Figure 3.1. For this information regime, we get

max ||Thy (s; T o) || = 3.5533,
acA o0

where T'imited jg the suboptimal control design strategy under this model informa-
tion availability. Clearly, we get 25% improvement in comparison to I''°“®!, Finally,
we consider the case where each local controller has access to all the model pa-
rameters (i.e., the mass of all other vehicles). This model information availability
corresponds to the design graph G/ in Figure 3.1. We get

max || Tew (s;T™, )| = 3.3596,
acA o0

where TT!! the suboptimal control design strategy under this model information
availability. It is interesting to note that with access to full model information, we
only improve the closed-loop performance by another 5% in comparison to T'limited,
This might be caused by the fact that the first and the third vehicles are not directly
interacting.

3.1.3 Contributions

The results presented in Papers 1-6 of this thesis considerably extend the contri-
butions of [105, 106]. Extensions are made by considering several different perfor-
mance measures and notions of model information. The detailed descriptions of
these results are as follows.

In Paper 1, we consider limited model information control design for interconnec-
tions of fully-actuated discrete-time linear time-invariant subsystems (of arbitrary
order) with a separable quadratic cost function. We investigate the best closed-loop
performance achievable by structured static state-feedback controllers constructed
using limited model information design strategies. We show that the result depends
crucially on the subsystems interconnection pattern and state measurement avail-
ability (i.e., the plant graph and the control graph). We extend the fact proven
in [105] that the deadbeat strategy is the best limited model information control
design method when there is no sink in the plant graph (i.e., a subsystem that
cannot affect any other subsystem) and each subcontroller has access to at least
the state measurements of those subsystems that affect it. However, the deadbeat
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control design strategy is dominated when there is a subsystem that could not affect
any other subsystem. We find a better, undominated, limited model information
control design method, which, although having the same competitive ratio as the
deadbeat control design strategy, can achieve a better closed-loop performance in
average. We also characterize the amount of model information needed to achieve
a better competitive ratio than the deadbeat control design strategy.

In Paper 2, we generalize these results to structured dynamic state-feedback
controllers when the closed-loop performance criterion is the Ho-norm of the closed-
loop transfer function. Surprisingly, the optimal control design strategy (in the
sense of competitive ratio) with limited model information is a static one. This
is the case even though the optimal decentralized state-feedback controller with
full model information is dynamic itself [239, 240]. We also partially remove the
assumption that all the subsystems are fully-actuated and generalize the result for a
class of under-actuated systems where the sinks in the plant graph are not required
to be fully-actuated.

Later, in Paper 3, we also discuss the design of dynamic controllers for dis-
turbance accommodation. This problem is of special interest because of the fact
that the best limited model information control design is a dynamic control de-
sign strategy contrary to all previous results in Papers 1-2 where the best limited
model information control design strategy was a static one. Interestingly, this dy-
namic control design strategy can be divided into two parts; a static part which
was previously introduced in Papers 1-2 and an observer for canceling the distur-
bances. For constant disturbances, it is shown that this structure corresponds to
proportional-integral control.

Following the observation that we cannot decrease the competitive ratio by mi-
grating from the set of static control laws into dynamic ones, we embark upon
designing a special class of nonlinear control laws using limited model information
in Paper 4. Specifically, we show that with an adaptive networked controller with
limited plant model information, it is indeed possible to achieve a competitive ratio
equal to one. To do so, we prove that an adaptive controller exists (constructed
by extending the control law introduced in [319]) that asymptotically achieves the
closed-loop performance of the optimal centralized controller with full model infor-
mation. However, in this paper, we consider plants that belong to a compact set of
stochastic linear time-invariant systems and the closed loop performance measure is
defined to be the ergodic mean of a quadratic function of the state and the control
input.

Noticing that not much has been done in optimal control design under limited
model information for continuous-time systems and the fact that we have not also
presented a systematic approach for constructing optimal control design strategies
for general plant model availability in our earlier results, we propose a numerical
method for characterizing control design strategies under arbitrary model infor-
mation limitations and state measurement constraints for parameter-dependent
continuous-time systems in Paper 5. The algorithm is based on successive lo-
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cal minimizations and maximizations using the subgradients of Hoo-norm? of the
closed-loop transfer function with respect to the controller gains and the system
parameters.

Up to now, the model information of other subsystems were assumed to be com-
pletely unknown which typically results in conservative controllers because it forces
the designer to study the worst-case behavior of the control design methods. How-
ever, one can sometimes use historical data to construct a probabilistic model for the
rest of the subsystems. Therefore, in Paper 6, we design optimal state-feedback con-
trollers for interconnected discrete-time linear systems with stochastically-varying
parameters and assume that a statistical model is available for the parameters of
the other subsystems. Specifically, we assume that the design of each controller
relies only on exact local plant model information and statistical beliefs about the
model of the rest of the system. Interestingly, for both finite- and infinite-horizon
quadratic cost functions, the optimal controller is shown to be linear in the state.
In order to study the value of model information, we also introduce performance
degradation ratio (a concept closely related to that of the competitive ratio), which
is defined as the supremum (over all possible initial conditions) of the ratio of the
cost of the optimal controller with limited model information to the cost of the
optimal controller with full model information. Moreover, we calculate an upper
bound for it when all the subsystems are fully-actuated.

3.2 Strategic Decision Making in Transportation Systems

In this section, we discuss the problem of decision making in transportation systems.
Specifically, in Subsection 3.2.1, we revisit a numerical example from Chapter 1.
The contributions are subsequently discussed in Subsection 3.2.2.

3.2.1 Numerical Example: Decision Making in Transportation Systems

Let us revisit the example presented in Subsection 1.3.4. Consider the segment
of the highway illustrated in Figure 1.7 from 7:00am to 9:00am on a daily basis.
Assume that N = 10000 cars and M = 100 trucks are using the northbound lanes.
We divide the time horizon into eight equal non-overlapping intervals. Hence, we
fix the action set as R = {1,...,8}, where each number represents an interval of
15min. Let 77, 1 <4 < N, be randomly chosen from the set R using the discrete
distribution

1/6, n =24,

P{Tf=n}=<¢ 1/4, n=3,
1/12, otherwise.

Let us also use a similar probability distribution to extract T]K 1 <35 < M. Hence,
we consider the case where the drivers statistically prefer to use the road at time

3The choice of Hoo-norm is not crucial and one can construct a similar algorithm when using
Ha-norm of the closed-loop transfer function as the performance measure. In such case, we can
use the results of [255, 320] for constructing the gradient of the performance measure.
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Figure 3.2: Number of the vehicles and the average velocity of the traffic flow in
each time interval for the case where the drivers neglect the congestion in their
decision making (blue) and for the learned pure strategy Nash equilibrium (red).
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Figure 3.3: Number of the trucks in each time interval for the case where the
drivers neglect the congestion in their decision making (blue) and for the learned
pure strategy Nash equilibrium (red).

interval 7 = 3 which corresponds to 7:30am to 7:45am. Let of, 1 < i < N, and
a;-, 1 < j < M, be randomly generated following a uniform distribution within
the interval [—7.5, —2.5]. Now, to ensure the congestion game admits a potential
function, we ask car 1 < < N and truck 1 < j < M to pay congestion taxes

pi(z,2) = apm, (z)(mz, () +1)/2, (3.1a)
pi(z,7) =0, (3.1b)
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for using the road at time interval z; € R and x; € R, respectively. Recalling
from Subsection 1.3.4, m,(z) denotes number of trucks that are using time interval
reR.

Figure 3.2 shows number of the vehicles in each time interval and the corre-
sponding average velocity in that time interval. The blue color denotes the case
where the drivers do not consider the congestion in their decision making; i.e., they
commute at their best convenience, z; =T forall 1 <7 < N and z; = T; for all
1 < j < M. The red color denotes the case where the drivers implement a pure
strategy Nash equilibrium. As we can see in this figure, the proposed congestion
game reduces the average commuting time (increases the average velocity). Fig-
ure 3.3 illustrates number of the trucks that are using the road on various time
intervals. In contrast to the case where the drivers do not consider the congestion
in their decision making, at the Nash equilibrium, thirty two trucks use the time
interval 7:15am to 7:30am while most of them avoid using 7:30am to 7:45am be-
cause it is highly congested (and they would not save much fuel if they commuted
at this time).

3.2.2 Contributions

The contributions of this part are presented in two papers. The detailed descriptions
of these results are as follows.

In Paper 7, we study the routing problem in heterogeneous transportation sys-
tems. Specifically, we formulate a general heterogeneous routing game in which the
vehicles might belong to more than one type. The type determines the cost of trav-
eling along an edge as a function of the flow of all types of vehicles over that edge.
This setup has applications in studying the platooning incentives in route selection
by heavy-duty vehicles. We extend available results by presenting necessary and
sufficient conditions for the existence of a potential function for these games when
only two types of vehicles are participating. Under these conditions, we can pose
the problem of finding a Nash equilibrium for the heterogeneous routing game as an
optimization problem. We characterize a set of tolls that guarantee the existence
of a potential function. We present an upper bound for the price of anarchy for the
case in which only two types of players are participating in a heterogeneous routing
game with affine edge cost functions.

Later, in Paper 8, we study the time at which the drivers decide to the use the
road to study heavy-duty vehicle platooning incentives. We introduce an atomic
congestion game with two types of agents, cars and trucks, to model the traffic
flow on a road over various time intervals of the day. Cars maximize their utility
by finding a trade-off between the time they choose to use the road, the average
velocity of the flow at that time, and the dynamic congestion tax that they pay for
using the road. In addition to these terms, the trucks have an incentive for using
the road at the same time as their peers because they have platooning capabilities,
which allow them to save fuel. We investigate if a desirable behavior can emerge
from simple local strategies such as congestion taxes or subsidies. Specifically, we
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Figure 3.4: Flow diagram of the continuous-time Markov chain used for modeling
the proposed stochastic scheduling policy.

propose taxing mechanisms for which the underlying congestion game is a potential
game and, then, use joint strategy fictitious play and average strategy fictitious play
to learn a pure strategy Nash equilibrium.

3.3 Stochastic Sensor Scheduling

Finally, we discuss our contributions in stochastic sensor scheduling with application
to networked control and estimation. We revisit the numerical example on water
tank regulation and discuss our contributions in stochastic sensor scheduling in
Subsections 3.3.1 and 3.3.2, respectively.

3.3.1 Numerical Example: Water Tank Regulation

Here, we revisit the numerical example introduced in Subsection 1.3.5. Let us
consider a networked system that can admit up to L = 70 identical subsystems
described by (1.3) with v, = 0.3 and o, = 1.0 for 1 < ¢ < 70. Let us assume that
for t € [0,5), only 30 subsystems are active, for ¢t € [5,10), all 70 subsystems are
active, and finally, for ¢ € [10,15], only 10 subsystems are active. Estimator ¢ (of
active subsystems) receives state measurements {yf}°, at time instances {7},
such that

vl = 2(TY) +nb; Vi€ Zso, (3.2)

where {nf}2°, denotes the measurement noise sequence, which is composed of in-
dependently and identically distributed Gaussian random variables with zero mean
and standard deviation 1y = 0.3. Let each subsystem adopt a simple estimator of
the form d
o) = —wk(); A(T) =y, (3.3)
for t € [Tf, T}, ). Define the estimation error eg(t) = z(t) — Z(t).

We use time instances of the jumps between states of this continuous-time
Markov chain to model the sampling instances, i.e., whenever there is a jump



52 CHAPTER 3. CONTRIBUTIONS

0 5 10 15
Time (sec) Time (sec)

10 15

Figure 3.5: Estimation error E{e?(¢)} for 1000 Monte Carlo simulations over an ad-
hoc networked system with the stochastic scheduling policy (left) and the periodic
scheduling policy (right).

from an idle state in the Markov chain to a state that represents a subsystem in
the networked system, we sample that particular subsystem and transmit its state
measurement across the shared communication network to the corresponding sub-
controller. Figure 3.4 illustrates the flow diagram of the proposed Markov chain.
Every time that a jump from the idle node I to node Sy, 1 < ¢ < L, occurs in
this continuous-time Markov chain, we sample subsystem ¢ and send its state mea-
surement to estimator ¢. The idle state I helps to tune the sampling rates of the
subsystems independently. We introduce a cost function that is a combination of
the average sampling frequencies of the subsystems (i.e., the average frequency of
the jumps between the idle state and the rest of the states in the Markov chain)
and the effort needed for changing the scheduling policy (i.e., changing the under-
lying Markov chain parameters). In Paper 9, we find an explicit minimizer of the
cost function and develop the optimal scheduling policy accordingly. To capture
the changes in the networked system, when some of the subsystems are inactive,
we simply remove their corresponding nodes from the Markov chain flow diagram
in Figure 3.4 and set their corresponding terms in the cost function to be equal to
zZero.

Figures 3.5 (left) and (right) illustrate the estimation error variance E{e?(t)}
for 1000 Monte Carlo simulations when using the optimal scheduling policy and the
periodic scheduling policy, respectively. Since we have to fix the sampling instances
in advance for the periodic scheduling policy, we must determine the sampling
periods according to the worst-case scenario (i.e., when the networked system is
composed of 70 subsystems). Therefore, when using the periodic sampling, the
networked system is not using its true potential for ¢ € [0,5) and ¢ € [10,15]. The
proposed stochastic scheduling policy adapts to the demand of the system. For
instance, as shown in Figure 3.5 (left), when subsystems 31 and 32 become active
for t € [5,10), the overall sampling frequencies of the subsystems decreases (and,
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in turn, the estimation error variance increases), but when they become inactive
again for ¢ € [10, 15], the average sampling frequencies increase (and, in turn, the
estimation error variance decreases). Hence, this example illustrates the dynamic
benefits of our proposed stochastic scheduling approach.

3.3.2 Contributions

The contributions of this part are presented in Paper 9. In this study, we introduce
a stochastic sensor scheduling policy with application to networked control and esti-
mation. In the presented scheduling algorithm, we model sensor measurement and
transmission instances using jumps between states of a continuous-time Markov
chain. We introduce a cost function for this Markov chain which is the summation
of terms depending on the average sampling frequencies of the subsystems and the
effort needed for changing the parameters of the underlying Markov chain. By min-
imizing this cost function (through extending the results of [321]), we extract an
optimal scheduling policy to fairly allocate the communication network resources
among the control loops. We study the statistical properties of this scheduling
policy in order to compute upper bounds for the closed-loop performance of the
networked system, where several decoupled subsystems are connected to their cor-
responding estimator or controller through a shared communication medium. The
proposed optimal scheduling policy works particularly well for ad-hoc sensor net-
works.






CHAPTER 4

Conclusions and Future Work

“Now this is not the end. It is not even the beginning of the end. But
it is, perhaps, the end of the beginning.”

Sir Winston Churchill, Speech® in November 1942

IN THIS chapter, we present a brief conclusion and some directions for future re-
search.

4.1 Summary

As described in the previous chapter, Papers 1-6 of this thesis focus on the design
of networked control systems under limited plant model information. Specifically,
in Paper 1, we presented a framework to study static control design under lim-
ited model information, and investigated the connection between the quality of
controllers produced by a design method and the amount of plant model informa-
tion available to it. This was done for a set of discrete-time linear time-invariant
plants under a separable quadratic performance measure with structured static
state-feedback controllers. We showed that the best performance achievable by a
limited model information control design method crucially depends on the structure
of the plant graph and thereby giving the designer access to this graph, even with-
out a detailed model of all plant subsystems, results in superior design, in the sense
of domination. In Paper 2, we considered optimal Hs dynamic control design for
interconnected linear systems under limited plant model information. We found an
explicit undominated minimizer of the competitive ratio for a large class of system
interconnections, controller structure, and design information. It was also shown

1Quoted in page 149 of “Oxford Dictionary of Quotations by Subject” by Susan Ratcliffe,
Oxford University Press, 2010.
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when it comes to designing optimal centralized or partially structured decentralized
state-feedback controllers with limited model information, the best control design
strategy (in terms of competitive ratio) is a static one. This is true even though the
optimal structured decentralized state-feedback controller with full model informa-
tion is dynamic. We were also able to relax the assumption that all the subsystems
are fully-actuated for sinks in the plant graph. In Paper 3, we studied the design
of optimal disturbance accommodation controllers with limited model information.
We adapted the notion of limited model information control design strategies to
handle disturbance accommodation to study the cases where the best limited model
information control design is a dynamic control design strategy. We found an ex-
plicit minimizer of the competitive ratio and we showed that it is undominated.
We split this optimal control design strategy into a static part for regulating the
state of the systems and a deadbeat observer for canceling the disturbance effect.
As a generalization of earlier mentioned results, in Paper 4, we searched over the
set of control design strategies that construct adaptive controllers. We found a
minimizer of the competitive ratio both in average and supremum senses. We used
an adaptive control law to achieve a competitive ratio equal to one, that is, this
adaptive controller asymptotically achieves closed-loop performance equal to the
optimal centralized controller with full model information. We presented a numer-
ical approach for calculating optimal decentralized control design strategies under
various model information availability regimes in Paper 5. Specifically, we focused
on continuous-time linear parameter-dependent systems and defined the control de-
sign strategies as mappings from the set of parameters to the set of control laws.
Then, we expanded these mappings using some basis functions and proposed a
numerical optimization method based on consecutive local minimizations and max-
imizations of the Hoo—norm of the closed-loop transfer function with respect to
the control design strategy gains and the system parameters. Finally, in Paper 6,
we presented a statistical framework for the study of control design under limited
model information. We found the best performance achievable by a limited model
information control design method and studied the value of information in con-
trol design using the performance degradation ratio for discrete-time systems with
stochastically-varying parameters.

In Papers 7 and 8, we studied heterogeneous transportation networks. Specifi-
cally, in Paper 7, we considered a heterogeneous routing game in which the players
may belong to more than one type. The type of each player determines the cost
of using an edge as a function of the flow of all types over that edge. We proved
that this heterogeneous routing game admits at least one Nash equilibrium. Ad-
ditionally, for the case where only two types of vehicles are participating in the
heterogeneous routing game, we gave a necessary and sufficient condition for the
existence of a potential function for the introduced routing game, which indeed
implies that we can transform the problem of finding a Nash equilibrium into an
optimization problem. We also developed tolls to guarantee the existence of a po-
tential function and studied the price of anarchy. Later, in Paper 8, we introduced
a model for traffic flow on a specific road at various time intervals per day using



4.2. FUTURE WORK 57

an atomic congestion game with two types of agents (namely, cars and trucks).
Cars only optimize their trade-off between using the road at the time they prefer,
the average velocity of the traffic flow, and the congestion tax they are paying.
However, trucks benefit from using the road at the same time as the other trucks.
We motivated this extra utility using an increased possibility of platooning with
the other trucks and, as a result, saving fuel. We used congestion data from Stock-
holm to validate the affine relationship between the average velocity of commuting
and the number of the vehicles that are using the road at that time. We devised
appropriate tax or subsidy policies to create a potential game. Then, we used the
joint strategy fictitious play and the average strategy fictitious play to learn a pure
strategy Nash equilibrium of this game.

Finally, in Paper 9, we used a continuous-time Markov chain to schedule mea-
surement and transmission time instances in a sensor network. As applications of
this stochastic scheduling policy, we studied networked estimation and control of
large-scale system that are composed of several decoupled scalar stochastic subsys-
tems. We studied the statistical properties of this scheduling policy to compute
bounds on the closed-loop performance of the networked system.

4.2 Future Work

There are several directions to further expand the work presented in the thesis. We
list some of these directions below.

In the adaptive control law presented in Paper 4, all the subcontrollers required
having access to the full state measurement and the implemented control inputs
of other subsystems. An interesting direction for future research could be to use a
decentralized adaptive controller in which each subcontroller may only rely on local
state measurements (perhaps not even the implemented control inputs of other
subsystems). In this scenario, one might be able to use the adaptive control law
presented in [322] to construct input-output models for the rest of the subsystems
and then using that model to calculate a control law with a reasonable closed-loop
performance.

There is also much more to be done in numerical methods for finding an optimal
control design strategy. For instance, the results of Paper 5 only guarantee recov-
ering a local solution if the algorithm converges (which might not happen because
saddle point solutions may not exists). It would be interesting to propose numeri-
cal algorithms that give guarantees on the global performance of the control design
strategy. In addition, in Paper 5, we used a finite basis for expanding the control
design strategies to convert the underlying infinite-dimensional optimization prob-
lem to a finite-dimensional one. As a viable direction for future work, we can focus
on finding the best basis functions for expanding the control design strategies. We
can also study the rate at which the closed-loop performance improves with in-
creasing number of basis functions. Furthermore, because of the general pattern of
the state-measurement availability, we could only search for a suboptimal control
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law which introduces conservativeness in the results (unless we restrict ourselves to
information patters that result in a convex optimization problem, and assume that
the order of the optimal controller is finite and, more importantly, known). Hence,
it is interesting to find a bound on the suboptimality of the calculated control laws.

A general extension in the presented framework for control design using limited
plant model information could be to let designers communicate with each other and
to explore the question of characterizing an appropriate way of signaling between the
designers without revealing all the parameters, for instance by finding the minimum
amount of information needed for designing the optimal controller (e.g., see [323—
325] for such bounds on distributed computation). However, the communication
opens a door to many malicious behaviors by the designers (if they only wish to
strategically optimize their own cost and not the social welfare function). In this
case, it would be interesting to study the possibility of imposing taxes or subsidies
to incentivize the agents to communicating truthfully. We may also use the idea of
contract-based design (see [326] for an application of the idea in control of hybrid
systems) to let the designers of various controllers negotiate acceptable input-output
behaviors under which they can bound the closed-loop performance of the system.

In Paper 7, we only considered static routing games. Due to the time-varying
nature of the traffic in transportation systems, it would be of great interest to
extend the model to account for the time in which the drivers decide to use the
road in addition to the path that they select. This can be done by combining the
model in Paper 7 with the one presented in Paper 8. Another interesting extension
of the results in both Papers 7 and 8 could be to consider games with more than
two types or even a continuum of types.

Finally, in Paper 9, we presented upper bounds for the estimation error and
the closed-loop performance of decoupled systems. Future research can focus on
modeling the whole systems in conjunction with the optimal scheduling algorithm
as a Markov jump linear system. Then, hopefully, we can present upper bounds
for quality of the estimation or the control when dealing with coupled subsystems.
Another direction for future research could be to focus on combining the estimation
and control results for achieving a reasonable closed-loop performance when dealing
with observable and controllable subsystems of arbitrary dimension.



Bibliography

F. Giulietti, L. Pollini, and M. Innocenti, “Autonomous formation flight,”
IEEE Control Systems Magazine, vol. 20, no. 6, pp. 34—44, 2000.

V. Kapila, A. G. Sparks, J. M. Buffington, and Q. Yan, “Spacecraft forma-
tion flying: Dynamics and control,” in Proceedings of the American Control
Conference, pp. 4137-4141, 1999.

D. Swaroop and J. K. Hedrick, “Constant spacing strategies for platooning
in automated highway systems,” Journal of Dynamic Systems, Measurement,
and Control, vol. 121, no. 3, pp. 462—-470, 1999.

R. R. Negenborn and H. Hellendoorn, “Intelligence in transportation infras-
tructures via model-based predictive control,” in Intelligent Infrastructures
(R. R. Negenborn, Z. Lukszo, and H. Hellendoorn, eds.), pp. 3-24, Springer,
2010.

S. M. Joshi, Control of large flexible space structures. Berlin, Germany and
New York, NY: Springer-Verlag, 1989.

H. T. Banks, R. C. Smith, and Y. Wang, Smart Material Structures: Mod-
eling, Estimation and Control. Wiley-Masson Series Research in Applied
Mathematics, Paris, France and Chichester, UK: Masson and John Wiley
and Sons, 1996.

K. H. van Dam and Z. Lukszo, “Model factory for socio-technical infrastruc-
ture systems,” in Intelligent Infrastructures (R. R. Negenborn, Z. Lukszo, and

H. Hellendoorn, eds.), pp. 25-52, Springer, 2010.

99



60

8]

[18]

[19]

E. Jenelius, “Large-scale road network vulnerability analysis,” KTH Royal
Institute of Technology, Doctoral Thesis, 2010. http://urn.kb.se/resolve?
urn=urn:nbn:se:kth:diva-24952.

Statistics Sweden, Statens Institut For Kommunikationsanalys, “Vehicles at
the turn of the year 2006,/2007,” SIKA Statistik, 2007. http://www.scb.se/
statistik/TK/TK1001/ss_2007_6.pdf.

M. Barth and K. Boriboonsomsin, “Real-world carbon dioxide impacts of
traffic congestion,” Transportation Research Record: Journal of the Trans-
portation Research Board, vol. 2058, pp. 163—171, 2008.

K. Hymel, “Does traffic congestion reduce employment growth?,” Journal of
Urban Economics, vol. 65, no. 2, pp. 127-135, 2009.

J. Fuglestvedt, T. Berntsen, G. Myhre, K. Rypdal, and R. B. Skeie, “Climate
forcing from the transport sectors,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 105, no. 2, pp. 454-458, 2008.

Transport Analysis, “Road traffic injuries 2012,” Official Statistics of
Sweden, 2013. http://www.trafa.se/en/Statistics/Road-traffic/
Road-traffic-injuries/ or http://trafa.se/PageDocuments/
Vaegtrafikskador_2012.pdf.

J. Eliasson, L. Hultkrantz, L. Nerhagen, and L. S. Rosqvist, “The Stock-
holm congestion—charging trial 2006: Overview of effects,” Transportation
Research Part A: Policy and Practice, vol. 43, no. 3, pp. 240-250, 2009.

A. Karlstrom and J. P. Franklin, “Behavioral adjustments and equity effects
of congestion pricing: Analysis of morning commutes during the Stockholm
trial,” Transportation Research Part A: Policy and Practice, vol. 43, no. 3,
pp. 283-296, 2009.

L. Winslott-Hiselius, K. Brundell-Freij, A. Vagland, and C. Bystrom, “The
development of public attitudes towards the Stockholm congestion trial,”
Transportation Research Part A: Policy and Practice, vol. 43, no. 3, pp. 269—
282, 2009.

J. Eliasson and L.-G. Mattsson, “Equity effects of congestion pricing: Quanti-
tative methodology and a case study for Stockholm,” Transportation Research
Part A: Policy and Practice, vol. 40, no. 7, pp. 602—620, 2006.

M. Bérjesson, J. Eliasson, M. B. Hugosson, and K. Brundell-Freij, “The Stock-
holm congestion charges—>5 years on. effects, acceptability and lessons learnt,”
Transport Policy, vol. 20, no. 0, pp. 1-12, 2012.

National Research Council, Standards for Intelligent Transportation Systems:
Review of the Federal Program. Transportation Research Board, 2000.


http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-24952
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-24952
http://www.scb.se/statistik/TK/TK1001/ss_2007_6.pdf
http://www.scb.se/statistik/TK/TK1001/ss_2007_6.pdf
http://www.trafa.se/en/Statistics/Road-traffic/Road-traffic-injuries/
http://www.trafa.se/en/Statistics/Road-traffic/Road-traffic-injuries/
http://trafa.se/PageDocuments/Vaegtrafikskador_2012.pdf
http://trafa.se/PageDocuments/Vaegtrafikskador_2012.pdf

[20]

[26]

[27]

61

A. Alam, A. Gattami, and K. H. Johansson, “An experimental study on the
fuel reduction potential of heavy duty vehicle platooning,” in Proceedings of
the 13th International IEEE Conference on Intelligent Transportation Sys-
tems, pp. 306-311, 2010.

X. Ma, “Towards intelligent fleet management: Local optimal speeds for fuel
and emissions,” in Proceedings of the 16th International IEEE Annual Con-
ference on Intelligent Transportation Systems, pp. 2201-2206, 2013.

M. A. Zabat, N. S. Stabile, and F. K. Browand, “Estimates of fuel savings
from platooning,” in Proceedings of the 1995 Annual Meeting of ITS America
Intelligent Transportation: Serving the User Through Deployment, pp. 1203—
1208, 1995.

C. Bonnet and H. Fritz, “Fuel consumption reduction in a platoon: Experi-
mental results with two electronically coupled trucks at close spacing,” SAFE
Technical Paper 2000-01-3056, 2000.

J. Zhang and P. A. Toannou, “Longitudinal control of heavy trucks in mixed
traffic: environmental and fuel economy considerations,” IEEE Transactions
on Intelligent Transportation Systems, vol. 7, no. 1, pp. 92-104, 2006.

T. Robinson, E. Chan, and E. Coelingh, “Operating platoons on public mo-
torways: An introduction to the SARTRE platooning programme,” in Pro-
ceedings of the 17th ITS World Congress, 2010.

A. Davila and M. Nombela, “Platooning—safe and eco-friendly mobility,” SAE
Technical Paper 2012-01-0488, 2012.

A. Alam, “Fuel-efficient distributed control for heavy duty vehicle platoon-
ing,” Licentiate Thesis, KTH Royal Institute of Technology, 2011. http:
//urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-42378.

M. Ghandhari, “Control Lyapunov functions : A control strategy for damp-
ing of power oscillations in large power systems,” KTH Royal Institute of
Technology, Doctoral Thesis, 2000. http://urn.kb.se/resolve?urn=urn:
nbn:se:kth:diva-3039.

P. Kundur, Power system stability and control. EPRI Power System Engi-
neering Series, McGraw-Hill, 1994.

F. Dorfler and F. Bullo, “Exploring synchronization in complex oscillator net-
works,” in Proceedings of the 51st IEEE Conference on Decision and Control,
pp. 7157-7170, 2012.

J. Simpson-Porco, F. Dérfler, and F. Bullo, “Droop-controlled inverters in mi-
crogrids are Kuramoto oscillators,” in Proceedings of the 3rd IFAC Workshop
on Distributed Estimation and Control in Networked Systems, pp. 264-269,
2012.


http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-42378
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-42378
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-3039
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-3039

62

[32]

N. Xiao, X. Wang, T. Wongpiromsarn, K. You, L. Xie, E. Frazzoli, and
D. Rus, “Average strategy fictitious play with application to road pricing,” in
Proceedings of the American Control Conference, pp. 1920-1925, 2013.

M. G. H. Bell and Y. lida, Transportation network analysis. John Wiley and
Sons, 1997.

M. Garavello and B. Piccoli, Traffic Flow on Networks: Conservation Laws
Model, vol. 1 of AIMS Series on Applied Mathematics. Springfield, MO:
American Institute of Mathematical Sciences, 2006.

R. A. Hirschheim, “Information systems epistemology: An historical perspec-
tive,” pp. 2860, London, UK: Scientific Publications, 1992.

K. J. J. Hintikka, Knowledge and the Known: Historical Perspectives in Epis-
temology. Synthese Historical Library, Dordrecht, Holland: D. Reidel Pub-
lishing Company, 1974.

)

J. Woleniski, “The history of epistemology,” in Handbook of Epistemology
(I. Niiniluoto, M. Sintonen, and J. Woleniski, eds.), pp. 3-54, The Netherlands:
Springer, 2004.

G. Berkeley, A Treatise Concerning the Principles of Human Knowledge.
Dublin: Aaron Rhames for Jeremy Pepyat, 1710.

D. Hume, An Enquiry Concerning Human Understanding: And Selections
from a Treatise of Human Nature. London: John Noon, 1772.

J. F. Ferrier, Institutes of Metaphysic: The Theory of Knowing and Being.
London, UK: William Blackwood and Sons, 1856.

L. Samuelson, “Modeling knowledge in economic analysis,” Journal of Eco-
nomic Literature, vol. 42, no. 2, pp. 367-403, 2004.

C. E. Shannon and W. Weaver, The Mathematical Theory of Communication.
University of Illinois Press, 1949.

T. M. Cover and J. A. Thomas, Elements of Information Theory. John Wiley
& Sons, 1991.

K. J. J. Hintikka, Knowledge and belief. Ithaca, NY: Cornell University Press,
1962.

J. Geanakoplos, “Common knowledge,” in Handbook of game theory with eco-
nomic applications (R. Aumann and S. Hart, eds.), vol. 2 of Handbook of
Game Theory with Economic Applications, ch. 40, pp. 1437-1496, Amster-
dam, The Netherlands: Elsevier, 1994.



[46]

63

R. J. Aumann, “Interactive epistemology I: knowledge,” International Journal
of Game Theory, vol. 28, no. 3, pp. 263-300, 1999.

R. J. Aumann, “Interactive epistemology II: probability,” International Jour-
nal of Game Theory, vol. 28, no. 3, pp. 301-314, 1999.

R. J. Aumann, “Agreeing to disagree,” The Annals of Statistics, pp. 1236—
1239, 1976.

S. A. Kripke, “A completeness theorem in modal logic,” The Journal of Sym-
bolic Logic, vol. 24, no. 1, pp. 1-14, 1959.

R. Fagin, J. Y. Halpern, Y. Moses, and M. Y. Vardi, Reasoning about knowl-
edge, vol. 4. Cambridge, MA: MIT Press, 1995.

A. Smith, An Inquiry into the Nature and Causes of the Wealth of Nations.
London, UK: W. Straman and T. Cadeli, 1776.

J. Cassidy, How Markets Fail: The Logic of Economic Calamities. New York,
NY: Farrar, Straus and Giroux, 2009.

L. Savage, The Foundations of Statistics. John Wiley and Sons, 1954.

K. J. Arrow, The Economics of Information. Cambridge, MA: Harvard Uni-
versity Press, 1984.

C. H. Papadimitriou and M. Yannakakis, “On the value of information in
distributed decision-making,” in Proceedings of the 10th Annual ACM Sym-
posium on Principles of Distributed Computing, pp. 61-64, 1991.

J. Kleinberg, C. H. Papadimitriou, and P. Raghavan, “On the value of private
information,” in Proceedings of the 8th Conference on Theoretical Aspects of
Rationality and Knowledge, pp. 249-257, 2001.

N. Nisan, T. Roughgarden, E. Tardos, and V. V. Vazirani, Algorithmic Game
Theory. New York, NY: Cambridge University Press, 2007.

M. S. Manasse, L. A. McGeoch, and D. D. Sleator, “Competitive algorithms
for server problems,” Journal of Algorithms, vol. 11, no. 2, pp. 208-230, 1990.

M. Manasse, L. McGeoch, and D. Sleator, “Competitive algorithms for on-
line problems,” in Proceedings of the Twentieth Annual ACM Symposium on
Theory of Computing, pp. 322-333, 1988.

R. Olfati-Saber, J. A. Fax, and R. M. Murray, “Consensus and cooperation
in networked multi-agent systems,” Proceedings of the IEEE, vol. 95, no. 1,
pp- 215233, 2007.



W. Ren and R. W. Beard, “Consensus seeking in multiagent systems under
dynamically changing interaction topologies,” IEEE Transactions on Auto-
matic Control, vol. 50, no. 5, pp. 655-661, 2005.

R. D’Andrea and G. E. Dullerud, “Distributed control design for spatially
interconnected systems,” IEEFE Transactions on Automatic Control, vol. 48,
no. 9, pp. 1478-1495, 2003.

S.-H. Wang and E. Davison, “On the stabilization of decentralized control
systems,” IEEE Transactions on Automatic Control, vol. 18, no. 5, pp. 473—
478, 1973.

J. Sandell, N., P. Varaiya, M. Athans, and M. Safonov, “Survey of decentral-
ized control methods for large scale systems,” IEEE Transactions on Auto-
matic Control, vol. 23, no. 2, pp. 108-128, 1978.

J. Hespanha, P. Naghshtabrizi, and Y. Xu, “A survey of recent results in
networked control systems,” Proceedings of the IEEFE, vol. 95, no. 1, pp. 138—
162, 2007.

A. Jadbabaie, J. Lin, and A. S. Morse, “Coordination of groups of mobile
autonomous agents using nearest neighbor rules,” IEEE Transactions on Au-
tomatic Control, vol. 48, no. 6, pp. 988-1001, 2003.

J. Cortes, S. Martinez, T. Karatas, and F. Bullo, “Coverage control for mobile
sensing networks,” IEEE Transactions on Robotics and Automation, vol. 20,
no. 2, pp. 243-255, 2004.

Y. Chen, J. Lu, X. Yu, and D. Hill, “Multi-agent systems with dynamical
topologies: Consensus and applications,” IEEFE Circuits and Systems Maga-
zine, vol. 13, no. 3, pp. 21-34, 2013.

C. W. Reynolds, “Flocks, herds and schools: A distributed behavioral model,”
vol. 21, no. 4, pp. 25-34, 1987.

T. Vicsek, A. Czirdk, E. Ben-Jacob, I. Cohen, and O. Shochet, “Novel type of
phase transition in a system of self-driven particles,” Physical Review Letters,
vol. 75, pp. 1226-1229, 1995.

R. Olfati-Saber, “Flocking for multi-agent dynamic systems: Algorithms and
theory,” IEEE Transactions on Automatic Control, vol. 51, no. 3, pp. 401—
420, 2006.

L. Xiao and S. Boyd, “Fast linear iterations for distributed averaging,” Sys-
tems € Control Letters, vol. 53, no. 1, pp. 65-78, 2004.

J. Lu and G. Chen, “A time-varying complex dynamical network model and
its controlled synchronization criteria,” IEEE Transactions on Automatic
Control, vol. 50, no. 6, pp. 841-846, 2005.



[74]

65

M. Cao, A. S. Morse, and B. D. O. Anderson, “Reaching a consensus in
a dynamically changing environment: Convergence rates, measurement de-
lays, and asynchronous events,” SIAM Journal on Control and Optimization,
vol. 47, no. 2, pp. 601-623, 2008.

M. Cao, A. S. Morse, and B. D. O. Anderson, “Reaching a consensus in a
dynamically changing environment: A graphical approach,” SIAM Journal
on Control and Optimization, vol. 47, no. 2, pp. 575-600, 2008.

R. Olfati-Saber and R. M. Murray, “Consensus problems in networks of agents
with switching topology and time-delays,” IEEE Transactions on Automatic
Control, vol. 49, no. 9, pp. 1520-1533, 2004.

J. A. Fax and R. M. Murray, “Information flow and cooperative control of
vehicle formations,” IEEE Transactions on Automatic Control, vol. 49, no. 9,
pp. 1465-1476, 2004.

V. Gupta, B. Hassibi, and R. M. Murray, “Stability analysis of stochastically
varying formations of dynamic agents,” in Proceedings of the 42nd IEEE Con-
ference on Decision and Control, pp. 504-509, 2003.

J. R. Lawton and R. W. Beard, “Synchronized multiple spacecraft rotations,”
Automatica, vol. 38, no. 8, pp. 1359-1364, 2002.

W. Ren and R. W. Beard, “Decentralized scheme for spacecraft formation
flying via the virtual structure approach,” Journal of Guidance, Control, and
Dynamics, vol. 27, no. 1, pp. 73-82, 2004.

J. Lin, A. S. Morse, and B. D. O. Anderson, “The multi-agent rendezvous
problem,” in Proceedings of the 42nd IEEE Conference on Decision and Con-
trol, vol. 2, pp. 1508-1513, 2003.

A. Jadbabaie, N. Motee, and M. Barahona, “On the stability of the kuramoto
model of coupled nonlinear oscillators,” in Proceedings of the American Con-
trol Conference, pp. 4296-4301, 2004.

F. Dorfler and F. Bullo, “Synchronization and transient stability in power
networks and nonuniform Kuramoto oscillators,” SIAM Journal on Control
and Optimization, vol. 50, no. 3, pp. 1616-1642, 2012.

H. G. Tanner, A. Jadbabaie, and G. J. Pappas, “Flocking in fixed and switch-
ing networks,” IEEE Transactions on Automatic Control, vol. 52, no. 5,
pp- 863-868, 2007.

W. Ren, R. W. Beard, and E. M. Atkins, “A survey of consensus problems
in multi-agent coordination,” in Proceedings of the American Control Confer-
ence, pp. 1859-1864, 2005.



66
[86]

[87]

D. P. Bertsekas and J. N. Tsitsiklis, Parallel and Distributed Computation:
Numerical Methods. Englewood Cliffs, NJ: Prentice-Hall, 1989.

D. P. Bertsekas and J. N. Tsitsiklis, “Some aspects of parallel and distributed
iterative algorithms—a survey,” Automatica, vol. 27, no. 1, pp. 3-21, 1991.

S. Boyd, N. Parikh, E. Chu, B. Peleato, and J. Eckstein, “Distributed op-
timization and statistical learning via the alternating direction method of
multipliers,” Foundations and Trends in Machine Learning, vol. 3, no. 1,
pp. 1-122, 2011.

D. P. Bertsekas, Nonlinear programming. Nashua, NH: Athena Scientific,
1999.

G. B. Dantzig and P. Wolfe, “Decomposition principle for linear programs,”
Operations Research, vol. 8, no. 1, pp. 101-111, 1960.

J. F. Benders, “Partitioning procedures for solving mixed-variables program-
ming problems,” Numerische Mathematik, vol. 4, no. 1, pp. 238-252, 1962.

G. B. Dantzig, Linear Programming and Extensions. Santa Monica, CA:
Princeton University Press, 1963.

H. Everett, “Generalized lagrange multiplier method for solving problems of
optimum allocation of resources,” Operations research, vol. 11, no. 3, pp. 399—
417, 1963.

L. S. Lasdon, Optimization Theory for Large Systems. New York, NY:
Macmillan, 1970.

D. Gabay and B. Mercier, “A dual algorithm for the solution of nonlinear
variational problems via finite element approximation,” Computers & Math-
ematics with Applications, vol. 2, no. 1, pp. 17-40, 1976.

D. Gabay and B. Mercier, “Sur 'approximation, par elements finis d’ordre un,
et la resolution, par penalisation-dualité, d’une classe de problems de dirichlet
non lineares,” Revue Francaise d’Automatique, Informatique, et Recherche
Opérationelle, vol. 9, pp. 41-76, 1975.

A. Nedic and A. Ozdaglar, “Cooperative distributed multi-agent optimiza-
tion,” in Convex Optimization in Signal Processing and Communication (D. P.
Palomar and Y. C. Eldar, eds.), ch. 40, pp. 340-386, Cambridge University
Press, 2010.

B. Johansson, P. Soldati, and M. Johansson, “Mathematical decomposition
techniques for distributed cross-layer optimization of data networks,” IEEFE
Journal on Selected Areas in Communications, vol. 24, no. 8, pp. 1535-1547,
2006.



[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

67

O. L. Mangasarian, “Privacy-preserving horizontally partitioned linear pro-
grams,” Optimization Letters, vol. 6, no. 3, pp. 431-436, 2012.

J. Vaidya, “Privacy-preserving linear programming,” in Proceedings of the
ACM symposium on Applied Computing, pp. 2002-2007, 2009.

C. H. Papadimitriou and M. Yannakakis, “Linear programming without the
matrix,” in Proceedings of the 25th Annual ACM Symposium on Theory of
Computing, pp. 121-129, 1993.

O. L. Mangasarian, “Privacy-preserving linear programming,” Optimization
Letters, vol. 5, no. 1, pp. 165-172, 2011.

Y. Bartal, J. W. Byers, and D. Raz, “Global optimization using local infor-
mation with applications to flow control,” in Proceedings of the 38th Annual
Symposium on Foundations of Computer Science, pp. 303-312, 1997.

F. Kuhn, T. Moscibroda, and R. Wattenhofer, “The price of being near-
sighted,” in Proceedings of the 17th Annual ACM-SIAM Symposium on Dis-
crete algorithm, pp. 980-989, 2006.

C. Langbort and J.-C. Delvenne, “Distributed design methods for linear
quadratic control and their limitations,” IEEE Transactions on Automatic
Control, vol. 55, no. 9, pp. 20852093, 2010.

J.-C. Delvenne and C. Langbort, “The price of distributed design in opti-
mal control,” in Proceedings of the 45th IEEE Conference on Decision and
Control, pp. 3640-3645, 2006.

L. Bakule, “Decentralized control: An overview,” Annual Reviews in Control,
vol. 32, no. 1, pp. 87-98, 2008.

F. D. Foster and S. Viswanathan, “Strategic trading when agents forecast the
forecasts of others,” The Journal of Finance, vol. 51, no. 4, pp. 1437-1478,
1996.

R. Radner, “Rational expectations equilibrium: Generic existence and the
information revealed by prices,” Econometrica: Journal of the Econometric
Society, pp. 655—678, 1979.

P. Milgrom and N. Stokey, “Information, trade and common knowledge,”
Journal of Economic Theory, vol. 26, no. 1, pp. 17-27, 1982.

G. P. Cachon, “Competitive supply chain inventory management,” in Quan-
titative Models for Supply Chain Management (S. Tayur, R. Ganeshan, and
M. Magazine, eds.), vol. 17 of International Series in Operations Research
and Management Science, pp. 111-146, New York, NY: Springer, 1999.



68

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

P. R. de Montmort, Essay d’analyse sur lesjeuzr de hazard. Paris, France: J.
Quillau, 1713.

A. A. Cournot, Recherches sur les principes mathématiques de la théorie des
richesses. Paris, France: L. Hachette, 1838.

J. von Neumann, “Zur theorie der gesellschaftsspiele,” Mathematische An-
nalen, vol. 100, no. 1, pp. 295-320, 1928.

J. von Neumann and O. Morgenstern, Theory of Games and FEconomic Be-
havior. Princeton, NJ: Princeton University Press, 1944.

J. Nash, “Non-cooperative games,” The Annals of Mathematics, vol. 54, no. 2,
pp. 286295, 1951.

G. Debreu, “A social equilibrium existence theorem,” Proceedings of the Na-
tional Academy of Sciences of the United States of America, vol. 38, no. 10,
p. 886, 1952.

P. Milgrom, “An axiomatic characterization of common knowledge,” Econo-
metrica: Journal of the Econometric Society, pp. 219-222, 1981.

L. David, Convention: A philosophical study. Cambridge, MA: Harvard Uni-
versity Press, 1969.

J. C. Harsanyi, “Games with incomplete information played by “Bayesian”
players Part I: The basic model,” Management Science, vol. 14, no. 3, pp. 159—
182, 1967.

J. C. Harsanyi, “Games with incomplete information played by “Bayesian”
players Part II: Bayesian equilibrium points,” Management Science, vol. 14,
no. 5, pp. 320-334, 1968.

J. C. Harsanyi, “Games with incomplete information played by “Bayesian”
players Part III: The basic probability distribution of the game,” Management
Science, vol. 14, no. 7, pp. 486-502, 1968.

R. Gibbons, Game Theory for Applied Economists. Princeton, NJ: Princeton
University Press, 1992.

P. Dubey, “Inefficiency of Nash equilibria,” Mathematics of Operations Re-
search, vol. 11, no. 1, pp. 1-8, 1986.

E. Koutsoupias and C. Papadimitriou, “Worst-case equilibria,” in Proceedings
of the 16th Annual Symposium on Theoretical Aspects of Computer Science,
pp. 404-413, 1999.

C. Papadimitriou, “Algorithms, games, and the internet,” in Proceedings of
the 38rd Annual ACM Symposium on Theory of Computing, pp. 749-753,
2001.



[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

69

T. Basar and Q. Zhu, “Prices of anarchy, information, and cooperation in
differential games,” Dynamic Games and Applications, vol. 1, no. 1, pp. 50—
73, 2011.

R. Johari and J. N. Tsitsiklis, “Efficiency loss in a network resource allocation
game,” Mathematics of Operations Research, vol. 29, no. 3, pp. 407-435, 2004.

N. Andelman, M. Feldman, and Y. Mansour, “Strong price of anarchy,”
Games and Economic Behavior, vol. 65, no. 2, pp. 289-317, 2009.

T. Roughgarden, “Routing games,” in Algorithmic game theory (N. Nisan,
T. Roughgarden, E. Tardos, and V. V. Vazirani, eds.), New York, NY: Cam-
bridge University Press, 2007.

T. Roughgarden and E. Tardos, “How bad is selfish routing?,” Journal of the
ACM, vol. 49, no. 2, pp. 236259, 2002.

M. Ajtai, J. Aspnes, C. Dwork, and O. Waarts, “A theory of competitive anal-
ysis for distributed algorithms,” in Proceedings of the 35th Annual Symposium
on Foundations of Computer Science, pp. 401-411, 1994.

S. Irani and Y. Rabani, “On the value of information in coordination games,”
in Proceedings of the 34th Annual Symposium on Foundations of Computer
Science, pp. 12-21, 1993.

S. Irani and Y. Rabani, “On the value of coordination in distributed decision
making,” SIAM Journal on Computing, vol. 25, no. 3, pp. 498-519, 1996.

E. Anshelevich, A. Dasgupta, E. Tardos, and T. Wexler, “Near-optimal net-
work design with selfish agents,” in Proceedings of the 35th Annual ACM
Symposium on Theory of Computing, pp. 511-520, 2003.

D. Bertsimas, V. F. Farias, and N. Trichakis, “The price of fairness,” Opera-
tions research, vol. 59, no. 1, pp. 17-31, 2011.

A. Mas-Colell, M. D. Whinston, and J. R. Green, Microeconomic Theory.
Oxford, UK: Oxford University Press, 1995.

Y. Shoham and K. Leyton-Brown, Multiagent Systems: Algorithmic, Game-
Theoretic, and Logical Foundations. New York, NY: Cambridge University
Press, 2008.

M. O. Jackson, “A crash course in implementation theory,” Social Choice and
Welfare, vol. 18, no. 4, pp. 655-708, 2001.

M. O. Jackson, “Mechanism theory,” in Optimization and Operations Re-
search (U. Derigs, ed.), Encyclopedia of Life Support Systems, Oxford, UK:
EOLSS Publishers, 2003.



70

[141]

[142]

[143]

[144]

[145]

[146]

[147)

[148]

[149]

[150]

[151]

[152]

[153]

[154]

W. Vickrey, “Counterspeculation, auctions, and competitive sealed tenders,”
The Journal of Finance, vol. 16, no. 1, pp. 8-37, 1961.

E. H. Clarke, “Multipart pricing of public goods,” Public choice, vol. 11, no. 1,
pp. 17-33, 1971.

T. Groves, “Incentives in teams,” Econometrica: Journal of the Econometric
Society, vol. 41, no. 4, pp. 617-631, 1973.

J. Green and J.-J. Laffont, “Characterization of satisfactory mechanisms for
the revelation of preferences for public goods,” Econometrica: Journal of the
Econometric Society, pp. 427-438, 1977.

D. C. Parkes and J. Shneidman, “Distributed implementations of Vickrey-
Clarke-Groves mechanisms,” in Proceedings of the 3rd International Joint
Conference on Autonomous Agents and Multiagent Systems, pp. 261-268,
2004.

N. Nisan and A. Ronen, “Computationally feasible VCG mechanisms,” in
Proceedings of the ACM Conference on FElectronic Commerce, pp. 242-252,
2000.

D. Bergemann and J. Valiméki, “The dynamic pivot mechanism,” Economet-
rica: Journal of the Econometric Society, vol. 78, no. 2, pp. 771-789, 2010.

G. Kotsalis and J. S. Shamma, “Robust synthesis in mechanism design,” in
Proceedings of the 49th IEEE Conference on Decision and Control, pp. 225—
230, 2010.

G. W. Brown, “Iterative solution of games by fictitious play,” in Activity Anal-
ysis of Production and Allocation (T. C. Koopmans, ed.), vol. 13, pp. 374-376,
New York, NY: Wiley, 1951.

D. Fudenberg and D. K. Levine, The Theory of Learning in Games. Cam-
bridge, MA: MIT Press, 1998.

L. Shapley, “Some topics in two-person games,” in Advances in Game Theory
(M. Dresher, L. S. Shapley, and A. Tucker, eds.), pp. 1-28, Princeton, NJ:
Princeton University Press, 1964.

J. Robinson, “An iterative method of solving a game,” The Annals of Math-
ematics, vol. 54, no. 2, pp. 296-301, 1951.

R

D. Monderer and L. S. Shapley, “Potential games,” Games and economic

behavior, vol. 14, no. 1, pp. 124-143, 1996.

J. R. Marden, G. Arslan, and J. S. Shamma, “Joint strategy fictitious play
with inertia for potential games,” IEEE Transactions on Automatic Control,
vol. 54, no. 2, pp. 208-220, 2009.



[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

167

[168]

71

A. Fabrikant, C. Papadimitriou, and K. Talwar, “The complexity of pure Nash
equilibria,” in Proceedings of the 36th Annual ACM Symposium on Theory of
Computing, pp. 604-612, 2004.

H. Ackermann, P. W. Goldberg, V. S. Mirrokni, H. Roglin, and B. Vécking,
“Uncoordinated two-sided matching markets,” SIAM Journal on Computing,
vol. 40, no. 1, pp. 92-106, 2011.

I. Erev and A. E. Roth, “Predicting how people play games: Reinforce-
ment learning in experimental games with unique, mixed strategy equilibria,”
American Economic Review, pp. 848-881, 1998.

A. Jafari, A. Greenwald, D. Gondek, and G. Ercal, “On no-regret learning,
fictitious play, and Nash equilibrium,” in Proceedings of the 18th International
Conference on Machine Learning, pp. 226-233, 2001.

R. Kleinberg, G. Piliouras, and E. Tardos, “Multiplicative updates outper-
form generic no-regret learning in congestion games,” in Proceedings of the
41st Annual ACM Symposium on Theory of Computing, pp. 533-542, 2009.

H. P. Young, “Learning by trial and error,” Games and economic behavior,
vol. 65, no. 2, pp. 626-643, 2009.

P. Gupta and P. R. Kumar, “The capacity of wireless network,” IEEE Trans-
actions on Information Theory, vol. 46, no. 2, pp. 388-404, 2000.

C.-T. Lin, “Structural controllability,” IEEE Transactions on Automatic Con-
trol, vol. 19, no. 3, pp. 201-208, 1974.

R. Shields and J. Pearson, “Structural controllability of multi-input linear
systems,” IEEE Transactions on Automatic Control, vol. 21, no. 2, pp. 203—
212, 1976.

E. B. Lee and L. Markus, Foundations of optimal control theory. SIAM series
in applied mathematics, John Wiley and Sons, 1967.

K. Glover and L. Silverman, “Characterization of structural controllability,”
IEEFE Transactions on Automatic Control, vol. 21, no. 4, pp. 534-537, 1976.

J. P. Corfmat and A. S. Morse, “Structurally controllable and structurally
canonical systems,” IEEFE Transactions on Automatic Control, vol. 21, no. 1,
pp. 129-131, 1976.

W. Lohmiller and J.-J. E. Slotine, “On contraction analysis for non-linear
systems,” Automatica, vol. 34, no. 6, pp. 683-696, 1998.

J.-J. E. Slotine and W. Li, Applied nonlinear control. Englewood Cliffs, NJ:
Prentice Hall, 1991.



72

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

Y.-Y. Liu, J.-J. E. Slotine, and A.-L. Barabasi, “Controllability of complex
networks,” Nature, vol. 473, pp. 167-173, 2011.

J.-M. Dion and C. Commault, “Feedback decoupling of structured systems,”
IEEFE Transactions on Automatic Control, vol. 38, no. 7, pp. 1132-1135, 1993.

A. Linnemann, “Decoupling of structured systems,” Systems € Control Let-
ters, vol. 1, no. 2, pp. 79-86, 1981.

C. Commault, J.-M. Dion, and A. Belmehdi, “Structured systems within the
transfer matrix approach: application to decoupling,” Systems € Control
Letters, vol. 9, no. 4, pp. 335-339, 1987.

C. Commault, J.-M. Dion, and A. Perez, “Disturbance rejection for structured
systems,” IEEE Transactions on Automatic Control, vol. 36, no. 7, pp. 884—
887, 1991.

C. Commault, J.-M. Dion, and M. Benahcene, “Output feedback disturbance
decoupling graph interpretation for structured systems,” Automatica, vol. 29,
no. 6, pp. 1463-1472, 1993.

J. W. van der Woude, “Disturbance decoupling by measurement feedback for
structured transfer matrix systems,” Automatica, vol. 32, no. 3, pp. 357-363,
1996.

H. Kobayashi and T. Yoshikawa, “Graph-theoretic approach to controllability
and localizability of decentralized control systems,” IEEE Transactions on
Automatic Control, vol. 27, no. 5, pp. 1096-1108, 1982.

Y. Hayakawa and D. D. Siljak, “On almost invariant subspaces of structural
systems and decentralized control,” IEEE Transactions on Automatic Con-
trol, vol. 33, no. 10, pp. 931-939, 1988.

K. J. Reinschke, Multivariable control: A graph-theoretic approach. Lecture
notes in control and information sciences, Springer-Verlag, 1988.

L. Trave, A. Titli, and A. Tarras, Large scale systems: Decentralization, struc-
ture constraints, and fixed modes. Lecture notes in control and information
sciences, Springer, 1989.

J. P. Corfmat and A. S. Morse, “Decentralized control of linear multivariable
systems,” Automatica, vol. 12, no. 5, pp. 479-495, 1976.

K. Murota and J. W. van der Woude, “Structure at infinity of structured
descriptor systems and its applications,” SIAM Journal on Control and Op-
timization, vol. 29, no. 4, pp. 878-894, 1991.



[182]

[183]

[184]

[185]

[186)]

[187]

[188]

[189]

[190]

[191]

[192]

193]

73

J.-M. Dion, C. Commault, and J. W. van der Woude, “Generic properties and
control of linear structured systems: a survey,” Automatica, vol. 39, no. 7,
pp. 1125-1144, 2003.

C. Commault, J.-M. Dion, O. Sename, and R. Motyeian, “Observer-based
fault detection and isolation for structured systems,” IEEE Transactions on
Automatic Control, vol. 47, no. 12, pp. 2074-2079, 2002.

C. Commault and J.-M. Dion, “Sensor location for diagnosis in linear systems:
A structural analysis,” IEEE Transactions on Automatic Control, vol. 52,
no. 2, pp. 155-169, 2007.

F. Pasqualetti, A. Bicchi, and F. Bullo, “A graph-theoretical characterization
of power network vulnerabilities,” in Proceedings of the American Control
Conference, pp. 3918-3923, 2011.

J. Jackson, “Scheduling a production line to minimize tardiness,” Research
Report 43, Management Science Research Project, University of California,
Los Angeles, CA, 1955.

S. Staniczak, M. Wiczanowski, and H. Boche, Resource Allocation in Wireless
Networks: Theory and Algorithms, vol. 3 of Foundations in Signal Process-
ing, Communication and Networking. Berlin Heidelberg, Germany: Springer,
2006.

K. Arrow, “Economic welfare and the allocation of resources for invention,”
in The Rate and Direction of Inventive Activity: Economic and Social Fac-
tors (H. M. Groves, ed.), pp. 609-626, Cambridge, MA: National Bureau of
Economic Research, 1962.

J. Kay and P. Lauder, “A fair share scheduler,” Communications of the ACM,
vol. 31, no. 1, pp. 44-55, 1988.

N. Elia and S. K. Mitter, “Stabilization of linear systems with limited infor-
mation,” IEEE Transactions on Automatic Control, vol. 46, no. 9, pp. 1384
—-1400, 2001.

S. Tatikonda and S. K. Mitter, “Control under communication constraints,”
IEEFE Transactions on Automatic Control, vol. 49, no. 7, pp. 1056-1068, 2004.

G. N. Nair and R. J. Evans, “Exponential stabilisability of finite-dimensional
linear systems with limited data rates,” Automatica, vol. 39, no. 4, pp. 585—
593, 2003.

W. S. Wong and R. W. Brockett, “Systems with finite communication band-
width constraints Part II: stabilization with limited information feedback,”
IEEFE Transactions on Automatic Control, vol. 44, no. 5, pp. 1049-1053, 1999.



74

[194]

[195]

[196]

197]

[198]

199

200]

[201]

[202]

[203]

[204]

[205]

206]

L. Schenato, B. Sinopoli, M. Franceschetti, K. Poolla, and S. S. Sastry, “Foun-
dations of control and estimation over lossy networks,” Proceedings of the
IEFEE, vol. 95, no. 1, pp. 163-187, 2007.

B. Sinopoli, L. Schenato, M. Franceschetti, K. Poolla, M. I. Jordan, and S. S.
Sastry, “Kalman filtering with intermittent observations,” IEEE Transactions
on Automatic Control, vol. 49, no. 9, pp. 1453-1464, 2004.

S. C. Smith and P. Seiler, “Estimation with lossy measurements: Jump esti-
mators for jump systems,” IEEE Transactions on Automatic Control, vol. 48,
no. 12, pp. 2163-2171, 2003.

V. Gupta, B. Hassibi, and R. M. Murray, “Optimal LQG control across
packet-dropping links,” Systems € Control Letters, vol. 56, no. 6, pp. 439-446,
2007.

C. A. Waldspurger and W. E. Weihl, “Lottery scheduling: Flexible
proportional-share resource management,” in Proceedings of the 1st USENIX
conference on Operating Systems Design and Implementation, pp. 1-11, 1994.

W. A. Horn, “Some simple scheduling algorithms,” Naval Research Logistics
Quarterly, vol. 21, no. 1, pp. 177-185, 1974.

C. L. Liuand J. W. Layland, “Scheduling algorithms for multiprogramming in
a hard-real-time environment,” Journal of the ACM, vol. 20, no. 1, pp. 46-61,
1973.

A. Goldsmith, Wireless Communications. Cambridge, UK: Cambridge Uni-
versity Press, 2005.

D. N. Tse and P. Viswanath, Fundamentals of Wireless Communication. Cam-
bridge, UK: Cambridge University Press, 2005.

A. Ouorou, P. Mahey, and J.-P. Vial, “A survey of algorithms for convex
multicommodity flow problems,” Management Science, vol. 46, no. 1, pp. 126—
147, 2000.

L. Liand A. J.Goldsmith, “Capacity andoptimal resource allocation for fading
broadcast channels — Part I: Ergodiccapacity and Part II: Outage capacity,”
IEEE Transactions on Information Theory, vol. 46, no. 1, pp. 126-147, 2000.

D. N. Tse, “Optimal power allocation over parallel gaussian broadcast chan-
nels,” in Proceedings of the IEEE International Symposium on Information
Theory, pp. 27-27, 1997.

L. Xiao, M. Johansson, and S. P. Boyd, “Simultaneous routing and resource
allocation via dual decomposition,” IEEE Transactions on Communications,
vol. 52, no. 7, pp. 1136-1144, 2004.



[207]

208]

209]

[210]

[211]

212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

75

J. Wang, L. Li, S. H. Low, and J. C. Doyle, “Cross-layer optimization in
TCP/IP networks,” IEEE/ACM Transactions on Networking, vol. 13, no. 3,
pp. 582-595, 2005.

V. Gupta, T. Chung, B. Hassibi, and R. M. Murray, “On a stochastic sensor
selection algorithm with applications in sensor scheduling and sensor cover-
age,” Automatica, vol. 42, no. 2, pp. 251-260, 2006.

R. Lau, R. Persiano, and P. Varaiya, “Decentralized information and control:
A network flow example,” IEEE Transactions on Automatic Control, vol. 17,
no. 4, pp. 466-473, 1972.

M. Aoki, “Some control problems associated with decentralized dynamic sys-
tems,” IEEE Transactions on Automatic Control, vol. 16, no. 5, pp. 515-516,
1971.

R. Bellman, “Large systems,” IEEE Transactions on Automatic Control,
vol. 19, no. 5, p. 465, 1974.

B. D. O. Anderson and D. J. Clements, “Algebraic characterization of fixed
modes in decentralized control,” Automatica, vol. 17, no. 5, pp. 703-712, 1981.

A. B. Ozgiiler, “Decentralized control: a stable proper fractional approach,”
IEEE Transactions on Automatic Control, vol. 35, no. 10, pp. 1109-1117,
1990.

E. J. Davison and T. N. Chang, “Decentralized stabilization and pole assign-
ment for general proper systems,” IEEE Transactions on Automatic Control,
vol. 35, no. 6, pp. 652-664, 1990.

S.-H. Wang, “An example in decentralized control systems,” IEEE Transac-
tions on Automatic Control, vol. 23, no. 5, p. 938, 1978.

B. Anderson and J. Moore, “Time-varying feedback laws for decentralized
control,” IEEE Transactions on Automatic Control, vol. 26, no. 5, pp. 1133—
1139, 1981.

S. Lee, S. Meerkov, and T. Runolfsson, “Vibrational feedback control: Zeros
placement capabilities,” IFEE Transactions on Automatic Control, vol. 32,
no. 7, pp. 604-611, 1987.

U. Ozgiiner and E. J. Davison, “Sampling and decentralized fixed modes,” in
Proceedings of the American Control Conference, pp. 257-262, 1985.

L. Trave, A. Tarras, and A. Titli, “An application of vibrational control to
cancel unstable decentralized fixed modes,” IEEE Transactions on Automatic
Control, vol. 30, no. 3, pp. 283-286, 1985.



76

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

230]

[231]

[232]

J. L. Willems, “Time-varying feedback for the stabilization of fixed modes in
decentralized control systems,” Automatica, vol. 25, no. 1, pp. 127-131, 1989.

P. P. Khargonekar and A. B. Ozgiiler, “Decentralized control and periodic
feedback,” IEEFE Transactions on Automatic Control, vol. 39, no. 4, pp. 877—
882, 1994.

A. Gattami and R. M. Murray, “Simple condition for stability of systems
interconnected over networks,” International Journal of Systems, Control and
Communications, vol. 2, no. 1, pp. 122-143, 2010.

R. Cogill and S. Lall, “Control design for topology-independent stability of
interconnected systems,” in Proceedings of the American Control Conference,
pp. 3717-3722, 2004.

H. S. Witsenhausen, “A counterexample in stochastic optimum control,”
SIAM Journal on Control and Optimization, vol. 6, no. 1, pp. 131-147, 1968.

V. D. Blondel and J. N. Tsitsiklis, “A survey of computational complexity
results in systems and control,” Automatica, vol. 36, no. 9, pp. 1249-1274,
2000.

C. H. Papadimitriou and J. N. Tsitsiklis, “Intractable problems in control
theory,” SIAM Journal on Control and Optimization, vol. 24, no. 1, pp. 639—
654, 1986.

H. S. Witsenhausen, “Separation of estimation and control for discrete time
systems,” Proceedings of the IEEE, vol. 59, no. 11, pp. 1557-1566, 1971.

Y .-C. Ho and K.-C. Chu, “Team decision theory and information structures in
optimal control problems—Part 1,” IEEE Transactions on Automatic Control,
vol. 17, no. 1, pp. 15-22, 1972.

J. Sandell, N. and M. Athans, “Solution of some nonclassical LQG stochastic
decision problems,” IEEE Transactions on Automatic Control, vol. 19, no. 2,
pp. 108-116, 1974.

B. Bamieh, F. Paganini, and M. A. Dahleh, “Distributed control of spatially
invariant systems,” IEEE Transactions on Automatic Control, vol. 47, no. 7,
pp. 1091-1107, 2002.

P. G. Voulgaris, “Optimal control of systems with delayed observation sharing
patterns via input-output methods,” Systems & Control Letters, vol. 50, no. 1,
pp- 51-64, 2003.

X. Qi, M. V. Salapaka, P. G. Voulgaris, and M. Khammash, “Structured
optimal and robust control with multiple criteria: A convex solution,” IEEFE
Transactions on Automatic Control, vol. 49, no. 10, pp. 1623-1640, 2004.



[233]

[234]

[235]

236

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

7

A. Gattami, “Distributed estimation and control under partially nested pat-
tern,” in Proceedings of the American Control Conference, pp. 866871, 2009.

M. Rotkowitz and S. Lall, “A characterization of convex problems in decen-
tralized control,” IEEE Transactions on Automatic Control, vol. 51, no. 2,
pp. 274-286, 2006.

L. Lessard and S. Lall, “An algebraic framework for quadratic invariance,” in
Proceedings of the 49th IEEE Conference on Decision and Control, pp. 2698—
2703, 2010.

L. Lessard and S. Lall, “Internal quadratic invariance and decentralized con-
trol,” in Proceedings of the American Control Conference, pp. 5596-5601,
2010.

L. Lessard and S. Lall, “Quadratic invariance is necessary and sufficient for
convexity,” in Proceedings of the American Control Conference, pp. 5360—
5362, 2011.

J. Swigart and S. Lall, “Optimal controller synthesis for a decentralized two-
player system with partial output feedback,” in Proceedings of the American
Control Conference, pp. 317-323, 2011.

J. Swigart and S. Lall, “Optimal synthesis and explicit state-space solution
for a decentralized two-player linear-quadratic regulator,” in Proceedings of
the 49th IEEE Conference on Decision and Control, pp. 132-137, 2010.

J. Swigart and S. Lall, “An explicit state-space solution for a decentralized
two-player optimal linear-quadratic regulator,” in Proceedings of the Ameri-
can Control Conference, pp. 6385-6390, 2010.

A. Lamperski and L. Lessard, “Optimal state-feedback control under sparsity
and delay constraints,” in Proceedings of the 8rd IFAC Workshop on Dis-
tributed Estimation and Control in Networked Systems, pp. 204-209, 2012.

A. Lamperski and J. C. Doyle, “On the structure of state-feedback LQG con-
trollers for distributed systems with communication delays,” in Proceedings
of the 50th IEEE Conference on Decision and Control held jointly with the
European Control Conference, pp. 6901-6906, IEEE, 2011.

P. Shah and P. A. Parrilo, “A partial order approach to decentralized con-
trol,” in Proceedings of the 47th IEEE Conference on Decision and Control,
pp. 4351-4356, 2008.

