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Abstract— Many adaptive routing protocols have been developed
for Networks -on-Chip to improve the network performance by
traffic reduction. In this paper, we present an adaptive routing
algorithm based upon the Q-routing, which distributes traffic by
a learning method in the entire network. The learning method
utilizes local and global traffic information and can select the
minimum latency path to the destination. Since the routing table
sizes become one of the main sources of area consumption in the
Q-routing algorithm, we propose a clustering approach in order
to reduce the area overhead. Furthermore, this approach
improves the observability of the traffic condition. Experimental
results for different traffic patterns and network loads show that
the proposed method achieves significant performance
improvement over the Q-routing, C-routing, DBAR and Dynamic
XY algorithms.
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I. INTRODUCTION

As technology scales further and chip integration density
grows, on-chip communication is playing an increasingly
important role in System-on-Chip (SoC) design [1][2].
Network-on-Chip (NoC) has emerged as a dominant
communication infrastructure in many core architectures to
address many of the on-chip communication design issues
such as scalability, reliability, and throughput [3][4][5][6][7].
In a mesh NoC architecture, each Processing Element (PE) is
connected to its switch by a local network interface. Also,
each switch is connected to its neighboring switches through
bidirectional links [3][4]. PEs can communicate with each
other by propagating packets through switches in the network.
The performance and the efficiency of NoCs strongly depend
on the routing algorithms that allow packets to be forwarded
from any source to any destination. Generally, routing
algorithms can be classified into deterministic and adaptive
[8][9]. Deterministic routing algorithms [10] route packets in a
fixed path between the source and destination switches. For
example, in the XY routing algorithm, packets first transfer
along the X direction, then along the Y direction.
Implementations of the routing unit when utilizing
deterministic algorithms are simple. However, when the
packet injection rate increases, deterministic algorithms cannot
balance the load across the links. In contrast, adaptive routing
algorithms [11][12] can avoid congested links by choosing
paths with low latencies. Therefore, they can decrease the
probability of passing packets through congested areas.

In our method, we use a strong approach of machine
learning and artificial intelligence — Reinforcement Learning
(RL). In this approach, a system obtains an optimal solution
without prior knowledge when the system offers alternative
choices. One of the most important breakthroughs in RL is
known as Q-learning [13] that has been applied in many
different areas. In this algorithm, an agent first learns a model
of the environment on-line and then utilizes this knowledge to
find an effective control policy for the given task. So, Q-
learning provides a learning algorithm for self-optimizing
controller design which does not need a model of its
environment [14]. The Q-learning algorithm was used to
create an adaptive routing algorithm named Q-routing [15]. In
Q-routing, each switch makes use of a table of Q-values
(latency information), called Q-table. These values are
updated whenever the switch sends a packet to one of its
neighbors. As the switch routes packets, its Q-values gradually
incorporate more global information.

The main contribution of this paper is to present an
intelligent routing algorithm which is able to learn from the
frequently changing conditions of the network to be used in
adaptive routing packets. Since Q-routing imposes
unacceptable area overhead to NoCs, we focus on keeping the
area overhead small while improving the performance by
utilizing appealing features of the clustering approach. The
proposed algorithm, named Clustered Q-routing (CQ-routing),
leads to a better distribution of traffic over the network.

The paper is organized as follows. Section II reviews the
related work. Some background information on Q-routing and
C-routing techniques is discussed in Section III. Section IV the
proposed adaptive routing algorithm is explained. The results
are reported in Section V while conclusion is given in the last
section.

II. RELATED WORK

When the network size increases, traffic becomes a major
limiting factor on the NoC performance. Adaptive routing
algorithms partially address the network traffic problem by
considering paths with low latencies [16][17]. These methods
can distribute traffic to improve the reliability and
communication efficiency in NoCs. Adaptive routing
algorithms, depending on the degree of adaptiveness can be
classified as partially adaptive or fully adaptive. Partially
adaptive routing algorithms use some of the shortest paths
between the sender and the receiver, but not all packets are



allowed use every shortest path. For example the turn model
routing is based on prohibiting certain turns during the packet
routing to prevent deadlock [18]. Fully adaptive routing
algorithms allow to route packets on any shortest path. To
make the routing algorithm fully adaptive, there is a need of
virtual channels in a wormhole switching network [19][20].
Most common implementations of routing algorithms, e.g.
CATRA [11], HARAQ [21], NoP [22], RCA [23], DBAR
[24], have focused on collecting local or global traffic
information to get an estimation of the congested areas in the
network. Some routing algorithms, like ANTNET [25] and
QoS routing [26], not only include adaptively schemes but
also using distributed learning methods. However, they are
very expensive to be integrated inside the chip.

