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Abstract In this paper, we study the optimal resource allocation problem in a wireless
network, where all types of traffic including best effort and quality of service (QoS; Soft
QoS and Hard QoS) are described by a unified utility function. The attacked problem is
casted into a network utility maximization (NUM) model. We formulate the fairness index
in terms of users’ utility and traffic type parameters, and then study their relationships. Law
of diminishing marginal utility is widely accepted in economics. In this paper, we establish
the principle of equality and diminishing marginal utility that enables us to find the desired
optimal solution to the NUM model by using this principle, correspondingly for the case
where the total resource is sufficient and for the case where the total resource is insuffi-
cient. We propose some essential theorems and algorithms to find the optimal solution for
the above two cases. The proposed algorithms are evaluated via simulation results. The
theoretical analysis and simulation results not only validate the efficacy and efficiency of
the proposed algorithms but also disclose the relation between the optimal resource allo-
cation and the factors of traffic types, total available resource and user’s channel quality
and the relation between fairness and total resource with respect to a certain allocation
scheme.
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1 Introduction

Resource allocation in wireless networks has been an active research topic in recent years
(see, for example [4, 5, 10, 13, 14, 16, 23, 24, 26, 31]). This issue is still an open challenge
due to its complexity nature that, in a wireless network the available resource is limited, the
channel quality of each user may be various, the traffic type is of being diverse, and all
these factors must be taken into account in any workable resource allocation scheme. If the
channel quality, the total available resource are known in prior, the wireless system re-
source can be allocated among users according to some performance metrics, such as
throughput and fairness [4, 5, 10, 13, 14] or according to the traffic types [7, 19, 24]. For
the aim of maximizing the system throughput, the wireless system may allocate more
resource to users with better channel quality. In contrast to this, if the system attempts to
provide fair treatment to all users, the wireless system tends to allocate more resource to
users with worse channel quality, so as to compensate for the resource loss due to their
poor channel conditions [27]. Correspondingly, there are throughput-oriented [4, 32] or
fairness-oriented [10, 27] algorithms recently being proposed, which allow the system to
behave either in throughput enhanced or fairness enhanced manner.

In a wireless network with a single source, a single destination and an arbitrary number
of relay nodes, the paper [2] proposes a two-step approach to maximize the wireless
network capacity. In [9], the authors consider the problem of maximizing wireless network
capacity (a.k.a. one-shot scheduling) in both the protocol and physical models. In [22], it is
pointed out that Wi-Fi clients can obtain much better performance at some commercial hot
spots than others. Unfortunately, there is currently no way for users to determine which hot
spot access points (APs) will be sufficient to run their applications before purchasing
access. In order to quantify the energy efficiency of a wireless network, the power con-
sumption of the entire system needs to be captured. In [1], the necessary extensions with
respect to the existing performance evaluation frameworks are presented. Other relevant
work on the subject of resource allocation and management in wireless networks includes
[11, 15, 17, 18, 25, 29, 30].

The currently served traffic in networks including the Internet can be classified into
three groups, they are the best effort (BE) traffic, the Hard quality of service (QoS) traffic
and the Soft QoS traffic. Further, we often group the last two types into one, i.e. the QoS
traffic. In [19], the authors propose a method to find the resource allocation in a wireless
network, where only the BE traffic and the Hard QoS traffic are assumed to appear in the
network. Unfortunately the Soft QoS traffic is not considered in that approach. In [20] and
[21], the authors discuss the issue of resource allocation among Soft QoS traffic. However,
the proposed method is applicable to the scenario where only Soft QoS traffic alone
appears in the network. Nevertheless, the obtained solution therein is sub-optimal not
optimal. The recent paper [28] proposes a scheme to the utility-based resource allocation
for Soft QoS traffic in a wireless network, where the approach gives the optimal solution.
Again, the considered scenario is only applicable to Soft QoS traffic alone.

The paper [8] discussed the resource allocation problem in a network utility opti-
mization model with mixture traffic, however the algorithm reported there is heuristic.
Given all the above progress in this matter, it is seen to be an open challenge how to
optimally allocate the resource among all user’s types including the BE traffic, the Hard
QoS traffic and the Soft QoS traffic.

In this paper, to face the above challenge we use a unified utility function to describe all
traffic types, in which the BE traffic, the Hard QoS traffic and the Soft QoS traffic are
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specified by a number of relevant parameters. We discuss the relation between the Hard
QoS and Soft QoS in the utility form. The studied problem of resource allocation is then
casted into a network utility maximization (NUM) model. We formulate fairness index
explicitly in terms of users’ utility and traffic type parameters, and then study their rela-
tionships. We establish an important approach, namely PEDMU: principle of equality and
diminishing marginal utility for deriving the desired optimal solution to the NUM model.
We propose some crucial theorems and algorithms to find the optimal solution both for the
case where the total resource is sufficient and for the case where the total resource is
insufficient. The efficacy and efficiency of the proposed algorithm are validated by nu-
merical examples. Our theoretical analysis and numerical results disclose the relationship
between the optimal resource allocation and the factors of traffic types, total available
resource and user’s channel quality. The relations between the fairness index and the users’
utility are discussed as well under the specific resource allocation schemes in the numerical
examples.

The rest of the paper is organized as follows. Section 2 analyzes the utility function and
the marginal utility function. Section 3 deduces the explicit formula of fairness index in
terms of user’s utility and flow’s parameters. Section 4 presents the main results and the
algorithm for solving the problem. Section 5 validates the proposed allocation schemes via
simulation. Finally, the paper is concluded in Sect. 6.

