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Abstract 
 

Recently, applications using Peer-to-Peer and 

Grid-computing techniques have been gaining much 

attention due to the growing requirement for data 

processing. In this work we focus on public-resource 

computing systems known also as global computing 

systems or peer-to-peer computing systems. We 

address the problem of data transmission in overlay-

based public-resource computing systems and examine 

two approaches: peer-to-peer (P2P) and unicast. As 

the objective we use cost of the system. Optimization 

model of public-resource computing system formulated 

as Integer Programming problem is applied to obtain 

optimal solutions and approximate results of effective 

heuristics and random approaches. Extensive 

simulations show that P2P approach enables 

significant reduction of the system cost.  

 

1. Introduction 
 

Grid computing including public-resources systems, 

Web services, cloud computing, Peer-to-Peer systems 

are nowadays gaining much attention in both academia 

and industry. This process is parallel with the 

popularity of Web 2.0 concepts taking advantage from 

collaboration of users enabling effective information 

sharing. In many areas of our lives there is a growing 

need for large computational power to answer various 

challenges related to financial modeling, medical data 

analysis, experimental data acquisition, earthquake 

simulation, and climate/weather modeling, astrophysics 

and many others [7], [14], [19]. 

This paper turns back to public-resource computing 

approach also known as global computing or peer-to-

peer computing, which is mainly focused on the 

application of personal computers and other relatively 

simple electronic equipment instead of supercomputers 

and clusters [1], [12]. A significant case of public-

resource computing project is SETI@home started in 

the 1999. SETI@home has been developed using 

BOINC (Berkeley Open Infrastructure for Network 

Computing) software [1]. Even though public-resource 

computing and Grid computing are intended to the 

same objective of better utilizing various computing 

resources, there are differences between these two 

concepts. Participants of public-resource computing 

systems are individuals with PCs running Windows, 

Macintosh or Linux operating systems connected to the 

Internet mostly via ADSL access links. On the other 

hand, Grid computing makes use of more formal 

organization. Moreover, elements of the Grid 

(supercomputers, clusters, research labs, companies) 

are centrally managed, permanently available online, 

connected by high bandwidth network links. A 

comprehensive comparison of public-resource 

computing against grid computing can be found in [1]. 

For more information on Grids and public-resource 

computing see [1-2], [7], [11-12], [14], [16-17], [19]. 

In distributed systems like Grids or public-resource 

computing systems the network has a fundamental 

position. In communication-intensive computational 

projects large amount of input and output data are to be 

transmitted among participating sites that produce the 

input data, make computations and are interested in 

results. Most of previous papers on scheduling and 

resource management of Grid systems do not take into 

account comprehensively the network aspects. The 

most common approach is just to use the simplest 

unicast transmission [14]. Consequently, in this work 

we focus on the problem of data distribution in network 

computing systems with a special focus on public-

resource computing. We propose to use the Peer-to-

Peer (P2P) approach for data transmission in public-

resource computing system. Our main contribution is 
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the comparison between unicast and P2P approaches in 

terms of the system cost. Using new optimization 

models we obtain exact results yielded by CPLEX 11.0 

solver [9] and suboptimal results obtained from our 

heuristic algorithms. The cost objective is related to the 

use of two resources of network computing systems: 

processors and network bandwidth. We assume that 

elements of the public-resource computing system are 

connected to an overlay network. The proposed P2P 

approach is mainly based on the BitTorrent protocol 

[6]. Our focus is on overlay-based public-resource 

computing system, however results presented below 

can be also applied in Grids. We are aware of the fact 

that offline modeling and optimization does not 

completely reflect real systems. However, offline 

approaches are common in many branches of science 

and engineering, since they can be used as a benchmark 

for online simulations of distributed systems. 

Moreover, analysis of offline results in many cases can 

give inspirations to construct effective and robust 

online distributed systems. 