The Q-routing allows a network to be constantly adapted to
the changing congestion condition and traffic flows. In this
algorithm, each switch makes its routing decision based
on the latency information, represented as a table of Q-
values which estimate the quality of alternative routes. These
values are updated each time a switch sends a packet to one of
its neighbors. Depending on traffic patterns and load levels,
only few Q-values are updated regularly while most of the Q-
values in the network remain undated and thus unreliable.
Some proposals have been presented to address this issue such
as CQ-routing [27], PQ-routing [28], and DRQ-routing [29].

RL approaches have rarely been investigated in the context
of NoCs. The algorithm in [30] is proposed to handle
communication among modules which are placed on a
reconfigurable NoC dynamically. Fault-tolerant deflection
routing algorithm (FTDR) is presented in [31] which is inspired
by Q-learning techniques for tolerating faults in NoC. In
another approach [32], Q-routing is used to provide different
levels of Quality-of-Service (QoS) such as Best Effort (BE)
and Guaranteed Throughput (GT) in NoC. In this approach, a
novel scheme is presented which contrasts the performance of
Q-routing with the XY routing strategy in context of QoS in
NoC. A Q-learning based Congestion-aware Algorithm [33] is
presented to alleviate congestion condition in NoCs. It
estimates and predicts the congestion condition of the network
as close to the actual values as possible. Moreover, the Dual
Q-routing Adaptive learning Rate [34] algorithm has enhanced
Q-routing performance in NoC while the network becomes
congested. It presents a congestion detection technique to
update information dynamically according to changing traffic
conditions. C-routing [35] is an adaptive routing which reduces
the Q-table size compared to Q-routing algorithm. It chooses
between XY and Q-routing algorithm by considering the
source and destination locations.

Q-routing methods suffer from large area overhead in NoCs
due to using large table sizes in each switch. The goal of this
work is on gaining the performance out of learning methods
while keeping the area as minimal as possible. In our proposed
method, the network is divided into several clusters, each
cluster maintaining a routing table instead of each switch. This
approach can reduce the table sizes by the factor of four. It
might be thought that this improvement is at the cost of
degrading the performance. However, as shown in the result

section, for instance, the performance is improved up to 25%
over DyXY method in uniform traffic in %8 mesh network.

III. BACKGROUND

In this section, we will give a brief introduction to the Q-
routing, which is one of the most popularly adaptive routing
algorithms. In addition, we describe the C-routing algorithm
that perform Q-routing algorithm.

A.  Q-routing

Q-routing is a routing algorithm taking advantage of the
reinforcement learning aspect. The Q-values are stored in the
Q-tables that indicate the estimated latencies of alternative
routes. These values are updated each time a switch sends a
data packet to one of its neighbors. In general, Q-routing
dynamically learns a representation of the network state in
terms of Q-values and uses these values to make routing
decisions. Assume that the switch x sends a packet to one of its
neighboring switches y, destined for the switch d (Fig. 1). The
maximum amount of time it takes for a packet to reach its
destination from the switch x is bounded by the sum of three
quantities:

1. The waiting time in the packet queue of the switch y (g,).
2. The transmission delay over the link from switch x to y (9).
3. The time it would take for the switch y to send this packet to
its destination via any of the switch y's neighbors, assumed z. It
can be formulated as:

Qy (ZJ d) - ng}vl(l})) Qy (nb d)

Where N(y) is a set of the y’s neighboring switches. Thereby,
the total latency can be calculated by:

0,(y.d)ey =0Q,(z,d)+q, +6

Oy, d).g 1s the switch x's best estimated delay it would take
for a packet to reach its destination switch d from the switch x
when sent via its neighboring switch y. To update the latency
estimation of switch x, the best estimate of switch y, O.(y,d)es: ,
sends back to the switch x. Upon receiving the estimation
value, the switch x computes the new estimation for Q.(y,d) as
follows:

Qx(yad)new :Qx(y’d)old + V(Qx(yad)est _Qx(y’d)old) (1)

In this way, learning is performed by updating the Q-values.
Learning rate, y, determines in which rate the newer
information overrides the older one. Learning rate can take a
value between zero and one; the value of zero means no
learning is made by the algorithm; while the value of one
indicates that only the most recent information is used.

