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Abstract—Incentive mechanisms are often needed in wireless @ 2 3 4 @
mesh networks (WMNs) so as to encourage nodes to relay
or forward packets for other nodes. However, there is a lack Fig. 1.1. An example to a WMN to illustrate credit imbalance

of understanding on the interactions between the incentive
mechanisms and the underlying routing protocols, and whetar

the network can sustain such traffic workload in the long run. lavi de for f di Wheri I
In this paper, we propose a general mathematical framework relaying node for forwarding a message. ns small,

via stochastic difference equations to model the interacth of ~Nodes have no incentive to forward packets I§ sufficientto
incentive mechanisms and routing protocols. A credit evoltion cover the cost of forwarding messages, the node has ineentiv
model is provided. Based on it, we study the expected credit to forward messages. Note that node 3 is in the center of the
variation of each node and use theSini's coefficientto quantify  phetwork and it costs less credit to send data to other nodis an
the credit disparity among nodes. We also introduce the corapt o .

has more chances to earn credit since traffic of other nodes

of differentiated pricing in the incentive mechanism to achieve
credit equality among nodes so the WMN is more robust to Nas to go through node 3. Node 1 or 5, on the other hand, has

sustain the traffic workloads. no chance to earn any credit. If the payment parametiy
_ not properly set, node 1, 2, 4, and 5 will eventually run out of
I Introduction credit and cannot transmit their own packets. To summarize,

Wireless mesh networks (WMNs) have been a topic of iff/en if an incentive mechanism can_guaranteg cooperation, i
tense research in the last several years. Such networkistorg Possible that the WMN cannsustainthe traffic workload.
of a set of wireless and mobile nodes that can self-configr@ntributions: The purpose of this paper isot to advo-
and do not rely on an infrastructure to communicate. Typical &€ any incentive mechanism, but rather, presergea-
a source communicates with distant destinations using-int"@ mathematical frameworto analyze thesustainabilityof
mediate nodes as relays. When nodes in WMNs are not uni@fious incentive mechanisms and routing protocols. Using
the control of a single authority, cooperation among nod&4" _framework, de5|gn_ers can understapd the interaction of
are paramount so packets can be relayed to the destinatfQ4ting protocols and incentive mechanisms, as well as the
Since there are selfish users who simply want to maximig&iStainability of the WMN. We quantitatively investigateet
their own welfare (e.g., monopolize the bandwidth) or refudmpact of credit inequality of credit-based incentive soles.
to relay packets, researchers have proposed diffimeantive Ve take Sprite [9] as an illustrative example, and illugtrat
mechanismso encourage nodes to collaborate. These mectiW it interacts with a family of path-based routing prottsco
nisms can be broadly divided in two types: (a) reputatiosebda We C(_)n5|der the mﬂuencg of link loss probability on the
schemes [11], [12] and, (b) credit-based schemes [7]_[15]9ent|ve scheme,_ and. d_enve the cIosed—fp_rm expressibns o
In reputation-based schemes, a node’s reputation is nmezhsdhe €xpected credit variation for some specific network impo
by its neighbors, and selfishness is deterred by the threatdfS and traffic distribution. We also proposeliéferentiated
partial or total disconnection from the network. Due to peickPricing to achievecredit-equality
collisions and interference, nodes cannot always relidbtgct ~ The outline of our work is as follows. In Sec.Il, we present
if a given node actually forwarded a packet as expected, s¢h® background of path-based routing protocols and credit-
is possible that cooperative nodes will be perceived asgoefp@sed incentive mechanisms. In Sec.lll, we introduce our
selfish, and wrongfully trigger a retaliation by their neigins. mathematlcgl framewor_k to model th_e_credlt evol_ut|0n..ln
In credit-based schemes, nodes receive a payment every tip§-V, we introduce differentiated pricing on the inceeti
they forward a packet, and credit can be used by these nomgchamsm. Results on the perform.ance evgluatlgn are given
to transmit their own packets. Compared with the reputatiéh Sec.V. Related work and conclusion are given in Sec. VL.
schemes, credits enable more flexible and fine-grainedalontr
Although credit-based schemes can encourage cooperation
among nodes. But it does not imply that the WMN carstain In this section, we provide the background for our work.
any traffic workload. To illustrate, let us consider a WMN inNe first state the mathematical model for WMNs, the traffic
Fig. 1.1. Leta be the payment from the source node to model, as well as a family of path-based routing protocols.

Il. Background and Technical Preliminaries



To illustrate our framework, we consider the Sprite [9] in-
centive protocol. We like to emphasize that our mathemiatica
framework is very general and can accommodate other routing
and incentive protocols. In here, we simply use the pattedas
routing and Sprite to illustrate the utility of our analylc
framework.