P. Shah and P. A. Parrilo, “A poset framework to model decentralized con-
trol problems,” in Proceedings of the 48th IEEE Conference on Decision and
Control held jointly with the 28th Chinese Control Conference, pp. 972-977,
20009.



78

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

[253]

[254]

[255]

[256]

[257]

P. Shah and P. A. Parrilo, “Hs-optimal decentralized control over posets: A
state space solution for state-feedback,” in Decision and Control, 49th IEEE
Conference on, pp. 6722-6727, 2010.

A. Rantzer, “Linear quadratic team theory revisited,” in Proceedings of the
American Control Conference, pp. 1637-1641, 2006.

A. Gattami, “Distributed stochastic control: A team theoretic approach,” in
Proceedings of the 17th International Symposium on Mathematical Theory of
Networks and Systems, pp. 2139-2144, 2006.

A. Gattami, “Generalized linear quadratic control,” IEEE Transactions on
Automatic Control, vol. 55, no. 1, pp. 131-136, 2010.

A. Gattami and B. Bernhardsson, “Minimax team decision problems,” in
Proceedings of the American Control Conference, pp. 766—771, 2007.

T. Tanaka and C. Langbort, “KYP lemma for internally positive systems and
a tractable class of distributed H-infinity control problems,” in Proceedings
of the American Control Conference, pp. 6238-6243, 2010.

T. Tanaka and C. Langbort, “The Bounded Real Lemma for internally posi-
tive systems and H-Infinity structured static state feedback,” IEFEE Transac-
tions on Automatic Control, vol. 56, no. 9, pp. 2218-2223, 2011.

A. Rantzer, “Distributed positive control systems,” in Proceedings of the 50th
IEEE Conference on Decision and Control held jointly with the FEuropean
Control Conference, pp. 6608-6611, 2011.

W. Levine, T. Johnson, and M. Athans, “Optimal limited state variable feed-
back controllers for linear systems,” IEEE Transactions on Automatic Con-
trol, vol. 16, no. 6, pp. 785-793, 1971.

T. Séderstréom, “On some algorithms for design of optimal constrained regula-
tors,” IEEE Transactions on Automatic Control, vol. 23, no. 6, pp. 1100-1101,
1978.

H. T. Toivonen and P. M. Makila, “A descent Anderson—Moore algorithm for
optimal decentralized control,” Automatica, vol. 21, no. 6, pp. 743-744, 1985.

H. T. Toivonen and P. M. Makilé, “Newton’s method for solving parametric
linear quadratic control problems,” International Joutnal of Control, vol. 46,
no. 3, pp. 897-911, 1987.

C. Wenk and C. Knapp, “Parameter optimization in linear systems with ar-
bitrarily constrained controller structure,” IEEE Transactions on Automatic
Control, vol. 25, no. 3, pp. 496-500, 1980.



[258]

[259]

260]

[261]

[262]

263]

[264]

265

[266]

267]

268]

269]

79

J. C. Geromel, J. Bernussou, and P. L. D. Peres, “Decentralized control
through parameter space optimization,” Automatica, vol. 30, no. 10, pp. 1565—
1578, 1994.

D. D. Siljak, “Parameter space methods for robust control design: A guided
tour,” IEEE Transactions on Automatic Control, vol. 34, no. 7, pp. 674-688,
1989.

C. Langbort, R. S. Chandra, and R. D’Andrea, “Distributed control design
for systems interconnected over an arbitrary graph,” IEEFE Transactions on
Automatic Control, vol. 49, no. 9, pp. 1502-1519, 2004.

J. Lavaei and A. G. Aghdam, “Decentralized control design for interconnected
systems based on a centralized reference controller,” in Proceedings of the 45th
IEEE Conference on Decision and Control, pp. 1189-1195, 2006.

J. Lavaei, A. Momeni, and A. G. Aghdam, “A near-optimal decentralized ser-
vomechanism controller for hierarchical interconnected systems,” in Proceed-
ings of the 46th IEEE Conference on Decision and Control, pp. 5023-5030,
2007.

V. Gupta, B. Hassibi, and R. M. Murray, “A sub-optimal algorithm to syn-
thesize control laws for a network of dynamic agents,” International Journal
of Control, vol. 78, no. 16, pp. 1302-1313, 2005.

V. Gupta, Design of Information Flow for Networked Control Systems. Saar-
briicken, Germany: VDM Verlag, 2007.

W. B. Dunbar and R. M. Murray, “Distributed receding horizon control for
multi-vehicle formation stabilization,” Automatica, vol. 42, no. 4, pp. 549-558,
2006.

W. B. Dunbar, “Distributed receding horizon control of dynamically coupled
nonlinear systems,” IEEFE Transactions on Automatic Control, vol. 52, no. 7,
pp- 1249-1263, 2007.

P. Giselsson and A. Rantzer, “Distributed model predictive control with sub-
optimality and stability guarantees,” in Proceedings of the 49th IEEE Con-
ference on Decision and Control, pp. 7272-7277, 2010.

J. C. Doyle, “Analysis of feedback systems with structured uncertainties,”
IEFE Proceedings D: Control Theory and Applications, vol. 129, no. 6, pp. 242—
250, 1982.

G. Zames, “Feedback and optimal sensitivity: Model reference transforma-
tions, multiplicative seminorms, and approximate inverses,” IEEE Transac-
tions on Automatic Control, vol. 26, no. 2, pp. 301-320, 1981.



80

270]

[271]

[272]

[273]

[274]

[275]

[276]

277]

[278]

279]
[280]

[281]

[282]

[283]

J. A. Ball and N. Cohen, “Sensitivity minimization in an H,- norm:
parametrization of all suboptimal solutions,” International Journal of Con-
trol, vol. 46, no. 3, pp. 785-816, 1987.

K. Zhou and J. C. Doyle, Essentials of robust control. Englewood Cliffs, NJ:
Prentice Hall, 1998.

P. Gahinet and P. Apkarian, “A linear matrix inequality approach to hso
control,” International Journal of Robust and Nonlinear Control, vol. 4, no. 4,
pp. 421-448, 1994.

C. Scherer, P. Gahinet, and M. Chilali, “Multiobjective output-feedback con-
trol via LMI optimization,” IEEFE Transactions on Automatic Control, vol. 42
no. 7, pp. 896-911, 1997.

A. Ando and F. M. Fisher, “Near-decomposability, partition and aggregation,
and the relevance of stability discussions,” International Economic Review,
vol. 4, no. 1, pp. 53-67, 1963.

S. Sethi and Q. Zhang, “Near optimization of dynamic systems by decom-
position and aggregation,” Journal of Optimization Theory and Applications,
vol. 99, no. 1, pp. 1-22, 1998.

V. G. Gajtsgori and A. A. Pervozvanski, “Perturbation method in the optimal
control problems,” Systems Science, vol. 5, pp. 91-102, 1979.

M. E. Sezer and D. D. Siljak, “Nested e-decompositions and clustering of
complex systems,” Automatica, vol. 22, no. 3, pp. 321-331, 1986.

L. J. Bakule, Lubomir, “Decentralized design of feedback control for large-
scale systems,” Kybernetika, vol. 24, no. 3-6, pp. 1-100, 1988.

J. Lunze, Feedback control of large scale systems. Prentice Hall, 1992.

C. S. Fisk, “Game theory and transportation systems modelling,” Transporta-
tion Research Part B: Methodological, vol. 18, no. 4-5, pp. 301-313, 1984.

D. Levinson, “Micro-foundations of congestion and pricing: A game theory
perspective,” Transportation Research Part A: Policy and Practice, vol. 39,
no. 7-9, pp. 691-704, 2005.

J. R. Correa, A. S. Schulz, and N. E. Stier-Moses, “On the inefficiency of
equilibria in congestion games,” in Integer Programming and Combinatorial
Optimization (M. Jinger and V. Kaibel, eds.), vol. 3509 of Lecture Notes
in Computer Science, pp. 167-181, Berlin, Heidelberg, Germany: Springer,
2005.

R. W. Rosenthal, “A class of games possessing pure-strategy Nash equilibria,”
International Journal of Game Theory, vol. 2, no. 1, pp. 65-67, 1973.



[284]

[285)]

[286]

[287]

[288]

[289)]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

81

D. Braess, A. Nagurney, and T. Wakolbinger, “On a paradox of traffic plan-
ning,” Transportation science, vol. 39, no. 4, pp. 446450, 2005.

B. Awerbuch, Y. Azar, and A. Epstein, “The price of routing unsplittable
flow,” in Proceedings of the 37th Annual ACM Symposium on Theory of Com-
puting, pp. 57-66, 2005.

J. G. Wardrop, “Some theoretical aspects of road traffic research,” in Pro-
ceedings of the Institute of Civil Engineers: Engineering Divisions, no. 3,
pp- 325-362, 1952.

R. W. Rosenthal, “The network equilibrium problem in integers,” Networks,
vol. 3, no. 1, pp. 53-59, 1973.

D. Fotakis, S. Kontogiannis, and P. Spirakis, “Selfish unsplittable flows,”
Theoretical Computer Science, vol. 348, no. 2, pp. 226-239, 2005.

I. Milchtaich, “Congestion games with player-specific payoff functions,”
Games and Economic Behavior, vol. 13, no. 1, pp. 111-124, 1996.

M. Voorneveld, P. Borm, F. Van Megen, S. Tijs, and G. Facchini, “Conges-
tion games and potentials reconsidered,” International Game Theory Review,
vol. 1, no. 3-4, pp. 283-299, 1999.

S. C. Dafermos, “The traffic assignment problem for multiclass-user trans-
portation networks,” Transportation Science, vol. 6, no. 1, pp. 73-87, 1972.

D. Braess and G. Koch, “On the existence of equilibria in asymmetrical
multiclass-user transportation networks,” Transportation Science, vol. 13,
no. 1, pp. 56-63, 1979.

M. J. Smith, “The existence, uniqueness and stability of traffic equilibria,”
Transportation Research Part B: Methodological, vol. 13, no. 4, pp. 295-304,
1979.

A. Haurie and P. Marcotte, “On the relationship between Nash—Cournot and
Wardrop equilibria,” Networks, vol. 15, no. 3, pp. 295-308, 1985.

W. Krichene, J. Reilly, S. Amin, and A. Bayen, “On the characterization and
computation of Nash equilibria on parallel networks with horizontal queues,”
in Proceedings of the IEEE 51st Annual Conference on Decision and Control,
pp. 7119-7125, 2012.

M. J. Beckmann, C. B. McGuire, and C. B. Winsten, Studies in the Economics
of Transportation. New Haven, CT: Yale University Press, 1956.

G. Christodoulou and E. Koutsoupias, “The price of anarchy of finite conges-
tion games,” in Proceedings of the 87th Annual ACM Symposium on Theory
of Computing, pp. 67-73, 2005.



82

298]

[299]
300]

301]

302]

303]

304]

305]

306]

[307]

308]

309]

[310]

T. Roughgarden, “The price of anarchy is independent of the network topol-
ogy,” Journal of Computer and System Sciences, vol. 67, no. 2, pp. 341-364,
2003.

A. C. Pigou, The Economics of Welfare. London, UK: McMillan & Co., 1920.

J. R. Correa, A. S. Schulz, and N. E. Stier-Moses, “Selfish routing in capaci-
tated networks,” Mathematics of Operations Research, vol. 29, no. 4, pp. 961—
976, 2004.

H. Yang and H. J. Huang, Mathematical And Economic Theory Of Road
Pricing. Elsevier Science, 2005.

M. Hoefer, L. Olbrich, and A. Skopalik, “Taxing subnetworks,” in Internet
and Network Economics (C. Papadimitriou and S. Zhang, eds.), vol. 5385 of
Lecture Notes in Computer Science, pp. 286—294, Springer Berlin Heidelberg,
2008.

Y. A. Korilis, A. A. Lazar, and A. Orda, “Achieving network optima us-
ing Stackelberg routing strategies,” IEFE/ACM Transactions on Networking,
vol. 5, no. 1, pp. 161-173, 1997.

A. C. Kaporis and P. G. Spirakis, “The price of optimum in Stackelberg
games on arbitrary single commodity networks and latency functions,” in
Proceedings of the Fighteenth Annual ACM Symposium on Parallelism in
Algorithms and Architectures, pp. 19-28, 2006.

T. Roughgarden, “Stackelberg scheduling strategies,” SIAM Journal on Com-
puting, vol. 33, no. 2, pp. 332-350, 2004.

W. Krichene, J. Reilly, S. Amin, and A. Bayen, “On Stackelberg routing on
parallel networks with horizontal queues,” in Proceedings of the 51st IEEE
Annual Conference on Decision and Control, pp. 7126-7132, 2012.

L. Engelson and P. Lindberg, “Congestion pricing of road networks with users
having different time values,” in Mathematical and Computational Models for
Congestion Charging (S. Lawphongpanich, D. W. Hearn, and M. J. Smith,
eds.), vol. 101 of Applied Optimization, pp. 81-104, Springer, 2006.

M. Netter, “Equilibrium and marginal cost pricing on a road network with
several traffic flow types,” in Proceedings of the 5th International Symposium
on the Theory of Traffic Flow and Transportation, pp. 155-163, 1971.

H. Yang and H.-J. Huang, “The multi-class, multi-criteria traffic network
equilibrium and systems optimum problem,” Transportation Research Part
B: Methodological, vol. 38, no. 1, pp. 1-15, 2004.

R. Deb, “A testable model of consumption with externalities,” Journal of
Economic Theory, vol. 144, no. 4, pp. 1804-1816, 2009.



311]

312]

313]

[314]

315]

[316]

317]

[318]

319]

[320]

321]

[322]

83

F. Leurent, “Cost versus time equilibrium over a network,” Furopean Journal
of Operational Research, vol. 71, no. 2, pp. 205-221, 1993.

P. Marcotte and D. L. Zhu, “Equilibria with infinitely many differentiated
classes of customers,” in Complementarity and Variational Problems: State
of the Art (M. C. Ferris and J. S. Pang, eds.), pp. 234258, Philadelphia, PA:
STAM, 2000.

S. C. Dafermos, “Toll patterns for multiclass-user transportation networks,”
Transportation science, vol. 7, no. 3, pp. 211-223, 1973.

R. Cole, Y. Dodis, and T. Roughgarden, “Pricing network edges for hetero-
geneous selfish users,” in Proceedings of the 35th Annual ACM Symposium on
Theory of Computing, pp. 521-530, 2003.

G. Karakostas and S. G. Kolliopoulos, “Edge pricing of multicommodity net-
works for heterogeneous selfish users,” in Proceedings of the 45th Annual IEEE
Symposium on Foundations of Computer Science, pp. 268-276, 2004.

L. Fleischer, K. Jain, and M. Mahdian, “Tolls for heterogeneous selfish users in
multicommodity networks and generalized congestion games,” in Proceedings
of the 45th Annual IEEE Symposium on Foundations of Computer Science,
pp- 277-285, 2004.

D. Fotakis, G. Karakostas, and S. G. Kolliopoulos, “On the existence of opti-
mal taxes for network congestion games with heterogeneous users,” in Algo-
rithmic Game Theory (S. Kontogiannis, E. Koutsoupias, and P. G. Spirakis,
eds.), vol. 6386 of Lecture Notes in Computer Science, pp. 162-173, Berlin
Heidelberg, Germany: Springer, 2010.

P. Marcotte and D. L. Zhu, “Existence and computation of optimal tolls
in multiclass network equilibrium problems,” Operations Research Letters,
vol. 37, no. 3, pp. 211-214, 2009.

M. C. Campi and P. R. Kumar, “Adaptive linear quadratic gaussian control:
The cost-biased approach revisited,” SIAM journal on Control and Optimiza-
tion, vol. 36, no. 6, pp. 1890-1907, 1998.

J. Geromel and J. Bernussou, “An algorithm for optimal decentralized regu-
lation of linear quadratic interconnected systems,” Automatica, vol. 15, no. 4,
pp- 489491, 1979.

R. W. Brockett, “Optimal control of observable continuous time markov
chains,” in Proceedings of the 47th IEEE Conference on Decision and Control,
pp. 42694274, 2008.

M. Prandini and M. C. Campi, “Adaptive LQG control of input-output
systems—a cost-biased approach,” SIAM Journal on Control and Optimiza-
tion, vol. 39, no. 5, pp. 1499-1519, 2000.



84

323]

324]

325]

326]

H. Abelson, “Lower bounds on information transfer in distributed computa-
tions,” Journal of the Association for Computing Machinery, vol. 27, pp. 384—
392, 1980.

K. Mount and S. Reiter, “On the informational size of message spaces,” Jour-
nal of Economic Theory, vol. 8, no. 2, pp. 161-192, 1974.

A. C.-C. Yao, “Some complexity questions related to distributive computing,”
in Proceedings of the 11th Annual ACM Symposium on Theory of Computing,
pp. 209-213, 1979.

L. Benvenuti, A. Ferrari, E. Mazzi, and A. L. S. Vincentelli, “Contract-based
design for computation and verification of a closed-loop hybrid system,” in
Hybrid Systems: Computation and Control (M. Egerstedt and B. Mishra,
eds.), vol. 4981 of Lecture Notes in Computer Science, pp. 5871, Berlin
Heidelberg, Germany: Springer, 2008.



Papers






Part 1:

Control Design with
Limited Model Information






PAPER 1

Optimal Structured Static State-Feedback Control
Design with Limited Model Information for
Fully-Actuated Systems

Farhad Farokhi, Cédric Langbort, and Karl H. Johansson

Abstract—We introduce the family of limited model information control design meth-
ods, which construct controllers by accessing the plant’s model in a constrained way,
according to a given design graph. We investigate the closed-loop performance achievable
by such control design methods for fully-actuated discrete-time linear time-invariant sys-
tems, under a separable quadratic cost. We restrict our study to control design methods
which produce structured static state feedback controllers, where each subcontroller can
at least access the state measurements of those subsystems that affect its corresponding
subsystem. We compute the optimal control design strategy (in terms of the competitive
ratio and domination metrics) when the control designer has access to the local model in-
formation and the global interconnection structure of the plant-to-be-controlled. Finally,
we study the trade-off between the amount of model information exploited by a control
design method and the best closed-loop performance (in terms of the competitive ratio)
of controllers it can produce.
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1 Introduction

Many modern control systems, such as aircraft and satellite formation [1, 2], auto-
mated highways and other shared infrastructure [3, 4], flexible structures [5], and
supply chains [6, 7], consist of a large number of subsystems coupled through their
performance goals or system dynamics. When regulating this kind of plant, it is of-
ten advantageous to adopt a distributed control architecture, in which the controller
itself is composed of interconnected subcontrollers, each of which accesses a strict
subset of the plant’s output. Several control synthesis methods have been proposed
over the past decades that result in distributed controllers of this form, with vari-
ous types of closed-loop stability and performance guarantees (e.g., [8-16]). Most
recently, the tools presented in [17] and [18] revealed how to exploit the specific
interconnection of classes of plants (the so-called quadratically invariant systems)
to formulate convex optimization problems for the design of structured H.,- and
H>- optimal controllers. A common thread in this part of the literature is the as-
sumption that, even though the controller is structured, its design can be performed
in a centralized fashion, with full knowledge of the plant model. However, in some
applications (described in more detail in the next paragraph), this assumption is
not always warranted, as the design of each subcontroller may need to be carried
out by a different control designer, with no access to the global model of the plant,
although its interconnection structure and the common closed-loop cost function
to be minimized are public knowledge. This class of problems, which we refer to as
“limited model information control design problems”, is the main object of interest
in the present paper.

Limited model information control design occurs naturally in contexts where
the subsystems belong to different entities, which may consider their model infor-
mation private and may thus be reluctant to share it with others. In this case,
the designers may have to resort to “communication-less” strategies in which sub-
controller K; depends solely on the description of subsystem i’s model. This case
is well illustrated by supply chains, where the economic incentives of competing
companies might limit the exchange of model information (such as, inventory vol-
ume, transportation efficiency, raw material sources, and decision process) inside
a layer of the chain (see [7, 19-21] for a detailed review of modeling and control
of supply chains). Another reason for using communication-less strategies in more
general design situations, even when the circulation of plant information is not re-
stricted a priori, is that the resulting subcontroller K; does not need to be modified
if the characteristics of a particular subsystem, which is not directly connected to
subsystem ¢, vary. For instance, consider a chemical plant in the process industry,
with thousands of local controllers. In such a large-scale system, the tuning of
each local controller should not require model parameters from other parts of the
system so as to simplify maintenance and limit controller complexity. Note that
engineers often implement these large-scale systems as a whole using commercially
available pre-designed modules. These modules are designed, in advance, with no
prior knowledge of their possible use or future operating condition. This lack of
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availability of the complete model of the plant, at the time of the design, constrains
the designer to only use its own model parameters in each module’s control design.

Control design based on uncertain plant model information is a classic topic
in the robust control literature [22-25]. However, designing an optimal controller
without a global model is different from a robust control problem. In optimal
control design with limited model information, subsystems do not have any prior
information about the other subsystems’ model; i.e., there is no nominal model
for the design procedure and there is no bound on the model uncertainties. There
have been some interesting approaches for tackling this problem. For instance,
references [26—29] introduced methods for designing sub-optimal decentralized con-
trollers without a global dynamical model of the system. In these papers, the
authors assume that the large-scale system to be controlled consists of an inter-
connection of weakly coupled subsystems. They design an optimal controller for
each subsystem using only the corresponding local model, and connect the obtained
subcontrollers to construct a global controller. They show that, when coupling is
negligible, this latter controller is satisfactory in terms of closed-loop stability and
performance. However, as coupling strength increases, even closed-loop stability
guarantees are lost. Other approaches such as [4, 6] are based on receding horizon
control and use decomposition methods to solve each step’s optimization problem
in a decentralized manner with only limited information exchange between subsys-
tems. What is missing from the literature, however, is a rigorous characterization
of the best closed-loop performance that can be attained through limited model in-
formation design and, a study of the trade off between the closed-loop performance
and the amount of exchanged information. We tackle this question in the present
paper for a particular class of systems (namely, the set of fully-actuated discrete-
time linear time-invariant dynamical systems) and a particular class of control laws
(namely, the set of structured linear static state feedback controllers where each
subcontroller can at least access the state measurements of those subsystems that
affect its corresponding subsystem).

In this paper, we study the properties of limited model information control
design methods. We investigate the relationship between the amount of plant in-
formation available to the designers, the nature of the plant interconnection graph,
and the quality (measured by the closed-loop control goal) of controllers that can
be constructed using their knowledge. To do so, we look at limited model informa-
tion and communication-less control design methods as belonging to a special class
of maps between the plant and controller sets, and make use of the competitive
ratio and domination metrics introduced in [30] to characterize their intrinsic limi-
tations. To the best of our knowledge, there are no other metrics specifically tuned
to control design methods. We address much more general classes of subsystems
and of limitations on the model information available to the designer than is done
in [30]. Specifically, we consider limited model information structured static state-
feedback control design for interconnections of fully-actuated (i.e., with invertible
B-matrix) discrete-time linear time-invariant subsystems with quadratic separable
(i.e., with block diagonal @- and R-matrices) cost function. Our choice of such a
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cost function is motivated by our interest in applications such as power grids [31-34]
and [4, Chs. 5,10], supply chains [6, 7], and water level control [4, Ch. 18], which
have been shown to be well-modeled by dynamically-coupled but cost-decoupled
interconnected systems. We show in the last section of the paper that the assump-
tion on the B-matrix can be partially removed for the sinks (i.e., subsystems that
cannot affect any other subsystem) in the plant graph.

We investigate the best closed-loop performance achievable by structured static
state feedback controllers constructed by limited model information design strate-
gies. We show that the result depends crucially on the plant graph and the control
graph. In the case where the plant graph contains no sink and the control graph
is a supergraph of the plant graph, we extend the fact proven in [30] that the
deadbeat strategy is the best communication-less control design method. However,
the deadbeat control design strategy is dominated when the plant graph has sinks,
and we exhibit a better, undominated, communication-less control design method,
which, although having the same competitive ratio as the deadbeat control design
strategy, takes advantage of the knowledge of the sinks’ location to achieve a better
closed-loop performance in average. We characterize the amount of model informa-
tion needed to achieve better competitive ratio than the deadbeat control design
strategy. This amount of information is expressed in terms of properties of the
design graph; a directed graph which indicates the dependency of each subsystem’s
controller on different parts of the global dynamical model.

This paper is organized as follows. After formulating the problem of inter-
est and defining the performance metrics in Section 2, we characterize the best
communication-less control design method according to both competitive ratio and
domination metrics in Section 3. In Section 4, we show that achieving a strictly bet-
ter competitive ratio than these control design methods requires a complete design
graph when the plant graph is itself complete. Finally, we end with a discussion on
extensions in Section 5 and the conclusions in Section 6.

1.1 Notation

Sets will be denoted by calligraphic letters, such as P and A. If A is a subset of
M then A° is the complement of A in M, i.e., M\ A.

Matrices are denoted by capital roman letters such as A. A; will denote the 4th
row of A. A;; denotes a sub-matrix of matrix A, the dimension and the position of
which will be defined in the text. The entry in the i*" row and the j* column of
the matrix A is a;;.

Let ST, (S%) be the set of symmetric positive definite (positive semidefinite)
matrices in R"*". A > (>)0 means that the symmetric matrix A € R"*" is positive
definite (positive semidefinite) and A > (>)B means that A — B > (>)0.

A(Y) and A\(Y) denote the smallest and the largest eigenvalues of the matrix Y,
respectively. Similarly, o(Y") and 6(Y") denote the smallest and the largest singular
values of the matrix Y, respectively. Vector e; denotes the column-vector with all
entries zero except the i entry, which is equal to one.
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All graphs considered in this paper are directed, possibly with self-loops, with
vertex set {1,...,q} for some positive integer ¢q. If G = ({1,...,q}, F) is a directed
graph, we say that ¢ is a sink if there does not exist j # i such that (i,5) € E. A
loop of length ¢ in G is a set of distinct vertices {iy,...,i;} such that (i4,41) € F
and (ip,ip11) € E forall 1 <p <t —1. We will sometimes refer to this loop as
(i1 = i3 = -+ — iy — 41). The adjacency matrix S of graph G is the g X ¢ matrix
whose entries satisfy

1 (i) eE
%5 =31 0 otherwise.

Since the set of vertices is fixed here, a subgraph of G is a graph whose edge set
is a subset of the edge set of G and a supergraph of G is a graph of which G is a
subgraph. We use the notation G’ O G to indicate that G’ is a supergraph of G.

2 Control Design with Limited Model Information

In this section, we introduce the system model and the problem under consideration,
but first, we present a simple illustrative example.
2.1 Illlustrative Example

Consider a discrete-time linear time-invariant dynamical system composed of three
subsystems represented in state-space form as

Il(k + 1) ai1p  ai2 0 I’l(k) bnul(k)
va(k+1) |=| az1 aze as xo(k) 4| baoua(k) |,
xs(k + 1) 0 asg Aas33 1‘3(]€) b33U3(k)

where, for each subsystem 4, x;(k) € R is the state and u;(k) € R is the con-
trol signal. This system, which is illustrated in Figure 1, is a simple networked
control system. Networked control systems have several important characteristics.
First, they are often distributed geographically. Therefore, it is natural to assume
that a given subsystem can only influence its neighboring subsystems. We capture
this fact using a directed graph called the plant graph like the one presented in
Figure 2(a) for this example. This star graph corresponds to applications like un-
manned aerial vehicles formation, platoon of vehicles, and composite formations of
power systems [35, 36].

Second, any communication medium that we use to transmit the sensor measure-
ments and actuation signals in networked control systems brings some limitations.
For instance, every communication network has band-limited channels. Therefore,
when designing subcontrollers, it might not make sense to assume that it can in-
stantaneously access full state measurements of the plant. The state measurement
availability in this example is

ul(k’) kll /{312 0 xl(k)
Uz(k) = ko1 koo ko3 $2(k)
’LLg(k) 0 kgg kgg 1’3(]6)
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We use a control graph to characterize the controller structure. Control graph
G in Figure 2(b) represents the state-measurement availability in this example.
It corresponds to the case where neighboring subsystems transmit their state-
measurements to each other, which is common for unmanned aerial vehicles forma-
tion, autonomous ground vehicles platoons, and biological system of particles [1, 2,
37, 38].

Finally, in large-scale dynamical systems, it might be extremely difficult (if
not impossible) to identify all system parameters and update them globally. One
can only hope that the designer has access to the local parameter variations and
update the corresponding subcontroller based on them. Therefore, it makes sense
to assume that each local controller only has access to model information from its
corresponding subsystem; i.e., designer of subcontroller ¢ uses only {a;1,a;2,a;3} in
the design procedure

(ki1 kio kis] =T ([ain aie ais], bi) ,

where I'; : R? x R — R? is the control design map. Note that assuming subcon-
troller ¢ has access to the state-measurements of those subsystems that can affect
subsystem i, it can identify parameters {a;1,a;2,a;3}. However, identifying pa-
rameters {ay;, as;,as;} might not be possible since subcontroller ¢ may not have
access to the state-measurements of all the subsystems that it can influence. The
block-diagram in Figure 1 does not specify I'. We will use a directed graph called
the design graph to capture structural properties of I'. Figure 2(¢) represents the
plant model information availability in this example. This totally disconnected
graph corresponds to applications such as supply chain management [7, 21] or ve-
hicle platooning [39, 40], where subsystems potentially belong to different entities
and privacy concerns might restrict plant model information circulation. In the rest
of this section, we formalize the above notions for more general design problems.

2.2 Plant Model
Let a graph Gp = ({1, ..., ¢}, Ep) be given, with adjacency matrix Sp € {0,1}9%4.
We define the following set of matrices associated with Sp:
A(Sp) ={A e R™" | A;; =0 € R"*" for all
1 <14,j < g such that (sp);; = 0},

(1)

where for each 1 < i < ¢, integer number n; is the dimension of subsystem i.
Implicit in these definitions is the fact that >7 , n; = n. Also, for a given scalar
e > 0, we let

B(e) ={BeR"™" |ag(B)>¢B;j;=0cR" ™ forall 1 <i#j<gq}. (2)

The set B(e) defined in (2) is made of invertible block-diagonal square matrices
since g(B) > e > 0 for each matrix B € B(e) C R™*". With these definitions, we



2. CONTROL DESIGN WITH LIMITED MODEL INFORMATION 95

can introduce the set P of plants of interest as the space of all discrete-time linear
time-invariant dynamical systems of the form

z(k+1) = Az(k) + Bu(k) ; (0) = xo, (3)

with A € A(Sp), B € B(e), and g € R™. Clearly P is isomorph to A(Sp) x B(e) x
R™ and, slightly abusing notation, we will thus identify a plant P € P with the
corresponding triple (A, B, xg).

A plant P € P can be thought of as the interconnection of ¢ subsystems, with
the structure of the interconnection specified by the graph Gp (i.e., subsystem j’s
output feeds into subsystem i only if (j,i) € Ep). As a consequence, we refer to
Gp as the “plant graph”. We will denote the ordered set of State indices pertaining
to subsystem i as Z;; i.e., Z; := (1 + Z;;ll Nj,...,n; + Z] 1 n;). For subsystem ¢,
state vector and input vector are defined as
] I

x, = [9381 o Ty bl Q’L‘ = [ué1 ufni

T “n g

where the ordered set of indices (¢1,...,¢,,) = Z;, and its dynamics is specified by
z;(k+1) ZA” z;(k) + Biyu; (k).

According to the specific structure of B(e) given in (2), each subsystem is fully-
actuated, with as many input as states, and controllable in one time-step. Possible
generalization of the results to a (restricted) family of under-actuated systems is
discussed in Section 5.

Figure 2(a) shows an example of a plant graph Gp. Each node represents a
subsystem of the system. For instance, the second subsystem in this example may
affect the first subsystem and the third subsystem; i.e., sub-matrices A5 and Aso
can be nonzero. The self-loop for the second subsystem shows that Ass may be non-
zero. The plant graph Gp in Figure 2(a) does not contain any sink. In contrast,
the first subsystem of the plant graph G’% in Figure 2(a’) is a sink. The control
graph Gy is introduced in the next subsection.

2.3 Controller Model

Let a control graph Gx be given, with adjacency matrix Si. The control laws of
interest in this paper are linear static state-feedback control laws of the form

u(k) = Ka(k),
where

K e K:(S;C) = {K c R”XN‘K’LJ =0 e R“ X" for
all 1 <4, j < g such that (sx);; = 0}.
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Figure 1: Physical interconnection between different subsystems and controllers
corresponding to Gp and G in Figures 2(a) and 2(b), respectively.

(a)G£ (b)Gg (c)G(g
(@) G; (b") G (c") G

@/ﬁ%@

Figure 2: Gp and G, are examples of plant graphs, Gx and G are examples of
control graphs, and G¢ and G are examples of design graphs.

In particular, when G is a complete graph, K(Sx) = R"*™ while, if Gk is to-
tally disconnected with self-loops, KC(Si) represents the set of fully-decentralized
controllers. When adjacency matrix Sk is not relevant or can be deduced from
context, we refer to the set of controllers as .

An example of a control graph G is given in Figure 2(b). Each node represents a
subsystem-controller pair of the overall system. For instance, Figure 2(b) shows that
the first subsystem’s controller can use state measurements of the second subsystem
besides its own state measurements. Figure 2(b') shows a complete graph, which
indicates that each subsystem has access to full state measurements of all other
subsystems; i.e., (Sk) = R™*™.

2.4 Linear State Feedback Control Design Methods

A control design method I is a map from the set of plants P to the set of controllers
KC. Just like plants and controllers, a control design method can exhibit structure
which, in turn, can be captured by a design graph. Let a control design method T"
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be partitioned according to subsystems dimensions as

Iy - Ty
r=| : -~ (5)
Fql N qu

and a graph G¢ = ({1, ...,q}, Ec) be given, with adjacency matrix S¢. Each block
I';; represents a map A(Sp) x B(e) — R™*™ . Control design method I" can be
further partitioned in the form

Y1 o Yin
Ynl 0 Tnn

where each v;; is a map A(Sp) x B(e) = R. We say that I' has structure Ge if, for
all 4, the map [[';; --- I';,] is only a function of

{[Aj1 - Ajgl Byj | (sc)ij # 0} (6)

In words, a control design method has structure G¢ if and only if, for all 4, the
subcontroller of subsystem ¢ is constructed with knowledge of the plant model
of only those subsystems j such that (j,i) € Ec. The set of all control design
methods with structure G¢ will be denoted by C. In the particular case where G¢
is the totally disconnected graph with self-loops (meaning that every node in the
graph has a self-loop; i.e, S¢ = I;), we say that a control design method in C is
“communication-less”, so as to capture the fact that subsystem i’s subcontroller is
constructed with no information coming from (and, hence, no communication with)
any other subsystem j, j # i. Therefore, the design graph indicates knowledge (or
lack thereof) of entire block rows in the aggregate system matrix. When G¢ is not
a complete graph, we refer to I' € C as being “a limited model information control
design method”.

Note that C can be considered as a subset of the set of functions from A(Sp) x
B(e) to K(Sk), since a design method with structure G¢ is not a function of initial
state zo. Hence, when I' € C we will write I'(A4, B) instead of I'(P) for plant
P= (A,B,xo) e P.

An example of a design graph G¢ is given in Figure 2(c¢). Each node repre-
sents a subsystem-controller pair of the overall system. For instance, G¢ shows
that the third subsystem’s model is available to the designer of the second sub-
system’s controller but not the first subsystem’s model. Figure 2(¢’) shows a fully
disconnected design graph with self-loops G;. A local designer in this case can
only rely on the model of its corresponding subsystem; i.e., the design strategy is
communication-less.
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2.5 Performance Metrics

The goal of this paper is to investigate the influence of the plant and design graph
on the properties of controllers constructed by limited model information control
design methods. To this end, we will use two performance metrics for control design
methods. These performance metrics are adapted from the notions of competitive
ratio and domination introduced in [30], so as to take plant, controller, and control
design structures into account. Following the approach in [30], we start by asso-
ciating a closed-loop performance criterion to each plant P = (A, B,x¢) € P and
controller K € K. As explained in the introduction, we are particularly interested
in dynamically-coupled but cost-decoupled systems in this paper, hence, we use a
cost of the form

Jp(K):Zx B Qx(k) +Zu k) Ru(k (7)
k=1 k=0

where Q) € S, and R € S, are block diagonal matrices, with each diagonal block
entry belonging to S, . Note that the summation in the first term on the right-
hand side of (7) starts from k& = 1. This is without loss of generality as the removed
term z(0)7Qx(0) is not a function of the controller. We make the following two
standing assumptions:

Assumption 1.1 Q=R =1.

This is without loss of generality because the change of variables (z,u) =
(Ql/ Qx,Rl/ 2u) transforms the performance criterion and state space representa-
tion into

Tp(K) =S ak)Ta(k) + > (k) alk), (8)
and

(k+1) = QY2AQ Y 2x(k) + Q'?BR™'/?u(k)
= Az(k) + Bu(k),

respectively, without affecting the plant, control, or design graph (due to the block
diagonal structure of @) and R).

Assumption 1.2 The set of matrices B(e) is replaced with the set of diagonal
matrices with diagonal entries greater than or equal to €.

This assumption is without loss of generality. Indeed, consider a plant P =
(A, B,zy) € P. Every sub-system’s B;; matrix has a singular value decompo-
sition By; = U YVl with By > €l,,xn,- Combining these singular value de-
compositions together results in a singular value decomposition for matrix B =
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USVT where U = diag(U11,Usa, -+ ,Uyq), & = diag(X11, X2z, -+ , Byq), and V =
diag(Vi1, Vaz, -+ , Vyq). Defining z(k) = UTz(k) and u(k) = VT u(k) results in

z(k+1)=UTAUZ(k) + UT BVu(k),
where UT BV is diagonal. Because of the block diagonal structure of matrices U

and V, the change of variables (A, B, xo) — (UT AU, UT BV,UTx4) does not affect
the plant, control, or design graph. In addition, the cost function becomes

Jp(K) = i (k) TUTUz(k) + i a(k)TVTVa(k)

=@k 2 (k) + > alk) k),
k=1 k=0

which is of the form (8), because both U and V' are unitary matrices. We are now
ready to define the performance metrics of interest in this paper.

Definition 1.1 (Competitive Ratio) Let a plant graph Gp, control graph G and
constant € > 0 be given. Assume that, for every plant P € P, there exists an
optimal controller K*(P) € K such that

Jp(K*(P)) < Jp(K), VK € K.

The competitive ratio of a control design method I is defined as

L sy
re(l) = P=(A,B€60)€'P Jp(K*(P))’

with the convention that “% ” equals one.

Note that the mapping K* : P — K*(P) is not itself required to lie in the set C, as
every component of the optimal controller may depend on all entries of the model
matrices A and B.

Definition 1.2 (Domination) A control design method I" is said to dominate an-
other control design method T if

Jp(T'(A,B)) < Jp(I"(A,B)), ¥ P=(A,B,x) € P, (9)
with strict inequality holding for at least one plant in P. When I € C and no

control design method T' € C exists that satisfies (9), we say that T is undominated
in C for plants in P.
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2.6 Problem Formulation

With the definitions of the previous subsections in hand, we can reformulate the
main question of this paper regarding the connection between closed-loop perfor-
mance, plant structure, and limited model information control design as follows.
For a given plant graph, control graph, and design graph, we would like to determine

argminrp (T). (10)

Since several design methods may achieve this minimum, we are interested in de-
termining which ones of these strategies are undominated.

In [30], this problem was solved in the case when Gp and Gk are complete
graphs, G is a totally disconnected graph with self-loops (i.e., S¢ = I,), and B(e)
is replaced with singleton {I,,}. In this paper, we investigate the role of more general
plant and design graphs. We also extend the results in [30] for scalar subsystems
to subsystems of arbitrary order n; > 1,1 <i <gq.

3 Plant Graph Influence on Achievable Performance

In this section, we study the relationship between the plant graph and the achievable
closed-loop performance in terms of the competitive ratio and domination.

Definition 1.3 The deadbeat control design method T® : A(Sp) x B(e) — K is
defined as
I'®(A,B) = —B A, for all P = (A, B,x0) € P.

This control design method is communication-less; i.e., the control design for the
subsystem i is a function of the model of subsystem i only, because subsystem 4’s
controller gain [T'4(A,B) - F%(A,B)] equals to B;;' [A; --- Ajy]. The name
“deadbeat” comes from the fact that the closed-loop system obtained by applying
controller I'*(A, B) to plant P = (A, B, xg) reaches the origin in just one time-
step [41].

Remark 1.1 Note that for the case where the control graph Gi is a complete
graph; i.e., KK = R™ ™ there exists a controller K*(P) satisfying the assumptions
of Definition 1.1 for all P € P, namely, the optimal linear quadratic requlator which
1s independent of the initial condition of the plant. For incomplete control graphs,
the optimal control design strategy K*(P) (if exists) might become a function of
the initial condition [{2]. Hence, we will use K*(A, B) instead of K*(P) when
the control graph Gy is a complete graph for each plant P = (A, B,x9) € P to
emphasize this fact.

From Definition 1.1, the notation K*(P) is reserved for the optimal control
design strategy for any given control graph Gx. In contrast, when Gy is not the
complete graph, we will refer to the optimal unstructured controller as K} (A, B).
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Lemma 1.1 Let the control graph Gx be a complete graph. The cost of the optimal
control design strateqy K* is lower-bounded by

2(B
Iel (A, B) = () T84, ),
for all plants P = (A, B,xo) € P.
Proof: See [43, p.73-74]. [

Theorem 1.2 Let the plant graph Gp contain no isolated node and G 2 Gp.
Then the competitive ratio of the deadbeat control design method T is

rp(T2) =1+ 1/6.

Proof: Trrespective of the control graph Gx and for all plants P € P, it is true
that Jp(KE (A, B)) < Jp(K*(P)). Therefore, we get

Jp(T2(A,B)) _ Jp(T2(A, B))

Te(EA(P)  Tp(Re(AB) )
Now, using Lemma 1.1, we know that

Jp(2(4, B)) 1

TrKeAB) < T 2B (2

for all P = (A, B,zp) € P. Combining (12) and (11) results in

A Jp(T3(A,B) _ 1
P = ey e

To show that this upper bound is attained, let us pick 7; € Z; and j; € Z; where
1 <i#j<qand (sp);j # 0 (such indices ¢ and j exist because plant graph Gp
has no isolated node by assumption). Consider the system A = eile]T1 and B =el.
The unique positive definite solution of the discrete algebraic Riccati equation

ATXA - ATXB(I+B"XB)'B"XA=X -1, (13)

is X =T+ [1/(1+¢€)]ej, el 7, - Consequently, the centralized controller K¢ (4, B) =
—€/(1+ €?)e;, el belongs to the set K(Sk) because Gx 2 Gp. Thus, we get

JaBe; ) (K*(A,B,ej,)) < JaB.e;, ) (K&(A, B)) (14)

since K*(P) has a lower cost than any other controller in (Sk). On the other
hand, it is evident that

Ja,Be; ) (K&(A, B)) < Jap.e;) (K" (A, B,ej,)) (15)
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because the centralized controller has access to more state measurements. Us-
ing (14) and (15) simultaneously results in

J(A,B7ej1)(K*(AaBaej1)) = J(A,B,ejl)(KE‘(AvB))
=1/(1+¢€).

On the other hand I'*(A4,B) = —[1/ele; el and J(A,Bveh)(FA(A,B)) = 1/é%.
Therefore, rp(I'2) = 1 + 1/€2. ]

Remark 1.2 Consider the limited model information design problem given by the
plant graph Gp in Figure 2(a) and the control graph Gj- in Figure 2(b'). Theo-
rem 1.2 shows that, if we apply the deadbeat control design strategy to this particular
problem, the performance of the deadbeat control design strategy, at most, can be
1+ 1/€% times the cost of the optimal control design strateqy K*. For instance,
when B = {I} as in [30], we have 1 + 1/€*> = 2 since in this case ¢ = 1. Therefore,
the deadbeat control design strategy is never worse than twice the optimal controller
in this case.

Remark 1.3 There is no loss of generality in assuming that there is no isolated
node in the plant graph Gp, since it is always possible to design a controller for an
1solated subsystem without any model information about the other subsystems and
without impacting cost (7). In particular, this implies that there are q > 2 vertices
in the graph because for ¢ = 1 the only subsystem that exists is an isolated node in
the plant graph.

Remark 1.4 For implementation of the deadbeat control design strateqy in each
node, we only need the state measurements of the neighbors of that node. For the
implementation of the optimal control design strategy K* when the control graph has
many more links than the plant graph, the controller gain K*(P) is not necessarily
a sparse matriz.

With this characterization of T'® in hand, we are now ready to tackle prob-
lem (10).

3.1 First case: plant graph Gp with no sink

In this subsection, we show that the deadbeat control method I'® is undominated
by communication-less control design methods for plants in P, when Gp contains
no sink. We also show that I'® exhibits the smallest possible competitive ratio
among such control design methods. First, we state the following two lemmas.

Lemma 1.3 Let the plant graph Gp contain no isolated node, the design graph G¢
be a totally disconnected graph with self-loops, and G 2 Gp. A control design
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method I' € C has bounded competitive ratio only if the following implication holds
foralll1 <i<qandallj:

agj =0 for all{ € I, = ~p;(A,B) =0 for all L € I,

where Z; is the set of indices related to subsystem i; i.e., T; = (1—1—2;;11 Nayovn N+

Proof: See [43, p.75] or [44]. [

Lemma 1.4 Let the plant graph Gp contain no isolated node, the design graph G¢
be a totally disconnected graph with self-loops, and G O Gp. Assume the plant
graph Gp has at least one loop. Then,

rp(0) > 1+ 1/ (16)
for all limited model information control design method " in C.

Proof:  See [43, p.75-717]. [

Using these two lemmas, we are ready to state and prove one of the main
theorems in this paper and, as a result, find the solution to problem (10) when the
plant graph Gp contains no sink.

Theorem 1.5 Let the plant graph Gp contain no isolated node and no sink, the
design graph G¢ be a totally disconnected graph with self-loops, and Gx 2O Gp.
Then the competitive ratio of any control design strateqy I' € C satisfies

rp(T) > 1+ 1/

Proof: From Lemma 1.4.23 in [45], we know that a directed graph with no sink
must have at least one loop. Hence Gp must contain a loop. The result then follows
from Lemma 1.4. m

Remark 1.5 Theorem 1.5 shows that rp(T) > rp(I'2) for any control design strat-
eqy T € C, and as a result the deadbeat control design method T'™ becomes a mini-
mizer of the competitive ratio function rp over the set of communication-less design
methods.

We now turn our attention to domination properties of the deadbeat control
design strategy.

Lemma 1.6 Let the plant graph Gp contain no isolated node, the design graph G¢
be a totally disconnected graph with self-loops, and Gx O Gp. The deadbeat control
design strategy T® is undominated, if there is no sink in the plant graph Gp.
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Proof: See [43, p.77-79]. n

The following theorem shows that the deadbeat control design strategy is un-
dominated by communication-less design methods if and only if the plant graph
G'p has no sink. It thus provides a good trade-off between worst-case and average
performance.

Theorem 1.7 Let the plant graph Gp contain no isolated node, the design graph
Ge be a totally disconnected graph with self-loops, and Gx O Gp. Then the deadbeat
control design method T is undominated in C for plants in P if and only if the
plant graph Gp has no sink.

Proof: Proof of the “if” part of the theorem, is given by Lemma 1.6.

For ease of notation in this proof, we use [I']; = [Iy1 --- I'yy] and [A4]; =
[Ai1 -+ Aigl.

In order to prove the “only if” part of the theorem, we need to show that if the
plant graph has a sink (i.e., if there exists j such that (sp);; = 0 for every i # j),
then there exists a control design method I' which dominates the deadbeat control
design method. We exhibit such a strategy.

Without loss of generality, we can assume that (sp);q = 0 for all ¢ # ¢, in which
case every matrix A in A(Sp) has the structure

A o Al 0
U R :
Aqfl,l T Aqfl,qfl 0
Aq o Agga Agq
Define 7o = [ 21(0) -+ 24-1(0) ]7, and let control design strategy I' be defined
by
~B ' A . ~Bi' AL 0
Bl 1A o =B A 0
qu(A,B) Kq,q—l(AvB) qu(A,B)

for all P = (A, B,zp) € P, with
K(A,B):=[ Kgu(A,B) -+ Kgq-1(A,B) Kg(A B) ]
=-(I+ Bququq)_lBLqu[A]q»

where Xy, is the unique positive definite solution to the discrete algebraic Riccati
equation

quququ(I+BZ]X‘ZQB‘ZQ)_1B(§:1XQ‘1AQQ

(17)
— AL XgqAgq+ Xgq —1=0.
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In words, control design strategy I" applies the deadbeat strategy to subsystems 1
to ¢ — 1 while, on subsystem ¢, it uses the same subcontroller as in the optimal
controller for the plant

&(k+1) = Az(k) + Ba(k), (18)

with cost function

2 - . . . N
T By (B) =D 2(0)TQa(k) + Y a(k)Ta(k),
k=1 k=0
where QQ = diag(0,...,0, In,xn,), the matrix A is defined as [A], = [A], and [A], =
0 for all z # ¢, and furthermore, the matrix B is defined as B= diag(0,...,0, Byq)-
Note that T" is indeed communication-less since K (A, B) defined above can be com-

puted with the sole knowledge of the ¢** lower block of A and B. Because of the
structure of matrices in A(Sp) and this characterization of I', we have

J(a.B.20)(T(4, B)) = J((XB@O) + J((Z),B,zo)(K(A7B))7

where J&)B 20) = zf ATB~T B~ Az, with
A 0 A
A= . . . :
Ag1a o Agiga

and B = diag(Bi1, ..., By_1,4-1) and J((i)B,mo)(f((A, B)) is the closed-loop cost for
system (18). Since K (A, B) is the optimal controller for this cost, J((i)B o) (K(A,B))
= ngTWAxo, where
W = diag(0,...,0, Xqq — XgqBgg(I + B1,XqqBqq) ' Bl Xqq)-
Using part 2 of Subsection 3.5.2 in [46], we have the matrix inversion identity
X - XY(I+ZXY) ' ZX=(X"'4+Y2)"",
which results in
Waq = Xqq — XgqBag(I + B:}Fququq)ilB:}l;qu
= (Xq_ql + quBg:;)_l
-Tp-1

< B, B, -
Note that X(;Il exists because Xy, > I which follows from the discrete algebraic
Riccati equation in (17). This inequality implies that

ATWA < AT(BHTBTA
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where BT = diag(0,...,0, B;}). Thus
J CA,B))=J%, 1% (K(A,B))
(A,B,x0) ) (A,B,z0) (A,B,z0) )
< J(A,B,a:o)(FA(Aa B))7

for all P = (A, B,zo) € P such that the ¢! lower block of A is not zero, oth-
erwise Jia,B,z0)(I'(A, B)) = J(A’B’mo)(FA(A,B)). Thus, control design method T’
dominates the deadbeat control design method I'2. n

Remark 1.6 Consider the limited model information design problem given by the
plant graph Gp in Figure 2(a), the control graph G in Figure 2(b'), and the design
graph Gp, in Figure 2(c’). Theorems 1.5 and 1.7 show that the deadbeat control
design strategy T® is the best control design strategy that one can propose based
on the local model of subsystems and the plant graph, because the deadbeat control
design strategy is the minimizer of the competitive ratio and it is undominated.

Remark 1.7 It should be noted that, the proof of the “only if” part of the Theo-
rem 1.7 is constructive. We use this construction to build a control design strategy
for the plant graphs with sinks in next subsection.

3.2 Second case: plant graph Gp with at least one sink

In this section, we consider the case where plant graph Gp has ¢ > 1 sinks. Ac-
cordingly, its adjacency matrix Sp is of the form

S O(g—e)x(c
N e (19)
where
(sp)11 T (SP)l,qfc
(Sp)u = : ;
(5P)g—c1 ++ (SP)g—ciq—c
(sP)g—ct1,1 * (SP)g—ct1,q—c
(Sp)a1 = : : )
(sp)gn -+ (5P)ag-c
and
(5P)g—ct1g—ct1 - 0
(Sp)22 = : KR ;

0 o (5P)ag
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where we assume, without loss of generality, that the vertices are numbered such
that the sinks are labeled ¢ —c+1,...,q. With this notation, let us now introduce
the control design method I'® defined by

I'°(A, B) = —diag(By',...,B* Wy—er1(A,B),...,W,(A,B)A  (20)

q—c,q—c>
for all (A4, B) € A(Sp) x B(e), where

forall g—c+ 1 < i < g and X;; is the unique positive definite solution of the
discrete algebraic Riccati equation

Al XuBi(I + B XiiBii) "' Bl Xii Ais — A Xii A + Xis — 1 = 0. (22)

The control design method I'® applies the deadbeat strategy to every subsystem
that is not a sink and, for every sink, applies the same optimal control law as if
the node were decoupled from the rest of the graph. We will show that when the
plant graph contains sinks, I'® has, in worst case, the same competitive ratio as the
deadbeat strategy. Unlike the deadbeat strategy, it has the additional property of
being undominated by communication-less methods for plants in P when the plant
graph Gp has sinks.

Lemma 1.8 Let the plant graph Gp contain no isolated node, the design graph G¢
be a totally disconnected graph with self-loops, and G 2 Gp. Let T' be a control
design strategy in C. Suppose that there exist i and j # i such that (sp);j # 0 and
that node i is not a sink. The competitive ratio of I' is bounded only if

Aij + B”FW(A, B) =0, fOT’ all P = (A, B,Io) e P.
Proof:  See [43, p.79-80]. [

Remark 1.8 Lemma 1.8 shows that a necessary condition for a bounded competi-
tive ratio is to decouple the nodes that are not sinks from the rest of the network.

Now, we are ready to compute the competitive ratio of the newly defined control
design strategy I'®. This is done at first for the case where the control graph Gy
is a complete graph.

Theorem 1.9 Let the plant graph Gp contain no isolated node and at least one
sink, and the control graph Gy be a complete graph. Then the competitive ratio of
the communication-less design method T® introduced in (20) is

rp(r®) =4 b if (Sp)11 =0 and (Sp)22 = 0,
P T 1+ 1/€%,  otherwise.
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Proof: Based on Theorem 1.2 we know that, for every plant P = (A4, B,xy) € P

2
€
Jia.B.u0)(K*(A,B)) > o 2T ATB~TB~! Az, (23)

In addition, proceeding as in the proof of the “only if” part of the Theorem 1.7, we
know that
J(4,8,0) T2 (A, B)) = J(a,5,20)(T° (4, B)). (24)

Plugging equation (24) into equation (23) results in

I'°(A,B
Tuna ) 1
J(A,B,xo)(K*(AvB)) €

VP = (A, B, z) € P.

As a result, 7p(I'®) < 1+ 1/€2. To show that this upper-bound is tight, we now
exhibit plants for which it is attained. We use a different construction depending
on matrices (Sp)11 and (Sp)az. If (Sp)11 # 0, two situations can occur.

Case 1: (Sp)11 # 0 and it is not diagonal. There exist 1 < i # j < g — ¢ such that
(sp)ij # 0. In this case, choose indices i1 € Z; and j; € Z; and define A = €i1€£
and B = el. Then, for xy = e;,, we find that

J(A7B,mo)(F6(Av B)) _ 1/62 14 l
Ja.B.xo)(K*(A,B))  1/(1+¢€) 2

because the control design I'® acts like the deadbeat control design method on this
plant.

Case 2: (Sp)11 # 0 and it is diagonal. There exists 1 < ¢ < ¢ — ¢ such that
(sp)ii # 0. Pick an index i; € Z;. In that case, consider A(r) = reileiTl and
B =¢€l. For xg = e;,, the optimal cost is

V222 - 212+ 22+ 1+ - - 1

J(a(r),B.z0) (K" (A(r), B))

2¢2 ’
which results in o4
J 2z (T ,B
iy JAB, o (I ) 14 12
r—0 J(A,B,zg)(K*(A7 B)) €

Now suppose that (Sp)11 = 0. Again, two different situations can occur.

Case 8: (Sp)11 = 0 and (Sp)aa # 0. There exists ¢ — ¢+ 1 < i < ¢ such that
(sp)is # 0. From the assumption that the plant graph contains no isolated node,
we know that there must exist 1 < j < ¢ — ¢ such that (sp);; # 0. Accordingly, let
us pick i1 € Z; and j1 € Z; and consider the 2-parameter family of matrices A(r, s)
in A(Sp) with all entries equal to zero except a;,;,, which is equal to r, and a;, ;,,
which is equal to s. Let B = el. For any initial condition zy, the corresponding
closed-loop performance is

J(A(r,5),B,z0) (Fe (A(r,s),B)) = B@xga(r, s)a(r, S)TI’(),
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T

where we have let a(r,s) = A(r, s);, and fe is

oVt 22 — 22 4 et 22+ 112 -2 -1
N 2€2r? '

Besides, the optimal closed-loop performance can be computed as

JiA(r,s),Bw0) (K" (A(r,5), B)) = ﬁK*xga(r, s)a(r, s) Tz,

Be

where [g~ is
By = €252 +r2(1+e2) — (2 +1)2 +  Jere
K= 2e%(e2 + 1)(s% + 12) ’
cr = (s> + (r* £2r) (2 + 1)+ (2 +1)?).

Then,

J(A(r,).B.20) T (A(r, 5), B
7‘73(].—‘@) > hm (A(r,s),B, 0)( *( (7’ S) ))
T*)OQ%A)OO J(A(T7S),B7Z0)(K (A(T75)7B))

1

Case 4: (Sp)11 =0 and (Sp)az = 0. Then, every matrix A € A(Sp) has the form

{%‘%} and, in particular, is nilpotent of degree 2; i.e., A2 = 0. In this case,

the Riccati equation yielding the optimal control gain K*(A, B) can be readily
solved, and we find that K*(A,B) = —(I + BTB)"'BT A for all (A4,B). As a
result, K*(A, B) = I'®(A, B) for all plant P = (A, B,x) € P (since W;(A, B) =
(I + BEB;;))™'BL for all ¢ — ¢+ 1 < i < ¢), which implies that the competitive
ratio of I'® against plants in P is equal to one. n

In Theorem 1.9, the control graph G is assumed to be a complete graph. We
needed this assumption to calculate the cost of the optimal control design strategy
K*(P) when (Sp)11 = 0 and (Sp)22 # 0 which is not an easy task when the control
graph G is incomplete. However, more can be said if (Sp)11 # 0.

Corollary 1.10 Let the plant graph Gp contain no isolated node and at least one
sink and Gx O Gp. Then

|1, if (Sp)11 =0 and (Sp)az =0,
rp(l°%) = { 1+1/e2, if (533)11 £0. n

Proof: According to Theorem 1.9, for (Sp)11 # 0, we get

rp(I'°) = sup Sz 04, B)
per  J(a,B.ao) (K*(P))
J(4,B.20)(T° (A, B)) 1

< sup " =1+ —.
peP J(A,B,z0) (KE(A, B)) €2
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Case 1: (Sp)11 # 0 and it is not diagonal. For the special plant introduced in Case 1
in the proof of Theorem 1.9, we have J(a B e, ) (K& (A,B))=J(a,B.e;,) (K" (A,B.ej,))
since A = eile}; is a nilpotent matrix. The rest of the proof is similar to Case 1 in
the proof of Theorem 1.9.

Case 2: (Sp)11 # 0 and it is diagonal. Note that, for the special plant introduced
Case 2 in the proof of Theorem 1.9, we have

. Vit +2r2€2 =212+ et + 22+ 1+1r2 — 2 — 1
K4, B) = - 2er? A

which shows K (A, B) € K(Sk) and similar to the proof of Theorem 1.2, we get
JaBe, ) (K&E(A, B)) = JaBe,, )K" (A, B,ei,)). The rest of the proof is similar
to Case 2 in the proof of Theorem 1.9.

Case 3: (Sp)11 = 0 and (Sp)2a = 0. Then, every A € A(Sp) is nilpotent matrix
which results in Jp(K*(P)) = Jp(K5(A, B)). The rest of the proof is similar to
Case 4 in the proof of Theorem 1.9. n

Now that we have computed the competitive ratio of the control design strategy
I'® in the presence of sinks, we present a theorem to show that the competitive ratio
of any other communication-less control design strategy is lower-bounded by the
competitive ratio of I'® when the control graph G is a complete graph. Therefore,
the control design strategy I'® is a minimizer of the competitive ratio over the set
of limited model information control design strategies.

Theorem 1.11 Let the plant graph Gp contain no isolated node and at least one
sink, the control graph G be a complete graph, and the design graph G¢ be a totally
disconnected graph with self-loops. Then the competitive ratio of any control design
strategy I' € C satisfies

rp() > 1+ 1/,

if either (Sp)11 is not diagonal or (Sp)as # 0.

Proof: Case 1: (Sp)11 # 0 and it is not diagonal. Then, there exist 1 <1i,j < g—c
and ¢ # j such that (sp);; # 0. Choose indices i1 € Z; and j; € Z; and consider
the matrix A defined by A = ehe]T1 and B = el. From Lemma 1.8, we know that
a communication-less method I" has a bounded competitive ratio only if I'(A, B) =
—B7 A (because node i is a part of (Sp)11 and it is not a sink). Therefore

J, . V(IT'(A, B 1
() > JAB ([(A,B)) —14 L
J(4,B.e;,)(K*(A, B)) €

for any such method.

Case 2: (Sp)aa # 0. There thus exists ¢ — ¢+ 1 < ¢ < g such that (sp);; # 0.
Note that, there exists 1 < j < ¢ — ¢ such that (sp);; # 0, since there is no isolated
node in the plant graph. Choose indices i; € Z; and j; € Z;. Consider A defined
as A = reileJTI + sej, el and B = el. As indicated in the proof of Theorem 1.9,
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control design strategy I'® yields the globally optimal controller with limited model
information for plants in this family. Hence, we know that rp(I') > 1+ 1/€2 for
every communication-less strategy I'. ]

In Theorem 1.11, we assume the control graph G is a complete graph. In the
next corollary, we generalize this result to the case where G is a supergraph of
Gp when (Sp)11 is not diagonal.

Corollary 1.12 Let the plant graph Gp contain no isolated node and at least one
sink, the design graph G¢ be a totally disconnected graph with self-loops, and G 2
Gp. Then the competitive ratio of any control design strategy I' € C satisfies

rp(0) > 1+ 1/,
if (Sp)11 is not diagonal.

Proof:  Considering that for the nilpotent matrix A = e;, e]TI, we get Jia Be;))
(K*(A,B,ej,)) = Jia,B,e; ) (K& (A, B)), the rest of the proof is similar to Case 1
in the proof of Theorem 1.11. n

Remark 1.9 Combining Theorems 1.9 and 1.11 implies that if either (Sp)11 is not
diagonal or (Sp)aa # 0, control design method T'® exhibits the same competitive
ratio as the deadbeat control strategy, which is the smallest ratio achievable by a
communication-less control method. Therefore, it is a solution to problem (10).
Furthermore, if (Sp)11 and (Sp)ae are both zero, then I'® is equal to K*, which
shows that T'® is a solution to problem (10), in this case too.

Remark 1.10 The case where (Sp)11 s diagonal and (Sp)2e = 0 is still open.

The next theorem shows that T'® is a more desirable control design method than
the deadbeat control design strategy when the plant graph Gp has sinks, since it
is then undominated by communication-less design methods.

Theorem 1.13 Let the plant graph Gp contain no isolated node and at least one
sink, the design graph G¢ be a totally disconnected graph with self-loops, and G 2
Gp. The control design method T'® is undominated by any control design method
rec.

Proof:  See [43, p.80-82]. ]

Remark 1.11 Consider the limited model information design problem given by
the plant graph G’ in Figure 2(a’), the control graph Gl in Figure 2(b'), and the
design graph G, in Figure 2(c'). Theorems 1.9, 1.11, and 1.13 together show that,
the control design strateqy T'® is the best control design strategy that one can propose
based on the local model information and the plant graph, because the control design
strategy T'© is a minimizer of the competitive ratio and it is undominated.
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Remark 1.12 For general weight matrices Q and R appearing in the performance
cost, the competitive ratio of both the deadbeat control design strategy I'> and the
control design strategy T© is 1 + 6(R)/(c(Q)€?). In particular, the competitive
ratio has a limit equal to one as 6(R)/a(Q) goes to zero. We thus recover the well-
known observation (e.g., [47]) that, for discrete-time linear time-invariant systems,
the optimal linear quadratic requlator approaches the deadbeat controller in the limit
of “cheap control’.

4 Design Graph Influence on Achievable Performance

In the previous section, we have shown that communicat-ion-less control design
methods (i.e., G is totally disconnected with self-loops) have intrinsic performance
limitations, and we have characterized minimal elements for both the competitive
ratio and domination metrics. A natural question is “given plant graph Gp, which
design graph G¢ is necessary to ensure the existence of I' € C with better compet-
itive ratio than I'® and I'® ?”. We tackle this question in this section.

Theorem 1.14 Let the plant graph Gp and the design graph Ge be given and
Gx 2 Gp. If one of the following conditions is satisfied then rp(I') > 1+ 1/€? for
allT €C:

(a) Gp contains the path k — i — j with distinct nodes i, j, and k while (j,1) ¢
Ec.

(b) There exist i # j such that n; > 2 and (i,7) € Ep while (j,i) ¢ Ec.

Proof: We prove the case when condition (a) holds. The proof for condition (b)
is similar.

Let 4, j, and k be three distinct nodes such that (sp);x # 0 and (sp);; # 0
(i.e., the path k — i — j is contained in the plant graph Gp). Let us pick i; € 7,
J1 € Z; and k1 € Z), and consider the 2-parameter family of matrices A(r,s) in
A(Sp) with all entries equal to zero except a;,x,, which is equal to r, and a;,,,,
which is equal to s. Let B = ¢l and let I' € C be a limited model information with
design graph G¢. For xp = ey,, we have

Ja(r,s).B.exy) (L(A(r,8), B)) = (r+ eviyiy (A, B)*[77,5, (A, B)+ (s + €751, (4, B))?]

where v;,x, cannot be a function of s because (j,7) ¢ Ec. Note that, irrespective
of the choice of ~;,;, (4, B), we have

(’I" + itk (A’ B))252
1+ €2

J(A(rs),B.ex,) (D(A(r, 8), B)) >
The cost of the deadbeat control design on this plant satisfies

J(A(T7S)1B7ek1)(FA (A(T? 8)7 B)) = 7'2/62,
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and thus

o PE(A D)

rp(T) = sup = (P))
[ 7P((A, B) Jp(TA(A, B))
pep | Jp(TA(A,B)) Jp(K*(P))
- Jp(I'(A, B))
pep Jp(TA(4, B))’
. E(r+evir, (4, B))%s?

= allglo (1 + 52)7’2

Y

This shows that rp(I") is unbounded unless r + ey;,x, (A(r, s), B) = 0 for all r, s.
Now consider the 1-parameter family of matrices A(r) with all entries equal to zero

except a;, k, , which is equal to r. Because of (j,4) ¢ Ec, we know that T',(A(r), B) =
I'.(A(r,s),B) for all z € Z;. Thus

J(A(T-),B,ekl)(r(g(r)v B)) > r?/e*.

On the other hand, similar to the proof of Theorem 1.2, we can compute the optimal
controller for systems in this 1—parameter family and find

J(A(r)7B,ek1)(K*(A(T)7 B,ek,)) = J(A(r),B,ekl)(KE'(A(T)v B))

=2/(1+ ),
As a result, we get
r?/e? 1
N> —-———=1+4—=
rp( )_r2/(1+62) +627
which concludes the proof for this case. n

Remark 1.13 Consider the limited model information design problem given by
the plant graph Gp in Figure 2(a), the control graph G in Figure 2(0'), and the
design graph Ge in Figure 2(c). Theorem 1.14 shows that, because the plant graph
Gp contains the path 3 — 2 — 1 but the design graph G¢ does not contain 1 — 2,
the competitive ratio of any control design strategy I' € C would be greater than or
equal to 1+ 1/€.

Corollary 1.15 Let both the plant graph Gp and the control graph G be complete
graphs. If the design graph Ge is not equal to Gp, then rp(I') > 1+ 1/€ for all
rec.

Proof: The proof is a direct application of Theorem 1.14 with condition (a) fulfilled.
[ ]

Remark 1.14 Corollary 1.15 shows that, when Gp is a complete graph, achieving
a better competitive ratio than the deadbeat design strategy requires each subsystem
to have full knowledge of the plant model when constructing each subcontroller.
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5 Extensions to Under-Actuated Sinks

In the previous sections, we gave an explicit solution to the problem in (10) under
the assumption that all the subsystems are fully-actuated; i.e., all the matrices
B € B(e) are square invertible matrices. Note that this assumption stems from
the fact that the subsystems that are not sinks in the plant graph are required to
decouple themselves from the rest of the plant to avoid influencing highly sensitive
(and potentially hard to control) subsystems in order to keep the competitive ratio
finite (see Lemma 1.8). Therefore, we assume these subsystems are fully-actuated to
easily decouple them from the rest of the system. As a future direction for improve-
ment, one can try to replace this assumption with other conditions (e.g., geometric
conditions) to ensure that the subsystems can decouple themselves. From the same
argument, it should be expected that the assumption of a square invertible B-matrix
is dispensable for sink nodes. In this section, we briefly discuss an extension of our
results to the slightly more general, but still restricted, class of plants whose sinks
are under-actuated.

