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Abstract— In this paper, we introduce a temporal logic-based
safety filter for Autonomous Intersection Management (AIM),
an emerging infrastructure technology for connected vehicles to
coordinate traffic flow through intersections. Despite substantial
work on AIM systems, the balance between intersection safety
and efficiency persists as a significant challenge. Building on
recent developments in formal methods that now have become
computationally feasible for AIM applications, we introduce an
approach that starts with a temporal logic specification for the
intersection and then uses reachability analysis to compute safe
time-state corridors for the connected vehicles that pass through
the intersection. By analyzing these corridors, in contrast to sin-
gle trajectories, we can make explicit design decisions regarding
safety-efficiency trade-offs while taking each vehicle’s decision
uncertainty into account. Additionally, we compute safe driving
limits to ensure that vehicles remain within their designated
safe corridors. Combining these elements, we develop a service
that provides safety filters for AIM coordination of connected
vehicles. We evaluate the practical feasibility of our safety
framework using a simulated 4-way intersection, showing that
our approach performs in real-time for multiple scenarios.

I. INTRODUCTION

Over the last decade, a new generation of Intelligent
Transportation Systems (ITS) has begun to emerge, driven
by advances in computing and networking [1]. Vehicles are
expected to communicate with each other, infrastructure, and
the cloud to improve safety, efficiency, sustainability, and
passenger comfort [2]. Furthermore, with the rise of edge-
and cloud-services, significant effort has been directed into
facilitating these objectives using off-board intelligence in
the local infrastructure [1], [3]. Autonomous Intersection
Management (AIM) has, in particular, received considerable
attention due to the complex challenges that arise at inter-
sections and the limited time that vehicles spend there [4].
Intelligent intersections have shown that they can, even in
mixed-traffic, collaborate with partially automated vehicles
to act as a safety filter, alerting or possibly overriding the
human driver if deemed unsafe [5], [6]. Notably, some
researchers state that safety should never be compromised to
achieve efficiency [7], [8]. However, although many proposed
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Fig. 1. Shown is the conceptual design of our traffic management system.
While acting between high-level city-scale route planning and on-board
control, this system performs central planning and coordination between
vehicles for local regions while accounting for their safe operational limits.

systems claim such improvements, the trade-off between
safety and efficiency still remains an open challenge and an
important research direction [9].

Proving that behavior is safe poses major challenges [10].
To this end, formal methods have been used to ensure safe
collision avoidance [11], perform automata-based verification
of collision zones [12], and construct specification-compliant
driving corridors [13]. Though, it is only now that such
approaches have become computationally tractable for real-
time AIM applications, particularly for high-dimensional,
multi-agent scenarios that use nonlinear vehicle models.
Building on this opportunity, researchers recently developed
a method that addresses the safety challenge of intersections
[14]. Motivated in part by the difficulty to extend and adapt
the control architectures of traditional traffic management
systems, their method uses reachability analysis to compute
all safe trajectories of a vehicle. From these, it is possible
to freely pick which one to follow, making the approach
suitable to adapt or extend to other control architectures.

In this work, we aim to extend [14] to help develop
provably safe AIM systems for intelligent intersections. In
this extension, we further expand on the practicalities of
the safety framework to enable implementations and inte-
gration with AIM systems. Notably, a significant contribution
over [14] is the design and development of a driving limits
service that connected vehicles can use to receive safe accel-
eration bounds that guarantee safe behavior and contribute to
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improving the intersection’s overall efficiency. In summary,
this paper’s contributions are three-fold:

1) we build upon the previous safety framework in [14] so
that AIMs can take conscious design decisions about
the trade-off between safety and efficiency,

2) we design a driving limits service that further facilitate
the development of safe AIMs,

3) we evaluate the practical feasibility of the safety frame-
work in multiple scenarios of a 4-way intersection.

To achieve strong safety guarantees, noted as a require-
ment by [7], [8], our approach formalizes a safety spec-
ification using temporal logic statements. Using temporal
logic trees, we verify the specification with Hamilton-Jacobi
(HJ) reachability analysis, also enabling efficient, real-time
computation of safe acceleration sets [15]. Although the
computational complexity of these methods have previously
been impractical, preliminary indications now show that
computation time is fast enough for real systems. By provid-
ing these features, which are both important and practically
necessary for intelligent intersections, we help accelerate the
development of AIM and vehicle automation generally.

