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Network Bandwidth Optimization Under Budget Constraints

 : NSC 97-2221-E-004-005
 : 97  08  01  98  07  31 
Abstract. We present a bandwidth allocation
scheme offering optimal solutions for the network optimization problem. The bandwidth allocation policy
in class-based networks can be defined by utility functions. This scheme is formulated as a mixed-integer
nonlinear programming model, preparing a database
identifying suitable end-to-end paths upon each connection request. A fast branch and bound algorithm
is proposed for solving the optimization problem.
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communication networks. Each network user is allowed to request more than one type of service, and
users’ satisfaction is summarized by means of their utility functions. We focus on allocating resources and
finding a routing scheme on All-IP communication
networks. An approach is presented for the bandwidth allocation problem and QoS routing in All-IP
networks. The objective of the optimization problem
is to determine the amount of required bandwidth
for each class to maximize the sum of the users’ satisfaction. These operational processes are involved
in the efficient set-up and usage of a network. Three
main components of these processes are designed for
which links to develop to meet certain connectivity
requirements, determining how much capacity to put
on the links to serve all traffic demands, and choosing
which paths to use for the various traffic streams to
meet demand without violating capacity restrictions
on links.

Introduction

In recent years, we have witnessed considerable accomplishments in the design and deployment of
broadband communication networks. Network capabilities grow at a remarkable rate. At the same time,
a phenomenal growth in data traffic and a wide range
of new requirements of emerging applications call for
new mechanisms for the control and management of
communication networks. The idea of a single shared
physical network that will support multiple heterogeneous applications with different traffic characteristics and different Quality of Service (QoS) requirements, is widely regarded as the way to meet the
telecommunication challenges of the future [3]. QoS
has always been the major issue for telecom providers
[13]. Packet-switched networks have been proposed
to offer the QoS guarantees in integrated-services networks because individual packets may exhibit a significant variation in network service quality.
We deal with the problem of dimensioning bandwidth for elastic data applications in packet-switched
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Network
Schemes

Management

Consider a directed network topology G = (V, E),
where V and E denote the set of nodes and the set of
links in the network respectively. The maximal possible link capacity is Ue on each link e ∈ E. Suppose,
for each link e, there is a mean delay `e related to the
link’s speed, propagation delay, and maximal transfer
unit. Suppose there is the link cost κe for using one
unit bandwidth. There are m different QoS classes
1

of connections in the network. Let I = {1, . . . , m} [10]:
be an index set consists of m different QoS classes. The specific QoS requirements, for each class i,
Max
include minimal bandwidth requirement bi and maximal end-to-end delay constraint Di . We denote the
s. t.
total number of connections, for each class i, by Ki .
Let Ji , for each class i, be an index set which consists of Ki connections, that is, Ji = {1, . . . , Ki }. All
connections are delivered between the same source o
and destination d in this (core) network. Every connection in class i is allocated the same bandwidth θi
and has the same QoS requirement.
A connection j in each class i should be routed
through some path pi,j between o and d. When a
connection j in class i is routed along a path pi,j =
{e ∈ E| χi,j (e) = 1}, the end-to-end delay D(pi,j ) is
computed from the following formula (Atov et al. [2],
Johari and Tan [5], etc.):
X
n(pi,j ) · σi
D(pi,j ) =
+
`e ,
θi
e∈p

wi · fi (θi )

(3)

i∈I

XX X

κe θi χi,j (e) ≤ B

(4)

e∈E i∈I j∈Ji

XX

θi χi,j (e) ≤ Ue

i∈I j∈Ji

X

σi χi,j (e) +

e∈E

X

`e θi χi,j (e) ≤ Di · θi(6)

e∈E

θi ≥ bi
X
χi,j (e) = 1, ∀ j ∈ Ji
e∈Eo

X

X

χi,j (e) =

e∈Ein
ν

X

(5)

χi,j (e)

(7)
(8)
(9)

e∈Eout
ν

χi,j (e) = 1

(10)

e∈Ed

(1)