Network model. We model a WMN as a directed graph=

(N, €), NV'is the set of wireless nodes with/| = N and& g1y one shortest patfi, 5,4). Under the shortest-path ETX
is the_ set of wireless Imk_s. A I|_nKz,]) eé frc_>m_ nodei to routing, there are two shortest patfs 2,3, 4) and (1,5, 4).

node; denotes that nodgis within the transmission range ofyy,jij_nath case. When flow(s, d) has multiple shortest paths,
node:. If there is no link fromi to j, then the message from, IR.a| > 1, we use a traffic splitting approach. To illustrate,

nodei has to be transmitted to another node, and this nodgsider the flow(1,4) in Fig. 2.1. Under the shortest-path
has to forward the message, either directly or indirectlyj.t £y routing, there are two shortest paths- (1,2, 3,4) and

Lete(; ;) be the loss probability of linki, j). A message from ., _ (1,5,4). In this paper, we assume thaiform traffic

i toj on (i,j) is correctly received with probability—e; ;). splitting approach in our analysis, although our mathematical

Let r be a route, which is a sequence of ordered nodes pXeork can accommodate more general splitting rules Thi
an non-empty subset &. All routes inG is represented by meansA?, (t) = Ava(t)/[Rua| = Apa(t)/2.

the setR. Let S be the set of all traffic sources in the networky o 4o scheme Sprite [9] is a well-known incentive scheme

For a traffic source € S, let D, be the set of its destinations.,, oncourage nodes to collaborate. It has an important fxope
For a given source and its destinationl € D,, we define ¢ hoat nroofCompared with other incentive schemes, Sprite
(s,d) as the f_Iow_between nodeand d. Each flow has a set jo ¢ require any tamper-proof hardware. Briefly spegkin
of routes, which is denoted bit.q and|R.| represen_ts the it uses a centralize credit clearance service (CCS), tecoll
number of routes for f|0\_/(s, d). Let A%,(?) b? the traffic for receipts from each forwarding nodes. Charges and rewaeds ar
flow (s, d) on router at timet, then the traffic of flow(s,d) ~ )35a4 on these receipts, which provides incentive for ntudes

?t timet is Asa(t) = Zde ‘igd(t)' Thjtotal traffic arrival ,herate and report actions honestly. Formally, Spritebea
or sources at timet is As(t) = > _jcp. Asa(t). described as follows:

Traffic model. The packet arrival procegsi;(¢)} 2, arei.i.d. (1) A sender selects a path to delivery a message to the
sequences of a random variables forsali S. The arrival rate  jctination. Denote this path @s= (s, 71, -+ ,ne,--- ,nz,)

E[As(t)] of sources is dengte by{\S, wherein the gxpected wheren, — d andl, is the hop count of-

tlme_bet_ween two consecutive arrivals is 1 (or aunit "3_'9'“)“ (2) The sender will be charged for transmitting the message.
destination of a flow is chosen as follows: with probabmgg, 3) CCS believes that a node alonghas forwarded the
the packets_generated b_y the source node will choose #iod essage if and only if there is a successor of that node on
as the destination. Obviously, we haY€,;.p, hsa = 1 for o path reporting a valid receipt of that message.

s € S8. Unless we state otherwise, we assume the unifor, )
, : X CCS charge¢’” from nodes, and paysP;, to nodeny:
traffic model, which means; =\ andh,; = ﬁ for all s, d. (E) g y PaYStn, 1tk

Fig. 2.1. Example of a WMN with link loss probabilities.

Shortest-path based routing.In this paper, we consider a C" = (I, —Da+8—(,—e)s, (2.1)
family of shortest-path based routing protocols, where the a, ifk<e=I,
quality of a path can be chosen by (app count or (b) , B, ifk=e=I,
expected transmission cou(ETX) [5]. Hop count assumes P, = va, ifk<e<l, (2.2)
all links are homogeneous.€., links have the same loss NG, ifk=e<l,,

probability, and channel fading characteristics). Themeffor
the flow (s, d), Shortest-path hop-count routirgglects those heren, is the last node on paththat submits a valid receipt,
paths with the smallest link distance betweeand d. y<landj<oa.

