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Abstract

It is well known that Next-Generation Network (NGN) will inevitably carry triple-play services (i.e. voice, video and data) simulta-
neously. However, the traditional strict-priority based scheduling algorithm intensively used in current Internet cannot maximize the
overall network utility for NGN, instead brings significant global welfare loss. In this paper, we study how to achieve Network Utility
Maximization (NUM) in NGN running triple-play services. By investigating the characteristics of most of its traffic classes, we explicitly
present their utilities as the function of allocated bandwidth. We further formulate the NUM objective as a nonlinear programming
problem with both inequality and equality constraints. A solution using Lagrange Multiplier is given on the simplified problem with only
equality constraints, which indicates the major distinction from strict-priority based scheduling, the existence of a turning point for IPTV
users. Simulations are also carried out using LINGO on the original complicated problem. Several useful results are presented on the new
features of the NUM-based scheduling. We also discuss the methods to alleviate the impact of turning point and the consequent unstable
bandwidth allocation.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The Internet has been evolving in recent years to adapt
with the emerging abundant applications. Specifically, in
the near future, the voice, video and data traffic (herein
called triple-play services), which are previously forwarded
by separate networks such as Public Switched Telephone
Network (PSTN), the cable television network and the ori-
ginal Internet, will be carried on a single converged net-
work, i.e. the Next Generation Network (NGN). NGN
must be able to natively conduct triple-play services, which
means that all traffic classes of voice, video and data should
be managed to meet their particular Quality of Service
(QoS) requirements, such as strict packet delay, jitter and
loss guarantees. It is believed that the deployment of
NGN and the provisioning of triple-play services will even-
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tually not only benefit the Internet users with richer con-
tents, but also increase ISP revenues by acquiring much
higher per-subscriber profit.

While several Internet Service Providers (ISPs) have
proposed their architecture and detailed specifications to
support triple-plays in NGN, they all have to deal with a
critical issue that how to schedule traffic and allocate band-
width for triple-play services at both backbone networks
and access links. Due to the efficiency consideration that
NGN cannot be designed with over-provisioning technique
to avoid congestion, more advanced congestion-phased
traffic scheduling algorithms are essentially required to
compromise the benefit of all the traffic classes. Designing
such a scheduling (bandwidth allocation) algorithm is
exactly the premier issue this paper tries to settle.

Prior to the study presented here, numerous related works
have been published on this issue. In industry designing
NGN [1,3], the strict-priority based scheduling algorithm is
the most widely adopted one in carrying out bandwidth allo-
cation. However, this solution rigidly favors the voice and
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video traffic without flexibility, thus can only be deemed as a
conservative method when no better one is available.

On the other hand, researches in academia mainly concen-
trated on utility-based solutions. Shenker [16] for the first
time discussed traffic classifications in IP network from the
viewpoint of user utility. He further investigated the charac-
teristics of several well-known traffic classes, including TCP
elastic traffic, UDP hard real-time traffic, delay-adaptive
traffic, as well as rate-adaptive traffic. However, no explicit
expression of utility function was given. Later, Kelly et al.
presented some first works [11,12] in applying utility-based
method from economics to the area of scheduling and band-
width allocation in the objective of Network Utility Maximi-
zation (NUM). Significantly, he showed that both
centralized and decentralized pricing algorithms were capa-
ble to achieve NUM. In [8], Dharwadkar et al. studied the
utility functions from the point of their shapes. They catego-
rized the utility functions into three general types: step, linear
and concave, and based on these features proposed a heuris-
tic scheduling algorithm that executed dynamic bandwidth
allocation and achieved Network Utility Maximization
(NUM). Zimmermann and Killat argued in [17] that the util-
ity function stands for the user’s preference of bandwidth,
which can be modeled as an increasing, strictly concave,
and continuously differentiable function, perfectly fitted by
the logarithm function. The utility function of HTTP-like
traffic class was studied in [7] by Chang et al. They derived
a close-form expression for the utility function of HTTP traf-
fic from the behavior of HTTP applications and underlying
TCP connections. Harks and Poschwatta [10] proposed
scheduling algorithms under the ‘‘utility fair” assumption,
where bandwidth is allocated such that each user is offered
with equalized utility to guarantee fairness. Massoulie and
Roberts [15] generalized three objectives for bandwidth allo-
cation in network links: max–min fairness, proportional fairness
and minimum potential delay. They developed correspond-
ing scheduling algorithms for each of them respectively.