The structure of the paper is as follows. Section 2 

includes the related works. In Section 3 we present and 

motivate the optimization model of data distribution a 

public-resource computing system for P2P and unicast. 

Section 4 includes results. Finally, the last section 

concludes this work. 

 

2. Related Work 
 

The last chapter of [17] presents a new concept for 

content delivery services by linking capabilities of grid 

computing and peer-to-peer (P2P) computing. The 

system is aimed to design a secure, reliable, and 

scalable system for efficient and fast delivery of 

content. The proposed approach is a combination of 

nondedicated servers and peers. The IBM Download 

Grid (IDG) – an IBM internal prototype built based on 

the proposed approach – is described and discussed. 

In [16] algorithms of parallel rendering with 

inexpensive commodity components based on multiple 

PCs connected by network are presented. The idea of 

k-way replication is applied to distribute a large scene 

database across components. Experimental results 

presenting performance of load balancing object 

assignment algorithms are included and discussed. 

Authors of [10] consider the overlay network 

content distribution problem. All content is organized 

as set of unit-sized tokens – files can be represented as 

sets of tokens. The distributed schedule of tokens 

proceeds as a sequence of timesteps. There is a 

capacity constraint on each overlay arc, i.e. only a 

limited number of tokens can be assigned to an arc for 

each timestep. Two optimization problems are 

formulated: Fast Overlay Content Distribution (FOCD) 

and Efficient Overlay Content Distribution (EOCD). 

The goal of the former problem is to provide a 

satisfying distribution schedule of minimum number of 

timesteps. The latter problem aims at minimizing the 

number of tokens’ moves. Both problems are proved to 

be NP-complete. An Integer Program formulation of 

EOCD is presented. Various online approximation 

algorithms for distributed version of overlay content 

distribution problem are proposed and tested. 

In [23] several protocols developed for P2P based 

file distribution are discussed. A centrally scheduled 

file distribution (CSFD) protocol, to minimize the total 

elapsed time of a one-sender-multiple-receiver file 

distribution task is proposed. A discrete-event 

simulator for the problem is applied to study the 

performance of CSFD and other approaches (e.g. 

BitTorrent). Paper [8] concentrates on the problem 

how to disseminate a large volume of data to a set of 

clients in the shortest possible time. A cooperative 

scenario under a simple bandwidth model is solved in 

an optimal solution involving communication on a 

hypercube-like overlay network. Moreover, different 

randomized algorithms are analyzed. Finally, 

noncooperative scenarios based on the principle of 

barter are discussed. Arthur and Panigrahy show 

several routing algorithms designed to distribute data 

blocks on a network with limited diameter and 

maximum degree [3]. The time scale of the system is 

divided into steps. A special attention is put on upload 

policy – a randomized approach is proposed and 

examined.  

The problem addressed in this work is related to the 

resource-constrained project scheduling problem 

(RCPSP). In Chapter 19 of [14] a multi-mode RCSPS 

is formulated to model the workflow in Grid systems. 

A detailed description and 0-1 linear programming 

formulation are presented. Various metaheuristics (e.g. 

local search, simulated annealing, tabu search and 

genetic algorithm are proposed as solution approaches.  

In the literature there are many network 

optimization problems applying unicast flows. For a 

good survey on these problems see [15] and references 

therein. Predominant number of these problems assume 

that network flows are constant in time and are given in 

bits per second. However, due to dynamics of P2P 

systems, modeling of flows of P2P systems need other 

approaches. 

In our previous works we proposed and examined a 

model of flows in P2P systems [20]. In [21] we 

introduced four optimization models related to the 

problem of data distribution in public-resource 



computing system applying the following approaches: 

unicast, anycast, multicast and P2P. Next, in [4] we 

presented an heuristic algorithm for the P2P flows 

optimization in public-resource computing system.  

For other issues on P2P systems, networks, Grids 

and public resource computing refer to [1-8], [10-24]. 