Under ETX [5], it allows links to be heterogeneous. ETX To illustrate, consider again the network in Fig. 2.1. We
minimizes the expected total number of packet transmissioassume that node 1 is to send a message to node 4 along the
required to successfully deliver a packet to the destinatiojpathr = (1,2,3,4), wherel, = 3. When node 3 is the last
ETX of a link is based on the delivery ratio: number ofiode on path that submits a valid receipt, then=2,C" =
transmissions needed to successfully deliver a singlegtacRa + 8 — v3, Py = ya, P3 = v and P; = 0. When node 4
ETX of a path is the sum of the ETX for each link in that paths the last node on paththat submits a valid receipte. the
In general, ETX is able to reflect per-link performance anthessage is send successfully, thea 3,C" = 2a+ 3, P5 =
affect the per-flow performance. For the ease of mathematica P; = o and Pj = §.
formulation, we only consider use the forward deliveryaati Let § be the cost of forwarding a receipt from one node
to calculate these ETX values. to another. Then a colluding node (if any) incurs a cosb of

Consider the WMN in Fig. 2.1 as an example, where thendn; must compensate the colluding node withWe state
link loss probability are shown along the edge. Consider tiseme definitions and property of the Sprite system [9] here.
flow (1,4). Under the shortest-path hop-count routing, there Befinition 1: For a player, an optimal strategy is a strategy



N e the packet. Since source nodes need to perform retranemissi
@e,e‘)‘ A % this can be regarded as the upper bound (or the worst case)

‘@\e\ - g payment for source nodes under Sprite [9]. For simplicity of

o 3 o@of 3 presentation, we make the following assumptions:

> ] g « there is no cheating and no collusion for message-

d forwarding and receipt-submission,
Percentage of Nodes ~ 100% « the link capacity is sufficient to satisfy all demands.
Fig. 2.2. A typical Lorenz curve for the network in Fig.2.1. A. General Mathematical Model

We useR?, = {r € Rsq : n € r} to denote the route set
: : : th set) that node is an intermediate node of some route
that brings the maximum expected welfare to it, regardléss @r pa
g P g r for flow (s,d). Let C" be the cost for source nodeand P,

the strategies of all the other nodes. -
Definition 2: A game is collusion-resistant, if any group OPe the payment to node € r for successfully transmitting a
' ’ acket along the path to d. Let C,,(0) be the initial credit

colluding players cannot increase the expected sum of thEf . :
welfare by using any strategy profile other than that in whic‘%+ noden. Attime ¢, noden has credit

everybody tells the truth. ¢

Definition 3: A game is cheat-proof if truth-telling is an opti- ~ Cn(t) = Cn(0) + Y AC.(k), t>=1neN, (31)
mal strategy for all nodes and the game is collusion-rasista k=1

Theorem1: The receipt-submission game of Spritej i v3 where

andé > (I, — 1)va, is cheat-proof. AC, (k) = ZSGS’dEDMER% AT (k) Pr

Credit inequality metrics. In economics, thd.orenz curve r . (3.2)
[13] is a graphical representation of the cumulative disttion + Lsesmen, An(k)8 = Laep, rer,q Analk)C
of wealth for a group of people. Here, we use it to represeistthe credit variation of node in time slotk. In (3.2), the
credit distribution among nodes, where it shows for the psbr first and the second terms represent the payments from CCS
x% of nodes, what;% of the total credit of the system theyto noden for forwarding messages and for reporting receipts
possess. One can use the Lorenz curve to represerdl (or for the message respectively. The third term represents the
credit) inequality A Lorenz curve of a 45 degrees straight linpayment from node: to CCS for sending messages to other
thus represents perfect equality among nodes. nodes. The credit evolution for the CCS is
The Gini coefficientis defined based on the Lorenz curve,
which is the ratio of the area that lies between the equality | Cl)y=0(t-1) - Z ACa(t), t=1.
and the Lorenz curve (marked ‘A’ in Fig. 2.2) over the total neN
area under the equality line (marked ‘A and ‘B’ in Fig.2.2)Persistent Transmission Mode:Under thepersistent trans-
i.e, G = A/I(A+B). The Gini coefficient is a measure of thenission modg each intermediate node in the path would
inequality of a distribution among nodes: G = 0 implies petrfe forward and/or retransmit an arbitrary number of times lumnti
equality and G = 1 implies maximal inequality. successful transmission occurs. In this case, we Rjve: o
To illustrate, consider again the network in Fig.2.1. Assunfor all n. € » andC" = (I, —1)a+/3 for all r € R. Substituting
that there are total 10 credits. If each node has two creditdem into equation (3.2), we have
then the Lorenz curve is along the line of equality and G =
0. If node 1, 2 and 3 have one credit respectively, node 4 ACn (k) = Bn(k)B + Fon(k)a — Z Fym k), (3.3)
has three ones and node 5 has four ones, the Lorenz curve is m#n
shown in Fig.2.2 and G = 0.21. where B,, (k) is the difference between the traffic ending at
noden and the one starting from node F},,, (k) is the traffic
[1l. Mathematical Model For Credit Evolution that noden forwards for others nodesy,,, (k) is the traffic

Let us present the mathematical model to describe the crdft nodem forwards for node: at time slotk. We have
evolution,i.e., the dynamic c_hange of credit, fo_r each nodein a Bn(k) = > sesmep, Asn(k) = > gep, Ana(k)
WMN. We model the evolution of nodes’ credit as a sequence Fon(k) =Y cs . AT (k)
of random variables, and for some network topologies, we  p (k)= ’ ’m ffﬁ (k).
can obtain the closed form expression for the expectedtcredi o d€DnreRy, ~nd
variation. We consider two scenarios: Under the persistent transmission mode, the credit of CCS is
(a) persistent transmission modewhen a collision or packet alwayszero,i.e., C(t) = 0, ¢ > 0, which means that the credit
lost occurs, a node will retransmit the packet until it igariation of nodes isonservationi.e., - AC,(t) = 0 for
successfully received by its neighbor. t>1.

