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Abstract—Evolutionary games have been developed in biologi- ESS for congestion protocols of different degree of aggress

cal sciences in the aim of studying the evolution and equilium

behavior (called Evolutionary Stable Strategies — ESS) ofalge
populations. While rich theoretical foundations of evolutonary
games allow biologist to explain past and present evolutioand
predict future evolution, it can be further used in Engineering to
architect evolution. In this paper, we apply evolutionary games to
non-cooperative networks containing large number of indivdual

non-cooperative terminals or sensors. We study the evoluin of
congestion control protocols, and show how the evolution ahthe
ESS are influenced by the characteristics of the wireless chael.
We then consider the challenge of architecting the evolutim we
propose some guidelines for designing a framework that suppts
evolution of protocols.

I. INTRODUCTION

ness. We identify cases in which at ESS, only one population
prevails (ESS in pure strategies) and others, in which an
equilibrium between several population types is obtairied.
study this, we map the problems, whenever possible, into the
Hawk and Dove Game. We then study the convergence of the
replicator dynamics to it.

The second objective of the paper is to provide a framework
for controlling evolutionary dynamics (changing or upgred
protocols) through the choice of a gain parameter governing
the replicator dynamics. We address the following two desig
issues concerning this choice:

(i) the tradeoff between fast convergence and stability. We
identify a simple threshold on the gain parameter in the

The evolutionary games formalism is a central mathematiaaiplicator dynamics such that the stability is only detereal

tools developed by biologists for predicting populatiomésn-
ics in the context ofinteractions between populations. This

by whether we exceed or not the threshold.
(i) the stability as a function of delays. We derive new

formalism identifies and studies two concepts: the ESS (fstability conditions for the replicator dynamics in the Haw

Evolutionary Stable Strategy), and theReplicator Dynamics.

and Dove game with non-symmetric delays and apply it to the

The ESS, defined in 1972 by the biologist Maynard Smitvolution of the MAC and transport layer protocols.
[14], is characterized by a property of robustness agamst i The paper is structured as follows. We first provide in the

vaders (mutations). More specifically, (i) if an ESS is reabh next section the needed background on evolutionary games.
then the proportions of each population do not change in.tim&e then study the ESS for congestion control protocols
(i) at ESS, the populations are immune from being invadddection IIl). After that, we investigate the impact of theae
by other small populations. This notion is stronger thantNasf some parameters in the replicator dynamics on the stabili
equilibrium in which it is only requested that a single usesf the system in Section IV. Finally we give some numerical
would not benefit by a change (mutation) of its behavioimvestigations and we conclude with concluding remarks.
Although ESS has been defined in the context of biological
systems, it is highly relevant to engineering as well (s&3)[2
In the biological context, the replicator dynamics is a mdole Consider a large population of players. Each individual
the change of the size of the population(s) as biologistmiese needs occasionally to take some action (such as power tontro
where as in engineering, we can go beyond characterizing afetisions, or forwarding decision). We focus on some (arbi-
modeling existing evolution. The evolution of protocolsidee trary) tagged individual. Occasionally, the action of soide
engineered by providing guidelines or regulations for ttes/w (possibly random number of) other individuals [18] intdrac
to upgrade existing ones and in determining parameterecelawith the action of that individual (e.g. other neighborinudes
to deployment of new protocols and services. In doing so vansmit at the same time). In order to make use of the wealth
may wish to achieve adaptability to changing environmeng$ tools and theory developed in the biology literature, we
(growth of traffic in networks, increase of speeds or dfhall often restrict, as they do, to interactions that aretéid
congestion) and yet to avoid instabilities that could othise to pairwise, i.e. toM = 1. This will correspond to networks
prevent the system to reach an ESS. operating at light loads, such as sensor networks that reeed t
Our first objective is to provide a framework to describ&rack some rare events such as the arrival at the vicinity of a
and predict evolution of protocols in a context of competiti sensor of some tagged animal.
between two types of behaviors: aggressive and peacedul(seWe define byJ(p, q) the expected payoff for our tagged in-
Section III). We use evolutionary games for computing thaividual if it uses a strategy when meeting another individual

