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ABSTRACT 

Ant Colony Optimization (ACO) is a problem-solving 
technique inspired by the behavior of real-world ant colony. 
ACO-based routing also has high potential on balancing the 
traffic load in the domain of Network-on-Chip (NoC), 
where the performance is generally dominated by traffic 
distribution and routing. Since the pheromone in ACO 
provides both spatial and temporal network information, we 
find ACO-based routing suitable for reducing the 
probability of deadlock and its penalty. With the three 
schemes inspired by the behavior of ants and named as 
ACO-based Deadlock-Aware Routing (ACO-DAR), our 
simulation shows that the occurrence of deadlock can be 
greatly suppressed and the network performance also 
improves as a consequence. Moreover, ACO-DAR makes 
use of the existing hardware of the original ACO-based 
routing, so the area overhead is minor and ACO-DAR is 
thus cost-effective. 

Index Terms— Ant Colony Optimization, Network-on-
Chip, Fully-Adaptive Routing, Deadlock-aware Routing 

1. INTRODUCTION 

With the development of the semiconductor technology, the 
density of on-chip components increases and so do the 
complexity and delay of interconnection, causing problems 
including synchronization errors, unpredictable delays, and 
high power consumption [1]. To provide a more efficient 
interconnection, Network-on-Chip (NoC) was proposed as a 
flexible, scalable, and reusable architecture for on-chip 
communication [2][3]. 

However, with the scaling up of the system and the 
huge variety of applications, the traffic load turns out to be 
highly unbalanced and unpredictable. Thus, the traffic is 
prone to be congested and the packets are blocked by each 
others. For deadlock recovery-based systems, severe 
deadlock issue may occur if the congestion cannot be solved 
properly since the congestion may turn into deadlocks with 
ease, and the recovery resource is limited while its 
overloading will lead to drastic performance degradation [4]. 

In the recent years, several deadlock recovery schemes were 
proposed and discussed in [5], but these researches mainly 
focus on reducing false detection and the hardware cost. 
Different from it, we concentrate more on reducing the 
formation of deadlock, which is the cyclic wait among 
packets, in the manner of improving the adaptive routing 
algorithm. 

It has been proved that adaptive routing algorithm, 
composed of channel constraint function and selection 
function, is efficient for time-variant traffic load by making 
use of network information. Firstly, the channel constraint 
function eliminates some output channels out of the 
limitation of on-chip placement. The selection function then 
chooses an output channel based on certain objective 
function. Comparing to the selection functions named 
Output Buffer Length (OBL) and Neighbor-on-Path (NoP), 
which only consider the occupied buffer length of 
neighboring routers in different ranges [6], the Ant Colony 
Optimization (ACO)-based selection function additionally 
identifies historically less-congested channels by utilizing 
the pheromone information, increasing the ability of 
balancing traffic load [7]. 

In addition to providing the concept of ACO-based 
routing which utilizes the aggregated historical information, 
we find the behavior of the ant colony also useful on making 
quick reactions against deadlocks. As deadlocks forms on 
the network, adjacent packets can be easily blocked and the 
deadlocked region is enlarged. Since deadlocks usually 
occur when the network is heavily loaded, it will turn out 
that the number of deadlocked packets will grow rapidly and 
finally paralyze the entire network if the problem mentioned 
is not solved properly. 

However, by the inspiration of the behavior of ant 
colony, we propose a routing mechanism that provides 
deadlock awareness, which can suppress the occurrence of 
deadlock and reduce the rate of new packets attaching to it. 
By adopting the three schemes proposed, our simulation 
shows that the network performance is increased and a 
higher sustainability against deadlock is provided. 
Additionally, the area overhead is minor because ACO-
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DAR makes use of the existing hardware of the original 
ACO-based routing. 

2. REVIEW OF PREVIOUS WORKS 

Several researches of ACO-based routing algorithms have 
been proposed on account of its ability of aggregating the 
historical information and improving the network 
performance. In this section, we review the concept of ACO 
and the previous works of ACO-based routing on NoC 
[7][8]. 

