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Abstract—In this letter, we consider the uplink random access
problem in a wireless multimedia network (WMN) with audio,
video, and best effort applications. Since these multimedia ap-
plications have different quality-of-service (QoS) requirements,
we model their utilities with concave, step, and quasi-concave
functions. We assume that the access point performs admission
control and assigns transmission probabilities to the users for
random access, based on solving a non-convex network utility
maximization problem. We propose a novel enumeration algo-
rithm to obtain the global optimal solution by solving a number
of computationally tractable convex optimization problems. We
characterize the total number of iterations of the algorithm
analytically. Simulation results show that our proposed algorithm
achieves a higher average network aggregate utility than a carrier
sense multiple access (CSMA) scheme implemented in a slotted
time system.

Index Terms—Random access, wireless multimedia networks.

I. I NTRODUCTION

I N a wireless multimedia network (WMN), the multimedia
applications are commonly supported by two main types

of medium access control (MAC) protocols, contention-free
scheduling protocols and contention-basedrandom access
protocols. Due to their flexibility and efficiency in resource
sharing for bursty multimedia traffic [1], random access pro-
tocols have received significant attention for improving the
performance of wireless multimedia communications [1]–[4].

In this letter, we propose a utility-optimal algorithm for
uplink random access in WMNs. Different from the previ-
ously proposed heuristic MACs for WMNs (e.g., [1]–[4]), we
design the algorithmanalytically based on the mathematical
framework of network utility maximization (NUM). Previous
works on random access, such as [5], [6], have focused on
solving the NUM problem to achieve efficiency and fairness
for non-real-time applications (e.g., file transfer and electronic
mail) with elastic trafficonly, where the utility functions of
the applications areconcave. Here, we also include the more
challenging case ofinelastic trafficin real-time multimedia ap-
plications (e.g., video streaming), which haveinelasticdemand
for bandwidth [7]. Different from [8] that considered sigmoidal
utility functions for inelastic traffic, we model the utilities of
applications with inelastic traffic usingstepor quasi-concave
utility functions. As a result, the formulated NUM problem in
this letter isnon-convexand is difficult to solve in general. We
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Fig. 1. A WMN with a set of usersN = {1, 2, 3, 4, 5}. In our system
model, useri first declares the AC of its applicationθi to the AP. After
receiving θi, ∀ i ∈ N , the AP assigns the transmission probabilitiesp =
(p1, p2, p3, p4, p5) to the users for random access based on NUM.

propose an enumeration algorithm to obtain theglobal optimal
solution for the formulated non-convex problem by solving a
number ofconvexoptimization problems. To the best of our
knowledge, this work is the first study on NUM for random
access with both elastic and inelastic traffic using concave,
step, and quasi-concave utility functions related to multimedia
applications in WMNs.

II. SYSTEM MODEL

As shown in Fig. 1, we consider a WMN with one access
point (AP) andN users. The users run audio, video, and best
effort applications with different quality-of-service (QoS) re-
quirements. We assume that the users are one-hop neighbors to
the AP, and we denote the set of users byN = {1, 2, . . . , N}.
We consider the uplink random access scenario, where the
users transmit multimedia content to the AP based on a simple
slotted-Aloha MAC. Specifically, we consider the centralized
setting, where useri ∈ N first declares its access category
(AC) θi to the AP. In return, the AP assignstransmission
probability pi to useri ∈ N . User i ∈ N then attempts to
access the shared wireless channel at the beginning of each
time slot with probabilitypi. At a given time slot, letpsucc

i

be the probability that a transmission from useri ∈ N is
successful, i.e., a collision does not occur. For the case with
saturatedtraffic, we have

psucc
i (p) = pi

∏

j∈N\{i}

(1 − pj), ∀ i ∈ N , (1)

where vectorp = (pi, i ∈ N ). Given thenominaldata rateϕ,
the averagedata rate for useri is obtained asϕ psucc

i (p). We
define the delay as the duration (in terms of the number of
time slots) from the moment the packet reaches the head-of-
line in a queue to the moment that it is successfully received
by the AP. In this way, the delay of useri ∈ N is a geometric
random variable with parameterpsucc

i (p). Thus, theaverage
delay for useri’s packets is given by1/psucc

i (p)− 1.
For each useri ∈ N , we use a nondecreasing utility

function Ui (p
succ
i (p)) to model the level of satisfaction that



it experiences when it attains success probabilitypsucc
i (p). Let

NE be the set of best effort applications with elastic traffic, and
NI be the set of audio and video applications with inelastic
traffic. We refer to the users inNE and NI as elastic and
inelastic users, respectively. Note thatNE ∩ NI = ∅ and
NE ∪NI = N . We letM ⊆ NI be the set of those inelastic
users who are admitted to the system. For each best effort
applicationj ∈ NE , we can use aconcavefunction to model
its utility. A common class of concave utility functions is the
α-fair utility function [9]:

