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Abstract—When allocating rates in wireless multi-hop net- mechanism has been generalized by [12] and [18] to WANETS.
works, one difficulty comes from the so-called MAC (media access |n [12], the authors propose an adaptation algorithm that con-
control) constraint. To overcome this difficulty, this paper pro- verges to the unique bandwidth allocation while maximizing

poses a price-based max-min fair rate allocation scheme. Unlike th fth 's utiliti ithout licitly add ina th
existing schemes, our scheme is based on the MaxNet principle € Sum of the users utiliues without explicidy addressing the

using the maximum price of all nodes along a transmission fairness issue. The authors of [18] present a new pricing policy
path to control the flow's rate. Through theoretical analyses and for end-to-end multi-hop flows in WANETSs aiming to achieve
simulation results, we show that the algorithm is able to meet the maximized aggregate utility of flows. A more general set of
MAC constraint and to achieve max-min faimess among multi- qnsiraints is investigated in [3], which take into account the
hop flows in wireless networks even if the topology varies, as is .
the case in a mobile environment. need to schedule transmissions globally so that they do not
interfere. These constraints are considered in an end-to-end

context in [2].

Maximizing aggregate utility is able to approach max-min
fairness if the utility function has a particular asymptotic form
. INTRODUCTION [9], [18]. Max-min fairness is an important requirement for

N recent years, allocating flow rates fairly either in wire/Vireless networks such as multi-hop WANETS, that demand

line networks or in mobile/wireless networks has receiv%Ség!ytEg;ilr;\r/Z?tmrﬁzt iﬁggifiteyrso;egsgil)e;cfhg; IQECQ uerl’r;bialrz?f
much attention [4], [7], [8], [10], [12], [13], [14], [17], [18], . : . . !
C T . ; 18] to achieve max-min fairness may be related to the fact
[19]. As distinct from wire-line networks, in a wireless net-[ a][ these schemes are based on theySumNet architecture [6]
work an important additional constraint arises from the Med 1, [8], that is the rate regulation is based on the summation of '
Access Control (MAC) layer [14]. This constraint requires '~ 9

that, the same node should not transmit and receive pacl%lghe link prices on a given path. In SumNet approaches, there

simultaneously [14], [19]. Therefore, when allocating bandS " inherent shortcoming. Considering those flows crossing

width for wireless networks, both the link capacity restrictiol &Y hops use more network resources, a utility optimal

: R solution may penalize those “long” flows more. Recently,
h he MAC | .
Eggsgdgrggne constraint imposed by the C layer must drowski et al. [15], [16], [17] proposed the so-called

The work of [4], [14] provides scheduling schemes fOMaxNet rate control approach for wireline networks which

. . : . . h Is able to achieve max-min fairness. This paper achieves max-
max-min fair allocation of bandwidth in wireless ad hocC pap

min fair rate allocation in wireless networks by applying the

networkg (WANETS) to T“eet the MAC constram_t. Thesﬁ/laxNet idea and considering the MAC constraint. Mobility
scheduling schemes require a central controller, which hinder,

their application to distributed wireless networks that may n& wireless networks generally leads to variations of topology;

. . aur proposed algorithm is shown to be adaptive to the routing
rely on centralized management or authority. The challenge o - :

; s .changeovers arising from the mobility of wireless networks
to control the flow rates in a fully distributed manner. In this

paper, we meet this challenge by providing a fully distribute'&‘ the sense that the rate allocation is still able to maintain

algorithm for a price based max-min fair bandwidth aIIocationmaX'mln faimess for wireless mobile networks. Furthermore,

. It facilitates implementation due to its distributed nature.
over a wireless network.

The use of pricing as a means for allocating bandwidth The rest of the paper is organized as follows. In Section 2,

has been initially proposed in [6], [7], [8] for wired networks V€ specify the MAC constraint and describe the pricing policy

where the authors show that the pricing scheme can achievelr Ihwweless networks. In Section 3, we analyze the algorithm

L . . . .. and prove that the algorithm reaches max-min fairness. In
equilibrium) a proportional fair rate allocation. Such a pncm%ection 4, we validate our algorithm by simulation results.
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The time constraints are given as follows:
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L2 Lo Note that the link constraints can be subsumed into the time
/‘/—\ﬂ‘ constraints. Subsequently, for wireless networks, we can only
ow 3

consider the time constraints; while for the wireline case we

flow 2 can consider only the link constraints.