Although the previous works contributes a lot in build-
ing up the basic theoretical framework of the utility-based
scheduling and bandwidth allocation, as well as the con-
cerning pricing strategy, at this time, no single work has
emphasized on the practical issue of scheduling triple-play
services under the background of NGN. Motivated by the
desire to bridge such a gap between theory and reality, we
work through this issue with the well-known NUM objec-
tive. By classifying NGN traffic into five categories accord-
ing to their diversified utility functions, we explicitly
formulate this issue into a nonlinear programming problem
with both inequality and equality constraints. After some
safe approximations, we further translate it into a nonlin-
ear programming problem with only equality constraints,
which can be solved accurately by adopting the well-known
Lagrange Multiplier method.

We discuss the solution using our theoretical method in
a simplified scenario where there only exist IPTV users and
TCP elastic users. A new feature for the NUM-based
scheduling is discovered that the IPTV users will face a
turning point in bandwidth allocation, before which they
actually gain no bandwidth at all.

Simulations on the original scheduling problem under
two network scenarios are carried out using nonlinear pro-
gramming software LINGO. Some bandwidth allocation
results under NUM-based scheduling are observed: (1) In
both network scenarios, the utilities of VoIP users and other
low-throughput real-time UDP users are well guaranteed
regardless of the network provisioning conditions, since they
are the most cost-effective traffic for bandwidth allocation;
(2) IPTV users give up all the bandwidth at first when net-
work provisioning is below a turning point and after that
step directly to nearly half of its maximal bandwidth require-
ment; (3) TCP elastic and interactive users are provisioned
nearly proportionally except around IPTV user’s turning
point where the bandwidth allocation is rather unstable;
(4) NUM-based scheduling in general achieves at least 25%
utility gain over the strict-priority based scheduling.

We also discuss two measures to alleviate the impact of
IPTV’s turning point: one is to increase the penetration
rate of IPTV service and the other is to elevate IPTV user’s
maximal utility. Through simulations, we find that the lat-
ter method is more practical under current Internet
environment.

Compared with the strict-priority scheduling deployed
extensively in industry, our results demonstrate that while
offering highest strict priority for VoIP users is indeed the
best choice, assigning IPTV users the second-highest strict
priority actually does not accord well with the objective of
NUM. In highly congested networks, the utility gain in
allocating bandwidth to IPTV users is rather limited since
IPTV user has a considerably high bandwidth threshold
to be well provisioned.

The rest of this paper is organized as below. In Section
2, we present our NGN traffic classifications and formulate
the utility function for each class. In Section 3, we solve the
equivalent nonlinear programming problems. In Section 4,
we compute numerical results by LINGO. Section 5 dis-
cusses some limitations of this paper and points out future
directions. Finally, Section 6 concludes the paper.

2. NGN user classifications and their utility functions

Due to the remarkable distinction in QoS requirements
among NGN users, it is important for designers to under-
stand their classifications and treat different traffic classes
disparately to achieve global welfare maximization. In this
paper, we partition NGN users into five categories accord-
ing to their explicit QoS requirements: (1) voice over Inter-
net Protocol (VoIP) users previously using traditional
PSTN; (2) emerging Internet Protocol Television (IPTV)
users; (3) traditional TCP elastic users, including those
relying FTP or P2P to download files; (4) web users and
other TCP interactive users; (5) other streaming and gam-
ing users generating UDP traffic.

To measure user satisfaction degree, we introduce the
well-known concept of user utility, which is first invented
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in economic scopes and then borrowed to networking stud-
ies ever since [16]. User utility can be quantified as the
user’s willingness to pay, i.e., the maximal amount of
money he would like to give up in exchange of the service.
Here, we assume that the user utility of each traffic class is
determined only by the allocated equivalent bandwidth [9],
which forms the intensively used term of utility function.
Although the impacting factors on user utility are actually
multi-fold, e.g., delay, delay jitter and loss rate, all the
other metrics can be calculated from the allocated band-
width if the scheduling algorithm is pre-defined.

In the following of this section, we illustrate the utility
function of each traffic class in NGN, according to detailed
traffic investigations and previous studies in this area.
These utility functions build up a fundamental basis for
our further optimization solution.

2.1. VoIP user

Since VoIP application is extremely sensitive to packet
delay and loss caused by bandwidth insufficiency, its utility
function falls into the category of hard real-time class
[6,8,16], with a minimal bandwidth requirement of Bmin1.
When the allocated bandwidth is less than Bmin1, user util-
ity will drop to zero. Here, we set Bmin1 to 64 Kbps, which
is the standard voice encoding rate in most wired telephone
communications.

To quantify user utility, we denote the maximal utility of
each VoIP user as V1. Then the utility function at user
bandwidth of b1 can be determined by the stair function

u1ðb1Þ ¼ V 1 �
sgnðb1 � Bmin1Þ þ 1

2
ðb1 P 0Þ ð1Þ

As shown in Fig. 1, V1 actually stands for the importance
of VoIP user’s traffic compared with the other traffic clas-
ses. We use similar denotations to identify this preference
in defining other utility functions.