II. PRELIMINARIES

Much of the preliminary material is derived from [14],
thus, for brevity, we have excluded several technical details
in this preliminary section and focus on presenting the
differences and key concepts that are needed for this work.

A. Intersection Model

In this work, we use a similar model to the one used
in [14]. That is, for an intersection with N vehicles, denote
the collective states and control inputs of all vehicles with
z = [z1, z2, . . . , zN ]⊤ and u = [u1, u2, . . . , uN ]⊤. We then
denote full intersection dynamics with the following:

ż = f(z, u) + g(z)u. (1)

To ensure our method takes into account the common non-
linear behaviors vehicles exhibit, we model each individual
vehicle with a four state nonlinear bicycle model. Specifi-
cally, for a single vehicle i, let zi = [xi, yi, θi, vi]

⊤ be the
state, where xi, yi, θi, and vi are the vehicle’s x-position,
y-position, heading angle, and velocity, respectively. Then,
let ui = [δi, ai]

⊤ be the input, where δ and a are the
steering and acceleration inputs of the vehicle. While similar
to [14], in this work, we reduce the state dimension by one
to significantly decrease computational complexity. Without
sacrificing any nonlinear dynamics,

fi(zi, ui) =


vi cos θi
vi sin θi
vi tan δi

Li

0

 , gi(zi) =


0 0
0 0
0 0
0 1

 ,

where Li is the wheel-base length of the vehicle. This
reduced model is only control-affine with respect to the
acceleration input, which is sufficient for this work.

B. Intersection Verification

In this work, we build on the verification pipeline formu-
lated in [14]. This pipeline is flexible and general enough to
incorporate many of the detailed requirements one may have
for AIM. It is summarized by the following:

1) Intersection Behavior Specification: desired and re-
quired behavior is specified in the well-known, formal
system called linear temporal logic (LTL). Using LTL,
there exist methods to automatically verify that vehi-
cles can conform to the desired and required behaviors
of the intersection.

2) Temporal Logic Tree Construction: once the inter-
section behavior specification is determined, we apply
a computational verification approach using temporal
logic trees. This involves constructing a temporal logic
tree with reachability analysis to ensure that trajecto-
ries exist which satisfy the behavior specification.

3) Formal Verification Check: after constructing the
temporal logic tree, we verify the feasibility of all
vehicles safely passing through the intersection by
examining the state set in the root node. The volume
of this state set corresponds to whether there exist
trajectories for each vehicle that fully and safely satisfy
the specified behaviors and requirements.

The use of temporal logic specifications for intersections
allow us to easily define and modify new requirements for an
intersection based on changes in desired behavior or updates
in legal requirements. Due to these benefits, there are recent
works leveraging temporal logic specifications for encoding
and formally verifying requirements in ITS, e.g. [12], [16].

To construct temporal logic trees, we utilize HJ reachabil-
ity analysis to compute the backward reachable tube,

RB(G; C) = {(z, t) | ∃u(·) ∈ U,

∃(zf , tf ) ∈ G, ζ(tf ; z, t, u(·)) = zf ,

∀τ ∈ [t, tf ), ζ(τ ; z, t, u(·)) ∈ ΩC(τ)},

where G and C are goal and constraint time-state sets
corresponding to particular requirements encoded in the in-
tersection specification. Using the notation from [14], ΩC(·)
is a map from time to its corresponding state set. u(·) and
ζ(·) denote a control policy and the resultant trajectory of
that control policy. Intuitively, RB(·) is a set that includes
all time-states where vehicles in the intersection can satisfy
a particular requirement. For more details about the full
definition of this backward reachable tube, we refer readers
to [14]. Due to the simplification presented in [14, Section
III.D], we do not explicitly define the commonly computed
robust controlled invariant set here. When we refer to these
conceptually, we denote them with RCI(·).