Consider the limited model information control design problem given with the
plant graph Gp, the control graph G, and the design graph G¢ given in Figure 3.
The state space representation of the system is given as

EGSREA R !

where

A11 0 Bll 0

A[Am Azz}’B_ 0 Bzz]7

with z,(k) € R™, z,(k) € R™, uy(k) € R™, and uy(k) € R™2 for some given
integers my > 1, ny > mgy > 1. Thus, for the second subsystem the matrix Bas €
R™*™2 i3 a non-square matrix, and as a result the second subsystem is an under-
actuated subsystem. Let us assume that the matrices Asy, Ago, Bao satisfy the
“matching condition”; i.e., the pair (Agq, Bao) is controllable and span(As;) C
span(Bas) [48]. Besides, assume that for all matrices B, we have o(B) > € for some
€ > 0. For this case, we have

FG(A, B) = — dlag(Bl_ll, WQ(AQQ, BQQ))A,

where Wa(Aag, Ba) is defined in (21). Note that we do not require the matrix Bag
to be square invertible. Under some additional conditions and following a similar
approach as above, it can be shown that the control design strategy I'® becomes
an undominated minimizer of the competitive ratio over the set of limited model
information control design strategies. This result can be generalized to cases with
higher number of subsystems as long as the sinks in the plant graph Gp are the
only under-actuated subsystems [49].
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Figure 3: Plant graph Gp, control graph G, and design graph G¢ used to illustrate
an extension to under-actuated systems.

6 Conclusion

We presented a framework for the study of control design under limited model infor-
mation, and investigated the connection between the quality of controllers produced
by a design method and the amount of plant model information available to it. We
showed that the best performance achievable by a limited model information con-
trol design method crucially depends on the structure of the plant graph and, thus,
that giving the designer access to this graph, even without a detailed model of all
plant subsystems, results in superior design, in the sense of domination. Possible
future work will focus on extending the present framework to dynamic controllers
and/or where disturbances are present.
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1 Introduction

Many large-scale physical systems are composed of several smaller interconnected
units. For these interconnected systems, it seems natural to employ local controllers
which observe local states and control local inputs. The problem of designing
such subcontrollers is usually addressed in the decentralized and distributed control
literature [1-3]. Lately, there has been some efforts in formulating the problem
of designing optimal decentralized controllers as a convex optimization problem
for some specific classes of subsystem interconnection [4-8]. At the heart of all
these decentralized and distributed control problems is the assumption that the
control design is done with complete knowledge of the plant model. This is however
not always possible in large-scale systems. It might be the case that (a) different
subsystems belong to different individuals and they might be unwilling to share
their model information since they may consider these information private, (b) the
design of each subcontroller is done by a different designer with no access to the
global plant model since in the time of design the complete model information is
not available, or (¢) the designer is interested in designing each subcontroller using
only local model information, so that the resulting subcontrollers do not need to be
modified if the model parameters of a particular subsystem change over time. We
call this special class of control design problems limited model information control
design problems [9, 10]. In these problems, we assume that only some part of the
plant model information is available to each subcontroller designer, but that the
system interconnection structure and the common closed-loop cost function to be
minimized are global knowledge.

The main contribution of this paper is to study the influence of the subsystem
interconnection, the controller structure, and the amount of model information
available to each subdesign on the closed-loop performance that a limited model
information control design method can produce. We compare the control design
methods using a performance metric called the competitive ratio, that is, the worst
case control performance for a given design strategy normalized with the optimal
control performance based on full model information. We find an explicit minimizer
of the competitive ratio for a wide range of problems. Since this minimizer might
not be unique, we show that it is also undominated, that is, there is no other control
design method that acts always better while having the same worst-case ratio.

This paper is organized as follows. We formulate the problem of interest in
Section 2. We define a control design strategy and find its competitive ratio in
Section 3. In Section 4, we study the influence of interconnection pattern between
different subsystems on the best limited model information control design method.
We further study the achievable performance of limited model information design
strategies when the controllers that they can produce are structured in Section 5.
The trade-off between the amount of plant information available to different parts of
a control design strategy and the quality of controllers it can produce is considered
in Section 6. Finally, we give the discussions on extensions in Section 7 and end
with the conclusions in Section 8.
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1.1 Notation

The sets of integer numbers, natural numbers, real numbers, and complex numbers
are denoted respectively by Z, N, R, and C. The boundary of the unit circle in C
is shown by T. The space of Lebesgue measurable functions that are bounded on T
is presented by L, and RL is the set of real proper rational transfer functions in
Ls. Additionally, all other sets are denoted by calligraphic letters such as P and
A.

Matrices are denoted by capital roman letters such as A. The entry in the i*®
row and the j* column of matrix A is a;;. A; will denote the 5t row of A. Aij
denotes a submatrix of matrix A, the dimension and the position of which will be
defined in the text.

A > (>)0 means that the symmetric matrix A € R™ " is positive definite
(positive semidefinite) and A > (>)B means A — B > (>)0. Let 87 (S%) be the
set of symmetric positive definite (positive semidefinite) matrices in R™*"™.

All graphs considered in this paper are directed with vertex set {1,...,q} for a
given g € N. All self-loops are present in the graphs that we consider in this paper,
that is, (i,4) € F for all 1 < ¢ < ¢. We say that a vertex i is a sink if there does not
exist j # i such that (i,j) € E. The adjacency matrix S € {0,1}9% of graph G is
a matrix whose entry s;; = 1 if (j,4) € F and s;; = 0 otherwise for all 1 <4,j <g¢.
In this paper, since the set of vertices is fixed for all the graphs, a subgraph of a
graph G is a graph whose edge set is a subset of the edge set of G and a supergraph
of a graph G is a graph of which G is a subgraph. We use the notation G’ 2 G to
indicate that G’ is a supergraph of G.

o(Y) and o(Y) denote the smallest and the largest singular values of the matrix
Y, respectively. Vector e; denotes the column vector with all entries zero except
the i*h entry which is equal to one. The function § : Z — {0, 1} is the unit-impulse
function which is equal to one at origin and zero anywhere else.

2 Problem Formulation

2.1 Plant Model

Let a plant graph Gp with adjacency matrix Sp be given. Based on the adjacency
matrix Sp, we define the following set of matrices

A(Sp) = {A e R™™ | A;; =0 € R™*™ for all 1 <4, j < g such that (sp);; = 0},

where for each 1 < i < ¢, n; € N is the order of subsystem ¢ and consequently
>4 n; = n. Besides, we define

B(e)={B eR"™" |g(B) >¢, B;j=0€R" ™ forall 1 <i#j<gq},
for some given scalar ¢ > 0 and

H={HecR"™" | det(H)#0, Hj =0€R" ™ forall 1 <i#j<q}
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Figure 1: Gp and G’ are examples of plant graphs, Gk and G} are examples of
control graphs, and G¢ and G} are examples of design graphs.

Now we can introduce the set P of plants of interest as the space of all discrete-time
linear time-invariant systems

x(k+1) = Az(k) + Bu(k) + Hw(k) ; =(0) =0, (1)

with A € A(Sp), B € B(e), and H € H. With slightly abusing notation, we
show a plant P € P with triple (A4, B, H) since the set P is clearly isomorph
to A(Sp) x B(e) x H. We will denote the ordered set of state indices related to
subsystem 4 with Z;, that is, Z; := (1+ Z 1 M, N+ Z;;ll n;). For subsystem
i, state x; € R™, control input u; € R™, and exogenous input w, € R™ are defined

{Egl uzl U)gl

[
I
P
\
£
\

Xy,

i

We,, .

i

where the ordered set of indices (¢1,...,£,,) = Z;, and its dynamic is specified by
J(k+1) Z Aijx; (k) + B, (k) + Hyzw, (k).

An example of a plant graph Gp is given in Figure 1(a). For instance, the plant
graph Gp shows that the second subsystem can affect the first and the third sub-
systems, that is, A1 and Aszo can be nonzero. The first system is also a sink in
the plant graph Gp. An example of a plant graph G’ without sink is given in
Figure 1(a’).

2.2 Controller

Let a control graph G with adjacency matrix S be given. In this paper, we
are interested in dynamic discrete-time linear time-invariant state feedback control
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laws of the form
LCK(]{ + 1) = AKLCK(]{) + BKLL'(k) ; {,CK(O) =0,

which can also be represented as the transfer function

K2 [%] = Ck (2] — Ag) 'Bg + Dk,

where z is the symbol for one time-step forward shift operator. The controller K
must belong to

for all 1 <4,j < ¢ such that (sx);; = 0}.

We refer to the set of controllers as K when adjacency matrix Sk can be deduced
from the context or it is not relevant.

Figure 1(b) shows an example of an incomplete control graph Gy that charac-
terizes a set of structured controllers. For instance, using control graph G, we
know that the third subsystem only has access to state measurements of the second
subsystem beside its own state measurements, that is, K3; = 0 while K35 and K33
can be nonzero.

2.3 Control Design Methods

A control design method I' is a map from the set of plants P to the set of con-
trollers KC. Let a control design method I' be partitioned according to subsystems
dimensions like
Iy - Ty
P=| : (2)
Typp - Dy

and a design graph G¢ with adjacency matrix S¢ be given. Each element I';; is a
mapping A(Sp) X B(e) x B = (RLs)™*™ . We say that I' has structure G¢ if, for
all 1 <1 < ¢, the subsystem 4 subcontroller is constructed with the knowledge of
those subsystems 1 < j < ¢ plant model such that (j,i) € E¢, that is, the mapping
[Ti1 --- Tig ] is only a function of {[ Aj1 --- Ajq ], Bjj, Hj; | (s¢c)ij # 0} . The set
of all these limited model information control design methods with structure G¢ is
denoted by C.

Figure 1(c) shows an example of a design graph G¢. For instance, using this
design graph Ge¢, we realize that the third subsystem model is available to the
designer of the second subsystem controller but not the first subsystem model.
Figure 1(¢’) illustrates an example of a fully disconnected design graph G{ with
self-loops only which shows that the controller of all subsystems are constructed
using only their own model information.
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2.4 Performance Metric

The considered performance metrics is a modified version of the performance met-
rics originally defined in [9, 10]. Let us start with introducing the closed-loop
performance measure.

To each plant P = (A, B, H) € P and controller K € K, we associate a perfor-
mance measure which is the Hs norm of the transfer function between the exogenous
input w(k) and the output

y(k) = [CT0]" a(k)+ [0 DT " u(k),
where the matrices C € R™*™ and D € R™*" are block diagonal full-rank matri-

ces with each diagonal block entry belonging to R™*™i. Figure 2 illustrates the
feedback system with the given controller K and the overall-plant

A|H B
P=1C|0 D
I10 0

where C' = [cTo ]T and D = [0DT ]T. Using the notation F(P, K) for the
closed-loop transfer function from w(k) to y(k), the performance measure can be
written as

Jp(K) = | F(P,K)|2. (3)

We make the following standing assumption:
Assumption 2.1 C =D = 1.

This is without loss of generality because the change of variables (Z,u) =
(Cx, Du) transforms the output of the system and its state space representation
into

yk)y=[1 o] z®+[0 1]"ak),
and
z(k+1)=CAC™'z(k) + CBD (k).

This is done without changing the plant, control, or design graphs because of the
block diagonal structure of matrices C' and D.

Definition 2.1 (Competitive Ratio) Let a plant graph Gp, a control graph G,
and a constant € > 0 be given. Let us assume that, for each plant P € P, there
exists an optimal controller K*(P) € K such that

Jp(K*(P)) < Jp(K), VK € K.
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Figure 2: The feedback system with the given controller K and the overall-plant P.

The competitive ratio of a control design method T is defined as

B Jp(T'(P))
rp(T) = P:(AS,I;’I,)H)GP Tr(K(P))’

with the convention that “% 7 equals one.

Definition 2.2 (Domination) A control design method T is said to dominate an-
other control design method I if

Jp(I'(P)) < Jp(T(P)), ¥V P = (A, B,H) € P, (4)

with strict inequality holding for at least one plant in P. When T € C and no control
design method T € C exists that satisfies (4), we say that T is undominated in C.

2.5 Mathematical Problem Formulation

Now we can formulate the primary question concerning the connection between

closed-loop performance and limited model information control design strategies.

For a given plant graph Gp, control graph Gy, and design graph G¢, we want to
solve

arg min rp (). 5

gwinrp(I) (5)

Since the solution to this problem might not be unique, we are interested in finding
a minimizer that is also undominated. These solutions are the best worst-case
designs with limited model information.

3 Preliminary Results

In order to give the main results of the paper, we need to define a control design
strategy and find its competitive ratio.

Definition 2.3 Let a plant graph Gp and a constant € > 0 be given. The control
design method T'© is defined as

I°(P) = — diag(W1(P), ..., W,(P))A, (6)
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for all plants P = (A, B, H) € A(Sp) x B(e) x H, where

Wi(P) = { B;;', otherwise,

and for each sink i the matriz X;; is the unique positive definite solution of the
discrete algebraic Riccati equation

Al XAy — AL X3 Biy(I + Bl XiiBii) ™' Bf; Xz Aii — Xiz + I = 0.

The control design method I'® applies the so-called deadbeat strategy [10] to
every subsystem that is not a sink (thus those closed-loop subsystems reach origin
in just one time-step [11]) and, for every sink, applies the same optimal control law
as if the node were decoupled from the rest of the graph.

Lemma 2.1 The competitive ratio of the control design method I'® defined in (6)
is rp(I'®) = /1 + 1/€2 if one of the following conditions is satisfied:

(a) the plant graph Gp contains no isolated node and the control graph Gx is a
complete graph;

(b) the acyclic plant graph Gp contains no isolated node and Gx 2 Gp.

Proof: Let K} (P) denotes the optimal static full-state feedback (centralized)
controller for each plant P € P. According to the proof of the “only if” part of
Theorem 3.6 in [10], we have

Z<ATBTB 'A+1, (7)

for all plants P = (A, B, H) € P, where Z is the unique positive definite solution
of discrete algebraic Lyapunov equation

(A+ BT®(P))' Z(A+BT®(P)) — Z + I +T°(P)TT®(P) = 0. (8)

Thus, the cost of the control design strategy I'® for each plant P = (A, B, H) is

upper-bounded as
Jp(T®(P))? =tr (HTZH) o)
<tr (H" (A"B""B 'A+1)H).

where tr(-) denotes the trace of a matrix. According to Theorem 3.2 in [10], it is
evident that

ATBTTBTTA< (1+1/€%) (X — 1),
and equivalently

tr(H'A"B~"B™'AH) < (1+ 1/€®) tr(H" (X — I)H), (10)
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where X is the unique positive definite solution of discrete algebraic Riccati equa-
tion

ATXA - ATXB(I+BT"XB)"'BT'XA=X-1. (11)
Putting (10) in (9), we get

Jp(T(P))* < (1+1/€%) tr(H" X H)
= (1+1/€®) Jp(KL(P))2.

Clearly, because Jp(K{(P)) < Jp(K*(P)), irrespective of the control graph Gy,
we have

Jp(T9(P))* < (1 +1/€%) Jp(K*(P))?,

and as a result

o Jp(T®(P)) .
P e (R (P)) S VI

To show that this upper-bound is tight, we should exhibit plants for which it is
attained.

Part a: Condition (a) is satisfied. Since there is no isolated node in the plant
graph, we can pick indices 1 < ¢ # j < ¢ such that (sp);; # 0. The rest of the
proof is given in two different cases.

Case a.1: Node i is not a sink. Pick indices i1 € Z; and ji; € Z;. Let A(s) =
sei, el B=el,and H = 1. We get

J1?

2
rp(T€) > lim /—+ N s yr]

— s—o0 52/(1+62

since the unique positive deﬁnite solution of discrete algebraic Riccati equation
in (11) is X = I+[s?/(1+¢€%)]e;, €] , and as aresult Jp(K*(P)) = \/s?/(1 + €2) 4+ n.

Case a.2: Node i is a sink. We know (sp);; # 0 since all the self-loops are
present. Pick i; € Z; and j; € Z;. Let A(r,s) = reileiTl + seileJTl, B = €el, and
H = I. According to Theorem 3.8 in [10], we get

Jp(T®(P)) = /Bo(s +712) +n

where

5 Vrt4+2r2e2 — 2ar2 + €4 +2e2 + 1+ 12 — € —1
©= 2¢2r2

Again, using Theorem 3.8 in [10], the optimal closed-loop performance is

Jp( = /Br+(s2 +72) +n
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where SBg~ is
€22 +r2(1+ %) — (2 +1)% + /o

Prc- = 2e¢2(e2 +1)(s2 +12)

cy =22+ (rP£2r) (@ + 1)+ (2 +1)2

Then, we get

e
rp(T9) > raogg_lﬂoo m =+/1+1/e.

Part b: Condition (b) is satisfied. Any acyclic directed graph has at least one
sink. Let i denote a sink in plant graph Gp. Since there is no isolated node in
the plant graph, there exists an index j # ¢ such that (sp);; # 0. Pick i1 € Z;
and j1 € Z;. Let A(r,s) = re; el + seilejrl, B =¢l, and H = I. According to
Lemma 4.1 in [12], we get

Jp(Kp(P)) = V/Br+s? + Bor? +n,

where K% (P) is the optimal controller when G is equal to Gp. This results in

rp(T9) > lim

r—00,2—00

Jp
Tr )
. JP(F@(P) _ ./ 2
Z hm m— 1+1/€

=00, —00
since clearly Jp(K*(P)) < Jp(Kp(P)). n

Lemma 2.1 shows that, if we apply the control design strategy I'® to a particular
plant, the performance of the closed-loop system, at most, can be /1 4+ 1/€? times
the cost of the optimal control design strategy K*.

There is no loss of generality in assuming that the plant graph Gp contains
no isolated node since it is always possible to design an optimal controller for an
isolated subsystem without any model information about the other subsystems and
without affecting them. In particular, this implies that there are ¢ > 2 vertices in
the plant graph.

4 Plant Graph Influence on Achievable Performance

In this section, we study the achievable closed-loop performance, in terms of the
competitive ratio and the domination, for different plant interconnection pattern.
The next theorem shows that the control design strategy I'® is an undominated
minimizer of the competitive ratio for all given plant graphs Gp when the control
graph G is a complete graph and the design graph G¢ is fully disconnected.
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[ w(0) = ej, [ w(1)=0 [ w(2)=0 }\
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[ u(0)=0 [ u(1) = Drx(1) [ u(2) = CrBrx(1) + Drx(2)

Figure 3: State transition of the closed-loop system and its controller as a function
of time for the exogenous input w(k) = d(k)e;, .

Theorem 2.2 Let the plant graph Gp contain no isolated node, the control graph
G be a complete graph, and the design graph G¢ be a totally disconnected graph.
Then, the competitive ratio of any control design strategy T' € C satisfies rp(T') >
rp(I®).  Furthermore, the control design strategy T© is undominated by set of
limited model information control design strategies with design graph Gec.

Proof: We use the following notation

_ [Ac(P) | Br(P)

PP = G [Dr(P) |

to work with different parts of the state-space representation of a control design
strategy I'. The entries Ar(P), Br(P), Cr(P), and Dr(P) are matrices with ap-
propriate dimension for each plant P = (A, B, H) € P. The matrices Ar(P) and
Cr(P) are block diagonal matrices since different subcontrollers should not share
state variables (each controller should be implemented in a decentralized fashion).
This realization is not necessarily a minimal realization.

Consider indices 1 < 4 # j < ¢ such that (sp);; # 0 (this is always possible
since there is no isolated node in the plant graph). The rest of the proof is given
in two different cases.

Case 1: Node i is not a sink. Therefore, there exists an index ¢ # i such
that (sp)e; # 0. Pick indices ¢4 € Zy, i1 € Z; and j1 € Z; and define A(r,s) =
seile;‘q + 7'6516;7,; and B = el. Let H;j; = rI and Hy, = I for all ¢ # j. Using the
exogenous impulse input w(k) = d(k)e;, and the time-steps given in Figure 3, we
get

‘]P(F(P))2 2> ug, (2)2 + Ty (3)2
= e, (2% + (7 (s o+ eldr)ins, () + eue, (2))°
> (s + €(dr)iy, (5))*/(€* + 1),
because, irrespective of the choice of ug, (2), the function ug,(2)2+(r?(s+€(dr )i, j,(5))

+ €ug, (2))? is lower-bounded by r%(s + €(dr);, ;, (5))?/(e2 4+ 1). It is worth mention-
ing that (dr);,;, (s) is only a function of the scalar s and it is independent of the
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scalar 7, since r is in model parameters of subsystems ¢, j # ¢ and the design graph
is fully disconnected. On the other hand

Jp(DA(P)) = \/tr (HT ((1/2)ATA + 1) H)

= \/(s2r2 +7r2)/e2 +n—n; +n,r?,

where T'2 is the deadbeat control design strategy and it is defined as I'*(P) =
—B~1A [10]. Therefore

Jp(D(P)) (12)
= 0 TTA(P))
\/ (s + e(dp)iy g (5))2/(e2 + 1)

(212 4+12)/€? +n —n; +n;r?

> lim

~ r—oo

since Jp(I'2(P)) > Jp(K*(P)) for all plants P € P. The competitive ratio rp(T)
is bounded only if s + €(dr)i, j, () = 0. Therefore, there is no loss of generality in
assuming that (dr);,;, (s) = —s/e because otherwise the rp(T') is infinity and the
inequality rp(I') > rp(I'®) is trivially satisfied. Now, let us redefine A(s) = se;, e,
H = 1 and B = el. Since the parameters of the subsystem 4 is not changed,
we have (dr)q,j,(s) = —s/e. Therefore, for the same impulse exogenous input

w(k) = 6(k)ej,, we have

and

52/62
> lim )=t \T11/e2 13
rp(l) 2 lim 2/(1+€e2) +n +1/¢ (13)

since similar to Case a.l in the proof of Lemma 2.1, we have Jp(K*(P)) =
Vs2/(1+€2) +n.

Case 2: Node i is a sink. We have (sp);; # 0 since all the self-loops are present.
Let us pick i1 € Z; and j; € Z;. Let A(r,s) = 7‘6,’161-7; + seile]Tl, B = eI, and
H = I. According to the proof of the “only if” part of Theorem 3.6 in [10], for
this particular family of plants, T'®(P) is the globally optimal Hy state-feedback
controller. Now using Case a.2 in the proof of Lemma 2.1, it is easy to see that
rp(T) > /14 1/€%

To prove that the control design strategy I'® is undominated by set of lim-
ited model information control design strategies I' € C, we construct plants P =
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(A, B, H) € P that satisfy Jp(I'(P)) > Jp(I'®(P)) for any control design method
[ € C\ {I'®}. The detailed proof of this part is given in [12]. n

As an example, consider the limited model information design problem given
by the plant graph G’ in Figure 1(a’), the control graph G in Figure 1(b’), and
the design graph G in Figure 1(¢’). Theorem 2.2 shows that the control design
strategy I'® is the best control design strategy that one can propose based on the
local model of subsystems since it is an undominated minimizer of the competitive
ratio.

5 Control Graph Influence on Achievable Performance

In this section, we study the structured controllers and their influence on the achiev-
able closed-loop performance of the limited model information control design strate-
gies. Note that finding the optimal control design strategy K*(P) is numerically
intractable for general plant and control graphs. We use the results in [6, 7] which
give an explicit solution to the problem of designing optimal decentralized controller
for some special classes of subsystems interconnection and controller structures.
Therefore, we assume that the plant graph Gp is an acyclic directed graph and the
control graph Gi is a supergraph of the plant graph Gp. Note that the control
design strategy T'® is still applicable in this scenario.

Theorem 2.3 Let the acyclic plant graph Gp contain no isolated node, the design
graph Ge¢ be a totally disconnected graph, and Gx O Gp. Then, the competitive
ratio of any control design strategy T' € C satisfies rp(T) > rp(I'®). Furthermore,
the control design strategy T'®© is undominated by set of limited model information
control design strategies with design graph Ge.

Proof: Any acyclic directed graph has at least one sink. Let ¢ denote a sink
in plant graph Gp. Since there is no isolated node in the plant graph, there exists
an index j # i such that (sp);; # 0. Pick 44 € Z; and j1 € Z;. Let A(r,s) =
reilel-Tl + seile]Tl, B =¢l, and H = I. According to the proof of the “only if” part
of Theorem 3.6 in [10], for this particular family of plants, I'®(P) is the globally
optimal Hy state-feedback controller. Now using Part b of the proof of Lemma 2.1,
it is easy to see that rp(I') > /1 + 1/€2.

The detailed proof of the part that control design strategy I'® is undominated
is given in [12]. m

For instance, consider the limited model information design problem given by
the plant graph Gp in Figure 1(a), the control graph G in Figure 1(b), and the
design graph G¢ in Figure 1(¢/). Theorem 2.3 illustrates that the control design
strategy I'® is again the best control design strategy that one can propose based
on the local model of subsystems, because it is an undominated minimizer of the
competitive ratio.
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6 Design Graph Influence on Achievable Performance

In this section, we try to determine the amount of the model information that
we need in each subsystem to be able to setup a control design strategy I' with a
smaller competitive ratio than the control design strategy I'©.

Theorem 2.4 Let the plant graph Gp and the design graph G¢ be given and Gx 2
Gp. If the plant graph Gp contains the path j — i — ¢ with distinct vertices i, j,
and ¢ while (£,i) & Ec, then rp(T) > rp(T'®) for allT € C.

Proof: Because of the path j — ¢ — ¢ with distinct vertices ¢, j, and k, we
have (sp);; # 0 and (379)21 #+ 0 Pick indices ¢1 € Zy, i1 € Z; and j1 € Z; and
define A(r,s) = se; e + regel, B =el, and H = I. Similar to the proof of
Theorem 2.2, using the exogenous impulse input w(k) = §(k)e;, and the time-steps
given in Figure 3, we get

Jp(T(P))? > r%(s + e(dr)i,j, ()2 /(€ + 1),

Again, it should be noted that (dr);,;, (s) is only a function of the scalar s, and
it is independent of the scalar r because r has appeared in model matrices of the
subsystem ¢ # i, and (¢,7) ¢ Ec. We claim that for the competitive ratio to be
bounded there should exist a positive constant § € R independent of scalars s
such that |s + €(dr);, j, (s)| < 6. Assume this claim is not true, thus, there exist a
sequence of scalars {s,}32; C R such that

lim |s; + €(dr)ij, (s2)] = +o00.

Clearly, using (12) we get

. r2[s: +e(dr)ij (s2)[?/(e2 + 1)
N> 1 L
rp(l) = z—)oc}ril—)oo\/ (s24r2)/e2+n

= +-00.

since Jp(I2(P)) = \/(s2+72)/e2 + n. Now, lets redefine A(s) = se;,e] . Since
the model parameters of the subsystem ¢ is not changed, and its controller is not
a function of the model parameters of subsystem ¢, the design entry (dr);, ;, (s)
stays the same. Therefore, |s + e(dr),;, (s)| < 0 for all s € R, and as a result, for
large enough |s|, we get |(dr);,j, (s)| > (|s| — #)/e. Therefore, using the exogenous

impulse input w(k) = d(k)e;, , we get

Jp(D(P))* = ui, (1) = (dr)iyj (5)* > (|s| = 0)*/¢?

and

N T EC e

§— 00
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For this special plant, we know K} (P) = —¢/(1 + €2)A belongs to the set K(Sk)
since the control graph Gx O Gp, and consequently Jp(K*(P)) < Jp(KE(P))
because K*(P) has a lower cost than any other controller is K(Sx). On the other
hand, clearly, for any plant Jp (KA (P)) < Jp(K*(P)). Therefore, for this special

plant
Jp(K*(P)) = Jp(Kg(P)) = /s?/(1+€%) +n.
This concludes the proof. n

Consider the limited model information design problem given by the plant graph
G’ in Figure 1(a’), the control graph G)- in Figure 1(b'), and the design graph G¢
in Figure 1(c). Note that there is a path 3 — 2 — 1 in the plant graph G» but the
edge 1 — 2 is not present in the design graph G¢. Therefore, using Theorem 2.4,
it is easy see that rp(I') > rp(I'®) for any I € C.

7 Extensions

In this section, we relax the assumption that all the subsystems are required to
be fully-actuated, that is, B € B(e) is square invertible. To do so, we assume that
plant graph Gp is an acyclic directed graph with ¢ > 1 sinks since any acyclic graph
has at least one sink. Accordingly, its adjacency matrix Sp is of the form

(5P)11 | Og—o1x(e)
Sp = a : 14
P (Sp)a1 | (Sp)az (14)
where
(373)11 U (SP)I,qfc
(5P = : : :
(5P)g—c1 -+ (5P)g—cq—ec
(SP)q—c-‘rl,l T (SP)q—c+1,q—c
(Sp)a1 = : : ;

(5P)q,1 e (sP)a,q—c

and (Sp)az = diag((sp)g—c+1,g—c+1,-- -, (5P)qq), Where we assume, without loss

of generality, that the vertices are numbered such that the sinks are labeled ¢ —
c+1,...,q. We define the set P’ of plants of interest as the set of all triples
(A,B,H) € A(Sp) x B'(€) x H where

B'(e) ={BeR™™ | g(B) >¢ B;j=0€R"*™ forall 1 <i#j<q}
Each m; € N is the number of control inputs in subsystem i, and consequently

23:1 m; = m. Let relax m; < n; for all ¢ —c+ 1 < i < ¢ but force m; = n;
otherwise. In addition, all matrices A and B must satisfy

(a) (A4, Bii) is controllable,
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(b) span(A;;) C span(B;;) for all j # i or equivalently there should exist a matrix
Wi c Rmix(n_ni) such that [Ail s Ai,ifl Ai,i+1 s Azq] = BiiWi7

for all ¢ — ¢+ 1 < i < q. For this new set of plants, the control design strategy I'®
is still applicable since it does not require B;; to be invertible for g —c+1 <1 < gq.
Now we are ready to solve the problem (5) for this set of underactuated plants P’.

Theorem 2.5 Let the acyclic plant graph Gp contain no isolated node, the control
graph Gx be equal to the plant graph Grp, and the design graph Gc be a totally
disconnected graph. Then, the competitive ratio of any control design strategy I' € C
satisfies rp(T') > rp(I®) = /1 +1/€2 if (Sp)11 is not diagonal. Furthermore,
the control design strategy T'© is undominated by set of limited model information
control design strategies with design graph Ge.

Proof: Similar to (14), we can write any A € A(Sp) as

A:[%H 0 },

A21 A22
where
Aqy e Ajge
Ay = : : ;
Aq—c,l e Aq—c,q—c
Aqfc+1,1 e Aqfc+1,qfc
Ay = )
Aql - Aq,q_c

and Agy = diag(Ag—c+1,g—c+1,- - -, Agq). Clearly, if we apply deadbeat to all sub-
systems that are not sinks, the other subsystems (i.e., sinks) become decoupled (see
Theorem 3.6 in [10]), and as a result

Jp(TO(P))? = JW(Ayy, Biy, Hiy) + J®) (A, Ay, Byy, Hao)

where H = diag(ﬁll,HQQ) B = diag(Bll,BQQ) J @) (Allagllaﬁll) is the cost of
applymg deadbeat control design to the nodes that are not sinks, and

2)(A21,A22,BQQ,H22) is the cost of applying the same optimal control law as
if the sinks were decoupled from the rest of the graph. Thus, we get

JW (A1, Biy, Hiy) = tr(HL AL, BT B Ay H)
and
J(Z)(Agl,zigg, BQQ,E[QQ) < tr(fi@TQYﬁQQ) + tr(ﬁ[ﬂAng;§B;2Amgu) (15)

where BEQ = (B3B2) 'Bi,. The inequality in (15) is true since
2)(A21 AQQ,B227H22) is the cost of the optimal control law as if the sinks were
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decoupled from the rest of the graph (see Theorem 3.6 in [10]), and it certainly has
a lower cost than any other controller particularly
—[Bl,As1 (I + B3,Y By) ' BLY Ay,
where Y is the unique positive definite solution of discrete algebraic Riccati equation
ALY Agy — ALY Boo(I + BL,Y Bas) ' BLY Agy — YV + T =0.

Note that since Asy is block diagonal, the positive definite matrix Y is also block
diagonal, and each block is only a function the corresponding subsystem. Thus, we
get
Jp(TO(P)? < te(H5Y Hap) + te(H{y (AT, By By Ay + AS Bl Bly Asy) Hya).
(16)
The optimal closed-loop performance is Jp(K*(P))? = tr(HT'UH) where U =

[Iyxn O]V [I,xn 0]7 and V is the unique positive definite solution of discrete alge-
braic Lyapunov equation

A+ BD*(P) BC*(P) ]TV { A+ BD*(P) BC*(P) ] v
B*(P) A*(P) B*(P) A*(P)
I 0 D*(P)TD*(P) D*(P)TC*(P) | _
* [ 0 0 } + [ C*(P)TD*(P) C*(P)TC*(P) } =0
with A*(P), B*(P), C*(P), and D*(P) as the state-space realization matrices of

the optimal control design strategy K*(P) for a given plant P € P’. Clearly, we
have

(17)

n

JP(K*(P))QZZ el H'UHe, —Zzy(t) 7T (t) (k),

t=1 t=1 k=0

where for each t the vector y(t)(k) is the output of the system to the exogenous
impulse input w® (k) = 6(k)e;. This is true because for each ¢ the summa-
tion S_po v (k)Ty® (k) gives the diagonal element ef H'UHe;. For any P =
(A,B,H) € P', we know that HTUH > HT X H since centralized controller has
the least performance cost over all other controllers either dynamic or static. Thus,
for each t € N'=JI_{Z,, we get e] H'UHe, > e] HT X He; which shows

S5 VOWTYO®) > Y (X H)e

teN k=0 teN

According to [13], we have X > AT(I + BBT)"'A + I for any P € P’, and
consequently

> 2 k)T (k) > tr(A (AT (I + B Bl) ™ Any
teN k=0

+ AL (I + B2 BL) ™t Ag1) Hiy).
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On the other hand, for each t € § = Z gt

i such that t € Z;. For each w®(k), we get z; = 0 for any j # 4 (since 7 is a
sink in Gp). The other subsystems cannot use state-measurements of subsystem i
because G is equal to Gp (and consequently i is a sink in Gx). Therefore, at best
case scenario, the cost of controlling subsystem i is equal to the cost of optimal
controller designed locally (independent of other subsystems). Thus, we get

§:§:¢w BTy O (k) > te( ALY fas).

teS k=0

Z., we know there exists a sink

Therefore, we get

Jp(K*(P))* = tx( 11(21 (1 + 31135)?15111 - a8)
+ AL (I + Boo BY,) ™ Aoy) Hi1) + tr(H3,Y Hao).
Now, lets define the set
M={BeR|BJp(K*(P)) — Jp(T®(P)) > 0VP e P'}.
Using the inequalities in (16) and in (18), it is evident if
tr (H{y (AT, [B8*(I + BuBl) ™" — Byy" Byy'] Ay (19)

+A§1 [ﬂz(I + B22ng)_1 - B;;FB;Q} Agl)l’:’n) > 0.

for some 3 € R, then 8 would belong to M. Thus, {3 € R | 3> /1 +1/e2} C M.
This shows that rp(I'®) < /1 +1/e2. Now if (Sp)1; is not diagonal, with the
same argument as in the proof of Case 1 in Theorem 2.3, we get rp(I') > rp(I'®) =
/14 1/€e? for any T' € C. This can be done because there are at least two fully-
actuated subsystems and we can forget about the underactuated subsystems.

The proof of the part that the control design strategy I'® is undominated is
similar to the one given in [12] for fully-actuated subsystems. N

8 Conclusions

We considered optimal Hy dynamic control design for interconnected linear systems
under limited plant model information. We introduced control design strategies as
functions from the set of plants to the set of structured dynamic controller and com-
pared these control design strategies using the competitive ratio as a performance
metric. For a large class of system interconnections, controller structure, and design
information, we found an explicit undominated minimizer of the competitive ratio.
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Decentralized Disturbance Accommodation with
Limited Plant Model Information

Farhad Farokhi, Cédric Langbort, and Karl H. Johansson

Abstract—The design of optimal disturbance accommodation and servomechanism
controllers with limited plant model information is studied in this paper. We consider
discrete-time linear time-invariant systems that are fully actuated, and composed of scalar
subsystems, each of which is controlled separately, and influenced by a scalar disturbance.
Each disturbance is assumed to be generated by a system with known dynamics and
unknown initial conditions. We restrict ourselves to control design methods that produce
structured dynamic state feedback controllers where each subcontroller, at least, has access
to the state-measurements of those subsystems that can affect its corresponding subsystem.
The performance of such control design methods are compared using a metric called the
competitive ratio which is the worst-case ratio of the cost of a given control design strategy
to the cost of the optimal control design with full model information. We find an explicit
minimizer of the competitive ratio and show that it is undominated, that is, there is no
other control design strategy that performs better for all possible plants while having the
same worst-case ratio. This optimal controller can be separated into a static feedback law
and a dynamic disturbance observer. For step disturbances, it is shown that this structure
corresponds to proportional-integral control.

©2013 Society for Industrial and Applied Mathematics (STAM). Reprinted, with
permission, from SIAM Journal on Control and Optimization, Vol. 51, No. 2,
Pages 1543-1573, April 2013.
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1 Introduction

Advances in networked control systems have created new opportunities and chal-
lenges in controlling large-scale systems composed of several interacting subsys-
tems. An example of a networked control system is shown in Figure 1. For such
networked systems, many researchers have considered the problem of decentralized
or distributed stabilization or optimal control as well as the effect of communica-
tion channel limitations on closed-loop performance [1-14]. However, at the heart
of all these control methods lies the (sometimes implicit) assumption that the de-
signer has access to the global plant model information when designing a local
controller. In contrast, the broad goal of this paper, which continues our work
started in [15-18], is to consider distributed control design problems where the full
plant model is not globally available. In the next subsection, we discuss why such
a situation might be at hand.

1.1 Motivation

There are several reasons why global plant model information may not be avail-
able in practice, and why a control designer may be constrained to compute local
controllers for a large-scale systems in a distributed manner with access to only a
limited or partial model of the plant. For example, (¢) the designer wants the pa-
rameters of each local controller to only depend on local model information, so that
the controllers do not need to be modified if the model parameters of a particular
subsystem, which is not directly connected to them, change, (i) the design of each
local controller is done by a designer with no access to the global model of plant
since at the time of design the complete plant model information is not available
or might change later in the design process, or () different subsystems belong to
different individuals who refuse to share their model information since they consider
it private. These situations are very common in practice. For instance, a chemi-
cal plant in process industry can have thousands of proportional-integral-derivative
controllers. These processes well illustrate Case (%), as the tuning of each local
controller does not typically involve model information from other control loops in
order to simplify the maintenance and limit the controller complexity. Case (i) is
typical for cooperative driving such as vehicle platooning, where each vehicle has
its own local (cruise) controller which cannot be designed based on model informa-
tion of all possible vehicles that it may cooperate with in future traffic scenarios.
Case (ii7) can be illustrated by the control of the power grid, where economic incen-
tives might limit the exchange of network model information across regional bor-
ders. Motivated by these important applications, we have started investigating the
concept of limited model information control design for large-scale systems [15-18].
We briefly survey these studies in the next subsection.
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Figure 1: Illustrative example of a networked control system where P; denotes
the subsystems to be controlled and C; denotes the controllers. The interactions
between the subsystems and the controllers as well as the external disturbances and
references are indicated by arrows.

1.2 Previous Studies

Recently, limitations of linear quadratic design under limited model information
for a class of interconnected linear time-invariant dynamical system composed of
scalar subsystems was studied in [15]. The authors introduced the competitive ratio
as a metric for comparing control design strategies (i.e., mappings from the set of
plants of interest to the set of applicable controllers) with various degrees of access
to model information. The competitive ratio was simply defined as the worst-case
ratio of the cost of a given control design strategy to the cost of the optimal control
design with full model information. Showing that there is no control design strategy
with a bounded competitive ratio when relying on local model information for
continuous-time system, they justly concentrated on discrete-time systems. Then,
they proved that the static deadbeat control design strategy attains the minimum
competitive ratio among all strategies that only use local model information when
designing a local controller. To distinguish between multiple possible minimizers
of the competitive ratio, they introduced domination as a partial order on the set
of limited model information control design strategies. They proved that the static
deadbeat control design strategy is undominated, that is, there is no other control
design strategy in the set of all limited model information design strategies with a
better closed-loop performance for all possible plants while maintaining the same
worst-case ratio.

This result was later extended to structured discrete-time fully-actuated lin-
ear time-invariant dynamical systems when the plant graph (i.e., directed graph
that captures the interconnection pattern between different subsystems) contains
no sink [16, 17]. In these studies, the set of applicable controllers was considered
to be the set of structured static state feedback controllers. The structure of the
controllers was captured using a control graph (i.e., directed graph that illustrates
the state-measurement availability in subcontrollers) which was assumed to be a
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supergraph of the plant graph. In [16, 17], it was shown that the static deadbeat
control design strategy is an undominated minimizer of the competitive ratio when
the plant graph contains no sink. However, the design could be improved when the
plant graph contains a sink. The choice of static controllers in these studies was
justified, at first, by being the simplest case to explore [15-17], and then, maybe
more surprisingly, by the recently proven fact that the best (in the sense of com-
petitive ratio and domination) state-feedback structured Ha-controller for a plant
with lower triangular information pattern that can be designed with limited model
information is in fact static [18]. This is true even though the best such controller
constructed with access to full model information is of course dynamic [9, 10]. In
this paper, we study the problem of limited model information control design for op-
timal disturbance accommodation and servomechanism, and show that, contrary to
the situations mentioned above, the best limited model information design method
gives dynamic controllers. Optimal disturbance accommodation is a meaningful
model for problems such as step disturbance rejection or step reference tracking,
and has been well-studied in the literature [19-24], but with no attention being
paid to the model information limitations in the design procedure.

1.3 Main Contributions

In this paper, specifically, we consider limited model information control design
for interconnection of scalar discrete-time linear time-invariant subsystems being
affected by scalar decoupled disturbances with a quadratic separable performance
criterion. In each subsystem, the disturbance model is assumed to be known while
its initial condition is unknown [24]. The motivation for such a cost function is
given in the servomechanism and disturbance accommodation literature [19-24],
and also stems from our interest in dynamically-coupled but cost-decoupled plants
and their applications in supply chains and shared infrastructure [25, 26]. The
assumptions on scalar subsystems and scalar disturbances are introduced to make
the proofs shorter. Since we want each subsystem to be directly controllable (so
that designing subcontrollers based on only local model information is possible), we
assume that the overall system is fully-actuated (i.e., the same number of inputs
as the state dimension). The results of this paper can be generalized to fully-
actuated subsystems of arbitrary order. However, the generalization to under-
actuated subsystems is non-trivial as explained in more detail in Remark 3.1. Note
that we can also see this new model as a generalization of the problem formulation
in [16-18] to under-actuated subsystems, since each subsystems can be considered
as an aggregation of the original subsystem with its corresponding disturbance
dynamics, however, only one of the states is in this case directly controlled and
observed.

Our study in this paper starts with the case where each subcontroller is de-
signed with the corresponding subsystem’s information only. We prove that the
so-called dynamic deadbeat control design strategy is an undominated minimizer
of the competitive ratio when the plant graph contains no sink and the control
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graph is a supergraph of the plant graph. The fact that the dynamic deadbeat con-
trol design strategy is a minimizer of the competitive ratio is proved in Theorem 3.8
and the fact that it is undominated is proved in (the if part of) Theorem 3.9. For
any fixed plant, the controller constructed by the dynamic deadbeat control design
strategy can be separated into a static feedback law and a dynamic disturbance
observer. For step disturbances, it is shown that this structure corresponds to a
proportional-integral controller. However, the dynamic deadbeat control design
strategy is dominated when the plant graph contains sinks. This is proved in (the
only if part of) Theorem 3.9. We present an undominated limited model infor-
mation control design method that takes advantage of the knowledge of the sinks’
location to achieve a better closed-loop performance. We prove that this newly de-
fined control design strategy is an undominated minimizer of the competitive ratio
in Theorems 3.11 and 3.12. In Theorem 3.10, we further show that this control
design strategy has the same competitive ratio as the dynamic deadbeat control
design strategy. Later, in Theorem 3.13, we characterize the amount of model in-
formation needed to achieve a better competitive ratio than the dynamic deadbeat
control design strategy. The amount of information is captured using the design
graph (i.e., directed graph which indicates the dependency of each subcontroller on
different parts of the global dynamical model). It turns out that, to achieve a better
competitive ratio than the dynamic deadbeat control design strategy, each subsys-
tem’s controller should, at least, have access to the model of all those subsystems
that can affect it.

1.4 Paper Outline

This paper is organized as follows. We formulate the problem and define the per-
formance metric in Section 2. In Section 3, we introduce two specific control design
strategies and study their properties. We characterize the best limited model in-
formation control design method as a function of the subsystems interconnection
pattern in Section 4. In Section 5, we study the influence of the amount of the
information available to each subsystem on the quality of the controllers that they
can produce. We discuss special cases of step disturbance rejection, step refer-
ence tracking, and proportional-integral control in Section 6. Finally, we end with
conclusions in Section 7.

1.5 Notation

The set of real numbers and complex numbers are denoted by R and C, respectively.
All other sets are denoted by calligraphic letters, such as P and A. Particularly,
the letter R denotes the set of proper real rational functions.

Matrices are denoted by capital roman letters such as A. A; will denote the jth
row of A. A;; denotes a submatrix of matrix A, the dimension and the position of
which will be defined in the text. The entry in the i** row and the j* column of
the matrix A is a;;.
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Let ST, (S}) be the set of symmetric positive definite (positive semidefinite)
matrices in R"*". A > (>)0 means that the symmetric matrix A € R"*" is positive
definite (positive semidefinite) and A > (>)B means that A — B > (>)0.

o(Y) and 7(Y) denote the smallest and the largest singular values of the matrix
Y, respectively. Vector e; denotes the column-vector with all entries zero except
the i entry, which is equal to one.

All graphs considered in this paper are directed, possibly with self-loops, with
vertex set {1,...,q} for some positive integer ¢q. If G = ({1,...,¢}, F) is a directed
graph, we say that ¢ is a sink if there does not exist j # ¢ such that (i,5) € E. The
adjacency matrix S € {0,1}9%? of graph G is a matrix whose entries are defined as
sij = 1if (j,4) € E and s;; = 0 otherwise. Since the set of vertices is fixed for all
considered graphs, a subgraph of a graph G is a graph whose edge set is a subset
of the edge set of G and a supergraph of a graph G is a graph of which G is a
subgraph. We use the notation G’ O G to indicate that G’ is a supergraph of G.

2 Mathematical Formulation

2.1 Plant Model

We are interested in discrete-time linear time-invariant dynamical systems described
by

x(k+1) = Az(k) + B(u(k) + w(k)) ; z(0) = zo, (1)

where z(k) € R™ is the state vector, u(k) € R™ is the control input, w(k) € R”

is the disturbance vector and A € R"*"™ and B € R"™*™ are appropriate model

matrices. Furthermore, we assume that the dynamic disturbance can be modeled
as

w(k +1) = Du(k) 5 w(0) = wp, 2)

where wy € R™ is unknown to the controller (and the control designer). Let a
plant graph Gp with adjacency matrix Sp be given. We define the following set of
matrices

A(Sp) = {A € R™*" | a;; = 0 for all 1 <i,j < n such that (sp);; = 0}.
Also, let us define
B(e) = {B € R™*" | g(B) > €,b;; = 0 for all 1 <i # j < n}, (3)
for some given scalar ¢ > 0 and
D={DecR™™" |d;=0forall 1 <i#j<n}.

Now, we can introduce the set of plants of interest P as the set of all discrete-time
linear time-invariant systems (1)—(2) with A € A(Sp), B € B(e), D € D, xy € R™
and wy € R”. With a slight abuse of notation, we will henceforth identify a plant
P € P with its corresponding tuple (A, B, D, g, wp).
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The variables x; € R, u; € R, and w; € R are the state, input, and disturbance
of scalar subsystem ¢ whose dynamics are given by

ri(k+1) = Z aijzj(k) + bii(ui (k) + w;(k)),
wi(k+1) = dywi(k).

We call Gp the plant graph since it illustrates the interconnection structure between
different subsystems, that is, subsystem j can affect subsystem ¢ only if (j,i) € Ep.
Note that we assume that the global system is fully-actuated; i.e., all the matrices
B € B(e) are square invertible matrices. This assumption is motivated by the fact
that we need all subsystems to be directly controllable. Moreover, we make the
standing assumption that the plant graph Gp contain no isolated node. There is no
loss of generality in assuming that there is no isolated node in the plant graph Gp,
since it is always possible to design a controller for an isolated subsystem without
any model information about the other subsystems and without influencing the
overall system performance. Note that, in particular, this implies that there are
q > 2 vertices in the graph because for ¢ = 1 the only subsystem that exists is an
isolated node in the plant graph.

Remark 3.1 In this paper, we consider plants that are composed of scalar subsys-
tems. Although this situation is admittedly restrictive, scalar subsystems can span
a moderately rich family of physical or engineered systems (see [27-81] and refer-
ences therein). In addition, the techniques and results presented here can be gen-
eralized to fully-actuated subsystems of arbitrary order. As will become clear later
in Lemma 3.7, when dealing with fully-actuated subsystems, the designer should
decouple the subsystems that are not a sink in the plant graph from the rest of
the system. This can be intuitively justified since these subsystems should avoid
affecting sensitive parts of the plant to achieve a bounded competitive ratio.

Remark 3.2 The special assumptions on the system and the disturbance in (1)-(2)
enable us to estimate the initial condition of the disturbance using

w;(0) = b (1) — biu;(0) — Zaijrj(O) : (4)

which is called the deadbeat observer, since it recovers the initial-condition in just
one time-step. Now that, for each 1 < i < n, subsystem i has access to w;(0), it
can easily cancel the effect of the disturbance by subtracting the terms d¥w(0) from
its planned actuation input at each time step k. However, note that the problem
of designing an optimal disturbance accommodation controller is a joint observer-
controller design problem because one can always recover w;(0) using (4) irrespective
of the value of u;(0), but by applying an erroneous u;(0), the competitive ratio would
become infinite. In next section, through Lemma 3.7, we prove that given the control
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Figure 2: Gp and G’ are examples of plant graphs, Gk and G} are examples of
control graphs, and G¢ and G} are examples of design graphs.

action u(0) = —B~Y(A+ D)z(0), the deadbeat observer introduced in (4) is the best
control design strategy (in terms of competitive ratio and domination).

Remark 3.3 Because B € B(e) is an invertible matriz, we can always rewrite the
system dynamics so as u(k) and w(k) affect the system through the same matriz B
as in (1). Note that even if B is not invertible, as long as the designer aims at
stabilizing the origin (i.e., limg_ oo x(k) = 0), it is no restriction to assume that
u(k) and w(k) influence the system through the same B-matriz. It easily follows
from considering the system

z(k+1) = Az(k) + Bu(k) + Fw(k) ; z(0) = zo.

To achieve limy_, o x(k) = 0, it has to hold that limg_, o Bu(k)+ Ew(k) = 0. When
limg 00 w(k) # 0, this condition is satisfied if, and only if, there exists a matriz M
such that E = BM [23]. Defining w(k) = Mw(k), we get

z(k+1) = Az(k) + Bu(k) + Bw(k) ; =(0) = xq.

Because we do not restrict D in (2) to be stable, we thus have to make the assump-
tion that E € image(B) as described above.

Figure 2(a) shows an example of a plant graph Gp. Each node represents
a subsystem of the system. For instance, the second subsystem in this example
affects the first subsystem and the third subsystem, that is, submatrices A2 and
Az can be nonzero. Note that the first subsystem in Figure 2(a) represents a sink
of Gp. The plant graph G’ in Figure 2(a’) has no sink.
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2.2 Controller Model

The control laws of interest in this paper are discrete-time linear time-invariant
dynamic state-feedback control laws of the form

rx(k+1) = Agzr(k)+ Brz(k); zx(0) =0, (5)
u(k‘) = CKxK(k')—i—DKx(k‘) (6)

Each controller can also be represented by a transfer function

Ag | B

where z is the symbol for the one time-step forward shift operator. Let a control
graph G with adjacency matrix Sk be given. Each controller K belongs to

K(Sg)={Ke R""| kij =0 for all 1 <i,j <n such that (sk);; = 0}.

When the adjacency matrix Sk is not relevant or can be deduced from context, we
refer to the set of controllers as K. Since it makes sense for each subcontroller to
use at least its corresponding subsystem state-measurements, we make the standing
assumption that in each design graph Gy, all the self-loops are present.

An example of a control graph G is given in Figure 2(b). Each node represents
a subsystem—controller pair of the overall system. For instance, Gx shows that
the first subcontroller can use state measurements of the second subsystem beside
its corresponding subsystem state-measurements. Figure 2(d’) shows a complete
control graph Gj-. This control graph indicates that each subcontroller has access
to full state measurements of all subsystems, that is, K(Sx) = R"*"™.

2.3 Control Design Methods

A control design method I is a map from the set of plants P to the set of controllers
K. Any control design method I" has the form

Y11 Min
Tnl t Tnn

where each entry 7;; represents a map A(Sp) x B(e) x D — R.

Let a design graph G¢ with adjacency matrix Se be given. We say that I’
has structure Gg, if for all ¢, subcontroller ¢ is computed with knowledge of the
plant model of only those subsystems j such that (j,i) € E¢. Equivalently, I’
has structure Ge, if for all 4, the map I'; = [yi1 -+ 7in] is only a function of
{laj1 -+ ajnl,bjj,d;j | (s¢)ij # 0}. When Ge is not a complete graph, we refer
to I' € C as being a “limited model information control design method”. Since
it makes sense for the designer of each subcontroller to have access to at least its
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corresponding subsystem model parameters, we make the standing assumption that
in each design graph Gg, all the self-loops are present.

The set of all control design strategies with structure G¢ will be denoted by
C, which is considered as a subset of all maps from A(Sp) x B(e) x D to K(Sk)
because a design method with structure G¢ is not a function of the initial state xg
or the initial disturbance wgy. We use the notation I'(A, B, D) instead of I'(P) for
each plant P = (A, B, D, xo,wg) € P to emphasize this fact.

To simplify the notation, we assume that any control design strategy I' has a
state-space realization of the form

AF(A7B7D) ‘ BF(A7B7D)
CF(A7B7D) ‘ DF(AaBaD) ’

I'(A,B,D) =

where Ar(A, B, D), Br(A, B, D), Cr(A, B,D), and Dr(A, B, D) are matrices of
appropriate dimension for each plant P = (A, B, D,xp,wg) € P. The matrices
Ar(A, B, D) and Cr(A, B, D) are block diagonal matrices since subcontrollers do
not share state variables. This realization is not necessarily minimal.

An example of a design graph G¢ is given in Figure 2(c). Each node represents
a subsystem—controller pair of the overall system. For instance, G¢ shows that
the second subsystem’s model is available to the designer of the first subsystem’s
controller but not the third and the forth subsystems’ model. Figure 2(¢) shows a
fully disconnected design graph Gi. A local designer in this case can only rely on
the model of its corresponding subsystem.

2.4 Performance Metric

The goal of this paper is to investigate the influence of the plant graph on the prop-
erties of controllers derived from limited model information control design meth-
ods. We use two performance metrics to compare different control design methods,
which are adapted from the notions of competitive ratio and domination recently
introduced in [15-18]. Let us start with introducing the closed-loop performance
criterion.

To each plant P = (A, B, D, xzg,wp) € P and controller K € K, we associate the
performance criterion

NE

Jp(K) =) [2(k)" Qu(k) + (u(k) +w(k))" R(u(k) + w(k))] , (8)

ES
Il

0

where ) € S?, and R € S}, are diagonal matrices. We make the following
standing assumption:

Assumption 3.1 Q =R =1.

This is without loss of generality because the change of variables (z,u,w) =
(Q'/?z, RY?u, R'/?w) transforms the closed-loop performance measure and state-



2. MATHEMATICAL FORMULATION 151

space representation into
Tp(K) =Y [#(k) 2 (k) + (alk) +o(k)" (@(k) + @ (k)] , (9)
k=0
and
T(k+1) = QY2AQ'2x(k) + QY2BR™?(a(k) + w(k))
= Az(k) + B(u(k) + w(k)),

without affecting the plant, control, or design graphs, due to @ and R being diagonal
matrices.

Definition 3.1 (Competitive Ratio) Let a plant graph Gp, a control graph G,
and a constant € > 0 be given. Assume that, for every plant P € P, there exists an
optimal controller K*(P) € K such that

Jp(K*(P)) < Jp(K), VK € K.

The competitive ratio of a control design method I is defined as

Jp(T'(A, B, D))
rp(l') = su _
»() P:(A,B,D,lzo,wo)ep Jp(K*(P))

with the convention that “% 7 equals one.

Note that the optimal control design strategy (with full plant model information)
K* does not necessarily belong to the set C.

Definition 3.2 (Domination) A control design method I is said to dominate an-
other control design method I if

Jp(L(A, B, D)) < Jp(I"(A,B,D)), ¥V P=(A,B,D,zo,wp) € P, (10)

with strict inequality holding for at least one plant in P. WhenT" € C and no control
design method T' € C exists that satisfies (10), we say that T" is undominated in C
for plants in P.

In the remainder of this paper, we determine optimal control design strategies

I'* € argminrp(I), (11)
rec

for a given plant, control, and design graph. Since several design methods may
achieve this minimum, we are interested in determining which ones of these strate-
gies are undominated.
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3 Preliminary Results

Before stating the main results of the paper, we introduce two specific control design
strategies and study their properties.

3.1 Optimal Centralized Control Design Strategy

The problem of designing optimal constant input-disturbance accommodation con-
trol for linear time-invariant continuous-time systems was solved earlier in [21, 23].
To the best of our knowledge, this was not the case for arbitrary dynamic distur-
bance accommodation when dealing with linear time-invariant discrete-time sys-
tems. As we need it later, we start by developing the optimal centralized (i.e,
Gy is a complete graph) disturbance accommodation controller K*(P) for a given
plant P € P. First, let us define the auxiliary variables (k) = u(k) + w(k) and
u(k) = u(k+ 1) — Du(k). It then follows that

Ek+1) = uwk+1)4+wk+1)
= u(k+1)+ Dw(k)
= Du(k) + Dw(k) + u(k)
= DE&(k) + u(k). (12)

Augmenting the state-transition in (12) with the state-space representation of the
system in (1) results in

[Zgllzii”:“l gHﬁmﬂHwy (13)
Besides, we can write the performance measure in (9) as
Tp(K) = ;[ R ]T { o } | 1

To guarantee the existence and uniqueness of the optimal controller K*(P), we
need the following lemma.

Lemma 3.1 The pair (A, B), with

i-[4 8La-[2]

is controllable for any given P = (A, B, D, xg,wg) € P.

Proof: The pair (A, B) is controllable if and only if

[A-X B
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is full-rank for all A € C. This condition is always satisfied since all matrices
B € B(e) are full-rank matrices. n

Now the problem of minimizing the cost function in (14) subject to plant dy-
namics in (13) becomes a state-feedback linear quadratic optimal control with a
unique solution of the form

u(k) = Gra(k) + G2£(k),
where G; € R™*™ and G5 € R™*" satisfy
[ G1 Gy ] = 7(BTXB)7IBTX/~1 (16)

and X is the unique positive-definite solution of the discrete algebraic Riccati equa-
tion

ATXB(BTXB) 'BTXA - ATXA+X -1=0. (17)
Therefore, we have
uwlk+1) = Du(k)+u(k)
—  Du(k) + Gra(k) + G£(k). (18)
Using the identity &(k) = B~ (x(k + 1) — Az(k)) in (18), we get

u(k+1) = Du(k) + Grz(k) + Go£(k)
= Du(k) + Gix(k) + GoB  (x(k 4+ 1) — Az(k))
= Du(k) + (Gy — GaB *A)x(k) + GoB a(k +1). (19)

Putting a control signal of the form u(k) = xx (k) + Dgx(k) in (19), we get
zr(k+1) = Deg(k) + (DDg + Gy — GoB ' A)x(k) + (G2B™' — D )a(k + 1).

Now, we enforce the condition Go B~ — Dy = 0, as xx (k+1) can only be a function
of z(k) and xx (k), see (5). Therefore, the optimal controller K*(P) becomes

z(k+1) = Drg(k)+[G1+ DGeB™ ' — GoB ' Az (k),
uw(k) = axx(k)+ GoB ta(k),
with 2 (0) = 0.

Lemma 3.2 Let the control graph Gx be a complete graph. Then, the cost of the
optimal controller K*(P) for each plant P € P is lower-bounded as

JP(K*(P))E{ x }T[W+DWD+D2B2 D(W+B2)H 0 }

Bu)o —(W+Bi2)D W+B72 B'wo

where
W=AT(I+B)'A+1.
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Proof: Define
. & ([ ak) 1T wk) A
Jp(K, p) _];:0 ([ ¢(k) :| |: ¢(k) } —|—pu(k)Tu(k)>,

and

f(;(P) = argmin Jp (K, p).
KeKk

Using Lemma 3.1, we know that K;(P) exists and is unique. We can find

J, p(K;(P), p) using X (p) as the unique positive definite solution of the discrete
algebraic Riccati equation

AT X (p)B(pI + B"X(p)B) ' BT X (p)A = ATX (p)A+ X(p) -1 =0.  (20)
According to [32], the positive-definite matrix X (p) is lower-bounded by

X(p)—1 > A" (X(p)~ '+ p_lééT)i1 A

= AT (X(p) ~ X(p)B (pI + B"X(p)B) " BTX(,O)) A,

where
. T mam-l i [ ATA+T ATB
X(p) = A" (I+p 'BB") A_[ BA B 4D 4T |

Basic algebraic calculations show that

lim [X(p) —X(p)é (pI—FBTX(p)B)_l BTX(,O)} _ |: AT([+B()2)—1A+] 8 ] .

p—0
According to [33], we know that

lim Jp( 7;(P),p) = Jp(K*(P)),

p—0TF
and as a result

X = lim X (p) >
p—0

[A B}T[AT(I+B2)1A+I oHA B

0 D 0 0 0 D}—i—]. (21)

where X is the unique positive-definite solution of the discrete algebraic Riccati
equation in (17) and consequently

T
* _ Zo X1 X2 Zo
(K (P))‘{f@} [Xﬂ X2 } [5(0)]
with X being partitioned as

Xll X12
X = .
[ XL Xo }
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We know that
£(0) = u(0) + wo = G2 B~ ag + wp = —(X{21X1T2 + DB Y)xg + wo.
Thus, the cost of the optimal control design Jp(K*(P)) becomes

T
Zo X1 X2 Zo
—(X35' X{5 + DB ) + wo X1, X —(X55' XI5 + DB~V + wo
— [ " ]T [ Xi1 = X12X55' X{o + BT'DX2o DB~ —B7 DXy, } { " ]

wo —X2DB™! Xoo wo
T2 1" [ BYXa2+ DXo2sD—I)B~Y —B~'DXa ][ 2o (22)
o wo —XQQDB_l Xoo wWo

The second equality is true because of the following equation extracted from the
discrete algebraic Riccati equation in (17)

Xop =TI+ BX11B — BX15X5' X158,
which is equivalent to
X1 — X12X55 Xiy = B~ (Xoo — I)B™1. (23)
Using (21), it is evident that
Xoo > B[AT(I+ B*)"'A+I|B+1=BWB+1,
and as a result, the inner-matrix in (22) is lower-bounded by

Bil(X22+DX22D7])B71 7B71DX22
_XQQ.DB71 Xoo

_ [ BT ' (X2 —=1)B™' 0 I B 'DXy»DB™! —B DX,

| 0 0 — X9 DB™! Xo9

_ [ BT'(Xe=D)B7" 0 ~B7'D -p'p 1"

— | 0 o |t I X2 7
B~YBWB)B~' 0 —-B~'D -B-'p 1"

> _ 0 0 + 7 (BWB+1) 7

| W+DWD+D?B~2 —-D(WB+ B™)

| —-BW+B YD BWB+ I

Finally, we get
Zo ]T [ W+ DWD + D2B~2 —D(WB+ B!) ] [ o }

wo —(BW+B_1)D BWB+1 wo
[ 2 ][ W+DWD+D2B"2 —D(W + B~?) o
~ | By —(W+B"%)D W+ B2 Bwg |-

This statement concludes the proof. ]
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3.2 Deadbeat Control Design Strategy

In this subsection, we introduce the deadbeat control design strategy and calculate
its competitive ratio.

Definition 3.3 Let a plant graph Gp and a control graph G be given such that
Gk 2 Gp. The deadbeat control design strategy T : A(Sp) x B(e) x D — K is
defined as

D ‘ —-B7D?

A A
PABD) = =g+ by |-

Remark 3.4 It should be noted that using the deadbeat control design strategy, the
closed-loop system reaches the origin in just two time-steps irrespective of the value
of the initial state xo and the initial disturbance wgy. Additionally, the deadbeat
control design strategy is a limited model information control design method since
I (A, B, D) = —(z — dis) "0 disel — b;;'(Ai + Dy,

for each 1 < i <mn, that is, subcontroller i uses only the plant model information of
subsystem i, (A;, By, D;). Finally, when using the deadbeat control design strategy,
a;j + bii(dr)i;j (A, B,D) =0, 1 <1i,j < n, which, as shown later in Lemma 8.7, is
a property that must necessarily be satisfied by nodes that are not a sink to obtain
a finite competitive ratio.

The closed-loop system with deadbeat control design strategy is shown in Fig-
ure 3(a). This feedback loop can be rearranged as the one in Figure 3(b) which
has two separate components. One component is a static deadbeat control design
strategy for regulating the state of the plant and the other one is a deadbeat ob-
server for canceling the disturbance. This structure is further discussed in Section 6,
where it is shown that it corresponds to proportional-integral control in some cases.
First, we need to calculate an expression for the cost of the deadbeat control design
strategy.

Lemma 3.3 The cost of the deadbeat control design strateqgy T'® for each plant
P = (A,B,D,.’L‘o,wo) eP is

T T Q Q T
JP<PA<A,B,D>>=[B;0} [Qi Q;jHB;;O]

where

Qu =I+D*I+B %)+ ATB2A+DATB2AD + ATB2D + DB2A,

Qio=—-—D—-ATB?2 -DB 2?2 -DATB 24, (25)
Q2 =A"B2PA+ B+ I (26)
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o i 0
k k
—(_) Plant >, +~O —{_) > Plant '—}i)»

u(k) w0
+uy (k)
L{ w (k) = =B~ Ax(k) J—

xg(k + 1) = Dxy (k) — B~*D?x(k) xp(k + 1) = Dxg(k) — B~'D?x(k)
(@) u(k) = x (k) — B™*(A + D)x(k) (b) u, (k) = x5 (k) — B~*Dx(k)

Figure 3: The closed-loop system with (a) the deadbeat controller corresponding
to T2, and (b) rearranging this controller as a static deadbeat controller and a
deadbeat observer.

Proof:  First, it should be noted that the state of the closed-loop system with
I'2(A, B, D) in feedback reaches the origin in two time-steps. Now, using the
system state transition, one can calculate the deadbeat control design strategy cost
as

Jp(P2(A, B, D)) =xj xo + (u(0) + wo)” (u(0) + wo)

+a(1)Tz(1) + (w(1) +w(1)" (u(l) + w(1)),

where z(1) = —Dx¢ + Bwg, u(0) = —B71(A + D)o, and u(l) = —B71(A +
D)z(1) — B~'D?zq. The rest of the proof is a trivial simplification. m

We need the following lemma in order to calculate the competitive ratio of the
deadbeat control design strategy I'® when the control graph G is a supergraph
of the plant graph Gp. As the notation K*(P) is reserved for the optimal control
design strategy for a given control graph Gg, from now on, we will use K¢, to

denote the centralized optimal control design strategy (i.e., the optimal control
design strategy with access to full-state measurement).

Lemma 3.4 Let Gk 2 Gp, and P = (A, B, D, xg,w) € P be a plant with A being
a nilpotent matriz of degree two. Then, Jp(K*(P)) = Jp(KE(P)).

Proof: When matrix A is nilpotent, the unique positive-definite solution of the
discrete algebraic Riccati equation (17) is

o[ ATA+T ATB
- BA BAT(I + B?)"'AB + 1 + B2

Consequently, the optimal centralized controller gains in (16) are
G1=0, Gy=—-(I+DB*"'BAB- D,
and as a result, the optimal centralized controller K} (P) is

ey | D|DUI+B*)"'B'A-B"'D?
Ko(P) = { I -U+B) 'BA-B D
=(:I-D)'DI+B*'B'A-B'D? - (I+B?)'BA-B'D.
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Thus, K (P) € K(Sk) because the control graph G is a supergraph of the plant
graph Gp. Now, considering that K*(P) is the global optimal decentralized con-
troller, it has a lower cost than any other decentralized controller K € K(Sk),
specially K (P) € K(Sk) for this particular plant. Hence,

Jp(K*(P)) < Jp(K&(P)). (27)
On the other hand, it is evident that

Jp(K&(P)) < Jp(K™(P)). (28)
This concludes the proof. ]

Remark 3.5 Finding the optimal structured controller is intractable in general,
even when the global model is known. In this paper, we concentrate on the cases
where the control graph Gx is a supergraph of the plant graph Gp, because it is
relatively easier to solve the optimal control design problem under limited model
information in this case. In addition, although, in this paper, we may not be able to
find the optimal structured controller K*(P) for a particular plant in some of the
cases, we can still compute the competitive ratio rp. Thus, in a sense, this makes
the competitive ratio a quite powerful tool.

