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Abstract 

 

Currently, clusters of PCs are considered as a 

cost-effective alternative to large parallel computers. In 

these systems the interconnection network (torus) plays a 

key role. We present a model for designing wormhole 

routing algorithms that are deadlock free, livelock free, 

minimal or non-minimal, and maximally adaptive. A 

unique feature of this model is that it is not based on 

adding physical or virtual channels to network topologies 

(though it can be applied to networks with extra channels). 

Instead, the model is based on analyzing the directions in 

which packets can turn in a network and the cycles that the 

turns can form. Prohibiting just enough turns to break all 

of the cycles produces routing algorithms that are deadlock 

free, livelockfree, minimal or nonminimal, and maximally 

adaptive for the network. 

Here we demonstrated the impact of traffic load 

variations on average latency, average throughput and 

total network power for two routing algorithms, Turn 

Model and Odd Even routing on a 4x4 2-D torus topology. 

The simulations have been performed on OMNet++ 

simulator version 4.4. OMNeT++ is the Discrete network 

simulator, which provides a socket-based co-simulation 

interface to the MPI task simulator, which replays traces 

obtained using an instrumentation package. 

Index Terms : Adaptive routing, deadlock, turn model,  

wormhole routing, Torus etc. 

 

I. INTRODUCTION 

A. Interconnection/Torus Networks 

Interconnectionnetworks are used in a variety 
of applications, including packet routing,processor-
memory interconnects, I/O interconnects, and on-chip 
interconnects. Torus networks, or k-ary n-cubes [5], are 
an important class of interconnection networks and are 
popular in all these application domains. In this paper, 
we study the adaptive routing for 1 and 2D torus 
topologies. Throughput and latency are both  
important performance metrics in the design of 
interconnection networks, to which the choice of routing 

algorithm plays a central role. 
Processors (or nodes) of a mesh / torus 

communicate with each other by sending messages 
through the underlying network. Hence, efficient 
communication is critical to the performance of a torus. 
Recently, the most popular technique for switching 
packets is wormhole routing [7]. With wormhole 

routing, a packet is divided into flow control digits (or 
flits). The flits are routed through the network one after 
another in a pipeline fashion. The first flit of a packet is 
designated as the header flit, which contains routing 
information and leads the packet through the network. 
When the header flit is blocked from advancing due to 
lack of output channels, all of the flits wait at their 
current nodes for available channels. Each router only 
requires small buffer space to store the flits and 
communication latencies are low with wormhole routing. 

 

B. Routing 

Routing determines the path selected by a packet to 
reach its destination. Routing algorithms are used to 
determine the sequence of channels a message packet 
traverses from the source to the destination. Routing 
algorithm is a key factor which affects the efficiency of the 
communication. A desirable property of a routing algorithm 
is freedom from deadlock and livelock. Livelock occurs 
when a message proceeds through the network indefinitely, 
never arriving at its destination. Livelock is possible only if 
message routing is adaptive and is nonminimal. Deadlock is 
caused by packets waiting for each other in a cycle. In 
wormhole routing, the order in which channels are used for 
a packet must meet certain criteria so that deadlock is 
prevented. Adaptiveness is also an important factor for 
message routing . Adaptiveness increases the chances that 
packets may avoid hot spots or faulty components and 
reduces the chances that packets are continuously blocked. 
 

II. RELATED WORK 

There have been many routing algorithms proposed 
for torus that are based on wormhole routing in the literature 
[1], [2], [4], [6], [8]. Routing algorithms can be generally 
classified into three categories, depending on the degree of 
adaptiveness provided by the algorithms. A nonadaptive 
routing algorithm is deterministic and routes a packet from 
the source to the destination along a unique, predetermined 
path. Aminimal fully adaptive routing algorithm routes all 
packets through any shortest paths to the destinations. A 
partially adaptive routing algorithm allows multiple choices 
for routing packets via shortest paths, but it does not allow 
all packets to use any shortest paths. In [10], virtual 
channels were introduced to assist the design of nonadaptive 
routing algorithms so that deadlock is avoided. Adding 
virtual channels allows the design of highly adaptive routing 
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algorithms. In fact, it is impossible to produce a deadlock-
free fully adaptive routing algorithm for a mesh without 
addition of virtual channels [7]. 

However, adding virtual channels to meshes is not 
free. It involves adding buffer space and complex control 
logic to routers, thus communication performance of the 
network and reliability of the routers may be affected [6]. 
Furthermore, deadlock-free routing schemes that are not 
based on adding virtual channels may be used as the basic 
mechanisms for implementing adaptive routing algorithms 
that use virtual channels [10]. Hence, the development of 
deadlock - free routing algorithms that do not use virtual 
channels is important. 