(b) single transmission modewhen a collision or packet lost Under the assumptions we made about the traffic model,
occurs, a node wilhotretransmit. The source node is responsiB,, (k)}7° ; and {F,,,,(k)};2, are i.i.d. sequences of a ran-
ble to retransmit the packet until the destination nodeivese dom variables for alln, m € A/ and n # m. By (3.3), the



expected credit variation of nodeis @ n-1 @ @ @

Acy =bpf+ frna — Z Srmav, (3'4) Fig. 3.1. Linear topology withV nodes.
m#n
whereAc,, = E[AC, ()], by = E[Bn(k)], from = E[Fpm (k)]
and fun = 3, fon. Furthermore, by (3.1), the expectediave E[C"] = (100(2c + ) — 299/3)/81, E[P;] = (8lar +
credit balance of node is 9va + 10v8) /81, E[P}] = (9a +vB)/9 andE[P]] = .

E[C,(t)] = Cn(0) + tAcn, t 2 1,n €N. B. Expected Credit Variation for Special Topologies witk th
Single Transmission Mode:Under this mode, intermediateShortest Hop-count Routing

nodes along the path will only forward the packetly once e consider the expected credit variation for three special

In this caseF; andC'" in equation (3.2) are random variablesiopologies with the shortest hop-count routing. Closeurfo
Assumer = (s, n1,--- ,n;) be a path for flow(s, d), where  expressions can be given, where the expected traffic sjartin

n; = d and we omit the subscriptfrom /... Let A; denote the from 1 is consistent with that ending at i.e. \. So we have

outcome that the message arrives at nogbut fails to arrive j,  — ¢ for all n. Let F,, (t) = i, rern Aly(t) denote

at noden;, 1,4 = 1,---,1. Denote the probability thal; ihe traffic ofn forwarding fors, s # no

happens by;. The corresponding cost of nod@nd payment | jnear topology. We consider the one in Fig. 3.1. There is

to intermediate node,, for outcomeA; are denoted by; and only oneshortest path for each flog, d). We haveF,; (t) = 0

p;* for k,i=1,--- 1, respectively. Note that if the packet iSandFsN(t) —0.Forl <n < N, we have

not sent to node, the CCS will not make an effective record.

So we assume the source nodalways makes a successful Fon(t) = { Agq(t), ifd>n,s<n (3.5)
transmission when we calculate the cost and payments. o 0, ifd<mn,s<n '
Theorem2: It holds that .
(i) the expected cost that node successfully sends a Fon(t) = { 0, if d>n,s>n (3.6)
message along path to noded is ¢/p;, wherec = Asa(t), ifd<n,s>n.
_api+---+ap, and For the uniform traffic, by (3.5) we have that
(i) the expected payment to node, that node s
successfully sends a message along patih noded is fsn = E[Fs(t)] = E[E[Fsn(t)|d]]
Do /Dt k=1, 1, Wherep,, = p}pi+- -+ . — Pr(d > n)E[Ay(t)] = X2

. - o1y
Please refer to [18] for the proofs of Theorem 2 and oth pS < Similarly, by (3.6) we havefs, = = A if s > n.
theorems hereafter. urthermore, we have

We can further provide a closed-form expressionsH{ s ] Fom = Zn—l Nen | ZN n_,l) A
andE[P; ], k =1,--- 1. By the payoff scheme of Sprite (2.1) o s=1 N-1 s=ntl N-1

; = 2(n=HWN=n) 5
and (2.2), we have; = (I — 1)a+ 8 — (I — i)y03 and N-1

ya, if k<i and
p:tk = ’}/ﬁ, if k=1 n—1 m-—1 N N—m
0, if k>i. 2mimn Jom = (Zm:1 N1+ Dm—nt1 N1 ) A

(n=2)(n—1)+(N—n—1)(N—n) A
2 1 :

Submitting them into the results in Theorem 2, we have (N=1)

=1,
E[C"] = M,E[Pg] = p andE[P] ] = o+ Submitting them into equation (3.4), we have

+ 1,71 Ye’ .
7M+k+lp, k:l,...,l—l,Wherepi:H;:i(l_ A 3n(N_(71—1))—%N(N+3)_1A
. -1 Cn = a’
€nyma))E€mimin) b = Lol = Lipp = Hj:1(1 - N -1
) which is symmetric aboudv/2.