Fig. 1.An example of Q-routing method
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Fig. 2. Formats of different Q-tables in 8x8 mesh network (a) Q-table at switch 1, (b) CRotuing-table at switch 1, (c) CQ-table at cluster 1

B.  C-routing

The C-routing algorithm is a combination of a
deterministic routing algorithm (XY) and a Q-routing based
adaptive routing algorithm. Depending on the location of
source and destination switches, one of the routing algorithms
is invoked. Similar to Q-routing method, in C-routing
algorithm, each switch maintains a table of Q-values while a
clustering approach is utilized to reduce the size of Q-table.
For instance, this algorithm could reduce the table size by 75%
compared with Q-routing in 8x8 mesh network.

IV. CLUSTERED Q-ROUTING

Our approach is able to balance traffic load by forwarding
packets on less traffic routes in the network. We name the
proposed algorithm Clustered Q-routing (CQ-routing) because
it uses the Q-routing and a clustering approach together. The
first step to implement CQ-routing is to form clusters. The
number of clusters is defined according to the size of the
network and a Q-table is associated with each cluster. In the
second step, we explain the format of data packet (propagating
data information) and learning packet (for carrying the Q-
routing information). Finally, the routing method is extensively
explained supported by an example.

A. CQ-table

Using Q-routing method in nxn 2D mesh, each switch
maintains a Q-table with n xm entries; where n represents the
number of switches in the network and m is the number of
neighboring switches. Fig. 2(a) shows a Q-table of switch 1 in
a 8x8 2D-mesh network. In this table, each row corresponds to
a destination; each column relates to an output port; the
contents of the table are the estimated latencies; and the next
switch would be the neighboring switch connected to the
minimum latency value for a corresponding destination. Since
a separate row should be dedicated to each destination in the
network, the area overhead of Q-tables becomes problematic in
NoCs.

The size of the Q-table is reduced by using the CRouting-
table (Fig. 2(b)). C-routing divides a network into C clusters
and the Q-table sizes decrease to ((n/C)+C)x(m-1). As an
example, in a 88 mesh network, the table size is reduced by
75% compared with Q-tables.

The size of the Q-table can be further decreased by our
clustering approach such that it can be employed in NoCs. The
Q-table in this approach is called Cluster Q-table (CQ-table).
An idea is that a CQ-table is maintained for each cluster
instead of each switch. In this model each cluster maintains
information about the routing cost when sending a packet to
the possible destination clusters. Therefore, the CQ-table
contains C-1 entries, where C is the number of clusters in the
network. For example in a 8§x8 mesh, the network is divided
into 16 clusters. The number of switches within each cluster is
considered to be four as the traffic condition within each
cluster is roughly similar. As shown in Fig. 2(c), reduces the
number of rows to 15. Each row of the table has four fields
indicating the latency values to reach the destination cluster
through each of the neighboring clusters. The CQ-table is
referred by the switch whenever the destination cluster is not
equal to its cluster number. Otherwise the XY routing is
utilized. The area occupied by the Q-tables in the whole
network for Q-routing, C-routing and CQ-routing can be
calculated using Equation (2), (3) and (4), respectively as
follow:

TQ*/‘nuting =nX (I’l X m) (2)
Te_rouing = 0% (D +C)x(m—1)) (3)
T(?Q—mu/mg = % X((C —1)xm)) (4)

In these equations, n refers to the number of switches in
the network, m is the number of directions, C is the number of
clusters, and D indicates the number of switches within each
cluster. The required area of each method in 8x8 mesh is given
in Table 1. As can be observed from the table; the size of Q-
tables has been considerably reduced by our approach.

Table 1.The area overhead in a 8<8 mesh

Routing No.of No. of Oic:l:ll;it:l;{(ea
method Clusters Tables
Q-routing 0 64 64x64x4= 16384 bits
C-routing 4 64 64x20x3= 3840 bits
CQ-routing 16 16 16x(15%4)= 960 bits

B.  Routing Packets

There are two types of packets that are propagated inside
the network: data packets and learning packets. The header flit
of data packet contains routing information such as destination
and source addresses.