2.2. IPTV user

As a real-time application, IPTV user’s utility function is
similar to VoIP user’s. There exists a minimal encoding rate
for IPTV transmission, denoted as Bmin2. When bandwidth
provisioning for IPTV user is below Bmin2, its utility is
Bandwidth0 Bmin1

V1

U
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Fig. 1. Utility function of VoIP user.
closed to zero. However, the difference from hard real-time
application is, when bandwidth provision increases beyond
Bmin2, its utility does not increase directly to V2 (the max-
imal utility of each IPTV user). Instead, there is a slope
area, from Bmin2 to Bmax2, when user utility adds up
smoothly to V2. The shape of IPTV traffic’s utility function
is depicted in Fig. 2. We model it with the ‘‘Logistic Mod-
el” [5] reflecting a typical S-type curve. Correspondingly,
IPTV user utility function is quantified by

u2ðb2Þ ¼ V 2 �
1

1þ ð1=e� 1Þe�r2b2
ð0 6 b2 6 Bmax2Þ ð2Þ

r2 ¼ 2 lnð1=e� 1Þ=Bmax2 ð3Þ

For detailed derivation of (2) and (3), please refer to
Appendix A. Here, b2 denotes the actual bandwidth allo-
cated to each IPTV application, e denotes the tiny IPTV
user utility when allocated bandwidth is Bmin2. It also
determines to what extent IPTV user’s utility function is
close to the hard real-time one. As e is set smaller, IPTV
traffic is closer to the hard real-time traffic.

According to the latest IPTV encoding format, such as
MPEG-2 and MPEG-4/H.264, the bandwidth requirement
is normally multi-megabits per second, e.g., in MPEG-2,
regulated to 5–15 Mbps, and in MPEG-4/H.264, larger via-
ble range is allowed, from multi-hundreds Kbps to multi-
hundreds Mbps. Here, we choose a typical setting of
Bmin2 = 100 Kbps, Bmax2 = 10 Mbps and e = 0.01.
2.3. TCP elastic user

TCP elastic user implements traditional TCP protocol
with built-in congestion control mechanisms. The utility
function of these users features an increasing, strictly con-
cave and continuously differentiable curve [17], which has
decreasing marginal increment as bandwidth increases
[16]. The logarithm function is often used to quantify its
utility function [12–14], as shown in Fig. 3. Denote Bmax3

as the maximal bandwidth requirement of each TCP elastic
traffic user, this utility function can be formularized as

u3ðb3Þ¼ V 3 �
lnðb3þ1Þ

lnðBmax3þ1Þ ð06 b36Bmax3 b3;Bmax3 : MbpsÞ

ð4Þ
B
min2 Bandwidth B

max20
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Fig. 2. Utility function of IPTV user.
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2260 L. Shi et al. / Computer Communications 31 (2008) 2257–2269
where b3 denotes the actual bandwidth allocated to each
user. We set Bmax3 to be a typical value of 10 Mbps in
our following analysis.

2.4. TCP interactive user

TCP interactive user mainly includes web users and tel-
net users who concern packet delays. When web users are
surfing in Internet, he will be impatient for waiting long
time before retrieving information. For the telnet users, it
is also important that the TCP Round Trip Time (RTT)
is sufficiently small so that he could feel ‘‘connected”. In
worst case when RTT is larger than some threshold, the tel-
net session will even be interrupted. Subsequently, the util-
ity function of TCP interactive user, different from TCP
elastic one, has a minimum tolerable bandwidth Bmin4,
below which the utility drops directly to zero.

We depict TCP interactive user’s utility function in
Fig. 4 and derive its expression as (5).

u4ðb4Þ ¼ V 4 �
lnðb4=Bmin4Þ

lnðBmax4=Bmin4Þ
sgnðb4 � Bmin4Þ þ 1

2
ð0

6 b4 6 Bmax4Þ ð5Þ

Here b4 denotes the actual bandwidth allocated to each
TCP interactive application. Bmax4 denotes the maximal
bandwidth requirement, beyond which TCP interactive
user will gain little utility increment. We take a typical set-
ting of Bmin4 = 64 Kbps and Bmax4 = 10 Mbps.
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Fig. 4. Utility function of TCP interactive user.
2.5. UDP user