2 Utility Function and Marginal Utility Function

Let us consider a wireless network consisting of a base station and a set of BE flows (users)
and QoS flows (users). The set of all flows is denoted by R. Let R denote the total amount
of resource available at the base station. Resource herein refers to the capacity used to
transmit data, and is allocated by the base-stations controller. Such resource can be time-
slots, codes, frequency and so on, depending on the type of the wireless network in use. Let
1, denote the amount of resource allocated to Flow m, m € R. Because in any wireless user
its channel often varies over time due to fading and dynamically changing interference
conditions [3], the efficiency of taking advantage of the allocated resource from its base
station varies from flow to flow. We thus have the parameter ¢,, denote the channel quality
of Flow m, which represents the ratio of the actual amount of resource received by this user
to the amount of resource allocated by its base station to it. Therefore, we have 0 < ¢,, < 1.
The smaller the value of ¢,,, the worse the channel quality and vise versa.

The resource requirement of each flow is described by a utility function U(.), which
represents a degree of user’s satisfaction when being allocated by a certain amount of
resource. It is a non-decreasing function as more resource is allocated to a user, it gains
more satisfaction. The utility function can be derived from some metrics that depend on the
type of traffic, the user’s perception or the content quality. In particular, for wireless
multimedia stream users, the utility function depends on perceived signal-noise ratio or
mean opinion score besides other QoS metrics.

The BE traffic includes the traditional data applications such as E-mail, file transfer and
remote login. There is no minimum bandwidth (resource) requirement as it can tolerate
relatively large delays. The Hard QoS traffic has audio/video phone, video conference and
tele-medicine as its examples while Soft QoS traffic has interactive multimedia services
and video on demand as its examples. The former has strict requirement on bandwidth
while the latter has flexible requirement on bandwidth. For users with BE (BE) traffic, the
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utility function should be monotonically increasing since the system pursues the maximum
aggregate utility. The derived function of the utility function should be decreasing func-
tion, which prevents assigning too much resource to the users and get little gain from the
resource allocation of them. That is to say the utility function for BE users should be a
convex function. The utility function of QoS traffic can be modeled on the basis of the
following observation. When the amount of resource r,, is given insufficiently and too
small, it is useless for real-time traffic; as r,, approaches the requested amount, the flow is
gradually operational, and thus the marginal utility increases dramatically. Once the al-
located resource r,, has exceeded the requested resource, allocating more resource makes
little difference for operation, and thus the marginal utility drops hence forth. Conse-
quently, a sigmoid function can be used to model the dynamics of the utility function for
QoS users with respect to the allocated resource.

Suppose that r denotes the resource for the user, and U(r) denotes the utility of this
resource. The base station will use U(r) to measure the utility of the user. The utility
function for the BE traffic, the Hard QoS traffic and the Soft QoS traffic can be described
by the following unified form.

The unified utility function for all traffic types is given [8] by

1

U0 =1 gecom

+ D. (1)
where B, C and D are the parameters to be determined for a specific traffic type. Parameter
C determines the slope of the curve of the utility function. What’s more, C can be used to
classify the Hard QoS traffic and the Soft QoS traffic. Parameters B and D mainly affect the
range of the utility function. Through adjusting B and D, the utility values of different
traffic are comparable, which is helpful to the implementation of the resource allocation in
the mixed traffic scenario. The point ry between [0, R] is of special interest, which is the
inflexion point of the utility function and denotes the bottom resource requirement for
resource. When the resource allocated to users is smaller than ry, the utility function is
concave, which means that the user relies on that amount of resource strongly for normal
operation; whereas when the resource allocated to users is larger than ry, the utility
function is convex, which means that the user requires the resource of ry weakly. For the
users with QoS traffic, we have ry > 0. For the users with BE traffic, we have ry = 0.

For any QoS traffic, if its inflexion point of resource requirement is 7,,, the derived
function of the utility function u(r) = dU(r)/dr is called the marginal utility function, by
denoting u' = d*U(r)/dr?, one has [8]

0<r <y, u(rm)>0,u'(ry,) >0,
rmnfrm<R7 M(I’m) >07M,(Vm)§0.

(2)

In economics, diminishing returns (also called diminishing marginal returns) is the de-
crease in the marginal (per-unit) output of a production process as the amount of a single
factor of production is increased, while the amounts of all other factors of production stay
constant.

The law of diminishing marginal utility (also law of diminishing marginal returns or law
of increasing relative cost) states that in all productive processes, adding more of one factor
of production, while holding all others constant (“ceteris paribus™), will at some point
yield lower per-unit returns [6].
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It is thus noted for the above QoS traffic, starting from the point r,, = r,,, its marginal
utility becomes diminishing. This is seen mathematically from, when r,, <r, <
R,u'(ry,) <0.

For any QoS traffic, the utility function takes the value between [0, 1] and satisfies the
following restrictions

U(0) ~0,U(R) ~ 1. (3)

For the BE traffic, its inflexion point of resource requirement is r,, = 0. The utility
function has the following characteristics [8]

u(r) > 0,u'(r)<0, whenO<r<R, (4)

U(0) ~ 0. (5)

For the BE traffic, it is noted that at any point its marginal utility is always diminishing.

According to the characteristics of different traffic type, the parameters B, C and D can
be determined in the following manner. For the BE traffic, we can set B = 1.5 and
D = —0.4. This ensures that the utility of BE users is lower than that of QoS users when
r > ro. The parameter C will be used to decide the explicit curve of the utility function of
BE traffic, as discussed earlier. For the QoS traffic, to guarantee its utility function is larger
than that of the BE traffic when r > ry, we set B =1 and D = 0 hereafter. The parameter
C can be determined by users.

Considering the general utility function given by (1), as an example we plot the utility
function of six flows into Fig. 1 with three being the QoS traffic and the other three being
the BE traffic. The parameters for the QoS traffic are set as Bl =1,C1 =0.2,
D1 =0;B2=1,C2=1,D2=0;B3 =1,C3 =5,D3 =0, while the parameters for the
BE traffic are set as B4=1.5,C4=0.1,D4 =—-04;B5=1.5,C5=04,D5 = —0.4;
B6=1.5,C6=0.8,D6 = —0.4.