 

3. Model of P2P-based Public-Resource 

Computing System 
 

In this section we present models of public-resource 

computing systems. Our assumptions follow mainly 

from the construct of BOINC system [1] and 

recommendations of earlier authors included in [6-8], 

[10-14] [16-18] [19-24]. Since our focus is on data 

transmission, we do not address in detail several vital 

problems of network computing systems such as: 

management, security, diverse resources. However, due 

to the layered architecture of both: computer networks 

(e.g. ISO/OSI, TCP/IP) and computing systems (e.g. 

Globus Toolkit) our model can be used in many 

scenarios together with various protocols and 

technologies related to computer networks and 

computing systems. 

Peers participating in the public-resource computing 

system (PCs or other computers) are represented as 

vertices (network nodes) denoted using index 

v = 1,2,…,V. Each vertex v is connected to the overlay 

network using an access link with limited download 

rate (dv) and upload rate (uv). Moreover, each vertex v 

has a limited processing power pv (e.g. CPUs, FLOPS) 

that denotes how many uniform jobs can be calculated 

on v in a particular time.  

The computational project to be calculated in the 

public-resource computing system is divided into 

uniform jobs having the same processing power 

requirement (e.g. CPUs, FLOPS). With each job we 

associate the notion of a block, i.e. data that is 

generated due to the processing of the job. Every block 

is of the same size and is denoted as b = 1,2,…,B. For 

simplicity, in the remainder of the paper we use the 

term block in two senses: computational job and data 

block. 

There are a lot of works on network optimization 

that use unicast flows. Modeling of flows in Peer-to-

Peer systems is much more demanding challenge that 

in the case of unicast flows. Therefore, in order to 

enable reasonable comparison of both approaches, we 

must use concepts developed in the context of P2P 

systems. One of the most difficult problems 

encountered in modeling of P2P is the time scale. As in 

[8], [10], [13], [20-22], [24] we propose to divide the 

time scale into time slots of the same length, that can be 

interpreted also as subsequent iterations of the systems. 

We use index t = 1,2,…,T to denote subsequent time 

slots. In each iteration t, vertices may transfer blocks 

between them. Information on blocks’ availability is 

updated between iterations. Block b may be uploaded 

in iteration t only from nodes, which posses that block 

at the start of iteration t. 

Each block (job) must be assigned to exactly one 

vertex for processing. We use the decision binary 

variable xbv to denote the assignment (scheduling) of 

block b to vertex v for processing. The second decision 

variable – ybwvt – is associated with blocks’ transfer. 

The decision binary variable ybwvt equals 1 if block b is 

transferred to node v from node w in iteration t; 0 

otherwise. Note that both variables are coupled – 

scheduling of blocks influences the transfer process. 

The computational project is collaborative – each peer 

of the public-resource computing system (represented 

by the vertex) wants to receive the whole output of 

processing. For the sake of fairness of the system, we 

assume that each vertex participating in the system 

must be assigned with at least one block (job) for 

processing.  

In our approach we do not model transmitting of the 

input data for processing. This data is delivered prior to 

initiation of the computing system. In other words, the 

time scale our system begins when all source blocks are 

calculated on vertices. This assumption is motivated by 

the fact that usually source data is offloaded from one 

network site. Let’s assume that the size of input and 

output data is the same. To transmit input blocks we 

need at most B (number of all blocks) transfers in the 

overlay network, because each block must be delivered 

to exactly one vertex. To transmit the output data to all 

participants we need B(V – 1) transfers, where V is the 

number of all vertices. From this simple example we 

can see that if input and output data is of comparable 

size, much more network traffic is issued in the output 

data delivery. Cost of source data delivery is included 

in the cost of processing block b on node v. However, 

models presented below can be easily modified to 

incorporate also source data delivery. For the sake of 

simplicity, we assume that the download and upload 

rates of vertices are expressed in blocks per time slot – 

but can simply change the model to use b/s. 

The cost function includes: processing cost of block 

b in vertex v denoted as cv and the cost of transfer from 

source vertex w to destination vertex v denoted as kwv. 