Domain Name System (DNS) users, streaming media
users as well as on-line gaming users all belong to this class.
Featuring its delay-sensitive characteristic, UDP user’s util-
ity function resembles that of IPTV user, with a maximal
bandwidth requirement Bmax5, beyond which reaches the
maximal utility, and a minimal bandwidth requirement
Bmin5, below which gains no utility at all. However, UDP
user’s bandwidth demand is far less than IPTV user. For
streaming applications, the required bandwidth is from
multi-hundred Kbps to multi-Mbps. For on-line gaming
applications, many reports [2,4] indicate that a bandwidth
of tens of Kbps is capable enough to guarantee a smooth
running of most games. Knowing that every application
type in this class has a utility function similar to IPTV
user, as given in (2), we can derive the UDP user’s average
utility function. Assume that there are n UDP user
types occupying the internal traffic proportions of
p51, . . .,p5i, . . .,p5n(1 6 i 6 n), which satisfy

Pn
i¼1p5i ¼ 1.

We also denote their maximal bandwidth requirements as
Bmax51, . . .,Bmax5i, . . .,Bmax5n(1 6 i 6 n), then the expression
of UDP user’s average utility function is calculated by

u5ðb5Þ ¼ V 5 �
1

1þ ð1=e� 1Þe�r5b5
ð0 6 b5 6 Bmax5Þ ð6Þ

r5 ¼ 2 lnð1=e� 1Þ=Bmax5 ð1 6 i 6 nÞ ð7Þ

Bmax5 ¼
Xn

i¼1

p5iBmax5i ð8Þ

r5 ¼ 1=
Xn

i¼1

ðp5i=r5iÞ ð9Þ

For detailed derivation of (6)–(9), please refer to Appendix
B. Here, b5 denotes the average bandwidth allocated to
each UDP application. Bmax5 denotes the maximal band-
width required by each UDP users on average. We find that
UDP user’s utility function still holds the same format with
(2), as depicted in Fig. 5. We set Bmax5 to a typical value of
500 Kbps and e to 0.01 as IPTV utility function.
3. Network utility maximization

Based on NGN user’s utility functions, we can solve the
congestion-phased bandwidth allocation problem while
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conforming to NUM. Consider a single link L with band-
width C, denote the number of NGN users utilizing L as N

and the proportion of five user types as p1,p2,p3,p4,p5, cor-
responding to VoIP, IPTV, TCP elastic, TCP Interactive
and UDP users respectively, satisfying
p1 + p2 + p3 + p4 + p5 = 1. We assume that the users of
same type will be provided with equal utility according to
the utility-fair assumption. Hence, the total utility of user
type i can be written as Ui = Npiui(bi), where bi is the aver-
age bandwidth provided for each user of type i. We also
assume that the users belonging to the same type have
the identical utility function, then the utility-fair bandwidth
allocation inside each type of user group also leads to the
bandwidth-fair allocation. That is, the bandwidth allocated
for each user of the same type is identical.

Therefore, the aggregate bandwidth occupied by all the
user types can be summed as N

P5
i¼1pibi, and the total util-

ity gain on this link is formalized by

U ¼ N
X5

i¼1

piuiðbiÞ ð10Þ

The bandwidth allocation issue can therefore be equal-
ized to the nonlinear programming problem with both
equality constraints and inequality constraints.

Nonlinear programming problem 1 (with inequality and

equality conditions)

Minimize � U ¼ �N
X5

i¼1

piuiðbiÞ

Subject to N
X5

i¼1

pibi ¼ C

0 6 b1 6 bmax 1

0 6 b2 6 bmax 2

0 6 b3 6 bmax 3

0 6 b4 6 bmax 4

0 6 b5 6 bmax 5

However, it is difficult to solve this nonlinear program-
ming problem with inequality conditions. Below, we fur-
ther approximate it into a solvable nonlinear problem
with only equality conditions and then discuss the possible
solutions.

First, we extend the bandwidth constraint on each utility
function from 0 6 bi 6 bmaxi to �1 < bi < +1, and rede-
fine these utility functions by

u�i ðbiÞ ¼
�1 bi < 0

uiðbiÞ 0 6 bi 6 bmaxi

V i bi > bmaxi

8><
>: ð11Þ

If we consider the situation when link L is congested, i.e.,
N
P5

i¼1pibmax i > C, there will be no solution to the new
nonlinear programming problem (as below) having bi < 0
or bi > bmaxi, since (1) in former case, the total utility gain
will drop below zero; (2) in latter case, there exists better
solution by allocating the bandwidth beyond bmaxi to other
non-satiated user types. Therefore, the inequality condi-
tions in Problem 1 become inactive in our case, so we
can convert it to the problem below.