Fig. 1 Utility functions of mixed
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Based on above discussions, we are now able to give the utility function of QoS and BE
traffic as follows. For the QoS traffic, the utility function can have the following form

1
U(r) = TreCrm (6)
For the BE traffic, the utility function takes the following form
U(r) = 04 @)
YT 1se T T

Note that among the QoS traffic, the utility function of Hard QoS traffic is the extreme case
of the general form

U(r) = lim —— { L orzn (8)

Coool 4+ €)1 0, r<r

Figure 1 shows the utility function with various parameter C. When C > 18, the utility
function be very close to the step function. Therefore, we will use Eq. (6) to model the
utility of Hard QoS traffic.

Further to Figs. 1, 2 depicts their marginal utility function of the three BE traffic users
and the three QoS traffic users under the specific setting of parameters. Observing from
them, we see that Egs. (2) and (4) are satisfied. That is, for QoS traffic when

0 <7 <Fg,s
we have
!/
u(ry) >0,u (ry) > 0;
Fig. 2 Marginal utility function 1
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when
Ty <Tm <R,
we have
u(rm) > 0,1 (r,y) <0.

For BE traffic, when

we have

3 Tradeoff Between Fairness and Utility

Fairness measures or metrics are used in network engineering to determine whether users

or applications are receiving a fair share of system resources. There are several mathe-

matical and conceptual definitions of fairness. Jain’s fairness index [12] is often used to

determine the fairness of allocation scheme. Assuming there are M users and r,, is the rate

of the mth user, the fairness index for the set of allocation ranges from 1/M (the worst

case) to 1 (the best case), and it is maximum when all users receive the same allocation.
Jain’s fairness index F can be described [12] as

,Vm) — (Z%:l rm)2 .
(M 300, )?)

Due to the wireless communication loss, if the base station allocates an amount of 7, resource
to User m, it will only obtain the amount of the throughput r,,g,,, where g,, is the channel
quality of this user. Subsequently the fairness index should be modified as following

M 2
m=1Tmqm
F(r17r27"'arm): (Z ! ) : (10)

(M 300 (man)?)

F(I"],r27...

©)

The above equation gives us the formulation of the fairness index in terms of the
resource allocation while Eq. (1) links the user’s utility value with the flow’s parameters.
In the following, we will formulate the fairness index in terms of all users’ utility and their
flow parameters. To this end, consider a wireless network with M users, their utility
functions are in the same form, which are given by

1
|+ B,y e~ Crlmtn—rng)

A
Un = U(tmgm) = + D,,. (11)

By solving the above equation for the variable r,,q,, we arrive at

Lll’l (l - Um +Dtn)
Cm Bm(Um - Dm) '

Fmdm = Vmy —
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Fig. 3 Relationship between 1r
utility and fairness (only QoS)
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By substituting the above into (10), we have

2
M 1-Uy+Dp
(2 (e it

M 1 [a-u +’;> N2 (13)
(b (= i iezpe)])))

The importance of the above equation is that it relates fairness with utility. Given the
fact that, it is usually difficult to achieve a satisfactory fairness level among various users
with various channel quality under the utility optimal scheme, the above equation

specifically gives us some guidelines in seeking a trade-off between the fairness and the
system total utility.

As the first example, assuming in a wireless system there are three QoS flows with the
same type of utility function given by (11) and with the following parameter settings:
B] :Bz :B3 == l,Cl :O.Z,Cz :2,C3 = IO,Dl :D2 :D3 :071‘10 =TI, = F3, = 20.
Using Eq. (13), we plot the relationship between the utility value (U; = U, = Us £ U)
and the fairness index into Fig. 3. From this plot, one observes the following interesting
facts: first the fairness index approximates the maximum value when all the utility value of
the three flows takes the value around the half; and second the fairness index goes around
the minimum value when all the utility value of the three flows takes the maximum value.
As the second example, assuming in a wireless system there are three BE flows with the
same type of utility function given by (11) and with the following parameter settings:
Ty =Ty =13, = 0,By =B, = B3 =1.5,D; = D, = D3 = —0.4. We obtain the following
relationship between the fairness index and the utility value (U; = U, = Us A U)

2
F—(EZ()> (14)
3 (&
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Fig. 4 Relationship between 0.25
utility and fairness index (QoS
and BE)
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It is interesting to note that, the fairness index becomes an constant between [1/3, 1]
independent of the slope parameter C for the three BE flows. That is to say, the fairness
index is always kept at an constant for any resource allocation of a set BE flows with
various slope parameters but with the same other remaining parameters. For example,
when C; =0.2,C, =2,C3 = 10, we have F = 0.4138. If the slope parameter C for the
three BE flows takes the same value, the fairness index will be equal to 1. This is to say, if
in a wireless network there is only BE flow with the same parameter settings, the fairness
index will achieve its maximum independent of the utility value of the users.

As the third example, assuming in a wireless system there are three BE flows and three
QoS flows with the same type of utility function given by (11) and with the following
parameter settings: three QoS wusers’ with parameter C; =0.2,C, = 2,C3 = 10,
ry, = ry, =13, =20; three BE users’ with parameter C4 =0.2,Cs =2,Cs = 10,
ry, =15, =rg, = 0,B =1.5,D = —0.4. We plot the relationship between the utility value

(Uy = Uy = Uy = Uy = Us = Ug 2 U) and the fairness index into Fig. 4.

4 The Num Model and its Solution
4.1 System Model

Let us consider in a wireless network there are a base station serving with M flows. We
assume the first M, flows are QoS flows and the remaining are BE flows. Let R denote the
total amount of resource available at the base station. Let r,,, denote the amount of resource
allocated to Flow m and ¢, denote the channel quality of it, where 0<g,, <1. The
parameter C in Eq. (1) is specific to every flow and is denoted by C,, for Flow m. The
variable r,,, denotes the inflexion point of the utility function of Flow m. Note that for BE
flows the inflexion point of the utility function equals to zero. The problem at hand is how
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to allocate the total resource among all users with the aim of maximizing the aggregate
utility of users, which can be described into the following NUM model

M
max<{ O = ZU(Fm,fIm,Cmel))
m=1

M, 1
- Z (1 + eme(rmqurmo)> (15)

m=1

M
1
E ——04
+ (1 + 1.5¢=Cnrmdm )

m=M;+1

M
s.t. 'm <R,

> ”
rm>0m=12... M.