2.1 Concept of Ant Colony Optimization (ACO) 

The main feature of ACO system is the pheromone, which is 
diffused by ants on the path as they pass and sensed by ants 
while choosing a proper path [9][10]. The pheromone is 
evaporative and since the ants traversing the shorter path 
reach the nest/food and start a new journey faster, the 
pheromone on the shorter path accumulates to a higher level 
than the longer one. With ants sensing and tending to choose 
the path with higher level of pheromone, it turns out that 
almost all of the ants will travel efficiently through the 
shortest path in a long run. Thus, ant colony can achieve 
global optimization without requiring global information, 
which is the length of different paths. Numerous approaches 
that bring about the characteristics of ant colony have been 
developed in aid of the system design [11]. 

2.2 Original ACO-based Adaptive Routing in NoC [7] 

The original ACO-based adaptive routing can be defined as 
a channel constraint function with ACO-based selection 
function, which is shown in Fig. 1. It has two types of 
packets, which are the data packet and the ant packet. Both 
of them carry the payload for data transmission and have 
similar network experience. The only difference between the 
data packet and the ant packet is the head flit. Besides the 
routing information, the head flit of an ant packet contains 
the ant index, which starts the pheromone updating of the 
pheromone table when the ant packet is in the routing 
process. 

The probability pheromone is derived from the current 
and the historical information of the network and is called as 
state transition rule, which is shown in (1). The normalized 
pheromone Ph’(j,d) can be viewed as the probability of 
selecting channel index j (North, East, South, and West) for 
packets heading to destination index d. Lj is the proportional 
to the inverse of the length of queue at channel j; Nk is the 
number of channels of current router k; and α is the 
weighting coefficient ranging from zero to one for the 
current and the historical information of the network. 

 �ℎ�(�, �) = � × �ℎ(�, �) + (1 − �) × �	

�� (1) 

ACO-based adaptive routing adopts the historical 
information as an approximation of global information of 
time-variant statistic traffic distribution, and the current 
information prevents the burst of congestion around the 
local network. With appropriate weighting, ACO has more 
flexibility on selection and has the potential to make better 
decisions. However, the original ACO on NoC has the 
problem of the information sharing and the infeasible size of 
routing table, which is targeted and solved in [8]. 

 
Figure 1. ACO-based adaptive routing 

2.3 Regional ACO-based Adaptive Routing [8] 

Regional ACO-based adaptive routing (RACO) is proposed 
for a better transform of the ant metaphor to NoC and 
accomplished improvements on both load-balancing and 
reducing the size of routing table. Instead of storing the 
pheromone information of all the source-to-destination pairs 
in the network, the size of routing table is greatly reduced to 
several entries by solving the information sharing problem of 
the original routing table in ACO. A more feasible on-chip 
implementation (e.g., memory cost, table access time, and 
power consumption) is thus provided. In (2) and (3), the 
destination index d is replaced by the region index Ri, and NE 
is the reduced number of entries with region setting k. By 
taking advantage of the regional characteristic of NoC 
system and the properties of ant colony, RACO can greatly 
reduce the implementation cost while maintaining similar or 
even higher performance. 

 ��(�) = �    1, � = 0
  4�, � ∈ ℕ� (2) 

 �ℎ�(�, ��) = � × �ℎ(�, ��) + (1 − �) × �	

��, where 

 � ∈ {�, �, �, �}, � ∈ {1, 2, . . , ��(�)} (3) 

3. PROPOSED ACO-BASED DEADLOCK-AWARE 
ROUTING (ACO-DAR) 

In this section, we first introduce the phenomenon observed 
from ant colony and the inspiration that it brings. Then the 
three schemes of ACO-DAR are described in detail. Finally, 
the entire routing flow is presented and the hardware cost is 
analyzed. 
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3.1 Behavior of Ant Colony 

From our observation, we find that when ants encounter an 
obstacle in their path, they will not simply wait for the 
removal of the obstacle, but try to find a new way bypassing 
it. By regarding deadlocks as obstacles and packets as ants, 
similar situation occurs in the network. From this point of 
view, we propose three schemes that can improve the 
network ability of dealing with deadlocks and can be tightly 
combined with the ACO-based adaptive routing since the 
ACO algorithm is also originated from the behavior of ants. 

