Penalty Function Method for Peer Selection over
Wireless Mesh Network

Mohammad Zulhasnine
Systems and Computer Engineering
Carleton University, Ottawa, Canada

Email: mzulhasn@sce.carleton.ca

Abstract—Appropriate peer selection from the discovered file
holders plays a vital role for peer-to-peer (P2P) file sharing over
wireless mesh networks (WMNs). When peers choose their own
utility-maximizing strategies for coalition and peer formation, the
solution is always sub-optimal. Peer formation, based on only
application layer information, also results in inefficient use of
network bandwidth. When multiple recipient-peers try to access
the same file from same source-peer simultaneously, contention
may occur on the shared wireless channel. On the discovery of
multiple source-peers, corresponding recipient-peer may choose
optimal source-peer in favor of increased network throughput.
We formulate the joint peer selection and utility maximization
problem as a mixed integer nonlinear programming (MINLP)
framework. We also propose penalty-based heuristic genetic
algorithm (GA) to solve the MINLP. The results show that
our favorable-peer selection strategy results in higher aggregate
throughput by selecting optimum source-peers with better load
distribution and minimum interference.

I. INTRODUCTION

Massive efforts have been made to standardize WMNs
which considered as highly promising technology for pro-
viding broadband and scalable access to fixed and mobile
applications across metropolitan areas. Unlike mobile ad hoc
networks (MANETS), where mobility and power consumption
pose major challenges; throughput and fairness are the most
critical concerns in WMNSs. Several cross-layer designs have
been proposed in an attempt to maximize the achievable
aggregate throughput. The work in [1], proposed a cross-
layer design for joint routing and resource allocation of the
physical (PHY) and the medium access control (MAC) layers
in WMNs. The paper in [2], addressed the joint end-to-
end rate optimization and radio resource management prob-
lem in wireless orthogonal frequency division multiplexing
(OFDMA)-based mesh networks. The optimal network oper-
ation is defined in terms of a utility maximization problem
subject to link capacity constraints, power and rate control and
time-frequency assignment. In [3], the authors implemented
optimization method to calculate network throughput with
joint rate control, routing and scheduling in a WMN. The
authors also addressed the fairness issue and showed that a
tradeoff exists between network throughput and the degree of
fairness. However, the scheme requires to identify all possible
transmission modes in the first step.

P2P over WMNs has received significant attention [4],
[5], [6]; a combination of both offers new possibilities, but
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poses several challenges as well. P2P searching protocol,
which relies on overlay network, yields some penalties in
terms of bandwidth usage due to a partial removal of routing
intelligence of the network layers. The authors in [4] proposed
an efficient algorithm for wireless P2P file sharing systems.
The algorithm assumes to have full awareness of the under-
ground network topologies and part of the lookup messages
are constrained in a local mesh network. However, this paper
did not mention about resource allocation procedure. [5] also
proposed a network-aware P2P file architecture. This scheme
assigns the peers to a network-aware cluster using a network
prefix division and thereby enables the files to be searched
first with nearby peers. In [6], the authors addressed the issue
of increased contention on the shared wireless channel when
multiple nodes try to access the same file simultaneously
and proposed efficient peer selection scheme. However, this
protocol selects potential download peers based on the current
load and interference on the download paths for a single
receiver at a time.

We want to evaluate the maximum throughput of a P2P
file sharing system and thereby identify the factors and their
influences on aggregate throughput. We denote a node that
wants to retrieve a file as recipient-peer. We assume that each
recipient-peer initiates a peer discovery mechanism to find
potential source-peers. Any recipient-peer may find multiple
source-peers which yield multiple paths routed from these
sources to recipient-peers. Other recipient-peers may seek
same file segments and eventually discover same source-
peer(s). However, when multiple recipient-peers try to access
same source-peer simultaneously, contention may occur on the
shared wireless channel. Similarly, contention may also occur
when multiple recipient-peers try to access different content
from one source-peer simultaneously. Forming peers based
on greedy algorithm will always give suboptimal solution.
It is possible to improve the overall P2P network in terms
of bandwidth utilization and delay minimization through se-
lecting favorable peer employing optimization technique with
Network/Application layer information.