Here we have used OMNet++ simulator to 
implement Torus network. OMNet++ is an open source, 
object-oriented, modular, and component-based discrete 
event simulator. OMNet++ has a strong GUI support and an 
embeddable simulation kernel. It also, runs on different 
operating systems; Linux, Windows. This allows 
OMNeT++ to rapidly becoming a popular simulation 
platform in the scientific community as well as in industrial 
settings. One important feature in OMNeT++, is its generic 
and flexible architecture. Hence, it is used in other areas like 
simulation of IT systems, queuing networks, hardware 
architectures and business processes. 

 
III. OBJECTIVES OF USING TORUS TOPOLOGY 

 
A Torus topology can be visualized as a wrapped 

1D, 2D or 3D mesh interconnects with nodes arranged in a 
rectilinear array of N = 2,3,or more dimensions with 
processors connected to their nearest neighbors and 
corresponding processors on opposite edges of the array 
connected . This is a popular topology used in high 
performance computing, eg. The IBM Blue/Gene/L and in 
cluster appliances.  

 
Features of Torus Topology are :  

 It provides a high degree of multi-path, which make 
the topology very resilient to link and server failure. 

 Torus topology is a switchless, Direct Connect 
topology.  

 It requires drastically low power consumption than 
traditional topologies. 

 It has simplified cabling, maximized fault tolerance 
and reliability, 

 Torus has managing cost and average latency.  
 

Hence we decide to use Torus topology. 
 

IV. ALGORITHMS 
Deadlock is a situation in a network where a no. of 

messages wait for each others and none of them can 

proceed. It is a result from a cyclic dependency between the 

packets. Deadlocks can be handled in two ways: to prevent 

them from happening (deadlock avoidance) or cope with the 

situation when a deadlock appears (deadlock recovery). 

Well known avoidance methods include turn models, [6] 

and virtual channels [5] and odd even routing algorithm [2], 

[6]. 

A. TURN MODEL 

Deadlock in wormhole routing is caused by packets 

waiting on each other in a cycle. eg. Four packets travelling 

in different directions try to turn left and wind up in a 

circular wait. If only one of the packets had not turned, this 

deadlock would have been avoided. This suggests that, by 

avoiding certain turns in a network, a routing algorithm 

might prevent deadlock altogether. The routing algorithm 

would have to prohibit at least one turn in each of the many 

possible cycles. At the same time, the algorithm would have 

to leave a path between every pair of nodes. In addition, it 

should not prohibit more turns than necessary; otherwise, 

the adaptiveness of the algorithm would be reduced. To 

solve this problem of designing wormhole routing 

algorithms that are deadlock free and maximally adaptive 

for a network, we propose the turn model. The model 

involves analyzing the directions in which packets can turn 

in the network and the cycles that the turns can form. It 

prohibits just enough turns to break all of the cycles. 

The steps of the turn model are given in more detail below: 

1) Partition the channels in the network into sets 

according to the directions in which they route 

packets. If each node has v channels in a physical 

direction, treat these channels as being in v distinct 

virtual directions and divide them into v distinct sets 

accordingly. Put any wraparound channels for torus 

in a separate set to be incorporated during Step 5.  

2) Identify the possible turns from one virtual direction 

to another, ignoring 180-degree and 0-degree turns. A 

0-degree turn is only possible when there are multiple 

channels in one direction. It represents a transition 

from one set of channels to another when the two sets 

route packets in the same physical direction, but 

different virtual directions.  

3) Identify the cycles that these abstract turns can form. 

Generally, identifying the simplest cycles in each 

plane of the topology is adequate.  

4) Prohibit one turn in each abstract cycle so as to 

prevent deadlock. The turns must be chosen carefully 

in order to break every possible cycle, including 

complex cycles not identified in Step 3. A useful 

approach is first to break the cycles in each plane and 

then to check whether this allows more complex 

cycles.  

5) Incorporate as many turns as possible from the set of 

wraparound channels, without reintroducing cycles. 

At least one turn for each wraparound channel can 

always be incorporated.  

6) Incorporate as many 180-degree and 0-degree turns 

as possible, without reintroducing cycles.  

