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SUMMARY A traffic engineering problem in a network consists of set-
ting up paths between the edge nodes of the network to meet traffic de-
mands while optimizing network performance. It is known that total traf-
fic throughput in a network, or resource utilization, can be maximized if
a traffic demand is split over multiple paths. However, the problem for-
mulation and practical algorithms, which calculate the paths and the load-
splitting ratios by taking bandwidth, the route constraints or policies into
consideration, have not been much touched. In this paper, we formulate
the constrained multipath-routing problems with the objective of minimiz-
ing the maximum of link utilization, while satisfying bandwidth, the max-
imum hop count, and the not-preferred node/link list in Linear Program-
ming (LP). Optimal solutions of paths and load-splitting ratios found by
an LP solver are shown to be superior to the conventional shortest path
algorithm in terms of maximum link utilization, total traffic volume, and
number of required paths. Then, we propose a heuristic algorithm with low
computational complexity that finds near optimal paths and load-splitting
ratios satisfying the given constraints. The proposed algorithm is applied
to Multi-Protocol Label Switching (MPLS) that can permit explicit path
setup, and it is tested in a fictitious backbone network. The experiment
results show that the heuristic algorithm finds near optimal solutions.
key words: Traffic engineering, multipath routing, load balancing, opti-
mization, LP, MPLS

1. Introduction

1.1 Traffic Engineering

Traffic engineering (TE) [1] is one of the most important
instruments employed by Internet Service Providers (ISPs)
to respond to the explosive Internet growth. Internet traf-
fic engineering addresses the aspect of network engineer-
ing that includes the issue of performance optimization and
fault-tolerant services. Specifically, it consists of the mea-
surement, modeling, characterization, and control of Inter-
net traffic. Its applications include the reliable movement
of traffic through the network, the efficient utilization of re-
sources, and the planning of capacities. Therefore, both ser-
vice providers and end users benefit from the application of
Internet traffic engineering.

Traditionally, effective traffic engineering is difficult in
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public IP networks, because of the limited functional ca-
pabilities of the conventional IP technologies. First, lim-
itations of the intra-domain routing protocol control func-
tions used within an Autonomous System (AS) are issues
with the IP network system. The Interior Gateway Pro-
tocols (IGPs) such as Routing Information Protocol (RIP)
[2], Open Shortest Path First (OSPF) [3], and Intermediate
System to Intermediate System (IS-IS) [4] depend on the
shortest path routing algorithm and the synchronized rout-
ing area link state database. Although the shortest path
algorithm is simple and easy to be implemented, it may
not efficiently utilize the network resources. For example,
connections along a congested path will experience severe
packet delays or losses, though there exist alternative un-
loaded paths between the source and the destination. More-
over, although IGP has a highly distributed and scalable ar-
chitecture, it does not usually consider characteristics of the
network state, such as, offered traffic load and available link
capacities when making a routing decision. Therefore, the
IGP may not efficiently utilize network resources without
finding the optimal link metrics, whose calculation may be
difficult in a large network topology and dynamic traffic de-
mand [5].

Recent developments in MPLS [6] offer the possibil-
ity of reducing the limitations of the IP network system
with respect to traffic engineering. In MPLS networks, the
ingress router encapsulates IP packets with labels which are
used to forward IP packets along the LSP. Before mapping
packets to a Label Switched Path (LSP), LSPs between an
ingress router and an egress router are set up by a signaling
protocol such as Label Distribution Protocol (LDP) or the
extended Resource ReSerVation Protocol for LSP tunnels
(RSVP-TE). In addition, LSPs can be explicitly established
along the specific paths. This means that it is possible to
specify all the intermediate nodes between the ingress and
the egress routers. Moreover, traditional optimal routing [7],
which permits traffic bifurcation to multiple paths, compen-
sates for the disadvantage of the single shortest path routing
by load balancing. Particularly, a traffic-engineering prob-
lem in the Internet regarding performance optimization has
a focus on setting up paths between the edge routers in a
network to meet traffic demands while achieving low con-
gestion and optimizing the utilization of network resources.
In practice, the typical key objective of traffic engineering is
to minimize the utilization of the most heavily used link in
the network (the maximum of link utilization) or the average
number of packets.
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1.2 Multipath Routing

