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Abstract—This paper addresses the problem of application 

mapping for Binary Tree based Network-on-Chip. It 

proposes a new mapping technique based on Particle 

Swarm Optimization (PSO). The cores of the core graph 

are mapped to the routers using the above heuristic. 

Communication cost is a common metric in evaluation of 

different mapping techniques. Mapping results have direct 

impact on the performance of the mapped Network-on-

Chip (NoC). Our BT-mapping results have been compared 

with the techniques reported in the literature for a number 

of benchmark applications. Apart from static 

communication cost, the dynamic costs, in terms of 

throughput and latency of the mapped solutions have also 

been compared. 

Keywords–Application mapping, Network-on-Chip, 

System-on-Chip, Binary Tree topology, Particle Swarm 
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I. INTRODUCTION 

Network-on-Chip (NoC) has evolved as a viable strategy 

to implement Intellectual Property (IP) core based 

System-on-Chip (SoC) designs. It solves the traditional 

problems of bandwidth limitations of bus-based SoC 

design by providing an on-chip network fabric 

consisting of routers connected in a certain topology. 

Each core is connected to one of the routers. 

Conventional data signal exchanges are replaced by 

message passing between the cores through the router 

fabric [1]-[4]. A major challenge in NoC based system 

design is to associate the IP cores implementing tasks of 

an application with the routers. This is commonly 

known as the process of application mapping. This has 

got a very significant role to play in the performance of 

the overall system as it directly influences the 

communication time, the required link bandwidth and 

the admissible delay of the router. 

Application-Specific Network-on-Chip (ASNoC) is an 

emerging paradigm proposed to handle the 

communication problem between the set of 

computational resources in modern applications [5]. 

ASNoC optimizes the design of on-chip network to 

comply with the requirements of the application [6]. 

Low communication cost, less area overhead, low 

energy consumption, and high throughput are the main 

desirable characteristics of ASNoC based systems [7]. 

Furthermore, these requirements vary from one 

application domain to another. For example, while 

multimedia applications require high bandwidth, real 

time systems require guaranteed delay, and portable 

devices require low power consumption. The choice of a 

network topology for an ASNoC system significantly 

impacts its performance. It is required to choose 

carefully the topological structure of ASNoCs to meet 

the design requirements, while minimizing 

communication cost, power consumption, area etc. In 

[6]-[9] many NoC topologies have been proposed. But it 

has been found that Binary Tree enjoys several 

advantages over others . The BT topology can be easily 

implemented inside chips. It has regularity in 

architecture. The link lengths are small and equal. The 

routers used within the topology are of same type, but 

none at the others.A BT based network with N(power of 

2) number of IP core has 5(leaf),3(stem),2(root). It can 

be fabricated on a single metal layer. IP’s are connected 

at the Leaf level node. , Hence, in our proposed work, 

we have chosen two dimensional BT for the mapping of 

applications onto NoC. Several application mapping 

techniques [10]-[17] have been proposed for NoCs, 

based on BT topology, and detail of which has been 

presented in Section VI. This paper explores another 

meta-heuristic, Particle Swarm Optimization (PSO), to 

attain BT-based NoCs for various applications. The 

paper contributes the following: 

1. A Particle Swarm Optimization (PSO) based 

approach is presented for application mapping to 

minimize the overall communication cost. 

2. A comparison of static performances between our 

BT-mapping solutions and the BT based 

implementations of various benchmark 

applications using existing BT-mapping algorithms 

reported in the literature. 

3. A comparison of the BT-based NoCs resulting 

from mappings using existing approaches and the 

proposed PSO, in terms of dynamic throughput and 

latency values corresponding to the traffic 

generated from the applications. 

4. Comparison with the works [10]-[14] [17] proves 

our proposed mapping technique to be a strong 

competitor as far as performance of the system is 

concerned. 
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The rest of the paper is organized as follows. Section II 

gives a brief survey of previous works on application 

mapping for BT based NoCs. Section III presents the 

problem formulation. A brief discussion on PSO is 

presented in Section IV. Section V presents PSO 

formulation for application mapping. Section VI 

embodies both static and dynamic performance analysis 

by taking some real SoC benchmarks. 

II. RELATED WORKS 

Various algorithms have been proposed to map an 

application onto different standard topologies. It may be 

noted that the mapping of cores onto NoC architecture 

presents new challenges when compared to the mapping 

in the domain of parallel processing. A major difference 

is that the traffic requirements on the links of a NoC are 

known for a particular application, thus the bandwidth 

constraints in the NoC architecture need to be satisfied 

by the mapping. In [10], PMAP, a two-phase mapping 

algorithm for placing clusters onto processors is 

presented. In [11], GMAP, and PBB a branch and bound 

algorithm, has been proposed that map cores onto a tile-

based NoC architecture satisfying the bandwidth 

constraint and minimizing the total energy consumption. 