Fig. 1. An example network for MAC constraints

the response of the congestion control scheme. We assuBneNode pricing: problem formulation
that a reliable link layer is used, and so ignore packet '035-Following [17], we use the same price updating rule as

In [14], [19], access constraints at the MAC layers arise dyg, |4 be used in Kelly's theory of utility maximization [6],
to the fact that each node is not able to transmit or receiyf gupject to additional constraints in the wireless multi-
packets simultaneously in more than one link. Note thatk%p network model. LetS be the set of flows,S(j) be
further restriction whereby a node cannot receive packets WhaR set of flows that uses Node The optimization of the

a nearby node is transmitting was considered in [2], [3], [18qqregated utility function of the set of flows subject to the
However, these extra constrains do not apply, and hence fR&c constraint can be formulated as follows:
MAC constrains are sufficient, if interference between links

is negligible. This occurs, for example, in a CDMA system P: maXZUe(Is) (4)
with sufficient spreading in which each node transmits with s

an independent code. This is reportedly the case for Bluetooth . 1 1
networks [14]. Subject to: Z T it + Croo <1. (5)
This so-called MAC constraint can be stated as s€8(7) o o
Note that the main difference between the above optimiza-
1 1 . e : :
Z 3:§< + ) <e, (1) tion problem and the wire-line case discussed by Kelly’s
s€S(3)) Ci)  CloGis) theory [6] [7] lies in the fact that, for wireless case one needs to

o consider the MAC constraint. Following a similar procedure,
where we use(j) to denote the set of flows incident on Nodgye reach the following price updating rule:

j, x5 to denote the rate of Flow. The input and output links
of Flow s on Nodej, in the case Flow passes through Node PJ t+1)=

j, are denoted by;(j,s) andiy(j, s), respectively.C; is the 1 1 "
capacity of the channel link Note that for any source node |pi(t)+7 | > zs(p(t)) (C —+ 5 > -1]],
C,(j,s) = oo; While for any destination nod€’,; ;) = oc. s€S(j) Li(g:9) lo(4¢)

The parametee is the efficiency factor in MAC protocol. 6)

In this paper, we assume thatis known and equal for all Where the component is a step-size, and the functign| "
nodes. For notational simplicity, we take = 1, which is IS defined agz]* = max{z,0}. We have put the derivation
equivalent to a suitable scaling of the link capacities. Obser@é the above updating rule in Appendix. o
thatz,/Cy, ;.. can be interpreted as the fraction of time Node e can interprep; as the price per unit time Node This
j expends to receive data of Flowover a unit interval of S a_lso consistent with the foIIOW|_ng Iavy: if the total fra_ctlon
time. z,/Cj, ;..) iS interpreted as the fraction of time NodePf time at Node; exceedsl(c), raise pricep;(); otherwise
j expends to transmit data of Flowover a unit interval of reduce pricep;(t). In our approach, the term “price” can
time. Thus, as total fraction of time expended at Nggannot P€ regarded simply as a congestion signal to guide sources’
exceedl (z). decisions.

We further expound the concept of MAC constraint by using
the model depicted in Fig. 1. In Fig. 1, node 3 can transmit !/l ALGORITHM DESCRIPTIONS ANDMAX-MIN
packets of flow 1 or 2 or receive packet from flow 1 or 2 or FAIRNESS PROOF
receive packet from flow 3 or remain idle. A. Algorithm descriptions

As described in [19], there are link constraints and time On the basis of the derived node’s price updating rule and
constraints in wireless networks. For example in Fig. 1, thﬁjopting the idea of MaxNet [17], this section presents the
network consists of three flows, flow 1, flow 2, and flow 3yhole algorithm.

Let z,, s = 1,2,3 be the data rate of the flows respectively | et A(s) be the set of nodes Flow traverses. In our
andC; be the capacity of link. The link constraints are given proposed system, the source of Flawis charged a price

as follows: qs(t) = max{p;(t), j € A(s)} per unit bandwidth. Therefore,
T T2 _ . 1 + 29 + 23 o T T2 each node formulates its own price using (6). The network uses
e = 1, g <1 cs =1L 1 = L, g <L price as a signal to reflect the traffic load on the wireless nodes.

