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Abstract. Various kinds of distributed systems gain much attention in re-
cent years. One of the most significant example is the Peer-to-Peer (P2P)
paradigm widely used in many applications including: file-sharing systems
(e.g. BitTorrent), computing systems (e.g. SETI@home), communication sys-
tems (e.g. Skype) and many others. In this work we present our latest re-
search related to the problem of P2P-based distributed systems optimiza-
tion. We consider two following problems: optimization of data distribution
P2P systems and optimization of P2P computing systems. For both problems
we formulate Integer Programming models. Due to the complexity of these
problems, exact methods can be applied only for relatively small instances.
Therefore, we propose several heuristic algorithms including tabu search,
evolutionary algorithm, constructive heuristic and random approach. Re-
sults of extensive numerical experiments show the effectiveness of proposed
algorithms in comparison to optimal results yielded by CPLEX solver. The
optimization methods presented in this paper can be used for optimization of
various P2P systems.
Keywords: optimization, p2p, distributed systems.
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1. Introduction

The concept of Peer-to-Peer (P2P) systems has attracted a lot of attention in re-
cent years. This follows from the fact that the P2P paradigm is perceived as the best
solution for many new challenges in the development of distributed and collabo-
rative systems. According to many statistics (e.g [1, 2]) BitTorrent and other P2P
systems generate more than 50% of consumer Internet IP traffic. Moreover, many
researchers predict further deployment of new applications and network services
based on the P2P concept.

The P2P system can be defined as a system, in which each node acts both as
a server (producer that provides data to other nodes) and as a client (consumer
that retrieves data from other nodes). P2P systems usually work on the top of a
computer network, i.e. P2P systems are build as overlay networks. There are two
kinds of P2P systems: unstructured and structured. Historically, the first genera-
tion of P2P-based systems used unstructured approaches. The term ”unstructured”
follows from the fact that the content stored on a given peer is unrelated and does
not have any specific structure. Unstructured P2P systems can be divided into the
following categories: centralized P2P, pure P2P and hybrid P2P. A centralized P2P
system (e.g. Napster or eMule [3]) uses a kind of a central server that stores only
information (e.g. IP addresses) of peers where some content is available. The next
category - pure P2P system - contains no central server and relies on flooding the
information on desired content over the network (e.g. Gnutella 0.4 and Freenet). A
hybrid P2P system employs a hierarchy of superpeers - servers that store content
available to the connected peers together with their IP address (e.g. Gnutella 0.6
and JXTA). Structured P2P (e.g., Kademlia [4]) systems are based on Distributed
Hash Tables (DHT) that provide a global view of the data distributed among many
peers independent of actual location. Each DHT node stores a small of amount of
content that is mapped into nodes by using a special mechanism based on hashing
[5, 6].

P2P systems generate numerous research challenges including: routing, self-
ishness, searching, law issues, accounting, self-organization, business applications
and many others [2, 6, 7]. In this work we focus on the optimization of various re-
sources of P2P systems concentrating on network flows and processing elements.
Our goal is to address the question how to improve the performance of P2P systems
according to various objectives and needs. The main objective is the cost of the sys-
tem including network costs and processing costs. The first step to optimization of
complex systems is the process of modeling. Therefore, we formulate two Integer
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Programming optimization models denoting a data distribution system and a com-
puting system. Assumptions for the models are based on previous works and real
P2P systems like BitTorrent and SETI@home. The main contribution of this paper
is the presentation of various heuristic approaches that can be applied to optimize
P2P-based distributed systems including tabu search, evolutionary algorithm, con-
structive heuristics and random approach. We evaluate the new algorithms using
numerical experiments and comparison against optimal results yielded by CPLEX
optimizer [8].

The rest of the paper is organized in the following way. In Section 2 we for-
mulate Integer Programming optimization models of two kinds of P2P systems:
the data distribution system and the computing system. Section 3 includes the de-
scription of proposed heuristic methods with some exemplary results. Last section
concludes this paper.

2. Modeling of P2P-based distributed systems

In this section we present the Integer Programming (IP) models of P2P sys-
tems. Assumptions of the models follow mainly from recommendations of earlier
authors and real P2P systems [2, 5, 9, 10, 11, 12, 13, 14, 15]. First, we will formu-
late the model for a P2P-based file sharing system. Next, we will present a model
of a P2P computing system.