Suppose that R = {ry,r2,...,r,} denotes a set of resource allocation for the users,
R esiave 18 the residue resource which is not allocated to the users (For all notations, refer to
Table 1). That is to say, Ryesigue =R — >, c7m > 0.

Definition 4.1 A resource allocation R* = {ry,r2,...,ru}(m=1,2,....M) for M users
is an optimal allocation if for all feasible allocations R, = {r/',r’,...r'},
U(ER*) Z U(SRG), where U(ER*) = Z;n:l U(r,-,qi, C,‘7 r,~0), U(SRG) = Zlm:l U(r,~/7qi, C,', r,‘o).

Definition 4.2 An allocation R = {ry,r2,...,7,} is a full allocation if
Z I = R.
VreR

Table 1 Nomenclature .
Input notations

m The number of users

Ting Resource amount of User m requested
Gm Channel quality of User m

Cn Parameter C of User m

R Total resource

Temp notations

z Total resource of the QoS users’ requested
R Users’ allocated resource set

Roos The set of allocated resource to QoS users
NRae BE users’ allocated resource set

Residue Remaining resource amount

U (1) The marginal utility function of User m

u ™ (u) Inverse function of the marginal function
us ! (u) Sum of inverse function of u(r)

Output notation

T Allocated resource for User m
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Remark 1 If the allocation R* is the optimal one, it must be the full allocation [21]. The
optimal allocation yielding the maximized total utility must be a full allocation, while on
the contrary a full allocation is not necessarily the optimal allocation. Therefore, in the

M
rm = R.

inequality (16), one can write the constraint as »_, _,

Based on the above discussions and the law of diminishing marginal utility that is
widely accepted in economics, we set up the following important rule for utility optimized
resource allocation in wireless networks.

Principle of equality and diminishing marginal utility (PEDMU): An allocation R =
{r1,r2,...,rm} satisfies PEDMU if the following three conditions hold

(1) For each QoS user, we must give them the resource they basically request at the
inflexion point, if the base station can satisfy their request;

(2) For each unallocated BE user j in R, it’s marginal utility value should satisfy
u;(0) <u;(r;), where u;(r;) is the marginal utility of each allocated user i;

(3) For each allocated user i and j in R, it should be satisfied u;(r;) = u;(r;).

Remark 2 In PEDMU, the first two conditions are required by the law of diminishing
marginal utility while the third one is a requirement on the equality of marginal utility.
Specifically the first condition tells us, when the total resource of base station can satisfy the
basic request of all QoS users, we should firstly allocate the resource to the QoS users. That is,
when Zf‘il (rio/q:) <R, we must allocate r;q/g; to Useri (i = 1,2, ...,M;). This is based on
the consideration that starting from the inflexion point, the QoS user becomes marginal utility
diminishing. The condition (2) inin PEDMU poses the restriction on the unallocated user with
rn = 0. This takes into account that for BE user, at any point its marginal utility is always
diminishing. The condition (3) in PEDMU tells one that the allocated user must have the
equality of the marginally utility value. We will validate this condition later on.

In the following we will discuss two cases: where the total resource is sufficient and
where the total resource is insufficient correspondingly.

4.2 The Total Resource is Sufficient

The total resource is sufficient, if the following inequality is satisfied

M
> (rio/a)) <R. (17)
i=1

By noticing that, for the BE users r;p = 0 (i = M| + 1,..., M), this case is actually the

situation where the total resource is more than the QoS users requested. For this case, the

principle for resource allocation is to allocate the total amount of resource Zfi'l Tio/qi to
the M QoS users firstly, and then to allocate the residue resource among the QoS and BE
users according to the marginal utility equality.

If the allocation set R is the optimal one and u;(r;) # u;(r;). Assuming u;(r;) <u;(r:),
because of the concavity of the utility function, its marginal utility function u(r) is de-
creasing. That is, we have r; > r;. We should have ry’, u;(r{') = u;(r;) and ry’ <r;. If we give

rj — rj' to ith user, we have
rj ritr—ry
[ wtar< [ wiar (18)
i’ r

j
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Because for the User i and User j, in the range of [r;,7; +r; —rj] and [r},r;] we have

u;(r) > u;(r). Equation (18) can be explained as follows. Suppose there are two allocation
sets R={ri,ra,....;ri,..;15,..,...,rm } and ‘J{*:{rl,rz,...,ri+rj—r;,...7rj—rj/-,...,...,rM},

The sum of utility for R is

M
A
0, —< Z U(rnzanaCm,rln0)> (19)

m=1,m#i,m#j
+ U(ri7(Zi7 Civri()) + U(rj’qjv ijrjo)'

The sum of utility for R* is

M
A
02:< Z U(Vm7Qm,Cm7rmo)> (20)

m=1,m#i,m#j
+ U(ri + rj - rj’;qiacivrio) + U(rj - rjlaqj7cj7rjo)’

Thus, we have

0, — 01 =U(ri+r;—1/,qi,Ci,ri,) — U(ri,qi, Ci, i)
+ U(rj = 11,45, Gy 1) = U (1,95, Gy 1)

iy’ 7
:/ ui(r)dr—/ uj(r)dr > 0.

3 rl
i J

(21)

The above deductions suggest that, by giving the amount of resource r; — r;’ to the ith
user one will have more utility. This leads to a contradiction, therefore we have the
following result.

If utility function of users are concave and ‘R is the optimal allocation scheme, we must
have u;(r;) = u;(r;) (see also [21]). This also validates Condition (3) in PEDMU.