Nonlinear programming problem 2 (equality conditions)

Minimize � U ¼ �N
X5

i¼1

piu
�
i ðbiÞ

Subject to N
X5

i¼1

pibi ¼ C

This problem can be solved by introducing the famous
Lagrange multiplier k*, i.e., the solution
b* = (b1,b2,b3,b4,b5) must satisfy

N
X5

i¼1

pibi ¼ C ð12Þ

r � Uðb�Þ ¼ ðNp1;Np2;Np3;Np4;Np5Þ
Tk� ð13Þ

Eq. (13) is equivalent to

u�1
0ðb1Þ ¼ u�2

0ðb2Þ ¼ u�3
0ðb3Þ ¼ u�4

0ðb4Þ ¼ u�5
0ðb5Þ ¼ �k� ð14Þ

However, using Lagrange multiplier method requires the
objective function to have continuous first-order derivatives,
we achieve that by adding buffering curves to the gradient of
U(b*) (composed by u0iðbiÞ, i = 1,2,3,4,5) to gain continuity.
In Figs. 6–10, we depict the modified functions of u�0i ðbiÞ,
i = 1,2,3,4,5. The buffering curves are added around 0� to
connect the utility function from �1 to 0.

Below, we derive the solution to the programming prob-
lem 2 in an illustrative way. As in Figs. 6–10, by setting a
fixed one-dimension Lagrange multiplier k*, the bandwidth
allocation for users of each type can be visualized. Impor-
tantly, for each user type, there are multiple choices, e.g., in
Fig. 7 for IPTV user’s utility function, three possible allo-
cation results (b02, b002 and b0002 ) hit the multiplier k*. To obtain
the optimized solution, the aggregated bandwidth alloca-
tion of all users should be exactly the capacity of the under-
lying physical link following (12). Quantitatively, this
requirement can be formalized by

X5

i¼1

piðu�0i Þ
�1ð�k�Þ ¼ C=N ð15Þ
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Since most of the utility functions, except that of TCP
elastic user, are not injections, they have multiple inverse
functions so that the aggregated inverse function also has
several function curves and the solutions to (15) are not
exclusive. According to Lagrange multiplier theory, these
solutions are all local minimization points, and not neces-
sary to be global minimization point. Hence, we should
find out the global minimization point among all the possi-
ble solutions by comparing their aggregated user utilities.
The one with largest utility is the desired exclusive solution.

Using the method described above, the optimized band-
width allocation results can be calculated accurately. We
further detail our method in solving this problem under a
simplified scenario. We assume:

(1) the utility among different user types are fair, i.e., the
maximal utility in each user type are of equal value, corre-
sponding to V1 = V2 = V3 = V4 = V5 = 1; (2) as VoIP
user’s bandwidth requirement is relatively small, say
64 kbps per user, we fully satisfy its demand before allocat-
ing bandwidth among other user types. Distracting band-
width from VoIP user to other type of users will not
increase the aggregated utility, so this simplification does
not distort the global optimization solution; (3) since
UDP user’s utility function is of similar shape with IPTV
user, we do not include UDP user in our scenario, the com-
plicated mixed situation is examined through our simula-
tions. For the same reason, we only include TCP elastic
user in our analytic scenario and exclude the TCP interac-
tive one.

Then there only remain two types of user in the final
optimization phase: the IPTV user and the TCP elastic
user. Following the detailed parameters of their utility
functions in Section 2, we illustrate the function curve of
(15) in Fig. 11, where we set p2 = p3 = 0.5 and
p1 = p4 = p5 = 0. Assuming the case that C/N = 5 Mbps,
there exists three optimization solutions, as shown by the
dots in the figure. Using the first solution, as in Fig. 11b,
the aggregated user utility is proportional to the size of
shadowed area by a multiplier of N. In Fig. 11c which
shows the second solution, the total user utility is propor-
tional to the left-shadowed area size minus the right-shad-
owed area size. And in Fig. 11d which details the third
solution, the summed user utility is also proportional to
the left-shadowed area size minus the right-shadowed area
size.

Since both the first and the third solutions are appar-
ently better than the second one, the final optimization
trade-off only happens between them. We then focus on
this trade-off. As shown in Fig. 12a, when the bandwidth
provisioning for each user is relatively high and the size
of left-shadowed area is larger than that of the right-shad-
owed area, the third solution is the best. In this case, we
also illustrate the bandwidth allocation among the two user
types where p3b3:p2b2 = b3:b2. In Fig. 12b, when bandwidth
provisioning drops to a turning point where the sizes of the
two areas are identical, it is of equal value to select the first
and the third solutions, so the IPTV users can still allocate
considerable bandwidth. As the bandwidth provisioning
further shrinks to the case in Fig. 12c, all the bandwidth
is best allocated to TCP elastic users so as to maximize
overall user utility.