Ui(p
succ
i (p), αi,Ki, Li)=







Ki

(

ln
(

psucc
i (p)

)

+ Li

)

, if αi=1,

Ki

(

psucc
i

(p)(1−αi)

1−αi

+ Li

)

, if αi>1,

(2)
whereUi is useri’s obtained utility value,αi ≥ 1 is a fixed
utility parameter,Ki ≥ 0 is an amplitude parameter, andLi

is a parameter that adjusts the vertical position of the curve.
On the other hand, each audio or video applicationi ∈ NI

may have tight QoS requirements and require some minimum
level of available bandwidth. If the available bandwidth drops
below the required threshold, then the connection will become
useless, leading to zero utility for the corresponding user.
Therefore, we propose to use two types of utility functions
to model inelastic traffic:step functions andquasi-concave
functions. A step utility function is characterized by param-
eters Ki and pcritical

i . Parameterpcritical
i ≥ 0 refers to the

minimumrequiredpsucc
i (p) for the application to run properly

in user i ∈ NI . ParameterKi determines the amplitude of
the utility function if the requiredpcritical

i is achieved. Step
utility functions are used to mathematically model various
hard real-timeaudio/video applications, which cannot operate
if the minimum required data rate is not provided [7]. That is,

Ui

(

psucc
i (p),Ki, p

critical
i

)

=

{

Ki , if psucc
i (p)≥pcritical

i ,
0, if psucc

i (p)<pcritical
i .

(3)

Furthermore, forrate-adaptiveaudio/video applications with
minimum bandwidth requirements, the utility functions are
usually quasi-concave [10, pp. 95]. We introduce a new quasi-
concave utility function, which we refer to asα-critical utility
function, by modifying theα-fair utility function in (2). If
αi = 1, we have

Ui

(

psucc
i (p), αi,Ki, p

critical
i

)

=

{

Ki ln
(

psucc
i

(p)

pcritical
i

)

, if psucc
i (p) ≥ pcritical

i ,

0, if psucc
i (p) < pcritical

i .
(4)

If αi > 1, then theα-critical utility function is given by

Ui(p
succ
i (p), αi,Ki, p

critical
i ) =

{

Ki

1−αi

[

(psucc
i (p))

(1−αi)−
(

pcritical
i

)(1−αi)
]

, if psucc
i (p)≥pcritical

i ,

0, if psucc
i (p)<pcritical

i .
(5)

Clearly, bothα-critical and step utility functions arenon-
concaveandnon-differentiable. Examples for the utility func-
tions that we consider in this letter are shown in Fig. 2.

Next, we define the AC of useri ∈ N as the utility
parameters that characterize its utility function. That is, if
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Fig. 2. Three different types of utility functions considered in this letter: (1)
Concave function:α-fair function (Ki = 0.5, αi = 1, andLi = 4), (2) Step
function (Ki = 1.5 and pcritical

i
= 0.25) , and (3) Quasi-concave function:

α-critical function (Ki = 0.015, αi = 3, andpcritical
i

= 0.1).

utility function Ui is a concaveα-fair function as in (2), then
θi = {Ki, αi, Li}. If utility function Ui is a step function as
in (3), thenθi = {Ki, p

critical
i }. Finally, if it is an α-critical

function as in (4) and (5), thenθi = {Ki, αi, p
critical
i }.

We assume that the AP assigns transmission probabilities
and performsadmission controlby solving the following
weightedNUM problem [5], [6], [11]:

maximize
p ∈P

∑

j∈NE

wjUj(p
succ
j (p), θj) +

∑

i∈NI

wiUi(p
succ
i (p), θi),

(6)
whereP = {p : 0 ≤ pi ≤ 1, ∀ i ∈ N} represents the set
of all feasible transmission probabilities. Thepriority weight
wi is controlled by the AP for flexible admission control and
protection of existing services [2]. Notice that problem (6) is
a non-convexandnon-differentiableoptimization problem due
to the product form in (1) and the use of non-concave and
non-differentiable step andα-critical utility functions. For the
rest of the letter, we letui(p

succ
i (p), θi) = wiUi(p

succ
i (p), θi)

for all i ∈ N .