2.1. Data distribution systems

The key problem in formulating an offline model of the P2P system is the
stochastic nature of this system. In this work we assume that the time scale of the
P2P system is divided into time slots that can be interpreted also as subsequent iter-
ations of the system. For the sake of simplicity, each time slot has the same length.
We use index t = 1, 2, . . . ,T to denote subsequent time slots. In each iteration t,
peers may transfer blocks between them. All actions of the system completed in
the previous iteration are available in the beginning of the next time slot. For in-
stance, if block b was transferred to peer (vertex) v in time slot t, then all other
peers can try to get this block from v in time slot (t + 1). This assumption is based
on the fact that there is an indexing system that provides the detailed information
on the current availability of blocks in the system. Our model is not limited to
one exact implementation of the index, i.e. both a centralized (e.g. similar to Bit-
Torrent) or decentralized (e.g. DHT) approaches can be used. Such a P2P system
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can be called synchronous [15]. Evidently, in real P2P systems peers are mostly
asynchronous, with different processing times and messaging latencies. Neverthe-
less, the assumption on synchronous mode of P2P system is a common approach
in many research works on P2P modeling [9, 12, 15]. This is a consequence of
the fact that modeling and next optimization of asynchronous P2P systems is very
difficult in a deterministic way.

Data (content) to be transmitted in the P2P system is divided into blocks
(pieces) of the same length, e.g. 256 KB. The index b = 1, 2, . . . , B is used to
denote each block. For simplicity, we assume that the transfer of one block is com-
pleted within one time slot. Moreover, each peer participating in the transfer, wants
to receive all data, so each block must be delivered to each peer.

We make an assumption that the P2P system works on the top of an overlay
network. Consequently, each peer (vertex) denoted as v = 1, . . . ,V has a limited
upload and download capacity. The download and upload rates of vertices are ex-
pressed in blocks per time slot. For instance, if the uniform speed of data transfer
for one block is for instance 128kb/s and in node v 512kb/s is assigned for down-
load, then dv = 4. We do not take into account bottleneck capacity constraints
inside the overlay network. According to analysis presented in [16], node capacity
constraint is sufficient in overlay networks. Moreover, the underlay core network
of the overlay usually is considered as overprovisioned and the only bottlenecks
are access links [12, 17].

As the optimization objective we use the transfer cost. Currently used P2P sys-
tems mostly ignore the underlying Internet topology and ISP link costs, since they
are designed to randomly choose logical neighbors. Thus, there are many cross-
continental downloads that can potentially congest backbone networks. To denote
the cost of one block transfer between peers w and v we use constant kwv, which
can be interpreted in many ways, e.g. as number of hops between w and v, number
of ISPs between w and v, RTT between w and v, distance in kilometers between w
and v, cost of cross-ISP transfers, etc. For more information on participating costs
in a P2P network see [18].

The optimization model of the P2P transfer is formulated as an Integer Pro-
gram (IP) with binary variables. The objective is to transfer to each peer all blocks
in a given number of iterations (time slots) minimizing the transfer cost. There is
one binary variable ybwvt that is 1 if block b is transferred from node w to node v
in iteration t; 0 otherwise. We use the notation proposed in [19].
indices

b = 1, 2, . . . , B blocks to be transferred
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t = 1, 2, . . . ,T time slots (iterations)
w, v, s = 1, 2, . . . ,V vertices (peers, overlay network nodes)

constants
kwv cost of block transfer from node w to node v
gbv = 1 if block b is located in node v before the P2P transfer starts;

0 otherwise (binary)
dv maximum download rate of node v
uv maximum upload rate of node v
M large number

variables
ybwvt = 1 if block b is transferred from node w to node v in iteration t;

0 otherwise (binary)

objective

minimize F =
∑

b

∑
w

∑
v

∑
t

ybwvtkwv (1)

subject to

gbv +
∑

w

∑
t

ybwvt = 1 b = 1, ..., B v = 1, ...,V (2)

∑
b

∑
v

ybwvt ≤ uw w = 1, ...,V t = 1, ...,T (3)

∑
b

∑
w

ybwvt ≤ dv v = 1, ...,V t = 1, ...,T (4)