3.2 ACO-Based Deadlock-Aware Routing 

Scheme 1: Pheromone Evaporation 

In state transition rule which is shown in (1), the weighting 
coefficient α is a constant value, making the significance of 
historical information, which is the pheromone Ph, 
unaltered regardless of the network status. 

However, we think it is more reasonable to have a 
varying weighting coefficient in order to adaptively deal 
with different situations. When the pheromone information 
leads a packet to the channel which is previously better but 
currently congested, the constant weighting coefficient may 
cause a continuous request of the same occupied channel 
and hence a long time of wait is produced. The process of 
waiting can be crucial for deadlock recovery-based systems 
since it will make the packets which are blocked by the 
deadlock wait and worsen the degree of congestion occurred 
around the deadlock. 

To prevent the situation of the above, we propose to 
modify the constant weighting coefficient into a time-
varying one, which is shown in (4). Note that the value α is 
the same as in (1), and the variable Twait stands for the time 
of wait, which starts from the time a packet arrives at the 
head of the input buffer, requesting for an output channel. 

 �� = � × 2������ (4) 

With this modification, the significance of the 
pheromone information decays with the power of two. In 
other words, as the time of wait increases, the ant packets 
tend to trust less on the historical information but more on 
the current information, providing a more flexible reaction 
against deadlocks. 

Scheme 2: Conditional Detour 

When deadlocks are formed and yet to be solved by the 
deadlock recovery mechanism, other adjacent packets may 
easily be blocked and also become part of the deadlock. 
Since deadlocks usually occur when the network is heavily 
loaded, it turns out that the stream of deadlocked packets 
will grow larger and larger as a “deadlock tree” if the 
problem mentioned is not solved properly. 

To avoid such problem, we propose a routing scheme 
that attempts to bypass the deadlocked channel under certain 
conditions. The idea comes from the behavior of ant colony. 
When ants are blocked by an obstacle, they will try to find a 
new way bypassing it, instead of simply waiting. Adopting 
the same behavior into our routing scheme, we find it more 
efficient to reroute the packets which are blocked for a long 
period of time. By doing so, the growth of the deadlock tree 
can be suppressed, relieving the congestion induced by the 
deadlock. Besides, since the formation of deadlock is based 
on the cyclic waiting among multiple packets, this routing 
scheme can also solve deadlocks by means of rerouting the 
deadlocked packets. 

The detailed mechanism is described as follows: 
a) Setting the threshold of conditional detour ThCD: The 
empirical value of ThCD is around the average packet length, 
which is the approximated expected value for a packet to 
hold the output channel. 
b) Counting the waiting time: The definition of the waiting 
time Twait is the same as previous, which starts from the time 
a packet arrives at the head of the input buffer, requesting 
for an output channel. 
c) Detouring: The conditional detour is triggered if the 
waiting time Twait exceeds the threshold of conditional 
detour ThCD, forwarding the packet through a non-minimal 
path. 

Scheme 3: Deadlock Pheromone 

Ants diffuse pheromone information on the path they pass 
through, leaving a trace for other ants to follow. In this case, 
the pheromone can be interpreted as a positive message, 
leading other ants along this direction. The concept can be 
used similarly when dealing with deadlocks, by leaving 
some deadlock pheromone as deadlock occurs. The 
deadlock pheromone, in contrast to the original pheromone, 
represents a negative message, informing other ants not to 
proceed through this way. The reason why we do so is that 
the occurrence of deadlock can usually indicate congestion, 
since deadlocks occur mostly in congested regions. Thus, by 
leaving deadlock pheromone, other ants can be informed of 
the congestion ahead and may detour in advance. 