θi ≥ 0
χi,j (e) = 0 or 1, ∀ e ∈ E, ∀ j ∈ Ji

i,j

where n(pi,j ) is the number of links along path pi,j
and σi is the mean packet size for each class i, i ∈ I. A
path pi,j between o and d is feasible, for a connection
j of class i, if D(pi,j ) ≤ Di .
Under a limited available budget B, we plan to allocate the bandwidth in order to provide each class
with maximal possible QoS and determine the optimal end-to-end path under guaranteed service. Decision variable θi represents the bandwidth allocated to
each connection in class i, and binary variable χi,j (e)
determines whether the link e is chosen for connection j in class i. Bandwidth sharing in a network is
frequently evaluated in terms of a utility function [4],
[6], [7], etc. The utility of a connection (user) in class
i, fi (θi ), is assumed to be an increasing concave function of its bandwidth θi . The utility function fi (θi )
can be formulated as
fi (θi ) = log θi

X

(11)
(12)

whereP
wi ∈ (0, 1) is the weight assigned to each class
i and i∈I wi = 1. Since pages are limited, proofs of
the following results are skipped and will be provided
for requests.
The budget constraint (4) is due to the limited budget on network planning. The constraint (5) means that the aggregate bandwidth of all connections
at any link does not exceed the capacity. We have
the end-to-end delay constraint (6) since every connection has the maximal end-to-end delay constraint. Constraint (7) shows that every connection in
the same class has the same bandwidth requirement.
Constraints (8), (9), and (10) express the node conservation relations indicating that flow in equals flow
out for every connection j in class i. Constraints (8)(10) are standard flow conservation constraints. Continuous decision variables and binary variables must
be nonnegative in constraints (11)-(12).

(2)

as introduced by Kelly et al. [6]. Our goal is to maximize the total utility of all competing classes. The Theorem 1 The network management scheme is
utility maximization model is formulated as follows NP-hard.
2

3

A Fast Branch and Bound Algorithm

From the output of Subprogram 1, P, the network
management scheme can be simplified to Model 2:
X
wi · fi (θi )
The relaxation model of the network management Max
i∈I
scheme is formulated as follows:
s. t. constraints (4) − (7), (11)
X
pi,j = {χi,j (e)|∀ e ∈ E} ∈ P, ∀ j ∈ Ji , ∀ i ∈ I
Max
wi · fi (θi )
i∈I

s. t.

Subprogram 2:

constraints (4) − (11)
0 ≤ χi,j (e) ≤ 1, ∀ e ∈ E, ∀ j ∈ Ji , i ∈ I(13)