Il. ESSAND REPLICATOR DYNAMICS



who adopts the strategy This payoff is called “fithess” and Consider a large population of animals. Occasionally two
strategies with larger fitness are expected to propagater fagnimals find themselves in competition on the same piece of
in a population. Note thaf is linear inp andgq. food. An animal can adopt an aggressive behavior (Hawk) or a
We assume that there afé pure strategies. A strategy ofpeaceful one (Dove). The matrix in Fig. 1 presents the fithess
an individual is a probability distribution over the purease- of player | (some arbitrary player) associated with the jbss
gies. An equivalent interpretation of strategies is oladiby outcomes of the game as a function of the actions taken by
assuming that individuals choose pure strategies and tieen éach one of the two players. We assume a symmetric game
probability distribution represents the fraction of indwals so the utilities of any animal (in particular of player 2) as
in the population that choose each strategy. function of its actions and those of a potential adversany (i
particular of player 1), are the same as those player 1 d=pict
in Figure 1. The utilities (i.e. fitness) represent the fwilog:
Suppose that the whole population uses a strajemgyd that ~ An encounter D-D results in a peaceful, equal-sharing of
a small fractiore (called “mutations”) adopts another strategyhe food which translates to a fitness of 0.5 to each player.
p. Evolutionary forces are expected to seleagainst if An encounter H-H results in a fight in which with equal
chances, one or the other player obtains the food but also
J(@:ep+ (1 =€)a) > J(p.ep+ (1= €)q) (1) in which there is a positive probability for each one of the
A strategyq is said to be ESS if for every # ¢ there exists animals to be wounded. Then the fitness of each player is

A. Evolutionary Sable Srategies

some¢, > 0 such that (1) holds for akt € (0, ¢,). 0.5-d, where the 0.5 term is as in the D-D encounter and the
In fact, we expect that if for alp # ¢, —d term represents the expected loss of fitness due to being
injured.
J(a.q) > J(p.q) @) An encounter H-D or D-H results in zero fitness to the

then the mutations fraction in the population will tend t& and in one unit of utility for the H that gets all the food
decrease (as it has a lower reward, meaning a lower growfinout fight.
rate). The strategy is then immune to mutations. If it does

. . . Player Il Player Il
not but if still the following holds, Y Y

H D H D

J(g,q) = J(p.q) and J(q,p) > J(p,p) Vp#a ) | 15yl 1 wloan | a2
Il PlL1

then a population using are “weakly” immune against a’
mutation usingp since if the mutant’s population grows, then D | 0 05 D A2 [ A2
we shall frequently have individuals with strateggompeting
with mutants; in such cases, the conditid(y,p) > J(p,p) Fig.1. H-D game in matrix form Fig. 2. Generalized H-D game
ensures that the growth rate of the original population edse

that of the mutants. A strategy is ESS if and only if it satsfie A more general description of H-D games is available
(2) or (3), see [24, Proposition 2.1]. in [21].

The conditions to be an ESS can be related to and int€ne can indeed think of
preted in terms of Nash equilibrium in a matrix game. Thether scenarios that are not
situation in which an individual, say player 1, is faced with covered in the original H—
member of a population in which a fractiprchooses strategy D game, such as the possi-
A is then translated to playing the matrix game againsthility of a Hawk to find the
second player who uses mixed strategies (randomizes) wiibve, in a H-D encounter,
probabilitiesp and 1 — p, resp. The central model that wemore delicious than the food
shall use to investigate protocol evolution is introducedhie they compete over.
next subsection along with its matrix game representation.
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The generalized version [21] of the HD game given in
Figure 2 is characterized bylll < A22 < Al2 and
A21 < A22. In that case,

1) if A11 > A21 then the pure strateg¥ is the unique

ESS,
2) If A11 < A21 then there is a unique ESS= (pr,pn),
it is a mixed strategy given byy = u/(u + v) where