C. Forward Reachability Analysis

While backward reachability analysis is enough to verify
the safety and feasibility of all vehicles in the intersection,
in this work we explore the use of forward reachability
analysis to improve throughput and efficiency. Specifically,
instead of allowing for vehicles to enter and exit freely,



we will use estimated time windows of entrance and exit
to narrow their planned occupancy. We iteratively perform
additional reachability analyses to refine this occupancy with
added time constraints. For exit constraints, we can reuse the
computation for RB(·). However, for entrance constraints,
we must follow trajectories of the system forwards in time.
Explicitly, we compute the forward reachable tube,

RF (I; C) = {(z, t) | ∃u(·) ∈ U,

∃(z0, t0) ∈ I, ζ(t; z0, t0, u(·)) = z,

∀τ ∈ [t0, t], ζ(τ ; z0, t0, u(·)) ∈ ΩC(τ)},

where I and C are specific initial and constraint time-state
sets corresponding to a particular vehicle’s entrance time
window and encoded intersection constraints.

D. Safe Driving Limits

One key advantage of using HJ reachability analysis for
the intersection verification is the ability to use constructed
temporal logic trees to efficiently compute input satura-
tion points that guarantee safety and satisfaction of the
intersection specification in real-time [15]. In other words,
we are able to compute driving limits that vehicles must
respect to meet the intersection requirements. As long as
driving inputs are within these saturation points, safety is
guaranteed, providing vehicles with the maximum freedom
to operate. Specifically, for model (1), this means that after
specifying and verifying the desired intersection behavior, we
can compute the minimum and maximum acceleration for
each vehicle passing through the intersection. Namely, for
vehicle state zj and time point t, let Aj(zj , t) be the set of
accelerations that vehicle j can implement to be guaranteed
to satisfy the intersection specification.

III. MOTIVATION

To contextualize our work, consider a vehicle following
some global route through a city as illustrated in Fig. 1.
Like with other traffic infrastructure, we imagine that intel-
ligent services are provided at local regions throughout the
city. Specifically, we assume that the intersection in Fig. 1
implements reservation-based AIM for the local traffic [4],
[9]. When approaching, the vehicle requests a safe corridor
through the region by providing information about when
and where it will enter and exit the intersection. While the
vehicle is inside the intersection, it is required to stay within
the reserved corridor to ensure its own safety and that of
others. As shown in Fig. 1, this is achieved using services
that issue driving limits. Notably, the intelligent intersection
coordinates these reservations and ensures the corridors are
safe.

In our previous work [14], we developed an approach to
verify safety by analyzing collections of safe trajectories.
Though this method could be used in AIM, if not given
proper consideration, it could prove to be overly conserva-
tive. For example, consider reserving, in space and time, the
entire collection of safe trajectories for each passing vehicle.
Although the intersection would ensure safety of all managed
vehicles, this approach would be overly conservative and

block following vehicles. Specifically, the problem arises
because many trajectories can satisfy a given safety specifi-
cation but disregard overall efficiency. Imagine, for instance,
a vehicle driving very slowly through the intersection. This
behavior is sometimes necessary as it might be the only
safe way through the area. However, when unnecessary, this
behavior should not be allowed as it obstructs following
vehicles and reduces intersection throughput. In essence,
this is a trade-off relating to how permissive the intelligent
intersection is designed to be. Throughout the rest of this
work, we will refer to this as “the problem of permissible
planning.” This paper explores how intelligent intersections
can ensure safety, yet make conscious design decisions about
the trade-off between safety and efficiency by addressing the
problem of permissible planning.

IV. ENSURING SAFETY FOR AIM

In this section, we describe our approach for ensuring
safety for AIM. We first outline the high-level system design.
Continuing from [14], we then present how the system
can sequentially ensure specification satisfaction for vehicles
at the intersection. Inspired by commonly proposed AIM
approaches, we then incorporate a coordination scheme that
constructs provably safe corridors through the region based
on entry and exit conditions. Finally, we demonstrate using a
driving limits service how these corridors can provide safety
filters for intelligent intersections.

A. System Design

For an approaching vehicle j, we suggest the following:
1) The vehicle notifies the intelligent intersection that it

will enter the region within time window T←j at state
set G←j . Together with a requested exit G→j , this is
necessarily communicated to pass through the region.