Next, we derive the competitive ratio of the deadbeat control design method.

Theorem 3.5 Let Gx 2 Gp. Then, the competitive ratio of the deadbeat control
design method T2 is equal to

22414 V4e2 41

2¢2
Proof: First, let us define the set of all real numbers that are greater than or

equal to the competitive ratio of the deadbeat control design strategy

Jp(I3(4, B. D))

Jp(K*(P))

rp(T%)

M{EGR‘ §5VPEP}.

It is evident that
Jp(Ko(P)) < Jp(K™(P))
for each plant P € P irrespective of the control graph Gi, and as a result

JP(FA(A’B’D)) < JP(FA(A’B’D))

29
TIPS Ie(Ke(P)) >
Using (29) and Lemmas 3.3 and 3.2, 5 belongs to the set M if
{l“o ]T[Qn le][Io]
Buwy Qly Qa ( Buwy <5 (30)

2o |"[ W+DWD+ D*B~2 —D(W + B~2) zo ]
Buwy —(W+B"?)D W+ B2
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for all A € A(Sp), B € B(e), D € D, 29 € R", and wy € R™ where @11, Q12, and
Q22 are matrices defined in (24)—(26). The condition (30) is satisfied, if and only
if, for all A € A(Sp), B € B(¢), and D € D, we have

ﬁ(W—i—DWD—FDQB_Q) _Qll —BD(W—’-B_Q) —Q12 >0
—B(W +B?)D - Qf, BW 4+ B7?) - Qxn -
Using Schur complement [34], 8 belongs to the set M if
Z =B(W +B™?) — Qa
=BAT(I+B*) "A+1+B %) ~-ATB2A-B -1 (31)
=AT(BUI+ B —B A+ (B-1)(B™2+1) >0,

and

— [=BDW +B7%) = Qua] [BOV + B%) = Qua] ' [-B(W + B)D - Q)
+B(W +DWD+ D*B™2)—Qy, >0, (32)

for all A € A(Sp), B € B(e), and D € D. We can do the simplification
—BD(W + B™%) = Q12 = —BD(A"(I+ B*)"'A+ 1+ B7?)
— (=D - ATB™? - DB ? - DATB?A)
=—(8-1)D(I+B %)+ A"B™?
—~DAT(B(I+B*)'-B %A
—-DZ+ ATB™?,
and as a result, the condition (32) is equivalent to
B(W+DWD+D?*B™2)~Q—[-DZ+ATB 2 Z ' [~ZD+ B 2?A] > 0, (33)

where Z is defined in (31). Furthermore, we can simplify 3(W +DW D+ D?B~2) —
Qn as
AT(B(I+B*)™ =B 2)A+ (8- 1)[I + D*°B~% + D?]
+DAT(B(I + B*)™! = B™?)AD — ATB™2D — DB™2A,

which helps us to expand condition (33) to
AT (B(I+B*) ' =B ) A+ (8-1)(I+D’B"*+ D?)
+DA" (B(I+B*) ' —=B?)AD - A"B™*D - DB?A
~D(AT(BI+B*) ' -B A+ (B-1)(B*+1))D
+ATB 2D+ DB 2A—- ATB™ 2z 'B7 24 >0. (34)
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Hence, it follows from (34) that (33) can be simplified as
AT (B(I+B* ™' =B %) A-ATB?Z7'B2A > 0. (35)

The condition (31) is satisfied, for all plants P € P, if 3 > 1 + 1/€2, since in this
case B(I + B?)~! — B2 > 0 (recall that any matrix B is diagonal and its diagonal
elements are lower-bounded by €). Furthermore, for all 8 > 1+ 1/€2, it is easy to
see that Z > (8—1)(B~2+1). As aresult, it can be shown that the condition (35)
is satisfied if

AT (BI+B*) ' =B *—(B-1)"'B 2B *+1)"'B %) A+ (8- 1) >0. (36)
Now, the condition (36) is satisfied if

BUI+BH '—B2-(3-1)"'B 3B 2+1)"'B2>0. (37)
Noting that the matrix B = diag(b11,. .., bnn), one can rewrite (37) as

p_ 1 1 LI (38)
1403 b2 B—105(14+03%) —

for all b;; > €. Retracing our steps backward, it easy to see that the set

2 2
2€2 + 1+ \/4e +1}QM.

2¢2

{ﬁ |B>1+ %2 and (38) satisﬁed} = {ﬂ >

Therefore, we get

A 5 5
rp(T2) = sup Jp(T'2(A, B, D)) _ 2 +1+\/467+1.

S TP 22 (39)

Now, we have to show that this upper bound can be achieved by a family of
plants. Consider a one-parameter family of matrices { A(r)} defined as A(r) = rejel
for each r € R. It is always possible to find indices 7 and j such that i # j and
(sp)ji # 0, because of the assumption that there be no isolated node in the plant
graph. Let B = eI and D = I. For each r € R, the matrix A(r) is a nilpotent

matrix of degree two, that is, A(r)? = 0. Thus, using Lemma 3.4, we get
Jp(Ko(P)) = Jp(K*(P))

for this special plant. The solution to the discrete algebraic Riccati equation in (17)
is

¥ _ AMTAMM) +1 eA(r)T
eA(r) e/(1+)AMTAr) +(E+1DI |-
Thus, if we assume that
o (€ +1)(V4ae2 +1+ 1)% (40)

2er
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and

(e +1) (Va2 +1+1)
2€e2r

the cost of the optimal control design strategy is

(€ +1)V4e2 + 1+ 562 +4e* + 1

Wy = €; — €5, (41)

Jp(K*(P)) =
P(K*(P)) &
(2€2 + V42 + 1+ 1)V4e2 +1
+ 26272 ’ (42)
and the cost of the deadbeat control design strategy is
Jp(I (A, B, D)) = (€2 +1)(32V4e2 + 1+ 5e2 + et + Vde2 + 1+ 1)
9 9 - 264
(€ +1)(2V4e2 + 1+ e*V4ae2 + 1+ €% + 3¢t + 2¢9)
+ Scd,2 . (43)
This results in
i 7PT2(A, B, D)) _ 262 4+1+4 Va2 41 )
r—oo  Jp(K*(P)) 2¢2 ’
Equation (39) together with (44) conclude the proof. m

Remark 3.6 Consider the limited model information design problem given by the
plant graph Gp in Figure 2(a) and the control graph G in Figure 2(b). Theo-
rem 3.5 shows that, if we apply the deadbeat control design strategy to this particular
problem, the performance of the deadbeat control design strategy, at most, can be
(2% + 1+ V4e2 + 1) /(2€%) times the cost of the optimal control design strategy K*.
In fact, Theorem 8.5 states that this relationship between the performance of the
deadbeat control design and the optimal control design with full model information
holds for a rather general class of systems. For the case that B = {I}, the relation-
ship is given by (3 +/5)/2 ~ 2.62, so the deadbeat control design strategy is never
worse than two or three times the optimal.

Remark 3.7 We only proved the results for the case where there is a uniform lower
bound on the entries of matrices B € B(e). A theorem similar to Theorem 8.5 can
still be proved when we have a nonuniform lower bound on the diagonal entries of
the matrices B € B in (3). Let us in that case define the set of matrices

B'({e:}i~y) = {B € R™*" | B > diag(e1,...,€n),bij =0 for all 1 <i# j <n},

for given {e;}_, such that €; > 0, for all 1 <i < n. In the proof of Theorem 3.5,
we can then use that

2
2ez

2 2
{ﬁ226*+1+«/4e*+1}§M7
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where €, = minj<;<n €, based on the fact that inequality (37) should be satisfied
for each diagonal entry b;; > €;. Using the definition of the set M in the proof of

Theorem 3.5, we get
262 + 1+ /42 +1
rp(P%) < 52 :

The rest of the results in this paper can be similarly generalized to a non-uniform
lower bound on the entries of the matrices B € B'({€;}1 ).

Remark 3.8 In the proof of Theorem 3.5, we use a special family of plants to
achieve the competitive ratio of the deadbeat control design strategy. In this family
of plants, only a single entry of the A-matriz approaches infinity while the other
entries are zero. As this specific entry goes to infinity, its corresponding subsystem
becomes tightly coupled to another subsystem. Note that the overall system is con-
trollable because o(B) > €. This special family of plants plays an important role in
determining a lower bound for the competitive ratio of control design strategies for
various design graphs also in later proofs of this paper.

With this characterization of T in hand, we are now ready to tackle prob-
lem (11).

4 Plant Graph Influence on Achievable Performance

In this section, we study the relationship between the plant graph and the achievable
closed-loop performance in terms of the competitive ratio as a performance metric
and the domination as a partial order on the set of limited model information
control design strategies. To this end, we first state and prove two lemmas which
will simplify further developments.

Lemma 3.6 Fix real numbers a € R and b € R. For any x € R, we have z* + (a +
br)? > a?/(1 +b?).

Proof:  Consider the function z — 2 + (a + bx)?. Since this function is both
continuously differentiable and strictly convex, we can find its unique minimizer as
T = —ab/(1 + b?) by setting its derivative to zero. As a result, we get

22+ (a+bx)? > 2%+ (a + bx)* = a®/(1 + b?).

This concludes the proof. n

Lemma 3.7 Let the design graph Ge be a totally disconnected graph, and G 2
Gp. Furthermore, assume that node i is not a sink in the plant graph Gp. Then,
the competitive ratio of a control design strategy I' € C is bounded only if a;; +
bi;(dr)ij (A, B,D) = 0 for all j # i and all matrices A € A(Sp), B € B(e), and
DeD.
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Proof: The proof is by contrapositive. Let us assume that there exist matrices
A € A(Sp), B € B(e), D € D, and indices i and j such that i # j and a;; +
bii(dr)ij(A, B,D) # 0. Let 1 < ¢ < n be an index such that £ # i and (sp)e # 0
(such an index always exists because node i 1s not a sink in the plant graph Gp).
Define matrix A such that A; = A;, Ay = rel’, and A; = 0 for all ¢ # 4,£. Because
the design graph is a totally disconnected graph, we know that T'; (A,B,D) =
I';(A, B, D). Using the structure of the cost function in (9) and plant dynamics
in (1), the cost of this control design strategy for wy = e; and zo = 0 is lower-
bounded by

Jia,5.0.0.,)(C(A4 B, D)) > (ue(2) +we(2))” + we(3)?
= (ue(2) +we(2))” + (rei(2) + beelue(2) +we(2)])*.
Based on Lemma 3.6 and the fact that z;(2) = (ai; +bs:(dr)i; (A, B, D))b;; (see Fig-
ure 4), we get

J(A,B,D,O,ej)(F(A?B?D)) > 7"2151'(2)2/(1 + b%@)
= (aij + bii(dr)i; (A, B, D))b5 7% /(1 + bjy).

On the other hand, the cost of the deadbeat control design strategy is
Ja,8,0,0,e,)T*(A, B, D)) = e] BY(ATB?A+ B~%+I)Be;
12 212 12
=bj; + 1+ aj;bj;/b3;.

Note that the deadbeat control design strategy is applicable here since the control
graph G is a supergraph of the plant graph Gp. This gives

Jp(T(A, B, D))
rp(f) = smp IR )
_ o [IP(L(A.B. D)) Jp(I*(4, B, D))
~ per LJp(TA(AB.D))  Jp(K*(P))
> sup Jp(T'(A, B, D))

o PeP JP(FA(AvaD))
o (i + bi(dr)y; (4, B ,D))?03; /(1 + b7,) i 7% — oo
- b2+ 1+ aZ;b?, /b2, o oo

L/A¥]

This inequality proves the statement by contrapositive as the competitive ratio is
not bounded in this case. n

4.1 Plant Graphs without Sinks

First, we assume that there is no sink in the plant graph and try to characterize the
optimal control design strategy in terms of the competitive ratio and domination.
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[ w(0) = w, [ w(1) = Dw, [ w(2) = D*w,

[ x(0)=0 x(1) = Bw, x(2) = (A+ BDy + D)Bw,
[ x,(0) =0 xk(1) =0 ] xg(2) = BrBw,

v vy v

[ u(0)=0 [ u(1) = DyBw, [ u(2) = CyBrx(1) + Drx(2)

Figure 4: State evolution of the closed-loop system with any control design strategy
I' when x¢ = 0.

Theorem 3.8 Let the plant graph Gp contain no sink, the design graph G¢ be
a totally disconnected graph, and Gx O Gp. Then, the competitive ratio of any
control design strategy T' € C satisfies

>2€2+1+\/462+1

2¢2

rp(I)

Proof: Consider a one-parameter family of matrices {A(r)} defined as A(r) =
rejel for each r € R. It is always possible to find indices i and j such that i # j and
(sp)ji # 0, because of the assumption that there is no isolated node in the plant
graph. Let B =€l and D = I. Let I" € C be a control design strategy with design
graph G¢. Without loss of generality, we can assume that (dr);;(A, B, D) = —r/e
since otherwise, using Lemma 3.7, we get that rp(T") is infinity, and as a result the
inequality in the theorem statement is trivially satisfied. Thus, for each r € R, the
cost of the control design strategy I for z¢ in (40) and wq in (41) is lower-bounded
by

Jp(D(A, B, D)) > (u;(0) + w;(0))* + (1)
<(e2 + 1)(\/422 141 1) Lo

2¢
(€2 4+ 1)(36>V4e2 + 1 + 5e? + 4e* + V4e2 + 1+ 1)

2¢

On the other hand, for each r € R, the matrix A(r) is a nilpotent matrix of degree
two, that is, A(r)? = 0. Consequently, using Lemma 3.4, the cost of the optimal
control design strategy K*(P) for z¢ in (40) and wy in (41) is given by (42). This
results in

2 2
rp(T) > lim Jp(I'(A,B, D)) _ 26+ 1+Vae+ 1.
r—oo  Jp(K*(P)) 2¢2
n

Theorem 3.8 shows that the deadbeat control design method T'* is a minimizer
of the competitive ratio rp as a function over the set of limited model information
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design methods C. The following theorem shows that it is also undominated by
methods of this type, if and only if, the plant graph Gp has no sink.

Theorem 3.9 Let the design graph G¢ be a totally disconnected graph, and Gx 2
Gp. Then, the control design strategy T is undominated if and only if there is no
sink in the plant graph Gp.

Proof: First, we have to prove the sufficiency part of the theorem. Assume
that there is no sink in the plant graph. For proving this claim, we are going
to prove that for any control design method T' € C\ {I'2}, there exists a plant
P = (A,B,D,xp,wo) € P such that Jp(T'(4, B,D)) > Jp(I'*(A, B, D)). First,
assume that there exist matrices A € A(Sp), B € B(e), and D € D and an
index j such that A; + b;;(Dr);(A, B, D) + djjel # 0. Without loss of generality,
we can assume that a;; + b;;(dr);;(A, B,D) + d;; # 0, because otherwise, using
Equation (45) in the proof of Lemma 3.7, we know that, if there exists £ # j such
that a;o+b;;(dr);e(A, B, D) # 0, the ratio of the cost of the control design strategy
I' to the cost of the deadbeat design strategy I'® is unbounded. Therefore, the
control design strategy I' cannot dominate the deadbeat control design strategy
I'2. Pick an index i # j such that (sp);; # 0. It is always possible to pick
such index ¢ because there is no sink in the plant graph. Define matrix A such
that A; = flj, A; = re , and Ay = 0 for all ¢ # 4,j. It should be noted that
I';(A,B,D) =T, (A, B, D) because the design graph is a totally disconnected graph.
We know that r + b;;(dr);;(A, B,D) = 0 because otherwise the control design
strategy I' cannot dominate the deadbeat control design strategy. The cost of this
control design strategy for w = e; and xo = 0 satisfies

Jp(T(A, B, D)) > (u;(1) + w;(1))* + (ui(2) + wi(2))* + z:(3)*
= 1202, /% + (wi(2) + wi(2))® + (25(2)r + bislwi (2) + wi(2)])?,

because of the structure of the cost function (9) and the plant dynamics (1). Now,
using Lemma 3.6, we have

Jp(T'(A, B, D)) > r2b%, /b7, + x;(2)°r* /(1 + b7;).
As a result
Jp(T(A, B, D)) — Jp(I'*(A, B, D))
> (Aj; +bj;(dr);;(A, B, D) + dj;) b?jTQ/(l +b}) — (b?j +1+ a?j)v (46)
since x;(2) = (A;; + b;;(dr);;(A, B, D) + d;;)b;; (see Figure 4) and
Ja,8,0,0,e,)T*(A, B, D)) = el BT(ATB?A+ B~%+I)Be;
=02 + 1+ 23, /b7 + o

Thus, if we pick r large enough, the difference in (46) becomes positive, which
shows that the control design strategy I' cannot dominate the deadbeat control
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design strategy I'®. Now, assume that there exist matrices A € A(Sp), B € B(e),
and D € D and an index j such that A; + b;;(Dr);(A, B,D) + JjjejT = 0 but
I;(A, B, D) # FJ-A(/LB,D). Define matrix A such that A; = A; and Ay, = 0 for
all £ # j and matrix D as d;; = Jjj and dgy = 0 for all £ # j. Let g = 0. If
there exists an index 7 # j such that 'yij(/_l,B,D) % vﬁ(A,B,D) pick wg = e;,
otherwise, pick wg = e;. For this special case, the state of the closed-loop system
with the controller T'(A, B, D) is equal to the state of the closed-loop system with
the controller T (A, B, D) for the first and the second time-steps (see Figure 4
and Figure 5). As a result, the state of the subsystem j reaches zero in two time-
steps. Now, since I'; (A,B,D) # I‘jA (A, B, D), in the next time-step the state of the
subsystem j becomes non-zero again. This results in a performance cost greater
than the performance cost of the control design strategy I'®. Thus, the control
design T is undominated by the control design method T.

Now, we have to prove the necessary part of the theorem. Proving this part
is equivalent to proving that if there exists (a sink) j such that for every i # j,
(sp)ij = 0, then there exists a control design strategy I" which can dominate the
deadbeat control design strategy. Without loss of generality, let j = n; i.e., assume
that (sp)in = 0 for all ¢ # n. In this situation, we can rewrite the matrix A as

a1 Glp—1 0
A= ,
Gn—11 *** Qp—1n—1 O
Gn1 e Gn,n—1 Qnn

Define zg = [21(0) -+ 2,—1(0)]7 and wo = [w1(0) -+ w,_1(0)]*. Let T'(4, B, D)
be defined as Ar(A,B,D) =D, Cr(A,B,D) =1,

_ 2
f% 0 0
BF(AaBaD) = a2 )
O _bn—l,n—l 0
n—1,n—1
L (bF)nl e (bF)n,n—l (bF)nn
[ _outdn —ghac1 0
DF(A’B’D) = An_1,1 an—l,n—l"i’dn—l,n—l 0 ’
T bt T bn—1,n-1
(dF)nl o (dl—‘)n,nfl (dF)nn

where Br = [(br)n1 -+ (br)nn] and Dr = [(dr)n1 --- (dr)ns] are tunable gains
for the last subsystem. We denote the cost of applying the deadbeat controller to
1)
subsystems 1, ..., n— 1 by {(A,B,D,ig,ﬁzo
design parameters Br and Dr, because the last subsystem is a sink and it cannot

) This cost is independent of the control
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affect the other subsystems. The overall cost of the controller is
1 2 5 A
J(A,B,xo,wo) (F(Av B, D)) = J((A%BVD,;EO_VH’)O) + J((A),B,D,zo,wo) (Bl"a DF)7

where J((i), B.D o w0) (Br, Dr) is the cost of the controller designed for the last sub-

system. This cost J((i)‘B Do wo)(Bp, Dr) is independent of the rest of the system’s

model, because the deadbeat (for subsystems 1,...,n —1) cancel out all dependen-
cies in matrix A, thus, one can design the optimal controller for the lower part of
the system without the model information of the upper part. Now, we can use the
method mentioned in Subsection 3.1 to design the optimal controller for the lower
part and find the optimal gains

_ dpn _ 1

Bp:—((a—l—l)An—Dn), DF:T(()(A”—D”),

nn

bnn
where
B 2
‘= b2, +a2, +1+/at, +2a2,02, — 242, +bL + 202 +1

Note that this new control design strategy is always applicable since the control
graph Gy is supergraph of the plant graph Gp. Therefore, there exists a control
design strategy which satisfies

J(A,B,D,xo,wo) (F(A> B7 D)) < J(A,B,D,mo,wo)(FA(A7 B7 D))a

for all matrices A € A(Sp), B € B(e), and D € D and all vectors zgp € R™ and
wo € R™. Consider the matrix A € A(Sp) such that A, = rel and A, = 0 for all
{#mn. Let B=¢€l and D = I. For this special system, for all » > 0, we have

Vit 42r2e2 — 212 + et + 22 + 1+ 172 + 2 + 1
Ja,B.00,e,)(I'(A B, D)) = 5

<r’+e+1
= J(AxB’D)07en) (FA(A? B? D))

Thus, the control design strategy I' dominates the deadbeat control design strategy
. n

Remark 3.9 Consider the limited model information design problem given by the
plant graph G in Figure 2(a’), the control graph G in Figure 2(V' ), and the design
graph Gi, in Figure 2(c’). Theorems 8.8 and 3.9 show that the deadbeat control
design strategy T'® is the best control design strategy that one can propose based
on local model of the subsystems and the plant graph, because the deadbeat control
design strategy is the minimizer of the competitive ratio and it is undominated.

We use the construction in proof of the “only if” part of Theorem 3.9 to build
a control design strategy for the plant graphs with sinks in the next subsection.
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[ w(0) = wy [ w(1) = Dw, [ w(2) = D*w, }\

[ x(0) =0 x(1) = Bw, x2)=0

[ xx(0) =0 xx(1) =0 xx(2) = —D?w,
v vy vy

[ u(0)=0 [ u(1) = -B (A + D)w, [ u(2) = —D*w,

Figure 5: State evolution of the closed-loop system with deadbeat control design
strategy I'® when zo = 0.

4.2 Plant Graphs with Sinks

In this section, we study the case where there are ¢ > 1 sinks in the plant graph.
By renumbering the sinks as subsystems number n — c+ 1, -+ -, n the matrix Sp
can be written as

S O(g—e)x (e
52 = | 5o o 47)
where
(sp)ir - (5P)1m—c
(Sp)i1 = : ;
(5P)n—c1 - (5P)n—cn—c
(Sp)nfc+1,1 T (SP)nfc+1,nfc
(Sp)a1 = : : ;
(SP)n,l e (SP)n,n—c
and
($P)n—ctlm—ctl - 0
(Sp)22 = : . :
0 o ($P)nn

From now on, without loss of generality, we assume that the structure matrix is
the one defined in (47). The control design method T'® for this type of systems is
defined as

D | B'D(F(A,B) + I)A — B\ D?
T 1

(4, B,D) = | B 1(F(A,B)A— D) ’

VP eP, (48)

where
F(A, B) = diag(0,...,0, fu_cy1(A,B),..., fn(A,B))
and
2

fi(A,B) = -1
b2, + a2 + 1+ \/al + 2a2 b3 — 2a2 + b} + 22 + 1

(49)

9118
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foralli=n—c+1,--- ,n.

The control design strategy I'® applies the deadbeat to every subsystem that
is not a sink and, for every sink, applies the same optimal control law as if the
node was isolated. We will show that when the plant graph contains sinks, the
control design method I'® has, in the worst case, the same competitive ratio as
the deadbeat strategy. However, unlike the deadbeat strategy, it has the additional
property of being undominated by limited model information methods for plants
in P when the plant graph Gp has sinks.

Theorem 3.10 Let the plant graph Gp contain at least one sink, and Gx 2 Gp.
Then, the competitive ratio of the design method T'® introduced in (48) is

rp(T®) = 252“% EESSH if (Sp)11 # 0 is not diagonal,
P 1, if both (Sp)11 =0 and (Sp)aa = 0.
Proof: Based on Theorem 3.5, we know that

2¢?

> J, 20wy (TA(A, B, D)),
- 2€2+1+\/m (A,B,D,zo, 0)( ( ))

(50)

J(A4,B,D z0.we) (K (P))

and by the proof of the “only if” part of Theorem 3.9, we know that
J(4,8,D,20,00) (D2 (A, B, D)) 2 J(4,8,D,20,u0) (L (4, B, D)), (51)
for all g € R™ and wy € R™. Putting (51) into (50) results in

262
> Jq
2¢2 +1+V4e?2 +1

J(A,B,D,zo,w0) (K (P)) A.B.D.zo.wo) (D€ (A, B, D)),

and, therefore, in

J(A.B.D.ao.w) TO(A, B, D)) _ 26 + 14 VA 11
J(A,B,D,zo,wo)(K* (P)) o 2¢2

As a result

, VP = (A, B,zo,w) € P.

(C] J(AJJTOM) (Fe(Av B, D)) 2¢2 + 1+ \/m
rp(I') = sup < : .
pPeP J(A,I,wmw)(K*(P)) 2¢
If (Sp)11 has an off-diagonal entry, then there exist 1 < i,5 <n —cand ¢ # j such

that (sp)i; # 0. Define A(r) such that A(r) = rejel. In this case, using the proof
of Theorem 3.8, we know

_262+1+v462+1

2¢2 ’

rp(I'®)

because the control design I'® acts as the deadbeat controller on that part of the
system. Using both these inequalities proves the statement.
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If (Sp)11 =0 and (Sp)22 = 0, every matrix A with structure matrix (Sp) is a
nilpotent matrix of degree two. Thus, using Lemma 3.4, we get

Jp(K*(P)) = Jp(Kc(P)).

Now, based on the proof of Lemma 3.4, we also know that the optimal controller
gain for this plant model is

. [ D|DI+B)'B'A-B'D
Ko(P) = { I —U+ DB 'BA-B D

For control design strategy I'®, we will have

o [ D|B'D(B(I+ B?)~'B—1)A—B~'D?
I"(4,8,D) = { T B (B + B°) "BA_D)
[ D| DU +B*)"'B'A— B!D?
| I -(I+B»'BA-B7D
based on (48). Thus, rp(I'®) = 1. n

Theorem 3.11 Let the plant graph Gp contain at least one sink, the design graph
Ge be a totally disconnected graph, and Gx 2 Gp. Then, the competitive ratio of
any control design strategy I' € C satisfies

>262+1+\/462+1

2¢2 ’

rp(I)
if (Sp)11 is not diagonal.

Proof:  First, suppose that (Sp)1; # 0 and (Sp)11 is not a diagonal matrix,
then there exist 1 < 4,5 < n —c and i # j such that (sp);; # 0. Consider the
family of matrices A(r) defined by A(r) = reief. Based on Lemma 3.7, if we want
to have a bounded competitive ratio, the control design strategy should satisfy
7+ bii(dr)ij(A(r), B, D) = 0 (because node 1 < ¢ < n — ¢ is not a sink). The rest
of the proof is similar to the proof of Theorem 3.8. n

Remark 3.10 Combining Theorem 3.10 and Theorem 3.11 implies that if (Sp)11 #
0 is not diagonal (i.e., the nodes that are not sink can affect each other), control de-
sign method T'® is a minimizer of the competitive ratio over the set of limited model
information control methods and consequently a solution to the problem (11). Fur-
thermore, if (Sp)11 and (Sp)ae are both zero, then the T'© becomes equal to K*,
which shows that, T'® is a solution to the problem (11), in this case too. The rest
of the cases are still open here.

The next theorem shows that I'® is a more desirable control design method
than the deadbeat when plant graph G'p has sinks, since it is then undominated by
limited model information design methods for plants in P.
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Theorem 3.12 Let the plant graph Gp contain at least one sink, the design graph
Ge be a totally disconnected graph, and Gx 2 Gp. Then, the control design method
I'® is undominated by all limited model information control design methods.

Proof: ~ Assume that there are ¢ > 1 sink in the plant graph. For prov-
ing this claim, we are going to prove that for any control design method T €
C\{T'®}, there exits a plant P = (A, B, D, xg,wo) € P such that Jp(T'(4, B, D)) >
Jp(I'®(A, B, D)). We will proceed in several steps, which require us to partition
the set of limited model information control design strategies C as follows

C=WrUW, UW, U {I'},
where

Wy :={l €C|3j,n—c+1<j<n, such that I';(4, B, D) #I'Y(A, B,D)},

Wy ={LeC\ Wy |3j,1<j<n-—cg
and 3P € P, (Dr);(A, B, D) # (Df),(A, B, D)},

and

Wo = {FEC\WQUWl ‘ J5,1<j<n—c¢3dPeP,
such that I';(A, B, D) # I'?(A, B, D)}.

First, we prove that the I'® is undominated by control design strategies in W.
We assume that there exist index n — ¢+ 1 < j < n and matrices A € A(Sp),
B € B(¢), D € D such that T';(A, B, D) # I‘?(/I, B, D). Consider matrices A and
D defined as A; = Aj and A; = 0 for all  # j and dj; = 7jj and d;; = 0. For this
particular matrix A, any zg, and any wg, we know from the proof of the “only if”
part of Theorem 3.9 that I'® (A, B, D, zg, wy) is the globally optimal controller with
limited model information. Hence, every other control design method in C leads
to a controller with greater performance cost than I'® for this particular type of
plants. Therefore, the control design I'® is undominated by control design methods
in WQ.

Second, we prove that the control design strategy I'® is undominated by the
control design strategies in W;. Let I' be a control design strategy in W, and let
index 1 < j < n — ¢ be such that A; + b;;(Dr);(A, B,D) + (ijef # 0 for some
matrices A € A(Sp), B € B(e), and D € D. It is always possible to pick an index
i # j such that (sp);; # 0 because node j is not a sink in the plant graph. If
1 < i < n —c, the proof is the same as the proof of the “if” part of Theorem 3.9,
therefore, without any loss of generality, we assume that n —c+1 < i <n. Again,
with the same argument as in the proof of the “if” part of Theorem 3.9, without
loss of generality, we can assume that a;; + b;;(dr);;(A, B, D) +dj; # 0 (because
otherwise the ratio of the cost the control design strategy I' to the cost of the
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control design strategy I'® becomes infinity). Define matrix A such that A; = A;,
A; = re?, and Ay =0 for all £ #¢,5. Let D € D be such that d;; = Jjj and dp =0
for all £ # j. It should be noted that T';(A, B, D) = I';(A, B, D) because the design
graph is a totally disconnected graph. The cost of this control design strategy for
wo = e; and xg = 0 would satisfy

Jp(T(A, B, D)) > (ui(1) + wi(1))* 4+ 2i(2)* + (wi(2) + wi(2))? + 24(3)?
=203, /(b + 1) + (ui(2) + wi(2))? + (2;(2)r + bisui(2) + w;(2)])?
> (r203; + x;(2)%) /(1 4 b3),

This results in

Ja,1,8,0,0,e;)(T'(A, B, D)) — J(A,I,B,D,o,ej)(re(Aa B, D))
> (az; + byj(dr)j;(A, B, D) + dj;)*b5,1° /(14 b3;) — (A, bj5).

where k(A;,b;;) is only a function A; and b;; and represents the part of the cost
of the control design strategy I'® that is related to subsystem j only. If we pick r
large enough, the difference would become positive, which shows that the control
design strategy I cannot dominate the control design strategy I'®.

Finally, we prove that the control design strategy I'® is undominated by the
control design strategies in WWy. The same argument as in the proof of the “if” part
of Theorem 3.9 holds here too. ]

Remark 3.11 Consider the limited model information design problem given by the
plant graph Gp in Figure 2(a), the control graph Gic in Figure 2(b'), and the design
graph Gy in Figure 2(c’). Theorems 3.10, 3.11, and 8.12 together show that, the
control design strategy T'© is the best control design strategy that one can propose
based on local subsystems’ model and the plant graph, because the control design
strateqy T'© is a minimizer of the competitive ratio and it is undominated.

5 Design Graph Influence on Achievable Performance

In the previous section, we approached the optimal control design under limited
model information when G¢ is a totally disconnected graph. The next step is to
determine the necessary amount of the model information needed in each subcon-
troller to be able to setup a control design strategy with a smaller competitive ratio
than the deadbeat control design strategy. We tackle this question here.

Theorem 3.13 Let the plant graph Gp and the design graph G¢ be given, and
Gk 2 Gp. Assume that the plant graph Gp contains the path i — j — £ with
distinct nodes i, j, and £ while (¢,5) ¢ Ec. Then, we have

>262+1+\/462+1

rp (F) 262
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Proof:  Let 4, j, and k be three distinct nodes such that (sp);; # 0 and
(sp)e; # 0 (i.e., the path i — j — ¢ is contained in the plant graph Gp). Define
the 2-parameter family of matrices A(r,s) = rejeZT + segef. Let B=¢€l, D =1,
and I' € C be a limited model information with design graph G¢. The cost of this
control design strategy for wg = e; and zg = 0 satisfies

J(A,8,0,0,¢,) (T(A, B, D)) > (ug(2) +we(2))* + ¢(3)?
= (ue(2) +we(2))” + (s2(2) + elue(2) + we(2)))°
because of the structure of the cost function in (9) and the system dynamic in (1).
Now, using Lemma 3.6 and the fact that z;(2) = (v + e(dr);i(r))e (see Figure 4),
we get
J(A,B7D,07€j)(F(A’ Ba D)) 2 82'1:](2)2/(1 + 62)
= (r +e(dr);i(r))*e*s? /(1 + €).

Note that (dr);;(r) is only a function of r and not s since (¢, j) ¢ E¢. On the other
hand, the cost of the deadbeat control design strategy is

Ja,8,0,0.,)(T*(A,B,D)) = el BT(ATB™2A+ B2 + I) Be;
=41+

Note that the deadbeat control design strategy is applicable here since the control
graph Gk is a supergraph of the plant graph Gp. We have

JP(F(AvaD))
P (D)= 50 = (R (P))
o JP(F(A>B7D)> JP(FA(A’B’D))
" rer [ Ip(TA(A B, D)) Jp(K*(P))
JP(F(AvaD))

> su ”
= bep Jp(T5(4, B, D)) ”
N 2.2 2
s (rteldn);i(n)°e/A+€) oo
€2+1+’r2 S— 00

Using (52) it is easy to see that the competitive ratio rp(I") is bounded only if
r + €(dr);i(r) = 0, for all » € R. Therefore, there is no loss of generality in
assuming that (dr);;(r) = —r/e because otherwise the rp(I") is infinity and the
inequality in the statement of the theorem is trivially satisfied. Now, let us fix
s = 0 and use the notation A(r) = rejel. Since the parameters of the subsystem
j is not changed and (¢,j) ¢ E¢c, we have (dr);;(r) = —r/e. Therefore, for each
r € R, similar to the proof of Theorem 3.8, the cost of the control design strategy

I for z in (40) and wyg in (41) is lower-bounded by
(€2 +1)(362V4e2 + 1+ 5e? + 4e* + Va2 + 1+ 1)

I'(A,B,D)) >
JP((7 y ))_ 2cd s
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On the other hand, for each r € R, the matrix A(r) is a nilpotent matrix of degree
two, that is, A(r)? = 0. Similar to the proof of Theorem 3.8, for x( in (40) and wy
in (41), we get

(€2 +1)V4e2 + 1+ 5 +4et +1 N (262 + V42 + 1+ 1)V4e2 + 1

JP(K*(P)) = 2¢2 2272 )

since Jp(K*(P)) = Jp(KE(P)) according to Lemma 3.4. This results in

2 2
rp(T) > lim Jp(T'(A,B, D)) _ 2+ 1+Vae+ 1.
r—oo  Jp(K*(P)) 2¢?

This finishes the proof. [

Remark 3.12 Consider the limited model information design problem given by
the plant graph G’ in Figure 2(a’), the control graph G in Figure 2(b), and the
design graph Ge in Figure 2(c). Theorem 3.18 shows that, because the plant graph
Gp contains the path 2 — 1 — 4 but the design graph G¢ does not contain 4 — 1,
the competitive ratio of any control design strategy I' € C would be greater than or
equal to rp(T2).

Remark 3.13 Theorem 3.13 shows that, when Gp and Gx is a complete graph,
achieving a better competitive ratio than the deadbeat design strategy requires each
subsystem to have full knowledge of the plant model when constructing each subcon-
troller.

6 Proportional-Integral Deadbeat Control Design Strategy

In this section, we use some of the results of the paper on familiar control design
problems like step disturbance rejection and step reference tracking.

6.1 Step Disturbance Rejection

For the case of step disturbance rejection, we can model the disturbance as in (2)
with matrix D = I. For each plant P = (A4, B,I,x9,wy) € P, the deadbeat
controller design strategy is

_ p-1
FA<A,B,I)é{I B }
This controller can be realized as

u(k) = —B~'Ax(k) — B~ a(i).

=0
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which is a proportional-integral controller. Thus, we call the restricted map-
ping I‘ﬁep : A(Sp) x B(e) — K(Sk), defined as FSAtep(A,B) = I'2(A, B, 1), the
proportional-integral deadbeat control design strategy. The proportional term reg-
ulates the states of the system and the integral term compensates for the distur-
bance. For instance, in this case, Theorem 3.8 shows that when the plant graph Gp
contains no sink and the design graph G¢ is a totally disconnected graph, the dead-
beat proportional-integral control design strategy is an undominated minimizer of
the competitive ratio. Note that the integral part of this control design strategy is
fully decentralized and the proportional part only needs the neighboring subsystems
state-measurements.

6.2 Step Reference Tracking

Consider the case that we are interested in tracking a step reference signal r € R™.
We need to define the difference z(k) = z(k) — r which gives

z(k+1)=z(k+1) —r = Ax(k) + Bu(k) —r = Az(k) + Bu(k) + Ar —r.

Now if the subsystems do not want to share the reference points with each other,
we can think of the additional term Ar — r as the constant disturbance vector
w(k) = B~1(Ar —r). Thus, we have

z(k+1) = Az(k) + B(u(k) + w(k)).

The subsystems only need to transmit the relative error between the state-measurements
and reference points. In this case, we can use the cost function

Tp(K) =Y [@(k) "2 (k) + (uk) + w(k)" (u(k) + w(k))], (53)
k=0

to make sure that the error z(k) goes to zero as time tends to infinity. Note that
if we want to have a complete state regulation limy_, ., Z(k) = 0, the control signal
should have a limit as

lim w(k) = —B~'(Ar — 7).

k—o0

Thus, the second term of the cost function (53) only penalizes the difference of the
control signal and its steady-state value.

7 Conclusions

We considered the design of optimal disturbance rejection and servomechanism dy-
namic controllers under limited plant model information. We provided insight into
the value of model information in control design and studied how local subsystem
interaction, limited state measurements, and limited plant model information influ-
enced the achievable closed-loop performance. To do so, we investigated the rela-
tionship between the closed-loop performance and the control design strategies with
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limited model information using the metric called competitive ratio. We found an
explicit minimizer of the competitive ratio. The optimal controller is dynamic and
composed of a static state feedback law and a dynamic disturbance observer. It was
shown that this special structure corresponds to proportional-integral controllers
when dealing with step disturbances. Possible future work will focus on extending
the present framework to situations where the subsystems and disturbances are
not scalar and extending the set of applicable controllers to include adaptive and
nonlinear controllers to possibly achieve better closed-loop performance.
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PAPER 4

Optimal Control Design under Structured Model
Information Limitation Using Adaptive Algorithms

Farhad Farokhi and Karl H. Johansson

Abstract—Networked control strategies based on limited information about the plant
model usually results in worse closed-loop performance than optimal centralized control
with full plant model information. Recently, this fact has been established by utilizing the
concept of competitive ratio, which is defined as the worst case ratio of the cost of a control
design with limited model information to the cost of the optimal control design with full
model information. In this paper, we show that with an adaptive networked controller
with limited plant model information, it is indeed possible to achieve a competitive ratio
equal to one. We show that an adaptive controller introduced by Campi and Kumar
asymptotically achieves closed-loop performance equal to the optimal centralized controller
with full model information. The plant model considered in the paper belongs to a compact
set of stochastic linear time-invariant systems and the closed loop performance measure
is the ergodic mean of a quadratic function of the state and control input. We illustrate
the applicability of the results numerically on a vehicle platooning problem.

©2012 Farhad Farokhi. Submitted for publication as a journal paper.
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1 Introduction

Networked control systems are often complex large-scale engineered systems, such
as power grids [1], smart infrastructures [2], intelligent transportation systems [3-5],
or future aerospace systems [6, 7]. These systems consists of several subsystems each
one often having many unknown parameters. It is costly, or even unrealistic, to
accurately identify all these plant model parameters offline. This fact motivates
us to focus on optimal control design under structured parameter uncertainty and
limited plant model information constraints.

There are some recent studies in optimal control design with limited plant model
information [8-14]. The problem was initially addressed in [8] for designing static
centralized controllers for a class of discrete-time linear time-invariant systems com-
posed of scalar subsystem, where control strategies with various degrees of model
information were compared using competitive ratio; i.e., the worst case ratio of
the cost of a control design with limited model information scaled by the cost of
the optimal control design with full model information. The result was generalized
to static decentralized controller for a class of systems composed of fully-actuated
subsystems of arbitrary order in [9, 10]. More recently, the problem of designing
optimal Hs dynamic controllers using limited plant model information was con-
sidered in [11]. Tt was shown that, when relying on local model information, the
smallest competitive ratio achievable for any control design strategy for distributed
linear time-invariant controllers is strictly greater than one; specifically, equal to
square root of two when the B-matrix was assumed to be the identity matrix.

In this paper, we generalize the set of applicable controllers to include adaptive
controllers. We use the ergodic mean of a quadratic function of the state and
control as a performance measure of the closed-loop system. Choosing this closed-
loop performance measure allows us to use certain adaptive algorithms available in
the literature [15-18]. In particular, we consider an adaptive controller proposed
by Campi and Kumar [15]. We prove that the smallest competitive ratio that a
control design strategy using adaptive controllers can achieve is equal one. This
shows that, although the design of each subcontroller is only relying on local model
information, the closed-loop performance can still be as good as the optimal control
design strategy with full model information.

The rest of the paper is organized as follows. In Section 2, we present the
mathematical problem formulation. In Section 3, we introduce the Campi—Kumar
adaptive controller using only local model information and we show that it achieves
a competitive ration equal to one. We use this adaptive algorithm on a vehicle
platooning problem to demonstrate its performance numerically in Section 4 and
we conclude the paper in Section 5.

1.1 Notation

The sets of natural and real numbers are denoted by N and R, respectively. We
define Ng = NU{0}. Additionally, all other sets are denoted by calligraphic letters
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such as P and A. For any given sets X and ), the notation M(X,)) denotes the
set of all mappings from the set X to the set ). In addition, for any k € Ny, we
define Py (X) as the set of all subsets of X’ containing exactly k elements.

Matrices are denoted by capital roman letters such as A. The entry in the i*"
row and the j*" column of matrix A is ai;. A;j denotes a submatrix of matrix A,
the dimension and the position of which will be defined in the text.

A > (>)0 means symmetric matrix A € R™ ™ is positive definite (positive
semidefinite) and A > (>)B means A — B > (>)0. Let ST, (S}) be the set of
symmetric positive definite (positive semidefinite) matrices in R™*"™.

Let matrices A € R"*", B € R"*™, Q € S}, and R € S, be given such
that the pair (A, B) is controllable and the pair (A, Q'/?) is observable. We de-
fine P(A4, B, @, R) as the unique positive definite solution of the discrete algebraic
Riccati equation

P=ATPA-ATPB(B'PB+R) B'PA+Q.
In addition, we define
L(A,B,Q.R) = — (BTP(A,B,Q,R)B+ R) ' B'P(A,B,Q, R)A.

When matrices @ and R are not relevant or can be deduced from the text, we use
P(A, B) and L(A, B) instead of P(A, B,Q, R) and L(A, B, Q, R), respectively.

A measurable function f : Z — R is said to be essentially bounded if there
exists a constant ¢ € R such that |f(z)| < ¢ almost everywhere. The greatest lower
bound of these constants is called the essential supremum of f(z), which is denoted
by esssup,cz f(2).

All graphs G considered in this paper are directed with vertex set {1,..., N} for
a given N € N. The adjacency matrix S € {0, 1}V *¥ of G is a matrix whose entry
sij = 1if (j,4) € FE and s;; = 0, otherwise, for all 1 <4,j < N.

Let mappings f,g : Z — R be given. Denote f(k) = O(g(k)) if limsup,_, .,
[F(k)/g(k)| < oo. Similarly, £(k) = o(g(k)) if limsup, . | £(k)/g(k)| = 0.

Finally, x denotes the characteristic function, that is, it returns a value equal
one if its statement is satisfied and a value equal zero otherwise.

2 Problem Formulation

2.1 Plant Model

Consider a discrete-time linear time-invariant dynamical system composed of N
subsystems, such that the state-space representation of subsystems i, 1 < i < N,
is given by

N
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where z;(k) € R™, u;(k) € R™, and w;(k) € R™ are state, control input, and
exogenous input vectors, respectively. We assume that {w;(k)}7, are independent
and identically distributed Gaussian random variables with zero means E{w;(k)} =
0 and unit covariances E{w;(k)w;(k)"} = I. In addition, let w;(k) and w,(k) be
statistically independent for all 1 < ¢ # j < N. We introduce the augmented
system as

z(k +1) = Az(k) + Bu(k) + w(k); x=(0) =0,

where the augmented state, control input, and exogenous input vectors are

zn(k)T]T e R,
wk)" =[u (k)" ... un(k)T]T e R™,
wk)" =[w (k)" ... wy(k)"]"T e R,

with n = Ziil n; and m = Zivzl m;. In addition, the augmented model matrices
are
B = diag(Bu, - 7BNN) eBC Rnxm,
and
A - Ain
A= oo € ACR™™
ANt -+ AnN
Let a directed plant graph Gp with its associated adjacency matrix Sp be given.The

plant graph G'p captures the interconnection structure of the plants, that is, A;; # 0
only if (sp);; # 0. Hence, the set A is structured by the plant graph:

AC{Ae R | (5”P>ij =0=A4;=0¢ R™i %"
for all i, j such that 1 <i,7 < N}.

Note that the set A x B is isomorph to the set of all plants of interest P, say. Hence,
from now on, we present a plant with its pair of corresponding model matrices as
P = (A, B) and denote P = A x B. We make the following assumption on the set
of all plants:

Assumption 4.1 The set Ax B is a compact set (with nonzero Lebesque measure)
and the pair (A, B) is controllable for all (A, B) € A x B (except for possibly a set
with zero Lebesgue measure).

2.2 Adaptive Controller

We consider infinite-dimensional nonlinear time-invariant controllers K with control
law

u(k) = K(Fy), vV ke Ny,
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where Fi, = o({z(t)}F_o U {u(t)}F2}) is the sigma algebra generated by the obser-
vation history. Hence, each controller is a mapping K : £™™ — R™, where

em= U U e@uuw.
k=0 XeP(R™) UEPK—1(R™)
The set of all admissible controllers I can be captured as the set of mappings from
E™™ to R™, or, equivalently, K = M(E™™ R™).
2.3 Control Design Strategy

A control design strategy I' is a mapping from the set of plants P = A x B to the
set of admissible controllers L. We can partition I' using the control input size as

Iy
r=| : |,
I'n

where, for each 1 < i < N, we have I'; : A x B — M(E™™ ,R™i). Let a directed
design graph G¢ with its associated adjacency matrix Sc be given. We say that the
control design strategy I' satisfies the limited model information constraint enforced
by the design graph Gg if, for all 1 < ¢ < N, I'; is only a function of

{41 - Ajn], Byj | (sc)iy # 0}

The set of all control design strategies that obey the structure given by the design
graph G¢ is denoted by C.

2.4 Performance Metric

In this paper, we are interested in minimizing the performance criterion

Jp(K) = liglj;p% kz;o z(k) " Qu(k) + u(k) " Ru(k), (1)

where () € ST and R € S, . We make the following assumption concerning the
performance criterion:

Assumption 4.2 For all A € A, the pair (A,Q/?) is observable (except for pos-
sibly a set with zero Lebesgue measure).

Note that for linear controllers the performance measure (1) represents the Hs-
norm of the closed-loop system from exogenous input w(k) to output

y(k) = Q1/2x(/€) + Rl/Qu(k’).
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Definition 4.1 Let a plant graph Gp and a design graph Ge be given. Assume
that, for every plant P € P, there exists an optimal controller K*(P) € K such that

Jp(K*(P) € Jp(K), VKek.
The average competitive ratio of a control design method I" is defined as

T%VQ(F) _ JP(F(P))

~ e ey <2>

where f: P — R is a positive-definite continuous function which shows the relative
importance of plants in P. Without loss of generality, we assume that fp f(P)dP =
1. The supremum competitive ratio of a control design method I' is defined as

sup

rp - (I') = esssup Jp(I(P))

S5 T (K- (P)” ®)

The mapping K* is not required to lie in the set C, and is obtained by searching
over the set of centralized controllers. Hence, K*(P) = L(A, B), for all plants
P=(AB)eP.

The supremum competitive ratio 75" is a modified version of the competitive
ratio considered in [8-14]. Note that using essential supremum in (3), we are
neglecting a subset of plants with zero Lebesgue measure. However, this is not
crucial for practical purposes, because the probability of these plants appearing in
a real situation is slim. As a starting point, let us prove a very interesting property
relating the average and supremum competitive ratios.

Lemma 4.1 For any control design strategy I € C, we have 1 < r&¢(I") < r3P(T).

Proof: See Appendix A. ™

In this paper, we are interested in solving the optimization problem

argminrp (L), (4)
rec

where 7p is either 7% or r3,”. This problem was studied in [11] when the set

of plants is fully-actuated discrete-time linear time-invariant systems and the set
of admissible controllers is finite-dimensional discrete-time linear dynamic time-
invariant systems. It was shown that a modified deadbeat control strategy (which
constructs static controllers) is a minimizer of the competitive ratio. Specifically, it
was proved that the smallest competitive ratio that a control design strategy which
gives decentralized linear time-invariant controllers can achieve is strictly greater
than one when relying on local model information. Note that since the optimal
control design with full model information is unique (due to Assumption 4.2), even
when considering a compact set of plants, the competitive ratio is strictly larger
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than one for limited model information control design strategies. In this paper,
we generalize the formulation of [11] to include adaptive controllers. We prove
in next section that we can achieve a competitive ratio equal to one for adaptive
controllers. Therefore, we can achieve the optimal performance asymptotically,
even if the complete model of the system is not known in advance when designing
the subcontrollers.

3 Main Results

We introduce a specific control design strategy I'*, and subsequently, prove that I'*
is a minimizer of both the average and supremum competitive ratios r3® and 73" .
For each plant P € P, this control design strategy constructs an adaptive controller
I'*(P) using a modified version of the Campi-Kumar adaptive algorithm [15], see
Algorithm 1. Note that in the Campi—Kumar adaptive algorithm, a central con-
troller estimates the model of the system and control the system. However, in our
modified Campi-Kumar adaptive algorithm in Algorithm 1, each subcontroller es-
timates the model of the system independently and control its corresponding sub-
system separately. Hence, each adaptive subcontroller arrives at different model
estimates.

In Algorithm 1, we use the notation (A®(k), B®(k)), at each time step k €
Np, to denote subsystem #’s estimate of the global system model P = (A, B).
Furthermore, for each 1 < i < N, we use the mapping T; : R™*" — R™i*™ defined
as

X1 o Xan
T; : : = Xa - Xiv |,
Xn1 o Xww

where X;; € R™*" for each 1 < ¢,7 < N. Let us also, for all k € Ny, introduce

the notation
T, KM (k)

K(k) = : € R™X™,
TyEKWN (k)
where matrices K (i)(k) are defined in Algorithm 1. For each § > 0, we introduce
Ws(A, B) :={(A,B) € Ax B||[[A+ BL(A, B)] — [A+ BL(A, B)||| > ¢}.

Let us start by presenting a result on the convergence of the global plant model
estimates to the correct value.

Lemma 4.2 Let K = T'*(P) be defined in Algorithm 1 for a given plant P =
(A,B) € P. There exists a set N' C P with zero Lebesgue measure such that, if
P ¢ N, then

lim P(A9 (k) B9 (k) < P(4, B), (5)

k—o0
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Algorithm 1 Control design strategy I'*(P).

1. Parameter: {u(k)}52, such that limy_,o (k) = 0o but u(k) = o(log(k)).
2: Initialize (A®(0), B®(0)) for all i € {1,...,N}.

3: for k=1,2,... do

4. fori=1,2,...,N do

5: if k=2,4,... then
6: Update subsystem ¢ estimate as
(A9 (k), BY (k) = argmin W(A, B, F),
(A,B)e AxB
subject to Agj = Agj, BM = Bg@,
Vj7£ S {17. .. ,N}, (Sc)gi 75 0,
Azq = O,Vz,q S {17 . 7N}’ (SP)ZQ = 0’
where
W(A,B, Fi.) = u(k) tr(P(A, B)) + Z |(t) — Ax(t — 1) — Bu(t — 1)||2.
else
: (A9 (k), B (k) « (AD(k — 1), B (k — 1)).
9: end if
10: K® (k) + L(A(i)(k) B(i)(k)).
11: ui (k) < Ty KO (k)x(k).
12:  end for
13: end for

k
> X((AD(k), BY (k) € Wi(A, B)) = O(u(k)), (6)
k
ZX(HK(")(/%) ~L(A, B)| > p) = O(u(k)), (7)
Zx (15 (k) = L(A, B)|| > p) = O(u(k)), (8)

as
for all § > 0, where x £ y and x < y mean P{z = y} = 1 and P{z < y} =1,
respectively. In addition, we get

hmsup—an P + [[u(k) P < o0, ¥p > 1. (9)

Proof: See Appendix B. n
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Note that, according to Lemma 4.2, we know that there exists a set N' C P
with zero Lebesgue measure such that, if P ¢ A, the estimates in the modified
Campi—Kumar adaptive algorithm (Algorithm 1) converge to the correct global
plant model. This fact is a direct consequence of the use of regularized maximum
likelihood estimators in the Campi-Kumar algorithm [19]. We need the following
lemma.

Lemma 4.3 For any matrices X, P,Y € R™*"™ we have
IXTPX —YTPY[| < ||PI[IX = Y[(IX] + [Y])-

Proof: See Appendix C. ]

Now, we are ready to present the main result of this section.

Theorem 4.4 Let K = T'(P) be defined in Algorithm 1 for a given plant P =
(A,B) € P. There exists a set N C P with zero Lebesgue measure such that, if
P ¢ N, then

Jp(I*(P)) = Jp(K*(P)).

Proof:  The proof follows the same reasoning as in [15]. According to [20, p.158],
for all 1 <i < N, we get the set of equations in

tr{P(AD (k), BV (k))} + x(k) "P(AD (), BY) (k))z(k)
= 2(k) " Qz(k) + u' (k) " Ru'® (k)
+ B{(A® (k)z(k) + B (k)u® (k) + w(k)) "
x P(AD (k), BD (k) (AD (k) (k) + B (k)u™ (k) + w(k)) | Fr1}
= 2(k) " Qz(k) + u' (k) " Ru'® (k)
+ E{z(k+1)TP(AD (k), B@( Nk +1) | Fr_1}
+ (A" (k)z (k) + B (k)ul ( )’
x P(AD (k), B (k ))( (k)r( ) + B (k)yul” (k))
— (Az(k) + Bu(k)) "P(AD(k), B (k))(Ax(k) + Bu(k)),

(10)

with v (k) = KO (k)x(k) and u(k) = K (k)z(k). Averaging both sides of (10) over
time and all subsystems, we get

Ly () (), BO
— (k) TP(AD (k), BY (k))x(k)
NT k:O;
1 T-1 . 1 T—1 N T
=7 kZ:Ogc(k:) Qu(k) + w7 ; g Ru® (k) (11)

T-1

N
o 50 D Bk )TRAY (), Bk +1) | Fii} + G(T),
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where
T—-1 N
(1) = 5= MILECRRON
and (2(T) is given in
1 T—1 N _ ‘ _
@(T) = 7 3 3 (A0 + BO®R)u )T
k=0 i=1
x P(AO k), BY () (AP (R)a(k) + B (k)u (k) 12)

— (Az(k) 4+ Bu(k)) "TP(AD (k), BY (k))(Az(k) + Bu(k))|.

Subtracting 1 S p—g Son E{a(k+1)TP(AD (k+1), B (k+1))a(k+1) | Fr1},
from both sides of (11) while adding and subtracting & 7~ u(k)T Ru(k) from
right-hand side of (11), we get

T-1
% [2(k) T Qa(k) +u(k) " Ru(k)] + Ca(T) + (5(T) + G(T) = G(T) + (1),
= (13)
where
1 T—-1 N ) )
(1) =57 > (k)" P(AD (k), BY) (k) (k)
k=0 i=1
—E{z(k+1)"TP(AD (k4 1), BD (k+ 1)a(k + 1) | Fe_1},
1 T—-1 N ) .
G(T) = w7 > ul (k)T Ru® (k) — u(k) " Ru(k),
k=0 i=1
and
1 T—-1 N . .
(1) =57 > Efa(k+ )TPAD (k), BO(k))
k=0 i=1

—P(AD(k+1), BY(k+ 1)]a(k +1) | Fr-1}.

In the rest of the proof, we study the asymptotic behavior of the sequences {(, (k) }72,
forall 1 </ <5.
e Asymptotic behavior of (;(7T'): First, note that

T—-1 N

1 ) )
i — 1 — (@) (@)
h;rf;p ¢1(T) h;rlj;l}p NT 3:0 ;:1 tr{P (A" (k), B\ (k))}
N T-1
= — — (@) (@)
~ E llzr?—?olip T E tr{P (A (k), B\ (k))}.
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Using (5) inside the above identity, we get
limsup ¢1(T) < tr{P(A, B)}.
T—o0

e Asymptotic behavior of (5(7): With a similar strategy as in case (B) in the proof
of Theorem 6 in [15], we can prove that

T-1

0 £lim sup% > [x(k)TP(A@)(k), B (k))x (k)

T—o00 k=0

—E{z(k+1)"P(AD (k4 1), BD(k + 1)a(k +1) | Fe_1}|.

Hence, limsupy_, .. (3(T) £ 0.
e Asymptotic behavior of (4(7'): In this case, we have

= Z (k) — u(k)" Ru(F)
k

IN

T-1
% S [u® (k)T RO () — (k)" Ru(k)
k=0

<z Z IO (k)T RE @ (k) — K (k)T RE (k)| |l (k)|

According to Lemma 4.3, we have |K® (k)T RK® (k) — K(k)TRK (k)| < |R|| x
K@ (k) — K(E)| (| KD (&) + [|K(k)|). Considering that L(-,-) is a continuous
function of its arguments (see [21]) and P is a compact set, we know that || K@ (k)|
and ||K (k)| are uniformly bounded. Hence, ||K® (k)| + ||K (k)| < M. Now, using
Cauchy—Schwartz inequality [22], we get

2

?Z k)" Ru® (k) — u(k) " Ru(k)
k

g|R||M<;Z||K“><k> ||2>< an )
k=0

Let us introduce the notation K° = L(A, B). Note that, for all p > 0, we have

T-1

1 % o 1 7 o % o
T > KD (k) - K ||2§p2+f > KD (k) = KOPx(|1KD (k) = K|l > p).
k= k=0

Again, considering the facts that L(-, ) is a continuous function of its arguments and
P is a compact set, we know that ||[K® (k) — K°|| is uniformly bounded Thus, us-

ing (7) from Theorem 4.2, we can show that lim supy_, . 7 Z HK )(k)—K°| ags



190 PAPER 4. OPTIMAL CONTROL DESIGN UNDER ...

p?, for all p > 0. Since the choice of p was arbitrary, we get limsup_, . % Zf:_ol

||K(”)( ) K°||?> £ 0. With a similar reasoning, we can also prove that limsup,_,
T Z ||K( ) — K°||> £ 0. Therefore, considering that ||K(z (k) — K(k)|]? <

15 (k ) K|+ K (k) — K°||2 we have limsupy_, o 7 > [IK@ (k) K (k)| £

0. Hence, limsupy_,., C4(T) £ 0 due to the fact that hmsupTﬁoo (k)|
according to (9).

e Asymptotic behavior of (5(T"): With the same approach as in case (C) in the
proof of Theorem 6 in [15], we can prove limsups_, . (5(T) £ 0.

e Asymptotic behavior of (5(7T"): Let us start with studying the asymptotic behavior

of the sequence {(Aéi) (1)}, in

D) = 3 3 [T A0 + B WK )T
k=
x P(AD (k), BV (k) (AD (k) + BY (k) KD (k) (k) (14)

—z(k)T (A4 BK (k) "P(AD (k), BY (k) (A + BK(k))m(k)} )

Using Lemma 4.3, we can upper bound each term as in
2(k)T(AD (k)+BW (k) KD (k) TP (AW (k), BY (k) (A (k)+ B (k) K “) () (k)
—z(k)T(A+ BK(k))"P(AD (k), BD (k))(A+ BK (k))z(k)
< Je(®)l HP AD (), BO ()| |[14© () + BO (k) KO (k)] - (4 + BE W)
< (49 () + BOw KO 1)) + (4 + BE®)|.
(15)

Considering again that L(-,-) and P(-, -) are continuous functions of their arguments
(see [21]) and P is a compact set, we know that

[P ®), BY (k)| < an,
H [AD (k) + BO (k) KD (k)] + [A + BK (k)] H < Ms.

Using Cauchy—Schwartz inequality, we get the inequality in

T
ENT) <M My % Z ()l A9 %) + BO (k) KO (k)] - [A+ BE (R
k

T-1 2/ T—1 N
<M, M <T )( ;H [AD (k) + B9 (k) KO (k)] —[A+BK(I~:)]H>.
(16)
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Now, note that
[14® @) + BO R KO ®) ~ (4 + BE W)
< [149®) + BORKEO @) ~ (A + BEOG)|
+[[[A+ BK" (k)] - [A+ BK°]||” + ||[A+ BK°] — [A+ BK(k)]||?
<[ 14O @) + BOGW)KO k)] ~ (4 + BEO R

+ B (IO (k) = K22 + || (k) - K°J2).

Hence, with similar argument as above, we can prove that limsup;_, fél)(T) £,
and as a result limsup;_, . (2(T) = limsupy_, o, v Zf\; Az(l) (T) £ 0. Now, we are
ready to prove the statement of this theorem. From the asymptotic behavior of

sequences (1(T") and (3(7"), we know that
tr{P(A,B)} > limsup ¢ (T) + G3(7T). (17)
T—o0
Using identity (13) inside inequality (17) shows that

u{P(4,B)} > lim sup Go(7) + G5(T) + Go(T)

T-1
+ lim sup % Z [z(k) " Qx(k) 4+ u(k) " Ru(k)],
T—o0 k=0
which result in
as 1 -1
tr{P(4, B)} = limsup > [a(k) " Qu(k) + u(k) " Ru(k)].
T—o0 h—0

This inequality finishes the proof. ™

Now, we are ready to present the solution of problem (4).

Corollary 4.5 For any plant graph Gp and design graph Ge, we get r3°(I'") N
and 3P (T*) £ 1.

Proof: The proof is a direct consequence of Theorem 4.4 and Lemma 4.1. =

Corollary 4.5 shows that, irrespective of the plant graph Gp and design graph
G, there exists a limited model information control design strategy that can achieve
a competitive ratio equal one. This control design strategy gives adaptive con-
trollers achieving asymptotically the closed-loop performance of optimal control
design strategy with full model information. Note that earlier results stated that
such competitive ratio cannot be achieved by static or linear time-invariant dynamic
controllers [8-14].
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4 Example

As a simple numerical example, let us consider the problem of regulating the dis-
tance between N vehicles in a platoon. We model vehicle ¢, 1 <¢ < N, as

{Ui(/ﬂ—l— 1) ]— (”AT[ 0 —ai/m D [ w(k) | 7| argym | “EH @) |
where x;(k) is the vehicle position, v;(k) its velocity, m; the mass, «; the viscous
drag coefficient, (3; the power conversion quality coefficient, and AT the sampling
time. For each vehicle, stochastic exogenous inputs w® (k) e R", j = 1,2, capture
the effect of wind, road quality, friction, etc. For 51mphc1ty of presentation, let

us consider the case of N = 2 vehicles. In addition, assume that AT = 1. As
performance objective, the designer wants to minimize the cost function

T-1
1 - o
J= 11:an SUp Z qa(z1(k) — o (k) — d*)? —|—Z 4o (vi(E) — v*)? 4 r(u; (k) — ] )2]7
0 k 0 i=1,2

to regulate the distance between the trucks with minimum control effort. Note that
uf = a;v*/P; is the average control signal. We can write the reduced-order system
using the distance between vehicles and their velocities as state variables in the
form

z(k+1) = Az(k) + Bu(k) + w(k), z(0) =0, (18)
where
2(k) = [v1(k) = v*, @1(k) — 22(k) — d*, va(k) —v*]T,
u(k) = [ax (k) —aj , G (k) —a3)",
w(k) = [wy(k) , @ (k) + @i (k) , D3 (k)]",
and
l1—aj/m; O 0 B1/ma 0
A= 1 1 1 , B= 0 0
0 0 1—az/ms 0 Ba2/ma

This model leads to

7 =tmsup £ 3 ()7 Qalh) + u(h)” Ru(h), (19)
—00 =0

where @ = diag(qy,q4,q») and R = diag(r,r). To simplify the presentation, let
Q=TIand R=1.

Note that z(0) = 0 in (18) indicates that the vehicles start from desired distance
d* of each other and with velocity v*. However, due to the exogenous inputs w(k),



4. EXAMPLE 193

the vehicles will drift away from this ideal situation. By minimizing the closed-
loop performance criterion in (19), the designer minimizes this drift using the least
control effort possible.

We define the first subsystem as z,(k) = z1(k) and the second subsystem as
25(k) = [22(k) 23(k)]T. Therefore, we get

z1(k+1) = a1z (k) + braua (k) + wi(k),

and

Zlk+1) = { : }zl(k:)Jr { . ]22(1@)+b22u2(k)+ [ Bt }

where (a;;, bi;) are local parameters of subsystem i. Assume that

aill 0 0
A=CAcR¥>3 | A=|1 1 -1 |,a11,a02€[0,1] ),
0 0 as2
bll O
B={BecR>*?|B=|0 0 |,bi,bs €[0.5,1.5]
0 bao

Note that we can verify Assumptions 4.1 and 4.2 using the observability and con-
trollability of structured system, see [23, 24].

We compare the performance of the introduced adaptive controller with a dead-
beat control design strategy T'® : P — R2*3 for this special family of systems

as
7(111/1)11 O 0
1/b22 1/b22 —(1 +(122)/b22 ’

for all P = (A, B) € P. Note that ' is a limited model information control design
strategy, because each local controller i is based on only parameters of subsystem ¢,
i=1,2.

Figure 1 illustrates the running cost of the closed-system with the optimal con-
trol design with full model information K*(P) (solid curve), the modified Campi-
Kumar adaptive controller I'*(P) (dashed curve), and the deadbeat control de-
sign strategy I'®(P) (dotted curve). The running costs of the closed-system with
I'*(P) and the optimal control design with full model information K*(P) both con-
verge to tr{P(A, B)} (the horizontal line) as time goes to infinity. The cost of
the optimal control design strategy with global model knowledge is always lower
than the cost of the adaptive controllers. The simulation is done for parameters
(a11,b11) = (0.4360,1.0497) and (ase,be2) = (0.0259,0.9353). Figure 2 illustrates
the convergence of the individual model parameters (a;;, b;;), ¢ = 1,2, for the adap-
tive subcontrollers. Note that only one of the subsystems need to estimate each
parameter (as each one has access to its own model parameters).

r4(P) = {
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Figure 1: The running cost of the closed-system with different controllers.
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Figure 2: Estimation error of model parameters.

5 Conclusion

In this paper, as a generalization of earlier results in optimal control design with
limited model information, we searched over the set of control design strategies that
construct adaptive controllers. We found a minimizer of the competitive ratio both
in average and supremum senses. We used the Campi-Kumar adaptive algorithm
to setup an adaptive control design strategy that achieves a competitive ratio equal
to one, that is, this adaptive controller asymptotically achieves closed-loop per-
formance equal to the optimal centralized controller with full model information.
We illustrated the applicability of this adaptive controller on a vehicle platooning
problem. As a future work, we suggest studying decentralized adaptive controllers.
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Let us assume, without loss of generality, that v (") < oo since otherwise, the
desired inequality is trivially satisfied. First, note that using Theorem 2.10.1 in [22],


http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-63858
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-63858

B. PROOF OF LEMMA 4.2 197

function Jp(I'(P))/Jp(K*(P)) is integrable on P since we assumed r3*(T') =
esssup Jp(I'(P))/Jp(K*(P)) < oo (and P is a compact set thanks to Assump-
tion 4.1). Then, using Theorem 2.7.1 in [22], we get

ave _ JP(F(P)) sup ___sup
rye(l) = me(f)) dPg/prP (D) f(P) dP = r3P(T).
This completes the proof.