Remark: Let us provide a physical interpretation of Theorerpeing topology. Consider the WMN in Fig.3.2. Fon € A/
2. 1/p; is the expected number of transmissions that NOYE, jat s — mo(i(n¥ EN) K =12, LN./2.J .Wheremo(i

s makes for a message it sends along patlo d, ¢ is the g ypo moqulo operation andV/2| means the largest integer

expected cost that sends a message thand pn, IS the o wreater thav/2. In the sequel, we assumeod (0, N) —
expected payments to node, k = 1,--- 1. Therefore, the mod(N, N) = N for convenience of formulation.

expected cost fos to successfully send a messagedids We first consider the case that is odd, where each flow
the product of the expected number of transmissions and Wa?s onlyone shortest path. We have ’

expected cost according to item (i) in Theorem 2. The similar
results also hold for the payments to nodsgs- - - , n;. Aga(t), if d=mod(nx1,N),

Consider again the flow1,4) in Fig. 2.1, where nodd Fy(t) = l=1,---,|N/2| -k (3.7)
sends a message along path= (1,2,3,4) to node4. We 0, otherwise.
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Fig. 3.2. Ring topology withV nodes.

For the uniform traffic, similarly with the linear topologly

_ IN/2]-k
(3.7) we havef,, = ~5=7—A. Furthermore, we have

N/2| |[N/2|—k N/2]—1)|N/2
_ oy N NI (g2 N2l

Fig. 3.3. Grid topology withV = H P nodes.

Submitting them into equation (3.4), we hade,, = 0. Then the expected value df,,(t) is
When N is even, the flow(s, mod(s + N/2, N)) hastwo P oH
shortest paths for akk. We have Fam = Z Z Pr(d = paH +ha,d # n)E Z 0
Asd(t), if d= mod(n + l7 N), Pa=p hg=h rERY,
_ [=1,- ,N/2—k—1 . .
Fon(t) = Agq(t)/2, if d=mod(nFk+ N/2,N) For tzt]i unl};orm tlrafgc and Lemma 2, we havg, =
07 otherwise. kl Zpd:p Zl}d:_h mfA |f hs. = h, we havekl = 1.
(3.8) Ma}Dk|r119 aHS|m|Iar ananlysis with above, we havg, =
For the uniform traffic, by equation (3.8) we have D e _;hd:hl ﬁl%)l\c If hy > h, we have f,, =
N/2—k—1 1 A N/2—k—1/2 R1dp mp 2ohy=t NoT EN
fon=—"F—7 At y-13= N-T Case B:p, = p. Thenk; = 1 and we have
Furthermore, we have P— H
f — Z%d:}) sz:h ﬁ%)\’ hs < h
Zm#n fnm = .fnn Zpdzo ZhdZI ﬁ%)\, hg > h.

2
_ 2Z:N:/z—l N/27571/2)\ _ (N/Q:l) A\
=t NN Nt Case C:ps > p. Then we have

Submitting them into equation (3.4), we hate,, = 0.

Grid topology. Consider the topology in Fig. 3.3, there is Ky Zg 0 Zf _h ﬁk_ﬁ/\v he < h
N = HP nodes. In the sequel, let = pH + h, wherep = Fon = p" ZH“‘ 1 k) b —h
0,1,---,P—1,h=1,2,---  H. For a given flow(s, d), let n ;;)d:o ha=1 N1 Ikcz v s

s = psH+h, andd = pgH+hg. To obtain the credit variation k12 pa=o Dhamt T EA s > he

of noden, we must.know how much traffic it forwards for asubmitting f., into equation (3.4), we can get the desired
given flow (s, d), which needs the number of shortest path fggg it

flow (s, d).

Lemma 1: The fact holds tha{R.q| = (PO;OHO) for flow IV. Balancing Credit via Pricing

(s,d), where(}) is the binomial coefficientPy = [p, — p4 o
and Hy = |hs — hg| be the vertical and horizontal hop count When a node has abundant amount of credit, this node has

between node andd, respectively. no incentive to forward packets for other nodes. On the other
In the sequel, we letk; = (IpS_IZIﬂZF_hI)’ k, = hand, when a node does not possess sufficient credit, it tanno
(|p_p‘d\+|hl_dd|) b= (\ps_,‘,d|+\hj_hd\) an(; use the notation transmit packet to its target receiver, so it needs to wdit itin
P—Pd ’ Ps—Pd

accumulates sufficient credits. These are undesirable Hiey
reduce collaboration and lower system throughput. We addre
this problem here by determining the optimal incentive @ric
Ria# 0, thenZTGR?d Aalt) = klkkz Asa(t)- for each node so to ensure fair distribution of credits.
Tradeoff between Incentive and Balancing:We introduce
ifferentiated pricing by allowing different node to chardif-
ferently in forwarding a message. Under the Sprite mechanis
all nodes use the same price and we called thishttraoge-
ZreRgd Ayy(t), ifpa=p,--,P—1, neous Spritg(HomoSprite). We consider thketerogeneous
Fo,(t) = hg=h,--- ,H,d#n Sprite (HeteroSprite). Assume that nodesends a message to
0, otherwise. d along the path- = (s,ny,---,ny,.), wheren;, = d andl,