After allocating the total amount of resource Zf‘i‘l rio/qi to the My QoS users, we will

A .
only have R — Zfill 710/ qi = Ryesiaue resource. The total amount of resource R,egique Will be
allocated to M users, the feasible region for User m should be writen as

[rmo/qlm T'my /qm + Rresidue] .

If the utility function of users are concave and R is the optimal allocation, we must have
uj(r;) = u;(r;). For all of users, the utility function of them are concave in the feasible
region, so we should allocate the resource to users with marginal utility equality, that is to
say uj(rj) = u;(r;) for User i and j, where r;, r; are in the range of

[rio /Qi7 Ty /qi + Rresidue}

and

[rjo /qj> rjo/Qj + Rresidue] 5

respectively.
4.3 The Total Resource is Insufficient

The total resource is insufficient, if the following inequality is satisfied
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> (rio/ai) > R. (22)

i=1

In this case we deal with the QoS users all as the Hard QoS user. For this case, the principle
for resource allocation is either to allocate the full amount resource to the QoS user that
they requested at the inflexion point or not to allocate any resource to them. We will first
sort QoS users in the queue with the decreasing order by

Un

qmTmqy

Um = U(rnlo/qm7QH17Cm7rmn)a m = 17 .. ~7M17

then pop out the user at the head of queue and determine whether to allocate resource to
them or not. For example, assuming the channel quality of User m is ¢,,(m = 1,...,M),
whose requested resource at the inflexion point is 7,,. If the following condition holds

Riesidue
/ us (r)dr<U,, (23)
R

residue — Vg /am

then we serve the QoS User m and increase the utility of it to the value larger than the BE
users. Note that us(r) is the inverse function of us~'(u) given by

us(r) = {us ')} =Y u, (), (24)

m=M;+1

—1(u) is the inverse function of marginal utility function of User m. The base

station will allocate r,,, /¢, to User m and then pop out the next user of head. Otherwise, it
will allocate the remaining resource to BE users. So far, we are ready to present the
following important theorem.

where u

Theorem 4.3 For User m (m = 1,...,M;) at the head of sorted queue, if
Riesidue
/ uz(r)dr<Um(rmo/qm7qm7Cmarmo)7 (25)
Riesidue ="y [ Gm

then the optimal allocation is to allocate r,,,/gn to User m.

Proof Note that us(r) is the inverse function of us~'(r). The component

Ryesidue
/ us (r)dr
[

defines the utility value after the base station allocated the amount of resource #,,, /gy to
the BE users. Uy (Fumy/qm, Gms Cm, Tmo) gives the utility of r,, /g, allocated to QoS User m.
If

Riresidue

Um(rmo/qm;4m7cm7rmo) > / Mz(r)dr,

Riesidue —Tmg [ Gm

it is seen that allocating the amount of resource 7y,/qn to User m would have more
aggregated utility. If
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Riesidue
/ uz(f‘)d}’ > Um(”ml)/CIm,l]mCmﬂ’ml)),
R,

reside —Tmg [ Gm

it is seen that we can allocate R,.squ. to the BE users to achieve more aggregate utility.
Because we either to allocate the full amount resource to the QoS user that they requested
at the inflexion point or not to allocate any resource to them, so the allocation is the optimal
allocation. ]

In summary, for the case where the total resource is insufficient, we will sort the QoS users
at the queue by (U,,, gm)/7m, and then pop out user at the head of queue. By computing

Tmg

A
AU = Um(rmo/qlm qm, Cma rm0)

Residue
- / us (r)dr,
Ryesidue—Tme /9m

if AU > 0, we will allocate the resource to User m and pop out user at the head of queue.
Do this again until AU <0, at the final stage, we will allocate the residue resource to the
BE users according to the marginal utility equality principle.

4.4 The Solution of the NUM Model

Now we are ready to describe the solution procedure of the proposed NUM model (15) and
(16) correspondent to the two cases as follows.

e (Case 1: The total resource is sufficient, i.e.,

M
Z (rio/qi) <R.
i—1
Firstly, we should give the resource to the QoS users at the amount they requested at
the inflexion point, if the total resource is larger than the total amount that all users
requested at the inflexion point. Then we consider to allocate the residue resource to the
QoS users and BE users adhere to the marginal utility equality principle. For the
optimal allocation set ‘R, for the allocation to the user mr,, € R, we denote

A
M(rm) = Usyfficient -

For the QoS users, we have 7, > ry,/qn; while for the BE users, we have r,, > 0.
Because the utility function of the BE user and the QoS users is concave in the feasible
region, we can solve

u;zl (”Sufﬁcient) = Tm-

M

Because R is full allocation, we have R =), _,

. Further, we have

M
R= Z u,' (usugpicient) 2 us' (usugficient ) -
m=1

Using the above equation and taking the inverse function of ui' () we can solve the
variable ugygiciens. After solving ug,giciens for each user m, we can compute r,, from

Ym = u;ll (MSLy‘]icient)~
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Notice that, for the QoS User m, we have r,, € [r,,/qm, R], for the BE User m, we have
rm € [0,R].
e (Case 2: The total resource is insufficient, i.e.,

M
Z (rio/qi) > R,
=1
we give preference in resource allocation to those QoS users with better channel
quality. If the QoS user’s channel quality is poor, we should allocate the resource to the
BE users. So we consider firstly allocate the resource to the QoS user with good
channel quality in the sorted queue, then we consider allocate the resource to BE user’s
with the good channel quality. We will not allocate the resource to the QoS and BE
users with the poor channel quality. Firstly, we will sort the QoS users at queue by
(U, :

o @m)/Tm,- Then we will pop out the users at head of the queue and compute 7; = 22

qi°
if the allocation 7; to the QoS user is reasonable, that is

Ryesidue
AU; = U; — / us(r)dr > 0.
Riesidue—Ti
We will give the amount of resource #; to them, compute R,egique = Ryesidue — ti and pop
out other users at head, until the queue is empty. If not, we allocate the resource R,gidue
to the BE users according to the marginal utility equality principle. For all BE users,

. . . . . A
assuming for User j,r; > 0, r; is the allocation for j.u(7;) = umsugpiciens- We have

-1 A
R= Z u; <u1’1514m€'i6ﬂf) =Uy (ulnsu_ﬁicienz)-
J=M+1

By solving this equation, we can obtain upggicienrs then we can solve

— 1
= MJ (ulnﬂy_‘ﬁcient)- we compute

1= M;] (MZ (rlnsuﬁiciem))'

If winsufficiens > u;(0), we will not give them the resource; Otherwise, we will give them
resource of r;.