The processing cost can include all aspects of IT 

infrastructure (energy, maintaining, hardware 

amortization etc.). Various issues of grid economics 

can be found [14]. The second part of the criterion 

function is associated with the transmission cost kwv 



between vertices w and v. Constant kwv can be 

interpreted in several ways, e.g. economical, network 

delay, number of hops, RTT. For a good survey on 

participating costs in a P2P network refer to [5]. 

First, we present the problem using P2P approach. 

We use the notation as in [15]. 

 

P2P Cost Minimization Problem (PCMP) 

indices 

b = 1,2,…,B blocks (jobs) to be processed 

(computed) and transferred  

t = 1,2,…,T time slots (iterations) 

v,w = 1,2,…,V vertices (peers, overlay network 

nodes) 

constants 

cv cost of block processing in node v 

kwv cost of block transfer from node w to node v 

pv maximum processing rate of node v 

dv maximum download rate of node v 

uv maximum upload rate of node v 

M large number 

variables 

xbv = 1 if block with index b is processed in node 

v; 0 otherwise (binary) 

ybwvt = 1 if block b is transferred to node v from w 

in iteration t; 0 otherwise (binary) 

objective 

min   F = bv xbv cv + bvwt ybwvt kwv (1) 

subject to: 

b xbv  1   v = 1,2,…,V (2) 

v xbv = 1   b = 1,2,…, (3) 

b xbv  pv   v = 1,2,…,V (4) 

xbv + wt ybwvt = 1   b = 1,2,…,B  v = 1,2,…,V (5) 

bv ybwvt  uw   w = 1,2,…,V  t = 1,2,…,T (6) 

bw ybwvt  dv   v = 1,2,…,V  t = 1,2,…,T (7) 

v ybwvt  M(xbw + i < ts ybswi)   b = 1,2,…,B   

w = 1,2,…,V  t = 1,2,…,T 
(8) 

Constraint (2) guarantees that each vertex must 

process at least one block. (3) assures that each block is 

assigned to only one vertex. Constraint (4) is the limit 

on processing power. To meet the requirement that 

each vertex (peer) must receive all blocks we introduce 

condition (5). Notice that block b can be assigned to 

node v for processing (xbv = 1) or block b is transferred 

to node v in one of iterations (ybwvt = 1). (6) and (7) are 

upload and download capacity constraints, 

respectively. Condition (8) is specific for P2P systems 

and guarantees that block b can be sent from peer w to 

peer v only if w keeps block b in time slot t. Problem 

(1)–(8) is an NP-complete problem, because a reduced 

version of problem (1)–(8) (without variables xbv) is an 

NP-complete according to [10]. For more details on the 

model see [4], [20-21]. 

Now we present the optimization problem for 

unicast flows, i.e. each block (output data) can be 

uploaded only by vertex that computed that block. 

 

Unicast Cost Minimization Problem (UCMP) 

objective  

(1) 

subject to  

(2)-(7) and 

v t ybwvt  M xbw   b = 1,2,…,B  w = 1,2,…,V (9) 

All constraints except (8) are the same. In place of 

(8) we introduce (9) that assures that vertex w cannot 

upload block b if the block was not computed in w. 

 

4. Solution Approaches 
 

In this section we briefly describe our solution 

approaches applied to solve optimization models 

presented in previous section. As both PCMP and 

UCMP are integer programming problems to obtain 

optimal solution we use branch-and-cut algorithm 

included in the CPLEX 11.0 solver [9]. However, due 

to complexity of these problems, only for relatively 

small problems (in terms of number of vertices, number 

of time slots and number of blocks) CPLEX yields 

optimal solution in reasonable calculation time of one 

hour. Therefore, to obtain results also for larger 

networks we have developed heuristic algorithms.  