B Proof of Lemma 4.2

Equations (5)—(7) are direct consequences of Theore-ms 2 and 3 in [15]. We start
with proving (8). To do so, let us prove || K (k) — L(A, B)|| > p implies that there
exists at least an index i such that | T;K@ (k) — T;L(A, B)|| > p/v'N. We can
prove this fact by contradiction. Assume that there does not exists any index ¢
such that || T;K (k) — T;L(A, B)|| > p/V/N. Therefore, for all 1 < i < N, we
have | T; K@ (k) — T;L(A, B)|| < p/v'N, and as a result, according to Theorem 1
in [25], we get

N
1K (k) = L(4, B)||> < Y I TE W (k) = TiL(A, B)|* < p*.
i=1

This is contradictory to the assumption that ||K(k) — L(A, B)|| > p. Hence, we
proved the implication. Based on this property, it is easy to see that

k k N
S XK () =LA, B)| > p) > x(IT:ED (k) — T.L(A, B)|[>p/VN). (20)
t=0 t=0 i=1

Now, note that || T; K (k) —T,;L(A, B)|| > p/V'N implies that | K (k) —L(A, B)|
> p/v/N. Thus, we get

k k
D xUTiKD (k) = TiL(A, B)|| > p/VN) <> x(IE® (k) = L(A, B)|| > p/V'N).
t=0 t=0

(21)

Substituting (21) inside (20), we get

k k N
D XK (R =LA B)| > p) < 3 > x(IKD (k) = L(A, B)|| > p/VN).
t=0

t=0 i=1

Now, using (7), we can show that

k
Y XKD (k) = L(A, B)l| > p/VN) £ O(u(k)),
t=0
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for all 1 <7 < N. Therefore, we have

k
> XUIE (k) = L(A, B)|| > p) = O(u(k)).
t=0

Finally, note that the proof of (9) is a direct result of applying (8) to the proof of
Theorem 5 in [15]. This concludes the proof.

C Proof of Lemma 4.3
First, note that

(X -V)TPX+Y)+(X+Y)'P(X -Y)=2(X"PX - Y'PY).
Hence, we get

AXTPX - Y 'PY)| = (X -Y)"P(X+Y)+ (X +Y) P(X -Y)|
<X =YV)'P(X+Y)|+ (X +Y) P(X -Y)]
< 2Pl X = Y|[|X + Y
< 2| Pl X = Y(IX[ + [[Y]])-

This concludes the proof.
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Optimal H,, Control Design under Model

Information Limitations and State Measurement
Constraints

Farhad Farokhi, Henrik Sandberg, and Karl H. Johansson

Abstract—We present a suboptimal control design algorithm for a family of continuous-
time parameter-dependent linear systems that are composed of interconnected subsystems.
We are interested in designing the controller for each subsystem such that it only utilizes
partial state measurements (characterized by a directed graph called the control graph)
and limited model parameter information (characterized by the design graph). The algo-
rithm is based on successive local minimizations and maximizations (using the subgradi-
ents) of the Hoo—norm of the closed-loop transfer function with respect to the controller
gains and the system parameters. We use a vehicle platooning example to illustrate the

applicability of the results.
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1 Introduction

Distributed and decentralized control design problem is a classical topic in the
control literature (e.g., see [1-3]). Most of the available approaches in this field
implicitly assume that the design procedure is done in a centralized fashion using
the complete knowledge of the model parameters. However, this assumption is
not realistic when dealing with large-scale systems due to several reasons. For
instance, the overall system might be assembled from modules that are designed by
separate entities without access to the entire set of model parameters because at
the time of design this information was unavailable. Another reason could be that
we want to keep the system maintenance simple by making it robust to nonlocal
parameter changes; i.e., if a controller is designed knowing only local parameters,
we do not need to redesign it whenever the parameters of a subsystem not in its
immediate neighborhood change. Financial gains, for instance, in the case of power
network control, could also be a motivation for limited access to model knowledge
since competing companies are typically reluctant to share information on their
production with each other. For a more detailed survey of the motivations behind
control design using local model parameter information, see [4, Ch. 1].

Recently, there have been some studies on control design with limited model in-
formation [4-7]. For instance, the authors in [6] introduce control design strategies
as mappings from the set of plants to the set of structured static state-feedback
controllers. They compare the control design strategies using a measure called the
competitive ratio, which is defined to be the worst case ratio (over the set of all pos-
sible plants) of the closed-loop performance of the control design strategy in hand
scaled by the best performance achievable having access to global model parameter
information. Then, they seek a minimizer of the competitive ratio over a family
of control design strategies that use only the parameters of their corresponding
subsystems when designing controllers. Noting that, in those studies, the plants
can vary over an unbounded set, the results are somewhat conservative. Addition-
ally, all the aforementioned studies deal with discrete-time system as it was proved
that the competitive ratio is unbounded when working with continuous-time sys-
tems [5]. Not much have been done in optimal control design under limited model
information for continuous-time systems.

In this paper, contrary to previous studies, we investigate continuous-time sys-
tems with parameters in a compact set. Specifically, we propose a numerical algo-
rithm for calculating suboptimal H., control design strategies (i.e., mappings from
the set of parameters to the set of structured static state-feedback controllers) for a
set of parameter-dependent linear continuous-time systems composed of intercon-
nected subsystems. We consider the case where each subsystem has access to a
(possibly strict) subset of the system parameters when designing and implementing
its local controller. Additionally, we assume that each local controller uses par-
tial state measurements to close the feedback loop. To solve the problem, we first
expand the control design strategies in terms of the system parameters (using a
fixed set of basis functions) in such a way that each controller only uses its avail-
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able parameters. Following the approach in [8], we calculate the subgradient of the
H.—norm of the closed-loop transfer function with respect to the controller gains
and the system parameters. Then, we propose a numerical optimization algorithm
based on successive local minimizations and maximizations of this performance
measure with respect to the controller gains and the system parameters. Designing
parameter-dependent controllers has a very rich history in the control literature,
specially in gain scheduling and supervisory control; e.g., see [9-15]. However, most
of these studies implicitly assume that the overall controller has access to all the
parameters. Contrary to these studies, we assume that local controllers have access
to only subsets of the system parameters.

The rest of the paper is organized as follows. In Section 2, we introduce the
problem formulation. We propose a numerical algorithm for calculating a subop-
timal H,, control design strategy in Section 3. We illustrate the approach on a
vehicle platooning example in Section 4. Finally, we present the conclusions in
Section 5.

1.1 Notation

Let the sets of integer and real numbers be denoted by Z and R, respectively. Let
Zssyn ={m € Z | m > (>)n} and Ry(>), = {y € R | y > (>)z} for n € Z and
x eR.

We use capital roman letters to denote matrices. The notation A > (>)0 shows
that the symmetric matrix A is positive (semi-)definite. For any ¢,m € Z>1, we
define the notation BS, = {(Y1,...,Y,)|Y; € R™*™ Y; > 0,37 tr(Y;) = 1}. We
use B? whenever the dimension m is irrelevant (or can be deduced from the text).
For any A € R™*™ and B € RP*? we use AQ B € R"™*™4 to denote the Kronecker
product of these matrices.

Let an ordered set of real functions (&)L, be given such that & : R? — R,
1 < ¢ < L, are continuous functions with continuous first derivatives. We define
span((&,) ) as the set composed of all linear combinations of the functions ()£ ;;
i.e., for any f € span((&)F_,), there exists at least one ordered set of real numbers
(w)k_, such that f(a) = 25:1 xe&e(er) for all @« € RP. For any n,m € Z>1,
span((&)F_,)™*™ denotes the set of all functions 4 : R? — R™ ™ such that A(a) =
S (@) A with A®) € R™*™ for all 1 < £ < L.

We consider directed graphs with vertex set V = {1,..., N} for a fixed N € Z>1.
For a graph G = (W, £), where £ denotes its edge set, we define the adjacency matrix
S € {0,1}V*N such that s;; = 1 if (j,i) € £, and s;; = 0 otherwise. We define the
set of structured matrices X' (.S, (n;)¥, (m;)¥,) as the set of all matrices X € R"*™
with n = Zfil n; and m = va:l m; such that X;; = 0 € R™*™ whenever s;; =0
for 1 <i,5 <N.

For any function f : U — Y, we call Y the domain of f and Y the codomain of
f. Additionally, we define its image f(U) as the set of all y € Y such that y = f(x)
foraxel.
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For any n € Z>1, I, denotes the n x n identity matrix. To simplify the pre-
sentation, we use I whenever the dimension can be inferred from the text. For any
n,m € Z>1, we define 0,,x,, as the n x m zero matrix. Finally, let 1,, € R" be a
vector of ones.

2 Mathematical Problem Formulation

In this section, we introduce the underlying system model, the controller structure,
and the closed-loop performance criterion.

2.1 System Model

Consider a continuous-time linear parameter-dependent system composed of N €
Z>1 subsystems. Let subsystem ¢, 1 < < N, be described as
N
#i(t) = [Aijlai)a; (1) + (Buw)ij (i) wi(t) + (Bu)i(i)us(t)], (1)

j=1

where z;(t) € R™ is the state vector, w;(t) € R™wi is the exogenous input, u;(t) €
R™=i is the control input, and lastly, «; € RP? is the parameter vector. Let
us introduce the augmented state, control input, exogenous input, and parameter
vector as

et)=[ 21()T - an@®T ] €R”,
wit)=[ wi®)T - wy® ] eR™,
wl) =[ w®T - un®)T ] e R™,
at) =[

a®T - an®T ] Ry,

N N N N .
where n =300y ni, My = D500 M, Mu = 32,0 M, and p = 357 pi. This
results in

#(t) = A(a)x(t) + By(a)w(t) + By(a)u(t).

We use the notation A to denote the set of all eligible parameter vectors a. We
make the following standing assumption concerning the model matrices:

Assumption 5.1 There ezists a basis set (§)E_, such that A(a) € span((&)E_ )",
By(a) € span((§e)g=y)™ ™, and By(a) € span((&e)jy)™ ™.

Example 5.1 Consider a parameter-dependent system described by

21(t) = (—2.0+0a1)z1(t)+(0.140.4sin(aq ) )x2 () + (0.6 — 0.3 sin(aq ) Juz (t) + w1 (2),
Za(t) = +0.321 (1) +(—1.0—ag)x2(t) + (1.040.1 cos(az) Jua (t) + wa(t),
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where z;(t) € R, u;(t) € R, w;(t) € R, and «; € R are respectively the state, the
control input, the exogenous input, and the parameter of subsystem i = 1,2. We
define the set of eligible parameters as

A:H a1 ] €R? | a; € [-1,+1] fori:l,Z}.
Q2

Clearly, this system satisfies Assumption 5.1 with basis functions & (a) = 1, &(a) =
a1, E3(a) = sin(ar), &a(a) = cos(az), and &(a) = as. <

2.2 Measurement Model and Controller

Let a control graph Gx with adjacency matrix S be given. We consider the case
where each subsystem has access to a (potentially parameter-dependent) observa-
tion vector y;(t) € R that can be described by

N
Yi(t) = > [(Cy)i(e)a; (1) + (Dyw)ij (s)w; (1)

Jj=

=

Now, we can define the augmented observation vector as
T o
y&)=[n®" - yw®" ] eR,
N
where o, = ., 0,;. Thus,
y(t) = Cy()z(t) + Dyw()w(t).

We say that the measurement vector y(t) obeys the structure given by the con-
trol graph Gx if Cy(A) € X(Sk, (0y,1){L1, (n:){L,) and Dy (A) € X (S, (0y,1) L1,
(maw,i)N 1), where the definition of the structured set X' can be found in the notation
subsection. We make the following standing assumption concerning the observation
matrices:

Assumption 5.2 For the same basis set (§)E_, as in Assumption 5.1, Cy(a) €
span((€e)f_y)* ™ and Dy, (a) € span((&e)j, ) ™.

In this paper, we are interested in linear static state-feedback controllers of the
form

u(k) = Ky(k), (2)

where K € K = X(I, (my,i)N.1, (0y,:)~ ;). Note that fol-lowing the same reasoning
as in [8, 16], the extension to fixed-order dynamic controllers is trivial (using just
a change of variable).
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Q-

Figure 1: The control graph Gx and the design graph G¢ utilized in the recurring
numerical example.

Example 5.1 (Cont’d) Let the control graph Gx in Figure 1 represent the state-
measurement availability. Consider the observation vectors

o= | 20 | e® =i er

Clearly, the augmented observation vector obeys the structure dictated by Gi. Fur-
thermore, since the measurement matrices are constant, they obviously satisfy As-
sumption 5.2. Finally, the controller (2) is given by

[ ][ Ee 0 (b,

where K1 € R*2 gnd Ky € R. |

2.3 Control Design Strategy

Following [6], we define a control design strategy I' as a mapping from A4 to K.
Let a control design strategy I" : A — K be partitioned following the measurement
vector and the control input dimensions as

0 - Tnn

where each block T';; represents a map A — R™w=i%%.i  Let a directed graph G¢
with adjacency matrix S¢ be given. We say that the control design strategy I' has
structure Ge if I';;, 1 <4 < N, is only a function of {a; | (s¢)i; # 0}. Let C denote
the set of all control design strategies I" with structure Ge. We make the following
standing assumption:

Assumption 5.3 There exists a basis set (ny)5_, such that T €span((ne)k_ )™,

Now, we define C((n¢)5_,) = C Nspan((ne)k_, )™ > as the set of all control
design strategies over which we optimize the closed-loop performance.



2. MATHEMATICAL PROBLEM FORMULATION 205

Example 5.1 (Cont’d) The design graph Ge in Figure 1 illustrates the available
plant model information. We use the basis functions ni(a) = 1, n2(a) = ay,
ns(a) = af, and ni(a) = ag for parameterizing the control design strategies.
Clearly, any T € C({ne}3_,) can be expressed in the form

4

T(a) =Y G“nu(a),

=1
with
(1)_ * * 0 (2)_ * * 0
G_[oo*}’G_{OOO’
¢ [000}’ ¢ _[00* ’

where * denotes the nonzero entries of these matrices. Note that the functions
{ne Y, are indeed design choices and we can improve the closed-loop performance
by increasing the number of the basis functions. However, this can only be achieved
at the price of a higher computational time. |

2.4 Performance Metric

Let us introduce the performance measure output vector
z(t) = Cox(t) + Dow(t) + Dyyu(t) € R=. (3)

We are interested in finding a control design method I" that solves the optimization
problem
min max || Tey (51, )l o (4)

reC((ny)L_,) €A

where T, (s;T, ) denotes the closed-loop transfer function from the exogenous
input w(t) to the performance measurement vector z(t) for « € A. We make the
following assumptions to avoid singularities in the optimal control problem:

Assumption 5.4 D] D., =1 and Dwa;—w =1.

These assumptions are common in the H,-control design literature [17, p. 288].
However, notice that the conditions in Assumption 5.4 are only sufficient (and
not necessary). For instance, although D,,, = 0 in Example 5.1, as we will see
later, a nontrivial solution indeed exists and the optimal control problem is in fact
well-posed.

To simplify the presentation in what follows, we define the notation

J(F, Oé) = ||Tzw (5; Fv Oé)”oo :
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Now, noting that there may exist many local solutions to the optimization prob-
lem (4), it is difficult to find the global solution of this problem. Hence, we define:

Definition 5.1 A pair (T*, o) € C((ne)5_,) X A is a saddle point of J:C((ne)5_,)
x o — Rxq if there exists a constant € € Rsq such that

JI*, o) < J(I*,a%) < J(T' o),
for any (T, a) € C((ne)E_,) x A where |[T = T*| < € and ||a — a*|| < e.

Evidently, the global solution of the minimax optimization problem (4) is also
a saddle point of J. However, there might be many more saddle points. In the rest
of this paper, we focus on finding a saddle point (I'*, *) of J. To make sure that
the set of saddle points is nonempty, we make the following standing assumption:

Assumption 5.5 The set of all eligible parameters A is a compact subset of RP.
In addition, for any o € A, the pair (A(a), By()) is stabilizable and the pair
(A(), Cy()) is detectable.

Notice that Assumption 5.5 is only a necessary condition for the existence of a saddle
point solution since we are solving a decentralized control design problem rather
than a centralized one. Therefore, throughout the paper, we are going to assume
that, at least, one such saddle point exists. If we switch the stabilizability and the
detectability conditions with the absence of unstable fixed modes, this assumption
becomes more realistic (but still not sufficient because of the asymmetric parameter
dependencies).

Example 5.1 (Cont’d) In this example, we are interested in minimizing the clo-
sed-loop transfer function from the exogenous inputs to the performance measure-
ment vector with C, = [I Oax2]', D,y = [02x2 I2]T, and D,,, = 0. Clearly, the
choice of D, satisfies Assumption 5.4. It is easy to check that the system satisfies
Assumption 5.5 as well. <

3 Optimization Algorithm

In this section, we develop a numerical algorithm for finding a saddle point (T'*, a*)
of J. We start by calculating subgradients’ AT € orJ(T', ) and Aa € 9, J(T, )
for any (I,a) € C((ne)_,) x A

IWe say that a vector g € X is a subgradient of f : X — R at € X if for all 2/ € X,
f(@) > f(x)+ g7 (z' — ). Let Of(x) denote the set of subgradients of f at the point x € X. If f
is convex, then 9 f(z) is nonempty and bounded. We would like refer interested readers to [18, 19]
(and the references therein) for a detailed review of the subgradients and numerical optimization
algorithm using them.
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Lemma 5.1 Let us define the transfer functions in

el Gl |G o ay ()[BT o) Bulo) |

Ga1(s;T, @) . Cy ()
D, (T,a) D..
* [ DC;/(U,(a)) . ] !
(5)
with
a(ls @) = A(e) + Bu(a)K'Cy (a),
a(l', @) = By (@) + Bu() K' Dy ()
a(la) = Cx(@) + Dey(a) K'Cy(a),
a(ly @) = Day(a) + Dow(@) K' Dy (@),
where K = [GM) ... GE)] and
m(a)Cy(a) m(a)Dyw (@)
Cy ()= » Dyrw(a)=
e (a)Cy() (@) Dy ()

Furthermore, let AT = 25;1 AGY) be such that AGY) € R™*%v are defined in

q
[AGD - AGE) J=|Tuw (siT, @)l Y Re{Ga1(jwy; T, ) To (i T, )

v=1

X QuY, Qi G (jwni Ty a) ),
(6)

where | T,y (8; T, )|l 0o is attained at a finite number of frequencies (w1, ..., wq) and
(Y1,...,Y,) € BY. In addition, the columns of Q,, 1 < v < g, are chosen so as
to form an orthonormal basis for the eigenspace of Toy(jwy; Ty ) Toy (Jwy; T a)*
associated with the leading eigenvalue ||Toy(8;T, )||oo. Then, AT € OpJ(T, ).

Proof: Due to space constraints, we only present a sketch of the proof here.
First, we prove that the closed-loop system

(t) = A(@)2(t) + Bu(@)w(t) + Bu(a)u(t),
2(t) = Crx(t) + Dypw(t) + Dyu(t),
y'(t) = Cy(@)x(t) + Dyrw(a)uw(t),
u(t) = K'y'(t),
is equivalent to the closed-loop system that we introduced in the previous section.

Then, we can use the method presented in [8] for calculating the subgradients of
the closed-loop performance with respect to the controller gain. Doing so, we find

AGY) € 9,0 J(T,a) for 1 < ¢ < L. Finally, we get S5 AGEn, € apJ (T, ).
|
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Lemma 5.2 Let us define the transfer functions in

ey alhe) |G r g a) [ 8500 B )

Hy (s;T, ) . 7
Dgl (Fa OL) Dzu”
" [ Dyrray . ’
(7)
with
/Cll(Fv 0[) = Bu/’KI/(a)Cy//,
(/3,1(]‘—‘7 O[) = Bu“K”(OL)Dy//w’
éll(F’ Oé) = OZ + Dzu”K”(Oé)Cy”a
::Il(l—‘? a) = Dzw + Dzu“K”(Oé)Dywa
where ) )
A
AfL)
- G(l)Cqsl) -
ahe
Cy// = ,
1,41 ® L
amegh
G<L/5C§L>
O(nL+muL(L+1)L’)Xn |
I 0(”L+muL(L+1)L’)><mw T
BY
BY
_ -
G D)
Dyﬂw = G(l)Dg(/Qu)J s
1,1 ® : I
G DY)
! ’ L
I L cDS) |
-
O(nL—i-m,uLzL’ X0,
D 7 lLL, ® DZU
ZU -

O(nL—i-m,uLzL’ X0,
1rp ® D,
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and
T
Bu” = [12 ®In><n T OanLL’ 12 ®In><n T OanLL’}

)

with
T = I:]'IL/ ® Bil)T A 1IL/ ® BiL)T} .

Additionally, we have

[1]

K" (a) = diag(E(a) ® I, Z(a) @ ¥(a) ® Z(e) @ Im,,, ¥(a) @

=) () @ I,
Ela) @ In,E(a) @ ¥(a) @ E(a) @ I, ¥(a) ®

(@) @ In,,)-

[1]

where, for all o € RP, E(«a) = diag(&1(a), ..., ¢(a)) and ¥(a) = diag(n (@),. ..,
nr/()). Furthermore, let Ao = [Aay --+ Aay)" be such that the scalars Ac; € R,
1 <1 < p, are calculated using

q
Ad; = | Tow (5; T, )| ZRe{ tr [Hgl(jw,j; I o),y (jw; T )

- k()] )

where || Ty (8; T, )|l o s attained at a finite number of frequencies (w1, .. .,w,) and
(Y1,...,Y,) € BY. In addition, the columns of Q,, 1 <v < g, form an orthonormal
basis of the eigenspace of Ty (jwy; Ty @) Toy (Jwu; Ty a)* associated with the leading
eigenvalue | Ty (8;T, @)||co- Then, Aa € 0, J (T, ).

(8)
X QVYVQ;H12 (jwv; Fv 0[)

Proof: The proof follows the same line of reasoning as in the proof of Lemma 5.1.
|

Algorithm 2 introduces a numerical algorithm for finding a saddle point of J,
or equivalently, a local solution of the optimization problem in (4).

Theorem 5.3 In Algorithm 2, let {u} 32, be chosen such that limy_, o 21;:1 Wy =
oo and limy_, s Zl:=1 p2 < oo. Assume that there exists C € R such that ||gi - ||, <
C and |AGY) (k)||z < C for all k,7 >0 and 1 < €' < L'. Then, if limy_ oo (D®),
a(k)) exists, it is a saddle point of J.

Proof: The proof follows from the convergence properties of subgradient opti-
mization algorithms. ]
Example 5.1 (Cont’d) Let us initialize Algorithm 2 at a(0) = [0.0 — 0.0]T and

+0.0 +0.0 +0.0

0 _
Flr=1"1o0 10.0 —05
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Algorithm 2 A numerical algorithm for calculating a saddle point (T'*, a*) of J.

Input: {G“)(0)}§_,, a(0) , €& € Rao, {ur}72,
Output: T, o*
1: k<0
2: repeat
) = 550, GO (ke
a(0) < a(k)
T+0
repeat
a(1+1) « Pa(a(r)+ firgr,r) where gy, - € 9,J(T'®), @) calculated at a(r)
and P4(-) is the projection to A
8: T T+1
9: until |[JT® a(r)) — J(OF a(r — 1)) <e
10 alk+1) « a(r)
11: for /' =1,...,L' do
12: GOk + 1) « Po(GO%K) — mAGE) (k) where AGE) (k) €
Oge J(L,a(k + 1)) calculated at I'® and Pe(-) is the projection to
C((ne)i—y)
13:  end for
4 k<« k+1
15: until [J(TF=D a(k — 1)) — J(I'®F), a(k))| < e
16: T« YL GO (k)ny
17 o« a(k)

Figure 2: The initial closed-loop performance ||, (s;T°, a)|/s (left) and the opti-
mal closed-loop performance || T..,(s; T*, @)||s (right) as function of the parameters
=12
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Furthermore, we pick € = ¢ = 1072 and pyx, = 0.1/k for all k € Z>1. This results
in T*(a) =GN + GPa; + G a2 + GWay, where

[ —0.1892 —1.008 0.0

()
¢ 0.0 0.0  —7.1070 |’
o _ [ —01892 1008 00
“ | 00 0.0 0.0 |’
o® _ [ —01892 1008 00 ]
— | 00 0.0 0.0 |’
cw_ [ 00 0.0 0.0 ]
— | 00 0.0 6.6070

Figure 2 illustrates the closed-loop performance measure || Ty (8;T0, @)l for the
initial control design strategy T° (left) and the suboptimal closed-loop performance
measure | Tow(8; T, @)||oo (Tight) as a function of the system parameters a;, i =
1,2. <

Now, we adapt the definition of the competitive ratio (see [5, 6]) to our prob-
lem formulation. Using this measure, we can characterize the value of the model
parameter information in the control design. Assume that for every o € A, there
exists an optimal controller K*(«a) € K such that

J(K*(a),a) < J(K,a), VK € K.

Notice that K* : A — K is not necessarily in C or C((n)5_,) since its entries might
depend on all the parameters in the vector « (and not just some specific subset of
them). Now, we define the competitive ratio of a control design method I' as

L J(0(@).0)
r0) = S0 TR (o))’

with the convention that “%” equals one. Let us calculate this ratio for our numer-
ical example.

Example 5.1 (Cont’d) For the definition of the competitive ratio, we need to
calculate K*(a). To do so, we assume that the control graph Gi is a complete
graph. Consider the output vectors

y1(t) = ya(t) = { 28 ] € R

Hence, we are dealing with full state feedback, but it is still a parameter-dependent
control design problem. For any a € A, K*(«) is a static controller, which can
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be derived from a convex optimization problem [17]. For this setup, let us run
Algorithm 2 with «(0) =[0 0] and

0.0 0.0 0.0 0.0

0 _
() = 0.0 0.0 0.0 0.5

Then, we get T*(a) = G + GPa; + GBa? + GWay, where

o _ [ —0.0624 —0.1023 0.0 0.0
Tl 00 00  —0.3992 —1.1650 |’
o _ [ —00624 —0.1023 0.0 0.0 |
| 00 0.0 0.0 0.0 |
o _ [ —00624 —01023 0.0 0.0 ]
— | 00 0.0 0.0 0.0 |
@ _ [ 0.0 0.0 0.0 0.0 ]
Tl 00 0.0 0.3992  0.6650 |

To calculate the competitive ratio, we grid the set of all eligible parameters A and
calculate K* (and its closed-loop performance) for each grid point. This results in

g JT(0)a)
r(™) = ae.lz)x TR (), ) 1.1475.

Hence, the closed-loop performance of T'* can be at most 15% worse than the
performance of the control design strategy with access to the full parameter vector.
We can also infer that, although using gradient descent optimization, I'* is close
to the global solution of the optimization problem (4) since the performance cost
of the global solution must lay somewhere between the performances of I'* and K*,
which are very close to each other thanks to the relatively small r(T'*). The 15%
performance degradation is partly due to using local model information, but it is also
due to the use of the basis functions {ny }},_, to expand the control design strategies
(since span(ne)f_, is not dense in C). To portray this fact quantitatively, let us
assume that the design graph Ge is a complete graph and use Algorithm 2 to calculate
a saddle point (I'*,a®) of J. Doing so, we get

r(I*) = 1.1344,

so about 13% of the performance degradation is caused by the choice of the basis
functions {776/}27:1' This amount can be certainly reduced by increasing L' (i.e.,
adding to the mumber of basis functions employed to describe the control design
strategies). <
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), da3(t) \2 ), dyp(0) |1 .
o e 7 S e 1]

Figure 3: Regulating the distance between three vehicles in a platoon.

Figure 5: The design graphs utilized in the vehicle platooning.

4 Application to Vehicle Platooning

Consider a physical example where three heavy-duty vehicles are following each
other closely in a platoon (see Figure 3). We can model this system as

z(t) = A(a)z(t) + B(a)u(t) + w(t),

where
2(t) = [ v1(t) dia(t) wa(t) das(t) ws(t) ] € RS,

is the state vector with v;(t) denoting the velocity of vehicle ¢ and d;;(t) denoting
the distance between vehicles i and j (see Figure 3). Additionally, u(t) € R? is the
control input (i.e., the acceleration of the vehicles), w(t) € R® is the exogenous input
(i.e., the effect of wind, road quality, friction, etc), and o = [m; mo m3]’ € R?
is the vector of parameters with m; denoting the mass of vehicle ¢ (scaled by its
maximum allowable mass). We define the state of each subsystem as

xl(t):[ o0 } Ta(t)=va(t), xg(t)z{ it }
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Furthermore, we have

791/7711 0 0 0 0
1 0 —1 0 0
Ala) = 0 0 —o2/ms O 0 ,
0 0 1 0 -1
0 0 0 0 —o3/ms
and
bl/ml 0 0
0 0 0
B(Oé) = 0 b2/m2 0 )
0 0 0
0 0 b3/m3

where p; is the viscous drag coefficient of vehicle i and b; is the power conversion
quality coefficient. These parameters are all scaled by the maximum allowable mass
of each vehicle. Let us fix o, = 0.1 and b; =1 for all : = 1,2,3. We assume that

A={acR3|q; €]0.5,1.0] for all i = 1,2,3}.

Clearly, we can satisfy Assumption 5.1 with the choice of basis functions &; () = 1,
(o) = 1/my, &(a) = 1/ma, and &(a) = 1/ms. Now, we assume that each
vehicle only has access to the state measurements of its neighbors. This pattern is
captured by the control graph Gx in Figure 4. Hence, we get

v (t)
Ul(t) dlg(t) UQ(t)
yi(t)=| diz2(t) |, y2(t)=| va2(t) |, y3(t)=|das(t) |,
’Uz(t) dgd(t) ’Ug(t)
v3(t)

Notice that the choice of these particular observation vectors is convenient as the
vehicles can measure them directly (using velocity and distance sensors mounted
on the front and the back of the vehicles) and they do not need to relay these
measurements to each other through a communication medium. For safety reasons,
we would like to ensure that the exogenous inputs do not significantly influence
the distances between the vehicles. However, we would like to guarantee this fact
using as little control action as possible. We capture this goal by minimizing the
H-norm of the closed-loop transfer function from the exogenous inputs w(t) to

2(t) = [ dio(t) dos(t) wi(t) wa(t) ws(t) ]

Let us use the basis functions n1(a) = 1, ma(a) = ma, n3(a) = m?, ni(a) = ma,
ns(a) = m3, ne(a) = mgz, and n7(a) = m3 to expand the control design strategies.
We use Algorithm 2 to compute the optimal control design strategy. Notice that the
open-loop system has two poles on the imaginary axis for all & € A. To eliminate
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this problem, we initialize the algorithm with an stabilizing control design strategy

30000 0 0 00 0 0
a=[0 00 015 -5 10 0 0 0 0
000000 0 00 10 -5

We pick a(0) = [0.50.50.5]", ¢ = 1072, ¢ = 1073, and py, = 1/k for all k € Z>;.
For comparisons, note that

= 11.9626.

max || e (77 0

In the following subsections, we calculate optimal control design strategy under
three different information regimes. Note that the importance of communicating
parameter information for vehicle platooning was also considered in [20], where the
authors designed decentralized linear quadratic controllers.

4.1 Local Model Information Availability

We start with the case where each local controller only relies on the mass of its own
vehicle. This model information availability corresponds to the design graph Ge in
Figure 5. For this case, we get the performance

max ||T.y (s 7', ) || = 4.7905,
acA

I

where T'°@ is the outcome of Algorithm 2 with the described initialization.

4.2 Limited Model Information Availability

Here, we let the neighboring vehicles communicate their mass to each other. This
model information availability corresponds to the design graph G/ in Figure 5. For
this information regime, we get
. plimited _
max || Tey (5;T ;)| = 3.5533,
where I''mited g the outcome of Algorithm 2. Clearly, we get a 25% improvement
in comparison to I''°%!,

4.3 Full Model Information Availability

Finally, we consider the case where each local controller has access to all the model
parameters (i.e., the mass of all other vehicles). This model information availability
corresponds to the design graph G/ in Figure 5. We get
T (53T = 3.3596

max [T (5T @) | :
where T'f! is the outcome of Algorithm 2. It is interesting to note that with access
to full model information, we only improve the closed-loop performance by another
5% in comparison to I'i™mited  This might be caused by the fact that the first and
the third vehicles are not directly interacting.
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5 Conclusions

In this paper, we studied optimal static control design under limited model in-
formation and partial state measurements for continuous-time linear parameter-
dependent systems. We defined the control design strategies as mappings from the
set of parameters to the set of controllers. Then, we expanded these mappings using
basis functions. We proposed a numerical optimization method based on consec-
utive local minimizations and maximizations of the H,,—norm of the closed-loop
transfer function with respect to the control design strategy gains and the system
parameters. The optimization algorithm relied on using the subgradients of this
closed-loop performance measure. As future work, we will focus on finding the best
basis functions for expanding the control design strategies. We will also study the
rate at which the closed-loop performance improves when increasing the number of
the basis functions.

6 Bibliography

[1] W. Levine, T. Johnson, and M. Athans, “Optimal limited state variable feed-
back controllers for linear systems,” IEEE Transactions on Automatic Control,
vol. 16, no. 6, pp. 785-793, 1971.

[2] H. Witsenhausen, “A counterexample in stochastic optimum control,” SIAM
Journal on Control, vol. 6, no. 1, pp. 131-147, 1968.

[3] N.Sandell Jr, P. Varaiya, M. Athans, and M. Safonov, “Survey of decentralized
control methods for large scale systems,” IEEE Transactions on Automatic
Control, vol. 23, no. 2, pp. 108-128, 1978.

[4] F. Farokhi, “Decentralized control design with limited plant model informa-
tion,” KTH Royal Institute of Technology, Licentiate Thesis, 2012. http:
//urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-63858.

[5] C.Langbort and J. Delvenne, “Distributed design methods for linear quadratic
control and their limitations,” IFEE Transactions on Automatic Control,
vol. 55, no. 9, pp. 2085-2093, 2010.

[6] F. Farokhi, C. Langbort, and K. H. Johansson, “Optimal structured static
state-feedback control design with limited model information for fully-actuated
systems,” Automatica, vol. 49, no. 2, pp. 326-337, 2013.

[7] F. Farokhi and K. H. Johansson, “Dynamic control design based on limited
model information,” in Proceedings of the 49th Annual Allerton Conference on
Communication, Control, and Computing, pp. 1576-1583, 2011.

[8] P. Apkarian and D. Noll, “Nonsmooth H., synthesis,” IEEE Transactions on
Automatic Control, vol. 51, no. 1, pp. 71-86, 2006.


http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-63858
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-63858

[9]

[13]

[14]

217

A. Packard, “Gain scheduling via linear fractional transformations,” Systems
& Control Letters, vol. 22, no. 2, pp. 79-92, 1994.

W. J. Rugh and J. S. Shamma, “Research on gain scheduling,” Automatica,
vol. 36, no. 10, pp. 14011425, 2000.

D. J. Leith and W. E. Leithead, “Survey of gain-scheduling analysis and de-
sign,” International Journal of Control, vol. 73, no. 11, pp. 1001-1025, 2000.

R. A. Nichols, R. T. Reichert, and W. J. Rugh, “Gain scheduling for H-infinity
controllers: A flight control example,” IEEE Transactions on Control Systems
Technology, vol. 1, no. 2, pp. 69-79, 1993.

A. S. Morse, “Supervisory control of families of linear set-point controllers Part
I: Exact matching,” IEEE Transactions on Automatic Control, vol. 41, no. 10,
pp- 1413-1431, 1996.

G. Scorletti and L. E. Ghaoui, “Improved LMI conditions for gain scheduling
and related control problems,” International Journal of Robust and Nonlinear
Control, vol. 8, no. 10, pp. 845-877, 1998.

P. Apkarian and H. D. Tuan, “Parameterized LMIs in control theory,” SIAM
Journal on Control and Optimization, vol. 38, no. 4, pp. 1241-1264, 2000.

T. Johnson and M. Athans, “On the design of optimal constrained dynamic
compensators for linear constant systems,” IFEE Transactions on Automatic
Control, vol. 15, no. 6, pp. 6568660, 1970.

K. Zhou and J. C. Doyle, Essentials of Robust Control. Prentice Hall, 1998.

N. Z. Shor, Minimization methods for non-differentiable functions. Springer-
Verlag Berlin, 1985.

S. Boyd, L. Xiao, and A. Mutapcic, “Subgradient methods,” Lecture notes
of EE3920, Stanford University, Autumn Quarter, 2003. http://wuw.
stanford.edu/class/ee364b/lectures/subgrad_method_notes.pdf.

A. Alam, A. Gattami, and K. Johansson, “Suboptimal decentralized controller
design for chain structures: Applications to vehicle formations,” in Prceedings
of the 50th IEEE Conference on Decision and Control and European Control
Conference, pp. 6894—6900, 2011.


http://www.stanford.edu/class/ee364b/lectures/subgrad_method_notes.pdf
http://www.stanford.edu/class/ee364b/lectures/subgrad_method_notes.pdf




PAPER 6

Optimal Control Design under Limited Model
Information for Discrete-Time Linear Systems with
Stochastically-Varying Parameters

Farhad Farokhi and Karl H. Johansson

Abstract—The value of plant model information available in the control design process
is discussed. We design optimal state-feedback controllers for interconnected discrete-time
linear systems with stochastically-varying parameters. The parameters are assumed to be
independently and identically distributed random variables in time. The design of each
controller relies only on (%) exact local plant model information and (i7) statistical beliefs
about the model of the rest of the system. We consider both finite-horizon and infinite-
horizon quadratic cost functions. The optimal state-feedback controller is derived in both
cases. The optimal controller is shown to be linear in the state and to depend on the
model parameters and their statistics in a particular way. Furthermore, we study the
value of model information in optimal control design using the performance degradation
ratio which is defined as the supremum (over all possible initial conditions) of the ratio
of the cost of the optimal controller with limited model information scaled by the cost of
the optimal controller with full model information. An upper bound for the performance
degradation ratio is presented for the case of fully-actuated subsystems. Comparisons are
made between designs based on limited, statistical, and full model information. Through-
out the paper, we use a power network example to illustrate concepts and results.

©2013 Farhad Farokhi. Submitted for publication as a journal paper.
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1 Introduction

1.1 Motivation

Large-scale systems such as automated highways [1, 2], aircraft and satellite forma-
tions [3, 4], supply chains [5, 6], power grids and other shared infrastructures [7, 8]
are typically composed of several locally controlled subsystems that are connected to
each other either through the physical dynamics, the communication infrastructure,
or the closed-loop performance criterion. The problem of designing these local con-
trollers, widely known as distributed or decentralized control design, is an old and
well-studied problem in the literature [9-15]. Although the controller itself is highly
structured for these large-scale systems, it is commonly assumed that the complete
model of the system is available and the design is done in a centralized fashion using
the global plant model information. However, this assumption is usually not easily
satisfied in practice. For instance, this might be because the design of each local
controller is done by a separate designer with no access to the global plant model
because the full plant model information is not available at the time of design or it
might change later. Recently, this concern has become more important as engineers
implement large-scale systems using off-the-shelf components which are designed in
advance with limited prior knowledge of their future operating condition. Another
reason to consider control design based on only local information is to simplify the
tuning and the maintenance of the system. For instance, dependencies between
cyber components in a large system can cause complex interactions influencing the
physical plant, not present without the controller. Privacy concerns could also be
a motivation for designing control actions using only local information. For further
motivations behind optimal control design using local model information, see [16].

As an illustrative physical example, let us consider a power network control
problem with power being generated in generators and distributed throughout the
network via transmission lines (e.g., [17, 18]). It is fairly common to assume that
the power consumption of the loads in such a network can be modeled stochas-
tically with a priori known statistics, such as, mean and variance extracted from
long term observations [19-21]. When the load variations are “small enough”, lo-
cal generators meet these demand variations. These variations shift the generators
operating points, and consequently, change their model parameters. If the loads
are modeled as impedances, they change the system model by changing the trans-
mission line impedances. As power networks are typically implemented over a vast
geographical area, it is inefficient or even impossible to gather all these model in-
formation variations or to identify all the parameters globally. Even if we could
gather all the information and identify the whole system based on them, it might
take very long and by then the information might be outdated (noting that the
model parameters vary stochastically over time). This motivates the interest in
designing local controllers for these systems based on only local model information
and statistical model information of the rest of the system. We revisit this power
network problem in detail for a small example in the paper. A recurring example



1. INTRODUCTION 221

is used to explain the underlying definitions as well as the mathematical results. It
is not difficult to see that similar examples can also be derived for process control,
intelligent transportation, irrigation systems, and other shared infrastructures.

1.2 Related Studies

Optimal control design under limited model information has recently attracted at-
tention. The authors in [22] introduced control design strategies as mappings from
the set of plants of interest to the set of eligible controllers. They studied the
quality of these control design strategies using a performance metric called the
competitive ratio; i.e., the worst case ratio of the closed-loop performance of a
given control design strategy to the closed-loop performance of the optimal control
design with full model information. Clearly, the smaller the competitive ratio is,
the more desirable the control design strategy becomes since it can closely replicate
the performance of the optimal control design strategy with full model information
while only relying on local plant model information. They showed that for discrete-
time systems composed of scalar subsystems, the deadbeat control design strategy
is a minimizer of the competitive ratio. Additionally, the deadbeat control design
strategy is undominated; i.e., there is no other control design strategy that performs
always better while having the same competitive ratio. This work was later gen-
eralized to limited model information control design methods for inter-connected
linear time-invariant systems of arbitrary order in [23]. In that study, the authors
investigated the best closed-loop performance that is achievable by structured static
state-feedback controllers based on limited model information. It was shown that
the result depends on the subsystems interconnection pattern and availability of
state measurements. Whenever there is no subsystem that cannot affect any other
subsystem and each controller has access to at least the state measurements of
its neighbors, the deadbeat strategy is the best limited model information control
design method. However, the deadbeat control design strategy is dominated (i.e.,
there exists another control design strategy that outperforms it while having the
same competitive ratio) when there is a subsystem that cannot affect any other
subsystem. These results were generalized to structured dynamic controllers when
the closed-loop performance criterion is set to be the Ho-norm of the closed-loop
transfer function [24]. In this case, the optimal control design strategy with limited
model information is static even though the optimal structured state-feedback con-
troller with full model information is dynamic [25, 26]. Later in [27], the design of
dynamic controllers for optimal disturbance accommodation was discussed. It was
shown that in some cases an observer-based-controller is the optimal architecture
also under limited model information. Finally, in [28], it was shown that using an
adaptive control design strategy, the designer can achieve a competitive ratio equal
to one when the considered plant model belongs to a compact set of linear time-
invariant systems and the closed-loop performance measure is the ergodic mean of
a quadratic function of the state and control input (which is a natural extension of
the Ho-norm of the closed-loop system considering that the closed-loop system in
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this case is nonlinear due to the adaptive controller).

In all these studies, the model information of other subsystems are assumed to
be completely unknown which typically results in conservative controllers because it
forces the designer to study the worst-case behavior of the control design methods.
In this paper, we take a new approach by assuming that a statistical model is avail-
able for the parameters of the other subsystems. There have been many studies of
optimal control design for linear discrete-time systems with stochastically-varying
parameters [29-33]. In these papers, the optimal controller is typically calculated
as a function of model parameter statistics. Considering a different problem for-
mulation, in this paper, we assume each controller design is done using the exact
model information of its corresponding subsystem and the other subsystems’ model
statistics.

Note that studying the worst-case behavior of the system using the competitive
ratio is not the only approach for optimal control design under limited model in-
formation. For instance, the authors in [34-36] developed methods for designing
near-optimal controllers using only local model information whenever the coupling
between the subsystems is negligible. However, not even the closed-loop stability
can be guaranteed when the coupling grows. As a different approach, in a re-
cent study [37], the authors used an iterative numerical optimization algorithm to
solve a finite-horizon linear quadratic problem in a distributed way using only lo-
cal model information and communication with neighbors. However, this approach
(and similarly [38, 39]) require many rounds of communication between the sub-
systems to converge to a reasonable neighborhood of the optimal controller. To
the best of our knowledge, there is also no stopping criteria (for terminating the
numerical optimization algorithm) that uses only local information. There have
been some studies in developing stopping criteria but these studies require global
knowledge of the system [40, 41]. Recently, there has been an attempt for design-
ing optimal controllers using only local model information for linear systems with
stochastically-varying parameters [42]. However, that setup is completely different
from the problem that is considered in this paper. First, the authors of [42] consid-
ered the case where the B-matrix was parameterized with stochastic variables but
in our setup the A-matrix is assumed to be stochastic. Additionally, in [42], the
infinite-horizon problem was only considered for the case of two subsystems, while
here we present all the results for arbitrary number of subsystems. In this paper,
we introduce the concept of performance degradation ratio as a measure to study
the value information in optimal control design. Furthermore, the proof techniques
are different since the authors of [42] use a team-theoretic approach to solve the
problem opposed to the approach presented in this paper.

1.3 Main Contribution

The main contribution of this paper is to study the value of plant model information
available in the control design process. To do so, we consider limited model infor-
mation control design for discrete-time linear systems with stochastically-varying
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parameters. First, in Theorem 6.1, we design the optimal finite-horizon controller
based on exact local model information and global model parameter statistics. We
generalize these results to infinite-horizon cost functions in Theorem 6.2 assuming
that the underlying system is mean square stabilizable; i.e., there exists a constant
matrix that can mean square stabilizes the system [29]. However, in Corollary 6.3,
we partially relax the assumptions of Theorem 6.2 to calculate the infinite-horizon
optimal controller whenever the underlying system is mean square stabilizable un-
der limited model information. This new concept is defined through borrowing the
idea of control design strategies from [22, 23]. We define a special class of control
design strategies to construct time-varying control gains for each subsystem. We
say that a system is mean square stabilizable under limited model information if
the intersection of this special class of control design strategies (that use only local
model information) and the set of mean square stabilizing control design strategies
is nonempty; i.e., there exists a control design strategy that uses only local model
information and it can mean square stabilizes the system (see Definition 6.3 for
more details).

Using the closed-loop performance of the optimal controller with limited model
information, we study the effect of lack of full model information on the closed-loop
performance. Specifically, we study the ratio of the cost of the optimal control
design strategy with limited model information scaled by the cost of the optimal
control design strategy with full model information (which is introduced in Theo-
rems 6.4 and 6.5 for finite-horizon and infinite-horizon cost functions, respectively).
We call the supremum of this ratio over the set of all initial conditions, the per-
formance degradation ratio. In Theorem 6.6, we find an upper bound for the
performance degradation ratio assuming the underlying systems are fully-actuated
(i-e., they have the same number of inputs as the state dimension). As a future
direction for research, one might be able to generalize these results to designing
structured state-feedback controllers following the same line of reasoning as in [43].

An early and brief version of the paper was presented as [44]. The current
paper is a considerable extension of [44] as the results have been generalized, a
new literature survey has been included, and a power network example has been
introduced to illustrate concepts and results throughout the paper.

1.4 Paper Outline

The rest of the paper is organized as follows. We start with introducing the system
model in Section 2. In Section 3, we design optimal controller for each subsystem
based on limited model information (i.e., using its own model information and the
statistical belief about the other subsystems). We start by the finite-horizon optimal
control problem and then generalize the results to infinite-horizon cost functions. In
Section 4, we introduce the optimal controller for both finite-horizon and infinite-
horizon cost functions when using the full model information. In Section 5, we
study the value of plant model information in optimal control design using the
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performance degradation ratio. Finally, the conclusions and directions for future
research are presented in Section 6.

1.5 Notation

The sets of integers and reals are denoted by Z and R, respectively. We denote all
other sets with calligraphic letters such as A and X'. Specifically, we define SY
(8%) as the set of all symmetric matrices in R"*™ that are positive definite (positive
semidefinite). Matrices are denoted by capital roman letters such as A. We use the
notation A;; to denote a submatrix of matrix A (its dimension and position will be
defined in the text). The entry in the i** row and the j*" column of the matrix A is
denoted a;j. We define A > (>)0as A € 87, (S}) and A > (>)Bas A—B > (>)0.
Let A® B € R"™*9" denote the Kronecker product between matrices A € R™**™
and B € RP*?; je.,

anB tee almB

A® B= : . :
Cl,nlB s ant

For any positive integers n and m, we define the mapping vec : R"*™ — R™™ ag
vec(A) = [A] A] ---Al]T where 4;, 1 < i < m, denotes the i*" column of A.
The mapping vec™! : R™™ — R™*™ is the inverse of vec(-), where the dimension
of the matrix will be clear from the context. It is useful to note that both vec
and vec™! are linear operators. Finally, for any given positive integers n and m,
we define the discrete Riccati operator R : R™*" x S} x R™*™ x ST, — SV as
R(A,P,B,R) = AT(P -~ PB(R+ B"PB)"'BTP)A for any A € R"™*" P ¢ St
B eR"™™ and R € ST,.

2 Control Systems with Stochastically-Varying Parameters

Consider a discrete-time linear system with stochastically-varying parameters com-
posed of N subsystems with each subsystem represented in state-space form as

N
zi(k+1) =Y Ajj(k)a;(k) + Bii(k)u;(k), (1)
j=1
where z;(k) € R™ and wu;(k) € R™ denote subsystem i, 1 < i < N, state vector
and control input, respectively.

Remark 6.1 Linear systems with stochastically-varying parameters have been stud-
ied in many applications including power networks [19, 20], process control [45],
finance [46], and networked control [33, 47]. Various system theoretic properties
and control design methods have been developed for these systems [29-32].

We make the following two standing assumptions:
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Figure 1: Schematic diagram of the power network in Example 6.1.

Assumption 6.1 The submatrices A;j(k), 1 < i,j < N, are independently dis-
tributed random variables in time; i.e., P{A;;(k ) € X|A;j(ka)} =P{A;; (k1) € X}
for any X C R™*™ whenever ki # kz

Assumption 6.2 The subsystems are statistically independent of each other; i.e.,
P{A”(k’) S XlAzljl(k)} = P{A”(k‘) € X} fO’f’ any X C R™ %" gnd 1 < j,j/ <N
whenever i # 1'.

We illustrate these properties on a small power network example. We will
frequently revisit this example to demonstrate the developed results as well as their
implications.

Example 6.1 Let us consider the power network composed of two generators shown
in Figure 1 from [48, pp. 64—65], see also [17]. We can model this power network
as

Pi(t) — ¢y sin(61(t) — 82(t)) — ¢y "sin(61(t)) — Dywi (t)],

[Py(t) — c15 sin(Sa(t) — 61(t)) — 5 " sin(d2(t)) — Daws(t)],

gl-

where 6;(t), wi(t), and P;(t) are, respectively, the phase angle of the terminal voltage
of generator i, its rotation frequency, and its input mechanical power. We assume
that Pi(t) = 1.6 + v1(t) and Pa(t) = 1.2 + va(t), where v1(t) and va(t) are the
continuous-time control inputs of this system. The power network parameters can
be found in Table 6.1 (see [17, 48] and references therein for a discussion on these
parameters). Now, we can find the equilibrium point (67, 03) of this system and lin-
earize it around this equilibrium. Let us discretize the linearized system by applying
Euler’s constant step scheme with sampling time AT = 300ms, which results in

ASy(k+1) 1 ar o ‘?5**5’3 0 AS: (k) 0

Awi(k+1)| & 1-455 e 0 Awn (k)| fur (k)

Abo(k+1)| 0 0 1 AT Ab2 (k) 0o

Awz(k +1) AT cos(05 —67) 0 & 1—ATD2 || Aws(k)| [u2(k)
c12 Mo Mo

with & = —AT(ci5cos(5F—0%) + ¢y L cos(57)) /My and &y =—AT (c5cos(65—0%) +
5t cos(0%)) /My, where Ady(k), Ada(k), Awy(k), and Awq(k) denote the deviation
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of 01(t), 02(t), wi(t), and wa(t) from their equilibrium points at time instances t =
kEAT. Additionally, let the actuators be equipped with a zero order hold unit which
corresponds to v;(t) = u;(k) for all kAT <t < (k+ 1)AT. Let us assume that we
have connected impedance loads to each generator locally, such that the parameters
c1 and co vary stochastically over time according to the load profiles. Furthermore,
assume that each generator changes its input mechanical power according to these
local load variations (to meet their demand and avoid power shortage). Doing so,
we would not change the equilibrium point (07,03). For this setup, we can model
the system as a discrete-time linear system with stochastically-varying parameters

x(k+1) = A(k)x(k) + Bu(k),

where
Ay (k) 0 0
_ Awl(k) _ ul(k) _ 1 0
#R) =1 Asy(k) | wk) =1 k) | B=1¢ o]
sz(k) 0 1
and
1.0000 0.3000 0 0
Ak) = —45.6923 — 6.92971 (k) 0.9250 29.3953 0
- 0 0 1.0000 0.3000 |’
23.5163 0 —37.3757 — 8.1485a (k)  0.9400

where a;(k), i = 1,2, denotes the deviation of the admittance ci_1 from its nominal
value in Table 6.1. Let us assume that ay(k) and as(k) are independently and
identically distributed random variables in time with ay (k) ~ N(0,0.1) and as(k) ~
N(0,0.3). Note that in this example, o;(k) is a stochastically-varying parameter
of subsystem i describing the dynamics of the local power consumption. It only
appears in the model of subsystem i; i.e., in {A;;(k)|1 < j < N}. In the rest of the
paper when discussing this example and for designing controller i, we assume that
we only have access to the exact realization of a;(k) in addition to the statistics of
the other subsystem. This is motivated by the fact that the controller of the other
generator might not have access to this model information. >

We define the concatenated system from (1) as

x(k+1) = A(k)z(k) + B(k)u(k), (2)
where z( ) = [z1(k)T - zn(k)T]T € R™ and u(k) = [ul(k) —un(k)T)T €
R™, with SN ni and m = YN my. Let 29 = 2(0). We also use the

n = B ((
notations A;;(k) = E{A;;(k)}, Ai;(k) = Ai;(k) — A;j ( ), A(k) = E{A(k)}, and
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Table 6.1: Nominal values of power system parameters in Example 6.1.

[ Parameters [ Nominal Value (p.u.) |

M, 2.6 x 1072
Mo 3.2x 1072
c12 0.40
c1 0.50
Cco 0.50
Dy 6.4 x 103
Do 6.4 x 1073

A(k) = A(k) — A(k). Furthermore, for all 1 <i < N, we introduce the notations

O(Z;;ll ny)xm; O(Z;;i nj)xXmny o O(Z;;i nj)Xny
Bi(k) = Bu(k) | AR =] Ak e Ain(R)
O(Z;V:iﬂ ng)Xmi O(Zj‘v:iﬂ ng)xny O(Zj’v:i-*—l ng)xnN

Now, we are ready to calculate the optimal controller under model information
constraints.

3 Optimal Control Design with Limited Model Information

In this section, we study the finite-horizon and infinite-horizon optimal control
design using exact local model information and statistical beliefs about other sub-
systems. We consider state-feedback control laws u;(k) = F;(z(0),...,x(k)) where
in the design of F; only limited model information is available about the overall
system (2). We formalize the notion of what model information is available in the
design of controller 7, 1 < i < N, through the following definition.

Definition 6.1 The design of controller i, 1 < i < N, has limited model infor-
mation if (a) the exact local realizations {A;j(k) | 1 < j < N,Vk} are available

together with (b) the first- and the second-order moments of the system parameters
(i.e., E{A(k)} and E{A(k) ® A(k)} for all k).

Remark 6.2 Note that the assumption that the exact realizations {A;;(k) |1 < j <
N} are available to designer of controller i (and not the rest of the submatrices)
is reasonable in the context of interconnected systems where the coupling strengths
are known (stochastically-varying or not) and the uncertainties are arising in each
subsystem independently. For instance, such systems occur naturally when studying
power network control since the power grid, which determines the coupling strengths
between the generators and the consumers, s typically accurately modeled, however,
the loads and the generators are stochastically varying and uncertain. A direction
for future research could be to consider the case where also the coupling strengths
are uncertain.
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3.1 Finite-Horizon Cost Function

In the finite-horizon optimal control design problem, for a fixed T' > 0, we minimize
the cost function

Jr(eo (u()}Io) =E{x<T>TQ<T>w<T>

v 3)
S (z(kfc?(k)x(k) n Zum)%ﬁ(k)w(m) }
k=0 j=1

subject to the system dynamics in (2) and the model information constraints in
Definition 6.1. In (3), we assume that Q(k) € ST for all 0 < k < T and R(k) =
diag(Ry1(k),...,Ryn(k)) € ST, for all 0 < k < T — 1. The following theorem
presents the solution of the finite-horizon optimal control problem.

Theorem 6.1 The solution of the finite-horizon optimal control design problem
with limited model information is given by
u(k) = — (R(k) + B(k)" P(k + 1)B(k)) "' B(k)" P(k + 1) A(k)z (k)
(Ri1(k) + Bi(k) " P(k + 1) By (k) "' Bu(k) " P(k + 1) Ay (k)
- 5 z(k),
(Ryn (k) + By (k)" P(k+1)By (k) "' By (k)T P(k + 1) Ay (k)
(4)

where the sequence of matrices {P(k)}i_, can be calculated using the backward
difference equation

P(k) = Q(k) + R(A(k), P(k + 1), B(k), R)

S E (R (5)
+ D _E{R(A;(k). P(k +1), Bi(k), Rin) }
i=1
with the boundary condition P(T) = Q(T). Furthermore, infy, gy 71
k=0

Jr(zo, {u(k) g;ol) = x4 P(0)xg.

Proof: ~ We solve the finite-horizon optimal control problem using dynamic
programming

Vila(k)) = inf E{x(kﬂ@(k)x(k) + u(k)T R(k)u(k)

(©)
Ve (AR)2(k) + B<k>u<k>>|w<k>},

where Vr(z(T)) = x(T) "Q(T)x(T). The proof strategy is to (a) show Vi (x(k)) =
x(k) T P(k)x(k) for all k using backward induction, (b) find a lower bound for
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E{xz(k)TQ(k)z(k) + u(k) T R(k)u(k) + Vi1 (A(k)x(k) + B(k)u(k))|2z(k)} which is
attained by u(k) in (4), and (¢) using optimal controller calculate a recursive equa-
tion for P(k), 0 < k < T, starting from P(T) = Q(T). Note that because of
Definition 6.1, in each step of the dynamic programming, the infimum is taken over
the set of all control signals u(k) of the form

uy (k) P1(Ai(k), ..., Ain(k);2(0),- - z(k))

UN‘(k) Un(An1(k), - .. ,AN;v(k‘);w(O), s a(k)

where ¢); : R™*™ x ... x RM*™N xR™ — R™i 1 <4 < N, can be any mapping (i.e.,
it is not necessarily a linear mapping, a smooth one, etc). Let us assume, for all k,
that Vi (z(k)) = z(k) " P(k)z(k) where P(k) € S%. This is without loss of generality
since Vp(z(T)) = (T) TQ(T)z(T) is a quadratic function of the state vector x(T)
and using dynamic programming, Vi (x(k)) remains a quadratic function of z(k)
if Vip1(xz(k+ 1)) is a quadratic function of z(k + 1) and u(k) is a linear function
of (k). This can be easily proved using mathematical induction. For the control
input of the form in (7), we define

E{¢1(A11(k),..., Ain(k); 2(0), -, z(k))|=(k)}
G(k) = ; — K(k)z(k),
E{¢Yn(An1(k), ..., Ann(k);2(0),- -, x(k))|z(k)}

and

gi(k) =i(Ain(k), ..., Ain (k); 2(0), - -, (k)
—E{ti(Au (), .., Ain(k);2(0), -, z(k))e(k)} — Ki(k)z(k),

where K(k) = —(R(k) + B(k)" P(k + 1)B(k)) "' B(k) " P(k + 1)A(k) and K;(k) =
—(Ry; (k) + Bi(k) T P(k + 1)B;(k)) "' B;(k) T P(k + 1) A; (k) are the gains in (4). By
definition, we have E{g;(k)|z(k)} = 0. Furthermore, let us define the notation

O mym,
Ci = I )

0w
(Zj:i+1 mj)Xm;
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for all 1 < < N. Evidently, we have

Ky (k)z (k)
=G(k)+ : + K(k)x(k) + : ]
gn (k) Kn(k)z(k)
N N
= G(k) + K(k)x(k) + Y _ Cigi(k) + Y CiK;(k)x(k)

By rearranging the terms, we can easily show that

where the second equality holds due to that E{g;(k) + K;(k)z(k)|z(k)} = 0 and
C;'RC; = R;; (while recalling that R;; = 0 if i # j). Following the same line of
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reasoning, we show that

E{(A(k)z(k)+B(kyu(k)) " P(k + 1)(A(k)z (k) + B(k)u(k))|x (k) }
T

(
—2{ (400200 + BRI R)2(0) + ) P+ 1)

(A )+ B(k) (K (k)z (k) + G(k)))
(k) <k> + B(k)(f?(k)x( )+ G(k) " P(k+1)

b

+(

< (Ai(k)x(k) + Bi(k) (3 (k) + K () (h))) \x(k)}

because random variables A;(k)z(k) + B;(k)(3:(k) + K;(k)z(k)) and A;(k)x(k) +
B;(k)(g; (k) + K;(k)z(k)) are 1ndependent for i £ j (see Assumption 6. 1 and Defi-
nition 6.1) and E{A (k)z(k)+ B; (k) (g (k) + Ki(k)x(k))|z(k)} = 0forall 1 <i < N.
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Now, note that

where the second equality follows from that B(k) " P(k + 1)(A(k) + B(k)K (k)) +
R(k)K (k) = 0 using the definition of K (k) and the inequality holds due to that
G(k)"(R(k) + B(k)TP(k + 1)B(k))G(k) > 0 for any G(k) € R™ since R(k) +
B(k)TP(k+1)B(k) is a positive-definite matrix. Similarly, for each 1 <i < N, we
conclude that

E{(gi(k)+Ki(k) (k))TRu(k)( i(k ) (k)m k)

=E{§z—(k)TR (k)gz(k)ﬂ(k) ( ) ii (k) K (k) (k)
+3i(k) " Bi(k) " P(k + 1) B; (k)gi (k)
+3i(k) T (Bi(k) T P(k + 1)(A; (k) + Bi(k) Ki (k) + Rii (k) Ki(k)) (k)
+a(k) " (Bi(k) T P(k + (4 1,(k) + Bi(k) K (k) + R (k) Ki(R)) " i ()
+ (k)" (Ai(k) + Bi(k)Ki(k)) " P(k + 1)(Ai(k) + Bi(k)Ki(k))a(k)|x(k) }
> E{a(k) " Ki(k) " Rii(k) Ki(k)a(k)
+a (k)" (Ai(k) + Bi(k)Ki(k)) " P(k + 1)(Ai(k) + Bi(k)Ki(k))a(k)|x(k) }
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Comblnlng identities (8)—(9) with inequalities (10)—(11) results in

E{z (k)" Q(k)x (k) + u(k) " R(k)u(k)
+ (A(k)a(k) + B(k)u(k)) " P(k + 1)(A(k)z (k) + B(k)u(k))|z(k) }
> a(k) ' Q(k)x (k) + x (k) K (k)" R(k)K (k) (k)
+a (k)T (A(k) + B(k)K (k)T P(k + 1)(A(k) + B(k)K (k) (k)

This inequality proves that u*(k) is the solution of (6) since any other controller
results in a larger or equal cost. By substituting this optimal controller inside the
recursion (6), we get the cost function update equation

z(k) T P(k)z(k)
= (k)" Q(k)x(k) + z(k) T K (k) " R(k) K (k)x(k)

+
8
—
=
N~—

4|
h N
—~
x5
S—
+
oy
>
N~—
Jal
x5
SN—
_'
=
x5
+
—
=
h N
x5
N—
+
=
—
=
=
=
N—
N—
B
x5
N—

(12)
By expanding and reordering the terms, we can simplify this equation as
(k)" P(k)a(k) = 2(k) T Q(k)x (k) + x(k) "R(A(k), P(k + 1), B(k), R)x(k)
N
+ Z z(k)"E {R(A;(k), P(k + 1), Bi(k), Ri;) } x(k). (13)

Now, since the equality in (13) is true irrespective of the value of the state vector
z(k), we get the recurrence relation in (5). This concludes the proof. n
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Remark 6.3 Theorem 6.1 shows that the optimal controller (4) is a linear state-
feedback controller and that it is composed of two parts. The first part is a function
of only the parameter statistics (i.c., E{A(k)} and E{ A(k)® A(k)}) while the second
part is a function of exact local model parameters (i.e., {A;;(k) |1 < j < N} for
controlleri). Note that the optimal controller does not assume any specific probabil-
ity distribution for the model parameters. It is worth mentioning whenever n > 1,
for computing the optimal controller, we need to perform arithmetic operations on
very large matrices (since E{A(k)} € R™" and E{A(k) ® A(k)} € R *"" ) which
might be numerically difficult (except for special cases where the statistics of the
underlying system follows a specific structure or sparsity pattern).

Remark 6.4 Note that the optimal controller in Theorem 6.1 is not structured in
terms of the state measurement availability, i.e., controller i accesses the full state
measurement (k). This situation can be motivated for many applications by the
rise of fast communication networks that can guarantee the availability of full state
measurements in moderately large systems. However, in many scenarios, the model
information is simply not available due the fact that each module is being designed
separately for commercial purposes without any specific information about its future
setup (except the average behavior of other components). A wviable direction for
future research is to optimize the cost function over the set of structured control
laws.

Remark 6.5 It might seem computationally difficult to calculate E{A;(k)T ZA;(k)}
for each time-step k and any given matriz Z. However, as pointed out in [29], it
suffices to calculate E{A;(k) ® A;(k)} once, and then use the identity

E{A; (k)T Z(k)A; (k) = vec! (]E { (Ai(k) @ Ai(k)) " vec (Z(k))})
— vec ! (]E {A;(k) ® Ai(k)} vec(Z(k:))) .

3.2 Infinite-Horizon Cost Function

In this subsection, we use Theorem 6.1 to minimize the infinite-horizon performance
criterion

Toe(o, {u(k)}7Z0) = Jim Jr(eo, {u(W)}{=0),

where Q(k) = Q € S}, and R(k) = Re ST, forall 0 <k <T —1and Q(T) = 0.
For this case, we make the following standing assumption concerning the system
parameters statistics:

Assumption 6.3 For all time steps k, the stochastic processes generating the
model parameters of the system in (2) satisfy

. A(k/’) = A cR™™ and E{A(k)® A(k)} =X € anxnz;
° B(k) = B¢ Rnxm
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These assumptions are in place to make sure that we are dealing with station-
ary parameter processes, as otherwise the infinite-horizon optimal control problem
could lack physical meaning. We borrow the following technical definition and as-
sumption from [29]. We refer interested readers to [29] for numerical methods for
checking this condition.

Definition 6.2 System (2) is called mean square stabilizable if there exists a matriz
L € R™*™ such that the closed-loop system with controller uw(k) = Lx(k) is mean
square stable; i.e., limy_, 1 o E{z(k)Tz(k)} = 0.

With this definition in hand, we are ready to present the solution of the infinite-
horizon optimal control design problem with limited model information.

Theorem 6.2 Suppose (2) satisfies Assumption 6.3 and is mean square stabiliz-
able. The solution of the infinite-horizon optimal control design problem with limited
model information is then given by
u(k) = — (R+B"PB)"'BTPAx(k)
(Ri1 + B PBy)"'B{ PA, (k)
- .’L‘(k‘),
(Rnn + By PBNn) 'BLPAN (k)

(14)

where P is the unique positive-definite solution of the modified discrete algebraic
Riccati equation

N
P=Q+R(A,P,B,R)+Y E{R(Ai(k),P,B; Rii)} . (15)

Furthermore, the closed-loop system (2) and (14) is mean square stable and

inf  Joo(zo, {u(k)}5,) = 24 Pxo.
B o (0} ) = 2] P

Proof: Note that the proof of this theorem follows the same line of reasoning as
in [29]. We extend the result of [29] to hold for the Riccati-like backward difference
equation presented in (5). First, let us define the mapping f : S} — S} such that,
for any X € S,

f(X)=Q+A" (X —XB(R+B'XB)"'B'X) A
N
+Y E{A] (X - XBi(Rii + B/ XB,)"'B/ X) A} .

i=1
Using part 2 of Subsection 3.5.2 in [49], we have the matrix inversion identity

X - XWZ+WIXW)"'WTX =X +wz'wh)=!,
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for any matrix W and positive-definite matrices X and Z. Therefore, for any
X € 8¢ ,, we have

fX)=Q+AT (X' +BR'B") !4

N
+Y E{A[ (X' +BiR;'B])'A;}.

i=1
Note that, if X > Y > 0, then
X Lewz W)yt > v Ly wzolw )L,
for any matrix W and positive-definite matrix Z. Therefore, if X > Y > 0, we get
f(X) = f(Y) > 0.

For any given T' > 0, we define the sequence of matrices {X;}X , such that X =0
and X;11 = f(X;). We have

X1 = f(Xo) = f(0) = Q > 0 = Xo.