III. U TILITY -OPTIMAL RANDOM ACCESS FORWMNS

In this section, we propose a utility-optimal random access
algorithm for WMNs to obtain the global optimal solution
of problem (6) by iteratively solving a number of convex
optimization problems. Although we only considerα-fair
functions for concave functions andα-critical functions for
quasi-concave functions in this letter, our approach can be
applied to any similar continuous nondecreasing function.

Lemma 1:At any optimal solution of problem (6), denoted
by p∗, for all inelastic usersi∈NI , we have eitherpsucc

i (p∗) ≥
pcritical
i or psucc

i (p∗) = 0.

Proof: We prove this lemma by contradiction. Assume
that at optimality, we have0 < psucc

i (p∗) < pcritical
i for some

useri ∈ NI . Since the minimum required success probability
is not satisfied for useri ∈ NI , we haveui = 0. Thus, the
objective function of problem (6) at optimality becomes

∑

j∈NE

uj(p
succ
j (p∗), θj) +

∑

k∈NI\{i}

uk(p
succ
k (p∗), θk). (7)

On the other hand, from (1), the success probabilitypsucc
j (p)

is a decreasing function ofpi for any j 6= i. Therefore, the
summation in (7) is decreasing inp∗i and at optimality we have



p∗i = 0. This implies thatpsucc
i (p∗) = 0 which contradicts our

assumption that0 < psucc
i (p∗) < pcritical

i .
From Lemma 1, the AP either does not admit an inelastic

useri ∈ NI , or if it admits a useri ∈ NI , then it guarantees
to provide it with its minimum required success probability
pcritical
i . Thus, we can obtain the optimal value of problem (6)

by considering all subsets of usersM ⊆ NI admitted:

maximize
M⊆NI

v(M), (8)

where

v(M) , maximum
x, p ∈P

∑

j∈NE

uj(xj , θj) +
∑

i∈NI

ui(xi, θi) (9)

subject to 0 ≤ xi ≤ psucc
i (p), ∀ i ∈ NE ∪M,

pcritical
i ≤ psucc

i (p), ∀ i ∈ M,

pi = 0, ∀ i ∈ NI\M.

In problem (9), the auxiliary variablexi in the first constraint
represents the probability of successful transmission foruser
i’s packets [5]. We divide the set of inelastic usersNI into
two subsets: subsetM and subsetNI\M, whereM acts
as an auxiliary set to modeladmission control. Note that
problem (9) involves both elastic and inelastic users. For each
inelastic useri∈M, problem (9) includes the extra constraint
psucc
i (p) ≥ pcritical

i such that all admitted inelastic users achieve
their minimum required success probabilitiespcritical

i . On the
other hand, for each inelastic useri ∈ NI\M, which is not
admitted, we include the constraintpi = 0 to make sure that
no transmission probability is allocated to it. By taking the
logarithm of both sides of the first and second constraints
in (9) and a logarithmic change of variablesx′

i = lnxi and
u′
i(x

′
i, θi) = ui(e

x′

i , θi), we can reformulate problem (9) as

maximum
x

′, p ∈P

∑

j∈NE
u′
j(x

′
j , θj) +

∑

i∈NI
u′
i(x

′
i, θi) (10)

subject to x′
i ≤ ln pi +

∑

j∈N\{i}

ln(1−pj), ∀ i ∈ NE ∪M,

ln pcritical
i ≤ ln pi +

∑

j∈N\{i}

ln(1−pj), ∀ i ∈ M,

pi = 0, ∀ i ∈ NI\M,

where the optimal value of problem (10) remainsv(M).
Following a similar analysis as in [5], we can show that
problem (10) isconvex. Therefore, it can be solved using the
interior point method[10].

In a WMN, since the number of ACs available is limited in
practice, there are manyredundantiterations in problem (8)
that can be eliminated. That is, some values ofv(M) can be
obtained from the results in previous iterations. WhenM ⊆
NI is given, letM(θ) =

(

i ∈ M : θi = θ
)

be the inelastic
users in setM with declared AC equal toθ. We define the
equivalent AC setsas follows:

Definition 1: A pair of setsM1,M2 ⊆ NI are equivalent
AC sets if |M1(θ)| = |M2(θ)|, ∀ θ ∈ Θ, whereΘ is the set
of all ACs for inelastic users. In other words, setsM1 and
M2 have the same number of users in each AC.

As an example, forM1 = {2, 3, 4} andM2 = {2, 3, 5}, if
inelastic users 4 and 5 belong to the same AC, thenM1 and
M2 are equivalent AC sets.