Heuristic algorithms: for unicast model – named 

UHA (Unicast Heuristic Algorithm) and for P2P model 

PHA (P2P Heuristic Algorithm) consist of two phases: 

1) allocation 2) distribution. In the first phase, 

algorithms assign source blocks to vertices (nodes). In 

order to determine how many blocks should be 

assigned to each vertex, each algorithm calculates 

special “score” factor for every vertex in the network. 

The PHA algorithm is equipped with balance 

coefficient denoted as m. This balance value specifies 

the relation between computation and transfer costs. 

When all source blocks are assigned to vertices, source 



blocks are computed into result blocks and algorithms 

UHA and PHA perform its second phase, i.e. transfer 

of blocks. In the distribution phase each algorithm uses 

its transmit mode (unicast or P2P). To make the 

transfers, special two lists of vertices sorted according 

to various criteria are created. These lists are used to 

select uploading and downloading vertex taking into 

account the information on blocks availability on 

nodes. The procedure is repeated until a feasible 

solution is obtained or the algorithm returns 

information that no feasible solution can be found. For 

more details on PHA refer to [4].  

 

5. Results 
 

To run experiments, we built a dedicated simulation 

system. It is composed of three modules: optimal 

solver, heuristic algorithms module and random 

algorithms module. Optimal solver module is based on 

CPLEX 11.0 library [9] and is able to deliver optimal 

solution for small networks and feasible (more or less 

close to optimal result) solutions for bigger input 

structures. For easy of reference optimal algorithms 

based on CPLEX we call UOA (Unicast Optimal 

Algorithm) and POA (P2P Optimal Algorithm). Time 

of solution computation was limited to 3600 seconds 

and it was reached when bigger networks were 

analyzed by optimal solver. Problem instances used in 

numerical experiments were generated by our own 

network generator.  

The first objective of our experiments was to 

evaluate performance of heuristics against optimal 

results. Due to complexity of model (1)-(8) only for 

relatively small networks the CPLEX yields optimal 

results for this model in time of 1 hour. Therefore, we 

tested 50 networks having the number of vertices in the 

range 3-8, the number of blocks in the range 4-38 and 

the number of iterations in the range 3-5. The UHA 

algorithm in all 50 cases yielded the same solution as 

CPLEX. The PHA algorithm in 17 of 50 tests provided 

the optimal result and the average gap to optimal 

solutions was 2.64%.  

Now we focus on comparison of optimal results 

obtained for two considered models. The same – as 

above – 50 networks were used in numerical 

experiments. Algorithm POA provides results on 

average 24.25% lower than algorithm UOA. For all 50 

networks algorithm POA always yields the cost lower 

than algorithm UOA. Example results obtained for 10 

selected networks are reported on Fig. 1. Note that 

parameters of networks shown on Fig. 1 are presented 

on Fig. 2, i.e. each curve represents the total number of 

nodes (vertices), iterations and blocks. 

For each algorithm we show the both costs included 

in the objective function (1). i.e. processing cost and 

transfer cost. We can observe that the transfer cost of 

solutions yielded by POA is significantly lower than 

results of UOA. On average – taking into account all 

50 networks – the difference is 26.67%. This follows 

from the nature of P2P-based transfers that resembles 

multicast trees, what enables more cost effective 

transmissions and better utilization of network 

resources (especially upload capacity). However, on 

Fig. 1 we can observe that there is also a gap between 

POA and UOA in terms of processing cost. For all 
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Figure 1. Fig. 1. POA versus UOA – 
comparison of optimal results for 10 

selected networks. 
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Fig. 2. Network parameters for Fig. 1. 
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Fig. 3. Comparison of algorithms PHA and 
UHA. 
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Fig. 4. Network parameters for Fig. 3. 
 



tested 50 networks the difference in processing cost 

between POA and UOA is 11.38%. This interesting 

observation can be explained in the following way. 

Since all processed blocks must be nest transmitted to 

all vertices in a limited number of time slots, in the 

case of the unicast approach some nodes having lower 

processing costs but also smaller values of upload 

capacity cannot serve to many blocks. Therefore, 

blocks must be assigned for processing to more 

expensive vertices. The P2P approach enables more 

effective uploading of processed blocks. 