2) Taking already scheduled vehicles into account, the
safety analysis of [14] produces a safe time-state
corridor for the approaching vehicle j.

3) Now, to address the problem of permissible planning,
the trajectories are further pruned such that only those
satisfying the entry and exit conditions imposed by
T←j , G←j and G→j remain. Additionally, by following
these trajectories, that start sometime in T←j , we im-
plicitly get an exit time window T→j .

4) These results are then stored for as long as vehicle j is
in the region. Using them, the intelligent intersection
computes safe control bounds. If followed, these ensure
that vehicle j stays within the reserved corridor.

While we will not address inter-region management in this
paper, we suggest that our approach provides the necessary
interfaces for composition. That is, when going between
regions A and B that overlap in GAB , then the handover
could be done in TAB × GAB , where TAB is the time
window for exiting region A and entering region B. Since
entry time drives exit time, TAB ⊆ TA→. However, to
discuss inter-regional aspects, we must first formalize our
approach for a single region.



(a) Pass 1. (b) Pass 2. (c) Pass 3. (d) Pass 4.

Fig. 2. Conceptual illustration of the four passes in our analysis. (a) shows Φ1
j , the result of Pass 1, which ensures conformity to invariant constraints,

such as road geometries or static obstacles. This is illustrated by its shape on the top. (b) shows Φ2
j when non-invariant constraints are added in the form of

Dj . (c) shows Φ3
j in the first step of refining the trajectories. After this pass, all remaining trajectories that are embedded in Φ3

j satisfy the entry conditions
G←j . (d) shows Φ4

j after it has similarly pruned trajectories even further, now also considering exit conditions G→j .

B. Verification of Safety Specification

The approach in [14] is largely based on formalizing the
sequential path planning (SPP) method of [17] as a temporal
logic specification. We summarize the key points here for
the reader’s convenience.

SPP is a priority-based method that treats each vehicle
sequentially according to some priority order. For example,
priority could be given as per first-come-first-served (FCFS)
principles. While planning for vehicle j, since trajectories of
higher priority vehicles i < j are already known, they can
be considered as deterministic obstacles. This is captured by
the LTL formula

φj = ♢gj ∧□cj ∧□¬
∨
i<j

dj,i, (2)

where ♢gj and □cj respectively requires that vehicle j even-
tually reaches its goal and that it always obeys traffic rules.
Specifically, propositions gj and cj correspond to certain Gj

and Cj that, respectively, encode goals and constraints in
time-state sets. The final term relates to collision avoidance
of higher priority vehicles that are similarly encoded in
danger sets Dj,i, for all vehicles i < j. Like reservation-
based approaches for AIM, these danger sets contain the
reserved corridors for higher priority vehicles. Then, due
to the sequential evaluation, it is sufficient to only check
that vehicle j does not enter any of the danger sets. This
recursively ensures that no vehicles will collide.

To analyze the specification (2), we construct a tempo-
ral logic tree by replacing propositions with corresponding
time-state sets, logical operators with set operations and
temporal operators with reachability analyses. For instance,
cj relates as mentioned to Cj and

∨
i<j dj,i correspond to⋃

i<j Dj,i. The temporal operators, “eventually” (♢) and
“always” (□) typically correspond to computing RB(·) and
RCI(·), respectively. However, in this case, we can evaluate
the expression ♢gj∧□cj with only one reachability analysis,
namely RB(Gj ; Cj). We refer to [14, Section III.D] for
more information on this. When incorporating the danger
sets Dj =

⋃
i<j Dj,i and evaluating the full safety speci-

fication (2), the temporal logic tree similarly results in the

computation of the time-state set

RB(Gj ; Cj ∩ DC
j ). (3)

If inside this set, vehicle j is able to satisfy (2), including
the objectives of reaching its goal location while staying safe
in terms of collision avoidance and obeying traffic rules.