() to denote 0.
Lemma 2: If node n forwards traffic for flow (s, d), i.e.

To get the closed-form of the expected credit variation
noden, three cases are consider respectively.
Case A:p; < p. If hy < h, we have



is the hop count of path. In HeteroSprite, the CCS charges In constrained optimization, thréhadow pricds the change
C" from nodes, and paysP,, to nodeny, where in the objective value of the optimal solution of an opti-
mization problem obtained by relaxing the constraint by one
unit: it is the marginal utility of relaxing the constrairy
equivalently the marginal cost of strengthening the caristr
. Each constraint in an optimization problem has a shadovepric
Qn,, Ifk<e=lI, . . .
. or dual variable. The value of the shadow price can provide
. G, if k=e=1, L R
Py = . decision makers powerful insight into problem. In the séque
Yon,, if k<e<l, . . X
3 fhee<l we ponS|der the gh_adow price for constraints _(4.4b). .
P " Taxicab Norm Pricing Approach: We take taxicab norm in
wheren, is the last node on paththat submits a valid receipt, (4.4a) and call it as taxicab norm pricing scheme. Introdgici
v < 1andg < a, for all n. Similar to [9], HeteroSprite has the nonnegative variable,, we translate the associated non-
the following property: smooth optimization problem (4.4) to a linear programming
Theorem3: The receipt-submission game of HeteroSprite, ffroblem
0 >~p anql& > 722;1 Q. IS .cheat-propf. .
Comparing the expected gain of credit from forwarding a
message with that of not forwarding the message, an interme-
diate nodem can expect a net gain of

Ir—1

cr Z an, + 08—, —e)VB
k=1

C N

minimize ) ', ,

subject to frpnan, — Zm;&n famQm + Tp > —wy, (4.5)
_,fnnan + Zm#n ,fnmam + T Z Wn

Qéangav lel, 7N'
p2(1 = y)am + pry(am = B), (4.1)  The dual of the optimization problem (4.5) is given by
wherep, andp; are the probabilities that the message arrives 1 ,ximize ZN_l(wnzn — WnYn + Aty — Gy
at the next node and destination respectively. For the giersi subject to an fsn(zs —Ys) -
transmission mode, similarly to (3.4) for HomoSprite, the —f;f%lzn — ) + [t — v =0 (4.6)
expected credit variation of nodefor HeteroSprite is Yn + 2n = 1
Acn = fantyn — Z FromQm + Wn, (4.2) Yns Zns fbns U >0, n=1,--- , N.
m#n Let (a*x*) be the solution to (4.5). Then the expected credit

variation of noder is Ac}, = fnna;:—zm:m# fnmod, +wp,.

wherew,, = b,8 is independent of other nodes and ’
It can be easily check that! = |Ac}| for all n.

Jon = me. (4.3) Let R = {n € N : Ac} = z}} be the index set of rich
s#n node,i.e., whose expected credit variation is positive, dhe-
€ N : Act, = —z} is the index set of poor nodeg.,

We need to consider two desirable requirements: one is{t%
keep the expected credit variation (4.2) for each node ax ze
i.e. Ac = (Acy, - ,Acy) = 0. The other is to maximize
the incentive to each nodee. maximize a« = (a, -+ ,an)
according to (4.1). Therefore, a trade-off must be made
tween the two requirements. Takindg\c|| as the metric of
the expected credit variation vectdec, we minimize ||Ac]|
over the price vectoex subject to the box constraintse.

ose expected credit variation is negative. Define indéx se
={neN:a)=a}, M={neN:a<a<a}and
U={neN:a =a}. The following theorem shows how
the optimal price vector depends on the traffic workload.

eorem4: Let (a*,x*) be the solution of (4.5). Let
(y*,z*, pu*,v*) be a solution of (4.6). Then
(i) Vn € RN(UUM), it holds thatu? = v = 0; In addition,
fsn =0,Vs € P, s # n.
minimize ||A(;H (44a) (II)VTL € RNL,itholds thatp;; =2 ZS€P75¢n .fsn andV:; =0.
(4.4b) (i) vne PNU, itholds thatv;, =23 p ., fsn @ndu;, = 0.