∑
v

ybwvt ≤ M(gbw +
∑
i<t

∑
s

ybswi) b = 1, ..., B w = 1, ...,V t = 1, ...,T (5)

The objective function (1) represents the transfer cost. Constraints (2)-(5) fol-
low from the assumptions of our system presented above. Condition (2) assures
that each block must be transferred to every network node, i.e. either v is the seed
of block b (gbv = 1) or block b is transferred to node v in one of iterations (vari-
able ybwvt = 1). Constraints (3) and (4) denote the upload and download capacity
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constraint, respectively. In more detail, to meet the requirement that the number of
blocks uploaded by node w can not exceed a given threshold (node upload capac-
ity) we introduce constraint (3). In analogous way (4) bounds the download rate of
node v. Constraint (5) assures that block b can be sent from node w to node v only
if node w keeps block b in time slot t. We refer to (5) as to possession constraint
[9]. Notice that the right-hand side of (5) is a sum of constant gbw (= 1 if block
b is located in node w) and

∑
i<t

∑
s ybswi (= 1 if block b is transferred to node w

from any node s in any iteration preceding the current time slot t). Thus, the right-
hand side of (5) equals 1 only if node w holds block b in time slot t. Constraint
(5) denotes the most characteristic feature of the P2P flows. To provide the model
feasible, M must be greater than or equal to V − 1. Model (1)-(5) is a basic model
for P2P transfers. For additional constraints that can be incorporated to the model
please refer to our previous work [5, 20, 21, 22].

2.2. Computing systems

To formulate the model of a P2P-based computing system we will use some
concepts presented above as well as we add new ideas following from the construct
of BOINC system [23] and previous works on P2P computing systems included
in [7, 10, 11, 13, 24, 25, 26]. Since our focus is on data transmission in P2P com-
puting systems we do not address in detail several vital problems of network com-
puting 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.

The time scale of the system is modeled at the same way as in previous sec-
tion. Peers (computing nodes) are also located on the top of the overlay network.
Additional constraint of each peer is a limited processing power pv (e.g. CPUs,
FLOPS) that denotes how many uniform jobs can be calculated on v in a particu-
lar time. The computational project to be calculated in the P2P 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. Each block (associated with a particular
the computational 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
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transmitting of blocks transfer and has the same sense as in the case of P2P file dis-
tribution systems. However, we consider two kinds of transmission of output data:
pure client-server (unicast) and P2P (anycast). Althought, from the transport layer
view, ”unicast” flows take place in all considered scenarios, even in case of P2P
systems, in the paper we distinguish between unicast and anycast at level of appli-
cation layer, where the meaning of flows is derived from the overlayed network.
Note that both variables are coupled - scheduling of blocks influences the transfer
process. The computational project is collaborative - each peer participating in the
computing system is to receive the whole output of processing. Moreover, for the
sake of the fairness each peer must calculate at least one job, i.e. each peer must be
assigned with at least one block for processing but every single node can process
several blocks.

In our model 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 the source data is offloaded
from one network site. Let’s assume that the size of input and output data is the
same. To transfer 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 the source data delivery is included in the cost of
processing block b on node v. The model presented below can be easily modified
to incorporate also source data delivery.

The objective is to minimize the system cost including: 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 in [25]. The second part of the criterion function
is associated with the transfer cost described in the previous section.

First we present the model of a P2P-based computing system with unicast flow
used for delivery of the output data.

constants (additional)
cv cost of block processing (calculation) in node v
pv maximum processing rate of node v
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variables (additional)
xbv = 1 if block with index b is processed in node v; 0 otherwise (binary)

objective

minimize F =
∑

b

∑
v

xbvcv +
∑

b

∑
w

∑
v

∑
t

ybwvtkwv (6)

subject to ∑
b

xbv ≥ 1 v = 1, ...,V (7)

∑
v

xbv = 1 b = 1, ..., B (8)

∑
b

xbv ≤ pv v = 1, ...,V (9)

xbv +
∑

w

∑
t

ybwvt = 1 b = 1, ..., B v = 1, ...,V (10)

∑
b

∑
v

ybwvt ≤ uw w = 1, ...,V t = 1, ...,T (11)

∑
b

∑
w

ybwvt ≤ dv v = 1, ...,V t = 1, ...,T (12)

∑
v

∑
t

ybwvt ≤ Mxbv b = 1, ..., B w = 1, ...,V (13)