While we formally wish to compute (3), higher priority
vehicles will not necessarily interact with vehicle j. That is,
Dj will often only impose constraints during a certain time
window TDj

. Consequently, at times Dj = ∅ which in turn
simplifies (3) to RB(Gj ; Cj). Moreover, since lane geome-
tries, traffic rules and other state constraints that constitute Cj
are often static, it is possible to precompute RB(Gj ; Cj). This
leads to a potential performance gain where RB(Gj ; Cj) is
precomputed offline, fetched from a lookup table at runtime
and then updated with (3) only for the relevant time window
TDj . Hence, the purpose of the update is to remove all
trajectories that would enter Dj and collide with higher
priority vehicles. As such, [14] introduces the “Offline Pass”
and the “Online Pass” to denote the precomputation of
Φ1

j = RB(Gj ; Cj) and the subsequent online update using (3)
that produces Φ2

j ⊆ Φ1
j . In this work, we will refer to these

as Pass 1 and Pass 2, respectively, and they are illustrated in
Fig. 2a and 2b. For more details on the safety verification,
we refer readers to [14].

C. Refining Admissible Trajectories

As mentioned in Section III, although the steps so far
produce time-state sets that ensure safe behavior, (2) also
allows for behavior that negatively impacts throughput. This
is a drawback of sequentially planning in general; we are
not considerate of lower priority vehicles and the system as
a whole. We will now introduce two important additions that
refine the admissible trajectories of higher priority vehicles,
Pass 3 and Pass 4.

Given entry location G←j and time window T←j for
vehicle j, we want to find all trajectories that start from
the entry time-state set G←j = T←j × G←j and still satisfy
the constraints imposed by (2). The latter is true as long as
the vehicle stays within Φ2

j . To achieve the former, we need
to evaluate trajectories using forward reachability analysis.



(a) Seen from above, we see the safe corridors
of both vehicles at a time instance. Additionally,
entry and exit locations for the second vehicle are
shown in green.

(b) Slicing the intersection at y = −0.3, we view
the progression of the sets in x through time. We
compare the result of Pass 4 (blue) with that of
Pass 2 (gray).

(c) A set of admissible accelerations computed by
the driving limits service for the second vehicle at
x2 = −0.75, y2 = −0.25 and θ2 = 0.

Fig. 3. Two vehicles passing through the 4-way intersection perpendicular to each other. The first vehicle (red) going in the vertical direction, and the
second vehicle (blue) going in the horizontal direction. Both vehicles stay within their indicated reserved time-state sets. In more detail, we show important
aspects of the second vehicle’s safety analyses.

Specifically, Pass 3 computes

Φ3
j = RF (G←j ; Φ2

j ).

The resulting time-state set, illustrated in Fig. 2c, starts at the
entry and grows into Φ2

j . This highlights a common aspect
of AIMs. Even though it is the vehicle that suggests entry
conditions, there is a requirement that G←j ⊆ Φ2

j . If this is
not the case, there exists no safe entry that both vehicle j
and the intelligent intersection can agree on. This could, for
example, trigger a renegotiation depending on the control
architectures of the intelligent intersection.

After Pass 3, vehicle j must enter the region at G←j and
exit at location G→j . However, Φ3

j still allows the vehicle to
exit at a number of different times. The last step in pruning
the trajectories is done by selecting a time window T→j ,
and consequently G→j = T→j × G→j , for exiting the region.
However, deciding T→j can be done in different ways, either
manually or automatically. In this work, we suggest finding
the earliest possible time window of length ∆. Using the
time-state sets, this is easily done by finding the earliest time
we can safely reach the exit:

E = Φ3
j ∩ (TΦ2

j
×G→j ),

t = inf{τ ∈ TE | [τ, τ +∆] ⊆ TE}.

From this, we get the exit time window T→j = [t, t+∆].
With G→j = T→j ×G→j determined, we reach the final step

of the refinement. Simply, in Pass 4 we once again perform
another backward reachability analysis:

Φ4
j = RB(G→j ,Φ3

j ).