In [12], NMAP, a mapping technique has been proposed 

with minimum path routing in the BT architecture. It 

also proposes traffic splitting that considers the mapping 

problem together with the possibility of splitting traffic 

among various paths with satisfaction of bandwidth 

constraints. A tool, SUNMAP, has been presented in 

[13] to automatically select the best standard topology 

for a given application and producing a mapping of 

cores onto that topology. An efficient binomial IP 

mapping and optimization algorithm (BMAP) has been 

presented in [14] to reduce hardware cost of on-chip 

network compared to the previously proposed 

algorithms. In [15] merit of the application specific NoC 

mapping scheme is not clear, as no comparison has been 

made with the existing approaches. The mapping 

technique presented in [16] considers improvement over 

GA and reports relative improvements only. Thus, it is 

not clear how good the approach performs compared to 

other existing techniques. In [10]-[16] authors have not 

reported dynamic (average network latency and 

throughput) performance of their mapping for real 

benchmark applications. In [17], LMAP, a mapping 

algorithm has been proposed to reduce both static and 

dynamic cost using Kernighan-Lin (K-L) based 

partitioning scheme. A study reported in [17] shows that 

the algorithms NMAP and LMAP perform consistently 

well for all the benchmarks. While for some of them 

NMAP shows better performance, for others LMAP 

does better. This motivates us to look into the meta-

heuristic strategies like PSO for application mapping. 

In our proposed work we have used Particle Swarm 

Optimization (PSO) [18]-[20] based mapping technique 

to minimize the overall communication cost of the 

system. The work presented here is an attempt to utilize 

PSO as a vehicle to obtain mapping of applications onto 

BT based NoCs. In the process, the communication cost 

is minimized. We name our PSO based mapping 

technique as PSMAP. PSMAP satisfies the bandwidth 

constraints of the application and minimizes the average 

communication delay.  

III. PROBLEM FORMULATION 

In the application mapping problem for NoC, the 

communication requirements between the tasks of 

application are represented via a core graph while the 

network topology is represented through a topology 

graph [12] [17]. 

Definition 1 The core graph is a directed graph, G(C, E) 

with each vertex ci  C representing a core and the 

directed edge ei,j  E, representing the communication 

between the cores ci and cj. The weight of edge ei,j, 

denoted by commi,j , represents the bandwidth 

requirement of the communication from ci to cj. 

Definition 2 The NoC topology graph is a directed 

graph P(U, F) with each vertex ui  U representing a 

node in the topology and the directed edge fi,j  F 

representing a direct communication between the 

vertices ui and uj. The weight of the edge fi,j, denoted by 

bwi,j, represents the bandwidth available across the edge 

fi, j.  

The mapping of the core graph G(C, E) onto the 

topology graph P (U, F) is defined by the mapping 

function map. 

map: C →U, such that, map(ci) = uj,  ci  C,  uj  U, 

while each core is mapped to exactly one node in the 

NoC topology. 

The mapping is defined when │C│≤ │U│. 

The core graph of benchmark application VOPD is 

shown in Fig. 1. The NoC graph for 16-node BT is 

shown in Fig. 2(a). And an example mapping of the 

VOPD core graph is shown in Fig. 2(b). As noted in [12] 

[17], the communication between each pair of cores is 

treated as a flow of single commodity, represented as d
k
, 

k = 1, 2, ··· |E|. The value of d
k 

represents 

communication bandwidth across the edge and is 

denoted by vl (d
k
). The set of all commodities is 

represented by D and is defined as: 

D=  

The bandwidth constraints are represented by the 

inequality: 

 

For X-Y deterministic routing,  are obtained by the 

following equation: 

 =  
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where the path (a, b) represents the X-Y deterministic 

routing path between the BT nodes a and b. 

If the bandwidth constraints are satisfied, the 

communication cost is given by: 

commcost=  

where hopcount (a, b) is the minimum number of hops 

between the nodes a and b. 

 

Figure 1. VOPD core graph 

 

(a) Binary Tree Graph (b) Mapping 

Figure 2. Mapping of VOPD Core graph onto BT graph 

IV. PARTICLE SWARM OPTIMIZATION 

There are several mapping algorithms that have been 

recently proposed to minimize the communication cost. 