(iv) Vn € PN(MUL), it holds thatu; = vt = 0; In addition,

wherea and @ is the lower and upper bound of the pricefs, = 0,Vs € R, s # n.
respectively. Note that we need> (. Furthermore, it should Note that we can carry out similar analysis of the shadowepric
be chosen such that the expected net gain of nedén for the pricing method withinfinity norm or evenEuclidean
(4.1) be greater than the cost for forwarding a message. Tiem in (4.4a). In view of complexity, both infinity norm
upper boundx should be less th%, wherehnma.x IS the and taxicab norm pricing approaches need to solve a linear
maximum hop count for possible routing. Then the price vectprogramming problem. For Euclidean norm pricing approach,
satisfies the condition established in Theorem 3. it is necessary to solve a linear least-squares problemhwmith

To see the effect of the credit balancing method, we havedonstraints, which is also solvable in polynomial time.
answer a more fundamental question: given an optimal price
vector resulting from (4.4), what is the underlying physica . )
meaning and how does it depend on the traffic workload 6f Simulation Setup
the system? We answer the problem via #f@dow prices  For the linear and ring topologies, we gg€t= 10. For the
associated with the price constraints. grid topology, setd =5 and P = 5, or N = 25. A topology

subject to a < ap, <&, n=1,--- N,

V. Performance Evaluation
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consists of N = 36 nodes that are randomly distributed in ang °/= "% . . e g
area of 1000 by 1000 meters as shown in Fig. 5.1. We wg |*"» 7 = T 8
H . & 5y e LT « &
the lognormal shadowing propagation model [4]. gt and & o2
pi; be the distance and the delivery probability for the link . o
from nodei to nodej, respectively. Based on [4},; can be ° Y e O O econgeofNodes T

approximated as a function af;: (b) Shortest-path ETX routing

Fig. 5.2. Persistent transmission mode against singlerasion mode.

1— (%22, if dij <D
(2SN o if D < di; < 2D
0, otherwise,

Pij =

modes, ETX is more appropriate than hop count as a routing
wherep is the power attenuation factor ranging from 2 to @netric in evenly distributing credit among nodes.
and D is defined as the distance such that(D) = 0.5. In
our simulation, we sep = 5 and D = 200m. We assumg
is not in the transmission range of nodéf p;; < 0.6. The In the following experiments, we focus on HomoSprite
average degree of a vertex is 3.44. under the persistent transmission mode. The expectedisredi
The source’s traffic arrival rate is set as= 1 under the variation and Lorenz curves for the linear, ring and grid
uniform traffic model. In HomoSprite, we set the parametetepologies under different routing metrics and differenafftc
a=1,8=0.1 andy = 0.001. In the pricing model (4.4) for models are considered.
HeteroSprite, we set = 0.5 anda = 10. Experiment 1 Comparison between different routing met-
) o ) o rics. Fig. 5.3 shows the expected credits variation and Lorentz
B. Persistent Transmission Mode vs Single TransmissioreMqq,rves for the linear and ring topologies under the hop count
In this experiment, a comparison is made for HomoSpriteetric and the ETX metric, where the link loss probabilities
respectively under the persistent transmission mode a@d #re uniformly generated ové®, 0.4] for ETX metric.
single one. The specific topology shown in Fig.5.1 is consid- For the linear topology, each flow has the same routing
ered here. The expected credits variation and Lorenz curieshe shortest path hop-count routing and the shortest ETX
with corresponding Gini coefficients are shown in Fig. 5.2. routing. The expected credits variation shown in Fig.58 (a
One can observe from Fig. 5.2 that the expected creditsd (b) are the same under the two routing protocols, and
variation of nodes under the single transmission mode nedes 1 and 10, which are on the edge of the network, have the
smaller than that under the persistent transmission mode. smallest expected credits variation, while nodes 5 and &twh
The difference between the expected credit variation of tlaee in the center of the network, have the highest expected
nodes on the edge of the netwokkg.node 1, 2, 3, 35 and credits variation.
36, under two transmission modes, are much larger than thos€&or the ring topology, as shown in Fig.5.3 (a), each node
in the center of the network. plays a same role and maintains credit equality under hop
The Lorenz curves in Fig. 5.2 (a) and (b) show that the egount metric. From Fig.5.3 (b), we observe that the shortest
pected credits variation under the persistent transmmissiade ETX routing has almost no effect on the credit distribution.
is more equal than the one under the single transmission . modeTo test the effect of the ETX measure on the credit inequal-
The CCS has null credit under the persistent transmissiyin grid topology, we consider two scenarios for the shstt
mode. While under the single transmission mode, the CCS hmth ETX routing. One is the ETX-Edge scenario, where the
68 credits in the shortest hop-count routing and 55 creditslinks out from the nodes on the edges of the network have
the shortest-ETX routing, where a unsolved problem for CC&ro loss probability and others 0.3. The other is the ETX-
under the single transmission mode is how to redistribudsgh Cross scenario, where the links out from the nodes on the
surplus credits to each node. For the two said transmissimiddle cross have zero loss probability while others 0.3 Th