This discovery of turning point in NUM based band-
width allocation is important, since after this point all the
IPTV users will be served with no bandwidth at all if the
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Internet planner intends to optimize global welfare. Appar-
ently, IPTV users do not at all want this happen. Below, we
discuss two methods to alleviate the impact of turning
point.
(1) We increase the proportion of IPTV users and find
out that the turning point drops correspondingly. In
Fig. 13a, we illustrate the turning point when p2 = 1/3
and p3 = 2/3; in Fig. 13b, we draw the case when
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p2 = p3 = 0.5; in Fig. 13c, we depict the curves when
p2 = 2/3 and p3 = 1/3; finally in Fig. 13d, the situation with
p2 = 5/6 and p3 = 1/6 is illustrated. As the proportion of
IPTV user increases, the ‘‘hook” in these figures becomes
fatter, hence the turning point is lowered, leading to better
tolerance for IPTV services to the network congestion.

(2) We increase the maximal utility of IPTV user (V2)
and keep that of TCP elastic user (V3) unchanged. The pro-
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increase IPTV user’s proportion, in other words, wait for a
higher penetration of IPTV services; the other one is to
boost the utility of IPTV services, i.e., pay more from the
viewpoint of both users and service providers.

In the following simulation section, we will further
examine the affection of above factors to the NUM based
bandwidth allocation. It is clearly demonstrated that the
last method, to pay more, is a more effective way to
advance the turning point of IPTV users.

4. Simulations and numeric results

In this section, we present the numeric results of band-
width allocation based on NUM by the nonlinear pro-
gramming software LINGO. We also simulate the
allocation result under the strict-priority scheduling for
comparison. In the latter scheduling, VoIP traffic is given
the highest priority, followed by IPTV traffic, TCP interac-
tive traffic, UDP traffic and TCP elastic traffic with
decreased priorities.

We investigate bandwidth allocation results under two
network scenarios. The first one is the current Internet,
where HTTP and TCP elastic traffic still dominate in traffic
volume, namely data-dominated network; the other is the
prospective NGN, where the emerging services, especially
the IPTV traffic will be responsible for most of traffic,
namely the IPTV-dominated network. In data-dominated
network, the proportions of the five user types, i.e., VoIP,
IPTV, TCP elastic, TCP Interactive and UDP are set to
{10%, 10%, 10%, 50%, 20%}; while in IPTV-dominated
network, we set them to {10%, 50%, 10%, 20%, 10%}.

We also investigate the turning point position for IPTV
users under two cases: (1) as IPTV user’s proportion (pen-
etration) grows; (2) as IPTV user’s maximal utility
increases. The simulation results are of some difference
with the analytic one in Section 3 since it emulates the
entire picture of our bandwidth allocation problem, not
only the simplified one in Section 3.

In all the simulations, we set the capacity of the con-
gestion-phased network link to be C = 10 Gbps, and tune
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Fig. 15. Bandwidth allocation results in data-dominated network:
the user number on this link to gain the bandwidth allo-
cation results under different bandwidth-per-user
parameters.

4.1. Data-dominated network

Fig. 15a shows the bandwidth allocation for user of
each type in the data-dominated network when the aver-
age per-user bandwidth provisioning increases, i.e., net-
work congestion degree alleviates. Fig. 15b gives the
results using strict priority scheduling. Comparing the
two figures, the most significant differences of NUM-
based scheduling from strict priority scheduling lies in
that: (1) it is more like the proportional bandwidth allo-
cation algorithm except that some user types, e.g., VoIP
and UDP, are fully satisfied from the beginning; (2) there
exists a turning point for IPTV users that before this
point they are offered with no bandwidth at all and after
this point they are immediately given more than half of
their desired bandwidth. The scheduling near the turning
point of IPTV users is rather unstable that may degrade
user satisfaction.

We have calculated the average user utility under these
two scheduling approaches and drawn the comparison in
Fig. 17a. It shows that the strict-priority based scheduling
suffers from a utility loss of at least 20% in most cases. (cor-
responding to the utility gain of 25% for NUM-based
scheduling.)

4.2. IPTV-dominated network

Fig. 16a shows the bandwidth allocation for user of each
type in the IPTV-dominated network when the average
per-user bandwidth provisioning is increased. Besides it,
Fig. 16b depicts the allocation results using strict-priority
scheduling in the same scenario. We find that in IPTV-
dominated network, there still exists turning point for
IPTV users before which they receive no bandwidth at
all. Something difference under this situation is that
because of the increase of IPTV user proportion, after
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Fig. 16. Bandwidth allocation results in IPTV-dominated network: (a) Under NUM objective. (b) Using strict-priority scheduling.
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the turning point, the other TCP users (including TCP elas-
tic and interactive users) suffer from a huge drop in band-
width allocations. This adds up to the scheduling instability
around the IPTV’s turning point.