We do not make an attempt to propose any new protocol for
a P2P file system over WMNSs as [4], [5], [6]; rather emphasize
on calculating upper bound of the network resource to identify
the factors that influence the aggregate throughput. Opposed
to previous approaches [1], [2], [3], where optimization is
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implemented to maximize utility for multiple sources and
multiple fixed destinations; we consider selecting optimum
destinations in favors of maximizing the utility. To the best of
our knowledge, we are the first to consider selecting optimum
destinations to calculate the upper bound of the aggregate
throughput using network-wide optimization. This allows us
to gain insight in the influence of routing schemes, and peer
selection strategies on the network performance.

II. SYSTEM MODEL

We consider a WMN with nodes located at fixed position.
Each node consists of a transmitter, a receiver and an infinite
buffer and can only receive data in the signal range of
communicating nodes if its signal to interference and noise
ratio (SINR) is higher than a specified level. We represent the
topology of the network by a directed graph G = (N, L),
where N = 1,2,...,N and £ = 1,2,...,L label all the
nodes and links, respectively. Each link [ € £ is represented
by an ordered pair (u, v) of distinct nodes, where the presence
of link (u,v) means that the network is able to send data from
node v to node v.

We understand that a good increase in throughput can be
achieved by employing adaptive transmission rates and vari-
able transmit powers. However, our prime goal is to determine
the factors that influence aggregate throughput. To keep our
problem formulation simple and not to divert from our main
investigation, we only consider fixed transmission rates and
transmit powers WMN. Transmitter of node w either transmits
power P, or remains silent. G, denotes the effective power
gain between the transmitter of node w and the receiver of
node v and is measured by the deterministic fading model,
Guo = Kuvd;,f. Here, d,,, is the distance between transmitter
u and receiver v, £ is a constant path loss exponent and K, is
a normalization constant. The normalization constant depends
on the radio propagation properties of the environment, and
also accounts for the effects of coding gain, spreading gain,
beamforming, etc. Also, note that G, = 0. We define thermal
noise power at receiver of node v as o,. Then the SINR at
receiver of node v is

Guqu
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The capacity of link [ of the ordered pair (u,v) is determined
by the Shannon capacity model

Yuv = (l)

¢ = Wlogs (1 + Yuw) 2)

where W is the system bandwidth. In our model, we assume
that a transmitter of node u only transmits to the receiver of
node v if ~,, exceeds target SINR value of fyfgt. And the
transmission rate with this 'yltgt is obtained as

cfgt = Wlog,(1 + 'yltgt) 3)

We assume a scheduling-based MAC layer where each
scheduling period takes ‘1’ unit time. A scheduling period
is further divided into multiple transmission modes. On each

transmission mode, multiple non-interfering links may trans-
mit at the same time for a fraction of the unit scheduling
period. We use 7 = 1,2,...,T to represent the set of
transmission mode. T is sufficiently large (7" > L) such that
all links get opportunity to transmit for at least once. Let the
scalars 7; represent the fraction of time that transmission mode
t is activated and ZZ;I 7 = 1. On each transmission mode,
a transmitter of node w can only transmit to the receiver of
node v if 7y, > ﬁgt. We do not need to generate 7 as it
is obtained from the results of our network-wide optimization
model.

III. PROBLEM FORMULATION

We formulate the problem of utility maximization through
favorable peer selection as a MINLP problem. We label the
recipient-peers by integers p = 1,2,..., P. For any peer p,
number of possible source-peers is QP and is defined by the
set QP = {1,2,...,QP}. Hence, the total number of source-
peers, Q = Zp QP. Let sj denotes the end-to-end rate for
communication between recipient-peer p and source-peer q
with ¢ € QP. For each peer p, 5, denotes the optimum peer
among source-peers q € QP. To capture the effect of routing
scheme on throughput, we consider both fixed and flexible
routing.