The objective (6) denotes the cost of the computing system. Constraint (7)
guarantees that each vertex must process at least one block. (8) assures that each
block is assigned to only one vertex. Constraint (9) is the limit on processing
power. To meet the requirement that each vertex (peer) must receive all blocks
we introduce condition (10). Notice that block b can be assigned to node v for pro-
cessing (xbv = 1) or block b is transferred to node v in one of iterations (ybwvt = 1).
Constraints (11) and (12) are upload and download capacity constraints, respec-
tively, and are formulated in the same way as (3) and (4). Condition (13) assures
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that vertex w cannot upload block b if the block was not computed in w. Note if
we want to use P2P flows it should be as follows

∑
v

ybwvt ≤ M(xbv +
∑
i<t

∑
s

ybswi) b = 1, ..., B w = 1, ...,V t = 1, ...,T (14)

3. Optimization methods and results

Optimization problems presented in the previous section are Integer Program-
ming problems. There, we can use branch-and-bound or branch-and-cut methods
included in optimizers like CPLEX or lpsolve to solve these models in optimal
way. However, due to complexity and size (number of variables) of the problems,
the exact methods can be efficiently used only for small instance, e.g. systems
including 10 peers. Therefore, some heuristic approaches are necessary to solve
larger systems. We will propose three kinds of algorithms: random-based, meta-
heuristic and constructive strategies.

3.1. Random algorithms

First we propose two random based algorithms with their pseudocodes pre-
sented in Fig. 1. Random Strategy - (RS) is directly developed from real P2P sys-
tems like BitTorrent [2, 27, 28] and Shortest Transfer First - (STF) which perfor-
mance based on a kind of global cost selection.

Figure 1. Random-based strategies
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Note that our model is synchronous, i.e. the system works in iterations and the
main loop of the algorithms is repeated for each time slot t until the completion
constraints are satisfied (TransferIsNotCompleted) in line 3. To complete P2P
process each block b must be delivered to each peer v. For each iteration t function
IsTransferPossible (line 4) returns true if there is a possibility to transfer
at least one block b in t in the P2P system meeting all appropriate requirements
for possession, precedence and upload or download constraints. If transfer here is
not possible, function returns false, algorithms increment time slot t and state of
the system is updated. In the next step RS tries to simulate the stochastic nature
of BitTorrent and randomly selects the download peer among all feasible peers
(line 5). A download peer v is feasible if it can download at least one block from
other peer satisfying all constraints of the system. Then selected peer v chooses
randomly block b from its own list of missing blocks (line 6) and finally, system
makes a random choice of b’s source w to upload (line 7).

In contrast to pure randomization in RS algorithm we developed STF which
determines the cheapest flows in the system and is based on global knowledge
about costs and performance of the system. Function in line 5 (Fig. 1B) returns
pair of nodes: uploading w and downloading v that transfer of any block is feasible
in time slot t and the cost kwv is the cheapest from the list of possible transferring
pairs of peers. To finalize the transfer, block b is selected completely randomly
from the list of all blocks which are possible to be proceeded between peers w and
v (line 6).

Practically, it is unable to implement the STF in real BitTorrent-like systems
because P2P architecture is characterized by decentralized form and depending
on global and central knowledge can introduces new complexity and general in-
efficiency. However we propose the STF strategy to obtain a sort of benchmark
results. Further details and additional cost-aware strategies can be also found in
[20, 29, 30].

3.2. Metaheuristic algorithms

In this subsection we will present an algorithm based on the tabu search (TS)
approach [31, 32, 33] to solve problem given by (1)-(5). We propose a tree-based
representation of the solution including a set of tree structures, each represent-
ing flow of one block within P2P network. Every node in the tree is described by
triplet {index, source, iteration}. Index identifies physical node of P2P network,
source specifies the node from which block is downloaded and iteration describes
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time the transfer took place (see example in Fig. 2A). There are two types of trans-
formations, that can be performed on the tree, leading to other feasible solution:
Swap and Add/Drop moves. The former one involves swapping sources between
two peers within the same iteration (Fig. 2B). The latter one changes the source of
specified peer to other peer (not necessarily within the same iteration) if both have
free bandwidth slots at particular iteration (Fig. 2C). Add/Drop moves therefore
require to store additional information about number of unused upload and down-
load bandwidth slots for each peer and iteration. There is one additional limitation
for Add/Drop moves, i.e. moving peer to other iteration is only permitted if it does
not involve moving other peers linked to it. In other words, moving the peer to later
iteration means moving a node downwards in the tree hierarchy which may involve
moving depending child nodes as well. If so, it is not an elementary transforma-
tion and therefore not permitted, as it would require many additional feasibility
checks. Such movements, however, can be achieved by chains of Add/Drop moves
if satisfying problem constraints. It is worth to note that obtaining and evaluating
neighboring solution as the result of Swap or Add/Drop transformations is very
low-computationally demanding. The cost of such solution is instantly calculated
recursively, as illustrated in Fig. 2.