As with the entry, it is required that G→j ⊆ Φ3
j , meaning that

exit conditions are satisfiable considering previous passes. In
comparison with Φ2

j , which subsumes most of the intersec-
tion, the resulting time-state set Φ4

j is now a narrow corridor
as shown in Fig. 2d. Notably, a large ∆ means a large exit
time window, which in turn leads to a larger Φ4

j . Yet, if
∆ is too small, there might not be any feasible trajectory

that satisfy all conditions. Therefore, ∆ directly affects the
efficiency of the intersection, and constitutes a part of the
trade-off with safety.

D. Driving Limits Service

The result of Pass 4 is, for vehicle j, a corridor that is
safe to traverse. With this in mind, we suggest the design of
a service that issues driving limits such that the vehicle is
ensured to stay inside its safe corridor.

For a set of states, our service computes least-restrictive
control sets Aj(zj , t) that guarantee satisfaction of (2). To
compute the driving limits, we follow the steps described
in [15, Section V.B]. Let VΦ4

j
(zj , t) be the underlying value

function in the HJ reachability analysis representing the safe
corridor. Using VΦ4

j
, we compute Aj(zj , t) as the half-space

a+ b⊤uj ≤ 0 with

a = VΦ4
j
(zj , t) +DtVΦ4

j
(zj , t)δt

+DzVΦ4
j
(zj , t)

⊤fj(zj , uj)δt

b⊤ = DzVΦ4
j
(zj , t)

⊤gj(zj)δt.

Taken over time, this is a set of admissible accelerations such
as depicted in Fig. 1. For further details, we refer to [15].

Using the developed verification method in [14], we
can define safety specifications with the expressiveness of
temporal logic. In this work, we extend this framework to
incorporate entry- and exit-conditions that help address the
problem of permissible planning, and we propose a service
that issues driving limits that ensure vehicles remain in their
reserved corridor. In the following section, we investigate if
this is practically feasible with current compute capabilities.

V. NUMERICAL RESULTS

To demonstrate this work, we present numerical results
that highlight the benefits of our method. First, we show that
the illustrations in Fig. 2 reflect the computations of Pass 3
and Pass 4. Next, we use the computed time-state sets to



(a) Three consecutive right turns. (b) Straight, right, and a left turn. (c) Two U-turns and a left turn.

Fig. 4. Shown are scenarios that illustrate the flexibility of our approach. By providing only G←j and G→j , it is possible to compute these safe corridors.

calculate least-restrictive control sets that runs the driving
limits service. Finally, we end this section with examples of
three-vehicle scenarios and report their computational time.
The code for all results is publicly available on GitHub1.

A. Perpendicular Two-Vehicle Scenario

In this scenario, two vehicles are at the 4-way intersection
shown in Fig. 3a. We are interested in following the second
vehicle (blue) going straight through the intersection, left to
right. It is preceded by another vehicle (red), that enters the
area 0.9 s earlier, also going straight, but from bottom to
top. Using entry and exit locations defined for left, right,
bottom, and top, we perform the online safety verification
with Pass 2, Pass 3 and Pass 4. In Fig. 3b, we show a
slice of the intersection at y = -0.3 m to compare with the
illustrations in Fig. 2. Specifically, the red region is a slice of
the reserved time-state set for the higher-priority vehicle, the
gray region shows the second vehicle’s time-state set from
the safety analysis in Pass 2, the green regions show the
entry and exit conditions, and the blue region is Pass 4’s final
time-state set that is then reserved for the second vehicle.

B. Output of Driving Limits Service

In this work, we have suggested that vehicles at the
intersection subscribe to a driving limits service. For a given
set of states, the service returns saturation points for the
vehicle’s control inputs that ensure it stays within its reserved
time-state set. For example, at x = −0.50, y = −0.25 in
Fig. 3a, the second vehicle (blue) must adhere to control
constraints given by Fig. 3c. That is, when 0.2 ≤ v < 0.6,
the vehicle can safely utilize the full acceleration space.
However, if standing still, the vehicle is not allowed to
decelerate. Naturally, we can also see that there is no allowed
control for v ≥ 0.6 since this is above the region’s speed
limit and thus already outside the safe time-state set.