Similarly,
Xy = f(X1) = f(Xo) = X1 > 0. (17)

The left-most inequality in (17) is true because X7 > Xy. We can repeat the same
argument, and show that forall 1 <: <T—1, X;;1 > X; > 0. Using Theorem 6.1,
we know that
xg Xrzo = inf  Jp(wo, {u(k)}{Z).
{u(®)}, 2o

According to Theorem 5.1 in [29] (using the assumption that the underlying system
is mean square stabilizable), the sequence {X;}9°, is uniformly upper-bounded; i.e.,
there exists W € R™*"™ such that X; < W for all 4 > 0. Therefore, we get

lim Xp=XeR"™" (18)

T—~+o00
since {X;}72 is an increasing and bounded sequence. In addition, we have X € S |
since X; € S for all i > 2 and {X;}2, is an increasing sequence. Now, we need
to prove that the limit X in (18) is the unique positive definite solution of the
modified discrete algebraic Riccati equation (15). This is done by a contrapositive
argument. Assume that there exists Z € S¥ such that f(Z) = Z. For this matrix
Z, we have

Z=[f(2)=f(0) =X,

since Z > 0. Similarly, noting that Z > X, we get

Z=f(2) 2 f(X1) = Xa.
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Repeating the same argument, we get Z > X; for all ¢ > 0. Therefore, for each
T > 0, we have the inequality

inf — Jr (o, {u(k)}{2))
{u(k)} =y
= ma—XTxo
< xOTZxo (19)
T—-1
= inf E {x(T)TZx(T)—i—Z 2(k) T Qu(k)+u(k) T Ru(k) }

{u(k) iy k=0

Note that the last equality in (19) is a direct consequence of Theorem 6.1 and

the fact that Z = f4(Z) for any positive ¢ € Z. Let us define {u*(k)}{-3 =
-1

arginf, ;. y7-1 Jr(zo, {u(k)}}—)), and 2* (k) as the state of the system when the
k=0
control sequence u*(k) is applied. Now, we get the inequality

inf = E {x(T)TZx(T) + z_: z(k) " Qx(k) + u(kj)TRu(k)}
{u(k)}k;() k=0

-1 (20)
<E {x*(T)TZx*(T) + Z (k)T Qx* (k) + u*(k)TRu*(k)} ,

k=0

since, by definition, {u*(k) 5;01 is not the minimizer of this cost function. It
is easy to see that the right-hand side of (20) is equal to Jr(zo, {u*(k)}}=3) +
E{z*(T)" Zz*(T)}. Thus, using (19) and (20), we get
xS—XT:EO < xS—ZxO
< Jr(wo, {u* (k)Y ) + E{a*(T) " Z2a*(T)} (21)
= 2q Xrxo + E{z*(T)" Z2*(T)} .

Finally, thanks to the facts that 2 > 0 and

T-1
lim E { Z z* (k)" Qz* (k) + u*(kz)TRu*(kz)} = lim 2y Xrzo =29 X0 < 00,

T—+o00 P T—+o00

we get that limp_ . E {x*(T)Tx*(T)} = 0. Therefore, we have limp_ o
E {2*(T)" Zz*(T)} = 0. Letting T go to infinity in (21), results in 2§ Xz¢ = zJ Zzg
for all zg € R™. Thus, X = Z. This concludes the proof. n

Remark 6.6 Note that we can use the procedure introduced in the proof of Theo-
rem 6.2 to numerically compute the unique positive-definite solution of the modified
discrete algebraic Riccati equation in (15); i.e., we can construct a sequence of ma-
trices {X;}52,, such that X; 11 = f(X;) with Xo = 0 where f(-) is defined as in (16).



238 PAPER 6. OPTIMAL CONTROL DESIGN UNDER LIMITED ...

Because of (18), it is evident that, for each 6 > 0, there exists a positive integer
q(0) such that X sy is in the d-neighborhood of the unique positive-definite solu-
tion of the modified discrete algebraic Riccati equation (15). Hence, the procedure
generates a solution with any desired precision.

Note that Definition 6.2 requires the existence of a fixed feedback gain L that
ensures the closed-loop mean square stability. This might result in conservative
results. In what follows, we relax this assumption to time-varying matrices.

Definition 6.3 System (2) is called mean square stabilizable under limited model
information if there exist mappings I'; : R™*71 x. .. xRMX1MN — RMixn ] < ¢ < N,
such that the closed-loop system with controller

(A1 (k), ..., Ain(k))
u(k) = : z(k),
FN(ANl(k)> v JANN(k))

is mean square stable.

Clearly, if a discrete-time linear system with stochastically-varying parameters
is mean square stabilizable, it is also mean square stabilizable under limited model
information.

Remark 6.7 All fully-actuated systems (i.e., systems where m; = n; for all 1 <
i < N) are mean square stabilizable under limited model information because, for
each 1 <i < N, the deadbeat controller

Di(Ain(k), .., Ain (k) = =B [An (k) - Aiv(K)],
1s based on limited model information and mean square stabilizes the system.

As a price of relaxing this assumption to time-varying matrices, we need to
strengthen Assumption 6.3.

Assumption 6.4 The stochastic processes generating the model parameters of sys-
tem (2) satisfy that

e The probability distribution of the matrices {A(k)}32 o is constant in time;

e B(k)=B e R"™™ forallk > 0.

Note that in Assumption 6.3 we only needed the first and the second moments of
the system parameters to be constant. However, in Assumption 6.4 all the moments
are constant.
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Corollary 6.3 Suppose (2) satisfies Assumption 6.4 and is mean square stabiliz-
able under limited model information. The solution of the infinite-horizon optimal
control design problem with limited model information is then given by (14) where
P is the unique finite positive-definite solution of the modified discrete algebraic
Riccati equation in (15). Furthermore, the closed-loop system (2) and (14) is mean
square stable and inf,k)ye  Joo(zo, {u(k)}72,) = xg Pxo.

Proof: The only place in the proof of Theorem 6.2 where we used the assump-
tion that the underlying system is mean square stabilizable, was to show that the
sequence {X;}°, is upper bounded; i.e., there exists W € S? such that X; < W
for all ¢ > 0. We just need to prove this fact considering the assumption that the
system is mean square stabilizable under limited model information. Note that for
any T > 0, we have

inf  Jr(zo, {u(k)}IZ1) = 2§ Xrao
{u(t)} 7= =

o (22)
<E {Z z(k) T Qz(k) + u(k)TRU(k)} ;
k=0

where x(k) is the system state when it is initialized at 2:(0) = xo and the control
law u(k) = T'(k)z(k) is in effect with

Ty (A11(k), ..., Ain(k))
r(k) = s
In(An1(K), ..., Ann(k))

that satisfies the condition of Definition 6.3. Note that, at each time step k, T'(k)
is independent of (k) because of Assumption 6.1. Therefore, we have

T-1 T—1
E { > a(k) " Qu(k) + u(k)TRu(k)} =E {Z z(k)T(Q + F(k)TRF(k))m(k)}

k=0 k=0
1

T—
=E { z(k)"(Q + E{F(k)TRF(k)})a;(k)} )
k=0

Furthermore, we can see that E{I'(k) " RI'(k)} = R € S" due to Assumption 6.4.
Now, let us define the sequence {W;}2, such that Wy = Q + R and Wi, =
E{(A(i) + BT(i)) "W;(A(i) + BIL'(i))} which results in

T-1 T—-1 T-1
E { > (k) Qu(k) + u(k)TRu(k:)} =E {Z xOTWka:O} =z E {Z Wk} .

k=0 k=0 k=0
Notice that by construction, W; > 0 for all ¢. In what follows, we prove that
limp_, o0 25;01 Wi, = W < co. Notice that using Assumption 6.4, we have E{(A()+
BT(i))T @ (A(i) + BT'(i)) T} = U for a fixed matrix U € R"**"’.
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CLAIM 1: max; |A;(U)| < 1 where A;(-) denotes the eigenvalues of a matrix.
To prove this claim, construct a sequence {W;}22, such that W;; = E{(A(i) +
BL(i)) TW;i(A(i) + BI‘( ))} and Wy can be an arbitrary matrix (note that the dif-
ference between {W;}3°, and {W;}2, is the initial condition). Now, using an
inductive argument We prove that W, = vec™ ' (U*vec(Wy)). Firstly,
ZE{(A(1) + BI(1))T Wo(A(1) + BI(1)))}

- E{Ve“ ((A<1> +Br(1)T @ (A1) + BF(U)TVCG(WO)) }

= vec™! <E{(A(1) +Br(1))" @ (A(1) + BF(l))T}vec(Wo)) }

= vec Y (Uvec(Wp)).
where the second equality follows from the fact that for any three compatible
matrices A, B,C, we have ABC = vec ! ((CT @ A)vec(B)) and the third equal-

ity holds because vec_l_ is a linear operator. Now, let us show that Wy =
vec_l(Uk'Hvec(Wo)) if Wy, = vec ™! (U*vec(Wy)). To do so, notice that

Wit1 =E{(A(k+1)+ BU(k+ 1)) Wi(A(k +1) + BI'(k + 1)) }

= E{Vec_l ((A(k +1)+Bl(k+1)" @ (A(k+1) + BU(k + 1))Tvec(V_Vk)> }

=vec ! (E{(A(k +1)+Bl(k+1))" ® (A(k+1)+ Bl(k+ 1)) " }Ukvec(Wo)) }
= vec N (U" vec(Wo)).

This conclude the induction. Now, notice that limy_,. 2 ITWizo = limp_eo
E{z(k)"Woz(k)} = 0 for any xq € R" because I'(k) satisfies the condition of Defi-
nition 6.3. As a result, limy_, W), = 0. Therefore, we get limy,_,o U* Vec(WO) =0
irrespective of the choice of Wy which, in turn, implies that limy_, o Uk = 0. Using
Theorem 4 [50, p. 14], we get max; |A\;(U)] < 1.

Now that we have proved Claim 1, we are ready to show that lim7_, ZZ 01 Wy =
W < oco. Recalling the proof of Clalm 1 while setting Wy = Wy = Q + R, we get
that Wy, = vec_l(Ukvec(Q + R)) and as a result
n R>>.

Now, notice that using Claim 1, lim7_, ZT Lok = (I - U) . Let U® = (I—

U)~! € R"**"* Hence, we get limy_, o0 Zk o ' Wy = vec™ (UOOVQC(Q + R)) < 00
Let us define W = vec 1 ({U>vec(Q + R)). Using (22), we get

T-1 T-1
: =1 | 1 Tk
Th_{r(l)o ,; W= hm g vec™H({U*vec(Q + R))=vec (lq}l_rgo E U

c=0 k=0

T-1 T— oo
zg Xrxg <E { Z z(k) T Qx(k) + ﬂ(k)TRﬂ(k)} = xg Wiao < ZzOTkao
k=0 k=0 k=0

<z WIO
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This inequality is indeed true irrespective of the initial condition xg and the time
horizon T'. Therefore, X; < W for all # > 0. The rest of the proof is similar to that
of Theorem 6.2. n

Example 6.1 (Cont’d) Let us introduce the quadratic cost function

Joo (w0, {u(k)}7Zo) = E {Z (k) a(k) + U(k)TU(k)} :
k=0

Following Theorem 6.2, we can easily calculate the optimal controller with limited

model information as

[ 42.7701 + 8.069401 (k)  —1.6741 —29.1868 0.1041

u"M (k) (k).
—23.2274 0.1757  34.4246 + 6.8698a2(k) —1.7331

Clearly, the control gain L; € R*™* of controller u;(k) = L;(k)z(k), i = 1,2, is a
function of only its corresponding subsystem’s model parameter o;(k). >

An interesting question is what is the value of model information when designing
an optimal controller; i.e., having only access to local model information how much
does the closed-loop performance degrade in comparison to having access to global
model information. To answer this question for the setting considered in this paper,
we need to introduce the optimal control design with full model information.

4 Control Design with Full Model Information

In this section, we consider the case where we have access to the full model informa-
tion when designing each subcontroller. Hence, we make the following definition:

Definition 6.4 The design of controller i, 1 < i < N, has full model information
if (a) the entire model parameters {A;;(k) | 1 <i,j < N,Vk} are available together

with (b) the first- and the second-order moments of the system parameters (i.e.,
E{A(k)} and E{A(k) ® A(k)} for all k).

We have the following result for the finite-horizon case.

Theorem 6.4 The solution of the finite-horizon optimal control design problem
with full model information is given by

u(k) = —(R+ B(k)"P(k +1)B(k)) " 'B(k)" P(k + 1) A(k)x(k), (23)

where {P(k)}{_, can be found using the backward difference equation

N
P(k) = Q(k) + R(A(k), P(k + 1), B(k),R) + > E{R(A;(k), P(k + 1), B(k),R)},
= (24)

with the boundary condition P(T) = Q(T). Furthermore, infg, gy 71
k=0
Jr(zo, {u(k)};Zg) = g P(0)zo.
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Proof: The proof is similar to the proof of Theorem 6.1 and is therefore omitted.
See [51] for the detailed proof. m

This result can be extended to the infinite-horizon cost function. However, we
first need to present the following definition.

Definition 6.5 System (2) is called mean square stabilizable under full model in-
formation if there exists a mapping I' : R™*™ — R™*™ such that the closed-loop
system with controller u(k) = I'(A(k))z(k) is mean square stable.

Theorem 6.5 Suppose (2) satisfies Assumption 6.3 and is mean square stabilizable
under full model information. The solution of the infinite-horizon optimal control
design problem with full model information is then given by

u(k) = —(R+ B"PB) 'BTPA(k)x(k), (25)

where P is the unique finite positive-definite solution of the modified discrete alge-
braic Riccati equation

N
P=Q+R(AP,B,R) + Y E{R(4(k),P,B,R)}. (26)

i=1

Furthermore, this controller mean square stabilizes the system and inf{u(k)}gio

Joo (o, {u(k)}72,) = 2g Po.
Proof: The proof is similar to the proofs of Theorem 6.2 and Corollary 6.3. m

Example 6.1 (Cont’d) Following Theorem 6.5, the optimal control design with
full model information is

42.770147.9708c1 (k) —1.6741 —29.1868—0.1035c2(k)  0.1041

u™™M (k)= z(k).
—23.2274—0.1215a1 (k)  0.1757  34.4246+6.7725c2(k) —1.7330

Note that the gain of controller i depends on the global model parameters. >

5 Performance Degradation under Model Information
Limitation

In this section, we study the value of the plant model information using the closed-
loop performance degradation caused by lack of full model information in the control
design procedure. The performance degradation is captured using the ratio of the
closed-loop performance of the optimal controller with limited model information
to the closed-loop performance of the optimal controller with global plant model
information. Let {u*™(k)}2e ) and {u"™I(k)}22, denote the optimal controller
with limited model information (Theorem 6.2) and the optimal controller with
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full model information (Theorem 6.5), respectively. We define the performance
degradation ratio as

LMI oo
r= sup Joo(-r07 {UFMI(k) I;O:O) )
zoekr Joo(T0, {u (k) k:O)

Note that r > 1 since the optimal controller with full model information always
outperforms the optimal controller with limited model information.

Example 6.1 (Cont’d) In this example, we compare the closed-loop performance
of the optimal controllers under different information regimes. We have already
calculated the optimal controller with limited model information as well as the opti-
mal controller with full model information for this numerical example. Now, let us
find the optimal controller using statistical model information based on [29]. Using
Theorem 5.2 from [29], we get

41.9043 —1.7873 —29.3969 —0.0121

SMI .\ _

W) = o33180  0.0435 327901 L7 | “R):

Note how these three control laws depend on the plant model parameters. The control
uSMU(E) has a static gain depending on the statistical information of the A-matriz,
while u"™(k) and v (k) depend on the actual realizations of the stochastic pa-
rameters. Now, we can explicitly compute the performance degradation ratio

T pLMI
xq P2 _4
= SUp —F—mm— = 1+ 2.266 x 107",

moegn xd PPMIg,

This shows that the performance of the optimal controller with limited model infor-
mation is practically the same as the performance of the optimal controller with full
model information. It is interesting to note that with access to (precise) local model
information, one can expect a huge improvement in the closed-loop performance in
comparison to the optimal controller with only statistical model information because

TPSMI
sup 20-___*0 _ 58790

+
vocin Ty PPMIg
>

Next we derive an upper bound for the performance degradation ratio r. We
do that for fully-actuated systems.

Assumption 6.5 All subsystems (1) are fully-actuated; i.e., B;; € R"*™ qand
o(Bii) > €>0 forall 1 <i < N, where o(-) denotes the smallest singular value of
a matrix.
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To simplify the presentation, we also assume that Q = R = I. This is without
loss of generality since the change of variables (2, ) = (Q'/?z, R'/?u) transforms
the cost function and state space representation into

T-1
Joo(o, {1/ (R)}320) = Jim E {Z 2 (6) T (k) + ()T (k) }
k=0

and
o' (k4 1) = QYV2AK)Q™ Y22/ (k) + QY?BR™Y*u/ (k) = A'(k)x' (k) + B'u' (k).
The next theorem presents an upper bound for the performance degradation.

Theorem 6.6 Suppose (2) satisfies Assumptions 6.3 and 6.5 and is mean square
stabilizable under limited model information. The performance degradation ratio is
then upper bounded as r < 1+ 1/€®> where € > 0 is defined in Assumption 6.5.

Proof: Using the modified discrete algebraic Riccati equation (26) in Theo-
rem 6.5, the cost of the optimal control design with full model information
Joo (0, {uFMI(K)}22 ) = xd PPMIzg is equal to

xS—PFMIxO = xJQxO + xg)rR(f_l, P™MI B I

N
+> @ E{R(A;(k), P™ B, 1)} 0. 27)

In addition, we know that PFM! > @ = I, which (using the proof of Theorem 6.2)
results in
R(A, PPMUB T) > R(

> I1,B,1), (28)
R(Ai(k)vPFMI7B7[) > ( (

R(A4,
R(4;(k), I B,I). (29)
Substituting (28)—(29) inside (27) gives

zg P"™Mlz >x] (I+AT(1+BBT) LAY
+ZxJE{A T(I+BB") 1 4;(k)} xo

=1 o + g B{A(k) (I + BB") " A(k)}o,

where the equality follows from the fact that A;(k) and A;(k) for i # j are in-
dependent random variables with zero mean. On the other hand, for a given
xg € R™, the cost of the optimal control design with limited model information
Joo (o, {u"™MI(K)}22 ) = 23 P"M!zg is upper-bounded by

+oo
zg P"Mzo < E {Z a(k) T x(k) + u(k)Tu(k)} ,

k=0
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where u(k) = —B71A(k)x(k) and x(k) is the state vector of the system when
this control sequence is applied to the system. This is true since the deadbeat
control design strategy u(k) = —B~'A(k)z(k) uses only local model information
for designing each controller [16]. Therefore,

zg P"™Mao <E{zg (I + A(k)"'B-TB ' A(k))zo} -

Let us define the set M, = {B eER|r< B} where 7 is the performance degradation
ratio. If 8 € R satisfy SPF™MI — PLIMI > (. then 8 € M,.. We have

ppFMI— ptMUs (3 — )T + E{A(k)" [BI+BB")"' =B~ "B '] A(k)}. (30)

Note that if 8 > 1+ 1/€2, we get (I + B;;B;;)~' — B;; B;;' > 0 and therefore,
B(I+ BBT)™' — B~TB~! > 0. As a result, if 3 > 1 4 1/¢2, the right hand side
of (30) is a positive-semidefinite matrix and, subsequently, 3P¥MI — pLMI >
Hence, [1 + 1/€2,+00) C M,. This shows that

al PMMIg,

T AR T PRV,

1
<1+ 5.
zo€R™ T €

As the power network in Example 6.1 is not fully-actuated, we consider another
power network example to the illustrate the previous result.

Example 6.2 Consider DC power generators, such as solar farms and batteries.
Suppose these sources are connected to AC transmission lines through DC/AC con-
verters that are equipped with a droop-controller [52, 53]. Let us assume that both
power generators in Figure 1 are such DC power generators equipped with droop-
controlled converters. We can then model this power network as

51@)::E%[Fﬁ@)—ci}ﬁnwlﬁ)—52@D-—cflﬁnwi@»——[hwlﬁﬂ,
ba(t) = D% [Py(t) — 15 sin(Sa(t) — 61(t)) — ¢5 " sin(d2(t)) — Dawo(t)],

where 6;(t), 1/D; > 0, and P;(t) are respectively the phase angle of the terminal
voltage of converter i, its converter droop-slope, and its input power. The power
network parameters in this example are the same as the ones in Example 6.1, except
Dy = Dy = 1.0. Now, similarly to Example 6.1, we find the equilibrium point of
this nonlinear system, linearize it around this equilibrium, and then, discretize the
system with sampling time AT = 300ms to get

{A&%+D]

200k { A6 (k) } . { ur () ]

. . c12D1
AT cos(33-57) Ady (k) us(k)

[ ¢ AT cos(67 —63)
1 ot coslo; —95)
c12D2 C2
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where ¢; = 1— AT (ciy cos(6F —63)+c; L cos(67))/Dy and ¢ = 1— AT (ciy cos(55 +
§%) — 5t cos(8%))/Dy. Consider the same variation of the local loads as in Exam-
ple 6.1. We get the discrete-time linear with stochastically-varying parameters

z(k+1) = Az(k) + Bu(k)
where z(k) = [AS1 (k) Ada(k)]T, u(k) = [u1 (k) ua(k)]", and

p_[10 A(k) — | 01635 = 0.207501 (k) 0.7486
“lo 1] - 0.7486 —0.1897 — 0.0877avy (k)

where a1 (k) ~ N(0,0.1) and as(k) ~ N(0,0.3). The goal is to optimize the perfor-
mance criterion

J=E {i z(k) Tz (k) + u(k)Tu(k)} .

k=0

Following Theorem 6.5, we can calculate the optimal controller with full model
information as

MGy — [ 01166+ 0.1185a; (k)  —0.4334 — 0.0027as (k) o(k)
~ | —0.4334 — 0.006401 (k) 0.1317 + 0.05020r5 (k) '

Furthermore, using Theorem 6.2, we can calculate the optimal controller with lim-
ited model information as

oty | 0.1166 + 0.1190a; (k) —0.4334
W (k) = [ —0.4334 0.1317 + 0.0504as () | *(F):

It is easy to see that

r= sup 20 P00 g 9660 x 1076 < 14+1/e2 =2,
wockr Tq PFMIg -

since € = 1. In this ezample, the upper bound computed in Theorem 6.6 is not tight.
>

Remark 6.8 Under Assumption 6.5, when the variances of the plant model pa-
rameters tend to infinity, the optimal controller with limited model information
(introduced in Theorem 6.2) approaches the deadbeat control law. The intuition
behind this result is that when the model information of the other subsystems is
inaccurate, the deadbeat control law (which decouples our subsystem from the rest
of the plant) is the best controller to use. The presented approach balances in a nat-
ural way the use of statistical information about the plant parameters with precise
knowledge of their realizations.
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Example 6.2 (Cont’d) Let us consider the case where variances of the plant
model parameters are very large. Hence, we assume a1(k) ~ N(0,1000) and
ag(k) ~ N(0,3000). Now, the optimal controller with limited model information is
given by

LMI, ., _ | 0.163540.2075¢ (k) —0.7485
u (k) = —0.7485 0.1897 + 0.0877as (k) z(k),
which is practically equal to the deadbeat control law in Remark 6.7. >

6 Conclusion

We presented a statistical framework for the study of control design under limited
model information. We found the best performance achievable by a limited model
information control design method. We also studied the value of information in
control design using the performance degradation ratio. Possible future work will
focus on generalizing the results to discrete-time Markovian jump linear systems
and to decentralized controllers.
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Abstract—We study a heterogeneous routing game in which vehicles might belong
to more than one type. The type determines the cost of traveling along an edge as a
function of the flow of various types of vehicles over that edge. We relax the assumptions
needed for the existence of a Nash equilibrium in this heterogeneous routing game. We
extend the available results to present necessary and sufficient conditions for the existence
of a potential function. We characterize a set of tolls that guarantee the existence of
a potential function when only two types of users are participating in the game. We
present an upper bound for the price of anarchy (i.e., the worst-case ratio of the social
cost calculated for a Nash equilibrium over the social cost for a socially optimal flow) for
the case in which only two types of players are participating in a game with affine edge
cost functions. A heterogeneous routing game with vehicle platooning incentives is used
as an example throughout the article to clarify the concepts and to validate the results.
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1 Introduction

1.1 Motivation

Routing games are of special interest in transportation networks [1-3] and commu-
nication networks [4-6] because they allow us to study cases in which a desirable
global behavior (e.g., achieving a socially optimal solution) can emerge from simple
local strategies (e.g., imposing tolls on each road based on only local information).
For the purpose of this article, routing games can be decomposed into two cate-
gories. In the first category, namely, homogeneous routing games, drivers or vehicles
are of the same type and, therefore, experience the same cost when using an edge
in the network. Such an assumption is primarily motivated by transportation net-
works for which the drivers only worry about the travel time (and indeed under the
assumption that all the drivers are equally sensitive to latency through considering
their average behavior) or packet routing in communication networks where all the
packets that are using a particular link experience the same delay or reliability.
In the second category, namely, heterogeneous routing games (a.k.a., multi-class
routing games [7, 8]), drivers or vehicles belong to more than one type due to the
following reasons:

- Fuel Consumption: In a transportation network, if we include the fuel con-
sumption of the vehicles in the cost functions, two vehicles (of different types)
may experience different costs for using a road even if their travel times are
equal. For instance, [9] studied this phenomenon in atomic congestion games
in which heavy-duty vehicles experience an increased efficiency when a higher
number of heavy-duty vehicles are present on the same road, because of a
higher possibility of platooning and, therefore, a higher fuel efficiency, while
such an increased efficiency may not be true for cars. For an experimental
study of improvements in the fuel efficiency caused by platooning in heavy-
duty vehicles, see [10].

- Sensitivity to Latency: It is known that drivers on a road have different sen-
sitivities to the latency under different circumstances as well as depending
on their personality and background [11, 12]. In addition, due to economic
advantages, heavy-duty vehicles might be more sensitive to latency in com-
parison to cars (because they need to deliver their goods at specific times).

- Sensitivity to Tolls: Drivers generally react differently to road tolls, e.g., based
on the reason of the trip or their socioeconomic background. For instance,
in 2001, by the request of the Swedish Institute for Transport and Commu-
nications Analysis, the consulting firm Inregia compiled a survey to estimate
the value of time for the drivers in Stockholm [13]. According to that study,
drivers valued their time as 0.98, 3.30, and 0.19 SEK /min for work and school
commuting trips, business trips, and other trips, respectively.
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These examples motivate our interest for studying heterogeneous routing games in
which the drivers or the vehicles might belong to more than one type and their
type determines the cost of traveling along an edge as a function of the flow of all
types of vehicles over that edge.

1.2 Related Work

In the context of transportation networks, routing games were originally studied
in [2]. This study also formulated the definition of Nash equilibrium in routing
games!. Later, [16] showed that under some mild conditions, the routing game
admits a potential function and the minimizers of this potential function are Nash
equilibria of the routing game. This result guarantees the existence of a Nash
equilibrium for the routing game. The problem of bounding the inefficiency of
Nash equilibria has been extensively studied; see [14, 17-21] for a survey of these
results.

Heterogeneous routing games have been studied extensively over the past start-
ing with pioneering works in [7, 8]. In these studies, a routing game with multi-class
users were introduced and the definition of equilibrium was given. Furthermore,
in [8], the author introduced a sufficient condition for transforming the problem of
finding an equilibrium to that of an optimization (i.e., equivalent to the existence
of a potential function [22, 23]). The sufficient condition is that over each edge,
the increased cost of a user of the first type due to addition of one more user of
the second type is equal to the increased cost of a user of the second type due to
addition of one more user of the first type, i.e., the users of the first and the second
type influence each other equally [8]. This condition was considered later in [24] in
which it was also noted that satisfaction of this symmetry condition may depend
on the units (e.g., time or money) adopted for representing the cost functions for
the case in which the users’ types are determined by their value of time (i.e., a
scalar factor that balances the relationship between the latency and the imposed
tolls). This results is of special interest since the equilibrium does not change by
using different units for the cost functions (if the latency only depends on the sum
of the flows of various types over the edge, not the individual flows, and the value of
time appears linearly in the cost functions) [25]. Necessary and sufficient conditions
for the existence of potential functions in games with finite number of players was
recently investigated in [26]; however, these results were not generalized to games
with a continuum of players as in heterogeneous routing games. The authors in [27]
studied the existence of an equilibrium in heterogeneous routing games even if such
a symmetry condition does not hold. In contrast to these articles that assumed a
finite set of types to which the users may belong, a wealth of studies also considered
the case in which the users may belong to a continuum of types [28, 29]. The prob-
lem of finding tolls for general heterogeneous routing games as well as the case in
which types of the users is determined by their value of time have been considered

I Throughout this article, following the convention of [14, 15], we use the term Nash equilibrium
to refer to this equilibrium. See Remark 7.1 for more information regarding this matter.
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extensively [30-35]. For instance, in [30], the problem of determining tolls on each
edge or path for heterogeneous routing games was studied. Guarantees were pro-
vided for that the socially optimal solution (also referred to as system-optimizing
flow [8]) is indeed an equilibrium of the game. However, in that article, the users
were assumed to be equally sensitive to the imposed tolls. The problem of find-
ing optimal tolls for routing game in which the users’ value of time belongs to a
continuum was studied in [31].

1.3 Contributions of the Article

In this article, we formulate a general heterogeneous routing game in which the
vehicles? might belong to more than one type. The vehicle’s type determines the
mapping that specifies the cost for using an edge based on the flow of all types of
vehicles over that edge.

We prove that the problem of characterizing the set of Nash equilibria for a het-
erogeneous routing game is equivalent to the problem of determining the set of pure
strategy Nash equilibria in a game with finitely many players (in which each player
represents one of the types in the original heterogeneous routing game). Doing so,
we can employ classic results in game theory and economics literature, specially
regarding the existence of an equilibrium in games and abstract economies [36, 37]
(which is an extension of games to a situation where the actions of other players can
modify the set of feasible actions for a player), to show that under mild conditions,
a heterogeneous routing game admits at least one Nash equilibrium.

Then, we present a necessary condition for the existence of a potential function
for the heterogeneous routing game. We show that this condition is also sufficient
for the case in which only two types of players are participating in the routing
game. In this case, we show, following the potential game literature [22], that the
problem of finding a Nash equilibrium in the heterogeneous routing game can be
posed as an optimization problem (which is numerically tractable if the potential
function is convex). Motivated by the sufficient condition, in the rest of this article,
we focus on heterogeneous routing games in which only two types of users are
participating. Note that in contrast to the results of [8, 24], here, we present a
necessary and sufficient condition for the existence of potential function through
which minimization we can recover an equilibrium. However, the price of providing
this tighter condition is that we can only treat routing games with two distinct
types contrary to the sufficient condition in [8, 24].

If the problem of finding a Nash equilibrium in the heterogeneous routing game
is numerically intractable?, it might be unlikely for the drivers to figure out a Nash
equilibrium in finite time (let alone an efficient one) and utilize it. This might
result in inefficient utilization of the transportation network resources. Therefore,

2We use the terms players, drivers, users, and vehicles interchangeably to denote an infinites-
imal part of the flow that strategically tries to minimize its own cost for using the road.

3In general, the problem of finding a pure strategy Nash equilibrium is not numerically
tractable; e.g., [38-40].
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we present a set of tolling policies for distinguishable types (i.e., a routing game in
which we may impose different tolls for different user types) and indistinguishable
types (i.e., when we cannot impose type-dependent tolls) to guarantee the existence
of a potential function for heterogeneous routing games. The idea of proposing tolls
for indistinguishable types has been previously studied in [41]. However, in that
study, the tolls were introduced to minimize the total travel time and the total travel
cost (as a bi-objective optimization problem). In addition, in [41], the users’ types
corresponded to socio-economic characteristics and, therefore, the cost functions of
various types of users were the latency (which the function of the total flow and
not individual flows of each type) plus the tolls multiplied by the value of time.

Finally, because a Nash equilibrium is typically inefficient (i.e., it does not min-
imize the social cost function®), we study the price of anarchy® (a measure of the
inefficiency of a Nash equilibrium which can be defined as the worst-case ratio of
the social cost at a Nash equilibrium over the social cost at a socially optimal flow).
We prove that for the case in which a convex potential function exists, the price of
anarchy is bounded from above by two for affine edge cost functions, that is, the
social cost of a Nash equilibrium can be at most twice as much as the cost of a
socially optimal solution.

1.4 Article Organization

The rest of the article is organized as follows. We formulate the heterogeneous rout-
ing game in Section 2. In Section 3, we prove that a Nash equilibrium may indeed
exist in this routing game. We present a set of necessary and sufficient conditions
to guarantee the existence of a potential function in Section 4. In Section 5, a set
of tolling policies is presented to satisfy the aforementioned conditions. We bound
the price of anarchy for affine cost functions in Section 6. A numerical example
motivated by a heterogeneous routing game with platooning incentives is studied in
Section 7. Finally, we conclude the article and present directions for future research
in Section 8.

2 A Heterogeneous Routing Game

2.1 Notation

Let R and Z denote the sets of real and integer numbers, respectively. Furthermore,
define Z> (<), = {n € Z|n > (<)a} and R> (<), = {z € R|z > (<)a}. For simplic-
ity of presentation, let N = Z>1. We use the notation [N] to denote {1,...,N}.

4We use a utilitarian social cost function (i.e., summation of the individual cost functions of all
the players) as opposed to a Rawlsian social cost function (i.e., the worst-case cost function of the
players); see [42, p. 413] for more information regarding the difference between these two categories
of social cost functions. We present the definition of the social cost function in Section 6.

5The notion of price of anarchy was first introduced in [43, 44]. Later, it was utilized in various
games including routing games [14, 17, 45-47].
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All other sets are denoted by calligraphic letters. Specifically, C* consists of all
k-times continuously differentiable functions.

Let X C R”™ be a set such that 0 € X. A mapping f : X — R is called positive
definite if f(z) > 0 for all x € X.

A set-valued mapping f : X =2 Y is said to be continuous at z° € X if for every
y° € f(2°) and every sequence {2*}rcn such that limy_ ., 2% = 2°, there exists a
sequence {y*}ren such that y* € f(z%) for all k € N and limy_,o, y* = 3°.

We use the notation G = (V,€) to denote a directed graph with vertex set V
and edge set £ CV x V. Each entry (i,7) € £ denotes an edge from vertex i € V
to vertex j € V. A directed path of length z from vertex i to vertex j is a set of
edges {(i0,11), (i1,%2), ..., (i2—1,1,)} C & such that ig =4 and i, = j.

2.2 Problem Formulation

We propose an extension of the routing game introduced in [2] to admit more than
one type of players. To be specific, we assume that the type of a player 6 belongs
to a finite set O.

Let us assume that a directed graph G = (V,€) models the transportation
network and that a set of source-destination pairs {(sy, )}, for some constant
K € N are given. Each pair (s, tx) is called a commodity. We use the notation
Pr. to denote the set of all admissible paths over the graph G that connect vertex
sg € V (i.e., the source of this commodity) to vertex tx € V (i.e., the destination
of this commodity). Let P = UK P,. We assume that each commodity k € [K]

needs to transfer a flow equal to (FY)gco € RL@O‘.

We use the notation fg € R>g to denote the flow of players of type 0 € O
that use a given path p € P. We use the notation f = (fJ)ep.0co € RIPI®
to denote the aggregate vector of flowsS. A flow vector f € RIPI'I®l is feasible if
> pePy fg = FY for all k € [K] and 6 € ©. We use the notation F to denote the
set of all feasible flows. To ensure that the set of feasible flows is not an empty
set, we assume that P # () if F,f = 0 for any # € ©. Notice that the constraints
associated with each type are independent of the rest. Therefore, the flows of a
specific type can be changed without breaking the feasibility of the flows associated
with the rest of the types.

A vehicle of type § € © that travels along an edge e € £ experiences a cost
equal to 2((¢? )g:co), where for any 0 € ©, ¢? denotes the total flow of drivers
of type # that are using this specific edge, i.e., ¢¢ = ZpEP:eep fz‘f. This cost
can encompass aggregates of the latency, fuel consumption, etc. For notational
convenience, we assume that we can change the order with which the edge flows
¢2l appear as arguments of the cost function ZZ((gbg/)g/e@). A driver of type 6 € ©
from commodity k € [K] that uses path p € Py, (connecting sy to ti) experiences

a total cost of Ez(f) = Zeep Kz((¢2/)9/e@).

SNote that there is a one-to-one correspondence between the elements of P x © and the set
of integers {1,...,|P|-|©|}.
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Each player is an infinitesimal part of the flow that tries to minimize its own
cost (i.e., each player is inclined to choose the path that has the least cost). Now,
based on this model, we can define the Nash equilibrium.

Definition 7.1 (NAsH EQUILIBRIUM IN HETEROGENEOUS ROUTING GAMES) A
flow vector f = (fg/ Jprep.orco is a Nash equilibrium if for all k € [K] and 6 € ©,
fg > 0 for a path p € Py, implies that ég(f) < ég,(f) for all p’ € Py.

This definition implies that for a commodity &k € [K] and type 6 € ©, all paths
with a nonzero flow for vehicles of type 6 have equal costs and the rest (i.e., paths
with a zero flow for vehicles of type ) have larger or equal costs.

Remark 7.1 Note that various articles use different names for the equilibrium
such as, user-optimizing flow [8, 27|, Wardrop equilibrium [3, 27, 48], Wardrop
first principle [3], and Nash equilibrium [14, 15]. The term Wardrop equilibrium is
common, specially in transportation literature, due to the pioneering work of [2] as
well as the fact that the term pure strategy Nash equilibrium is primarily utilized
in the context of games with finitely many players [48]. It is vital to note that the
definition of Nash equilibrium in this paper is indeed different from that of [48],
which shows that by increasing the number of users (in a game with finitely many
players), the Nash equilibrium converges to the Wardrop equilibrium under appro-
priate assumptions. Throughout this article, following the convention of [14, 15],
we use the term Nash equilibrium to refer to this equilibrium.

We make the following standing assumption regarding the edge latency functions
for all the types.

Assumption 7.1 For all § € © and e € &, the edge cost function 572 satisfies the
following properties:

(i) & ec';
(ii) 00 is positive definite;
0 - / ’
(iii) f0¢"‘ 08 (u, (% )orconfoy )du is a convex function in ¢% for any given (62 )orcon (o} -
Assumption 7.1 (iii) is equivalent to”:

(éit)’ !72((;5‘2, ((bgl)g/e@\{g}) is an increasing function of ¢° for any given (gbz,).g/e@\{g}.

We start by proving the existence of a Nash equilibrium and, then, study the
computational complexity of finding such an equilibrium. However, before that, we
present an example of a heterogeneous routing game in the next subsection.

7Consult [17] for the proof of the equivalence when |©] = 1. The proof in the heterogeneous
case follows the same line of reasoning.
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2.3 Example: Routing Game with Platooning Incentives

Let © = {c,t}, where t denotes trucks (or, equivalently, heavy-duty vehicles) and
¢ denotes cars (or, equivalently, light vehicles). Let the edge cost functions be
characterized as

Ee(dS + @),
e + L) + Ce(92, D0),

(8, 85)
(¢, 6%)

where mappings & : R>9 =+ R>g and ¢, : Ry xR>g — R>( denote respectively the
latency for using edge e as a function of the total flow of vehicles over that edge and
the fuel consumption of trucks as a function of the flow of each type. These costs
imply that cars only observe the latency &.(¢¢ + ¢') when using the roads (which
is only a function of the total flow over that edge and not the individual flows of
each type). However, the cost associated with trucks encompasses an additional
term which models their fuel consumption. Following this interpretation, (. (¢S, ¢t)
is a decreasing function in ¢! since by having a higher flow of trucks over a given
road (i.e., larger ¢') each truck gets a higher probability for collaboration such as
platooning (and as a result, a higher chance of decreasing its fuel consumption).

Let us give examples of these functions. Based on the traffic data measurements
available from [2, p.366] (see [9] for a case study on the relationship between the
average velocity and the number of the vehicles on the road in Stockholm), we know
that whenever the traffic on a road is in free-flow mode, we can model the average
velocity of traveling along that road as an affine function of the flow of vehicles over
that edge according to

Ve(0F, Pe) = ac(P + de) + be.

In this model, b, € R>¢ and a. € R<q for e € £. Therefore, if the length of edge
e € & is equal to L, € R>(, we can calculate the latency of using that edge as

c _ L _ L
El0L+00) = S e o T anter T ) T b

Now, in cases where a.(¢¢+¢') < be, we can use a linearized® model for the latency

Le Le e
E(05 +00) = 35— T3

e b2

(62 + ¢).

8Notice that such a linearization is certainly not valid for a wide range of traffic flows, however,
it models the latency functions well-enough for small flows. The authors in [49, 50] proposed
a piecewise linear mapping (based on numerical data from the Toronto metropolitan area) for
modeling the latency as a function of the flow of vehicles. This model justifies using a linear
model for small flows (i.e., at the beginning what they call the feasible region), however, it also
points out that a linear approximation is not valid for large flows. For a comprehensive comparison
of different latency mappings (linear as well as nonlinear ones), see [51].
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In addition, using [52], we know that the total fuel consumption of a truck which
is traveling with velocity v, for distance L. over a flat road can be modeled by

COLe

Ce( 2#252) = =
Tleng Pd

(300 A0co02(6.68) 4 mger ) o

where fjeng is the engine efficiency, pq is the energy density of diesel fuel, cp is the
air drag coefficient, A, is the frontal area of the truck, p, is the air density, m
is the mass of the truck, g is the gravitational acceleration, and ¢, is the the roll
resistance coefficient. In addition, we have multiplied the fuel consumption by ¢
to balance the trade-off between the latency and fuel consumption in the aggregate
cost function of the trucks. Following [10], we know that the air drag coefficient
cp decreases if the trucks are platooning (e.g., two identical trucks can achieve
4.7%7.7% reduction in the fuel consumption caused by the air drag reduction
when platooning at 70km/h depending on the distance between them). Let us
model these changes as ¢cp = ¢y(¢t) where v : R>¢ — [0, 1] is the probability of
forming platoons (which is a function of the flow of trucks ¢!) multiplied by the
improvements in the air drag coefficient upon platooning. Let us define parameters

LepaAach _ Lemge,
2ﬁengpd ’ ﬁengpd

Now, again if we linearize (1) around ¢! = 0, we get

d
G (05,08) = (a0 hcol? + 2001 O, )
+ (2600/7(0)[)6@6) ¢2 + (COB + CO(Y}/(O)bg) :
Combing all these terms results in

Gol e L. Leac ) . Lea.
ee( e7¢2)b+< b2 >¢e+< B2 ) Za

€ e e

Vi Le Le e c
FL(08,68) = 5 coB -+ com O+ =55 + 2e001 (Oea, ) o

b €
b2+ 2coa'y(0)beae>¢te.

[ Lea, d(0)
+< O

Notice that Assumption 7.1 (7) and (i) are easily satisfied. However, Assump-
tion 7.1 (#i7) is only satisfied if

Lea,
-

n Coadw(o)
du

b? + 2coay(0)beae > 0.

This is indeed true because of the observation that Assumption 7.1 (¢4) and (%)’
are equivalent.
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3 Existence of Nash Equilibrium

In this section, we show that the heterogeneous routing game admits a Nash equi-
librium. Before stating the result, we need to introduce some concepts from [36]
which uses results of [37] to prove that an abstract economy (an extension of a

game) admits an equilibrium under appropriate conditions®.

3.1 Existence of Nash Equilibrium in Games

Let us define an abstract economy!® as follows. Let X; C R™ (for some n € N)
denote the action set of player ¢ € [N] in an abstract economy with N players. We
use the notation z; € A; to denote the action of player i. In contrast to a game,
the feasible set of actions that player i can choose from is a function of actions of
other players x_; = (x;);. Let Z; : x;2;X; = X be a set-valued mapping that
determines the set of feasible actions for player i. The utility of player i is governed
by a real-valued function U; : ><§V:1Xj — R. In this setup (opposed to the one
presented in [36]), we assume the players are seeking to minimize their utility.

Definition 7.2 (EQUILIBRIUM OF AN ABSTRACT ECcONOMY [36]) z* is an equi-
librium point of an abstract economy if, for all i € [N], xf € arg ming ez, ;)
Ui(zi,x* ;).

For any i € [N], we say that Z; has a closed graph at x_; € X,z X if the
set {(z;)jepnylrs € Zi(x_;)} is a closed set. Now, we can state the result of [36]
regarding the existence of such an equilibrium.

Theorem 7.1 ([36]) If, for each i € [N], X; is a compact convex set, U;(x;, x_;)
is continuous on x;ylej and quasi-conves in x; for each v_; € X;j4X;, Z; is a
continuous set-valued mapping that has a closed graph, and Z;(x_;) is a nonempty
convez set for each x_; € X j2;X;, then the abstract economy admits an equilibrium.

Note that when Z;(z_;) = & for all x_; € x;»;X;, and all i, we have a game
with finitely many players. Therefore, an abstract economy can be considered as a
generalization of a game.

Definition 7.3 (PURE STRATEGY NASH EQUILIBRIUM IN GAMES WITH FINITELY
MANY PLAYERS [53]) z* is a pure strategy Nash equilibrium if, for all i € [N],

* . *
xy € argmin, ¢y, Us(zg, 2% ;).

Theorem 7.1 results now in the following useful corollary.

9Note that we could alternatively follow the definition and results of [37] in a direct manner,
however, in that case, we need more background material presented which might be distracting
to the audience.

10An abstract economy was originally defined in [36]. It is an extension of a game.
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Corollary 7.2 If, for each i € [N], X; is a compact convex set and U;(z;, x_;)
is continuous on ><§V:1Xj and quasi-convex in x; for each v_; € x;2;X;, then the
game admits a pure strategy Nash equilibrium.

Proof:  The proof follows from utilizing Theorem 7.1 when, for all i € [N],
Zi(x,i) =X, forallz_; € Xj;éin.
|

With this result in hand, we can go ahead and prove the existence of a Nash
equilibrium in the heterogeneous routing game. In the next subsection, we first
prove that the problem of finding a Nash equilibrium for the heterogeneous routing
game is equivalent to the problem of finding a pure strategy Nash equilibrium in
an abstract game!! with finitely many players. Then, we use Corollary 7.2 to show
that this game admits a Nash equilibrium under Assumption 7.1.

3.2 Existence of Nash Equilibrium in Heterogeneous Routing Games

For the sake of simplicity of presentation and without loss of generality (since © is
finite), we can assume that © = {61,...,0n5} where N = |8|. Now, let us define
the abstract game.

Definition 7.4 An abstract game is a game with N players in which playeri € [N]
corresponds to type 0; € © in the heterogeneous routing game. The action of player
iis a; = (fgf)p/gp which belongs to the action set

A; = {(fﬁf)p'ep eRPI| Y ff = F,ff}

p’'€Pk

Additionally, the utility of player i is defined as

bt
Ui(ag,a—;) = Z/O 00 (u, (8%9),c00 (0,3 )du, (2)

ecé

where a_; represents the actions of the rest of the players (a;)e[ny\fiy and % =
ZpeP:eep fgi is the edge flow of type 6; for each i € [N].

The following result establishes an interesting relationship between the intro-
duced abstract game and the underlying heterogeneous routing game.

Lemma 7.3 A flow vector (fg//)pfep,e/ee is a Nash equilibrium of the heteroge-

neous routing game if and only if ((fg,l JprePs- s (fﬁ,N)p/ep) is a pure strategy Nash

equilibrium of the abstract game.

11 We use the term “abstract” to emphasize the fact that the introduced game does not have
any physical intuition and it is simply a mathematical concept defined for proving the results of
this paper. This expression should not be confused with that of an “abstract economy”.
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Proof:  Notice that ((fg})p/ep,...,(fg,“)plep) being a pure strategy Nash
equilibrium (see Definition 7.3) of the abstract game is equivalent to that for all
i € [N], a; = (fﬁ}i)p/ep is the best response of player ¢ to the tuple of actions

0; .
a—i = ((f,) )prer)o;eo\(0,) OF, equ1valently,

a; € argmln Z/ )o,co\{6,})du,

(f p'eP ecE

Yo I =gl veek,

pEP:e€p
> f=F, vk e [K],
PEPk
fl >0, VpeP.

where ¢¢' = D opePieep foi for all j € [N]\ {i}. Notice that due to Assump-
tion 7.1 (%), this problem is indeed a convex optimization problem. Let us define
the Lagrangian as

Li((6%)e 657( Dprep)= / 59 ), e@\{e}dU+ZU Z for— gl
eck ecelE pEP:e€p
K .
=D wi | L = 2N
k=1 PEPL peEP

where (vi)cee € RIEL (wh)repx € R, and (AD)pep € R! Ol are Lagrange multipli-
ers. Now, using Karush-Kuhn-Tucker theorem [54, p.244], optimality conditions
are

0
a0l
and
0
ofy

Additionally, the complimentary slackness conditions (for inequality constraints)
result in \? fi =0 for all p € P. Hence, for all k and p € Py, we have

O((fipepoeo) =D 10 )o,co\{6:})

ecp

> vl by (3)

ecp
=wj, + )\;. by (4)

Li((¢%)erce, (fo)per) = L0 (80, (0%)o,conq0,3) —vh =0, Ve €E,  (3)

Li((¢)erees (ff Jrep) (Zv)—wz—Ag—o, Vp € Pr,Vk € [K]. (4)

ecp
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Therefore, for any py,ps € Py, if fg'li, g;' > 0, we have )\f;'l = )\21'2 = 0 (because of
the complimentary slackness conditions), which results in

. 4 1
O ((f9 ) peporeo) = wj,

=00 ((f9) ) pepoco).

Furthermore, for any ps € Py such that fg; =0, we get )\f)g > 0 (because of dual
feasibility, i.e., the Lagrange multipliers associated with inequality constraints must
be non-negative), which results in

fﬁ;((f{f/ Jp'eP.orco) = wz + /\z;

> wj,
. !
= 62"1 ((fg/ )preP.orco)-

This completes the proof. m

Theorem 7.4 Under Assumption 7.1, the heterogeneous routing game admits at
least one Nash equilibrium.

Proof: Following the result of Lemma 7.3, proving the statement of this the-
orem is equivalent to showing the fact that the abstract game introduced in Def-
inition 7.4 admits at least one pure strategy Nash equilibrium. First, notice that
for all ¢ € [N], A; is a non-empty, convex, and compact subset of the Euclidean
space RIPI. Second, Uj(a;,a_;) is continuous in all its arguments (because it is
defined as an integral of a real-valued measurable function). Finally, because of
Assumption 7.1 (%), U;(a;,a—;) is a convex function in a;. Now, it follows from
Corollary 7.2 that the abstract game admits at least one pure strategy Nash equi-
librium. ]

Remark 7.2 Theorem 7.4 can be seen as an extension of [27]. In that study,
the authors assume that the cost functions are monotone, that is, 2((¢%)prco) <
2209 )grco) for all 0 € @/ if 7 < ¢V if ' € ©; see [27, p. 58]. This condition,
in turn, implies that £2((¢? )orco) is a non-decreasing function of all its arguments
which is stronger than Assumption 7.1 (i)’

4 Finding a Nash Equilibrium

A family of games that are relatively easy to analyze are potential games. In this
section, we give conditions for when the introduced abstract game is a potential
game.
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Definition 7.5 (POTENTIAL GAME [22]) The abstract game is a potential game
with potential function V : xN A; — R if for all i € [N],

Vi(ai,a—;) — V(ai, a—;) = Ui(a;, a—;) — Us(a;, a—;),
Vai,a; € A; and a_; € Xje[[N]]\{i}Aj~

The next lemma provides a necessary condition for the existence of a potential
function in C2.

Lemma 7.5 If the abstract game admits a potential function V € C2, then

> O 105((67 Yorco) — —2 (67 Yreo) | =0,

0
e€p1Mp2 ¢e Oe

for alli,j € [N] and p1,p2 € P.

Proof:  Since V((f Npreps--, (fg,N)p/E'p) is a potential function for the ab-
stract game, it satisfies, for all i € [N],

: 0; -0, 0
V(£ wer (1) wer)o,eontoy) — VI wer, (L7 )per)o conion)
9, -0, 9,
= Ui((fi)per, (£, )prep)oyconay) — Uil(Fo prers (£, )pep)o,conio):
which results in the identity

AV ((fy)wep.oreo)

dfpi
. 0. . 6.
i V((f3i+€0pyp)prers (£, )prer)o;con o)V ((Fo Dprer (£, )prep)o, conte.y)
e—0 €
i 0; } 0,
— lim Ui((fgf‘*‘ﬂsmp’)p’e% ((fp/J )p’ep)gjE@\{ei})_Ui((fﬁ/L)P/€p7 ((fp/J )p'eP)ejee\{Gi})
e—0 o €
_ 0Ui((fy )weroee)

afyi
(5)

in which 6;; denotes the Kronecker index (or delta) defined as 6;; =1 if i = j and
d;; = 0 otherwise. Hence, we get

OV ((f9 )pepoeco)
49 o, co\{6,})du
afilh 6](}?1 ;g/ ©

= Z 2 (67 )orco)

eepy

Now, because of Clairaut-Schwarz theorem [55, p. 1067], we know that the following
equality must hold since V € C?,

’

PV ((f8)per.oco) _ PV((fl )peroco) (6)
afgiofa dfpidf:
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Let us calculate

PV((fy)weroce) 0 av«fg,’)p/ep,e/e@)]
Offi0fp ofp; Ofps

0
afp

eep2

_ Al (92 )orco)
- Z oiF

Y
eEp1Np2

and, similarly,

PV ((fo)yepoco) _ Z 0% (42 )e/eo)
6fp2 afpl e€p1MNp2 8(;5@

Substituting (6) and (7) into (8) results in

0 - ' 0 -~ ,
0% (67 )orco) — =502 (92 )orco) | =0,
eepzl;:pz Ol D¢l

for all p1,p2 € P and Oi,Gj € 0.
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Interestingly, we can prove that this condition is also a sufficient condition for
the existence of a potential function (that belongs to C?) whenever two types of

players are participating in the heterogeneous routing game.

Lemma 7.6 Assume that |©| = 2. If

> [ o - o] <o

92 €
ecpiNp2 6¢

for all p1,p2 € P, then

¢91 92

V((f‘g/l)p’ep7 (fg,z)p/e’]))zz |:/ 691 (ul,qg@?)dul—l—/ 2‘92 (¢91 U2)dU2

be? ¢>c
/ 81,[,2 ul,u2)du1du2]

is a potential function for the abstract game.



270 PAPER 7. WHEN DO POTENTIAL FUNCTIONS EXIST ...

Proof: Notice that for all p € P, we get

’ 01 02

8V((f£')p’e73 0'co) 0 ( [/% ) e on, .0

! = 14 1(U1,¢E )dul+/ 652(¢617u2)du2
o ofy ;

¢e ¢E
/ / (g, uz)dmduQ} >

7601 01 02 ¢E 8 1
=X [ o+ [
0

ecp
¢52
e a -0
— —0 d
/0 8“2 ( e au2) u2:|

E 91 01 2
- g e €

eE€p

1 a 1
+Z/ {8(;591 (62 u2) — s 00 (42 7U2)} dua.  (9)

ecp

Now, let us define

62
V(¢ )ees (022)ecce) Z/ [ elggz (6% u) — 88 (% u)] u.

ecp
We have
3‘P((¢Zl)eeg, $02)cce) [ 0 0 ]
= 02 (2, 22)— 4 (g, ¢%) | =0,

for all p € P. Noticing that ¢%2 = ZPE'F’ cep f for all e € £, we get

6\1}(((;521)8657 ((ng)eEE) _ Z 8\11(((;5?1)8657 (¢22)e€5)

7 7 =0, Veefl.
Oce pePech of;

Thus’ \P((¢21)E€57 (¢22)€65) = \II((¢21)EES7O) =0. Setting ‘I’(((bzl)eeé'v ((bgz)eef) =
0 (see definition above) inside (9) results in

OV ((f8)yep.oco) s U wers (f)we)

; 10
6fgl ecp 6'fp ( )

where the partlal derivatives of U; can be computed from its definition in (2). Let
( f‘9 )prep and ( f ') ep be arbitrary points in set of actions 4;. Furthermore, let

: [0,1] — A; be a continuously differentiable mapping (i.e., r € C!) such that
r(O) = (fg )prep and (1) = (f;) )prep which remains 1n31de A; C RIPI for all
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€ (0,1). We define graph(r) as the collection of all ordered pairs (¢, (¢ )) for all
t € [0, 1], which denotes a continuous path that connects (fg )prep and (f Nprep-
We know that at least one such mapping exists because A; is a simply connected
set for all ¢+ € [N]. Hence, we have
3V(a1, (12)

T 1
/graph<r> al—r] = /o day
= /01 [;V(r(t),ag)} dt
)

=V(r(1),a2) — V(r(0),a2)
=V((f)per, (R )wer) -V (o per: (fo)pep),

where the second to last equality is a direct consequence of the fundamental theorem
of calculus [55, p.1257]. Note that this equality holds irrespective of the selected
path. Therefore,

V((fgfl)p’epa (fgfz)p/ep) - V((fgf )p’ePa (f,f?)p’ep)

5‘V(a1, ag)
Bal

' or(t
] g( ) s
ar1=r(t) t

T
L[ [y ),
graph(r) aal a=r
oU !
_ / 9 (a1, a2) dr by (10)
graph(r) 8&1 ar=r

= Ui((fi )preps (fo)per) = Ut((foh)preps (fo2)pep),

Similarly, we can also prove

Wi 0 (1 s s [
8fp 8fg2 (cezg |:/0 Ee (Uh(be )du1+ g ((be 7uQ)duQ

#22 pgdt 9
_/ 756 (ul,uz)dU1dUQ:|>
o Jo Ouz”
¢Zl 9 - 5
:z[/o o )+ 22 08

ecp
oot
e a -
7/ 8¢92 e (ula zQ)du1:|
0

=) (el o), (11)

eE€p

which results in

)

OV ((fohpeps (fo2)pep) I oor OOA(f)rep, (£ )rep)
=3 % 2) =
ofp Z (ge'rde O’



272 PAPER 7. WHEN DO POTENTIAL FUNCTIONS EXIST ...

and, consequently,
V(£ wers (2 )wer) = V(Ui per, (F)per)
= Us((fywrer, (2 wer) = Ua((fy e (fy)pep).
This concludes the proof. ]

Now, combing the previous two lemmas results in the main result of this section.

Theorem 7.7 Assume that |©| = 2. The abstract game admits a potential function
V € C? if and only if

> {829162’2@21@22)— —le (o, %) | =0

0, e
ecp1Np2 a¢

for all py,ps € P.

Proof: ~ The proof easily follows from Lemmas 7.5 and 7.6. Note that the
potential function presented in Lemma 7.6 belongs to C? due to Assumption 7.1 (7).
]

Following a basic property of potential games, it is easy to prove the follow-
ing corollary which shows that the process of finding a Nash equilibrium of the
heterogeneous routing game is equivalent to solving an optimization problem.

Corollary 7.8 Assume that |©| = 2. Furthermore, let

0]
Z |:8¢01 e (¢ ¢Z2)_ 3¢92 e (¢ ¢02):| 207

ecp

forallpeP. If f = (f )p rep.orco 15 a solution of the optimization problem

min V((fp/l )peP, (f;??)p’ep)a
s.t. Z f;g1 = ¢0" and Z fz?z = ¢, Ve €,

pEP:e€Ep pEP:eEp
6 6 (2] 0
S =Fand Y f)r =FP", ke [K],
PEPL PEPL

fofl >0, vpeP,

where V((f Npreps (fe )prep) is defined in Lemma 7.6, then f = (fg)pepﬂe@ s a

Nash eqmlzbrmm of the heterogeneous routing game.

Proof: The proof is consequence of the fact that a minimizer of the potential
function is a pure strategy Nash equilibrium of a potential game; see [22]. n

Notice that so far we have proved that a minimizer of the potential function is
a Nash equilibrium but not the other way round. Now, we are ready to prove this
whenever the potential function is convex.
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Corollary 7.9 Let |©| =2 and

0 (%, %),

702 ( 101 1602\ _
g (¢e’¢e) 8¢62 e

ol ¢

foralle € £. Furthermore, assume that the potential function V((f Npreps (f9 )prep)s

defined in Lemma 7.6, is a convez function. Then f = (fg/l)p rep.orco 5 a Nash
equilibrium of the heterogeneous routing game if and only if it is a solution of the
convex optimization problem

min V((f )P 'EPy (fa )P’€P>7
s.t. Z fgl = qb‘zl and Z f32 = (/)22, Ve € &,

peEP:ecp peEP:ecp
6 6 0 0
SO =Fand Y fP =F®, vk € [K],
pPEPL pEPr

fo >0, vpeP.

Proof: See Appendix A. ]

Remark 7.3 Note that Corollary 7.9 is proved at the price of a more conser-
vative condition because the conditions in Corollary 7.8 requires the summation
of the differences between the derivatives of the cost functions to be equal to zero
while Corollary 7.9 needs the individual differences to be equal to zero. Notice that
Corollary 7.9 provides the same sufficient condition for characterizing the set of
all equilibria as in [8, 24], but these references handle the general case of |0 > 2
(specifically, see Proposition 1 and Theorem 1 in [24]). Therefore, we can see that
the presented condition in Corollary 7.8 is tighter than the results of [8, 24] (since
it is also a necessary condition); however, it is only valid for |©] = 2 in contrast.

4.1 Example: Routing Game with Platooning Incentives

Let us examine the implications of Corollary 7.9 in the routing game with platooning
incentives in Subsection 2.3. For the linearized model, we can easily calculate that

ale(4e, 0L) 2
0t = —Lca./bz, (12)

ol (48, 9L) 5
doc = —Leae/bs + 2coay(0)beae (13)

= —Leae/bg + 2coabeae.

where the second equality follows from 7.(0) = 1, which holds because from the
definition of the mapping v : R>o — [0, 1], we know that in this case (i.e., when
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no trucks are using that edge) the air drag coefficient is equal to its nominal value.
Therefore, the condition of Corollary 7.9 does not hold (unless ¢y = 0). Noting that
if the problem of finding a Nash equilibrium in the heterogeneous routing game is
numerically intractable, it might be highly unlikely for the drivers to figure out a
Nash equilibrium in reasonable time (let alone an efficient one) and utilize it, which
might result in wasting parts of the transportation network resources. Therefore,
a natural question that comes to mind is whether it is possible to guarantee the
existence of a potential function for a heterogeneous routing game by imposing
appropriate tolls.

5 Imposing Tolls to Guarantee the Existence of a Potential
Function

5.1 Definition and Results

Let us assume that a vehicle of type § € © must pay a toll 7¢((¢? )y co) for

using an edge e € &, where ¢/ = Zpep:eep fz‘f. Therefore, a vehicle using path

p € Pi endures a total cost of ZZ( H+ Tg (f), where 7,(f) is the total amount of
0

money that the vehicle must pay for using path p and can be calculated as 7, (f) =

Zeep %60(((252/)9/69). The definition of a Nash equilibrium is slightly modified to
account for the tolls.

Definition 7.6 (NASH EQUILIBRIUM IN HETEROGENEOUS ROUTING GAME WITH

ToLLs) A flow vector f = (fpe//)p/e'pygle@ 18 a Nash equilibrium for the routing game

with tolls if, for all k € [K] and 6 € O, whenever fg > 0 for some path p € Py,
0 0 0 6

then C,(f) + 1, (f) < L, (f) + 7, (f) for all p" € Py.

Before stating the main result of this section, note that we can have both distin-
guishable and indistinguishable types. This characterization is of special interest
when considering the implementation of tolls. For distinguishable types, we can im-
pose individual tolls for each type. However, for indistinguishable types, the tolls
are independent of the type. To give an example, if © = {cars, trucks}, we can im-
pose different tolls for each group of vehicles while if © = {patient drivers, impatient
drivers}, we cannot. Notice that in the case of indistinguishable types, one might
argue that we cannot measure ¢% for each #; € © individually (because as we
motivated the type of user may not be identified from physical traits). However,
we can use surveys and historical data to extract the statistics of each type (e.g, to
realize what ratio of the actual flow belongs to each type) but when calculating the
tolls for each user we cannot force that user to participate in a survey. We treat
these two cases separately.
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Proposition 7.10 (DISTINGUISHABLE TYPES) Assume that |©| = 2. The abstract
game admits the potential function

01

e _
V(D per (F)per) =3 [ | )+ 52 08
eck 0

Pe”
+ / (P05 (6%, uz) + 702 (60 us))duy
0

P22 oot
e e 8 0, o,
- (6 (ug, uz) + 721 (ug, ug) )duydusg
o Jo

dus
if
07 (92, 9e2)  OFE(88, 0%) _ OLR (92, 6e%) 0L (92,62
dge® o¢e! Oge! oger
for alle € £.
Proof: See Appendix B. ]

Proposition 7.11 (INDISTINGUISHABLE TYPES) Assume that |©| = 2. The ab-
stract game admits the potential function V € C? in Proposition 7.10 with

(g0, ¢%) = 792 (¢, 002) = 7o (0", 072)

790, 002)  0F(ol, 0l2) _ 0Ll (¢%,¢%2) 9L (9L, 61%)
D¢t 007 0¢¢! Oge
foralle e &.

)

Proof: The proof immediately follows from using Proposition 7.10 with the con-
straint that the tolls may not depend on the type, i.e., 791 (¢%1, ¢%2) = 792 (1, ¢02) =
Te(02, 622). =

In general, we can prove the following corollary concerning the type-independent
tolls.

Corollary 7.12 (INDISTINGUSHABLE TYPES) Assume that |©| = 2. The abstract
game admits a potential function V € C% if the imposed tolls are of the following
form

(ot o) = ot | Folay 0% + 6% — q)dq + e (60 + 622),

where c. € Rxq, e € Ct, and fe(x,y) = 3!722 (y,z)/@y—@gzl (y,x)/0x foralle € .
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Proof: See Appendix C. ]

Throughout this subsection, we assumed that all the drivers portray similar
sensitivity to the imposed tolls. This is indeed a source of conservatism, specially
when dealing with routing games in which the heterogeneity is caused by the fact
that the drivers react differently to the imposed tolls. Certainly, an avenue for
future research is to develop tolls for a more general setup.

5.2 Example: Routing Game with Platooning Incentives

Let us examine the possibility of finding a set of tolls that satisfies the conditions
of Propositions 7.10 and 7.11 for the heterogeneous routing game introduced in
Subsection 2.3.

« Distinguishable Types-Case 1: Substituting (12) and (13) into the con-
dition of Proposition 7.10 results in

07E(65.0) _ 07H(65.01)

=2 . 14
. op e .

Following simple algebraic calculations, we can check that the tolls 7S (g€, ¢t) =
0 and 7E(@S, ¢t) = (2coabeac )¢S satisfy (14). Noticing that 72 (¢S, L) < 0 be-
cause by definition a. € R<q, these terms can be interpreted as subsidies paid
to the trucks to compensate for the fuel that is wasted due to presence of the
cars on that specific edge.

o Distinguishable Types-Case 2: Another example of appropriate tolls is
7S, ¢t) = 0 and 7S(¢S, @Y) = (—2coabeac)dt. Now, we have 7<(¢S, ¢t) > 0.
In this case, the cars pay directly for the increased fuel consumption of the
trucks and, therefore, they are inclined to travel along the edges that trucks
do not use.

¢ Indistinguishable Types: For this case, using Corollary 7.12, it is easy to
see that tolls 7. (¢S, ¢t) = (2coabeac )@t work fine. We use these tolls in the
numerical example developed in Section 7.

6 Price of Anarchy for Affine Cost Functions

In the routing game literature, it is a widely known fact that generally, a Nash equi-
librium is inefficient even when dealing with homogeneous routing games; see [14,
17, 21]. To quantify this inefficiency, many studies have used Price of Anarchy
(PoA) as a metric.
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6.1 Social Cost Function

First, let us define the social cost of a flow vector f = (fg,/)p,epﬁ/e@ as

DI A0

pEP €O

=" 6267 )orco),

ecf O

where the second equality can be easily obtained by rearranging the terms. Using
this social cost, we can define the optimal flow that we will use later for comparison
with the Nash equilibrium.

Definition 7.7 (SociaLLy OpPTIMAL FLow) f € F is a socially optimal flow if

C(f) < C(f) forall f € F.
Definition 7.8 (POA) The price of anarchy is defined as

Pk — (fNash)
oA = su — =
fNa:.hI)N InlnfE]: C(f)

where N denotes the set of Nash equilibria of the heterogeneous routing game. In
this definition, we follow the convention that “% =17

6.2 Bounding the Price of Anarchy for Two Types with Affine Cost
Functions

Here, we present an upper bound for the inefficiency of the Nash equilibrium in
heterogeneous routing games when |©] = 2. The edge cost functions are taken to
be affine functions of the form

0 0 0 0 0

gel (¢el ’ ¢e2) = aglﬁl ¢el + 0‘5102 ¢)€2 + 6517
0 0 0 0 0

€e2 (¢el ’ ¢e2) = aggﬁl ¢el + a5202 ¢ez + 6527

where af g, Qf o, 06,0, %G,0,, 56,36, € R>0 are parameters of the routing game
for each edge e € £. Notice that the condition af 4 ,0f ¢, ¥,0,5G,0, € R>0
implies that the cost of using an edge is increasing in each flow separately (i.e.,
when a driver of any type switches to an edge, she cannot decrease the cost of the
users on this new edge) while Bg,, Bp, € R>o implies that the starting cost of using
a road is non-negative. This assumption is certainly stronger than Assumption 7.1.
Subsection 2.3 presents a motivating example for affine cost functions.