Fig. 17b presents the utility loss of strict-priority sched-
uling. Under most congested situations (average band-
width per-user below 6 Mbps), this utility loss is more
than 25% (corresponding to the utility gain of 33% for
NUM-based scheduling).

4.3. Increase IPTV penetration

Fig. 18 depicts the vicissitude of IPTV user’s turning
point. As IPTV penetration grows, we find the turning
point at first delayed (enlarging the zero-bandwidth area)
and then after IPTV users occupy more than 60% market,
the turning point starts to decrease, shrinking the zero-
bandwidth area for IPTV users.

4.4. Scale IPTV utility function

Another method to alleviate the impact of IPTV turning
point is to increase its maximal utility. Fig. 18b depicts the
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Fig. 17. Utility comparison under NUM-based scheduling and strict-priority
network.
effects of such measure. As IPTV user’s maximal utility
increases, the turning point advances significantly to nearly
0.5 Mbps, greatly limiting the zero-bandwidth area for
IPTV users.
5. Discussions

5.1. Implementation issues

The NUM-based scheduling proposed in this paper can
be implemented in both the core and the edge routers serv-
ing triple-play services. This specially designed traffic
scheduler can be equipped in both the input and the output
port of the router to function as the traffic-class sub-sched-
uler in its multi-tiered packet scheduler.

However, to make such a scheduler feasible, one may
need to solve the nonlinear programming problem online,
which is quite costly according to the analysis in Section
3. One solution is to bypass the computation to offline
and apply simplified scheduling in the online scheduler.
We provide two methods to achieve that under the scenario
considered throughout the paper.
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based scheduling: (a) In data-dominated network. (b) In IPTV-dominated
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First, according to the results derived in this paper, each
traffic class (user type) will have an intrinsic turning point
over the bandwidth provisioning condition, before which
it will not gain bandwidth if conforming to the NUM
objective. These turning points can be calculated offline
using the analytical method presented in the paper. We also
observe from the simulation results that before and after
the IPTV traffic class’s turning point, the bandwidth alloca-
tion among all the service type is approximately propor-
tional, then we can design two proportional bandwidth
schedulers and choose one to use according to the current
bandwidth provisioning condition. This method is simple,
although not optimal, and is only shown to work for the
scheduling of triple-play services.

The second method is to compute the detailed NUM-
based bandwidth allocation under each provisioning condi-
tion and each traffic pattern (i.e., the proportion of users
belonging to each traffic class), and store the results into
tables to lookup online. In this way, the timing complexity
will be low enough for online scheduling, but the space
complexity may be considerably high. One can use com-
pression to reduce the result table size. The details will be
out of the scope of this paper.

5.2. Intuitions, limitations and future works

Our results show that NUM-based scheduling differs a
lot with strict-priority based scheduling intensively used
in current network nodes, with at least 25% utility gain in
most cases. The most important finding of our study lies
in that to stick to NUM rules, IPTV users must give up
all their bandwidth when the average bandwidth provision-
ing is below a turning point, mostly because their utility
functions are not concave before that. Moreover, due to
the burst of IPTV bandwidth provisioning, the other user
types, such as TCP elastic users and TCP interactive users,
have to suffer from unstable bandwidth allocations as well,
which in a whole, brings about inconsistent network behav-
ior and user perception. To alleviate this issue, we discuss
two methods to minish the effect of turning point. The first
one is to increase the IPTV user penetration and the other
one is to increase the IPTV user’s utility. However, the first
method requires the IPTV penetration rate to increase to
more than 60%, which is not practical under current Inter-
net environments. Another pertinent solution is to elevate
the charging of IPTV services so that the IPTV user with
smaller utility will quit the market, leaving only the ones
with higher utility, hence indirectly lowers the turning point
of IPTV users and reduces their zero-allocation area.

Despite of the clearness of this paper to identify the basic
principles to achieve NUM under NGN running triple play
services, there are still some leave-outs in our study that may
affect the results. First, we adopt the simplified model of util-
ity functions determined only by allocated bandwidth. In
real Internet, the impacting factors on the user utility may
be complicated, some others includes the bandwidth (send-
ing rate) jitter, one-trip delay and RTT. Second, we assume
the user utility is only determined by the scheduling on the
studied network nodes, while in real worlds, it is co-affected
by those along its packet-transmitting path.

Another limitation of this paper is that we only consider
the scheduling decision in objective of NUM, while in real
Internet, ISP would only like to maximize its own revenue;
Internet users are selfish who only care about their own
utilities; there is actually no merciful planner who is able
to control the entire network to optimize global welfare.