C. Credit Inequality Measures for Expected Credits Vadati
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results are shown in Fig.5.4. Compared with the shortett-pe § 2 A s ’
. . G + + £ 0. p
hop-count routing, the ETX-Edge case makes the creditmeg o .~ . . .° 5" g
equal because there are more opportunities for nodes on £-z -+, + . | %o g
edge of the network to forward message for others. On tt -4 L
contrary, the ETX-Cross case has credit inequality sineeeth O s 0 e 0 B O O hgeottades 08T
are more opportunities for nodes in the center of the network () Grid topology

to earn more credits. Fig. 5.5. Uniform traffic against skewed traffic.

gl * Hop Count 2 Hop Count, G = 0.37 N
¢ o2 Encoiss o8| encomme-as /-1 While skewed traffic in grid topology will slightly reducedh
g 3 s credit inequality because there are more chances for some
> 4 I AX*A A s ’ . .
£ e e §°'6 S nodes on the edge of the network to earn credits, as illastrat
é; e T Le 7T s 50.4 i in Fig.5.5 (C)
g of + + +++++* +*+++++ Lt 8 /// ,//
§,l.812 % £ %155 o2 D. Effectiveness of Differentiated Pricing
N Bty = olr To illustrate the effectiveness of differentiated prigirlge
0 5 10 15 20 25 0 0.2 0.4 0.6 0.8 1 . . . . .
Nodes Percentage of Nodes uniform traffic model with the shortest-path ETX routing is

considered for the topology in Fig.5.1.

The expected credits variation and Lorenz curves for Homo-
Sprite and HeteroSprite are shown in Fig. 5.6. It can be seen
that for the HeteroSprite, most nodes that have the chance to
forward messages for others almost have zero expectedsredi

Fig. 5.4. Hop count metric against ETX metric for grid toppfo

Experiment 2 Comparison between different traffic pat-
terns. We consider askewed traffienodel,i.e, Ay = [N/2|\
and A\, = X for all s # N. In addition,hyg = — for all

N-1 variation. It implies that we can achieve credit equality.
d# N, and for alls # N We let C,, (0) = & 'n € NV, whereK is the sum of the
1 d+#s N expected cost of each node under the uniform traffic model.
hsa = { i(N_Q) d= ]\} In each time slot, each soureegenerates flow(s, d) with
5 .

traffic Asq(t), which is randomly chosen from the Poisson
This traffic model can be regarded as the one in a hybrid WMiNstribution with parameter 1. If the credit balance of smur
with oneaccess pointV. s, Cs(t), is greater than the cost of transmission traffig (¢),

The expected credits variation and Lorenz curves with thlee sending succeeds add(¢) and C,,(t) for all n € Ry
shortest-path hop-count routing are shown in Fig.5.5. Froane updated according to the general model (3.1); Otherwise
Fig. 5.5 (a) and (b), one can conclude that the skewed trafffe sending fails. We simultaneously run the two systems 500
in linear and ring topologies will magnify the credit inedjia  time slots. The goodputs of HomoSprite and HeteroSprite are



. % e X T - concludes that too large an mount of internal currency tefgc
o HeteroSprite -~ HeteroSprits, G = 0.08 | 7 into the system will cause the system to collapse. Zhao et al.
L [16], [17] proposed a general analytical framework to analy
06 - and design a large family of incentive protocols for P2P
04 i~ networks. The main difference of incentive scheme in WMNs
. and P2P networks is that the peers is not directly intergctin
T 7 . 2 ~ with each other and we need to consider the interactions
: 5 25 = oy or o5 os 1 Dbetween the incentive mechanisms and the routing protocols
Nodes Percentage of nodes In this paper, we present a mathematical framework to
analyze the interaction of the credit-based incentive mehe
(e.g., such as Sprite) and path-based routing protocols suc
as the shortest-path-hop-count or ETX [5]. We showed that

shown in Fig.5.7. For a source, the goodput means the raiader some traffic workload, the WMNs can have large

of successfully sent messages to all generated ones. credit-inequality which can cause some nodes not able to
transmit any packet. To redeem this problem, we propose a

differentiated pricing mechanism so as to evenly distebut
credit among nodes such that the Gini coefficient of the
WMN is closed to zero (or achieving the credit equality). The
mathematical methodology we propose also opens doors to
investigate the sustainability of wireless networks thapky
different incentive mechanisms and/or routing protocols.
Acknowledgement: The work of John C.S. Lui and Patrick
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