A. Throughput bound with fixed routing

In case of fixed routing scheme, we assume that each
recipient-peer initiates a peer discovery mechanism and even-
tually may discover multiple potential source-peers. For each
peer p, we define a link layer route matrix R? € Rpxq,. The
entries 77, of RY satisfy rj, = 1, if recipient-peer p has an
end-to-end (E2E) path at g-th source through link /; otherwise
0. Let y! represents a binary variable which satisfies y! = 1
if link [ is active on transmission mode ¢; 0 otherwise. Also,
u(s%) denotes the utility function associated with recipient-
peer p and source-peers ¢ € QF communicating at rate sy.
We formulate the MINLP problem as follows.
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Here, M is a constant of large value. wj is a binary variable
in constraints (6) and (7), which forces all s} to be ‘0” except
‘1’ for each p, and g € QP. Hence, only one source-peer is
selected for each recipient-peer. The scalars 7; represent the
fraction of unit time that transmission mode ¢ is activated. For
our scheduling-based MAC layer, the average transmission rate
of link [ is Z?:l thfgty,{ when constraint in (8) implies. The
constraints in (9) guarantees the total traffic across the link [
should be less than the average transmission rate of that link.
Constraint in (10) imposes that link [ is not active if the SINR
of the receiver is less than yltgt. Defining £* C L links at
node u, constraint in (11) imposes that transmitter/receiver at
each node wu transmits/receives data from only one transmitter
at time fraction ¢. The number of variables grows on the order
of O(2x L xT+2x@Q+T) and the number of constraints
grows on the order of O (56X L xT+Q +2x P+ L+ 1).

B. Throughput bound with flexible routing

We use the term “flex routing” for load balance routing in
favor of increased E2E rates. A flow from source peer to a
recipient peer may take multiple paths at the same time. To
incorporate flexible routing in favor of higher throughput we
extend MINLP formulation with the constraint in (12) and also
replace the constraint in (9) with the constraint in (13).

CH if w is a source-peer,
Z 1Ty — Z 1p=q —sp ifuis a recipient-peer,
lecy, lecy 0 otherwise,
VueN,leL (12)
Qr T
tgt, |
ZZng < Zthlg v, VIeL (13)
P q t=1

Here, lxg denotes the amount of traffic on link [ from the
source-peer ¢ € QP to the recipient-peer p. Constraints in
(12) ensures the flow conservation law. For any node other than
source and destination, the amount of ingoing flow is equal to
the amount of outgoing flow. Also, the net flow leaving at the
source and entering at destination is equal to the source rate.
Constraint in (13) guarantees that the total amount of traffic on
link 7, - qup 1z does not exceed the link capacity ¢;. The
number of variables increases on the order of O (L x Q) and
the number of constraints increases on the order of O (N x L).

IV. SOLUTION TECHNIQUE

The optimal solution to the MINLP problem is in general
hard to achieve, both in theory and in practice due to the
intractability caused by mixed-integer and nonlinear character-
istics of decision variables. To achieve the near-optimal results
of the MINLP problem, we propose a GA-based heuristic

algorithm which is a class of stochastic optimization search
methods that mimic the process of Darwinian natural selection.
The GA always maintains a large candidate solutions rather
than generates a single potential solution.

Since GA is suitable for unconstrained optimizing algo-
rithm; constraint handling is a critical concern when GA ap-
plies to nonlinear constrained optimization problems. Penalty
and barrier method are among the most common techniques
that transform the problem from a constrained optimization to
an unconstrained problem for the GA implementation. While
the former belongs to exterior-point method, the later be-
longs to interior-point method. Penalty method adds a penalty
function to the objective function for any violation of the
constraints and forces the solution to the feasible region and
subsequent optimum. Barrier method also adds a penalty-like
term to the objective function that acts as a barrier. This
ensures that the search always remains to interior-point of
the feasible region. Interior-point barrier method requires a
feasible starting point. Also it is computationally inefficient
to check that search never leaves the feasible domain. There-
fore, we prefer exterior-point penalty method. Unlike [7], our
approach doesn’t require to eliminate integer variables. The
solving procedure of MINLP employing penalty-based GA
(PGA) is outlined in Algorithm 1 and illustrated as follows:

Algorithm 1: Penalty based GA for solving MINLP
Input

: Network parameters:
G, Guv, Py, 79", /", 04, T, P, QP, R
GA parameters: pop_size, pc, pm, Na, Ri i
Output  : s, wl, TR 1z
1 begin
2 Set up and initialize network and GA parameters;
3 Generate initial population P°;
4 for i — 1 to Ng do
5 for j < 1 to pop_size do
6
7
8

if mod (j,2) == 0 then Crossover with pc;
Mutate with ppr;
end
9 foreach p € P do
10 for ¢ — 1 to QP do
11 if ¢ = @w” then wg =1;
12 else wg =0;
13 end
14 end
15 foreach individual of the current generation do
16 if flex route-scheme then
17 Evaluate fitness with penalty for constraints (8, 10, 11, 12,
13);