Algorithm 1 Utility-optimal random access algorithm for
WMNs withα-fair, step, andα-critical utility functions.

1: Input: θi, ∀ i ∈ N

2: (Initialization) Sets := −∞, p∗ := 0, M∗ := ∅, andΨ := ∅

3: for all subsetsM of NI do
4: if M andM̃ are not equivalent AC sets,∀M̃ ∈ Ψ,

as defined in Definition 1,then
5: SetΨ := Ψ ∪M

6: end if
7: end for
8: for all M ∈ Ψ do
9: Solve problem (10) forv(M) and the optimal solutionp using

the interior point method
10: if v(M) > s, then
11: Sets := v(M), p∗ := p, andM∗ := M

12: end if
13: end for
14: Output: p

∗ andM
∗

Lemma 2: If M1,M2 ⊆ NI are equivalent AC sets, then
we necessarily havev(M1) = v(M2).

Proof: SinceM1 andM2 have the same number of users
in every AC, the optimization problems defined in (9) forM1

and M2 have the same objective functions and constraints.
Thus, we havev(M1) = v(M2).

In problem (8), after solving problem (10) forv(M1), we
do not have to solve it again forv(M2) if M1 andM2 are
equivalent AC sets due to Lemma 2. In this way, instead of
considering problem (8), we just need to solve

maximize
M∈Ψ

v(M), (11)

whereΨ is a subset of setNI ’s power set formed by keeping
only one equivalent AC set when multiple equivalent AC sets
are encountered.Ψ represents the set of different combinations
of inelastic users that should be considered for admission.

We propose Algorithm 1 to find the global optimal solution
of problem (6) by solving problem (11). From lines 3 to 7,
we first record the non-equivalent AC sets inΨ. In line 9, the
allocated transmission probabilityp for the given setM is
calculated. SetM and the correspondingp that result in the
largest aggregate utility so far are recorded in lines 10 to 12.
In line 14,p∗ is the resulting optimal solution of optimization
problem (6) for random access andM∗ is the resulting set of
inelastic users admitted for optimal admission control.

Next, we characterize the total number of iterations required
for solving problem (11), which is equal to|Ψ|. Let I be the
total number of different types of inelastic ACs in the system.
We perform a one-to-one mapping between an inelastic AC
andl = 1, . . . , I. LetN l

I be the total number of typel inelastic
users. So

∑I

l=1 N
l
I = |NI |.

Lemma 3:The number of iterations required in solving
problem (11) is|Ψ| =

∏I

l=1(N
l
I + 1).

Proof: The formation of the setΨ is equivalent to
formation of combinations with identical objects from a set
with N l

I type l objects, l = 1, . . . , I. Notice that in each
combination, there can be zero toN l

I type l objects, so there
are N l

I + 1 possibilities regarding the typel object. Thus,
the total number of combinations withI different types of
identical objects is given by

∏I

l=1(N
l
I + 1).
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Fig. 3. Average utility in the system achieved by our NUM-based random
access scheme and a CSMA scheme versus the total number of users N in
the system.

IV. PERFORMANCEEVALUATION

In this section, we assess the performance of our proposed
random access scheme using MATLAB. We first compare our
random access scheme with a CSMA scheme implemented
in a slotted time system. Its operation is similar to the one
used in the IEEE 802.11e standard with different contention
window sizes for different ACs. However, the interframe
spacing of the IEEE 802.11e standard is not implemented in
the CSMA scheme. LetaCWmin and aCWmax be the two
parameters related to the contention window sizes. For the
CSMA scheme, we assume that three ACs are available with
different minimum and maximum contention window sizes
[12, pp. 131]:aCWmin andaCWmax for AC 1 (best effort),
(aCWmin + 1)/2 − 1 and aCWmin for AC 2 (video), and
(aCWmin+1)/4−1 and(aCWmin+1)/2−1 for AC 3 (voice).
We assume that the number of users in each AC is the same
such that there areN/3 users in each AC. The utility functions
of the users are as follows: a step function with parameters
Ki = 10 and pcritical

i = 0.03 for each audio application, an
α-critical utility function with parametersKi = 1.2, αi = 1,
and pcritical

i = 0.0012 for each video application, and anα-
fair utility function with parametersKi = 0.5, αi = 1,
and Li = 4 for each best effort application. Note that the
utility of the step utility function is the highest and that of
the α-fair utility function is the lowest. From the nature and
utilities of the applications, we map the audio applications to
AC 3 (voice), the video applications to AC 2 (video), and
the best effort applications to AC 1 (best effort). We choose
aCWmin = 63, aCWmax = 1023 [12, pp. 589]. As shown
in Fig. 3, the performance improvement of the average utility
(i.e., the aggregate utility divided byN ) in the system of our
scheme over the CSMA scheme is 25.0% forN = 3 and
13.7% forN = 15.