C. Multiple Three-Vehicle Scenarios

Lastly, we show three vehicles approaching the 4-way
intersection in three different scenarios. For each scenario,
the vehicles take different routes starting at slightly dif-
ferent times. Before reaching the intersection, each vehicle

1https://github.com/kaarmu/safe_intersections

j ∈ {1, 2, 3} requests a safe corridor from G←j to G→j ,
corresponding to their selected route, with ∆ = 2 s. In Fig. 4
we show the safe corridors in dimensions x, y and t, using
colors corresponding to the priority of the vehicles. In this
case, priority is given according to FCFS principles, with red,
blue, and purple corridors being in highest-to-lowest order.

The first scenario seen in Fig. 4a places all vehicles on
the same route, taking a right-turn at the intersection. As
vehicle 1 (red) is reserving a corridor, vehicle 2 (blue)
also requests to pass through the region. The intelligent
intersection reserves a second corridor tightly after the first
one, yet never so they overlap. Finally, vehicle 3 (purple)
makes the same request. Due to being placed shortly next
to each other, the two latter corridors are noticeably smaller.
The second scenario seen in Fig. 4b presents a more dynamic
situation. The same vehicles are now passing through the
intersection using different routes. We also see that, if
determined safe, vehicles can be scheduled at the same time.
In this case, vehicle 2 (blue) and vehicle 3 (purple) drive in
opposite directions, making it possible to safely pass through
simultaneously. Finally, the third scenario seen in Fig. 4c
shows that our method is flexible enough to accommodate
non-conventional routes. At the same time, vehicles 1 (blue)
and 2 (red) request to do mirrored U-turns. Shortly after,
vehicle 3 (purple) wishes to drive left in the intersection,
following the first vehicle.

These examples demonstrate that our method is highly
flexible and can be used for various scenarios. For each
scenario and vehicle, we show the computational time of the
online verification in Table I. The scenarios were simulated
on a system equipped with an AMD Ryzen Threadripper
2970X processor and an NVIDIA GeForce RTX 2080 Ti
graphics card. Moreover, to measure the performance of the
driving limits service, we compute least-restrictive control
sets for 100 randomly selected time-states for each scenario
and vehicle. From this, the average computational time of a
driving limits request was below 2 ms in all cases. These
results indicate that, with modern software tools and hard-
ware, our method is computationally feasible considering the
real-time requirements of intelligent intersections.

https://github.com/kaarmu/safe_intersections


Pass 2 [s] Pass 3 [s] Pass 4 [s] Total [s]
Sc

en
ar

io
1 Vehicle 1 0 1.39 1.14 2.57

Vehicle 2 0.86 0.17 0.89 1.98

Vehicle 3 0 0.18 0.93 1.16

Sc
en

ar
io

2 Vehicle 1 0 1.36 1.23 2.63

Vehicle 2 0.88 0.18 0.90 2.02

Vehicle 3 0.90 0.18 0.95 2.10

Sc
en

ar
io

3 Vehicle 1 0 1.33 1.11 2.48

Vehicle 2 0.84 0.17 0.12 1.20

Vehicle 3 0.12 0.16 0.95 1.29

TABLE I
COMPUTATIONAL TIME FOR ONLINE SAFETY VERIFICATION. COMPUTED

WITH AMD RYZEN THREADRIPPER 2970X AND NVIDIA GEFORCE

RTX 2080 TI.

VI. CONCLUSION

In this paper, we develop a method to improve AIM safety
by computing safe time-state corridors using reachability
analysis. By addressing the problem of permissible plan-
ning, we can explicitly manage the trade-off between safety
and efficiency. Additionally, we propose the driving limits
service as a safety filter for AIM. Specifically, a vehicle
can request a safe corridor before entering the intersection.
Once inside, the vehicle can use the service to compute
input saturation points, ensuring it remains within the safe
corridor. To demonstrate our method, we show multiple
scenarios of a simulated 4-way intersection. The results show
promising performance, indicating feasibility for intelligent
intersections and opportunities for integration with AIM.

In future work we wish to further improve performance
using techniques such as [18]. We also plan to imple-
ment an intelligent intersection for small-scale connected
and automated vehicles. Through this, we aim to evaluate
the performance of our framework with real hardware and
communication similar to [19]. Finally, an important future
work will be to study how to compose safety analyses for
inter-regional coordination.
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