B. The Hawk and Dove (HD) Game

Aij = J(i,j), i,j € {H,D}, u = Al2 — A22, v =
L A21 — All.
L Remark 2.1: (i) Note that there are no settings of parame-

ters for which the pure strategy D is an ESS in the H-D game



(or in its generalized version). retransmissions can cause increased congestion in thenketw
(i) In case 2 above, the strategié#l, D) and (D, H) are resulting in losses and further retransmissions by thigaand
pure Nash equilibria in the matrix game. Being asymmetriby other connections. This type of phenomenon, that leads to
they are not candidates for being an ESS according to aaveral 'congestion collapses’ [8], motivated the evolutof
definition. There are however contexts in which one obtaitise Internet transport protocol, TCP, to a protocol thatioes
non-symmetric ESS, in which case they turn out to be ESSIramatically its throughput upon congestion detection.

. . . There are various versions of the TCP protocol among
C quluuon: replicator dynam|.cs ) ) which the mostly used one is New-Reno. The degree of
We introduce here the replicator dynamics [17] which deaggressiveness’ varies from version to version. The biehav

scribes the evolution in the population of the various etyas. of New-Reno is approximately AIMD (Additive Increase

In the replicator dynamics, the share of a strategy in t o s . .
population grows at a rate equal to the difference betwe'g\u't'phcat've Decrease): it adapts to the available cityauy

the payoff of that strategy and the average payoff of tHBcreasi_ng _the window siz_e in a linear way h_yypa_ckets every
population. More precisely, considaf strategies. Lek be the round trip time and when it detects congestion it decredses t

N dimensional vector whosith elementz; is the population Window size toj times its value. The constanisand 7 are
share of strategy. Thus we have}", z; = 1 andz; > 0. 1 and 1/2, respectively, in New Reno. .

Below we denote byJ(i,k) the expected payoff (or the In last years, more aggressive TCP versions have appeared,
fitness) for a player using strategywhen it encounters a Such as HSTCP (High Speed TCP) [15] and Scalable TCP
player with strategyk. With some abuse of notation we[9]- HSTCP can be modeled by an AIMD behavior where
define J(i,x) = >, J(i,j)xz;. Then the replicator dynamicsand 3 are not constant anymorea and 8 have minimum

is defined as values of 1 and of 1/2, resp. and both increase in the window
size. Scalable TCP is an MIMD (Multiplicative Increase Mult
&i(t) = l”i(t)K<J(i7X(t)) - (t)J(LX(t))) (4)  plicative Decrease) protocol, where the window size ineeea
j

exponentially instead of linearly and is thus more aggvessi
= m(j:);{( S @) IG5 =Y > wi(t)J (3, k):ck(t)> Versions of TCP which are less aggressive than the New-Reno
ik [13] also exist, such as Vegas [5].

. . , Several researchers have analyzed the performance of net-
where K is a positive constant and (¢) := dx;(¢)/d¢t. Note : . ) Y P .
works in which various transport protocols coexist, see [1]

that the right hand side vanishes when summing avéthis . .
is compatible with the fact that we study here the share [)31] [4], [10], [16]. In all the.se.papers, the population esiz
. ) using each type of protocol is fixed.
each strategy rather than the size of the population tha use . .
: Some papers have already considered competition between
each one of the strategies. . : )
aggressive and well behaved congestion control mechanisms
D. Replicator dynamics with delay within a game theoretic approach. Their conclusions in a
In Equation (4), the fitness of strategyat time ¢ has an Wireline context was that if connections can choose seffishl
instantaneous impact on the rate of growth of the populati®gtween a well behaved cooperative behavior and an aggres-
size that uses it. An alternative more realistic model fglire Sive one then the Nash equilibrium is obtained by all users
cator dynamic would have some delay: the fitness acquiredogiing aggressive and thus in a congestion collapse [6], [11]
time ¢ will impact the rate of growthr time later. We then  Our approach yields qualitative results, stronger thaseho
have obtained through the traditional Nash equilibrium concept
> adopted in these references. It allows in particular to ystud
(©)