In the next series of experiments we tested larger 50 

networks (Fig. 4), for which CPLEX (algorithm POA) 

could not yield optimal solution within 3600 seconds. 

For these networks the number of vertices, blocks and 

iterations is in the range 5-18, 8-39 and 4-10, 

respectively. The UHA algorithm always gives the 

same result as CPLEX. However, for much more 

complex P2P case, the heuristic PHA outperforms 

CPLEX on average by 4.27% and in 19 of 50 cases 

gives result not worse than CPLEX. These observations 

prove that our heuristic algorithms UHA and PHA 

yield very good results in relatively short time. On 

Fig. 3 we show comparison between UHA and PHA. 

We can notice that PHA outperforms UHA, especially 

for larger (in terms of number of nodes) networks. The 

average gap is 47.52% for overall cost. The average 

difference in transfer cost and processing cost is 

49.77% and 14.52%, respectively. As in previous 

experiment, P2P approach reduces not only the transfer 

cost, but also the processing cost. 

In the last part of experiments we compared 

algorithm UHA against algorithm PHA for 101 larger 

networks having the number of vertices, blocks and 

iterations is in the range 50-61, 50-101 and 32-39, 

respectively. On Fig. 5 we report the average difference 

between both algorithms. We present average 

percentage difference in the term of the transfer cost 

and the total cost compromising both transfer and 

processing costs. Fig. 6 shows the comparison of both 

heuristics as a function of the number of blocks for 

network with 51 vertices. The number of vertices and 

iterations were the same for all tested networks, only 

the number of blocks to be computed and transferred 

was increased by 1. 

We can notice on Fig. 5 that the percentage 

difference between UHA and PHA increases with the 

number of vertices. This follows from the fact the P2P 

approach scales better with the size of the network, i.e. 

the cooperation of peers in transferring of subsequent 

blocks enables slower increase of the cost with the 

number of nodes comparing to the unicast approach. 

Similar trend can be observed on Fig. 6. Both curves 

representing UHA and PHA results grow linearly with 

the number of blocks, however cost yielded by PHA 

increases in a slower manner. The average difference 

between both algorithms for all 101 networks is 

71.22%. The average gap in transfer cost and 

processing cost is 72.06% and 13.30%, respectively.  

 

6. Concluding Remarks 
 

In this paper we have presented the comparison of 

two approaches unicast and Peer-to-Peer applied for 

transmission of data in public-resource computing 

systems. First we have formulated two integer 

programming optimization models. As the objective we 

have used the system cost including processing cost 

and transfer cost. We have applied CPLEX solver to 

obtain optimal and feasible results. We have also 

developed effective heuristics that can solve both 

problems for larger networks and provide solution very 

close to optimal ones. Results of extensive numerical 

experiments have proved the thesis, that using P2P 

transfer causes the overall cost to be lower than the cost 

of unicast approach. It is obvious that in the case of 

transmission cost the P2P approach outperforms the 

unicast approach. However, our results show also that 

applying P2P concept enables reduction of processing 

costs. Results of our work can be helpful in designing 

of public-resource computing systems. Both models 

PCMP and UCMP can be easily extended in order to 

consider multiple computational projects lasting for 

longer time (input data is continuously generated with 

constant rate). 
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Fig. 5. The average difference between 
PHA and UHA as a function of the number 
of nodes. 
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Fig. 6. Comparison of UHA and PHA as a 
function of the number of blocks. 
 



In future work we plan to compare unicast and P2P 

approaches against anycast approach using replica 

servers for distribution of data in network computing 

systems. Moreover, we currently work on a discrete-

event simulator that can be used for comparison of 

various networking approaches in public-resource 

computing systems. This simulation system will enable 

us to evaluate various scheduling techniques in real 

environment.  
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