Next, we compare the computational complexity of Al-
gorithm 1 with anexhaustive search. Specifically, to solve
problem (6), we compare the number of iterations thatv(M)
is evaluated in problem (11) (i.e., by Algorithm 1) and in
problem (8) (i.e., by an exhaustive search). We assume that
there are four ACs, where two ACs are for inelastic traffic
and two ACs are for elastic traffic. Also, we assume that
there areN/4 users in each AC. As shown in Fig. 4, by
eliminating a significant number of redundant computations
due to the equivalent AC sets from Lemma 2, Algorithm 1
has a much lower computational complexity than an exhaustive
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Fig. 4. Number of iterations required to obtain the optimal solution with
Algorithm 1 and an exhaustive search. We can see that Algorithm 1 has a
much lower computational complexity than an exhaustive search.

search. The simulation results also verify Lemma 3. Moreover,
we note that the solutions obtained by Algorithm 1 and an
exhaustive search are indeed the same.

V. CONCLUSION

In this letter, we studied the problem of assigning trans-
mission probabilities to audio, video, and best effort applica-
tions for random access in WMNs. We obtained the global
optimal solution of the formulated non-convex NUM problem
by solving a number of convex optimization problems. We
characterized the number of iterations required analytically.
Simulation results show that our proposed scheme achieves a
higher average utility than a slotted-time CSMA scheme. An
interesting topic for future work is the extension of our model
to a multi-hop setting for data transmission.

REFERENCES

[1] R. Zhang, R. Ruby, J. Pan, L. Cai, and X. Shen, “A hybrid
reservation/contention-based MAC for video streaming over wireless
networks,” IEEE J. on Selected Areas in Commun., vol. 28, no. 3, pp.
389–398, Apr. 2010.

[2] Y. Xiao, H. Li, and S. Choi, “Protection and guarantee forvoice
and video traffic in IEEE 802.11e wireless LANs,” inProc. of IEEE
INFOCOM, Hong Kong, China, Mar. 2004.

[3] A. Nafaa, “Provisioning of multimedia services in 802.11-based net-
works: Facts and challenges,”IEEE Wireless Communications, vol. 14,
no. 5, pp. 106–112, Oct. 2007.

[4] P. Lin, W. Chou, and T. Lin, “Achieving airtime fairness of delay-
sensitive applications in multirate IEEE 802.11 wireless LANs,” IEEE
Communications Magazine, vol. 49, no. 9, pp. 169–175, Sept. 2011.

[5] J. Lee, M. Chiang, and A. R. Calderbank, “Utility-optimal random-
access control,”IEEE Trans. on Wireless Communications, vol. 6, no. 7,
pp. 2741–2751, July 2007.

[6] A. H. Mohsenian-Rad, J. Huang, M. Chiang, and V. W. S. Wong,
“Utility-optimal random access: Reduced complexity, fastconvergence,
and robust performance,”IEEE Trans. on Wireless Communications,
vol. 8, no. 2, pp. 898–911, Feb. 2009.

[7] S. Shenker, “Fundamental design issues for the future Internet,” IEEE
J. Select. Areas Commun., vol. 13, no. 7, pp. 1176–1188, Sept. 1995.

[8] M. H. Cheung, A. H. Mohsenian-Rad, V. W. S. Wong, and R. Schober,
“Random access for elastic and inelastic traffic in WLANs,”IEEE Trans.
on Wireless Communications, vol. 9, no. 6, pp. 1861–1866, June 2010.

[9] J. Mo and J. Walrand, “Fair end-to-end window-based congestion
control,” IEEE/ACM Trans. on Networking, vol. 8, no. 5, pp. 556–567,
Oct. 2000.

[10] S. Boyd and L. Vandenberghe,Convex Optimization. Cambridge, UK:
Cambridge University Press, 2004.

[11] M. H. Cheung, A. H. Mohsenian-Rad, V. W. S. Wong, and R. Schober,
“Random access protocols for WLANs based on mechanism design,” in
Proc. of IEEE ICC, Dresden, Germany, June 2009.

[12] “IEEE 802.11,” http://standards.ieee.org/getieee802/download/802.11-
2007.pdf, 2007.