Next, we design three algorithms that can be implemented at the base station to fulfill
the aim of optimal resource allocation in a wireless network. We design the main algorithm
(Algorithm 1) of the base station in the following way: when the users approach the base
station, the base station will run the main algorithm, which will see if the resource is
sufficient or insufficient. If yes, the base station will run Algorithm 2 to allocate resource.
If not, the base station will run Algorithm 3 to allocate resource.

Algorithm 1: The main resource allocation procedure
Input: rpg, gm, R, Cm, Bm, Dm.
Output: ry,, m =1,..., M.

1) Initialize 7, =0, m =1,2,..., M. Rycsique = R;
M

2) Sum up all 7y /gm, obtain X = Z (rmo/am);
i=1,i€RQos
3) If ¥ < R, go to Algorithm 2, else go to Algorithm 3.
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Algorithm 2: Resource allocation procedure when the total re-
source is sufficient

IHPUt: Tmgs dm; R7 Cnu B'rru Dp,.
Output: r,,, m=1,..., M

1) Allocate the requested resource at the inflexion
point to QoS wusers, Ryesidue = R — X, for all
QoS users, change the utility function of them as
Un/ (7’m7 m,Cm, Tm()) 5 U/ (T'm: qm, Cm, 'r'mo) =
Um (Tm + (T‘mo/Qm) %n,cm,’l‘mo) — %

2) Derive u; (1) from Upm’ ("m,qm, Cm,Tmg), then derive

~1 (u) from uy (r) for all QoS users and BE users Derive

uZ L) = Zu (u), derive ux, (1) from ug, L (u).

3) Allocate the residue resource to the users, compute
USuf ficient : us (Rresidue) . , ,

4) For all users, if ugyfricient < uj(0), r, =0, else T =
u;1 (uSufficient) .

5) For all users, if User j is QoS user, r; = r_;. +(rj/a;), else

!
Ti =75

Algorithm 3: Resource allocation procedure when the total re-
source is insufficient

Input: 7y, gm, R, Cm, Bm, Dm.
Output: r,,, m=1,..., M.

1) Sort all QoS users in descending order of (U,-mO qm) /Tmo»
and store them in the queue.

2) Derive ux (u) For all of BE users, assuming User
J, derive u; L(u) from w; (r), derive ugl (w) =

M
> uj_ (u), derive us; (u) from ugl (u) .

j=1jeERpE

3) If the queue is not empty, pop a QoS users ¢ at the head of the
queue, else go to Step (7);

4) Allocate resource to the popped user i as follows:
Derive r; = rm/ql,
If Rresidue = q“ then go to Step (5) else 7; = 0 and go
back to Step (3);

5) Calculate the utility gain of the ith QoS user AU, defined as

U Urlo _ j‘Rrsszdue Uusy (r)dr

6) Check if the loop termmatlon ‘condition holds:
If AUz >0, then Rreszdue = Rreszdue — 7, 80 to SteP (3)
Else r; = 0, go to Step (7);

7) Determine R,.¢g;que how to allocate to users:
Derive ulne'uffwlent =Uux (Rre%due)
For all BE users j :
Ty = ’LL] o1 (ulnsuffwient) 5
If Urpsufficient < wj (0), r; = 0, else nothing to do.
go to the end of algorithm.

5 Numerical Simulation and Discussions

In this section, we present simulation results to verify our allocation algorithms. We
consider one group of users having different channel quality and the other group of users
having the same channel quality. Each group has nine users with the first six users being
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Table 2 The parameter settings

for the users with different n Gm Con B, T'mo
channel quality
1 0.8 1 1 10
2 0.8 1 1 20
3 0.9 18 1 10
4 0.8 0.3 1 30
5 0.9 5 1 25
6 0.8 18 1 15
7 0.8 0.3 1 0
8 0.9 1 1 0
9 0.9 0.3 1 0
for the users it he same " n Cr By
channel quality
1 0.9 1 1 10
2 0.9 1 1 20
3 0.9 18 1 10
4 0.9 0.3 1 30
5 0.9 5 1 25
6 0.9 18 1 15
7 0.9 0.3 1 0
8 0.9 1 1 0
9 0.9 0.3 1 0

QoS one while the last three being the BE users. The parameters g,,, Ciy, By, ', of the first
group are described in Table 2 and the parameters g;,, Gy, By, ', Of the second group are
described in Table 3, respectively. We conduct the following calculations: for the first
group of users

9
0 0
= ..+—=132.6389
lzzl: rtO/ql 0 8 =+ 0.9 )
for the second group of users
2 10 0
i0/qi) = —+ ... +—=122.2222.
2 (ro/a) =55+ +5g

1

1

We let the total resource vary from 20 to 300. Therefore, the simulation setting for total
resource covers the two cases: when the total resource is insufficient and when the total
resource is sufficient. The simulations results (Figs. 5, 6, 7) give the resource allocation of
Tmy,¥m — Imy and Fairness Index under different values of the total resource R, for
20 <R <130.