1. Determine the current cluster(C2);

2. Determine the destination cluster(Cd);
3. if C2=Cd then

4.  Usexy routing algorithm;

5. else

6.  Use learning routing algorithm;

7. end if;

8. function learning routing algorithm
9. --Extracting information from data massage header

10. Cupstream € UpstreamCluster ID;

11. QTime € QueueTime;

12. --Determining the neighboring cluster (C3) with minimum traffic load

13. C3<= Cmrer]lvl(%z)Q(Cm, Cd)

14. --Measuring total waiting time in input buffers as long as the packet traveling inside cluster C2
15. Do

16. QueueTime € WaitingTimeinlnputBuffer + QTime;

17. Forward message to the neighboring node;

18. Until (message is going to leave the cluster C2);

19. --Upon leaving the message, generate learning packet and send it back to cluster C1

20. LocalLatency € QTime/NumberOfHops;

21.  GlobalLatency €< QC2(C3,Cd);

22.  NewEstimatedLatency € LocalLatency + GlobalLatency;
23.  RecivingCluster ID € Cl;

24. DestinationCluster ID € Cd;

25. --Updating the data message header before delivering packet into cluster C3

26.  UpstreamCluster ID €< C2;
27. QTime € 0;
28. End function

Fig. 3. CQ-routing algorithm (state 1)

The learning packet carries local and global routing
information to be used for updating the CQ-tables. In CQ-
routing, the data packet format is modified by adding six bits
into the header flit. These additional fields can be described as
follows:

e UpstreamCluster-1D: determines the sending cluster ID of
the data packet. Since each cluster is connected to at most four
neighboring clusters, two bits are enough to encode the
neighboring cluster IDs.

e (QTime: determines the total waiting time of a packet in the
input buffers of a cluster from when it enters the cluster until
leaves the cluster. We have assigned four bits for this field.

The learning packet consists of three fields as follows:

e ReceivingCluster-ID: contains the cluster ID used to
forward a learning packet. Four bits are considered for this
field.

e NewEstimatedLatency: It is obtained by adding the local
latency and global latency values. Local latency is measured
by dividing the sum of waiting times into the number of hops
taken by a packet within a cluster. In the Equation (1) the term
q, is the local latency. Global latency determines the expected
latency of sending a packet from the next cluster to the
destination cluster. The term Q,(z,d) in Equation (1) indicates
the global latency. The latency value is determined with four
bits.

e DestinationCluster-ID: determines the destination cluster
ID to be used in updating the CQ-tables. Four bits are enough
for this field.

C. Routing algorithm

In this subsection, we describe the functionality of the
routing algorithm, and how a packet is routed from the source
switch to the destination switch. In CQ-routing, every switch
first determines the destination switch of the received packet.
If the destination switch is located in the same cluster as the
current switch, it uses the XY routing algorithm because the
destination switch is close to the current switch and it does not
need a complex routing algorithm to cope with. Otherwise; if
the destination switch is located in another cluster than the
current switch, CQ-routing chooses a neighboring cluster
which has a lowest traffic condition. Similar to Q-routing, the
proposed algorithm can be summarized in two states:
State 1- the functionality of CQ-routing algorithm is described
in Fig. 3 when a switch has just received a packet in cluster C2.
This packet has been originated by a switch in cluster C/ and is
going to be sent to a switch in the destination cluster Cd. After
receiving a data packet by a switch in cluster C2, the switch
compares the current and destination cluster IDs. If cluster IDs
are the same, XY routing is employed, otherwise learning
method is utilized (step 1-7). In the learning method, at first,
UpstreamCluster ID and QTime values are extracted from the
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data packet header (step 8-11). Then, a neighboring cluster
with a minimum estimated latency is selected from the CQ-
table (step 12-13). As long as the packet is traveling within a
same cluster, the waiting time in the input buffers are summed
together and carried by the packet header flit (step 14-18).
Upon leaving the current cluster, the learning packet is
generated and delivered to the previous cluster CI. The
learning packet should carry the new estimation of the latency
which consists of the local and global latencies. The local
latency is obtained by dividing the sum of waiting times to the
number of hops taken by a packet inside cluster C2. The
global latency is extracted from the CQ-table corresponding to
the cluster C2. This value shows the estimated latency of the
packet in the remaining path from the next cluster C3 to the
destination cluster. These values are used to update the
corresponding entry of the CQ-table in the cluster C1. The row
of the table is determined by a destination cluster ID while the
column is a direction in which the data packet has been
already delivered from (step 19-24). Before sending the data
packet to the next cluster, some modifications should be made
in the header flit such as setting the upstream cluster to current
cluster C2 and resetting the waiting time value to zero (step
25-28).