(2) In our network model, the node prices should be the feedback



functions. Assuming all sources are saturated, a rate allocation
Feodback signal ¢ is max-min fair if it is not possible to increase the allocated

slmica —— rate of a user without lowering the rate of any other user whose
q&a 1 ':,{ Node 2 ’j Node 3 _-_-_-_-_-_-_-_-_-j Node o -lestination rate is already lower than this user’s [14].

gep  gomax(g,p) Gemaxig,p)  gemax(g, p) Max-min fa_irness result§ w_hen all flows have the same
demand functionD(g,), which is assumed to be continuous,
Flow s positive and decreasing. Recall = D(q¢,), wheregq, is the
nryaximum price of any node traversed by Flew
Let us partition the nodes into classEs such thap,, = p,,
. . . for all n, n’ in T}, andp,, > p, for all n in T; andn’ in
congestion signal to control the flow rates. This congestnﬂ with j > i. Let P, be the price of nodes in clas.

signal, ¢, communicated to Flows, is the maximum of The network must have at least one node corresponding to the

all node prices on the .end-to—gnd transm|s§|on path.' In .tr}hsaximum price Py. All the flows though node(s) ifiy will be
manner our scheme fulfills the aim of controlling and adjustlnrc|1I

the flows’ rates by using the maximum orice of all nodes alor, arked with congestion pricg, = P, because it is maximal
e flows rates by g e price € Id the network. LetS;(j) be the set of flows traversing Node

a transmission path. This mechanism is illustrated in Fig. 2. which traverse nodes ifi;, but do not traverse nodes B

To achieve this, the packet format must include bits to co br any i’ < i. Let S, be the union of allS; (j). For s € S;,

municate thg com_plet_e congestion price. _Each node replgﬁ% price isq, — P,. Let X; — D(P,) be the rate of any flow
the congestion price in the packet with its own congestion

price if its own price is larger than the one in the packet. Thg fjf .Ig I}artk%ﬂadségt;é)fjg)éi\lgtlnngdéhea?og) =50)
Flow s is governed by an explicit demand functién (-), such J 20 0

Fig. 2. Calculation of the maximal node price along an end-to-e
transmission path

that its transmitting rate is, = D, (qs). pi(t+1) =p;(t)

In our network model, the demand functions of all the ) )
flows are homogeneous demand functions. We can see that, Z D(Ry) - ( + > ~1]. ()
each flow adapts its rate according to the feedback congestion Ciigs)  Ciolis)

s€So(J
signal, which is the maximum of all node prices on the o) )
transmission path. In steady state; (¢ + 1) = p;(t) = I for j € Ty. Thus

The algorithm performed by Node j

At times ¢ = 1,2,..., Node j performs the following pP,= D! 1

) ]E/-TO (9)

calculations: ( 1 + 1 )
1. Estimate ratesr,(t) from all packets (other than ac- s€50 () Cuus)  Clotis)

knowledgement) € .5(j) that go though Nodg; The flows of rateX,, have equal rate at their bottleneck nodes.

2. Compute a new price according to (6); _ lfwe apply the max-min condition only to this set of minimum

3. For all flows that go though Nodg, retrieve the price a¢e flows, we see that their rates are equal to their max-
g5, from their packet headers, compatgsand the price iy fair rates, since they are feasible and on account of the
pj(t+1) of Nodej. If p;(t+1) is greater tham, inthe  ,ngiraint at their bottleneck nodes, no rate can be increased
packet, Nodg replace the value of; with the value of it decreasing another flow withis,, and flows not in
p;(t+1). This is also performed for packets originatingg, haye greater rates. We now extend this argument to include
at, or destined for, higher layers at Nogle flows with price P;. The equilibrium price at any nodee T,

The receiver of Flows takes the valug, from the packets must satisfy

it receives, and places it in the price field of the acknowledge-
; P P 9 P+ =P
ments it sends.

The algorithm performed by the source of Flow s 1 1
At timest = 1,2,..., Flow s performs the following + ™ Z D(P) - (C + c )
calculations: s€51(j) i (j,8) lo(4,8)
1. Retrieve the price,(t) from the headers of the acknow!- 1 1
edgements; + Y D(Py)- o te )1 (0
2. Compute a new transmission rate for the next period s€50(7) L) lo(G:9)
This implies
zo(t +1) = D(a (1)) (7) P 1 1
3. Within one round trip time, the new rate, (¢ + 1) will 1 - Z D(F) - <C'z — + Cros )
be observed by those nodgs A(s) in its path. P, = D! 5€50(4) iG9) 0(3:e)
1 1 ’
(o i)
B. Max-min fairness proof sesi(g) N i) lo(G:9)
In this section we will show that the proposed algorithm jeT.

leads to max-min fairness, when all flows have equal demand (11)