Routing algorithms that route packets along the sets of 

channels identified in Step 1 and use only the turns from one 

set to another allowed by Steps 4, 5, and 6 are deadlock free, 
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livelock free, minimal or non-minimal, and maximally 

adaptive for the network. They are deadlock free because 

breaking all of the cycles prevents circular waits. We have 

demonstrated deadlock freedom for individual routing 

algorithms. Preventing circular waits in this way means that 

it is possible to number the channels in the network so that 

each algorithm routes every packet along channels in strictly 

decreasing or increasingorder. This, together with the fact 

that a network contains a finite number of channels, means 

that a packet will reach its destination after a limited number 

of hops. 

To make the steps of the turn model clearer, we will 

apply them to n-dimensional meshes, starting with 2D 

meshes then 2D torus. For 2D meshes, we first simplify the 

terminology used in the definition of n-dimensional meshes. 

Dimensions 0 and 1 become x and y. The lengths of the 

dimensions, ko and k1 , become m and n. The directions -x, 

+x, -y, and +y become west, east, south, and north. From 

these four directions, eight 90-degree turns can be formed: 

left and right turns when travelling west, east, south, and 

north. The eight turns form two abstract cycles as shown in 

Figure 1. 

 
 
 
 
 
 

Figure 1. The possible abstract cycles and turns in 2D torus 

 
The xy routing algorithm prevents deadlock by prohibiting 

four of the turns as shown in Figure 2. 

 

 
 
 
 
 
 
 
 
 
Figure 2. Only four turns (solid lines) are allowed in xy routing algorithm. 

 
The remaining four turns cannot form a cycle; they 

also do not allow any adaptiveness. Deadlock can be 

prevented by prohibiting fewer than four turns, however. In 

fact, only two turns need to be prohibited, one from each 

abstract cycle, allowing for some adaptiveness in routing. 

Prohibiting any two turns will not prevent deadlock, 

however, as Figure 3 illustrates. The three left turns allowed 

in Figure 3(a) are equivalent to the prohibited right turn in 

Figure 3(b) and the three right turns allowed in Figure 3(b) 

are equivalent to the prohibited left turn in Figure 3 (a). 

Thus, both cycles still exist and deadlock is possible (Figure 

3c). 

 
 

 
 
 
 
 
 

 
Figure 3. six turns that complete the abstract cycles and allow deadlock 

 

Degree of Adaptiveness 
 
Let us see the adaptiveness of this adaptive routing 

algorithm. Let Salgorithm be the number of shortest paths the 

algorithmallows from source node (sx, sy) to destination 

node (dx, dy,).Also, let fbe afully adaptive algorithm, p be 

one of the three partially adaptive algorithms, 

   ∆   x =│dx - sx│and  ∆ y = ǀ dy -  syǀ  Then ,   

 

 

 

 

 

(1) 

 

For minimal routing algorithms, the larger Salgorithm is, the 

most adaptive algorithm. For the three partially adaptive 

routing algorithms, however, Sp = 1 for at least half of the 

source-destination pairs. 
Another measure of the degree to which a minimal routing 
algorithm is adaptive is the ratio 

 

                     (2) 
 
which ranges from 0 to 1, but averaged across all source-
destination pairs, Sp/Sf> 1/2, which indicates a significant 
degree of adaptiveness. Note that Sp = 1 for a source 
destination pair does not imply that algorithm p is 
nonadaptive for that pair. The partially adaptive algorithms 
all permit non-minimal routing. In the case of the negative-
first algorithm, this means that routing can be adaptive even 
when dx≤sx and dy≥ syor when dx ≥ sxand dy ≤ sy. 
 

 
B.  THE ODD EVEN TURN MODEL 
 

Deadlock in wormhole routing is caused by packets 

waiting on each other in a cycle. Previously, the turn model 

[6] avoid deadlock by prohibiting certain turns. Instead, the 

odd-even turn model is based on restricting the locations at 

which certain turns can be taken so that a circular wait can 

never occur. The proposed model does not eliminate any 

types of turns for message routing. The basic idea of the 

odd-even turn model is to restrict the locations where some 

of the turns can occur so that an EN turn and an NW turn are 

not taken at nodes in the same column, and neither are an 

ES turn and an SW turn. 
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In odd-even turn model, column is even if its x-

coordinate is even and similarly for odd if its x-coordinate is 

odd. According to Odd-even turn model, In a two-dimension 

torus with dimensions x x y each node is identified by its 

coordinate (x, y) [10]. In this model, a column is called even 

if its x dimension element is even numerical column. Also, a 

column is called odd if its x dimension element is an odd 

number. Turn is a 90-degree turn. There are eight types of 

turns, according to the traveling directions of associated 

channels (row or column).EN, WS, WN,SE, SW, NE, and 

NW turns, where E, W, S, and N indicate East, West, South, 

and North. 