Reducing hopcount between related cores will 

significantly drop the communication cost. In this paper, 

Particle Swarm Optimization (PSO) technique is used to 

minimize communication cost. Particle Swarm 

Optimization (PSO) [18] [19] is a population based 

stochastic technique developed by Eberhart and 

Kennedy in 1995, inspired by social behavior of bird 

flocking or fish schooling. In PSO system, multiple 

candidate solutions coexist and collaborate 

simultaneously. Each solution, called a particle flies in 

the problem space according to its own experience as 

well as the experience of neighboring particles. It has 

been successfully applied in many problem areas. In 

PSO, each single solution is a particle in the search 

space, having a fitness value. The quality of a particle is 

evaluated by its fitness. The velocity information 

predicts the next moving direction. So, in PSO, each 

particle utilizes velocity and position information. PSO 

is initialized with a group of random particles. The 

particles then update for optimal solutions through 

generations by following two best values. The first one 

is the position vector of the best solution (fitness) this 

particle has achieved so far. This position vector is 

called personal best (pbest) or local best. Another best 

position, called the global best (gbest) that is the best 

position attained so far by any particle in the population. 

In standard particle swarm optimization, the velocity 

and position is updated as follows:  

 

 

where  is the velocity of particle i at (k+1)
th

 

generation,  is the current particle solution (position), 

r1 and r2 are random numbers between 0 and 1, c1 is  the 

self-confidence (cognitive) factor, c2 is the swarm 

confidence (social) factor, and w is the inertia factor. In 

equation (1) the first term represents effect of inertia of 

particle, second term represents particle memory 

influence and third term represents swarm influence. 

Equation (2) represents the velocity information. In each 

generation, the equations noted above for velocity and 

position are evaluated. If a particle goes out of 

permissible region, it is clamped to Vmax , which is a user 

defined parameter.  

V. PSO FORMULATION FOR 

APPLICATION MAPPING 

In this section we have formulated the PSO for 

application mapping to minimize the communication 

cost. 

A. Particle Structure and Fitness 

The structure of a particle is enumerated first. A particle 

corresponds to a possible mapping of cores to the 

routers. An example of the particle structure is shown in 

Fig. 3. In that example, the numbers shown within the 

circles in the boxes are the core numbers present in the 

core graph. The numbers outside the box are the router 

numbers of the topology graph. This figure shows that, 

core 1 is placed to the router 0; core 4 is placed with 

router 1, and so on. If the number of nodes (routers) 

present in the topology graph is greater than the number 

of cores present in the core graph, dummy nodes are 

added to the core graph to make the two numbers same. 

Dummy nodes are connected to all core nodes and 

between themselves. Edges connecting a core node to 

dummy nodes are assigned cost zero while the edges 

between dummy nodes are assigned a cost infinity. Let 

N be the number of cores present in the core graph for 

mapping of cores onto the topology graph, after 

connecting dummy nodes, if required. For these N cores, 

there are N node positions in the topology graph. A 

particle is a permutation of numbers from 1 to N, which 

shows the placement of cores to the node positions of 

the topology graph. The overall communication cost is 

influenced by the position of cores in a particle. In our 

formulation, the overall communication cost forms the 

fitness function. 

Fitness of a particle Pi = the overall communication cost 

after placement of cores of the core graph in different 

routers specified by the particle. 
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Figure 3. Particle Structure 

B. Local and Global bests 

In the evolution process, every particle has a local best 

(pbest), which is the permutation of core positions that 

gives minimum communication cost, among all 

permutations that the particle has seen so far. The local 

best permutation value guides partially the evolution of 

particle. For a particular generation, the particle 

resulting in the minimum communication cost is the 

global best (gbest) for that generation. This parameter 

also guides the evolution of particles. The local best of 

each particle and the global best of a generation are 

modified if the corresponding values in the current 

iteration are lesser than the values till the previous 

iteration. 

C. Evolution of Generations 

The particles are evolved through generations to create 

new particles which give the result closer to the 

optimum. In the first generation, the initial population is 

created randomly and the fitness of individual particles 

is evaluated. The local best (pbest) of each particle is 

same as the initial particle. The global best (gbest) of the 

first generation is the particle giving the least 

communication cost (smallest fitness function) in the 

generation. By exchanging the core positions within the 

particles randomly, second generation is evolved. If they 

give better fitness values, the local and the global best 

values are updated. The further generations are evolved 

through a series of operations called swap operations 

[20]. The local best of each particle and the global best 

of a generation are modified if the corresponding values 

in the current generation are lesser than the values in the 

previous generation. 

C. 1 Swap Operator 

The position of a core in a particle P can be represented 

by its position index. The indexing of the position takes 

value between 0 to N–1(N being the number of routers). 

The index corresponds to the router number, as shown in 

Fig. 3. Let the swap operator be SOj,k (where, j and k = 

0, 1, ··· N–1) that swaps the j
th

 and k
th

 positions of the 

particle P to create a new particle Pnew. For example, let 

us consider the particle P = {1, 4, 3, 6, 2, 8, 5, 7}, where 

the numbers represent the core numbers of the core 

graph and the position represents the router numbers in 

the topology graph. The swap operator SO4, 6 swaps the 

cores at position 4 and 6, which creates a new particle 

Pnew= {1, 4, 3, 6, 5, 8, 2, 7}. 