Figure 5 shows the values of r,, and r,, — r,,, for mixture traffic with different channel
quality. From Fig. 5a, b, one can see that the base station allocates more resource to those
users with better channel conditions, as the value of R increases, the values r,, of User m
increase. These simulation results are based on the parameter settings given by Table 2. In
Fig. 5a, b, we observe that User 3 and User 6 with the large parameter C = 18 have little
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Fig. 5 Resource allocation for
users with different channel
quality

(b) 50

value r,, — r,,, because their traffic type is very close to Hard QoS traffic. But as R
increases, the allocated resource to them r,, is fixed at #,,,. This suggests that our resource
allocation scheme is also applicable to the scenario where there is Hard QoS traffic.
Figure 6 shows the values of r,, and r,, — r,,, for mixture traffic with the same channel
quality. From Fig. 6a, b, we can see that the base station allocates the resource to the QoS
user with high preference and then consider the channel quality of all of users. Because the
BE users utility increases much less than that of QoS traffic with the resource increasing
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Fig. 6 Resource allocation for
users with the same channel (@
quality 80

60

20

0l
300

(b)

0l
300

around the inflexion point, the basic rule for resource allocation is that, after we allocate
the resource to the QoS traffic and satisfy their requests at their inflexion points, we then
consider to allocate resource to the BE users. These simulation results are based on the
scenario where the parameter settings are given by Table 3.

Figure 7 shows the variations of the fairness index F of the allocation against the total
resource R. From Fig. 7a, we can see that when the resource is equal to that the QoS User
requested at the inflexion point, the fairness index is <0.5. As the value of R increases, the
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Fig. 7 Fairness index versus (a)

total resource: a nine users with 0.5
different channel quality, b nine

users with the same channel 0.45
quality 04
0.35
0.3
w 0.25
0.2
0.15
0.1
0.05
0

o
(6}
o

100 150 200 250 300

0 50

100 150 200 250 300

fairness index F decreases. This is due to the fact that, in the allocation scheme the base
station allocates the resource to the QoS user with higher priority and then considers
channel quality of all users. The simulation results presented in Fig. 7a are based on the
parameter settings given by Table 2 while the simulation results presented in Fig. 7b are
based on the parameter settings given by Table 3.

6 Conclusion

In this paper, we study a challenging problem: utility maximization for resource allocation
in wireless networks. We propose a NUM model that takes into account all types of traffic,
then we propose algorithms that find the optimal solutions for resource allocation for
mixture of Hard QoS, Soft QoS and BE traffic. We discuss two cases, where the total
resource is sufficient and where the total resource is insufficient. Utilizing the concept of
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law of diminishing marginal utility that is widely accepted in economics, we establish the
PEDMU for attacking the problem of resource allocation in wireless networks, and based
on this we propose the corresponding solution procedures. Tradeoff between utility and
fairness is discussed as well. Besides the theocratical analysis, simulation results are
provided to validate the proposed model and the algorithms. From the simulation results,
we find that different types of traffic need different kind of schemes to achieve optimal
allocation. when the total resource is limited, the system tends to allocate more resources to
users with better channel conditions; however, when it is abundant, the system gives QoS
user priority and then consider the channel quality of all users. This leads us to conclude
that an optimal radio resource allocation must depend on the traffic type, the total available
resource and user channel quality.

In this paper, we focus only on resource allocation of network utility maximization and
discuss the relationship between fairness index and NUM. In the future, extensions can be
made such as on the issue how the trade-off between the network aggregate utility, total
resource and the fairness can be achieved in a cross-layer optimization framework with
consideration to various constraints in various layers.

Acknowledgments The work described in this paper was supported by a grant from National Natural
Science Foundation of China (No. 61070197) and grants from the self-determined research fund of CCNU.

References

1. Auer, G., & Giannini, V. (2011). How much energy is needed to run a wireless network. I[EEE Wireless
Communications, 18, 40—49.

2. Avestimehr, A. S., Diggavi, S. N., & Tse, D. N. C. (2010). Wireless network information flow: A
deterministic approach. IEEE Transactions on Information Theory, 57, 1872—-1905.

3. Balachandran, K., Kadaba, S. R., & Nanda, S. (1999). Channel quality estimation and rate adaptation
for cellular mobile radio. IEEE Journal on Selected Areas in Communications, 17(7), 1244—1256.

4. Cao, Y., & Li, V. O. K. (2002). Utility-oriented adaptive QoS and bandwidth allocation in wireless
networks. Proceedings of IEEE ICC, 5, 3071-3075.

5. Cao, Y., Li, V. O. K., & Cao, Z. (2003). Scheduling delay-sensitive and best effort traffic in wireless
networks. Proceedings of IEEE ICC, 3, 2208-2212.

6. Case, K. E., & Fair, R. C. (1999). Principles of Economics (5th ed.). London: Prentice-Hall. ISBN 0-13-
961905-4.

7. Chen, L., Low, S. H., & Doyle, J. C. (2005). Joint congestion control and media access control design
for wireless ad hoc networks. Proceeding of IEEE Infocom, 3, 2212-2222.

8. Chen, L., Wang, B., Chen, X., Zhang, X., & Yang, D. (Apr 2011). Utility-based resource allocation for
mixed trafffic in wireless networks. In Proceeding of IEEE INFOCOM 2011 International Workshop,
pp. 91-96.

9. Dinitz, M. (2010). Distributed algorithms for approximating wireless network capacity. /EEE INFO-
COM, 57, 1-9.

10. Gao, X., Nandagopal, T., & Bharghavan, V. (2001). Achieving application level fairness through utility-
based wireless fair scheduling. Proceedings of IEEE Globecom, 6, 3257-32616.

11. Ghavami, S., & Abolhassani, B. (2012). Spectrum sensing and power/rate control in CDMA cognitive
radio networks. International Journal of Communication Systems, 25(2), 121-145.

12. Jain, R., Chiu, D., & Hawe, W. (1984). A quantitative measure of fairness and discrimination for
resource allocation in shared systems. Technical Report, Digital Equipment Corporation, DEC-TR-301.

13. Jiang, Z., & Shankaranarayana, N. K. (2001). Channel quality dependent scheduling for flexible
wireless resource management. Proceedings of IEEE Globecom, 6, 3633-3638.

14. Jiang, Z., & Shankaranarayana, N. K. (2003). A utility-based power control scheme in wireless cellular
systems. IEEE/ACM Transactions on Networking, 11(2), 210-221.