J

the evolution to the equilibrium, and to obtain a sharper
characterization of the equilibrium as being robust notyonl
where K is some positive constant. The delayrepresents against a single user deviation but also against deviatibas
a time scale much slower than the physical (propagation awtlole (small) fraction of the population.
qgueueing) delays, it is related to the time scale of (i) dwiitg By casting the problem in our framework of the Hawk and
from the use of one protocol to another (ii) upgrading prot@ove evolutionary game, we shall be able to predict whether
cols. More general description of delayed evolutionary gana given version of TCP is expected to dominate others (ESS
dynamics can be found in [19], [20]. in pure strategies, which means that some versions of TCP
would disappear) or whether several versions would cokexis
This would depends also on the network context: an aggeessiv
A. Background version of TCP that may dominate in a wireline context
When transferring data between nodes, flow control protay loose its dominance in a wireless network. Indeed, an
tocols are needed to regulate the transmission rates so aaggressive TCP may generate higher packet loss rate than oth
adapt to the available resources. A connection that loogtes dess aggressive versions. These are evaluated more sewverel
units has to retransmit them later. In the absence of adaptata wireless environment since they represent energy irefibyi
to the congestion, the on going transmissions along with thdich is costly in that environment.

J ik

&i(t) = 2 (K (Z zj(t—7)J( ) =Y 2 ()T, k)wk(t — 7)

IIl. CONGESTION CONTROL PROTOCOLS



During the last few years, many researchers have bemtransmits lost packets, losses present energy ineffizien
studying TCP performances in terms of energy consumpti®mnce energy is a costly resource in wireless, the loss rate
and average goodput within wireless networks [13], [258 Viis included explicitly in the utility of a user through therte
simulation, the authors show that the TCP New-Reno can t@presenting energy cost. We thus consider fitness of tme for
considered as well performing within wireless environment, = T'hp; — AR for connectiory; it is the difference between
among all other TCP variants and allows for greater energye throughputl’hp; and the loss rate? weighted by the
savings. Indeed, a less aggressive TCP, as TCP New-Reswmcalled tradeoff parametek, that allows us to model the
may generate lower packet loss than other aggressive T@Rdeoff between the valuation of losses and throughputen t
By using the HD game, we show the same behavior of TGfnhess. We now proceed to show that our competition model
variants. between aggressive and non-aggressive TCP connections can

The model. We consider two populations of connectionshe formulated as a HD game. We study how the fraction of
all of which use AIMD TCP. A connection of populatians aggressive TCP in the population at (the mixed) ESS depends
characterized with a linear increase rateand a multiplicative on the tradeoff parametex.
decrease factop;. Let z;(t) be the transmission rate of Sincelq| < 1, we get the following limitz of z,, when
connection at timet. We consider the following simple model” — 0!
for.competition. o OB, 1 aiB,C
. (i) The RTT (round trip times) are the same for all connec- T i tos 1- 4 By + 2B,
ions.

(i) There is light traffic in the system in the sense that dt is easily seen that the share of the bandwidth (just before
connection either has all the resources its needs or it shd@$Ses) of a user is increasing in its aggressiveness. Heace
the resources with one other connection. (If files are langa t aVerage throughput of connection 1 is
this is a light regime in terms of number of connections but L+ 1B,

not in terms of workload). Thpyr = —5 O R A %
(i) Losses occur whenever the sum of rates reaches the ? !

capacityC: a1 (t) + za(1) = C. The average loss rate of connection 1 is the same as that of
(iv) Losses are synchronized: when the combined ratg§nnection 2 and is given by

attain C, both connections suffer from a loss. This synchro- o

nization has been observed in simulations for connectiatis w R— 1 (ﬂ . %) 1 whereT — B16:C