C. 2 Swap Sequence 

A swap sequence SS is made up of one or more swap 

operators.  The swap operators of the swap sequence are 

applied in order upon the particle P to create a new 

particle Pnew. For example, let the swap sequence SS = 

{SO4, 6, SO2, 5} be applied upon the particle P = {1, 4, 3, 

6, 2, 8, 5, 7}. It creates a new particle Pnew= {1, 4, 8, 6, 

5, 3, 2, 7}.  

To align a particle Pi with its local best, the swap 

sequence is identified. Let this be SSi
l_best

. Then another 

swap sequence is identified to align the particle with the 

global best. Let this be SSi
g_best

. Now the swap sequence 

SSi
l_best

 is applied on particle Pi with a probability of α. 

Let the modified particle be Pi
l_best

. Then the swap 

sequence SSi
g_best

 is applied on Pi
l_best

 with a probability 

of β. This creates a new particle Pi
new

. The values of 

probabilities α and β in our calculations are taken as 0.5 

each [19]-[21]. Its fitness is evaluated and the local best 

is updated for particle i, if it is better than the previous 

local best for the particle. If the best fitness in a 

generation is better than the global best of the previous 

generation, the global best is updated. 

D. PSO Algorithm 

Initialization: 

for each particle 

 Initialize particle 

       Initialize SSi
l_best and SSi

g_best  

       Evaluate fitness value 

      Set local_best of each particle to itself 

      Set global_best to the best fit particle 

      

Evolutions: 

      Do 

          for each particle Pi 

                Pi
new = Modify Pi by applying SSi

l_best with     

probability α and  SSi
g_best with probability β   

                Evaluate fitness of Pi
new  

             If fitness of Pi
new is better than the local best for Pi    

 then update local_best for Pi  

          endfor 

       Find  the  particle  with  best  fitness  and  update  

  global_best 

     While maximum generation (pre-specified) not attained  

 or constant global_best is not attained since many 

 (pre-specified) generations. 

 

VI. SIMULATION RESULTS 

A. Static Performance Analysis: 

Fig.5 shows the communication costs for our proposed 

technique PSMAP, comparing it with LMAP, BMAP, 

NMAP, PBB, GMAP, and PMAP as reported in [17]. It 

shows the communication costs for the applications with 

the same bandwidth constraints for all algorithms. In 

[14] [17], it is reported that NMAP and LMAP have the 

best performance (communication cost) depending on 

the application benchmarks, so these two mapping 

techniques are adopted as reference point to judge our 

approach. In application VOPD (shown in Fig.1), 

communication cost improves to 0.96 of that for NMAP. 

In case of MPEG-4 (shown in Fig. 4(a)), it improves to 

0.97. But in case of PIP (shown in Fig. 4(b)) it remains 

same, as NMAP. If we adopt LMAP as reference, the 
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communication cost is improved to 0.98 for VOPD, 0.88 

for MPEG-4. But in case of PIP it remains same.  

  

(a)MPEG-4                         (b)PIP 

Figure4. Example of Core Graphs, with Communication 

BW (MB/s) 

 

(a) 

 

(b) 

 

(c) 

Figure 5. Communication cost of mapping algorithms for 

 applications (a) VOPD, (b) MPEG-4 and (c) 

PIP 

B. Dynamic Performance Evaluation: 

Though static analysis gives a rough idea about 

performance of different topologies and mappings, it is 

not sufficient, as the real system may face network 

congestions leading to increased latency and reduction 

in throughput. To get a better understanding, we next 

simulate the mapped NoCs (applications VOPD, MPEG-

4, PIP) using the cycle-accurate System C based 

simulators. We have taken NMAP and LMAP as 

reference to compare with our mapping technique. 

Taking NMAP values as unity, in VOPD the average 

network latency is improved to 0.97, in MPEG-4 and 

PIP it is comparable. If we take LMAP as unity to 

compare our technique, the average network latency of 

VOPD is improved to 0.95 and 0.98 for MPEG-4. In 

case of PIP it is comparable. Fig. 6 shows the simulation 

results graphically. 

 

(a)  Average Network Latency 
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(b) Average Throughput 

Figure 6. Comparison results of PSMAP with NMAP 

and LMAP. 

CONCLUSION 

In this paper we have presented a mapping strategy for 

BT based NoC using PSO technique. It shows 

reasonable improvement in communication cost while 

considering static operation of the system. The dynamic 

performance of this strategy is comparable to the best 

ones previously available. The static analysis is a 

congestion free one. On the other hand, in dynamic 

performance evaluation, the system may face network 

congestions. Comparison of solutions produced 

establishes our mapping technique to be a strong 

competitor of previously available mapping strategies. 

Here we have shown the results up to 16-core real SoC 

applications. Future works involve both static and 

dynamic performance analysis for higher number of core 

applications and the power requirements of the 

mappings.  
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