TABLE |
COMPARISON OFRATE ALLOCATION IN WIRELINE AND WIRELESS
NETWORKS

z1 2 3 T4
Wireline rate before 300 steps 1 0.5 1 0.5
Wireless rate before 300 steps0.375 | 0.25 | 0.5 | 0.25
Wireline rate after 300 steps| 0.5 0.5 1 0.5
Wireless rate after 300 steps| 0.25 | 0.25 | 0.5 | 0.375

case) versus the case where this constraint does not exist
(which is the wireline case); (2) to gain insight into how the
performance of the algorithm is affected by wireless network
topology variations. To meet the first objective, we consider
two networks, designated “wireless” and “wireline”. Our two
networks are the same in all aspects except that in the wireless
network, a node cannot receive and transmit simultaneously.
For both cases, we consider a network with flow 1, flow 2,
flow 3 and flow 4. We further assume that the channel capacity
of wireless networks and the bandwidth of wireline networks
are both 1 Mb/s.

In order to investigate the ability of the network to react
to topology variations, we change the network topology after
bl 300 updating steps of the power control algorithm. Figure
Fig. 3. Network topology (a) before 300 steps, (b) after 300 steps ?hesZ%V;igtggvé?p(;lﬁﬁleeiogg;cgé; i%%eagtg ;r;sagga{]fie?gri;
The flows with priceg, = P, are not controlled at this node,gle. Note that the source and destination of each flow are
and we have already shown that their rates are max-min fgjrchanged, and only the routings of the links are changed. The
All other flows share the remaining resource of the node apgte allocations in wireline networks and in wireless networks
also have equal rate. Their rates are also max-min fair, singgore and after the topology change at the iteration 300 are
they are feasible and on account of the constraint at thgfiown in Fig. 4 and Fig. 5, respectively.
bottleneck nodes, no rate can be increased without decreasingqnsider first the performance before the topology change.
another flow having equal or lower rate. Let us assume thgksed on link constraints, flow 2 and flow 3 shared the link

the flows with prices?; 1, Pz, ..., Py are max-min fair. penyeen node 3 and node 4 equally. So the rate allocation
Then we prove that the flows with prid8, are also max-min j, wireline networks is (1, 0.5, 1, 0.5). This equilibrium

fair. We can concludej & 7j: is reached after approximately 50 update steps. In wireless
1 1 networks, because of time constraints, nodes 3, 4, 8, 11 and

1= Z D(Py-1) - (Cz (G.9) T Cioi > 12 are the bottleneck nodes. Node 3 offers equal bandwidth

P, = D! s€5k—1(4) e o) to all flows that traverse it. Thus flow 2 and flow 4 are offered
Z ( 1 + 1 ) 1/4 each at node 3. In the same way, flow 1 cannot receive

seS (i) Ciis)  CloGis) more than 3/8 on account of constraint at node 8. Flow 3

1 1 is offered 3/4 at node 7 and is offered 5/8 at node 13 and

Z D(P) - ( + ) offered 1/2 at node 11, 12. Thus, flow 3 cannot receive more
s€50(j) Ciiis)  Ciolis) than 1/2 on account of constraint at node 11 and node 12. The

S 1 1 : max-min fair shares are 3/8, 1/4, 1/2, 1/4 for flows 1, 2, 3, 4,

Z (Cl-('s) + ] (_S)> respectively. We can see from Fig. 5, the rates of four flows

sesk@) ~ o (12) all achieve the max-min fairness, again after approximately 50

Then flows with the priceP;,_1, Py_2, ..., Py have been updates.

o < . We tabulate all the steady state rates of each flow in Table
proven to be max-min fair. The remaining resource of this no<1e

. . . . to present comparisons of the rate allocation in the wireline
T}, is shar he flows with the price,. Th flow: .
J € T, is shared by the flows with the p ese Tows and wireless networks before and after the network topology

are also max-min fair. By induction, all flows are max-min . .
. . - . changes. In general, as illustrated in Table 1, the rates of flows
fair and global fairness is thus achieved. . : .
in wireless networks are smaller than the rates of flows in
wireline networks. The reason for this is the MAC constraint

IV. SIMULATION RESULTS i.e., any node can't simultaneously transmit or simultaneously

In this section we evaluate the performance of our propostgteive in more than one link in wireless networks. Due to this,

algorithm by simulation. We focus on two objectives here: (Ihe time constraints in wireless networks reduce the utilization
to compare the rate allocation in the case where a node cangfolink (channel) capacity.