RTTs close to each other [2]. The rate of connectiois T B, By) C a1 + a2,

reduced by the factas; < 1. ith T bei he limi f
(v) As long as there are no losses, the rate of connegtiol/'th T being the limit asn — oo of 7.
increases linearly by a facter,. Let H corresponds téxyy, Br) and D to ¢p, Sp) such that

We say that a TCP connectiaris more aggressive than a;zf ZgDDandS_ﬁH ZtﬁD'lThen’ tfor;‘ =1,2, Thp(H, H) =
connection; if a: > a; and s > 6. Let B — 1 — f. Let pi(D, D). Since the loss rate for any user is increasing

z, andy, be the transmission rates of connectioand j, in a1,02,01, 0 it then follows thatJ(H, H) < J(D.’D)’
: . - and J(D,H) < J(D,D). We conclude that the utility that
respectively, just before a loss occurs. We hayety, = C. .
. .. describes a tradeoff between average throughput and tke los
Just after the loss, the rates ater,, and fB2y,. The time it
takes t h @ i rate leads to the HD structure.
aKes 1o reach agai 1s The mixed ESS is given by the following probability of

T — C - ﬁlxn - 523/71 USing H:
" a + oo z*(\) = 771:77772)‘ where
3
which yields the difference equation:
_ . —(ﬁ1+ﬂ1 1+ B2 c 772_1 ar o
e =\ T )9 T e\E 7 5)
Tnp1 = Pizn+onTy = o + — ba By B
(5] + 9 _
Batass = o=l o _@B)
% « H H H - ) - — =
whereq = S The solution is given by 2 2 a2 (By) + o1 (B3y)
N a1 CBy \ 1—q" wherez := 1 — u. Note thatr, andns are positive. Hence,
Tn =q %o + tas) 1—q° the equilibrium pointz* decrease linearly on. We conclude
that applications that are more sensitive to losses would be

In wireline, the utility related to file transfers is usuallyTradeoff between transient and steady-state behavior
taken to be the throughput, or a function of the throughputWhen the available bandwidth along the route of a con-
(e.g. the delay). It does not explicitly depend on the lo$s.ranection changes due to new cross-traffic or due to failures,
This is not the case in wireless context. Indeed, since T@R aggressive connection could take much longer to adapt to



the available bandwidth than other connections. It woulgsth  This provides us with an important guideline for designing
suffer from more losses and during a longer period than if évolutionary protocols. In order for such a protocol to be
were less aggressive. This would mean more retransmissisnalable to any delay, the product of the adaptation speed
and longer times needed to send files in the case of transipatameterX and delayr should beO(1). Thus the larger
decrease of available bandwidth. In wireless networks thhe delay is, the slower we should react to the fithess of a
would also mean larger energy consumption. We may thssategy being used.
expect aggressive versions of transport protocols to havewe note that this type of scaling is quite familiar in other
lower fitness in wireless networks than in wireline ones. Weetworking contexts: the internet transport protocol TGB &
sketch some steps that can be followed in modeling the abaKeoughput that scales according to 1/RTT (Wh&fET is the
scenario. round trip delay). This scaling is obtained by a self clogkin
Assume that there is a single connection such that, at timichanism based on ACKs that trigger new transmissions.
0, it has the full available throughpdt,,.... Assume that the
available bandwidth decreases 16¢,,,, for some~y < 1. S o
Define T, = n x RTT and assume that for each integer B- Numerical investigation

the transmission rate decreased atby a factor of/3 if there Impact of gain parameter Our first numerical experiment

have been one or more losses during the intef/al 1, T:,) studies the behavior of the replicator dynamics for the case

(This feature is inspired by the behavior of the New Ren(g)f one delay unit as a function dt: we check the speed of

verflon Iotf TCP).hIEer: itcan .be.ShOth that thg time %?I;es t%nvergence and the stability of the replicator dynamica as
protocol to reach the transmission rate)Ghyna. is m x ' function of the gain parametdt. We consider the following

wherem is given (approximately) byn = }SZE% Till time  fixed parameters: we took = 1, § = 2/3, and letK vary

m x RTT, the goodput cannot exceed,,.. so the loss rate between 0.16 and 15. A unique mixed ESS exists for these
A att € [0,m x RTT] is at least the difference between th@arameters, for which the fraction of the population using H
transmission rate andC,,... The number of losses duringis 3/4.