18 else )
19 ‘ Evaluate fitness with penalty for constraints (8, 9, 10, 11);
20 end
21 end
22 Perform selection using roulette wheel sampling scheme;
23 end
24 return s?, w, yh T 1y
25 end

Representation and initialization: The algorithm starts with
an initial population P° of size pop_size. Each individual
in the population is a string entity of artificial chromosome,
representing a solution to the problem at hand. The candidate
solutions for 7, sg, and la:g are derived from the chromosomes
of length T', @, and L x Q. Each of these chromosomes is
a binary string and directly coded as a real value within its



corresponding bound. The candidate solution for y! is derived
from the corresponding element of a chromosome comprising
2-dimensional binary string of length L xT'. For optimum peer
selection, we define w?, with p = 1,..., P whose candidate
solutions are derived from P chromosomes. Each of these
chromosome is coded as an integer value and WP = gq is
equivalent to wj = 1. To generate PO, we assign random
numbers to the binary string. The chromosomes then evolve
through successive iterations called generations.

Crossover and Mutation: During each generation, new chro-
mosomes (offspring) are produced using two genetic opera-
tions, crossover and mutation. Crossover operator generates
offspring by recombining two chromosomes from current
generation and thereby provides diversity to the population.
The crossover point is chosen with crossover probability pc.
We perform the mutation operation with probability pjy, that
prevents premature loss of hereditary information by randomly
modifying alleles within a chromosome.

Selection: The performance of the penalty method depends
on the magnitude of penalty factor. If the penalty factors are
too large, the GA based method converges to prematurely
solution inside the feasible region. On the other hand, if the
penalty factors are too small, this method may divert towards
the infeasible region due to the occurrence of excessive viola-
tion. Therefore, it is important to choose appropriate penalty
factors to maintain the diversity and check the violations at the
same time. We propose a GA based penalty function method
for solving nonlinear constrained optimization problems. This
approach utilizes user defined multi-stage penalty factors for
each constraint in the objective function to account for viola-
tion. Multi-stage penalty factors depends on the magnitude of
the violation of the constraints. Since, W? = ¢ is equivalent to
wg = 1; the fitness function is evaluated as the following:

QF
Ewval(-) = Z Z (u(sg) X wg) — Z (Rl,i x max]0, g7()]) (14)

Where, R;; is the penalty factor of the [-th violation level
corresponding to i-th constraint. Constraints are rearranged of
the form g;(-) < 0. Also note that equality constraints i ;(-) are
transformed to inequality constraints by h;(-) —e < 0; eis a
very small value. We also note that for fix routing method, we
are only required to penalize any violation in constraints (8),
(9), (10), and (11). Whereas, for flexible routing method, we
only penalize any violation in constraints (8), (10), (11), (12),
and (13). Constraints are also normalized to avoid any sort
of bias toward any of them. We use roulette-wheel selection,
that selects the individuals with a probability proportional to
their fitness values and thus keep the population size constant.
After N iterations (generations), the algorithms converge to
the best (fittest) chromosomes that represent a near-optimal or
suboptimal solution to the problem.

V. NUMERICAL ANALYSIS

We develop a program using C++ to implement the PGA
and make use of free GAlib (version 2.4.7) tool for our GA
based solution [8]. We implement our optimization model

on 10 different WMNs with n nodes randomly located in a
1000 x 1000m? region. We do not consider Internet gateways
in our scenario and concentrate on examining the content
delivery within the WMN. We evaluate the ISM frequency
band 2.4000 — 2.4835 G H z as described in [2]. The path loss
exponent o = 3, the normalization constant K,,, the power
of each transmitter P = 100mW, and the thermal noise at
each receiver 0 = 3.34 x 1072, We use these parameters
to generate the links. With 7/ = 10 for all I € £ and
W = 83.5 M Hz, a link exists if d,, < 85.4m with 288.9
Mbps capacity. We use the following «-fair utility functions
to implement the familiar objectives: rates maximization (for
a = 0), proportional fairness (for &« = 1), and max-min
fairness (for @ — 00).

=]
0= tog()

Although we perform our simulation on several networks, we
present results for only mid-size network consisting 8 nodes
and 17 links due to space limitation and similar pattern in the
results.