 

Def. In a 2D torus, a column is called an even (respectively, 

odd) column if the dimension-0coordinate ofthe column is 

an even (respectively, odd) number. 

 

More precisely, the odd-even turn model is governed by the 

following two rules: 

 
Rule 1. Any packet is not allowed to take an EN turn at any 
nodes located in an even column, and it is notallowed to 
take an NW turn at any nodes located in an odd column. 

 
Rule 2. Any packet is not allowed to take an ES turn at any 
nodes located in an even column, and it is notallowed to 
take an SW turn at any nodes located in an odd column. 
 

 

 

 

 

 

 

 
 

Figure 4. Allowed turns in odd even routing (even column) 

 

 

 

 

 

 

 

 

 

 
Figure 5. Allowed turns in odd even routing (odd column) 

 

 
 
 
Degree of Adaptiveness 
 

The degree of adaptiveness [9], which is essentially 
the number of shortest paths the algorithm allows from the 
source to the destination. Let (xs, ys) and (xd, yd) denote the 
addresses of the source and the destination nodes of a 

packet, respectively. Also let Palgorithm represent the number 
of shortest paths thealgorithm allows from the source to the 
destination for the packet.  

Letx andy are defined asx = xd - xsand 

y = yd - ys. Lets call the packet an NE (respectively, SE,NW, 

and SW) packet ifx > 0 andy ≥0 (respectively,   x > 0 andy < 

0,  x ≤0and y ≥0 and 
 x ≤0 and   y < 0).  

A column is an allowable column for an NE (respectively, 
SE, NW, and SW) packet if and only if an EN (respectively, 
ES, NW, and SW) turn can be taken in the column 
according to the rules of the odd-even turn model. 

Let dx = ǀ  x ǀand dy = ǀ  y ǀ then fora fully adaptive 

algorithm, 

 

P fully adaptive algorithm =  (dx + dy )!(3) 

dx!dy!  

 

For the odd-even turn model, Let h and h’ be 
defined as h = dx / 2 and h’ =(dx-1)/2 . Suppose that the 
packet is an NE or SE packet, i.e.,  x > 0. Then the 
degree of adaptiveness can be obtained as follows : 
 
 
 
 
 
 

 

(

4

) 

 
In case the packet is an NW or SW packet, i.e.,  x ≤0, the 
degree of adaptiveness for the odd-even turnmodel become  
 
 
 
 
 
 
 
In contrast, the degrees of adaptiveness for the west-first and 
the negative-first algorithms based on the turn model are 
given [9] as follows: 
 
 
 
 
 
 
 

(

6

) 
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(

7

) 
From above it is apparent that the odd-even turn model 
provides more even adaptiveness than the turn model of [9]. 
 

 

V. PERFORMANCE EVALUATION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
S - Source node D - Destination Node 

 
Figure 6. Routing in 4x4 2D Torus 

To evaluate the performance of the odd-even turn 

model, we have developed a discrete event-driven simulator 

called OMNet ++. The simulations were conducted on a 4x4 

torus (Figure 6) under various traffic patterns. Two 

unidirectional channels exist between each pair of 

neighboring nodes. We compare our algorithm with the 

west-first and negative-first algorithms that are based on the 

turn model,[6] . In the simulation, we consider minimal 

routing of messages. For the Odd-even turn model we used 

an algorithm which is like Dijikstra Algorithm. When 

multiple header flits wait for the same available output 

channel, the local first-come-first-served policy [6], which 

decides in favor of the header flits that arrive at the node 

first, is adopted. 

Processors (node) generate messages at time 
intervals chosen from a negative exponential distribution. 
Each message is assumed to be a 20-flit packet as 
commonly used in the literature. Three traffic patterns, 
namely uniform, transpose, and hot spot [12] are considered 
in the simulation. With the uniform pattern, a processor 
sends a message to any other node with equal probability. 
For the transpose traffic, we have simulated two types of 
patterns. With the first transpose traffic pattern, a node (i, j) 
only sends messages to node (4 - j, 4 - i). This traffic pattern 
is identical to the matrix-transpose used in [16]. In the 
second transpose traffic pattern, a node (i, j) only sends 
messages to node (j, i). These two transpose patterns 
correspond to reflections of the source about the lines y = -x 

and y =+ x, respectively, given a coordinate system through 
the center of the network. In the hot spot traffic patterns 
simulated, one or more nodes are designated as the hot spot 
nodes, which receive hot spot traffic in addition to the 
regular uniform traffic. In multiprocessors, these traffic 
patterns could be representative of computations in which 
critical sections or shared/replicated data are placed at the 
hot spot node(s). 