State 2- describes the functionality of a switch in the cluster
first receiving the learning packet.

As shown in Fig. 5, the switch takes the new estimated
latency, column and row numbers out of the learning packet
(step 1-4) and updates the CQ-table using the old and new
estimation values (step 5-8).

--Extracting information from learning massage
column <= direction(ReceivingCluster ID);
row € DestinationCluster ID;
Qest € NewEstimatedLatency;
--Update the corresponding entry of the CQ- routing table
using Formula (5) as follow:
Qold € CQ_routing(row,column);
Onew € Qold + 0.5 (Qest + Qold),
8. CQ routing(row,column) <= Qnew;

wh W=

S

Fig. 5. CQ-routing algorithm (state 2)

Let us explain the CQ-routing algorithm via the example
shown in Fig. 4. In this example, a system consisting of 64 TP
blocks mapped onto mesh-based NoC architecture. A packet is
generated at the source switch 1 for the destination switch 55.
Since the CQ-routing is a minimal routing algorithm, the non-
minimal paths values are set to -1. Therefore, two output
channels (East and North) can be selected at switch 1 for
forwarding the packet to the destination cluster (C15). As
illustrated in Fig. 4(a), the east direction has the lowest latency
to reach the destination cluster, so it is chosen as the next
cluster. Using CQ-table information at switch 2, among north
and east directions, the north cluster has the lowest estimated
latency (Fig. 4(b)). Thus the switch 10 is selected for sending
the packet to the switch 54. As indicated in Fig. 4(c), at switch
10, the north output channel is used to forward the packet. At
this time, the learning packet is generated to return the local
and global latencies back to CO0. Local information is
calculated by summing up the waiting time of the packet in the
input buffers of switches 2 and 10 divided by the number of
hops (2). This value is assumed to be 3 in our example. The
minimum estimated latency of routing packet from the switch
10 to the C15 via the north cluster is considered as the global
latency. This value is extracted from the CQ-table in C1 (i.e.
global=4). The sum of the local and global values is new
latency estimation from cluster C1 to the C15 which is put in
the learning packet. Finally, the table CO is updated whenever
the learning packet is received. As shown in Fig. 4(c), the
corresponding entry of the CQ-table at the CO is updated
taking an average of the new estimated value and an existing
estimation by using Equation (5). A similar process is done
until the packet reaches the C15. After that, CQ-routing
utilizes XY routing in C15 for forwarding the packet to the
destination switch 55.

V. SIMULATION RESULTS

In this paper, we used a modular NoC simulator based on
OMNeT++ framework to measure the end-to-end latency [36].
OMNeT++ is an open-source, extendible, easy traceability and
C++-based simulator for modeling distributed and parallel
system.



The performance of the routing scheme is evaluated
through latency curves. For a given packet injection rate, a
simulation is conducted to evaluate the average latency. It is
assumed that latency is the duration from the time when the
first flit is created at the source core, to the time when the last
flit is delivered to the destination core. To propagate data
packets, two virtual channels are used along the y and x
dimensions, while for learning packets, one virtual channel is
utilized. The buffer size per virtual channel is set to 8 flits. The
simulator is warmed up for 3,000 packets and then the average
performance is measured over 10,000 data packets. In each
simulation time step (nanosecond), these packets are stored in
the queue of the source switches. The amount of injected
packets depends on the network offered load. The network
offered load is calculated as follow:

Network offered load = flit-size/flit arrival delay
flit_size represents the size of the flit. It is assumed that the data
packets have a fixed length of 8 flits with the flit width of 32
bits.

Flit-arrival-delay represents the delay time between previous
flit generation and next flit generation.

A.  Performance Evaluation under Traffic Load Profiles

The simulations were conducted on the 8x8 and 14x14
2D-mesh under various traffic patterns. Three synthetic traffic
profiles including random, transpose and hot-spot traffics are
used.