Theorem 7.13 Let

0‘3291 = 043192 (15a)
e e
[ AL ] >0, (15b)
Qg,0, om0,

foralle € £. Then, PoA < 2.
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Proof:  First, note that if af_, = ag 4, for all e € £, the condition of Corol-
lary 7.8 is satisfied. Therefore, we can easily calculate the potential function as

1 e € € 1 €
V(f) :Z {2%191(¢21)2+(%192¢22+591)¢21+2049292 (9¢2)?

ecf

+ (0,00 + B5,) 00 —0 ¢Zl¢22]

1 91 91 01 02 1 (& 01 ]‘ 92 02 01 02 1 € 02 (16)
:Z §¢e ge (¢e 7¢e )+ 5591% + §¢e ge (¢e ’¢e )+ Eﬂenge

ecf
1
+D 5 [ﬁgl ¢ + B3, d»iﬂ :
ee&
Furthermore, following the argument of [54, p.71], we know that the social cost
function is a convex function if and only if (15b) is satisfied. Notice that (16) shows
that the potential function V' is a convex function if the social cost function C' is a
convex function (because the summation of a convex function and a linear function
is a convex function). Let us use f and f to denote the Nash equilibrium and the
socially optimal flow, respectively. Now, we can prove inequality

C(f) <2V (f) by (16),85,,55, > 0
<2V(f) by Corollary 7.9

pe2
<2y ( / 0 (68t / 2 (¢ uy)dus
0

665

$e2 oot
/ —591 t u)dtdu) by Definition of V'

< 22 / 591 u1,¢92)du1+/ 592@ 2)du2> by ag,4,, 6,6, >0

ecé

<Z/ {691 ur, ¢%) +uy aig (uhqggg)] duy

e€e€

o - e oo
+ Z/ |:€92 01 UQ) + UQTUZKZQ (¢Zl,u2):| d’U;Q) by 0491017050202 > 0

<o (S e ot + 3 i <¢zl,¢zz>)

ec& eef
—20(f). (17)
This completes the proof. n

Notice that in many practical situations (such as the one presented in Subsec-
tion 4.1 for routing games with platooning incentives), ag 4 # af g . Therefore,
we may not be able to use Theorem 7.13 to find an upper bound for the PoA.
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Table 7.1: Parameters of the heterogeneous routing game in the numerical example.

€0 €1 €2 €3 €4 €5 €6 er €8 €9 €10 €11
Qaa | 1.0 | 20 | 30| 10| 40 | 05 | 1.0 | 1.0 | 20 | 1.0 | 40 | 1.0
axy | 06 |04 )01 |01]05]|01]07]|01]01]02]01]| 03
agg | 20 (30| 10|08 | 10|10 |15 |30| 17| 30| 1.0 | 1.3
Ba 20 |20 | 45| 20| 20 | 45 |20 | 20| 45|20 | 20 | 45
Bt 40| 40 | 15 | 40| 40 | 1.5 | 40 | 40 | 1.5 | 40 | 40 | 15

However, as also discussed in Section 5, in some cases, we might be able to manip-
ulate these gains through appropriate tolls to make sure (15a) holds. In addition,
condition (15b) is equivalent to the condition that af , af 4, > g g @§ 4, for all
e € £. This condition intuitively means that cost function of each type of vehicles
is more influenced by the flow of its own type than the flow of the other type. This
condition may not hold in general in transportation networks. In such case, in-
stead of using Corollary 7.9, we may use Corollary 7.8 in the proof of Theorem 7.13
(that is the only place that we use the convexity of the potential function which we
proved using the convexity of the social decision function). However, doing so, we
cannot bound the ratio C(fNah)/min; C(f) for all fNash € A/, Therefore, instead
of showing that PoA is bounded from above by two, we can then only show that the
Price of Stability!'? is upper bounded by two (because we can show that the ratio
is bounded by two for only one Nash equilibrium and not for all Nash equilibria).

7 Numerical Example

In this section, we present a numerical example motivated by the routing game with
platooning incentives in Subsection 2.3. We use the graph G = (V, ) in Figure 1.
We have three commodities (s1,%1) = (0,1), (s2,t2) = (2,3), and (s3,t3) = (7, 8).
The corresponding paths for the commodities are

Pi={ei}{e2, eq,e3} {e2, 7,65},
Po={{e10}.{eo, e7,e8}.{eg,e4,€6}},

PSZ{{ellv €10, 60}7{6117 €9, €7, €3, 60},{6117 €9, €4, €g, 60}}~

The edge cost functions are taken to be affine functions of the form
0(95,01) = alleg, +al)ol, + B0,
0 (95, 08) = ard o€, +ag)ol, + 8.7,
where the definitions and the physical intuition of the parameters oz((;c), aﬁc), &Et), aﬁ?,

C(i), t(i) can be found in Subsection 2.3. Recalling that ati) # a (see Subsec-

12 Price of Stability (PoS), or commonly known as the optimistic Price of Anarchy, is defined
as inffNash eN C(fNaSh)/minfE]: C(f); note that we use inf operator instead of sup operator in
this definition in contrast to that of Definition 7.8. See [56] for more explanation regarding the
difference between PoS and PoA.
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Figure 1: Transportation network in the numerical example.

tion 4. 1)7 the condition of Corollary 7.8 is not satisfied. Therefore, we use the tax
Te, (02,, 08.) = (2coabeae) @, which is developed in Subsection 5.2. This results in

€

B (68, 88,) + e, (¢5,,08,) = aldge, +allol, + B
Et( . tei)+7~'6i( Z}-? Zi):atc ¢ei+att ¢ei+ﬁtl)7

where agt) = a((:t) + 2cpabea. and a() = ag? + 2cpabea.. In this case, we can

calculate the potential function as
V= Z[ ald (95, + () ok, +80) g5, — alil ¢, 9L,

+ aE?wt) +(alge +87)et |

Noticing that solving a non-convex quadratic programming problem might be nu-
merically intractable in general, we focus on the case in which the potential function
is a convex function. Following the argument of [54, p.71], we know that the po-
tential function is a convex function if and only if

(i)
ct

)

1
2

>0, Vi={0,...,11}.

o
ol
Qg

Let us pick the parameters for the routing game according to Table 7.1. Further-
more, we choose (F2 FP) = (5,1), (F&, FY) = (3,3), and (F2, FP) = (2,4). After
solving the optimization problem in Corollary 7.8, we can extract the path flows
and path cost functions shown in Table 7.2 which demonstrate a Nash equilibrium
(see Definition 7.6)'3. In addition, we can calculate

)
)

= 1.0137 < 2 = Upper Bound of the PoA,

13See http://dl.dropbox.com/u/36867745/HeterogeneousRoutingGame.zip for the Python
code to simulate this numerical example.
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Table 7.2: The path flow and path cost function at a Nash equilibrium extracted
by minimizing the potential function.

R &N 160

4.97 | 0.79 12.26 | 8.35

peP; [ 000 | 0.00 peP [ 1318 | 10.29
0.03 | 0.21 12.26 | 8.35

1.04 | 0.06 13.92 | 11.22

pEPy [0.04 | 0.00 peP, [ 1302 | 13.08
1.92 | 2.04 13.92 | 11.22

0.01 | 0.00 28.02 | 31.73

pEPs [ 1.10 | 0.00 pePs [ 28.02 | 34.48
0.88 | 4.00 28.02 | 31.72

where f* denotes the socially optimal flow. This shows that the social cost of the
recovered Nash equilibrium is only 1.0137 times the cost of the socially optimal
solutions.

8 Conclusions

In this article, we proposed a heterogeneous routing game in which the players may
belong to more than one type. The type of each player determines the cost of using
an edge as a function of the flow of all types over that edge. We proved that this
heterogeneous routing game admits at least one Nash equilibrium. Additionally, we
gave a necessary and sufficient condition for the existence of a potential function,
which indeed implies that we can transform the problem of finding a Nash equi-
librium into an optimization problem. Finally, we developed tolls to guarantee the
existence of a potential function. Possible future research will focus on generalizing
these results to higher number of types or a continuum of player types.
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A Proof of Corollary 7.9

Let us define the Lagrangian as

LU per: (f)per) =V (£ per: (fo)pep) +ZZ“ S g
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where (v})eece € RIEL, (v2)cce € RIEL (w})repry € RY, (wi)iegx) € RE, (AL)pep €

leol, and (A2)pep € ng)' are Lagrange multipliers. Using Karush-Kuhn—Tucker
conditions [54, p. 244], optimality conditions are
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In addition, the complimentary slackness conditions for inequality constraints result
in AL f) =0 and )\2f2 =0 for all p € P. Hence, for all k and p € Py, we have

= (el o)
eep

= Zvi by (18)

e€p
= wj, + A, by (19)
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Thus, if ff7, fg}' > 0, using complimentary slackness, we get A% = 0 and )\ﬁ? =0,
which results in

Additionally, for all p” € Py, where fgf} = 0, we have /\gi > 0 (because of dual
feasibility), which results in

O (f) = wi + A% > w = 01 (f).

This is the definition of a Nash equilibrium.

B Proof of Proposition 7.10

Note that introducing the tolls 7% (¢?1, ¢?2) has the same impact on the routing game
as replacing the edge cost functions in the original heterogeneous routing game from
09(p8r, 902 to 09(g0r, ¢%2) +79 (01, ¢22). Thanks to Lemma 7.6, the abstract game
based upon this new heterogeneous routing game admits the potential function V'
if
O (90, 86%) + 72 (92, 02)) IR (9F, 9¢) +72(81,02)) _
Pr 09"

With rearranging the terms in this equality, we can extract the condition in the
statement of the proposition.

C Proof of Corollary 7.12

The proof can be seen as a direct application of the result of [57, Ch. 4] to Proposi-
tion 7.11. However, let us show this fact following simple algebraic manipulations.
Notice that

6} d)zl’(bgz 9 1 2 ¢z2 1 2
T((%gl )=a¢gl [cewewz + ¢ )+/0 fela, 00 + 07 —q)dq]

dipe (u) %9 f.(q,u)
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and

07(00,04) _ D ety 1 [ gt gt
TR et + [ el o o

02
7d1/)e(u) 6, .0 fe Ofe(q,u)
= qu et ot + fe(927,001) + /0 T lumeti gt 04




288

Therefor, we get

OTe (9%, 082)  97(9¥, 9%)
dpl2 Dt

= fe(0?2,00")

L CAR R B LA AR
B Y 0B

7

where the second equality directly follows from the definition of the mapping f. :
R>0xR>p — R in the statement of the corollary. Now, we can use Proposition 7.11
to show that a potential function indeed exists.
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A Study of Truck Platooning Incentives Using a
Congestion Game

Farhad Farokhi and Karl H. Johansson

Abstract—We introduce an atomic congestion game with two types of agents, cars
and trucks, to model the traffic flow on a road over various time intervals of the day.
Cars maximize their utility by finding a trade-off between the time they choose to use the
road, the average velocity of the flow at that time, and the dynamic congestion tax that
they pay for using the road. In addition to these terms, the trucks have an incentive for
using the road at the same time as their peers because they have platooning capabilities,
which allow them to save fuel. The dynamics and equilibria of this game-theoretic model
for the interaction between car traffic and truck platooning incentives are investigated.
We use traffic data from Stockholm to validate parts of the modeling assumptions and
extract reasonable parameters for the simulations. We use joint strategy fictitious play and
average strategy fictitious play to learn a pure strategy Nash equilibrium of this game. We
perform a comprehensive simulation study to understand the influence of various factors,
such as the drivers’ value of time and the percentage of the trucks that are equipped with
platooning devices, on the properties of the Nash equilibrium.
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1 Introduction

1.1 Motivation

Urban traffic congestion creates many problems, such as increased transportation
delays and fuel consumption, air pollution, and dampened economic growth in
heavily congested areas [1-3]. A recent study [3] shows that the transportation
has contributed to approximately 15% of the total man-made carbon-dioxide since
preindustrial era and suggests that it will be responsible for roughly 16% of the
carbon-emission over the next century. To circumvent part of these issues, the local
governments in some urban areas introduced congestion taxes to manage the traffic
congestion over existing infrastructures. For instance, Stockholm implemented a
congestion taxing system in August, 2007 after a seven-month trial period in 2006.
A survey of the influence of the congestion taxes over the trial period can be found
in [4], which shows significant improvements in travel times as well as favorable
economic and environmental effects. Behavioral aspects and other influences of the
Stockholm congestion taxing system is discussed in [5-8].

In parallel to reducing the congestion, we can employ other means to improve
the fuel efficiency and decrease the carbon emission [1]. One way to improve the fuel
efficiency of vehicles is platooning, as vehicles experience a reduced air drag force
when they travel in platoons [9-13]. Trucks or heavy-duty vehicles can significantly
improve their fuel efficiency by platooning with their peers. In [9], the authors
report 4.7%-7.7% reduction in the fuel consumption (depending on the distance
between the vehicles among other factors) when two identical trucks move close to
each other at 70km/h. In a futuristic scenario when several trucks are equipped
with platooning devices, they are able to save fuel by cooperating with each other.
However, implementing truck platooning in a large-scale setup is not easy since
a global decision-maker might become complex and the vehicles can belong to
competing entities. In addition, it is interesting to study if a desirable behavior can
emerge from simple local strategies. In this paper, we consider such a case where
the traffic flow can be modeled as a congestion game and the desired behavior
corresponds to an equilibrium of this game.

1.2 Related Studies

Modeling the traffic flow using congestion games or routing games is a well-known
problem [14-22]. Rosenthal [17] presented a noncooperative game in which a finite
number of players compete for using a finite set of resources with application to
modeling transport networks. He showed that a class of these games admit at
least one pure strategy Nash equilibrium (an action profile in which no agent has
an incentive to unilaterally deviate from her action). Later, the authors of [23]
showed that atomic congestion games are indeed potential games (i.e., there exists
a potential function, such that its variation when only one agent changes her action
is equal to the variation of the utility of the corresponding agent) under some
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conditions and, hence, one can find a Nash equilibrium by minimizing the potential
function. For a survey of these and related results, see [24]. Most of these studies
modeled the route selection using an atomic congestion game. Recently, the authors
of [25] utilized a congestion game for modeling instead the time interval in which
drivers decide to use a road.

This setup may be extended to weighted congestion games in which every agent
is associated with a (splittable or unsplittable) demand (not equal and more than
a single unit) that should be routed over the network. In [26], Rosenthal showed
that a Nash equilibrium does not necessarily exist in these games if the agents can
split their demand. The authors of [27-29] constructed counterexamples to show
that a Nash equilibrium does not necessarily exist also for unsplittable demands as
well. However, when cost functions (i.e., latencies) of each road are affine functions,
an equilibrium certainly exists (and may be found in pseudo-polynomial time) [28].
In [27], it was also proved that an equilibrium may exist for a special class of
cost functions (that are only a function of the residual capacity on each edge) on
parallel networks. The largest class of latency functions for which the game admits
an equilibrium were explored in [30]. It was also shown that a weighted congestion
game admits an exact potential function (a weighted potential function) if and only
if the set of costs contains only affine functions (affine or exponential functions) [31].

The studies discussed above mainly consider homogeneous congestion games in
which all the drivers on a road at any given time interval perceive the same cost
function (e.g, the drivers only consider the latency in their decision-making and
they all have the same sensitivity to the latency as well). However, in road traffic
networks, this assumption might not be realistic. For instance, as we will see in this
paper, whenever the drivers include the fuel consumption in their decision making,
trucks and cars potentially have different cost functions even if they observe the
same latency when using the road. To capture this phenomenon, we extend the
model in [25] to an atomic congestion game with two types of agents, namely,
cars and trucks. Notice that the problem of heterogeneous congestion and routing
games have been studied extensively in the past [32-34]. For instance, in [32],
the author formulated a congestion game in which each player has a specific cost
function that depends on the congestion. In that study, it was shown that every
unweighted congestion game with player-specific cost functions admits at least one
equilibrium; however, this results may not be generalized to weighted congestion
games with player-specific cost functions in general. In addition, generally, even
unweighted congestion games with player-specific cost functions do not admit a
potential function. For routing games, in which a continuum of players route an
infinitesimal amount of flow, it was proved that a potential function exists if a
symmetry condition is satisfied for the cost functions (i.e., various classes of agents
bother or delight each other equally) [33, 35]. A class of necessary and sufficient
conditions for the existence of potential functions was presented in [36]. Conditions
for the (essential) uniqueness of the equilibrium in multi-class routing games were
also presented in [37, 38].

Motivated by the fact that the Nash equilibrium is generally inefficient, the
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price of anarchy (i.e., the worst-case ratio of the social welfare function for a Nash
equilibrium over the social welfare function for a socially optimal solution) of atomic
congestion games with linear latency functions was studied in [39]. Several studies
have proposed congestion taxes (also known as tolls) to improve the social cost
function when all the agents are equally sensitive to the proposed taxes [40-43] as
well as when they have different sensitivities [44-47]. For instance, in [47], tolls
were introduced to minimize the total travel time and the total travel cost (as
a bi-objective optimization problem). This setup was generalized in [45] to also
admit entities that own several agents (and wish to optimize the combined utility
of those agents). The idea of maximizing the reserve capacity of the network was
approached in [44]. A scenario in which the network is managed by several decision-
makers (with conflicting objectives) across various regions was discussed in [46]. The
authors of [25, 40, 41] presented congestion taxes so that the underlying congestion
game admits the social welfare as a potential function. This is certainly of interest
because it guarantees that the socially optimal decision is also a Nash equilibrium.
However, in those studies, the authors needed to introduce a congestion tax for all
the agents (and not only a subset of them).

1.3 Contributions

In this paper, we model the traffic flow at non-overlapping intervals of the day using
an atomic! congestion game with two types of agents. The agents of the first type
are cars as well as trucks that do not have platooning equipments. For the sake of
brevity, we call all these agents cars. They optimize their utility, which is a sum of
the penalty for deviating from their preferred time for using the road, the average
velocity of the traffic flow along the road, and the congestion tax that they pay
for using the road at that time interval. The agents of the second type are trucks
equipped with platooning devices. For the sake of brevity, we call these agents
trucks. In addition to the above mentioned terms, they have an incentive for using
the road with other trucks (due to an increased chance for platooning and, hence,
reducing their fuel consumption).

We model the average velocity of the flow at each time interval as an affine
function of the number of the vehicles that are using the road at that time interval.
We use real traffic data from the northbound E4 highway from Lilla Essingen to
the end of Fredhéllstunneln in Stockholm to validate this modeling assumption.

We determine a necessary condition for the existence of a potential function
for the introduced atomic congestion game with two types of agents and use this
condition to prove that in general the congestion game is not a potential game.
Therefore, we devise appropriate congestion taxes (specifically, a congestion taxing
policy for cars and a platooning subsidy for trucks) to guarantee the existence of a
potential function. Based on this result, we prove that the atomic congestion game
admits at least one pure strategy Nash equilibrium under the proposed congestion

L1We use the term atomic to emphasize the fact that we are not dealing with a continuum of
players or fractional flows when modeling the traffic flow as a congestion game [48, 49].
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tax—subsidy policy. Equipped with these results, we use joint strategy fictitious
play and average strategy fictitious play to learn a Nash equilibrium. Intuitively,
we interpret the learning algorithm as the way drivers decide on a daily basis to
choose the time interval on which they are using the road by optimizing their utility
given the history of their actions. Iterating over days, the drivers’ decisions (i.e.,
the profile of the learning algorithm) converges almost surely to a pure strategy
Nash equilibrium. Note that the potential games are certainly not the only classes
of games for which variants of the fictitious play (e.g., joint strategy fictitious play)
may converge to an equilibrium. To mention a few example, the authors of [23, 50]
introduced ordinal potential games and weighted potential games as two families
of games for which the fictitious play converges in beliefs to a mixed strategy Nash
equilibrium. For (generalized) ordinal potential games, one may also deduce the
convergence of the joint strategy fictitious play to a pure strategy Nash equilib-
rium with probability one [40]. These families of games are certainly more general
than (exact) potential games. In this paper, as a starting point, we present neces-
sary conditions for the existence of (exact) potential functions as well as imposing
congestion taxes for guaranteeing the existence of such functions. Although con-
servative, this approach perhaps can be justified in the introduced problem due
to the existence of intuitive taxing and subsidy policies (see Subsection 3.2). A
viable direction for future work is to investigate necessary and sufficient conditions
so that a congestion game belongs to the category of ordinal or weighted poten-
tial games. In addition, as also mentioned earlier, congestion taxes were presented
in [25, 40, 41] so that the congestion game admits the social welfare as a potential
function. However, in contrast to the results of this paper, the authors of [40, 41]
introduced a congestion tax for all the agents (and not only a subset of them) to
improve the efficiency and considered homogeneous congestion games (with only
one type of agents).

Finally, using the parameters extracted from the real congestion data, we con-
struct a simulation setup to study the performance of the learning algorithms as well
as the properties of the Nash equilibrium. For instance, we study the robustness
to perturbations of the learning algorithm, e.g., accidents along the road, sudden
weather changes, or temporary road constructions. We also consider the case when
the drivers value their time differently, where the values are motivated by survey
data from Stockholm area [51].

1.4 Paper Organization

The rest of the paper is organized as follows. In Section 2, we formulate the
considered congestion game. We find a necessary condition of the existence of a
potential function in Section 3. In Sections 4 and 5, we respectively introduce the
joint strategy fictitious play and the average strategy fictitious play to learn a Nash
equilibrium of the congestion game. Finally, we present the simulations in Section 6
and conclude the paper in Section 7.
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1.5 Notation

Let R, Z, and N denote the sets of real, integer, and natural numbers, respectively.
Furthermore, let Ng = NU {0}. We define [N] = {1,...,N} for any N € N. In
this paper, all other sets are denoted by calligraphic letters such as R. We use |R|
to denote the cardinality of R. Finally, we define the characteristic function 1,—,
(14>y) to be equal one whenever =y (x > y) holds true and to be equal to zero
otherwise.

2 Game-Theoretic Model

We model the traffic flow at certain time intervals of the day on a given road using
an atomic congestion game. The agents in this congestion game are the vehicles
(or, rather the drivers of these vehicles) and their actions are the time intervals
that they choose to use the road at each day. Let us divide the time of the day into
R € N non-overlapping intervals and denote each interval by r; for ¢ € [R]. The set
of all these intervals (i.e., agents’ actions) is denoted by R = {r1,r2,...,7r}. We
consider the case where the underlying congestion game is composed of two types
of agents. As specified in the introduction, we name the agents of the first type
cars and the agents of the second type trucks throughout the paper. We assume
N cars and M trucks are playing in this congestion game and denote the actions
of the cars and the trucks by z = {2}, and = = {z;}M,, respectively. Let us
describe the utilities of the cars and the trucks in the following subsections.

2.1 Car Utility

Car i € [N] maximizes its utility given by
Ui(ziv Z—i5 .’L‘) = ff(Zz, Tz’c) + vz (Zv LL‘) + pg(z7 1‘), (1)

where the mapping & : R x R — R describes the penalty for deviating from the
preferred time interval for using the road denoted by Tf € R (e.g., due to being
late for work or delivering goods), v., (z, ) is the average velocity of the traffic flow
at time interval z;, and p$(z, x) is a potential congestion tax for using the road on
a specific time interval.

Following [25, 52, 53], we assume that v,.(z,x) (i.e., the average velocity at time
interval r € R) is linearly dependent on the road congestion

N M
’I’LT(Z,l‘) :Zl{zki”‘} +Z]‘{$1{:T}’ (2)
=1 /=1

which is the total number of vehicles (both cars and trucks) that are using the road
at r € R. Let us use real traffic data from sensors on the northbound E4 highway
in Stockholm from Lilla Essingen to the end of Fredhéllstunneln (see Figure 1) to
validate this assumption. The measurements are extracted during October 1-15,
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Denmark 0Coperhagen)

Figure 1: The dashed black curve shows the segment of northbound E4 highway
between Lilla Essingen and Fredhéllstunneln in Stockholm where we are using to
validate the model and extract reasonable parameters.

2012. Figure 2 illustrates the average velocity of the flow as a function of the
number of vehicles. As we can see, for up to 1000 vehicles, a linear relationship

vp(z,2) = an.(z,2) + b (3)

with a = —0.0110 and b = 84.9696 describes the data well. However, for higher
numbers of the vehicles, it fails to capture the behavior of around 20% of the data
(shown by the red dots in Figure 2). Note that some of these outlier measurements
can be caused by traffic accidents, sudden weather changes during the day, or
temporary road constructions. A viable direction for future work is to introduce
more complex velocity models in which the average velocity of the traffic flow may
depend on the number of vehicles in the neighboring time intervals in addition to
the current one. We may also need to separate the effect of cars and trucks as one
may expect heavier and larger vehicles to contribute more to the traffic congestion.
However, in this paper, we use the simple model presented in (3) and instead focus
on platooning incentives.

The choice of the penalty mappings &£, ¢ € [IN], does not change the theoretical
results presented in the paper, but it can capture various models of the drivers.
For instance, following [25], we can use £§(z;, TF) = af|z; — TF|, with scalar af < 0,
to describe the case where the driver of car i is penalized by deviating from the
preferred time interval. With this function, the driver get penalized symmetrically
no matter if she uses the road sooner or later than 7F. By increasing |af|, she
becomes less flexible. Another penalty function is &§(z;, T7) = of max(z; — T7,0),
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Figure 2: Average velocity of the traffic flow as a function of the number of vehicles
that are entering the segment of northbound E4 highway between Lilla Essingen
and Fredhéllstunneln for 15 min time intervals.

which penalizes the driver of car i only for being late. For the simulations in the
paper, we assume that all vehicles use the first penalty mapping.

2.2 Truck Utility
Truck j € [M] maximizes its utility given by

ij(l’ja L—j, Z) :fjt(wjaTjt) + Vg, (va) +p5(27x) + B’Um]‘ (Za x)g(mxj (SL’)), (4)

where, similar to the utilities of the cars, £}(z;,T}) is the penalty for deviating
from the preferred time T} for using the road, v, (z,z) is the average velocity of
the traffic flow, and p¥(z, z) is a potential congestion tax for using the road at time
interval x;. Trucks have an extra term fv,, (2, z)g(ms;()) in their utility because
of their benefit in using the road at the same time as the other trucks. Here,
g : [M] — R is a nondecreasing function and m,.(z) = évi1 1¢z,—r} is the number
of trucks that are using the road at time interval » € R. The increased utility can
be justified by the fact that whenever there are many trucks on the road at the
same time interval, they can potentially collaborate to form platoons and thereby
increase the fuel efficiency. It should be noted that this extra utility is a function
of the average velocity of the flow since trucks cannot save a significant amount of
fuel through platooning whenever traveling at low velocities [9, 54]. The function
g : [M] — R describes the dependency of the platooning incentive on the number
of trucks that are using the road at that time interval. Again, the choice of this
function does not change the mathematical results presented in this paper, but it
can help us to capture the relationship between the fuel saving and the number of
the trucks on the road. For instance, g(my;(z)) = my;(z) shows that the vehicles
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can even benefit from a low number of trucks but g(mg,(z)) = my; (x)lmmj (2)>r
describes the case where the trucks do not benefit until they reach a critical number
7 € N. For the simulations, we use the first mapping.

Notice that in the utilities U; in (1) and Vj in (4), we introduced congestion
taxes for cars and trucks. Later, they are used to ensure that the described game is
a potential game. Such a game admits at least one pure strategy Nash equilibrium
and we can use joint strategy fictitious play and average strategy fictitious play to
learn that equilibrium. A viable direction for future research could be to design
taxing policies so as to enforce a socially optimal behavior, such as an optimal
carbon emission profile, using mechanism design theory [55].

2.3 Congestion Game

Now, we are ready to define a congestion game with two types of players using
normal-form representation of strategic games [56, 57].

Definition 8.1 (CAR-TRUCK CONGESTION GAME): A car-truck congestion game
is defined as a tuple G = (R)XFM: (U)X, (Vj)iL1)), that is, a combination of
N + M players with action space (R)NAM and utilities (U;)N.,, (VJ)JM:I))

A pure strategy Nash equilibrium for a car—truck congestion game is a pair
(z,2) € RN x RM such that

Ui(Zi,Z_i,.T) > Ui(Z£aZ—i7$)7 VZ; ER, i€ [[N]]a
Vi(zj,x_j,2) > Vi(ah, x5, 2), Vi € R, J € [M].

To prove the existence of a pure strategy Nash equilibrium or to use various learning
algorithms for finding an equilibrium, we focus on a subclass of games, namely, po-
tential games [23]. A car—truck congestion game is a potential game with potential
function ® : RY x RM — R if

D(x,2i,2-4) — P(x, 2, 2—;) = Ui (23, 24, 2) — Ui (2}, 24, ), Vi € [N],
O(zj,x_j,2) — (2, x_j,2) = Vj(xj,x_;,2) = Vi (2, _;,2), Vje€[M].

7’ 7’

With these definitions in hand, we are ready to present the results of the paper.

3 Existence of Potential Function

Atomic congestion games with one type of agents (corresponding to the case where
M =0or N =0) are known to admit a potential function even without congestion
taxes [23, 25, 43]. In this section, we show that this property does not hold for
car—truck congestion games unless we devise an appropriate taxing scheme.
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3.1 Necessary Condition for the Existence of a Potential Function
Let ® : RY x RM — R be a given mapping. Define

Apjmar (7, 2) = O(2, 2) — d(2',2)

Azi_%q)(as, 2) = ®(z,2) — ®(x,2'),

where 2’ = (2, 7_;) and 2’ = (z},2-;). Using simple algebra, we can show that

the operators commute, i.e.,
Azt Bayma ®(0,2) = By ar A2 B(, 2).

Now, we are ready to prove the following useful result.

Proposition 8.1 A car—truck congestion game admits a potential function only if
Agimsar Bz Vi(2,2) = Bzt Bgy 0 Ui(2, ),

for alli € [N] and j € [M].

Proof: Let ®(x,2) be a potential function for the congestion game. Define
' = (a,2_;) and 2’ = (2], 2z_;). Then, it must satisfy

IR

forall z € RN,z € RM, and ;v; € R. Again, when noting that ®(z, z) is a potential
function, we get

o

&

Ny
I

D(z,2") + AL, Ui(z, @) (6a)
Dz, 2") + A, 52 Ui(z,2) (6b)

A
H\
vl\l
~—
I

for all z € RN, z € RM, 2 € R, and #; € R. Substituting (6) into (5) results in

Ayrar Vi, 2)=B(a, 2) — D(a, 2)
:ij_m}@(x, )+ AL Uiz, ) = A2 Ui(2,27)
:Azj — q)(x’ Z/)+Azi — 2zl AIL—ML’; Ui (Z7 JJ)
:A:rj —a; ij (337 ZI)+Az1~>z; A:z,’l*):r; U; (Z7 SL’),
where the last equality follows from the definition of the potential function. There-
fore, we get the identity in the statement of the theorem. n

This shows that it might not be possible to find a potential functions for the
congestion game with two types of players.
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Corollary 8.2 Let p§(z,x) = 0 for i € [N] and pi(z,2) = 0 for j € [M].
car—truck congestion game admits a potential function only if 6 =0 or g is equal
to zero everywhere.

Proof: First, by simple algebraic manipulations, we prove the identity in

Awi—m;Azi—)z;Vj(z )
= Amiﬁx; Azi—mg (f (-ij Tt) + Vg (Za .Z‘) + /B/ij (2, l')g(ma:j (x)))
= Aa:lﬁcv; Azi%z; ('Uacj (27 :)3) + vaj (Z7 x)g(mmj (‘T)))
= B, (v, (vaf)—vzj (2, @)+ Bvg; (2, 2)g (Mg, (€)= Bug, (2, 1) g (Mg, (2)))
= Au s (a[lay=e; = Loy ][1 = Bg(ma, (2))])
= a[la;=z; — 1g—z][1 = Bg(ma, ()] — a[Ller s, — Loy —/][1 = Bg(ma (2))]
=afly—z + Lpms — 1y — 1oy ]
—af[ly;=z;, — 1oj=zr]g(my, (x )) +aply =, — Ly —z]g(ma; (27))
= a[le;=z + Lor—zr = Lojmar — 1o =]
+aB(Ly,—l—zy — Loy=z, Lo ][l — 15 ui][g(ma, (2)) + g(mar (27))]

(7)

Similarly, we can show that
Az —)z’Az —)w/ U (Z JJ) = a[le—zl + 1a:’ =z, 1w =z, 1a:’ —zl]

Therefore, following Proposition 8.1, the introduced congestion game admits a po-
tential function only if

6[1%:4190;.:% - 1Ij:Z»1!D/_Z Hl - 1Zj:Z,/i][g(m1j (.Z‘)) + g(mw; (.’13/))] =0

for all z, z and x;-, zl. This is indeed only possible if 8 = 0 or if g is equal to zero

everywhere. n

Potential games have many desirable attributes. For instance, these games al-
ways admit at least one pure strategy Nash equilibrium. In addition, many learning
algorithms, such as, joint strategy fictitious play, are known to extract a pure strat-
egy Nash equilibrium for potential games. Given these important properties, a
natural question that comes to mind is that whether it is possible to guarantee
the existence of a potential function by imposing appropriate congestion taxes. We
answer this question in the next subsection.

3.2 Imposing Taxes to Guarantee the Existence of a Potential
Function

In this subsection, we propose a taxing and a subsidy policy that guarantee the
existence of a potential function for the car—truck congestion game.
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Theorem 8.3 Let each car i € [N] pay the congestion tax
mz; ($)

Bz =aB > g(0), (8)
(=1

for using the road at time interval z; € R. Then, the car—truck congestion game is
a potential game with the potential function

N M R nr(z,2)
:Zfic(zi,Tf)—i—Zg;(xy +Z Z ak+b)
i=1 j=1 r=1 k=1
R my.(z) R my,(z) ¢—1
+> Blany(,2) +b) Y g(6) —aB) g(k
r=1 =1 r=1 (=1 k=1

Furthermore, this game admits at least one pure strategy Nash equilibrium.

Proof: The proof of this lemma follows the same line of reasoning as in the
proof of Proposition 4.1 in [25]. First, we need to define the following notations

N
Dy (2, 2) Zﬁf(zi,TC +Z§t zj,
i=1 j=1
ny(z,z)
Dy(z,2) = Z (ak +b)
r=1 k=1
R mr(x)
(I)3(x Z) Zﬂ(anr(%z) + b) g(@),
r=1 {=1
my(z) 0—1
Dy(x,2) = —aﬁz g(k)

Let us start by analyzing the trucks. If z; = ;E;, the result trivially holds. Conse-
quently, we consider the case where z; # x;-, which results in

IS

(xj,x_j,2) — P(af,x_j,2) = Z‘I’k(ﬂ%x—j,z) — Oy (2, x4, 2).
k=1

We continue the proof by considering each term of this summation separately. For
the first term, clearly, we have

(Dl(‘rjvx—jﬂz) - (Dl(x;'vx—jﬂz) = g]t(me]t) - ét(‘TJvT]t)
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Let us define 2’ = (2, 2_;). For the second term, we have

R nr(ac,z) R nr(x 72)
Doy w5 2) — alhr 2 =3 3 (ak+0) -5 3 (ak+b)
r=1 k=1 r=1 k=1
Na; (z,z) n:r; z,2)
= (ak 4 b) + (ak +b)
k=1 k=1
Na (z',2) ”T; (@',2)
- (ak +b) — (ak +b),
k=1 k=1

where the second equality holds because of the fact that n,(z,z) = n,(2', z) for all
7 # x;, 2. Note that

ne, (', 2) = ng, (z, 2)-1, Ny (x,2) = Ny (2, 2)-1, (9)
and as a result,
Dy (zj, 04, 2) — Qg(x;,x_j,z) = (ang, (z,x) +b) — (anw; (z,2") +b).
For the third term, we get the identity in

y(xj, 25, 2) — Py(af, x_j, 2)

R m,(x) R m,,a(m/)
=3 Blan(w2) +8) S g(0-3 Blan (2 + 1) S g(0)
r=1 =1 r=1 (=1
:/B(anl‘j(x7z) +b) g(€)+6(anz3(x,z) +b) Z g(ﬁ)
=1 =1
Mg (z") mz; (=)
— Blang, (2, 2) +b) 9(0)—B(any: (¢',2) +b) g(0)
(=1 =1
= B(a’nm (l‘, Z) + b)g(mmJ x)) - ﬂ(anm’ (l‘ ,Z) + b)g(mm; ((,C/))
me, (2)—1 my (2')—1
+aB Y g)—ap D g(0), (10)
(=1 =1

where the last equality follows from using (9) and the fact that m,, (z') = mg, ()1
and my (z) = Mg (') — 1. Finally, using the same argument as in the case of the

second term and the third term, we get
Mg, (z)—1 Mgt (z)-1

Dy(xj,x_j,2) — Oy(a),x_j,2) = —af Z g(0) +ap Z g9(£).
=1 =1
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Combining all these differences, we get

O(zj,0_5,2) — @(x;,z_j, 2) :B(an% (z,2) + b)g(mzj (2))
— Blany; (2, 2)+b)g(mq ()
+ &2, T}) = &(5, T3)
+ (ang, (z,z) +b) — (anx;(z,a:’) +b)

:Vj(-rjvx—j’ z)_Vj(l‘;vx—j?Z)'

Now, let us prove this fact for the cars as well. If z; = z., the result trivially holds.
Thus, we investigate the case where z; # z,. Similarly, we consider each term of
the summation separately. For the first term, we have

Oy (x, 25, 2—4) — P1(x, 2, 2—0) = & (20, T7) — & (25, T7).

We define the notation 2z’ = (2], z_;). Following a similar reasoning as in the case
of the trucks, for the second and the third terms, we get

/

Do(7, i, 2-4) — Pa(w, 2}, 2-4) = (an, (2,x) +b) — (anz (2, ) +b),
and

ms, (z) mzzf (z)

D3(w, 2, 2-i) = P3(x, 27, 2-4) = af ) g(¢) —ap Z g(£).
=1 =1

For the forth term, we get ®4(x, 2;, 2—;) — Pu(x, 2, z2_;) = 0 since this term is only

) 4

a function of x which is not changed. Again, combining all these differences, we get

P(z, 25, 2-1) — P2, 2}, 2-) = (anz, (2,2) +b) — (an (2, ) +b)
+ & (2, T7) = §(24, T7)

m., (x) m ()

+aB Y g(t)—aB > g(0)
(=1 (=1
= Ui(ziv Z—i, Jf) - Ui(zzl'v R—is Jf)

Finally, note that every potential game admits at least one pure strategy Nash
equilibrium [23]. n

Remark 8.1 Note the tax p§(z,x) grows quadratically with the number of the
trucks that are using the road at that time interval if the mapping g : [M] — R
is an affine function. Therefore, the congestion tax policy p$(z,x) in Theorem 8.3
forces the cars to avoid the time intervals that the trucks use to travel together.
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Instead of taxing the cars, we can also introduce a platooning subsidy for the
trucks to get a potential game.

Theorem 8.4 Let each truck j € [M] receive the subsidy
pg»(x, z) = B(vo — (ang, (2, ) + b))my, (), (11)

for a given vy € R. Then, the car—truck congestion game is a potential game with
the potential function

N M R nr(z,2) R my(x)
2) = &G T+ > &), TH+ > Z (ak+b)+Bug Y > g(0)
i=1 j=1 r=1 k= r=1 (=1

Furthermore, this game admits at least one pure strategy Nash equilibrium.

Proof:  Let us start with trucks. Note that with the introduced policy, the
utility of truck j is equal

V(.’EJ,.’L‘_”Z) g](x%T])_'_UwJ (Z x)—i_ﬁvog(mwj ('/E))
Let us define ' = (z},2_;). If x; = 2, the result terlally holds. Therefore,

without loss of generality, we consider the case where x; # J:J In what follows,
we examine each term in the cost function separately. First, we define ¥4 (z,2) =

Ef\il & (i, T2) + Z]J\il &5 (x5, T}). Now, it is easy to see that
Uy (x,2) — Ui (2!, 2) = & (xy, Ty) — E(af, T}).

Second, we define Uy(x,z) = Zf;l Z;(f’z) (ak + b). For this term, we can show
that

R nr(z,2) R n.(z',2)
Uy (z,2)—Ws(a', 2)= Z (ak +b) Z Z (ak +b)
r=1 k=1 r=1 k=1
Na; (z,2) "¢ (z,2) na. (2',2) nz; (z',2)
= ak+b+ (ak +b)— Y (ak+b)— (ak +b),
k=1 =1 k=1 k=1

where the second equality holds because of the fact that n,.(z,2) = n,.(2/, 2) for all
r # xj, 2. Noticing that n,, (2',2) = ng;(v,2) — 1 and Ny (z,2) = Ny (o', 2) — 1,
we know that ' '

Wy(x,2) — W2, 2) = (ang, (z,2) +b) — (anrg_ (z,2") +b).
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Finally, we define ¥3(z,2) = Zf‘:l Zn;fx) g(£). In this case, we can show that

R mr(z) R my(z")
U3(2, 2) — U3(a', 2) :Z g(0) — Z g(?)
r=1 (/=1 r=1 ¢=1
M ; () mI; (=) M (z') ms (z)

Il
<
—

~
~—
+
<
—~
~
~
|
)
—~
~
~—
|
<
—~
~
~—

Therefore, we get

U(x,2) —W(2', 2) =V (2,2) — Uy (2, 2) + Ua(z, 2) — Ua(a', 2)
+ Buo(P3(z, 2) — W3(a', 2))
=& (x5, Tj) — (5, T;) + va, (x, 2) — vy (2, 2)
+ Buolg(me, (2)) — g(mas ()

ZVJ‘(JJ]‘,JJ_J‘,Z) - Vj(xg‘ax—j’z)'

The proof for cars follows the same line of reasoning. n

Remark 8.2 Note that if vy is greater than the average velocity of the flow, the
trucks get paid to use the road at the same time as their peers. This way the
government incentivizes the trucks to form platoons. This subsidy is technically
the difference between the amount of the fuel that the trucks would have saved if
they formed a platoon at velocity vy instead of the actual average velocity of the
traffic flow an,(z,x)+b. Therefore, the trucks would benefit from traveling together
even at low velocities (which is a scenario where the trucks do not increase their
fuel efficiency significantly through platooning). However, if vy is smaller than
the average velocity of the flow, we reduce the extra utility that the trucks would
receive from traveling together (and technically p}-(x, z) becomes a tax rather than
a subsidy). Therefore, it becomes less likely for the trucks to stick together. To
emphasize the fact that we are willing to pay the trucks rather than taxing them
(and hence, dealing with the first scenario), we callpg(m, z) a subsidy.

4 Joint Strategy Fictitious Play

We start by briefly introducing the learning algorithm and, then, analyzing its
convergence.

4.1 Learning Algorithm



4. JOINT STRATEGY FICTITIOUS PLAY 305

Algorithm 3 Joint strategy fictitious play for learning a Nash equilibrium.
Require: p € (0,1)
Ensure: (z*,z")

1: fort=0,1,... do

2: fori=1,...,N do

3: Calculate z; € argmax, Ui(r;t —1)
4: if Ui(zf,2—i(t —1),2(t — 1)) < Ui(2i(t — 1), 2—i(t — 1), z(t — 1)) then
5: Z—L(t) — Zz'(t — 1)
6: else
7 With probability 1 — p, z;(t) < 2;(t — 1), otherwise z;(t) < 2|
8: end if
9: for j=1,...,M do
10: Calculate z; € argmax, o Vi(r;t —1)
11: if Vi(z(t—1),2,25(t—1)) <Vj(z(t —1),2;(t —1),2_;(t — 1)) then
12: .'Ej(t) — I]’(t — 1)
13: else
14: With probability 1 — p, x;(t) < x;(t — 1), otherwise x;(t) <
15: end if
16: end for
17:  end for
18: end for

Assume that the agents follow the joint strategy fictitious play algorithm [40].
To do so, the agents calculate an average utility given the history of the actions.
At time step t € Ny, car ¢ € [N] computes U;(r;t) using the recursive equation

Ui(r;t) =(1- )\t)Ui(r;t — 1)+ NUi(r, z2—i(t), z(t)), (12)

with the initial condition Uy(r; —1) = £¢(r, T¢) for all r € R. In (12), A, € (0,1]
is a forgetting factor which captures the extent that the agents forget the actions
from the past. If \; = 1, the agents are myopic (i.e., only consider the actions from
the previous time step) while if Ay = 1/¢, the agents value the whole history at the
same level. Following the same approach, truck j € [M] calculates Vj(r;t) using
the recursive equation

A~ A~

Vi(rit) = (L= A)Vj(rit = 1) + MV, (1), (1)),

with Vj(r; 1) = §(r,T}) for all ¥ € R. Algorithm 3 shows the joint strategy
fictitious play for the car—truck congestion game.

4.2 Convergence Analysis

Noting that with appropriate taxes the introduced congestion game is a potential
game, we can use the result of [40] to conclude the convergence of the learning
algorithm.
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Theorem 8.5 Let the action profile of the agents be generated by the joint strategy
fictitious play in Algorithm 3. Assume that Ay = X € (0,1) or \y = 1/t for all
t € N. Then, this action profile almost surely converges to a pure strateqy Nash
equilibrium of the car—truck congestion game, if either the cars pay the congestion
taz p§(z,x) in (8) or the trucks receive the platooning subsidy p'(x,z) in (11).

Proof: The proof is a consequence of combining Theorems 2.1 and 3.1 in [40]
with Theorems 8.3 and 8.4. n

Note that the joint strategy fictitious play might be restrictive in some aspects.
For instance, all the agents must have access to all the individual decisions taken
by the other agents to calculate the average cost function. In the next section,
we adapt the average strategy fictitious play introduced in [25] as an alternative.
This learning algorithm requires instead a central node to broadcast the congestion
prediction (i.e., an average of all the players actions) for all time intervals per day.

5 Average Strategy Fictitious Play

First, we introduce the average strategy fictitious play and study its convergence
by extending parts of the proofs in [25].

5.1 Learning Algorithm

Before introducing the learning algorithm, we have to make the following standing
assumptions:

Assumption 8.1 The congestion tax policies satisfy
o pS(z,x), i € [N], is only a function of n.,(x, z),m,, (x);
e pi(z,2), j € [M], is only a function of ny,(x, 2), M, (x).

This assumption means that the congestion tax can only be function of the traffic
flow rather than the individual actions of the agents. The congestion taxing policy
that we introduced in the previous section satisfies this assumption. To emphasize
this fact, from now on, we write p (n., (z, 2), m., (z)) and p(ng; (z, 2), m,, (x)) with
some abuse of notation.

Now, we can introduce the average strategy fictitious play. To initialize the
algorithm, we let the agents pick an arbitrary action from the set R at the first
time step. We assume that there exists a central node? that can observe the traffic

2This central node is assumed to be a not-for-profit organization. Therefore, it is not trying to
optimize its income or loss (i.e., the summation of the received taxes or the distributed subsidies)
and, hence, it would not strategically deviate from the intended algorithm. Certainly, introducing
a mechanism with profitable organizations as a central node can be a viable avenue for future
research (to attract the private sector for implementing this part).
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flow at each time interval. This central node uses the following recursive update
laws to calculate the average number of the cars and trucks in each time interval

N

AS(t) = (1= Nas(t — 1) + A iy =r}s
/=1
M

Ab(t) = (1= Nkt —1) + A L=y
=1

with n$(0) = Zévzl 1(.,0)=r) and nL(0) = Zz]\i1 1¢z,(0)=r} for all » € R. The
superscripts ¢ and t show that the aforementioned property is related to the cars
or the trucks, respectively. In these recursive update laws, we should choose the
forgetting factor A € (0,1) to capture the extent with which we value the congestion
information from the past. We can think of the numbers n¢(¢) and nl(t) as the
forecasts that the central node (e.g., the department of transportation, the radio
station, etc) announces on a day-to-day basis about the traffic flow for each time
interval of the day. These values have a memory to remember the congestion in
earlier days and get updated based on the actual observation of the traffic flow
every midnight.

Additionally, car ¢ € [N] and truck j € [M] keep track of the average number
of times that they have chosen r € R following the recursive update laws

_E,i(t) =(1- /\)@%i(t — 1)+ Az )=}
W () = (1 = Ny ;(t = 1) + ALyz; (6=}

with wg;(0) = 1p.,(0)=r) and @y, ;(0) = 1y, ()=} for all » € R. Finally, for all

i € [N] and j € [M], we define the new “average” cost functions in

Vi(r;t) =[a(ng(t) + n(t) — oy ; () + 1) + 0]

+ Bla(ng(t) + np(t) — ;. ; () + 1) + blg(n,.(t) —wy ;(t) + 1)

+&5(r T7) + Pl (R5(t) +np(t) — wy; (1) +1,7(t) — wy (1) + 1), (13a)
Ui(r;t) =€ (r, T5) + a(ng(t) + . (8) — w§ () + 1) + b]

+ p5(Ag(t) + 1y (t) — oy ;(t) + L, 7,(t)). (13b)
Now, if we follow Algorithm 4, we expect to converge to a Nash equilibrium.

5.2 Convergence Analysis

First, we need to prove an intermediate lemma which shows that if Algorithm 4
reaches a Nash equilibrium, it stays there forever.
Lemma 8.6 Let each truck j € [M] receive the subsidy

pj(z,2) = Bvo — (ang, (2, x) + 0))my, (z),

for a given vy € R. If z(t) and z(t), generated by Algorithm 4, is a pure strategy
Nash equilibrium, and z;(t) € argmax,cg U;(r;t — 1) for all i € [N] and z;(t) €
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Algorithm 4 Average strategy fictitious play for learning a Nash equilibrium.
Require: p € (0,1)
Ensure: (z*,2")

1: fort=1,2,... do

2: fori=1,...,N do

3: Calculate z] € arg max, . Us(r;t — 1)

4: if Ui(zf,2—i(t —1),z(t — 1)) < U;(zi(t — 1), 2—s(t — 1),z(t — 1)) then
5: Zz(t) — Zi(t — 1)

6: else

7 With probability 1 — p, z;(t) < 2;(t — 1), otherwise z;(t) < z;

8: end if

9: for j=1,...,M do
10: Calculate 2 € argmax,. . V;(r;t — 1)

11: if Vi(z(t—1),2,2-5(t—1)) <Vi(2(t —1),2;(t —1),z_;(t — 1)) then
12: .’L’j(t) — T (t — 1)

13: else

14: With probability 1 — p, x;(t) < x;(t — 1), otherwise x;(t) <
15: end if

16: end for

17:  end for
18: end for

argmax, . Vj(r;t — 1) for all j € [M], then z(t') = z(t) and 2(t') = 2(t) for all
t'>t.

Proof: The proof of this lemma follows the same line of reasoning as in the
proof of Proposition 4.2 in [25]. Here, we only prove the results for the trucks as
the proof for the cars is technically the same. First, note that for all » € R, we get

N

(1) + nk(t) — i () =(1-Nagt — D+ Y 11 0)—r)
=1
M
HA=NALE = DHAD o, ()=r)
=1

— (L= Nwy;(t = 1) = Mg, ()=}
=(1=A) (75 (t — 1)+, (t — 1)—w,.(t — 1))
+)‘(nT(x(t)7Z(t))_l{zj(t):r})v (14&)

M
(L) =t () = (1= X)Lt = 1)+ A3 Lo
/=1

— (1= Ny ;(t —1) = Mgy, (1)=r}

= (1= X)(np(t = 1) —wy ;(t - 1))
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Now, using these update laws and the proposed subsidy policy in (11), we get

Vi(rt) = & (r, T)) + a(ig(t) + ag(t) — oy (t) + 1)
+ b+ Bog(ny.(t) — wy. ;(t) + 1)
=& T7) + a(l = N(Ag(t — 1) + ng(t — 1) — oy (t - 1))
Fa(A(ny(x(1), 2(£)) = Lia; ()=r})+1)
+ b+ Bug(1 = M)A (t — 1) —wy ;(t = 1))
+ Buo(A(m(2(t)) — 1{1_7’(0:7”}) +1)

=1 =AN)V(r;t—1) + AV, (r,x_;(t), 2(t)).

Therefore, we can prove that

Vi (8);t)=(1=N)Vj (5 (1) ¢ = DAV (5(8), 2 (8),2(1))
>(1-N)Vj(rst — DAV, (ry 2 (1), 2(8))
=V;(r;t)

for any r € R, where the inequality is direct consequence of the fact that the pair
x(t) and z(t) is a pure strategy Nash equilibrium and z;(t) € arg max,.c ¢ Vi(r;it—1)
for all j € [M]. Thus, z;(t) € argmax,c V;(r;t) and as a result, we get z;(t+1) =
z;(t) (following Algorithm 4). Now, using a simple mathematical induction, we can
show x;(t + k) = x;(¢t) for all k € N. n

Theorem 8.7 Let the action profile of the agents be generated by the average strat-
eqy fictitious play in Algorithm 4. Then, this action profile almost surely converges
to a pure strategy Nash equilibrium of the car—truck congestion game, if the trucks
receive the platooning subsidy pl(x, z) in (11).

Proof: The proof follows from using Theorem 8.4 and Lemma 8.6 in the proof
of Theorem 4.1 in [25]. n

6 Numerical Example

Let us assume that N = 10000 cars and M = 100 trucks are using the segment of
the highway illustrated in Figure 1 from 7:00am to 9:00am on a daily basis. We
divide the time horizon into eight equal non-overlapping intervals. Hence, we fix the
action set as R = {1,...,8}, where each number represents an interval of 15 min.
Let T, i € [N], be randomly chosen from the set R using the discrete distribution

1/6, n =24,
P{Tf=n}=<¢ 1/4, n=3,
1/12, otherwise.
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Figure 3: n,(x(t),2(t)), r € R, versus the iteration number for 8 = 1073 when
using the joint strategy fictitious play in Algorithm 3 with p = 0.4 and \; = 3x 1072
for all t € Ny.
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Figure 4: Number of the vehicles in each time interval for 8 = 10~ when using
the joint strategy fictitious play in Algorithm 3 with p = 0.4 and A\, = 3 x 10~2 for
all t € Np.

Let us also use a similar probability distribution to extract Tjt, j € [M]. Hence, we
consider the case where the drivers statistically prefer to use the road at » = 3 which
corresponds to 7:30am to 7:45am. Let of, i € [N], and of, j € [M], be randomly
generated following a uniform distribution within the interval [—7.5, —2.5]. Finally,
let @ = —0.0110 and b = 84.9696 as discussed in Section 2.
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Figure 5: m,(x(t)), r € R, versus the iteration number for f = 102 when using
the joint strategy fictitious play in Algorithm 3 with p = 0.4 and A\; = 3 x 102 for
all t € Np.
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Figure 6: Number of the vehicles and the average velocity of the traffic flow in each
time interval for the case where the drivers neglect the congestion in their decision
making (blue) and for the learned pure strategy Nash equilibrium (red).

6.1 Learning Algorithm Performance

In this subsection, we start by simulating the joint strategy fictitious play in Algo-
rithm 3. Let us fix 8 = 1073, p = 0.4, and A\, = 3 x 1072 for all ¢t € Ny. Figure 3
illustrates the number of the vehicles (both cars and trucks) that are using a spe-
cific time interval to commute n,(x(t), 2(t)), r € R, as a function of the iteration
number. As can be seen in this figure, the learning algorithm converges to a pure
strategy Nash equilibrium in this example relatively fast®. Figure 4 shows the evo-

3Recall that there are |R|M*N possible action combinations in a car-truck congestion game.
Therefore, in this example, we have 810100 ~ 109100 possible action combinations. To put this
number into perspective, recall that there are around 1030 atoms in the visible universe.
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lution of the traffic distribution. Figure 5 shows the number of trucks m.,(x(t)),
r € R, that are using the road on various time intervals. For instance, at the
learned Nash equilibrium, thirty trucks use the time interval 7:45am to 8:00am
while at the same time, most of them avoid using 7:15am to 7:30am because it is
highly congested (and they would not save much fuel if they commute at this time).

6.2 Nash Equilibrium Efficiency

Figure 6 shows the number of the vehicles in each time interval and the correspond-
ing average velocity in that time interval. The blue color denotes the case where
the drivers do not consider the congestion in their decision making; i.e., they com-
mute whenever pleases them, z; = T for all i € [N] and x; = T} for all j € [M].
The red color denotes the case where the drivers implement the pure strategy Nash
equilibrium that they have learned using Algorithm 3. As we can see in this figure,
the proposed congestion game reduces the average commuting time (increases the
average velocity). Following [58], we can define the social cost

S(z,z) = min vr (2, )

=minan,(z,z) +b
r€ER

= a(rglez%( ny(z,2)) + b,

where the last equality holds because of the fact that a < 0. This social cost is
the worst-case average velocity of the traffic flow*. Another definition of social cost
could be the total fuel consumption or the overall carbon emission. In a utopia,
the government should be able to implement a global solution of the optimization
problem

(x°,2%) € argmax S(z,z),
(z,2) ERN xRM

to achieve the lowest congestion at all time intervals. However, this solution can-
not be implemented in a society with strategic (selfish) agents since they have no
incentive for following a socially optimal decision (x°®,2*). Note that since a < 0,
we have

(z°,2°) € argmax min an,(z,z)+b
(z,2) ERN xRM reR

€ argmin max n.(z,z),
(z,2)ERN xRM TER

4This cost function is an example of a Rawlsian social cost function (i-e., the worst-case cost
function of the players). Another possible choice of social cost function is a utilitarian social cost
function (i.e., summation of the individual cost functions of all the players); see [59, p.413] for
more information regarding the difference between these two categories of social cost functions.
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and as a result, we get

S(2*,2*) = a [NWEM} b

= 71.0766 km /h.

Therefore, we have
S(x®,2*)
S(x*, z*)

which shows that the acquired pure strategy Nash equilibrium (z*,z*) is not ef-
ficient with respect to the introduced welfare function®. However, it is somewhat
better than the case where the drivers do not consider the congestion in their de-
cision making (i.e. they travel whenever pleases them) as

= 1.1048,

S(z*, 2*)

— 1.2330.
SUTI L AT L)

6.3 Robustness of the Learning Algorithm

Let us now consider the case where on the fiftieth day of learning (i.e., iteration
t = 50) an unexpected behavior (e.g., a traffic accident) significantly decreases the
average velocity of the traffic flow during 7:15am and 8:00am (i.e., for r = 2, 3,4).
To reflect this matter in the simulations, we assume that on the fiftieth iteration,
the average velocity for r = 2,3,4 is given by (an,(z(t), 2(t)) + b)/10. Figure 7
illustrates the number of vehicles that are using a specific time interval to commute
n.(z(t),2(t)), r € R, as a function of the iteration numbers. Note that there
is a sudden drop in the number of the vehicles that are using the time intervals
corresponding to r = 2,3, 4 for a while (around twenty iterations) after the accident.
However, the learning process recovers the Nash equilibrium after another fifty
iterations.

6.4 Effect of the Fuel-Saving Coefficient

In this subsection, we aim at illustrating the effect of the fuel-saving coefficient 5 on
the behavior of the trucks. We perform all the simulations using the joint strategy
fictitious play introduced in Algorithm 3 with p = 0.4 and \; = 3 x 1072 for all
t € Ng. Figure 8 illustrates the number of trucks for the learned Nash equilibrium
at different time intervals for various choices of the coefficient 8. As we expect,
when 8 = 0, the trucks are reluctant to platoon (but instead stick to the time that
favors them the most). However, as we increase the coefficient 3, a higher number
of trucks drive at the same time interval. Note that for 3 = 4 x 1073, all hundred
trucks use the road during exactly one time interval (i.e, 8:00am to 8:15am).

51t is worth mentioning that if we choose the potential function ® in Theorem 8.3 as the social
welfare function, the learned Nash equilibrium is indeed efficient since Algorith, 3 results in a
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Figure 7: n,(z(t),2(t)), r € R, versus the iteration number when an unexpected
behavior (e.g., an accident) disrupt the traffic flow on the fiftieth day of learning.

Number of Trucks

Figure 8: Number of the trucks in each time interval for various choices of the
coefficient (.

6.5 Drivers Having Different Time Values

In 2001, the consulting firm Inregia in Sweden, by the request of Swedish Institute
for Transport and Communications Analysis, performed a survey to estimate the
value of time for the road users in Stockholm [35, 51]. This study showed that
various groups of people value their time differently. According to the study, drivers
valued time as 0.98, 3.30, and 0.19 SEK/min for work and school commuting trips,
business trips, and other trips, respectively [35, 51]. Let us include this effect in
the introduced congestion game setup. Assume that in the utility of car ¢ € [N],

local maximizer of this potential function. However, such a choice does not have any practical
implications.
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Figure 9: m,(z(t)), r € R, versus the iteration number for the case where the
drivers value their time differently.

we set the term
mz, (z)

pi(za)=6;"aB D g(0) |,

{=1

where §; > 0 is the value of time for the driver of car 7. For work and school
commuting trips, we scale the value of time to §; = 1.00. Therefore, we get §; =
3.37 and ¢; = 0.19 for business trips and other trips, respectively. Now, allow
us to randomly distribute the cars into three groups of work and school trips,
business trips, and other trips with probabilities 0.754, 0.036, 0.210, respectively,
as suggested in [35]. Figure 9 shows the number of trucks in each time interval as
a function of the iteration number in this case. Comparing with Figure 5, we can
clearly see that in this example, the difference in the value of time has not changed
the behavior of trucks (certainly in the Nash equilibrium, but the transient response
is different). Figure 10 shows the number of the cars in each time interval for the
case where the drivers value their time differently subtracted by number of the cars
in each time interval for the case where the drivers value their time equally. Clearly,
the cars that value their time the most, or equivalently, the ones that are willing
to pay higher congestion taxes (i.e., §; = 1.00, 3.37), can move to the time interval
where thirty trucks are traveling. However, the cars that do not value their time
much (i.e., 6; = 0.19) switch to a less expensive alternative.

6.6 Trucks with and Without Platooning Equipment

Few trucks are currently fitted with platooning equipments. In this subsection,
we try to understand the influence of this matter on the properties of the learned
Nash equilibrium. To illustrate the effect of trucks without platooning equipment,
let us consider two types of trucks where the first type can indeed participate in
platoons and the second type does not have the necessary equipments for doing
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The Changes in the Number of the Cars

Figure 10: Number of the cars in each time interval for the case where the drivers
value their time differently subtracted by number of the cars in each time interval
for the case where their drivers value the time equally.
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Figure 11: Number of the vehicles in each time interval for the learned pure strategy
Nash equilibrium for various choices of M /(M + N).

so. We count the second type of trucks as ordinary cars since they do not benefit
from traveling at the same time interval as the other trucks. Hence, N shows the
number of ordinary cars together with the trucks without platooning equipment
and M denotes the number of trucks that can potentially participate in forming
the platoons. We fix N + M = 10000. Figure 11 illustrates the number of the
trucks that have platooning equipment in each time interval for various ratios of
M/(M + N). Evidently, the number of the trucks (with platooning equipment)
in most of the time intervals grows linearly with M /(M + N) (as we expect since
there are more trucks). However, some of the intervals, such as, 7:30am to 7:45am
become less favorable (as they are highly congested) and the trucks in these intervals
completely move to their neighboring intervals as M /(M + N) increases.
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Figure 12: n,(x(t),2(t)), r € R, versus the iteration number when the congestion
tax is updated with a delay of D = 30 days.

6.7 Announcing Congestion Taxes in Advance

A drawback of the presented formulation is that the congestion taxes are dynamic
and must be calculated (and enforced) instantly based on the number of the vehicles
in each time interval. Although dynamic congestion taxing has been implemented
on several occasions (e.g., San Diego I-15 High-Occupancy Toll Lanes in which
the tolls vary dynamically with the level of congestion [60]), they proved to be
controversial (or, cumbersome to understand for the drivers at the least). Therefore,
one might consider the case in which the tolls for day ¢t + D are announced at the
end of day ¢ for all t € Ny (so that the drivers have time to digest this information
and act accordingly). To simulate such a scenario, we note that the congestion tax
pS(t) that car ¢ € [N] must pay for using the road at time interval z;(t) € R on
iteration t € Ny is equal

pi(t) = { L

Figure 12 illustrates the number of the vehicles for each time interval n,.(z(t), z(t)),
r € R, versus the iteration number when the congestion tax is updated with a delay
of D = 30 days. Evidently, there are more oscillations in comparison to Figure 3,
however, the algorithm converges rapidly to a pure strategy Nash equilibrium.

mz i (t) T(t D)) (g)7 t> .D7

otherwise.

6.8 Average Strategy Fictitious Play

In this subsection, we use the average strategy fictitious play with f = 1073, X =
3 x 1072, and p = 0.4. We also implement the platooning subsidy in Theorem 8.4
with vy = 85. Figure 13 illustrates n,(z(t),z(t)), r € R, versus the iteration
number. The proposed algorithm clearly converges to a Nash equilibrium relatively
fast.
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Figure 13: n,(z(t),2(t)), r € R, versus the iteration number for 3 = 1073 and

vp = 85 when using the average strategy fictitious play in Algorithm 4.

7 Conclusions and Future Work

We introduced a model for traffic flow on a specific road at various time intervals
per day using an atomic congestion game with two types of agents (namely, cars
and trucks). Cars only optimize their trade-off between using the road at the
time they prefer, the average velocity of the traffic flow, and the congestion tax
they are paying. However, trucks benefit from using the road at the same time as
the other trucks. We motivated this extra utility using an increased possibility of
platooning with the other trucks and as a result, saving fuel. We used congestion
data from Stockholm to validate the linear relationship between the average velocity
of commuting and the number of the vehicles that are using the road at that time.
We devised appropriate tax or subsidy policies to create a potential game. Then,
we used the joint strategy fictitious play and the average strategy fictitious play to
learn a pure strategy Nash equilibrium of this game. We conducted a comprehensive
simulation study to analyze the effect of different factors on the properties of the
learned Nash equilibrium. As a future work, we can consider using mechanism
design tools to enforce a socially optimal solution, such as, an optimal carbon
emission profile, through appropriate congestion tax policy. Finally, in this paper,
we did not consider the routing aspects of the problem. It would be of great interest
in future research to combine the departure-time selection and the route selection
problems in the context of understanding the platooning incentives.
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Stochastic Sensor Scheduling for Networked Control
Systems

Farhad Farokhi and Karl H. Johansson

Abstract—Optimal sensor scheduling with applications to networked estimation and
control systems is considered. We model sensor measurement and transmission instances
using jumps between states of a continuous-time Markov chain. We introduce a cost
function for this Markov chain as the summation of terms depending on the average
sampling frequencies of the subsystems and the effort needed for changing the parameters
of the underlying Markov chain. By minimizing this cost function through extending
Brockett’s recent approach to optimal control of Markov chains, we extract an optimal
scheduling policy to fairly allocate the network resources among the control loops. We
study the statistical properties of this scheduling policy in order to compute upper bounds
for the closed-loop performance of the networked system, where several decoupled scalar
subsystems are connected to their corresponding estimator or controller through a shared
communication medium. We generalize the estimation results to observable subsystems
of arbitrary order. Finally, we illustrate the developed results numerically on a networked
system composed of several decoupled water tanks.

©2013 IEEE. Reprinted, with permission, from IEEE Transactions on Automatic
Control, 2014.

327



328 PAPER 9. STOCHASTIC SENSOR SCHEDULING FOR ...

1 Introduction

1.1 Motivation

Emerging large-scale control applications in smart infrastructures [1], intelligent
transportation systems [2], aerospace systems [3], and power grids [4], are typically
implemented over a shared communication medium. Figure 1 illustrates an exam-
ple of such a networked system, where L decoupled subsystems are connected to
their subcontrollers over a wireless communication network. A set of sensors in
each subsystem sample its state and transmit the measurements over the wireless
network to the corresponding subcontroller. Then, the subcontroller calculates an
actuation signal (based on the transmitted observation history) and directly applies
it to the subsystem. Unfortunately, traditional digital control theory mostly results
in conservative networked controllers because the available methods often assume
that the sampling is done periodically with a fixed rate [5, 6]. When utilizing these
periodic sampling methods, the network manager should allocate communication
instances (according to the fixed sampling rates) to each control loop considering
the worst-case possible scenario, that is, the maximum number of active control
loops. In a large control system with thousands of control loops, fixed scheduling
of communication instances imposes major constraints because network resources
are allocated even if a particular control loop is not active at the moment. This
restriction is more evident in ad-hoc networked control systems where many control
loops may join or leave the network or switch between active and inactive states.
Therefore, we need a scheduling method to set the sampling rates of the individual
control loops adaptively according to their requirements and the overall network re-
sources. We address this problem in this paper by introducing an optimal stochastic
sensor scheduling scheme.

1.2 Related Studies

In networked control systems, communication resources need to be efficiently shared
between multiple control loops in order to guarantee a good closed-loop perfor-
mance. Despite that communication resources in large networks almost always are
varying over time due to the need from the individual users and physical com-
munication constraints, the early networked control system literature focused on
situations with fixed communication constraints; e.g., bit-rate constraints [7—10]
and packet loss [11-14]. Only recently, some studies have targeted the problem of
integrated resource allocation and feedback control; e.g., [15-20].