This can be easily combined with the original ACO 
structure, since we can share the storage of the original 
pheromone with the newly defined deadlock pheromone by 
treating deadlock pheromone as a negative pheromone value. 
That is to say, when a packet is successfully sent through an 
output channel, the ordinary pheromone is left and the 
pheromone value of the channel increases. But when the 
packet is deadlocked and removed by the deadlock recovery 
mechanism, the deadlock pheromone is left and the 
pheromone value of the channel decreases instead. 
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3.3 Routing Flow of ACO-DAR 

The three schemes proposed in ACO-DAR are triggered 
depending on the waiting time Twait. When Twait is smaller 
than the threshold of conditional detour ThCD, the original 
ACO with proposed Pheromone Evaporation is adopted. If 
the packet is blocked and the value of Twait exceeds ThCD, 
the proposed scheme of Conditional Detour is triggered, 
rerouting the packet through non-minimal channels. But if 
none of the channels is available, making the value of Twait 
exceeds the threshold of deadlock recovery mechanism ThDR, 
the deadlock recovery mechanism with Deadlock 
Pheromone is activated, solving the deadlock and leaving 
pheromone information on the channel. The routing flow is 
presented in Fig. 2. 

Start

Twait ≥ ThCD?

ACO with 
Pheromone 
Evaporation

Conditional 
Detour

Deadlock 
Recovery with 

Deadlock 
Pheromone

Twait ≥ ThDR?

Packet Sent?

End

Yes Yes

No No

Twait + 1
No

Yes

Scheme 1 Scheme 2 Scheme 3

 
Figure 2. Flow of ACO-based deadlock-aware routing 

3.4 Analysis on Hardware Cost 

Scheme 1: Pheromone Evaporation 

As this scheme simply modifies the originally constant 
weighting coefficient α into a time-varying value that 
decays with the power of two in (4). Only shifters, which 
can be easily derived from truth table, are required for the 
decay. And it is worth noticing that to implement (1), 
constant multipliers are required for multiplying Ph and

/ ( 1)�j kL N  by the constant value α. If we directly apply 
the shifter to α, the constant multipliers will turn into non-
constant multipliers, increasing the hardware overhead. 
However, the problem can be easily solved by applying the 
shifter to Ph and / ( 1)�j kL N instead, making the constant 
multipliers unchanged. 

Scheme 2: Conditional Detour 

The scheme compares the waiting time Twait with the 
predefined threshold of conditional detour ThCD, in order to 
determine whether to choose the output channel from the 
minimal or non-minimal paths. To implement this function, 

only a comparator, comparing Twait and ThCD, and a two-to-
one MUX, selecting the channel according to the output of 
the comparator, are required. 

Scheme 3: Deadlock Pheromone 

As we previously mentioned, the storage of the original 
pheromone can be shared with deadlock pheromone by 
treating deadlock pheromone as a negative pheromone value. 
As a result, leaving deadlock pheromone can be regarded as 
updating the pheromone value, which is already 
implemented in the ACO-based routing algorithm. 

4. PERFORMANCE EVALUATION 

4.1 Environment Setting for Simulations 

The simulation results are evaluated by Noxim [12], which is 
a flit- and cycle-accurate SystemC simulator for Network-
on-Chip systems. An 8-ary 2-mesh network topology is 
constructed under wormhole switching mechanism [13] and 
round-robin arbitration. Each channel has an input queuing 
buffer with the size of 4 flits and each packet is 8-flit-long. 
For traffic distribution, we use uniform distribution and 
transpose1 distribution to evaluate the network performance. 
In uniform traffic, each packet is sent equally likely to each 
destination. In transpose1 traffic, router (i, j) only sends 
packets to router (N-1-j, N-1-i) in the N×N mesh. The time 
distribution for both traffic patterns is Poisson distribution. 
The simulation time is of 20,000 cycles and the first 10,000 
cycles is the warm-up time for the NoC system, in order to 
measure the steady-state performance of the network. The 
average latency under different packet injection rate is used 
as the performance index of the simulations. We also adopt 
the saturation throughput [14], which is the throughput 
where the average latency equals to twice of the zero-load 
latency, as the evaluation metric. 