Therefore, our future works will be studying the band-
width allocation issue given more sophisticated utility func-
tions and considering the gaming strategy between the
service providers and NGN users. However, our final goal
remains to maximize the global user utility in the entire
NGN.

6. Conclusions

In this paper, we study the problem of scheduling and
bandwidth allocation for triple-play services in the objec-
tive of NUM. Through generalizing the utility functions
of five traffic classes inside NGN, we explicitly solve the
equivalent nonlinear programming problem and present
theoretical method to compute the bandwidth allocation
results. Both this method and the nonlinear programming
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software are applied to derive numerical results under two
network scenarios. Our results indicate several features of
such bandwidth allocations: (1) the VoIP and other low-
throughput UDP users can always be guaranteed of suffi-
cient bandwidth; (2) as network congestion becomes
severer, IPTV user’s bandwidth decreasing encounters a
quickly lessening turning point, which is quite concerned
with IPTV user’s proportion in the network and the utility
differentiation among user types; (3) TCP elastic and Inter-
active users are provisioned nearly proportionally except
the instabilities around IPTV’s turning point.

Appendix A. Derivations of IPTV user’s utility function

We use Logistic model to represent IPTV user’s utility
function, which can be written as

u2ðb2Þ ¼
1

1þ pe�qb2
ðp; q > 0Þ ð16Þ

Here b2 is the actual bandwidth allocated to each IPTV
user and u2 is the corresponding utility. As discussed in
the paper, when the bandwidth allocated to IPTV user is
Bmin2, the utility should be as small as zero, say e, and when
the bandwidth provision is Bmax2, the utility should be
closed to nearly 1, without loss of generality, say 1 � e.
Then we have

u2ðb2Þ ¼
1

1þ pe�qBmin2
¼ e ð17Þ

u2ðb2Þ ¼
1

1þ pe�qBmax2
¼ 1� e ð18Þ

Solving (17) and (18), we obtain

p ¼ ð1=e� 1Þ
Bmax2þBmin2
Bmax2�Bmin2 ; q ¼ 2 lnð1=e� 1Þ=ðBmax2 � Bmin2Þ

ð19Þ
Since Bmin2 is negligible compared with Bmax2, p and q can
be further approximated by

p ¼ ð1=e� 1Þ; q ¼ 2 lnð1=e� 1Þ=Bmax 2 ð20Þ
Then IPTV user’s utility function can be written as

u2ðb2Þ ¼ V 2 �
1

1þ ð1=e� 1Þe�r2b2
ð0 6 b2 6 Bmax2Þ ð21Þ

where r2 = 2ln(1/e � 1)/Bmax2.

Appendix B. Derivations of UDP user’s utility function

Denote the aggregated utility and bandwidth for all the
UDP users to be U5 and B5, and the number of total UDP
users to be N5. Under assumption that each UDP user is
allocated equalized utility of U5(B5)/N5, we should have

Xn

i¼1

ðN 5p5iÞu�1
5i ðU 5ðB5Þ=N 5Þ ¼ B5 ð22Þ

where u5i is the utility function of the ith application type
for UDP users. Then we get
U 5ðB5Þ ¼ N 5

Xn

i¼1

N 5p5iu
�1
5i

 !�1

ðB5Þ ð23Þ

By calculating the reverse function for u5i we further
obtain
U 5ðB5Þ

¼N 5

Xn

i¼1

N 5p5i �
1

r5i

� �
ln

1

1=e�1

1�u5i

u5i

� �� �
ðu5iÞ

 !�1

ðB5Þ

ð24Þ

Since every application for UDP users shares equalized
utility, we have u51 = u52 = u53 = u54 = u55 = u, yielding

U 5ðB5Þ¼N 5

Xn

i¼1

�N 5p5i

r5i
ln

1

1=e�1

1�u
u

� �� �
ðuÞ

 !�1

ðB5Þ

ð25Þ
Calculating their reverse functions, we have

U 5ðB5Þ ¼
N 5

1þ ð1=e� 1Þe
� 1=

Pn

i¼1

ðp5i=r5iÞ

� �
ðB5=N5Þ

ð26Þ

Denoting r5 ¼ 1=
Pn

i¼1ðp5i=r5iÞ and b5 = B5/N5, Eq. (26)
can be written as U 5ðB5Þ ¼ N5

1þð1=e�1Þe�r5b5
. Further introduc-

ing V5, the expected utility function for UDP users can
be written as u5ðb5Þ ¼ V 5 � 1

1þð1=e�1Þe�r5b5
.
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