During a single iteration of the algorithm the neighborhood space of the cur-
rent solution, defined by Swap and/or Add/Drop moves, is being searched for the
best feasible solution. Optionally, the algorithm uses a simple aspiration criteria
[32], which allows a prohibited move if it results in a solution better than the cur-
rent best-known solution. The algorithm terminates after a specified number of
iterations without any improvement in the cost value or after a fixed number of
iterations.

An important element of each metaheuristic algorithm is the tuning process. In
our case we focused on the tabu list length and operators scenarios. Fig. 3 shows
the performance of the tabu search for a 10-node network and tested scenarious.
We can notice that swap moves alone improve the initial solution only in few
cases, but are considerable improvement to Add/Drop moves. The best option for
the tabu search is using both types of neighborhood simultaneously along with the
aspiration criteria. The tabu length must be exploratory tested, as it affects each
type of network differently and there is no obvious relationship between network
parameters and best tabu length.

The next step is to evaluate the quality of results yielded by the proposed tabu
search algorithm. We tested the algorithm on benchmark networks with various
number of nodes, blocks, different transfer limits and seed locations. The cost
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Figure 2. Types of moves to neighboring solutions with reverse moves and cost
recalculation

Figure 3. Crossover operation

function represents either the total distance covered by data blocks (given in km)
or number of traversal transfers between ISPs. In the first case we assume that
peers are located in large cities in Europe or North America. In the second case the
cost of one transfer between neighbor ISPs is 1. Various ISPs topologies are con-
sidered. Table 1 shows average optimization results running 10 000 iterations in
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relation to CPLEX results. Note that in the case of 10-node and 12-node networks
the results of CPLEX are optimal. In the case of 20-node and 24-node networks
the execution time of CPLEX was limited to 3600 seconds, so obtained results are
feasible, but without guarantee to be optimal. Therefore, in these cases the tabu
search provides results better than CPLEX. Note that the average execution time
of TS was much lower than corresponding time of CPLEX. For instance, in the
case of 20-node and 24-node network the time of TS was on average 40 seconds
and 110 second, respectively, while CPLEX was run for 3600 seconds.

Table 1. Average optimization results of TS algorithm

Nodes Blocks Iterations Cost Gap to CPLEX
10 3 4 distance 2.63%
12 3 4 ISPs 4.98%
20 10 8 distance 0.62%
24 10 8 ISPs -19.06%

Another metaheuristic that can be applied to solve model (1)-(5) is an evolu-
tionary algorithm (EA) [34]. The key issue to design the evolutionary algorithms
is to code the solution into a single specimen. For this purpose we use a two di-
mensional data structure modeling the entire process of exchanging blocks. One
dimension represents the list of iterations (time slots). Each iteration consists of a
list containing specific transfers that were executed in this iteration. This approach
enables to create child solution from several parent solutions. The crossover is
performed on 2 or more parent solutions, and creates one child solution (Fig. 4).
When creating the new solution, next downloads from a particular iteration are
taken from the parents and inserted to the same iteration in the child solution after
checking if they fit all the constraints. The order of inserting transfers from parent
donors doesn’t have to be specified. In the beginning of the crossover a random
decision is made, whether to take one download from one parent and move to the
next parent, or each time choose donor randomly.