4.2 Simulation Results 

The Regional ACO-based routing (RACO) proposed in [8] 
reduces about 90% of the cost on the routing table in ACO, 
which greatly increases the feasibility of ACO algorithm. 
And the performance of RACO is also better comparing to 
the original ACO-based routing. As a result, RACO is used 
as the basis for our simulation, and the comparison between 
the network performances of RACO with odd-even channel 
constraint function [6], RACO with fully-adaptive channel 
constraint function, and the proposed ACO-DAR with fully-
adaptive channel constraint function is made. Note that the 
odd-even (OE) channel constraint function eliminates some 
output ports based on the turn model in [6] for deadlock-free 
concern, sacrificing the path diversity. On the other hand, 
the fully-adaptive (FA) channel constraint function provides 
the maximum path diversity, handling the deadlock issue 
with the deadlock recovery mechanism. In our simulation, 
the timeout-based deadlock recovery mechanism DISHA [15] 
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is adopted owing to its high efficiency and low hardware 
complexity. 

Simulation 1: Uniform Traffic 

Fig. 3 shows the average latency of different routing 
mechanisms under uniform traffic distribution. Although the 
fully-adaptive (FA) channel constraint function provides 
higher path diversity than the odd-even (OE) channel 
constraint function, RACO-FA does not perform better than 
RACO-OE. This is due to the lack of consideration of 
deadlock, which occurs when the network is heavily loaded 
and its misconduct will overload the resource for deadlock 
recovery, causing severe performance degradation. But with 
the three schemes proposed in ACO-DAR, the occurrence of 
deadlock is suppressed, and when deadlock occurs, the rate 
of new packets attaching to the deadlock is also reduced, 
preventing it from growing. In other words, the deadlock 
awareness provided by the proposed ACO-DAR can 
diminish the damage caused by the deadlocks, so the 
additional path diversity brought by fully-adaptive channel 
constraint function can be fully utilized. As a result, the 
proposed ACO-DAR outperforms both RACO-OE and 
RACO-FA, as the saturation throughput improves 16% and 
25%, respectively. 

Simulation 2: Transpose1 Traffic 

The traffic distribution is highly unbalanced under 
transpose1 traffic, thus the additional path diversity makes 
RACO-FA much superior to RACO-OE, as shown in Fig. 4. 
However, ACO-DAR provides even higher path diversity by 
utilizing the non-minimal paths when necessary, which 
further enhances the network performance. The saturation 
throughput increases 91% and 11% comparing with RACO-
OE and RACO-FA, respectively. 

Simulation 3: Deadlock Sustainability 

The percentage of packets using deadlock recovery 
mechanism under uniform traffic is shown in Fig. 5. 
Comparing with RACO-FA, ACO-DAR can greatly reduce 
the occurrence of deadlock and postpone the saturation of 
the network. Besides, the drastic increase of deadlock is also 
relieved, which means the rate of new deadlock forming is 
suppressed. The improvements mentioned above can 
provide higher deadlock sustainability, which increases the 
network performance consequently, as we can see in Fig. 3 
and 4. 

5. CONCLUSION 

In this paper, we propose an ACO-based Deadlock-Aware 
Routing (ACO-DAR), which improves the network 
performance by diminishing the damage caused by 
deadlocks. With the three schemes proposed, our 
simulations show that the occurrence of deadlock is greatly 
reduced and the network performance improves as a 
consequence. Comparing with RACO-OE and RACO-FA, 

the improvement on saturation throughput is 16% and 25% 
under uniform traffic, 91% and 11% under transpose1 traffic, 
respectively. Moreover, ACO-DAR makes use of the 
existing hardware of the original ACO-based routing, so the 
area overhead is minor and ACO-DAR is thus cost-effective. 

 
Figure 3. Performance of different routing mechanisms 

under uniform traffic 

 
Figure 4. Performance of different routing mechanisms 

under transpose1 traffic 

 
Figure 5. Percentage of packets using deadlock recovery 

mechanism 
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