Random traffic: in random traffic, each core sends a packet
to another core with a random probability. The destination of
different packets in each switch is determined randomly using
a uniform distribution. In Fig. 6, the average latency as a
function of the offered load is plotted. As observed from the
results, the proposed routing scheme achieves better
performance compared with the other schemes. The CQ-
routing method can alleviate the congested areas and performs
considerably better than other schemes.

Transpose traffic: transpose traffic means that a switch with
the coordinates (7,j)) sends packets to switch with the
coordinates (n—j, n—i) in an nxn mesh. Fig. 7 shows the CQ-
routing behaves as efficiently as other routing algorithms. CQ-
routing leads to the lowest latency due to the fact that it can
distribute traffic more efficiently than the other four schemes.
Using minimal routes along with the intelligent selection
policy reduces the average network latency of CQ-routing
for both mesh sizes.

Hotspot traffic: under the hotspot traffic pattern, one or more
switches are chosen as hotspots receiving an extra portion of
the traffic in addition to the regular uniform traffic. This traffic
represents a more realistic traffic pattern. In simulations, given
a hotspot percentage of H, a newly generated packet is
directed to each hotspot switch with an additional H percent
probability. We simulate the hotspot traffic with a single
hotspot switch at (4, 4) and (7, 7) in the 8x8 and 14x14 2D-
meshes, respectively. The average latency of each network
with H=10% are illustrated in Fig. 8. As observed from the
figure, the Q-routing schemes (C-routing and CQ-routing)
behave as efficiently as DBAR and DyXY especially in
medium and high loads. As load increases, DBAR is unable to
tolerate the high load condition, while the Q-routing schemes
learn an efficient routing policy. CQ-routing method can

alleviate the congested areas and perform considerably better
than other schemes.

B. Area overhead

In C-routing method, an area-utilization (4U) metric is
defined to compare the table sizes of Q-routing (7Tg. ouing) and
C-routing (Tc.roming) methods. AU is calculated by dividing the
C-routing table size over the Q-table size. Similarly, AU is
used to compare the table size of our method (T¢g.rouing) With
the two other routing schemes. The area reduction of CQ-
routing method over the Q-routing method (AU g.ouing) 1S
given by:

A Uerouting(%) = (1 - M)X 1 00
O-routing
The utilization of CQ-routing method over the C-routing
method (AU c.rouing) can be expressed by:

T O—routin,
AU (Y0) = (1= 225 %100
C—routing

Table 2 shows the calculated AU metric in three
techniques. For instance, our approach can reduce the area
required for Q-tables by 94% and 75% over Q-routing and C-
routing methods in 8§x8 mesh network.

Table 2. Area reduction as compared CQ-routing to Q-routing and C-routing

No. of No. of AU AU
Mesh Size Clli); t(:,rs T::)l;l(;s Q-routing C-routing
(%) (%)
8x8 16 16 94% 75%
16x16 32 32 98% 83%
32x32 64 64 99% 93%
64x64 128 128 99% 93%

To estimate the hardware cost of our proposed method
along with other routing schemes, the on-chip router of each
scheme is implemented with VHDL and synthesized with
Synopsys Design Compiler using the 65nm standard CMOS
technology with a timing constraint of 1GHz for the system
clock and supply voltage of 1V. The synthesized netlist is
verified through post synthesis simulations. The layout areas of
the three schemes are listed in Table 3. The area overhead of
CQ-routing is smaller than Q-routing and C-routing methods.

Table 3. Hardware cost

Routing method Network Area (mm®)
Q-routing 3.913
C-routing 3.187

CQ-routing 3.025

IV. CONCLUSION

In this paper, we proposed an optimized Q-routing
algorithm named CQ-routing. The idea behind our algorithm
is in clustering the network to monitor the traffic in the cluster
(region) level rather than the switch level. Each cluster
maintains a routing table that is updated dynamically when a
switch receives a learning packet. This packet is provided
local and global traffic information for each switch. By our
proposed approach, not only the network performance can be
improved, but also the area overhead of adding routing tables
can be reduced by four times.
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Fig. 8. Performance under different traffic models in (a) 8x8 2D-mesh and (b) 14x14 2D-mesh under the hotspot traffic model
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