that period is theryg"XRTT Aedt. The resulting trajectories of the population ratio using th
first strategy,H, as a function of time, is given in Fig. 3 Top.
For K = 0.16, we have stability but the convergence speed
We study the choice of two parameters in the replicat@s slow. The other extreme is illustrated f&f = 15 which is
dynamics that impact the stability of the evolution proceks seen to be unstable: it oscillates rapidly and the amplitade
protocols: the gain parametéf and the delay- appearing in seen to grow slowly.
Equation (5). The standard replicator dynamics (4) appgari |mpact of delay We now keepKk constant and evaluate
in the evolutionary game literature is defined with = 1. the stability varying the delay between 0.016 and 15 time
K’s other than one can be interpreted as if the utilities ynits. Whenr = 0.016 the system is stable but the rate
are multiplied by a constant. Alternatively, it can be sesn @f convergence to the interior equilibrium is not fast. For

scaling time. The parametéf can thus be used to acceleratg — 15 the system is unstable, the solution oscillates around
the rate of convergence in (4). the equilibriumz* = 3/4.

IV. ARCHITECTING EVOLUTION

A. The impact of K and 7 on the stability Oscillating Solution and dependence on the initial state.
We consider below the case of two players and two actior%g.Figur.e 3 (B(_)ttom) we di_splay an oscillatory b_ehavior_oé th
Define population ratios as function of time for _two different iait
values ofz(0) = 0.03 and z(0) = 0.97 with K = 15 and
0 =J(B,A)—J(AA), 6 =J(A B)-J(B,B), 7 = 1. It corresponds to an unstable regime in which the
ESS is not attained. The trajectories are seen to converge to
= om periodic ones. The limit trajectories look the same and do no
20102 depend on the initial state except for a dependence through
Guidelines for an evolution framework. For K = 1, it has the phase. In this unstable regime, more than one protoeol co
been shown in [21] that if the delay in (5) satisfiesr < # exist and the ratio of population sizes using the protocaks h
then the mixed ESS (given in section 1I-B) is asymptoticallgscillations with large amplitude.
stable, and ifr increases beyond then the ESS becomes Validation of stability conditions. In both Top and Mid-
unstable. dle parts of Figure 3, we observe that we have stability
We make the observation that Equation (5) with is when 7K < 47 ~ 12.56. Indeed, in top part of figure
equivalent to Equation (4) with all elemenfgi, m) multiply 3, the parameterr = 1, hence the condition of stability
by K. Thus we can use the result of [21] to conclude that t{6) becomesK < 12.56. This actually confirm that using
stability condition for generak’ is given simply by K =0.16,1,1.56, 12, the system is stable and usifng= 15,
the system is unstable. We observe the same behavior when
TK < 0. (6) keepingK constant and varying the delay

5:51+52, 0
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V. CONCLUDING REMARKS [16]

In this paper, we have studied evolutionary aspects of
protocols in wireless communications using the biological[17]
paradigm of evolutionary games. Wireless networking hasiig;
yet other aspects in common with biology, bdiehavioral,
such as the distributed nature of (possibly non-coopexptiv [19]
decision making, as well aphysical, such as the crucial
dependence on energy resources and hence the need fi@fl
energy conservation policies [12]. We plan to further fallo
biologists [7] in studying the combination of these issues|2y)
within a dynamic evolutionary framework. We shall study the
advantages and disadvantages for protocols to behave mol&!
(or less) aggressively when there is little energy remainin [23]
so as to predict the type of protocols that would prevail in
an evolutionary competitive environment. In the full versi |54
of this paper, we give some remarks on cooperation and noniz5s]
cooperative behaviors.
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