The performance is measured in terms of latency 
and throughput for the given set of choices. A network size 
of 4x4 is taken. Packet size of 8 bytes and flit interval of 2 
cycles is set. The bandwidth of channel i.e. load parameter 
is kept 50.The configuration files are simulated and 
following graphs and results are obtained. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Average latency for different Packet size 

 

We may summarize our observation of the 
simulation results as follows: Although the xy algorithm 
performs well under uniform traffic, adaptiveness is 
important for nonuniform traffic. Adaptiveness may 
alleviate congestion problem caused by the nonuniformity 
of the traffic. In particular, the even adaptiveness provided 
by the odd-even turn model makes message routing less 
vulnerable to nonuniform factors such as hot spot 
percentage. Furthermore, this property results in a smaller 
fluctuation of the network performance with respect to 
different types of traffic. 

 
Calculation of Hop Count 
 
A. Maximum hop count (worst case) 
 

This is a very important parameter which has a 
direct impact on the performance of the system. As the 
number of hops which a packet takes in reaching from the 
source to destination increases, the latency of the systems is 
also increased and the performance dips. In a 2D mesh of 
order M × N, there are MN number of modules. The 
maximum number of hops that a packet can travel is from 
the corner node toits diagonal opposite corner which is 
expressed as 
 

Hmax (Mesh) = M + N −2 (8) 

 

In the case of regular 2D mesh wherein the rows and 

columns are equal, Maximum Hop can be reduced to 

 

Hmax (Mesh) = 2N −2 (9) 
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In case of a 2D torus, the maximum hop would be for a 
packet traveling from the corner to the middle of the system 
which can be expressed as 

 

Hmax (Torus) =[M/2] +[N/2] (10) 

 

Reducing the equation for same dimension of rows and 

columns 

 

Hmax (Torus) = 2[N/2] (11) 

 
From above equations, it is noted that ,the max hop count 
for torus is half of that in mesh for a larger configuration. 
 
B. Maximum hop count (average case) 
 

As a part of the comparison we also compute an 
average value of the maximum hop count. This parameter 
helps us to compare the performance of the packet transfer 
averaged over all the source destination pairs in the 
configuration. This parameter is calculated by taking the 
arithmetic mean of the maximum hop count for all possible 
module pairs. By this comparison, we are looking at the 
overall working of the system. The Figure 8 shows the 
comparison. It is evident that torus performs better. The 
average maximum hop count for torus as compared to that 
in  

mesh improves as the configuration size increases. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 

 
 

 

 
 

 

 
Fig. 8  The Maximum hop count of Torus & mesh 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 
 

 

 
 

Figure 9. The average hop count of torus & mesh 

 
 
 

VI. RESULT AND CONCLUSION 

 

 
 
 

Table 1. Comparison of different routing Algorithms 
 

Parameters Turn Model 
Odd-Even 

Turn 
    Model  
   

Adaptiveness 
Less  
Adaptive More adaptive 

      

Average  Average  Average  

Latency  
latency  

reduced latency  

  to 50%  reduced to 41% 
     

Throughput 12529  157230  

(Gbps)      
      

N/W 
Pow
er 

Less  
power  More power  

Consumption consumption consumption 
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In comparison with the turn model, odd even 

turn model provides more even routing adaptiveness. 

Simulation results demonstrate that communication 

performance of the torus may be improved under 

nonuniform traffics using the proposed model. The odd 

even routing algorithm has less overall average latency 

than turn model. 

In case of average throughput odd even 

algorithm is dominant over turn model algorithm. In 

case of Network power consumption, the odd even 

model requires more power than Turn model. So Turn 

model is more power efficient than odd even model. As 

per performance metrics the odd even model is better 

than turn model. 
 

In Torus networks, when virtual circuits are 
established between nodes, caching and reusing these 
circuits would improve the software overhead. It is cost 
effective as it reduces no. of wires used. An efficient 
routing algorithm which generates minimum hop from 
source to destination for 2D torus is presented in this 
paper. Our algorithm has with a constraint of 
generating the minimum hop between source and 
destination and avoid deadlock. 
 

 

VII. FUTURE WORK  
In our future work we will analyze this 

routing strategy for higher order of network sizes like 
three- dimensional networks. 
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