receive and transmit simultaneously (which is the wireless The simulation results show that the algorithm converges
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Fig. 5. Transmission rates in wireless networks

in approximately 50 updating steps. The actual speed aff constraint at node 6 and flow 3 cannot receive more than
the updating depends on the interval between steps. In thi2 on account of constraint at node 3 and node 4. Thus the
simulation, it was assumed that the flow rates at each intermaéx-min fair shares are 1/4, 1/4, 1/2, 3/8 for flows 1, 2, 3,
fully reflect the changes in the prices of the previous updating,. respectively. The simulation result is consistent with the
That requires the update interval be at least one round trip tintleeoretical analyses of max-min fairness in wireless networks.
If the network has a maximum round trip time of around 10Compared with the token-based local scheduling policy at
ms, the algorithm converges in approximately 5 seconds. Téach node to ensure max-min fairness [14], our price-based
algorithm itself does not require that the update interval tproach is designed as a fully distributed algorithm to achieve
less than the round trip time; however, if it is not, convergeneeax-min fairness in wireless networks.

may not be monotonic, and there may be oscillation before the

equilibrium is reached. V. CONCLUSION

At the 300" iteration, the topology changes. The rates for In this paper, we developed a MaxNet-based rate allocation
the wireline network undergo very similar transients to thalgorithm for multi-hop wireless networks considering a MAC
ones when the flows first started. This is because all of theyer constraint whereby a node cannot transmit and receive
links used in the new topology are unused in the old topologyackets simultaneously. This algorithm is designed to facilitate
and so have price 0. In the wireless network, the transiemtsplementation in wireless networks in a distributed manner.
are less severe, because prices are associated with nodesWandhowed through both theoretical analysis and simulation
many of the nodes used in the new paths already have non-zesults that our algorithm achieves max-min fair rate alloca-
prices. tion.

Once the system reaches equilibrium after the topology
change, we can see that four flows again achieve max-min APPENDIX
fairness. Under max-min fair allocation in the wireless net- In this appendix, we apply Kelly’s more general theory [6],
work, every node offers equal bandwidth to all flows traversin@] to our particular wireless networks, which involve the MAC
the node. Thus flows 1 and 2 are offered 1/3 each at noclnstraint. Note that MaxNet [17] uses a price update rule of
1 and offered 1/4 each at node 5. So flows 1 and 2 canrioé same form as derived in [6]-[8] to optimize the aggregate
receive more than 1/4 on account of constraint at node 5. dtility, even though MaxNet does not itself seek to maximize
the same way, flow 4 cannot receive more than 3/8 on accotim utility. We adopt the same approach here.



The optimization of the aggregated utility function of the
set of flows subject to the MAC constraint can be formulatqg]
as follows:

(13) [

(3]

P: maxZUs(xs)
Subjectto: Y

( 1 n 1
sE€S(J) h Crutie) Ot (4]
We observe that the objective function of (13) is strictly

concave. Similar to [6], [7], we define the Lagrangian:

L(z,p)
1 1
Cli(j,s) Clg(j,s)

= Z Us(zs)—
(7]
b

)<1. (14)

(5]
(6]

Z bj

j:s€S(J)

>

s€ES(F)

- Z Us(xé) — T Z
s jis€S(4
+ Z Py

J:s€S(j5)

( Lo,
 \Cls)  Clotis)

(15) [l
Following [8], we further have
[10]
D(p) = maxL (z,p) Z D
J:s€8(5) [11]
1
+ max [ Us(zs) — x5 ( +
ZS: j:;(j) Ciits)  Clolis) [12]
(16)
Denotez;(p) is the unique maximizer in (16), so [13]
> P
j:s€S(j)
(14]
1 1
" )-a) ¥ (Gt g )
zs: a‘:gs:(j) Cugs  Cuto /)] ns)
(17)
SinceU, are strictly concaveD(p) is continuously differ- [1g]
entiable ([1, pp. 669]) with derivatives given by
oD 1 1 [17]
=1- Ts(p ( + ) . 18
%ﬁ> 2 ) CiGs)  Clolis) (9)

seS(J)

We will solve the dual problem using gradient projectiorglg]
method [8] where node prices are adjusted in opposite direc-
tion to the gradienV D(p). The node prices can be adjusted
according to the following equation: [19]

X
pi(t+1) = [pj@) - @Z@(t»} ,

where the component is a step-size, and the functigs|™
is defined agz]* = max{z,0}. By substituting (18) into (19)
one has

(19)

Dy (t + 1) =
+
p+ | X w0 (Gt o) -1
e CiiGs)  Clois)
20)
This yields the required price-updating rule. [ ]
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