The major modification - comparing to classical evolutionary algorithms - is a
kind of global mutation operator called shot. The evolutionary algorithm executes a
certain amount of iterations, during which population breeds and some specimens
die and generation after generation solutions improve. During many experiments
of the evolutionary algorithm authors noticed that the solution’s quality no longer
improves after performing about 1000 iterations on one population. Therefore,
we suggest to perform less iterations on many start populations. The procedure
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Figure 4. Crossover operation

of creating a new initial population and performing few hundreds of iterations is
called a shot. The main idea is to use in each subsequent shot the best solution
(specimen) of previous shots. This process provides a very good improvement of
the solution and prevent the optimization from local minimum stagnation. In Table
2 we report the average results of the evolutionary algorithm compared to optimal
results of CPLEX for 10-node and 3-block networks and various scenarios. For
more details on the algorithm see [34].

Table 2. Average optimization results of EA algorithm

Nodes Scenario Gap to optimal
10 5 peers in Europe, 5 peers in America 2.91%
10 7 peers in Europe, 3 peers in America 2.43%
10 10 peers in Europe 1.53%

Next we present comparison of both discussed algorithms against optimal re-
sults and other methods. Fig. 5 and 6 show example results of random RS and
STF, tabu search method, evolutionary algorithm and optimal results of CPLEX
for symmetric and asymmetric access links, respectively. The 10-node and 3-block
network is considered and the distance cost is presented as the function of the seed
location. We can notice that both algorithms on average provide quite similar and
relatively small gap to optimal results.

Fig. 7 presents results of tabu search, evolutionary algorithm RS, STF and CSS
(Cost Selection Strategy) for 100-node (50 peers in Europe and 50 peers in North
America) and 50-block network with the distance cost. Algorithm CSS [7, 2] is
a heuristic algorithm based on the BitTorrent with additional cost related peer se-
lection strategy. We can notice that for larger networks tabu search significantly
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Figure 5. Metaheuristics and random algorithms results compared to CPLEX for
10-node network, distance costs and symmetric links

Figure 6. Metaheuristics and random algorithms results compared to CPLEX for
10-node network, distance costs and asymmetric links

outperforms other heuristics. Note that, the length of Earth’s equator equals ap-
proximately to 40000 kilometers, in the extreme case with 100 nodes and only one
seed, each block might traverses 4 million kilometers, however total transporta-
tion comprise costs of all elementary blocks end its upper bound equals to about
200 × 106 kilometers.

3.3. Constructive algorithms

To solve problems related to P2P computing systems we propose to use a con-
structive heuristic. We will focus on the unicast model (6)-(13). For the heuristic
algorithm solving the P2P flows case see [35]. The proposed algorithm UHA (Uni-



132 Optimization of P2P-based Distributed Systems

Figure 7. Metaheuristics and random algorithms results compared to CPLEX for
100-node network, distance cost and asymmetric links

cast Heuristic Algorithm) consists of two sub-algorithms UH1 and UH2 which we
will describe in the following. Algorithm UH1 assigns source blocks to nodes, and
algorithm UH2 performs distribution of result blocks among all nodes.

The UH1 algorithm starts with assignment of the minimum necessary number
of blocks to each node. Specific unicast model constraints enforce the fact, that
each node must have at least av blocks assigned - otherwise it is unable to satisfy
constraint (10).

av =

{
B − dvT , if B − dvT > 0

1, otherwise
(15)

If all blocks are assigned (
∑

v av = B) - the UH1 algorithm terminates, other-
wise it continues with further assignment. Nodes for which additional blocks will
be assigned are selected based on scoring mechanism. For each node, score value
ev is computed using following formula:

ev = cv +
∑

w

kwv (16)

Where cv and kwv are block processing cost in node v and block transportation cost
from w to v, respectively. Then maximum value of score emax is selected from all
ev values, and it is used to compute score gap gv for each node using (17):

gv =

{
0, if pv − av = 0 and av(V − 1) ≥ uvT

emax−ev
ev

, otherwise (17)
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Finally, all gv values are collected in one array which is sorted according to
descending values. Having sorted array, UH1 performs following steps: to node
related to first position of the array a′v blocks are assigned (using (18)). If there are
still non-assigned blocks - assignment is applied to next node from array. Alloca-
tion for subsequent nodes from array is performed until all blocks are assigned to
nodes.

a′v =


uvT
V−1 − av, if pv >

uvT
V−1 and

∑
b
∑

v xbv −
uvT
V−1 − av ≥ 0

pv − av, if pv ≤
uvT
V−1 and

∑
b
∑

v xbv − pv − av ≥ 0∑
b
∑

v xbv, otherwise
(18)