15. Kabaoglu, Nihat. (2013). Expectation-maximization-based joint data detection and channel estimation
for a cellular multi-carrier code division multiple access network using single-hop relaying. Interna-
tional Journal of Communication Systems, 26(4), 449—464.

@ Springer



692 L. Tan, Y. Zhang

16. Kelly, F. P. (1997). Charging and rate control for elastic traffic. European Transactions on Telecom-
munications, 8, 33-37.

17. Khanjari, S. A., Arafeh, B., Day, K., & Alzeidi, N. (2013). Bandwidth borrowing-based QoS approach
for adaptive call admission control in multiclass traffic wireless cellular networks. International Journal
of Communication Systems, 26(7), 811-831.

18. Kulakowski, P., Calle, E., & Marzo, J. L. (2013). Performance study of wireless sensor and actuator
networks in forest fire scenarios. International Journal of Communication Systems, 26(4), 515-552.

19. Kuo, W. H., & Liao, W. J. (2005). Utility-based optimal resource allocation in wireless networks.
Proceedings of IEEE Globecom, 5, 3512.

20. Kuo, W. H., & Liao, W. (2008). Utility-based radio resource allocation for QoS traffic in wireless
networks. Proceedings of IEEE Globecom, 7, 2714-2722.

21. Kuo, W. H., & Liao, W. (2008). Utility-based radio resource allocation for QoS traffic in wireless
networks. IEEE Transactions on Wireless Communications, 7(7), 2714-2722.

22. Pang, J., Greenstein, B., Kaminsky, M., McCoy, D., & Seshan, S. (2010). Wifi-reports: Improving
wireless network selection with collaboration. IEEE Transactions on Mobile Computing, 9, 1713-1731.

23. Siris, V. A., Briscoe, B., & Songhurst, D. (2002). Economic models for resource control in wireless
networks. Proceedings of IEEE PIMRC, 3, 1112-1116.

24. Siris, V. A., & Courcoubetis, C. (2004). Resource control for loss-sensitive traffic in CDMA networks.
Proceedings of IEEE INFOCOM, 4, 2790-2799.

25. Tan, L., Yang, P., & Chan, S. (2009). Error-aware and energy efficient routing approach in MANETs.
International Journal of Communication Systems, 22(1), 37-51.

26. Tan, L., Zhang, X., Andrew, L. L. H., & Zukerman, M. (2006). Price-based max-min fair rate allocation
in wireless multihop network. IEEE Communications Letters, 10(1), 31-33.

27. Tan, L., Zhu, Z.,Yuan, C., & Zhang, W. (2012). A novel approach for bandwidth allocation among soft
QoS traffic in wireless networks. Transactions on Emerging Telecommunications Technologies, article
first published online: 15 OCT 2012, doi:10.1002/ett.2587.

28. Tan, L., Zhu, Z., Zhang, W., & Chen, G. (2013). An optimal solution to resource allocation among soft
QoS traffic in wireless network. International Journal of Communication Systems, article first published
online: 7 JAN 2013, doi:10.1002/dac.2496.

29. Tseng, S. M., & Huang, Y. S. (2011). A novel ICI self-cancellation scheme for OFDM systems.
International Journal of Communication Systems, 24(11), 1496-1505.

30. Vassilakis, V. G., Moscholios, I. D., & Logothetis, M. D. (2012). The extended connection-dependent
threshold model for call-level performance analysis of multi-rate loss systems under the bandwidth
reservation policy. International Journal of Communication Systems, 25(7), 849-873.

31. Zhang, S., & Chiang, M. (2007). Distributed rate allocation for inelastic flows. IEEE/ACM Transactions
on Networking, 15(6), 1240-1253.

32. Zheng, Z., Wang, J., & Wang, J. (2009). A study of network throughput gain in optical-wireless (FiW1i)
networks subject to peer-to-peer communications. /[EEE International Conference on Communications,
2, 1-6.

Liansheng Tan is now a Professor at Department of Computer Sci-
ence in Central China Normal University. Dr. Tan received his Ph.D.
degree from Loughborough University in the UK in 1999. He was a
research fellow in Research School of Information Sciences and
Engineering, The Australian National University, Australia from 2006
till 2009. He was a postdoctoral research fellow with School of In-
formation Technology and Engineering at University of Ottawa,
Canada in 2001. He also held a number of visiting research positions at
Loughborough University, University of Tsukuba, City University of
Hong Kong and University of Melbourne. Dr. Liansheng Tan is cur-
rently an Editor of International Journal of Computer Networks and
Communications. He was an Editor of Dynamics of Continuous,
Discrete and Impulsive Systems (Series B: Applications and Algo-
rithms) (2006-2008), and an Editor of International Journal of Com-
munication Systems (2003-2006). He has published over 100 referred
papers widely in international journals and conferences. His research
interests include modeling, congestion control analysis and performance evaluation of computer commu-
nication networks, resource allocation and management of wireless and wireline networks and routing and
transmission control protocols.

@ Springer


http://dx.doi.org/10.1002/ett.2587
http://dx.doi.org/10.1002/dac.2496

Optimal Resource Allocation with Principle of Equality and... 693

Yongchang Zhang received his Bachelor degree from Guilin University of Electronic Technology in 2010
in China. He is now pursuing his Master degree at Department of Computer Science in Central China
Normal University, China. His current research interests lie in the areas of quality of service in wireless
networks and communication networks.

@ Springer



	Optimal Resource Allocation with Principle of Equality and Diminishing Marginal Utility in Wireless Networks
	Abstract
	Introduction
	Utility Function and Marginal Utility Function
	Tradeoff Between Fairness and Utility
	The Num Model and its Solution
	System Model
	The Total Resource is Sufficient
	The Total Resource is Insufficient
	The Solution of the NUM Model

	Numerical Simulation and Discussions
	Conclusion
	Acknowledgments
	References