1) The influence of peer selection strategy: We name the
optimal peer obtained from MINLP formulation as favorable-
peer. Here, we compare our favorable peer selection approach
with two other existing peer selection strategies: random peer
and closest peer. At first we show the results that shows
the efficacy of favorable-peer selection strategy over two
other strategies random-peer and closest-peer in terms of
aggregate throughput. The closest-peer selection strategy is
necessary based on the shortest-path route algorithm. We
implement the favorable-peer strategies for both fixed routing
(shortest-path), and flexible routing and mark them as FP-
FIX and FP-FLEX, respectively. We also tag random-peer
and closest-peer selection scheme as RP-FLEX and CP-FIX,
respectively. We consider aggregate throughput of the network
as our key metric. We define the degree of replication, d"°P
as the ratio of source peers over recipient-peers. For an
example, consider P = 4. If the number of source-peers(s)
for recipient-peer 1, 2, 3 and 4 are 2, 1, 3 and 1; then
e’ = 24+ 1+3+1)/(4) = 1.75. We compare the
peer selection schemes in terms of aggregate throughput for
various measure of fairness. Due to space constraint, we only
present the results for proportional fairness (o« = 1). Fig.
1 depicts the normalized aggregate throughput in terms of
degree of replication. With PGA, both FP-FLEX and FP-FIX
peer selection methods show increased normalized aggregate
throughput with the increase in degree of replication. FP-
FLEX and FP-FIX peer selection methods also perform better
in terms aggregate throughput than that of CP-FIX and RP-
FLEX peer selection methods. For example, with d"*P = 1.0,
there is no significant difference in aggregate throughput for
all peer selection strategies with the absence of multiple
source-peers for any recipient-peer. And with d"°P = 1.8, the
aggregate throughput in FP-FIX peer selection strategy is 15%
and 20% higher than that of CP-FIX and RP-FLEX selection
strategy, respectively. Moreover, with d"*? = 1.8, FP-FLEX

a>0,a#1;

o1 (15)
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Fig. 2. Tradeoff characteristics between normalized aggregate throughput
and fairness.

selection strategy exhibits 4% higher throughput than that of
FP-FIX peer selection strategy. This is due to the fact that
when multiple recipient-peers try to access the same file from
same source peer simultaneously, contention occurs on the
shared wireless channel in case of random-peer and closest-
peer selection strategy. Our favorable-peer selection strategy
avoids this problem through judicial selection of source-peers.
Moreover, in all cases, flex-routed favorable-peer method
outperforms fixed-routed favorable-peer method.

2) Fairness and aggregate throughput: Here, we also in-
vestigate the effect of fairness constraints on the overall
throughput of WMN. Fig. 2 shows the relationship between
fairness and aggregate throughput of the network. For a-fair
utility functions, a widely accepted notion that the larger «
is the more fair. With the maximization objective function
(oo = 0), the simulation results shows that the throughput is
maximum for all peer selection strategies. Without fairness
constraints, maximum network efficiency in terms of aggregate

throughput is achieved at the expense of starvation of some
peers. With the increase of «, aggregate throughput decreases
from highest value (maximization problem) to the lowest value
(max-min problem). For large value of a(= 10) (close to
max-min fairness), the throughput is minimum for all peer
selection strategies at the expense of fairness. E2E rate of the
peers are made as equal as possible to the smallest E2E rate
providing highest degree of fairness. Also, the proportional
fairness scheme (o = 1) allocates higher E2E rate for peers
with better channel condition while maintaining minimum E2E
for all peers. This method ensures some degree of fairness
avoiding starvation to any peer provided. Hence, there exists
a trade-off between the total throughput of the network and
fairness in WMNss.

VI. CONCLUSION

We have developed an optimization framework to maximize
the utility of a P2P system over WMNs through favorable peer
selection. We have solved the optimization problem employing
penalty-based GA and thereby quantified the upper bound of
the aggregate throughput. The results provides an understand-
ing of the determining factors behind network performance
such as the degree of matching between the P2P overlay and
its underlying physical network, the effective routing scheme,
and nonetheless optimal peer selection. With favorable-peer
selection strategy, network-wide load-distribution and mini-
mum interference are achieved even with smaller degree of
replication. Specially, when any recipient-peer discovers mul-
tiple source-peers, throughput can be increased dramatically
upon intelligent selection of peers among the source-peers.
We also have shown that there exists a critical relationship
between the fairness and the achievable aggregate throughput
of the network. Designing distributed P2P protocol in WMNSs
that captures this notion is our ongoing future work.
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