The problem of sharing a common communication medium or processing unit
between several users is a well-known problem in computer science, wireless commu-
nication, and networked control [21-24]. For instance, the authors in [25] proposed
a scheduler to allocate time slots between several users over a long horizon. In
that scheduler, the designer must first manually assign shares (of a communication
medium or processing unit) that an individual user should receive. Then, each
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user achieves its pre-assigned share by means of probabilistic or deterministic al-
gorithms [25, 26]. The authors in [27, 28] proved that implementing the task with
the earliest deadline achieves the optimum latency in case of both synchronous and
asynchronous job arrivals. In [29], a scheduling policy based on static priority as-
signment to the tasks was introduced. Many studies in communication literature
have also considered the problem of developing protocols in order to avoid the inter-
ference between several information sources when using a common communication
medium. Examples of such protocols are both time-division and frequency-division
multiple access [30, 31]. Contrary to all these studies, in this paper, we auto-
matically determine the communication instances (and, equivalently, the sampling
rates) of the subsystems in a networked system based on the number of active con-
trol loops at any given moment. We use a continuous-time Markov chain to model
the optimal scheduling policy.

Markov chains are very convenient tools in control and communication [32,
33]. Markov jump linear systems with underlying parameters switching according
to a given Markov chain has been studied in the control literature [34-37]. The
problem of controlled Markov chains has always been actively pursued [38-41]. In
a recent study by Brockett [42], an explicit solution to the problem of optimal
control of observable continuous-time Markov chains for a class of quadratic cost
functions was presented. In that paper, the underlying continuous-time Markov
chain was described using the so-called unit vector representation [42, 43]. Then,
the finite horizon problem and its generalization to infinite horizon cost functions
were considered. We extend that result to derive the optimal scheduling policy in
this paper.

In the study [44], the authors developed a stochastic sensor scheduling pol-
icy using Markov chains. Contrary to this paper, they considered a discrete-time
Markov chain to get a numerically tractable algorithm for optimal sensor schedul-
ing. The algorithm in [44] uses one of the sensors at each time step while here, the
continuous-time Markov chain can rest in one of its states to avoid sampling any
of the sensors. Furthermore, the cost function in [44] was not written explicitly in
terms of the Markov chain parameters, but instead it was based on the networked
system performance when using a Markov chain for sampling the sensors. How-
ever, our proposed scheduling policy results in a separation between designing the
Markov chain parameters and networked system, which enables us to describe the
cost function needed for deriving our optimal sensor scheduling policy only in terms
of the Markov chain parameters.

1.3 Main Contributions

The objective of the paper is to find a dynamic scheduling policy to fairly allo-
cate the network resources between the subsystems in a networked system such as
the one in Figure 1. Specifically, we employ a continuous-time Markov chain for
scheduling the sensor measurement and transmission instances. We use time in-
stances of the jumps between states of this continuous-time Markov chain to model
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Figure 2: Flow diagram of the continuous-time Markov chain used for modeling
the proposed stochastic scheduling policy.

the sampling instances; i.e., whenever there is a jump from an idle state in the
Markov chain to a state that represent a subsystem in the networked system, we
sample that particular subsystem and transmit its state measurement across the
shared communication network to the corresponding subcontroller. Figure 2 illus-
trates the flow diagram of the proposed Markov chain. Every time that a jump
from the idle node I to node Sy, 1 < ¢ < L, occurs in this continuous-time Markov
chain, we sample subsystem ¢ and send its state measurement to subcontroller /.
The idle state I helps to tune the sampling rates of the subsystems independently.
As an approximation of the wireless communication network, we assume that the
sampling and communication are instantaneous; i.e., the sampling and transmis-
sion delays are negligible in comparison to the subsystems response time. We still
want to limit the amount of communication per time unit to reduce the energy
consumption and network resources.

We mathematically model the described continuous-time Markov chain using
unit vector representation [42, 43]. We introduce a cost function that is a combi-
nation of the average sampling frequencies of the subsystems (i.e., the average fre-
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quency of the jumps between the idle state and the rest of the states in the Markov
chain) and the effort needed for changing the scheduling policy (i.e., changing the
underlying Markov chain parameters). We expand the results presented in [42] to
minimize the cost function over both finite and infinite horizons. Doing so, we find
an explicit minimizer of the cost function and develop the optimal scheduling policy
accordingly. This policy fairly allocates sampling instances among the sensors in
the networked system. The proposed optimal scheduling policy works particularly
well for ad-hoc sensor networks since we can easily accommodate for the changes
in the network configuration by adding an extra state to the Markov chain (and,
in turn, by adding an extra term to the cost function) whenever a new sensor be-
comes active and by removing a state from the Markov chain (and, in turn, by
removing the corresponding term from the cost function) whenever a sensor be-
comes inactive. The idea of dynamic peer participation (or churn) in peer-to-peer
networks have been extensively studied in the communication literature [45, 46].
However, not much attention has been paid to this problem for networked control
and estimation.

Later, we focus on networked estimation as an application of the proposed
stochastic sensor scheduling policy. We start by studying a networked system com-
posed of several scalar subsystems and calculate an explicit upper bound for the
estimation error variance as a function of the statistics of the measurement noise
and the scheduling policy. The statistics of the scheduling policy are implicitly
dependent on the cost function. Hence, we can achieve the required level of perfor-
mance by finely tuning the cost function design parameters. We generalize these
estimation results to higher-order subsystems when noisy state measurements of the
subsystems are available. In the case where noisy output measurements of the sub-
systems are available, we derive an estimator based on the discrete-time Kalman
filter and calculate an upper bound for the variance of its error given a specific
sequence of sampling instances. Lastly, we consider networked control as an ap-
plication of the proposed sensor scheduling policy. We assume that the networked
control system is composed of scalar subsystems that are in feedback interconnec-
tion with impulsive controllers (i.e., controllers that ideally reset the state of the
system whenever a new measurement arrives). We find an upper bound for the
closed-loop performance of the subsystems as a function of the statistics of the
measurement noise and the scheduling policy. We generalize this result to pulse
and exponential controllers.

1.4 Paper Outline

The rest of the paper is organized as follows. In Section 2, we introduce the opti-
mal stochastic scheduling policy and calculate its statistics. We apply the proposed
stochastic scheduling policy to networked estimation and control systems in Sec-
tions 3 and 4, respectively. In Section 5, we illustrate the developed results numer-
ically on a networked system composed of several decoupled water tanks. Finally,
we present the conclusions and directions for future research in Section 6.
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1.5 Notation

The sets of integer and real numbers are denoted by Z and R, respectively. We use
O and E to denote the sets of odd and even numbers. For any n € Z and = € R,
we define Zs >y, = {m € Z | m > (>)n} and Ry>y, = {y € R | y > (>)z},
respectively. We use calligraphic letters, such as A and X', to denote any other set.

We use capital roman letters, such as A and C, to denote matrices. For any
matrix A, a;; denotes its entry in the i-th row and the j-th column.

Vector e; denotes a column vector (where its size will be defined in the text)
with all entries equal zero except its i-th entry which is equal to one. For any vector

x € R, we define the entry-wise operator 2 = [z ... 22]T.

2 Stochastic Sensor Scheduling

In this section, we develop an optimal stochastic scheduling policy for networked
systems, where several sensors are connected to the corresponding controllers or
estimators over a shared communication medium. Let us start by modeling the
stochastic scheduling policy using continuous-time Markov chains.

2.1 Sensor Scheduling Using Continuous-Time Markov Chains

We employ continuous-time Markov chains to model the sampling instances of the
subsystems. To be specific, every time that a jump from the idle node I to node Sy,
1 < /¢ < L, occurs in the continuous-time Markov chain described by the schematic
flow diagram in Figure 2, we sample subsystem £. We use unit vector representation
to mathematically model this continuous-time Markov chain [42, 43].

We define the set X = {e1,ea,...,e,} C R™ where n = L + 1. The Markov
chain state x(t) € R™ takes value from X', which is the reason behind naming this
representation as the unit vector representation. We associate nodes S, So, ...,
Sp, and I in the Markov chain flow diagram with unit vectors ey, es, ..., e, and
en, respectively. Following the same approach as in [43], we can model the Markov
chain in Figure 2 by the It6 differential equation

L

42(0) = 35 (s (t) ANGu(0) + Glalt) AV (1)), 0

=1
where {N/,,(t)}ier., and {N},(t)}eer.,, 1 < € < L, are Poisson counter processes'
with rates Ane(t) and Mg, (¢), respectively. These Poisson counters determine the

IRecall that a Poisson counter N(t) is a stochastic process with independent and station-

ary increments that starts from zero N(0) = 0. Additionally, P{N(t + At) — N(t) = k} =

(f:_‘_At A(t)dt)k exp(j;t_‘-At A(t)dt)/k! for any t, At € R>o and k € Z>(. In the limit, when re-

placing At with d¢ and AN(t) = N (¢ + At) — N(¢) with AN (t), we get P{dN(¢) = 0} = 1 — A(¢)dt,
P{dN(t) = 1} = A(t)dt, and P{dN(t) = k} =0 for k € Z>3. For a detailed discussion on Poisson
counters, see [43, 47].
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rates of jump from S, to I, and vice versa. In addition, we have G, = (e, — e, )e,)

and G, = (en — 6[)627 1 < /¢ < L. Let us define m = 2L. Now, we can rearrange
the It6 differential equation in (1) as

m

da(t) =Y Giz(t) dNi(t), (2)

i=1

where {N;(t)}ter.,, 1 <i < m, is a Poisson counter process with rate denoted as

A, |(i- (1), icO
i(t) = n,(i=1)/2)+1); 7 ; X
pi(t) { )\L(i—l)/QJ_A,_Ln(t)’ i €E, ( )
and
/ .
Gi= Gﬁ’L(Fl)/%Hv Le 0, "
L—1)/2]+1,m L€ E.

The Poisson counters { N;(¢) }ter~,, 1 < i < m, determine the rates of jump between
the states of the Markov chain in (2). Now, noting that this Markov chain models
the sampling instances {T}}2,, 1 < ¢ < L, using the jumps that occur in its state
x(t), we can control the average sampling frequencies of the sensors through the
rates p;(t), 1 <4 < m. Similar to [42], we assume that we can control the rates as

pi(t) = pio + Z ijug(t), (5)

j=1

and thereby control the average sampling frequencies®. In (5), a;; €ER, 1 <4,5 <
m, are constant parameters that determine the sensitivity of Poisson counters’
jump rates with respect to control inputs u; for 1 < j < m. Control signals u;(t),
1 < 7 < m, are chosen in order to minimize the cost function

J= hmE{/OZ&e 2(t) dNao(1)+ ()Tu(t)dt}, (6)

(=1

where { € R>g, 1 < £ < L, are design parameters Note that the cost function (6)

consists of two types of terms: 5 f (t)dNo(t) denotes the average frequency
of the jumps from [ to Sg in the Markov chaln (i.e., the average sampling frequency
of sensor £) and % fo t)dt penalizes the control effort in regulating this
frequency. If the latter term is removed, the problem would become ill-posed as
the optimal rates p;(t) then is zero and E{dN;(¢)} = 0. Consequently, the average
sampling frequencies of the sensors vanish.

2Notice that the number of control inputs in (5) does not have to be the same as the number
of Poisson counters for the proofs in Subsection 2.2 to hold. However, we decided to follow the
convention of [42] because we use these results in Sections 3 and 4 to optimally schedule sensors
in a networked system in which we can control all the rates (p;(t))/2, directly.
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Considering the identity E{dNa(t)} = (p2e,0 + >_j=; aeju;(t))dt, we can
rewrite the cost function in (6) as

T—o0

J= lim ]E{j{/o e x(t)+u(t) T Sz(t)+u(t) Tu(t) dt}, (7)

where ¢ = e, 25:1 Eoproeo and S € R™*™ is a matrix whose entries are defined
as S;; = EZLZI &eage; if © = n and sj; = 0 otherwise. In the rest of this paper,
we use the notation S;, 1 < i < m, to denote i-th row of matrix S. In the next
subsection, we find a policy that minimizes (7) with respect to the rate control
law (5) and subject to the Markov chain dynamics (2). Doing so, we develop an
optimal scheduling policy which fairly allocates the network resources (i.e., the
sampling instances) between the devices in a sensor network.

2.2 Optimal Sensor Scheduling

We start by minimizing the finite horizon version of the cost function in (6). The
proof of the following theorem is a slight generalization of Brockett’s result in [42]
but follows the same line of reasoning?.

Theorem 9.1 Consider a continuous-time Markov chain evolving on X =
{e1,...,en} C R™, generated by (2). Let us define matrices A = >\ pio0Gi
and B; = 3770, a;;Gj, where for all 1 <i,j < m, G; and ay; are introduced in (4)
and (5), respectwely Assume that, for given T € Rsq and ¢ : [0,T] — R", the
differential equation

[y

k(t) = —c(t) - ZZ + B k(t))?; k(T) = ky, (8)

has a solution on [0,T] such that, for each (t,x) € [0,T] x X, the operator A —
S 2(k(t) T B; + S;)xB; is an infinitesimal generator. Then, the control law

1
ui(t, z) = -3 (k(t)"B;i + S;)) z(t), 1<i<m, (9)
minimizes

T 1
J= IE{/ c(t)T;v(t)+u(t)TSm(t)+u(t)Tu(t)dt+Tk}rx(T)}.

N~

Furthermore, J = %k(0)"E {z(0)}.

3The statement makes use of the concept of infinitesimal generators. See [48, pp.124] for
definition and discussion.
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Proof: See Appendix A. n

Notice that for some parameter settings of the cost function, the operator A —
S, 2(k(t)T B;+S;)zB; may not be an infinitesimal generator. A future avenue of
research could be to characterize these cases and to present conditions for avoiding
them.

Based on Theorem 9.1, we are able to solve the following infinite-horizon version
of the optimal scheduling policy. In the infinite-horizon case, we need to assume

that the parameters of the Markov chain and the cost function are time invariant.

Corollary 9.2 Consider a continuous-time Markov chain evolving on X =
{e1,....en} C R", generated by (2). Let us define matrices A = > v i o0Gi
and B; = Z;nzl a;;Gj, where for all1 <i,j <m, G; and ay; are introduced in (4)
and (5), respectively. Assume that, for a given ¢ € R™, the nonlinear equation

(LN 5]

has a solution (ko,0) € R™ X R such that, for all x € X, the operator A —
S (kg Bi + Si)xB; is an infinitesimal generator. Then, the control law

ui(t,x) = f%(kOTBi +8)x(t), 1<i<m, (11)

minimizes

T—o0

J=lm E{ 2 e s Tu(t)d
= lim T/o c¢'z(t) +ult) Sx(t) +u(t) u(t)dt ;.

Furthermore, we have J = p.

Proof: See Appendix B. n

Corollary 9.2 introduces an optimal scheduling policy to fairly allocate mea-
surement transmissions among sensors according to the cost function in (6). By
changing the design parameters &, 1 < ¢ < L, we can tune the average sampling
frequencies of the subsystems according to their performance requirements. In ad-
dition, by adding an extra term to the cost function whenever a new subsystem is
introduced or by removing a term whenever a subsystem is detached, we can easily
accommodate for dynamic changes in an ad-hoc network. In the remainder of this
section, we analyze the asymptotic properties of the optimal scheduling policy in
Corollary 9.2.

2.3 Average Sampling Frequencies

In this subsection, we study the relationship between the Markov chain parameters
and the effective sampling frequencies of the subsystems. Recalling from the prob-
lem formulation, {T}}$2, denotes the sequence of time instances that the state of
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the Markov chain in (1) jumps from the idle node I to S; and hence, subsystem ¢
is sampled. Mathematically, we define these time instances as

TE=inf{t >0]3e>0:2(t—€) =e, Ax(t) = e},
and
Tiy =inf{t>T | Fe>0:a(t—€) = e, Ax(t) = e},
for all i € Z>o. Furthermore, we define the sequence of random variables {Af}2°
such that Af = T/, — Tf for all i € Z>o. These random variables denote the
time interval between any two successive sampling instances of sensor /. We make

the assumption that the first and second samples happen within finite time almost
surely:

Assumption 9.1 P{T¢ < 0o} =1 and P{T}{ < oo} = 1.

This assumption is not restrictive. Note that it is trivially satisfied if the number
of subsystems is finite, the Markov chain is irreducible, and the rates of Poisson
processes are finite and uniformly bounded away from zero. Let us present the
following simple lemma.

Lemma 9.3 {A{}, are identically and independently distributed random vari-
ables.
Proof:  See [49]. [

Lemma 9.3 implies that E{Af} is not a function of i (and, therefore, it en-
sures several of the expressions, that are presented later, are indeed well-defined).
Now, we are ready to state state our main result concerning the average sampling
frequency of the sensors denoted by

T
fo= lim E{;/ e z(t) ngg(t)}7 1<¢<L.
0

T—o0

Theorem 9.4 Let the sequence of sampling instances {Tf 2o satisfy Assump-
tion 9.1. Define p(t) = E{x(t)} using

p(t)= (A - % > Bil(kg B + Si)) p(t), p(0) =E{z(0)}, (12)
=1
where
A(kq B; + S;) = diag((ky B; + Si)e, ..., (kg Bi + Si)en).

If limy o0 p(t) exists, the average sampling frequency of sensor £ is equal to

1
Je=g(an

1 & .
= | H2eo — 5 Zla2l,j(k8—3j +S)en | e tli)f&]?(t)-
o
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Proof: See Appendix C. ]

Theorem 9.4 allows us to calculate the average sampling frequencies of the
subsystems. We use these average sampling frequencies to bound the closed-loop
performance of the networked system when the proposed optimal scheduling policy
is implemented.

3 Applications to Networked Estimation

In this section, we study networked estimation based on the proposed stochastic
scheduling policy. Let us start by presenting the system model and the estimator.
As a starting point, we introduce a networked system that is composed of scalar
decoupled subsystems. In Subsections 3.3 and 3.4, we generalize some of the results
to decoupled higher-order subsystems.

3.1 System Model and Estimator

Consider the networked system illustrated in Figure 1, where subsystem ¢, 1 < ¢ <
L, is a scalar stochastic system described by

dz(t) = —yeze(t) dt + o dwy(t); 2,(0) =0, (13)

with given model parameters ¢, 0, € R>¢. Note that all subsystems are stable. The
stochastic processes {w¢(t) brer.,, 1 < € < L, are statistically independent Wiener
processes with zero mean. Estimator £ receives state measurements {y¢}52, at time
instances {T}}22,, such that

yf = ze(Tf) + nf, Vi € Z>o, (14)

where {nf}22, denotes measurement noise sequence, which is composed of indepen-
dently and identically distributed Gaussian random variables with zero mean and
specified standard deviation ny. Let each subsystem adopt a simple estimator of
the form

d, . .
g2t () = —vee(t); 2(T) = v, (15)
for t € [Tf,Tf,,). We define the estimation error es(t) = z(t) — 2(t). Estima-

tor £ only has access to the state measurements of subsystem ¢ at specific time
instances {T¢}°, but is supposed to reconstruct the signal at any time ¢ € Rx.
Notice that this estimator is not optimal. In Subsection 3.4, we will consider esti-
mators based on Kalman filtering instead.

3.2 Performance Analysis: Scalar Subsystems

In this subsection, we present an upper bound for the performance of the intro-
duced networked estimator. The following theorem presents upper bounds for the
estimation error variance for the cases where the measurement noise is small or
large, respectively.
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Theorem 9.5 Assume that subsystem ¢, 1 < ¢ < L, is described by (13) and
let the sequence of sampling instances {Tf}22, satisfy Assumption 9.1. Then, if
e < /1/(2v¢)oy, the estimation error variance is bounded by

2
E{ef(1)} < mpe /0 (1m0, (16)

otherwise, if ng > \/1/(27v¢)o,

2
E{ef(t)} < nf + 5= (1- /7). (17)
e

Proof: See Appendix D. n

Note that the upper bound (16) is tighter than (17) when the equality n, =
V/1/(2v¢)oe holds. In the next two subsections, we generalize these results to
higher-order subsystems.

3.3 Performance Analysis: Higher-Order Subsystems with Noisy State
Measurement

Let us assume that subsystem ¢, 1 < ¢ < L, is described by
dZ@(t) = Ayzp(t)dt + Hedw,(t); z0(0) =0, (18)

where z(t) € R% is its state with dy € Z>; and Ay is its model matrix satisfying
AMAg+A]) < 0 where A(+) denotes the largest eigenvalue of a matrix. In addition,
{we(t) }ersy, 1 < £ < L, is a tuple of statistically independent Wiener processes
with zero mean. Estimator ¢ receives noisy state-measurements {yf}3°, at time
instances {7} }22,, such that

yf = Zg(Tf) + nf; Vi € Zzo, (19)

where {nf}2°, denotes the measurement noise and is composed of independently
and identically distributed Gaussian random variables with E{n{} = 0 and E{n‘n¢"} =
Ry. We define the estimation error as e;(t) = z¢(t) — 2¢(t), where for all ¢ €
[TY,Tf,), the state estimate 2,(¢) is derived by

d 5 .

qp2e(t) = Aeke(t); 2(T)) = ;.-

The next theorem presents an upper bound for the variance of this estimation
error. For scalar subsystems, the introduced upper bound in (20) is equivalent to
the upper bound in (17).
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Theorem 9.6 Assume that subsystem ¢, 1 < ¢ < L, is described by (18) and
let the sequence of sampling instances {Te °o satisfy Assumption 9.1. Then, the
estimation error variance is bounded by

tr(HTH) NA+AT)/ fe
Blea0I} SuRe) + o= (1= Aaeranssie) (20)

Proof: See Appendix E. n

It is possible to refine the upper bound (20) for the case where tr(Ry) <
1/(JA(Ae + AD)) tr(H " H), following a similar argument as in the proof of Theo-
rem 9.5.

3.4 Performance Analysis: Higher-Order Subsystems with Noisy
Output Measurement

In this subsection, we assume that estimator ¢, 1 < £ < L, receives noisy output
measurements {y! }5°, at time instances {7} }3,, such that

;= CgZz( ) + n Vi € ZZ()v (21)

where C, € RP**% (for a given output vector dimension p; € Z>1 such that p, < dy)
and the measurement noise {nf}s, is a sequence of independently and identi-
cally distributed Gaussian random variables with E{nf{} = 0 and E{nin{ T} = Ry.
For any sequence of sampling instances {T}°,, we can discretize the stochastic
continuous-time system in (18) as

Zg[i + 1] = Fg[Z}Z@[Z] + Gz[i]iﬂg[i},

where z[i] = z(Tf), Fy[i] = AT =T , and the sequence {G[i]}52, is chosen such
that

T T
T T Ar T AT .
Gli)Gyi] :/ e THH 'e* 7Tdr, Vi€ Z>o.
0

In addition, {w[i]}$2, is a sequence of independently and identically distributed

Gaussian random variables with zero mean and unity variance. It is evident that
yeli] = Crzeli] + nf. We run a discrete-time Kalman filter over these output mea-

surements to calculate the state estimates {2[i]}5°, with error covariance matrix

Pyli] = E{(ze[i] — 2¢[i])(2¢[i] — 2¢[i]) " }. For inter-sample times ¢ € [T}, T}, ), w

use a simple prediction filter

d 5 . .
&Z@( ) = Agze(t); 20(TF) = 24[i]. (22)
Let us define the estimation error as ey(t) = zp(t) — 2¢(¢). The next theorem present
an upper bound for the estimation error variance.



340 PAPER 9. STOCHASTIC SENSOR SCHEDULING FOR ...

Theorem 9.7 Assume that subsystem ¢, 1 < £ < L, is described by (18). Then,
the estimator given by (22) is an optimal mean square error estimator and for any
fixed sequence of sampling instances {Tf};ﬁo, the estimation error is upper-bounded

by

) tr(H " H) NAA] )AL
E{|lec(t)]|* | AL} < trace(P.[i]) + m (1 _ MAtADA ) : (23)

Proof: See Appendix F. ™

Note that the upper bound (23) is conditioned on the sampling intervals. Unfor-
tunately, it is difficult to calculate E{trace(F%[i])} as a function of average sampling
frequencies, which makes it hard to eliminate the conditional expectation. How-
ever, for the case where p; = ny, the upper bound (20) would also hold for the
estimator in (22). This is indeed true because (22) is an optimal mean square error
estimator.

4 Applications to Networked Control

In this section, we study networked control as an application of the proposed
stochastic scheduling policy. Let us start by presenting the system model and
the control law. We first present the results for impulsive controllers in Subsec-
tion 4.2. However, in Subsections 4.3 and 4.4, we generalize these results to pulse
and exponential controllers.

4.1 System Model and Controller
Consider the stochastic control system
ng(t) = (—W@Zz(t) + W(t)) dt + oy dwg(t); 23(0) = 2’27 (24)

where zy(t) € R and v(t) € R, 1 < ¢ < L, are the state and control input of
subsystem ¢. We assume that each subsystem is in feedback interconnection with
a subcontroller governed by the control law

ve(t) ==Y i f(t=T)), (25)

1=0

where y¢ = 2(Tf) +n; for all i € Z>o and f : R — R U {#oc} is chosen appropri-
ately to yield a causal controller (i.e., f(¢t) = 0 for all ¢ < 0). For instance, using
f(-) =0(-), where 6(+) is the impulse function (see [50, p. 1]), results in an impulsive
controller, which simply resets the state of its corresponding subsystem to a neigh-
borhood of the origin characterized by the amplitude of the measurement noise
whenever a new measurement is received. Without loss of generality, we assume
that z) = 0 because the influence of the initial condition is only visible until the
first sampling instance Ty, which is guaranteed to happen in a finite time thanks
to Assumption 9.1.
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4.2 Performance Analysis: Impulsive Controllers

In this subsection, we present an upper bound for the closed-loop performance of
subsystems described in (24) and controlled by an impulsive controller. In this case,
for all t € [T, T}, ), the closed-loop subsystem ¢ is governed by

dze(t) = —vpze(t) dt + op dwe(t); ze(Tf) = —n’.

(3

The next theorem presents an upper bound for the performance of this closed-
loop system which corresponds to the estimation error upper bound presented in
Theorem 9.5.

Theorem 9.8 Assume that subsystem ¢, 1 < ¢ < L, is described by (24) and

let the sequence of sampling instances {Tf}22, satisfy Assumption 9.1. Then, if

e < \/1/(27¢)oe, the closed-loop performance of subsystem £ is bounded by

2
E {zz(t)} < m?e—%z/fe + ;75 (1 — 6—2w/.fe) ) (26)
Ve
otherwise,
o2
E{3(t)} <nf+ oL (1— e 2/h). (27)
27e
Proof: Similar to the proof of Theorem 9.5. See [49] for details. n

Note that the closed-loop performance, measured as the variance of the plant
state, is upper bounded by the plant and measurement noise variance. In the next
two subsections, we generalize this result to pulse and exponential controllers.

4.3 Performance Analysis: Pulse Controllers

In this subsection, we use a narrow pulse function to approximate the behavior of
the impulse function. Let us pick a constant p € Ryg. For ¢ € [Ti‘Z,Tf_irl)7 we use
the control law

—ylygerer (1 — e~ Py T <+ < T+
e e 5 i U > 4y )
'Ué(t)—{o Yive /( ) T rp<t< T§+1 (28)

whenever Tf +p< Tf_H, and

ve(t) = —yiyee /(L —e), T <t < Ty,
otherwise. This controller converges to the impulsive controller as p tends to zero.
Theorem 9.9 Assume that subsystem ¢, 1 < ¢ < L, is described by (24) and

let the sequence of sampling instances {Tf o satisfy Assumption 9.1. Then, the

closed-loop performance of subsystem £ is bounded by
E{z(t)} < [n? Lo (1- 6—272/1‘@)} =
- 2ve

T—PAT <) 29
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Proof: See Appendix G. ]

Note that if p tends to zero in (29), we would recover the same upper bound as
in the case of the impulsive controller (27). This is true since lim, o P{A < p} =0
assuming that the probability distribution of hitting-times of the underlying Markov
chain is atom-less at the origin, which is a reasonable assumption when the Poisson
jump rates are finite.

4.4 Performance Analysis: Exponential Controllers

In this subsection, we use an exponential function to approximate the impulse
function. Let us pick a constant 6§ € Rx \ {v¢}. For all t € [T}, Tf, ), we use the
control law ,

ve(t) = (ye — O)ye 00T (30)

This controller converges to the impulsive controller as 6 goes to infinity.

Theorem 9.10 Assume that subsystem £, 1 < £ < L, is described by (24) and

let the sequence of sampling instances {Tf o satisfy Assumption 9.1. Then, the

closed-loop performance of subsystem £ is bounded by
1

E{z3(1)} < {n2 Lo (1- em/ffﬂ —
e 1 - E{e 2041}

Proof: See Appendix H. n

(31)

Note that if 6 goes to infinity, we would recover the same upper bound as in
the case of the impulsive controller since limg_, 4 o E{e_QgAf} = 0 assuming that
the probability distribution of hitting-times of the Markov chain is atom-less at the
origin. Exponential shape of the control signal is common in biological systems
such as in neurological control system [51].

5 Numerical Example

In this section, we demonstrate the developed results on a networked system com-
posed of L decoupled water tanks illustrated in Figure 3 (left), where each tank is
linearized about its stationary water level hy as

dzg(t) = =22 [ L zy(t)dt + dwg(t); 2(0) = 20.
(Le th

In this model, aj is the cross-section of water tank ¢, a, is the cross-section of
its outlet hole, and g is the acceleration of gravity. Furthermore, z,(t) and v,(t)
denote the deviation of the tank’s water level from its stationary point and the
control input, respectively. Let the initial condition z? = 0 as we assume that the
tank’s water level start at its stationary level. However, due to factors such as input
flow fluctuations, the water level drifts away from zero. In the next subsection, we
start by numerically demonstrating the estimation results for L = 2 water tanks.
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Tank 1:T Tank 2:T

Tank L

Tank 2

Tank 1

Tank 1:B

Figure 3: An example of a networked system composed of decoupled scalar sub-
systems (left) and multivariable subsystems (right).

Table 9.1: Example of average sampling frequencies.

lale ] A | fo ]
0.1 | 0.1 || 0.8040 | 0.8040
0.5 | 0.1 || 0.6577 | 0.8279
1.0 | 0.1 || 0.4656 | 0.8559
2.0 | 0.1 || 0.0451 | 0.9045

5.1 Estimation: Scalar Subsystem

Let us fix the parameters af = a) = 1.00m?, a; = 0.20m?, a3 = 0.10m?, g =
9.80m/s?, h; = 0.40m, and hy = 0.54m. For these physical parameters, the water
tanks can be described by (13) with 44 = 0.7, 72 = 0.3, and 01 = 09 = 1.0. We
sample these subsystems using the Markov chain in (2) with m = 2L = 4. We
assume that p;(t) = p;0 +u;(t) for all 1 <4 <4, where pgeo =1 and pge—1,0 = 10
for £ =1,2. We are interested in finding w;(t), 1 <4 < 4, in order to minimize the
cost function

J= lim E{; /O ' (o.segx(t)dm +0.1e] 2(t)dN; + u(t)Tu(t)) dt}.

T—o0

Using Corollary 9.2, we get

ui(t, x) —0.0228 0 0

us(t,w) | _ 0 0 —o2m |
us(t, ) 0 —0.0228 0 '
ua(t, ) 0 0 —0.0272

Figure 4 (upper-left) illustrates an example of the continuous-time Markov chain
state x(t) and the sampling instances {T/}2, of subsystems ¢ = 1,2. Using (42),
we get the average sampling frequencies f; = 0.66 and fo = 0.83. Figure 4 (upper-
right) shows the sampling instances when using a periodic scheduling policy with
the same sampling frequencies as the average sampling frequencies of the optimal
scheduling policy. Note that the optimal scheduling policy allocates the sampling
instances according to the jumps between the states of the Markov chain.
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Figure 4: An example of the state of the continuous-time Markov chain used in the
optimal scheduling policy and its corresponding sampling instances for both subsys-
tems (upper-left). Sampling instances for both subsystems when using a periodic
scheduling policy (upper-right). Estimation error E{eZ(¢)} for 1000 Monte Carlo
simulations when using the optimal sampling policy (lower-left) and the periodic
sampling policy (lower-right).

We can tune the average sampling frequencies of the subsystems by changing
the design parameters £, 1 < ¢ < L. Table 9.1 illustrates the average sampling
frequencies of the subsystems versus different choices of the design parameters &,
1 < ¢ < L. Tt is evident that when increasing (decreasing) & for a given ¢, the
average sampling frequency of subsystem ¢ decreases (increases).

Let us assume that estimator ¢ has access to state measurements of subsystem ¢
according to (14) with measurement noise variance 7, = 0.3 for ¢ = 1,2. Fig-
ure 4 (lower-left) illustrates the estimation error variance E{e?(¢)} for 1000 Monte
Carlo simulations when using the optimal scheduling policy. The horizontal lines
represent the theoretical upper bounds derived in Theorem 9.5; i.e., E{e?(t)} < 0.64
and E{e3(t)} < 0.90. Note that the approximations of the estimation error vari-
ances would eventually converge to the exact expectation value as the number of
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Efllec(t)[}

Subsystem 1
Subsystem 2

Time (sec)

Figure 5: Estimation error E{||e,(¢)|?} for 1000 Monte Carlo simulations and its
comparison to the theoretical results when dy = 2 for £ =1, 2.

simulations goes to infinity, and that the theoretical bounds are relatively close. Fig-
ure 4 (lower-right) illustrates the estimation error variance E{e?(t)} for 1000 Monte
Carlo simulations when using the periodic scheduling policy that is portrayed in
Figure 4 (upper-right). Note that the saw-tooth behavior is due to the fact that
the sampling instances are fixed in advance and they are identical for each Monte
Carlo simulation.

5.2 Estimation: Higher-Order Subsystems with Noisy State
Measurement

Let us focus on a networked system composed of only two subsystems where each
subsystem is a serial interconnection of two water tanks. Figure 3 (right) illustrates
such a networked system. In this case, subsystem ¢ can be described by (18) with

_ _(aé,T/az,T) g/(2he,T) 0
" Faer/dh) V9 @her) —(ac/dyg) /9l Ches) |

where the parameters marked with T and B belong to the top and the bottom
tanks, respectively. Let us fix parameters af = af g = ahp = ahg = 1.00m?,
a1, T = a1 = 0.20m?, azT = azp = 0.10 m?, hit = hig =040m, and hy 1 =
ho g = 0.54m.

Let us assume that estimator ¢ has access to the noisy state measurements
of subsystem ¢ (with noise variance E{n{n{"} = 0.09I5x2) at sampling instances
{Tf > enforced by the optimal scheduling policy described in Subsection 5.1. Fig-
ure 5 shows the estimation error variance E{|es(¢)[|?}. The horizontal lines in this
figure show the theoretical bounds calculated in Theorem 9.6; i.e., E{|le1(¢)]|?} <
2.05 and E{]|e2(#)]|?*} < 2.21. In comparison with the scalar case in Figure 4 (lower-
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Efllec(t)[}

o > . s

Time (sec)
Figure 6: Estimation error E{||e/(t)||?} for 1000 Monte Carlo simulations when
using Kalman-filter based estimator.

left), note that the bounds in Figure 5 are less tight. The reason for this is that
the dimension of the subsystems are now twice the previous case.

5.3 Estimation: Higher-Order Subsystems with Noisy Output
Measurement

In this subsection, we use output measurements y! = [0 1]z,(Tf) + n¢ for all
i € Z>o, where E{(nf)?} = 0.09 for £ = 1,2. We use the Kalman filter based
scheme introduced in Subsection 3.4 for estimating the state of each subsystem.
Figure 6 illustrates the estimation error variance E{||e,(¢)||?}. As mentioned earlier,
it is difficult to calculate E{trace(FP[i])} as a function of the average sampling
frequencies and hence, we do not have any theoretical results for comparison. Note
that the upper bound presented in Theorem 9.7 is only valid for a fixed sequence
of sampling instances. This problem can be an interesting direction for future
research.

5.4 Estimation: Ad-hoc Sensor Network

As discussed earlier, an advantage of using the introduced optimal scheduling policy
is that we can accommodate for changes in ad-hoc networked systems. To portray
this property, let us consider a networked system that can admit up to L = 70 iden-
tical subsystems described by (13) with 7, = 0.3 and oy = 1.0 for 1 < £ < 70. When
all the subsystems are active, we sample them using the Markov chain in (2) with
m = 2L = 140. We assume that p;(t) = pi0 + u(t) for 1 < ¢ < 140, where
taeo = 10 and poe—10 = 50 for 1 < ¢ < 70. In this case, we are also interested in
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15
Time (sec) Time (sec)

Figure 7: Estimation error E{e?(¢)} for 1000 Monte Carlo simulations over an
ad-hoc networked system with the optimal sampling policy (left) and the periodic
sampling policy (right).

calculating an optimal scheduling policy that minimizes

T 70
J= lim E {;/ ZO.le;—lx(t)ngg + u(t)Tu(t)dt} . (32)
0 =1

T—o0

However, when some of the subsystems are inactive, we simply remove their cor-
responding nodes from the Markov chain flow diagram in Figure 2 and set their
corresponding terms in (32) equal to zero. Let us assume that for ¢ € [0,5), only
30 subsystems are active, for ¢t € [5,10), all 70 subsystems are active, and finally, for
t € [10,15], only 10 subsystems are active. Figure 7 (left) and (right) illustrate the
estimation error variance E{e?(¢)} for 1000 Monte Carlo simulations when using the
optimal scheduling policy and the periodic scheduling policy, respectively. Since in
the periodic scheduling policy, we have to fix the sampling instances in advance,
we must determine the sampling periods according to the worst-case scenario (i.e.,
when the networked system is composed of 70 subsystems). Therefore, when us-
ing the periodic sampling, the networked system is not using its true potential for
t € [0,5) and t € [10, 15], but the estimation error is fluctuating substantially over
the whole time range. The proposed optimal scheduling policy adapts to the de-
mand of the system, see Figure 7 (right). For instance, as shown in Figure 7 (left),
when subsystems 31 and 32 become active for ¢ € [5,10), the overall sampling fre-
quencies of the subsystems decreases (and, in turn, the estimation error variance
increases), but when they become inactive again for ¢ € [10,15], the average sam-
pling frequencies increase (and, in turn, the estimation error variance decreases).
Hence, this example illustrates the dynamic benefits of our proposed stochastic
scheduling approach.
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Figure 8: An example of state and control of the closed-loop subsystems when
using the impulsive controller (left) and the exponential controller with 6 = 10
(right).

5.5 Controller: Decoupled Scalar Subsystems

In this subsection, we briefly illustrate the networked control results for L = 2
subsystems. Let the subsystems be described by (24) with 43 = 0.7, v5 = 0.3, and
01 = 09 = 1.0. Let us assume that controller £ has access to state measurements
of subsystem ¢ according to (14) with measurement noise variance 7, = 0.3 for
¢ =1,2. We use the optimal scheduling policy derived in Subsection 5.1 for assign-
ing sampling instances. Figure 8 (left) and (right) illustrate an example of the state
and the control signal for both subsystems when using the impulsive and exponen-
tial controllers (with 6 = 10), respectively. Note that in Figure 8 (left), the control
signal of the impulsive controller only portrays the energy that is injected to the
subsystem (i.e., the integral of the impulse function) and not its exact value. Fig-
ure 9 (left) and (right) show the closed-loop performance E{zZ(¢)} when using the
impulsive and exponential controllers, respectively. The horizontal lines illustrate
the theoretical upper bounds derived in Theorem 9.8. Note that the exponential
controller gives a worse performance than the impulse controller. This is normal as
we design the exponentials only as an approximation of the impulse train.

5.6 Controller: Coupled Scalar Subsystems
Consider a networked system composed of L = 70 interconnected subsystems, where
subsystem ¢, 1 < £ < 70, can be described by
d
&Ze(t) =0.1(zmod(¢—1,0) (t) = 2e(t)) + 0-1(zZmod(e+1,1) (t) — 2e(t))
+ ve(t) + we(t); 2¢(0) =0,

with notation mod(i,j) = ¢ — [i/j|j for any i € Z and j € Z~¢. In this model,
zo(t), ve(t), and wy(t) respectively denote the state, the control input, and the ex-
ogenous input. FEach subsystem transmits its state measurement over the wireless
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Figure 9: Closed-loop performance measure E{z7(¢)} for 1000 Monte Carlo sim-
ulations when using the impulsive controller (left) and the exponential controller
(right).
network at instances {7} }52, to its subcontroller. Hence, at any time ¢ € R>g, sub-
controller ¢ has access to the state measurements Zg(Tfﬂ) where recalling from the
t
earlier definitions M} = max {z >1 |Tf < t}. Each subcontroller simply implement
the following decentralized proportional-integral control law

t
velt) = —1.224(T%,,) —0.3/ (T, )dr.
t 0 T
We sample the subsystems using the Markov chain in (2) with m = 2L = 140. We
assume that p;(t) = pi0 +u;(¢) for 1 <4 < 140, where pos 0 = 10 and pge—1,0 = 70
for 1 < ¢ < 70. Let us consider the following disturbance rejection scenario. We
assume that wy(t) = 0 for £ #£ 4,26, wy(t) = step(t), and wag(t) = —0.4step(t —15),
where step : R — {0, 1} is the heaviside step function (i.e., step(t) =1 for t € Rxg
and step(t) = 0, otherwise). Let us denote ¢ € [0,15) and ¢ € [15,30] as the first
phase and the second phase, respectively. During each phase, we find the infinite
horizon optimal scheduling policy which minimizes

T 70
J = lim E {;/O ;1& eqx(t)d Ny + u(t)Tu(t)dt} .
We fix & = 10 for £ = 4 over the first phase and for £ = 26 over the second phase.
In addition, we fix & = 20 for ¢ = 3,5 over the first phase and for ¢ = 25,27
over the second phase. Finally, we set & = 30 for the rest of the subsystems.
This way, we can ensure that we more frequently sample the subsystems that are
most recently disturbed by a nonzero exogenous input signal (and the ones that are
directly interacting with them). Figure 10 (left) and (right) illustrate an example
of the system state and control input when using the described optimal scheduling
policy and the periodic scheduling policy, respectively. For the periodic scheduling
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Figure 10: An example of state and control signal using the optimal sampling

policy (left) and the periodic sampling policy (right).

policy, we have fixed the sampling frequencies according to the worst-case scenario
(i.e., the average frequencies of the optimal scheduling policy when & = 10 for all
1 < ¢ < 70 corresponding to the case where all the subsystems are disturbed). As
we expect, for this particular example, the closed-loop performance is better with
the optimal scheduling policy than with the periodic scheduling policy. This is
indeed the case because the optimal scheduling policy adapts the sampling rates of
the subsystems according to their performance requirements.

6 Conclusions

In this paper, we used a continuous-time Markov chain to optimally schedule the
measurement and transmission time instances in a sensor network. As applications
of this optimal scheduling policy, we studied networked estimation and control of
large-scale system that are composed of several decoupled scalar stochastic subsys-
tems. We studied the statistical properties of this scheduling policy to compute
bounds on the closed-loop performance of the networked system. Extensions of the
estimation results to observable subsystems of arbitrary dimension were also pre-
sented. As a future work, we could focus on obtaining better performance bounds
for estimation and control in networked system as well as combining the estima-
tion and control results for achieving a reasonable closed-loop performance when
dealing with observable and controllable subsystems of arbitrary dimension. An
interesting extension is also to consider zero-order hold and other control function
for higher-order subsystems.

7 Bibliography

[1] R. R. Negenborn, Z. Lukszo, and H. Hellendoorn, Intelligent Infrastructures.
Springer, 2010.



[13]

[14]

[15]

351

P. Varaiya, “Smart cars on smart roads: problems of control,” IEEE Transac-
tions on Automatic Control, vol. 38, no. 2, pp. 195-207, 1993.

F. Giulietti, L. Pollini, and M. Innocenti, “Autonomous formation flight,”
IEEE Control Systems, vol. 20, no. 6, pp. 34—44, 2000.

S. Massoud Amin and B. F. Wollenberg, “Toward a smart grid: power delivery
for the 21st century,” IEEE Power and Energy Magazine, vol. 3, no. 5, pp. 34—
41, 2005.

K. J. Astrom and B. Wittenmark, Computer controlled systems: theory and
design. Prentice-Hall, 1984.

G. F. Franklin, J. D. Powell, and M. L. Workman, Digital control of dynamic
systems. Addison-Wesley, 1998.

N. Elia and S. K. Mitter, “Stabilization of linear systems with limited infor-
mation,” IEEE Transactions on Automatic Control, vol. 46, no. 9, pp. 1384
—1400, 2001.

S. Tatikonda and S. K. Mitter, “Control under communication constraints,”
IEEE Transactions on Automatic Control, vol. 49, no. 7, pp. 1056-1068, 2004.

G. N. Nair and R. J. Evans, “Exponential stabilisability of finite-dimensional
linear systems with limited data rates,” Automatica, vol. 39, no. 4, pp. 585593,
2003.

W. S. Wong and R. W. Brockett, “Systems with finite communication band-
width constraints Part II: stabilization with limited information feedback,”
IEEFE Transactions on Automatic Control, vol. 44, no. 5, pp. 1049-1053, 1999.

L. Schenato, B. Sinopoli, M. Franceschetti, K. Poolla, and S. S. Sastry, “Foun-
dations of control and estimation over lossy networks,” Proceedings of the
IEFEE, vol. 95, no. 1, pp. 163-187, 2007.

B. Sinopoli, L. Schenato, M. Franceschetti, K. Poolla, M. I. Jordan, and S. S.
Sastry, “Kalman filtering with intermittent observations,” IEFE Transactions
on Automatic Control, vol. 49, no. 9, pp. 1453-1464, 2004.

S. C. Smith and P. Seiler, “Estimation with lossy measurements: jump esti-
mators for jump systems,” IEEFE Transactions on Automatic Control, vol. 48,
no. 12, pp. 2163-2171, 2003.

V. Gupta, B. Hassibi, and R. M. Murray, “Optimal LQG control across packet-
dropping links,” Systems €& Control Letters, vol. 56, no. 6, pp. 439-446, 2007.

C. Ramesh, H. Sandberg, L. Bao, and K. H. Johansson, “On the dual effect
in state-based scheduling of networked control systems,” in Proceedings of the
American Control Conference, pp. 2216-2221, 2011.



352

[16]

[17]

[27]

[28]

C. Ramesh, H. Sandberg, and K. H. Johansson, “LQG and medium access
control,” in Proceedings of the 1st IFAC' Workshop on Estimation and Control
of Networked Systems, pp. 328-333, 2009.

A. Molin and S. Hirche, “On LQG joint optimal scheduling and control under
communication constraints,” in Proceedings of the 48th IEEE Conference on
Decision and Control and 28th Chinese Control Conference, pp. 5832-5838,
2009.

A. Quagli, D. Fontanelli, L. Greco, L. Palopoli, and A. Bicchi, “Design of
embedded controllers based on anytime computing,” IEFE Transactions on
Industrial Informatics, vol. 6, no. 4, pp. 492-502, 2010.

J. Nilsson and B. Bernhardsson, “LQG control over a markov communica-
tion network,” in Proceedings of the 36th IEEE Conference on Decision and
Control, vol. 5, pp. 4586—4591, 1997.

D. Fontanelli, L. Greco, and L. Palopoli, “Soft real-time scheduling for embed-
ded control systems,” Automatica, vol. 49, no. 8, pp. 2330-2338, 2013.

G. C. Walsh and H. Ye, “Scheduling of networked control systems,” IEEFE
Control Systems, vol. 21, no. 1, pp. 57 =65, 2001.

S. Stanczak, M. Wiczanowski, and H. Boche, Resource Allocation in Wireless
Networks: Theory and Algorithms. 2006.

G. C. Buttazzo, Hard Real-time Computing Systems: Predictable Scheduling
Algorithms And Applications. Real-Time Systems Series, 2005.

D. Liu, X. S. Hu, M. D. Lemmon, and Q. Ling, “Firm real-time system
scheduling based on a novel QoS constraint,” IEEE Transactions on Com-
puters, vol. 55, no. 3, pp. 320-333, 2006.

J. Kay and P. Lauder, “A fair share scheduler,” Communications of the ACM,
vol. 31, no. 1, pp. 44-55, 1988.

C. A. Waldspurger and W. E. Weihl, “Lottery scheduling: Flexible
proportional-share resource management,” in Proceedings of the 1st USENIX
conference on Operating Systems Design and Implementation, p. 1, 1994.

J. Jackson, “Scheduling a production line to minimize tardiness,” Research
Report 43, Management Science Research Project, University of California,
Los Angeles, 1955.

W. A. Horn, “Some simple scheduling algorithms,” Naval Research Logistics
Quarterly, vol. 21, no. 1, pp. 177-185, 1974.



[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

353

C. L. Liu and J. W. Layland, “Scheduling algorithms for multiprogramming in
a hard-real-time environment,” Journal of the ACM, vol. 20, no. 1, pp. 4661,
1973.

A. Goldsmith, Wireless Communications. Cambridge University Press, 2005.

D. Tse and P. Viswanath, Fundamentals of Wireless Communication. Cam-
bridge University Press, 2005.

C. E. Shannon and W. Weaver, The mathematical theory of communication.
University of Illinois Press, 1962.

S. Meyn, Control Techniques for Complex Networks. Cambridge University
Press, 2007.

J.-W. Lee and G. E. Dullerud, “Uniform stabilization of discrete-time switched
and markovian jump linear systems,” Automatica, vol. 42, no. 2, pp. 205-218,
2006.

X. Feng, K. A. Loparo, Y. Ji, and H. J. Chizeck, “Stochastic stability properties
of jump linear systems,” IFEE Transactions on Automatic Control, vol. 37,
no. 1, pp. 38-53, 1992.

O. L. V. Costa, D. Fragoso, and R. P. Marques, Discrete-Time Markov Jump
Linear Systems. Springer, 2004.

W. P. Blair Jr and D. D. Sworder, “Feedback control of a class of linear dis-
crete systems with jump parameters and quadratic cost criteria,” International
Journal of Control, vol. 21, no. 5, pp. 833-841, 1975.

R. Bellman, Dynamic Programming. Dover Publications, 1957.
R. A. Howard, Dynamic programming and Markov processes. MIT Press, 1960.

C. J. C. H. Watkins and P. Dayan, “Q-learning,” Machine learning, vol. 8,
no. 3, pp. 279-292, 1992.

S. Meyn and R. L. Tweedie, Markov Chains and Stochastic Stability. Cam-
bridge University Press, 1993.

R. Brockett, “Optimal control of observable continuous time Markov chains,”
in Proceedings of the 47th IEEE Conference on Decision and Control, pp. 4269
—4274, 2008.

R. Brockett, “Stochastic control” HYCON2-EECI Graduate School on
Control Lecture notes, 2009. http://www.eeci-institute.eu/pdf/M015/
RogersStochastic.pdf.


http://www.eeci-institute.eu/pdf/M015/RogersStochastic.pdf
http://www.eeci-institute.eu/pdf/M015/RogersStochastic.pdf

354

[44]

A

We

V. Gupta, T. Chung, B. Hassibi, and R. M. Murray, “On a stochastic sensor
selection algorithm with applications in sensor scheduling and sensor coverage,”
Automatica, vol. 42, no. 2, pp. 251-260, 2006.

D. Stutzbach and R. Rejaie, “Understanding churn in peer-to-peer networks,”
in Proceedings of the 6th ACM SIGCOMM conference on Internet measure-
ment, vol. 25, pp. 189-202, 2006.

H. Shen and C. Xu, “Locality-aware and churn-resilient load-balancing algo-
rithms in structured peer-to-peer networks,” IEEE Transactions on Parallel
and Distributed Systems, vol. 18, no. 6, pp. 849-862, 2007.

D. R. Cox and V. Isham, Point Processes. Taylor & Francis, 1980.

B. K. @ksendal, Stochastic Differential Equations: An Introduction with Ap-
plications. Springer, 2003.

F. Farokhi and K. H. Johansson, “Stochastic sensor scheduling for networked
control systems,” 2012. Preprint: arXiv:1209.5180v3 [math.0C] http://
arxiv.org/pdf/1209.5180v3.pdf.

I. M. Gelfand and G. E. Shilov, Generalized Functions. Volume I: Properties
and Operations. Academic Press, 1964.

S. De Weerth, L. Nielsen, C. Mead, and K. J. Astréom, “A neuron-based pulse
servo for motion control,” in Proceedings of the IEEE International Conference
on Robotics and Automation, pp. 1698-1703, 1990.

H. K. Khalil, Nonlinear Systems. Prentice Hall, 2002.
T. Kailath, A. H. Sayed, and B. Hassibi, Linear estimation. Prentice Hall,
2000.

Proof of Theorem 9.1

follow a similar reasoning as in [42] to calculate the optimal Poisson rates. By

[
adding and subtracting the term k(¢)'E {a:(t)}|0T from the right hand-side of the

scaled cost function T'J — k:JTE {z(T)}, we get

TJ-kiE{z(T)} =E {/OT c(t) Ta(t) +ut) T Sx(t) + u(t)Tu(t)dt}
= — k(t)TE{a(®)}], + kO TE{z(t)}], (33)

T
+E {/ c(t) Tx(t) +u(t) " Sxz(t) + u(t)Tu(t)dt}.
0


http://arxiv.org/pdf/1209.5180v3.pdf
http://arxiv.org/pdf/1209.5180v3.pdf

A. PROOF OF THEOREM 9.1 355

Using the identity

k) TE{z@)}|} =E { / d<k<t>,m<t>>}

inside (33), we get

T T
TJ—kiE{x(T)} = - k(t)"E{z(t)}|, + E {/0 d(k(t),x(t))}
; (34)
+E {/ c®)Tx(t) +ult) " Sx(t) + u(t)Tu(t)dt} .
0

Using Ité’s Lemma [48, p. 49], we know that
Alk(t), z(t)) = dt+z t) AN, (1)),

which transforms (34) into

TJ —k{E{z(T)} = — k(t) "E{z(t) }|0T
T
+E{/ dt+z dN<>>}

+E { /O " )T (0 + ()T Sae) + u(t)Tu(t)dt} .

Taking expectation over x(t) and the Poisson processes {N;()}ier.,, 1 < i < m,
we get

TJ -k E{z(T)} =— k(t)'E {x(t)}|§ + /0 (k(t) + c(t) + ATE(t), p(t))dt
T
+E { / +Zuz (k(t), Ba(t >>>dt}7

where, for 1 < i < m, S; is i-th row of matrix S and p(t) = E{z(t)}. We can
rewrite (35) as

(35)

m

TJ — KJE{o(T)} = / cl6) + ATH() — 1 (ST + BIKO) 2, p(0)ds
— k(t)TE{x(t }|§
T m 2
+E{/ Z wilt )T B + S,)a(t) dt},

(36)
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using completion of squares. As there exists a well-defined solution to the differen-
tial equation (8), the first integral in (36) vanishes. Hence, the optimal control law
is given by (9) since this control law minimizes the last term of (36). Consequently,
equation (36) gives

T.J = K} E{a(T)} — k(t) "E{«()}|; = k(0) E{z(0)}.

This completes the proof.

B Proof of Corollary 9.2

Since z(t) € X is bounded (because ||z(t)||2 = 1 for ¢t € R>¢), we get the identity

lim E {; /OTch(t) +u(t) " Sx(t) + U(t)TU(t)dt}

T—o0

(37)
= lim E {1 /TCT:c(t) +u(t) T Sz (t) +u(t) Tu(t)dt + 1ka(T)}
N T /o T '

T—o0

According to Theorem 9.1, in order to minimize (37) for any fixed T' € Rsq, we
have

—_

k(t) = —c(t) — +7 i S§+ B k(1) (38)
with the final condition k(T) = ko. Defining ;( t) = k(T —t) — ko — olt, we get
Q)= —k(T—=t)=e1
=ATk(T —t) +c— iZ(ST + B k(T —1)? — o1
= AT (q(t )+ko+g1t)+c—gl

Z ST+ B/ (q(t) + ko + 01t))2.

»Jk\'—‘

Note that AT1 = 0 and B/1 = 0, 1 < i < m, as A and B; are infinitesimal
generators. Hence,

4(6) = AT (a(t) + ko) + e~ o1 — 1 > (5T + B (alt) + ko)
m i=1 m (39)
= ATalt) = 3T + B (a0 + ko) + 1 DT + BTk

Notice that ¢* = 0 is an equilibrium of (39), so ¢(t) = 0 for all ¢ € [0,T] since
q(0) = k(T) — ko = 0. Therefore, we get k(t) = ko + 01(T — t), which results in



C. PROOF OF THEOREM 9.4 357

%(k‘(t)TBl- +5;) = %(k:(—)'—Bi + S;), since 1"B;, =0,1<4i<m. As a result, when T
goes to infinity, the controller which minimizes (37) is given by (11). Furthermore,

we have

. 1
J = lim Tk(O)TIE{x(O)}

T—o0

T (ko + o1(T — 0)) "E{2(0)}

= 01" E{x(0)}
= Q.

Finally, notice that the condition 17kg = 0 in the second row of (10) reduces the
number of solutions ko that satisfy the nonlinear equation in the first row of (10).
Removing this condition, kg + 91 for any ¥ € R is a solution. Notice that all these
parallel solutions result in the same control law because ((ko + 91)"B; + S;) =
(kg B; + S;) following the fact that 17 B; =0 for all 1 <i < N.

C Proof of Theorem 9.4

Before stating the proof of Theorem 9.4, we need to state the following useful
lemma.

Lemma 9.11 Let the sequence of sampling instances {T!}32, satisfy Assump-

tion 9.1. Then,

M as 1

R T (40)

where M} = max {z >1| Tf < t} counts the number of jumps prior to any given

time t € Rsg and x £ y means that P{zx =y} = 1.

Proof:  See [49]. [

Now, we are ready state the proof of Theorem 9.4. The proof of equality f,
1/E{Af} directly follows from applying Lemma 9.11 in conjunction with that M¥% =

fOT e, x(t)dNgy(t). Now, we can compute p(t) using

p(t) = Ap(t) + E {Zui(t, x(t))Biw(t)} , p(0) = E{z(0)} (41)
=1
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Substituting (11) inside (41), we get

B(t) = Ap(t) — % {Z(k B; + sz-):c(t)Bix(t)}

=1
) m x1(t) z1(t)
= —5E Sk Bi+S)| | Bi|
=1 xn(t) In(t)

1(t) 37— (kg Bi + Si)ejz;(t)

£ (8) S (6] By + Si)eja; (t)

Note that z¢(t) Z;;l(kJBi + Si)ejxj(t) = (kg Bi + Si)ecae(t) for 1 < ¢ < n, since
x(t) € X is a unit vector in R™. Therefore, we get (12). Now, noticing that p(t)
converges exponentially to a nonzero steady-state value as time goes to infinity
(because otherwise lim;_,, p(t) does not exist), we can expand the expression for
the average sampling frequencies of the sensors as

: I -
fe= lim E T/ elx(t) Mgg,o-i-zagg,juj dt
0

T—o0 2
Jj=1

: I 1 &
= Jim EQ 7 [ et a0 — 5 30 oy (B, + 5)a(t) |

T— 00
=1
(42)
. 1 (T . 1™ .
= lim T ; enp(t) M2570—§Za257]‘(k50 Bj—l—Sj)en dt

T—o0 .
Jj=1

RS T T
H2e0 — 5 z; agej(kg Bj + Sj)en | e, lim p(t),
]:

where the third equality follows again from the fact that z(¢) € X is a unit vector.

D Proof of Theorem 9.5

Prior to proving this theorem, we should state the following simple lemma.

Lemma 9.12 Let the function g : R>o — R be defined as g(t) = cie=27* + 2%(1 —
e~ 2 with given scalars c1,co € R and vy € Rwg such that 2ye; < co. Then,

(a) g is a non-decreasing function on its domain;

(b) g is a concave function on its domain.
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Proof: See [49]. [

Now, we can prove Theorem 9.5. Using Itd’s Lemma [48, p.49], for all ¢ €
[Tf,Tf, ), we get

dey(t) = (—C(litfg(t) — Yeeo(t) — ’ygfz(t)) dt + opdw,(t)

= —ypee(t)dt 4+ opdwe(t),
with the initial condition e,(Tf) = —nf. First, let us consider the case where

ne < \/mde. Again, using It0’s Lemma, we get
d(ef()) = (=2veef(t) + o7)dt + 2ep(t)opdwy(t),
and as a result q
TEEE A7} = =23 E{ej(t) [ A} + o,
where E{e?(T}) | AY} = n?. Hence, for all ¢ € [T}, T}, ), we have

2
B{et(t)| Al) = e H0T0 4 2L (1 -1,

Now, using Lemma 9.12 (a), it is easy to see that

2
E{e?(t) ‘ Af} < 7]?6_2’”Af + 20-75 (1 _ e—Q'ygAf) )
L

Note that
E{ef(t)} = E{E{ef(t) | Af}}

2
< E{nge—zqu n gy <1 _ e—QWAf) } (43)
27,

By using Lemma 9.12 (b) along with Jensen’s Inequality [48, p.320], we can trans-
form (43) into (16). For the case where 1, > /1/(2v,)o¢, we can similarly derive
the upper bound

2
E{e}(t)| A} <0 + oL (1—e2eA0) |
27e
which results in (17), again using Jensen’s Inequality.
E Proof of Theorem 9.6

Using Ito6’s Lemma, for all t € [T, T}, ), we get

dllec(t)||? = ee(t) T (Ag + A Yee(t)dt + tr(H T H)dt
+ eg(t)THdwg(t) + dwz(t)THTeg(t),
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and as a result
d
@E{Ilez(t)ll2 | AT} =tr(HTH) + Efeo(t) T (Ae + A/ Jer(t) | A}
<tr(H"H) + XAg+ A E{[|ec(t)|* | ALY,

with the initial condition E{|e,(Tf)||?} = tr(R). Now, using the Comparison
Lemma [52, p.102], we get

N tI‘(HTH) 3 T
E A2 TAN < tr(R A(A5+A2)t+77 1 — MAFAD) 7
{llec®I"[ A} <tr(Re)e \A(AHAZ)\( e )

for t € [Tf,Tf, ). Using Lemma 9.12 (presented in Appendix D) and Jensen’s
Inequality, we get (20).

F Proof of Theorem 9.7

First, note that for ¢t € [T, T}, ), the estimator

d, . .
@ZN) = Aeg(t); 2(TF) = {ze(TH) |5, -, ui ),

is an optimal mean square error estimator. This is in fact true since the estimator ¢
has not received any new information over [Tf,t] and it should simply predict
the state using the best available estimation {z,(TY)|y},...,yf}. Now, recalling
from [53], we know that {z,(TY) |yt ..., vt} = {zeli] 9%, ..., yf} = Ze[i]. This
completes the first part of the proof. For the rest, note that following a similar
reasoning as in the proof of Theorem 9.6, for all t € [T, T}, ), we get

d _
aﬂf{ﬂee(lf)ll2 | A} <tr(H"H)+ XA+ A E{[les(t)1 | AT},
with the initial condition

E{llec(T9)I*} = E{ (zeld] — 2¢[i]) " (zeld] — 2eli])} = trace(Pe[d]),

which results in (23) again using the Comparison Lemma.

G Proof of Theorem 9.9

To simplify the calculations, we introduce the change of variable zj(t) = z(t) +(e(t)
for all t € [Tf,Tf, ), where

—er — e (t—T¢ e (t=TH e
Q) = 4 s (1= e D) (T he [T TE 4 ),
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Now, using Itd’s Lemma [48, p. 49|, we get
dzy(t) = —yezp(t)dt + opdwy(t); 2)(TY) = 0.
Hence, for all t € [Tf,Tf, ), we get

E {7 (t)| AT} = E{2{°(t) + ¢}() | AT}

g ¢
<L (1 - e—QWAi) +CA(b),
<2, G ()

where the first equality is due to the fact that E{,(t)z,(t)} = 0 because the random
process {wz(t)}te(Te7T{+1) is independent of (,(t) and E{z)(t)} = 0. As a result

2 £
B0} <B{ L (1ot b e BEEDPA <k (0

Using Lemma 9.12 (b), presented in Appendix D, and Jensen’s Inequality, we can
simplify (44) as

E{7(0} <g- (1= ™) 4of +BEENPAl <p). (49)

Note that by evaluating (45) as t goes to T} 11, we can extract a difference equations
for the closed-loop performance (i.e., an algebraic equation that relates E{27 (T, )}
to E{22(T})} for all i). By solving this difference equation and substituting the
solution into (45), we get

E{=(0) < z[m( i) | (B < o))"

for all t € [T, T}, ), and as a result

B0} <3 [ZW

1
—2v¢/ fe 2
{2 )+W] 1-P{Af < p}

( —27/3/fz) I m?} (P{A! < P})k

This concludes the proof.

H Proof of Theorem 9.10

Using the same argument as in the proof of Theorem 9.9, we obtain

E{:3(1) | Af} m+g(1—e*mf)+E{z3<Tf>}e*Mf,
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for all ¢t € [T, Tf,,), and as a result

E{z?(t)} Sn? +E{;i (1 — e—ZWzAf)} _i_E{z?(TZZ)}E{e—%Af}.

Similar to the proof of Theorem 9.9, we can simplify this expression into (31) using
Lemma 9.12 (b), presented in Appendix D, and Jensen’s Inequality.



H. PROOF OF THEOREM 9.10 363



	Contents
	Introduction
	Motivating Applications
	Challenges
	Illustrative Examples
	Thesis Outline
	Background
	Decision Making with Limited Information
	Networked Control and Estimation
	Congestion and Routing Games
	Contributions
	Control Design with Limited Model Information
	Strategic Decision Making in Transportation Systems
	Stochastic Sensor Scheduling
	Conclusions and Future Work
	Summary
	Future Work
	Bibliography
	*-8mm
	Papers
	Part 1: Control Design with Limited Model Information
	Optimal Structured Static State-Feedback Control Design with Limited Model Information for Fully-Actuated Systems
	Introduction
	Control Design with Limited Model Information
	Plant Graph Influence on Achievable Performance
	Design Graph Influence on Achievable Performance
	Extensions to Under-Actuated Sinks 
	Conclusion
	Bibliography
	*-8mm
	Dynamic Control Design Based on Limited Model Information
	Introduction
	Problem Formulation
	Preliminary Results
	Plant Graph Influence on Achievable Performance
	Control Graph Influence on Achievable Performance
	Design Graph Influence on Achievable Performance
	Extensions
	Conclusions
	Bibliography
	*-8mm
	Decentralized Disturbance Accommodation with Limited Plant Model Information
	Introduction
	Mathematical Formulation
	Preliminary Results
	Plant Graph Influence on Achievable Performance
	Design Graph Influence on Achievable Performance
	Proportional-Integral Deadbeat Control Design Strategy
	Conclusions
	Bibliography
	*-8mm
	Optimal Control Design under Structured Model Information Limitation Using Adaptive Algorithms
	Introduction
	Problem Formulation
	Main Results
	Example
	Conclusion
	Bibliography
	*-8mm
	Proof of Lemma 4.1
	Proof of Lemma 4.2
	Proof of Lemma 4.3

	Optimal H Control Design under Model Information Limitations and State Measurement Constraints
	Introduction
	Mathematical Problem Formulation
	Optimization Algorithm
	Application to Vehicle Platooning
	Conclusions
	Bibliography


	*-8mm

	Optimal Control Design under Limited Model Information for Discrete-Time Linear Systems with Stochastically-Varying Parameters
	Introduction
	Control Systems with Stochastically-Varying Parameters
	Optimal Control Design with Limited Model Information
	Control Design with Full Model Information
	Performance Degradation under Model Information Limitation
	Conclusion
	Acknowledgement
	Bibliography


	*-8mm
	Part 2: Strategic Decision Making in Transportation Systems

	When Do Potential Functions Exist in Heterogeneous Routing Games?
	Introduction
	A Heterogeneous Routing Game
	Existence of Nash Equilibrium
	Finding a Nash Equilibrium
	Imposing Tolls to Guarantee the Existence of a Potential Function
	Price of Anarchy for Affine Cost Functions
	Numerical Example
	Conclusions
	Bibliography

	*-8mm
	Proof of Corollary 7.9
	Proof of Proposition 7.10 
	Proof of Corollary 7.12 

	A Study of Truck Platooning Incentives Using a Congestion Game
	Introduction
	Game-Theoretic Model
	Existence of Potential Function
	Joint Strategy Fictitious Play
	Average Strategy Fictitious Play
	Numerical Example
	Conclusions and Future Work
	Bibliography

	*-8mm
	Part 3: Stochastic Sensor Scheduling
	Stochastic Sensor Scheduling for Networked Control Systems
	Introduction
	Stochastic Sensor Scheduling
	Applications to Networked Estimation
	Applications to Networked Control
	Numerical Example
	Conclusions
	Bibliography

	*-8mm
	Proof of Theorem 9.1
	Proof of Corollary 9.2
	Proof of Theorem 9.4
	Proof of Theorem 9.5
	Proof of Theorem 9.6
	Proof of Theorem 9.7
	Proof of Theorem 9.9
	Proof of Theorem 9.10