Step 1. (Relaxation.) Solve the relaxation of the
network management
scheme, Relaxation ModP
where wi ∈P(0, 1) is the weight assigned to each
el. Let f ∗ = i∈I wi fi∗ be the optimal value of
class i and i∈I wi = 1. The relaxation constraints
Relaxation Model. Proceed to Step 2.
(13) are obtained by dropping the integer constraint on (12) in the network management scheme. Let Step 2. (Initialization.) Set t = 0 and ε > 0.
z = {θi , χi,j (e)|j ∈ Ji , i ∈ I, e ∈ E} be the set of
Put the initial solution X̃ = {θi0 , χ0i,j (e)|θi0 =
all feasible solutions to Relaxation Model. The fast
bi , χ0i,j (e) = χ(e), ∀j ∈ Ji , i ∈ I, e ∈ E}, and
P
branch and bound algorithm branches by fixing the
f˜ = i∈I wi fi (θi0 ). Proceed to Step 3.
fractional decision variable 0 < χi,j (e) < 1. Branch
and bound searches stop when every solution in z has Step 3. (Branching.) Set t ← t + 1, and select one
been branched or terminated. The incumbent solusolution Xt = {θit , χti,j (e)|j ∈∈ Ei , i ∈ I, e ∈
tion at any stage in a search of a discrete model is the
E} ∈ z. Choose a connection (a pair of indices)
best feasible solution known so far. We denote the in(i, j)t ∈ I × Ji whose χti,j (e), e ∈ E is a fractional
cumbent solution X̃ = {θ̃i , χ̃i,j (e)|∀j ∈ Ji , i ∈ I, e ∈
part
of the solution Xt node, then create |P| new
P
E} and its objective function value f˜ = i∈I wi fi (θ̃i ).
active nodes and select one different candidate
Moreover, we denote the Lagrangian dual value of the
pti,j = {χ(e)|∀ e ∈ E} ∈ P for each new active
incumbent solution X̃ by f˜L . If all the solutions have
node. Add them into z and update I × Ji ←
been either branched or fathom, then the final inI × Ji \ (i, j)t . Proceed to Step 4.
cumbent solution is the optimum. The following is
the fast branch and bound algorithm, which is im- Step 4. (Termination by Bound.) If
P
t
t
˜
plemented to solve the network management scheme.
i∈I wi fi (θi ) < f , then set z ← z \ {X }
and go to Step 6. Otherwise, proceed to Step 5.
Subprogram 1: (Path Search Algorithm)
StepP5. (Termination by Solving.) If
Step 1. Compute the incidence matrix of given
t
t
˜
i∈I wi fi (θi ) ≥ f and {χi,j (e)|j ∈ Ji , i ∈
network topology G = (V, E). Proceed to Step
I, e ∈
solutions, then update
P E} are integer
2.
t
w
f
(θ
),
X̃
←
Xt , z ← z \ {Xt },
f˜ ←
i∈I i i i
and proceed to Step 6. Otherwise, go to Step 3.
Step 2. Find all candidates of end-to-end paths
from the incidence matrix. Proceed to Step 3.
Step 6. (Optimal Criteria.) If z = ∅ or |f˜ −
Step 3. Set up the
set
of
all
end-to-end
pathf ∗ | < ε, then the procedure stops. The incumP
P
s P
P = {χ(e)| e∈Eo χ(e)
=
1,
χ(e)
=
bent solution X̃ is called the ε-optimal solution.
e∈Ed
P
1, e∈Ein
χ(e)
=
=
out χ(e), χi,j (e)
Otherwise, go to Step 3.
e∈E
ν
ν
0 or 1, ∀ e ∈ E}, and calculate the cardinal number |P|. Then the procedure stops, and go to Theorem 2 Model 2 is equivalent to the original
model.
Subprogram 2.
3

For positive integer n, let f˜n be the objective function value of the n-th incumbent solution in the above
fast branch and bound algorithm. Then, for this utility maximization model, {f˜n } is an increasing sequence.

[3] Gozdecki, J., Jajszczyk, A., Stankiewicz, R.:
Quality of service terminology in IP networks.
IEEE Communications Magazine 41 (3) (2003)
153–159
[4] van Hoesel, S.: Optimization in telecommunication networks. Statistica Neerlandica 59 (2)
(2005) 180–205

Theorem 3 The sequence {f˜n } of objective function
values of incumbent solutions is increasing.

[5] Johari, R., Tan, D. K. H.: End-to-end congestion control for the Internet: Delays and stability. IEEE/ACM Transactions on Networking 9
(6) (2001) 818–832

Theorem 4 The sequence of objective function values of nodes for each consecutive branch in the fast
branch and bound algorithm is decreasing.
Theorem 5 The complexity of the fast branch
and
P
bound algorithm in the worst case is O(|P| i∈I Ki ).

[6] Kelly, F. P., Maulloo, A. K., Tan, D. K. H.:
Rate control for communication networks: Shadow prices, proportional fairness and stability.
Journal of the Operational Research Society 49
(1998) 237–252

The complexity of this algorithm is much better than
that ofPoriginal utility maximization model, which is
O(2|E| i∈I Ki ).
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[7] Massoulié, L. and Roberts, J.: Bandwidth sharing: objectives and algorithms. IEEE/ACM
Transactions on Networking 10 (3) (2002) 320–
328

Conclusions

We present an approach for the bandwidth allocation and QoS routing in All-IP networks. Solving the
network management scheme by the fast branch and
bound algorithm, we can find the optimal bandwidth
allocation on the network under a limited available
budget. Our approach is executed in advance and
its purpose is to precompute solutions as a database
for later usage, which selects one of the solutions by
performing a few additional computations when connections arrive.
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