The second algorithm UH2 is responsible to disseminate the output blocks
among all peers. As the initial step, two lists are created: Lv containing all nodes,
and Lb containing all blocks. Let’s introduce two variables: fv - indicator of ele-
ment in Lv list, and fb - indicator of element in Lb list. These two indicators may
be increased - then they point to next element on the list, but when last element
of list is reached - increasing of the indicator causes it to be set to point to first
element. UH2 starts distribution in iteration t = 1 and sets lists indicators fv and fb
to point first elements on each list. Then it performs following procedure for each
subsequent node from Lv: if node v pointed by fv is not able to do download (node
v made more downloads in iteration t than dv−1), then increase fv; otherwise select
block to download. Block selection procedure is as follows: if block b indicated by
fb in Lb is not present on v, and node w that computed block b is able to do upload
(due to uw limit) - then selection is successful. In that case UH2 sends block b to
node v. If mentioned conditions are not satisfied - fb is increased by 1 to point to
next block on the list, and conditions are checked for new block. Blocks on the list
are checked until block to transfer is found, or until all blocks are examined for the
same node v. Then fv is set to point next node in list Lv and above procedures are
repeated. Indicator fv is increased until every node was examined by above proce-
dures and there was no transfer made during last V checks. Then, if all nodes have
complete set of blocks (5) UH2 exits, otherwise steps to next iteration: t = t + 1.
If t > T UH2 exits, otherwise sets fv and fb to first positions and starts node and
block selection procedures again as described above. As we have UH1 and UH2
defined, we can now simply describe UHA algorithm for unicast model:
1. execute UH1 to assign source blocks to nodes,
2. perform blocks’ computation,
3. execute UH2 to distribute result blocks to nodes.
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To verify the effectiveness of the UHA algorithm we built a dedicated simula-
tion system in C++. It is composed of two modules: optimal solver and heuristic
algorithms module. The optimal solver module applies CPLEX 11.0 library [8].
The execution time of CPLEX was limited to 3600 seconds. Consequently, it pro-
vides optimal solution only for small networks and feasible (more or less close to
optimal result) solutions for larger structures. Problem instances used in numerical
experiments were generated by our own network generator.

The major goal of the experiments was to compare algorithm UHA against
optimal and feasible results yielded by CPLEX. We consider various scenarios in
terms of the proportion between processing cost and transfer cost. In Table 3 we
report the comparison between UHA and CPLEX. We can see that for smaller
networks (134 cases) in all cases UHA provides the optimal result. For larger net-
works (58 cases), the CPLEX execution time was 3600 seconds and the solution
yielded by CPLEX has only the feasible status (no guarantee to be optimal). In 47
of 58 networks the UHA algorithm provided the same result as CPLEX. In 11 of
58 cases UHA outperformed CPLEX and the average gap was -0.05%. It should
be underlined, that in case of larger networks, the execution time of UHA was less
than 1 second, while CPLEX was run for 3600 seconds.

Table 3. UHA versus CPLEX - average results

Number of
networks

Number
of nodes

Number
of blocks

Number of
iterations

CPLEX
status

UHA vs.
CPLEX

134 3 − 15 3 − 16 2 − 8 optimal 0.00%
58 12 − 18 13 − 21 6 − 9 feasible −0.05%

In Fig. 8 we show the performance of the UHA algorithm for larger networks.
Bars represent parameters (number of nodes, iterations and blocks) of tested net-
works.

4. Concluding remarks

In this paper we have addressed the problem of P2P-based distributed sys-
tems optimization. We have focused on data distribution systems and computing
systems. Based on Integer Programming optimization models we have developed
several heuristic approaches including tabu search, evolutionary algorithm, con-
structive heuristics and random approach. Each algorithm was implemented, tuned
and tested in comparison against optimal results obtained from CPLEX solver.
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Figure 8. Parameters of tested networks and performance of UHA algorithm

According to our results the proposed heuristics provide satisfactory results, very
close to optimal ones. Moreover, the decision time was significantly lower than in
the case of exact methods. In the future work we plan to formulate new optimiza-
tion models of P2P systems taking into account additional constraints following
from real systems and to develop effective heuristics solving these problems.
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