It is known that the problem of minimizing the maximum of
link utilization can be solved by the multi-commodity net-
work flow formulation of optimal multipath routing, which
leads to splitting traffic over multiple paths between source-
destination pairs [8]–[10]. As multipath routing provides
increased bandwidth, the network resources are more ef-
ficiently used than in the case of the single shortest-path
routing algorithm. Multipath routing has been incorporated
in recently developed or proposed routing protocols. The
easiest extension to multipath routing is to use the equal-
cost multiple shortest paths when calculating the shortest
path, which is known as Equal-Cost Multi-Path (ECMP)
routing [3]. This is explicitly supported by several rout-
ing protocols such as OSPF and IS-IS. Some router imple-
mentations allow equal-cost multipath with RIP and other
routing protocols [11]. In MPLS networks, multipath rout-
ing can be easily supported to forward packets belonging to
the same “Forwarding Equivalent Class (FEC)” by dispers-
ing traffic over multiple LSPs, which are established over
(disjoint) paths between the same pair of ingress and egress
routers [12]. In order to prevent a packet reordering prob-
lem in multipath routing, the operation of dividing flows
belonging to the same destination or FEC with the hash-
ing table at the ingress router in the MPLS network can be
easily implemented [13]. Although packet-level multipath
forwarding divides traffic more accurately, flow-level multi-
path forwarding has been employed to prevent out-of-order
packet delivery problems that will degrade end-to-end per-
formance, especially for TCP (Transmission Control Proto-
col) connections. Therefore, optimal routing is useful for
traffic engineering without the significantly increased over-
head of introducing multipath packet forwarding function
and routing table maintenance cost [14].

1.3 Motivation of This Work

The traditional research [7]–[9] on how to calculate the
paths and the load-splitting ratios has proliferated in order to
minimize end-to-end delay. However, it is only recent that
the route or policy related constraints have been considered
for multipath routing problems of traffic engineering [14].
Specifically, multipath routing algorithms considering con-
straints such as bandwidth, the maximum allowed number
of hops and link/node affinity are the constraints necessary
for efficient traffic engineering [1], [15].

The load-splitting ratio is fed to the routers for dividing
the traffic demand of the same source-destination pair to the
multiple paths or the same FEC (Fig. 1). When defining the
problems and calculating the paths and the load-splitting ra-
tios for traffic demand or bandwidth, we also consider con-
straints such as the maximum hop-count allowed for paths
and the not-preferred node or link list. The maximum hop-
count constraint is for reducing the delay and total traffic
volume. On the other hand, the node or link affinity con-
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Fig. 1 Multiple paths with load-splitting ratios.

straint, such as excluding not-preferred nodes/links when
calculating paths between a node pair, is valuable in reflect-
ing routing policies. The node/link affinity constraint is a
subset of the resource class affinity in MPLS networks [1].
When nodes or links have resource class attributes or colors,
the network administrator may enforce paths for a traffic de-
mand to be established, not traversing specific colored links
or nodes.

Hence, in this paper, we define the constrained multi-
path routing problems under the given traffic demand matrix
in LP in order to get optimal solutions. Then, we propose
practical heuristic algorithms in polynomial time complex-
ity that find near optimal paths and their load-splitting ratios
satisfying the given traffic demand and constraints.

The contributions of our work are summarized as fol-
lows.

� Global optimization approach to mulitpath routing
with the constraints: Finding the optimal paths and
load-splitting ratios of the constrained multipath prob-
lems by LP solvers such as CPLEX [17] carries out
the computation in three steps. First, a traffic demand
is split over the network links so that the maximum
link utilization in the network is minimized while a
traffic demand is satisfied and other constraints are ob-
served. Although traffic bifurcation is allowed, the to-
tal network resources consumed for assigning traffic
demands on links should be minimized in order to ac-
cept more connection requests in the future. Thus, the
second step consists of finding a rearranged traffic split
pattern under the constraint of the maximum of link uti-
lization obtained in the first round, one that minimizes
the total network resources used for assigning traffic
demands on links (i.e., removing inefficiently assigned
traffic demands over all the links). After the two steps,
finding paths from the split pattern is easily performed
by using the maximum flow path algorithm for each
traffic demand [18]. The LSPs calculated in the off-
line manner under the given traffic demand are passed
to the ingress routers for LSP setup, thereby the non-
shortest paths will be efficiently utilized in multipath
routing.

� Heuristic of constrained multipath routing for large
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networks with dynamic traffic demands: Although
the LP formulation gives the optimal solution which is
calculated by a central TE server, its computation com-
plexity is too large to be suitable for the fast computa-
tion and dynamic connection requests, which will not
be scalable in the large network environment. There-
fore, we propose a simple heuristic approach based on
the well-known � shortest path algorithm [19], which
is useful for the on-line routing application for LSP
connection requests in large networks.

The remainder of this paper is organized as follows.
The related works are introduced in section 2. In section
3 the general traffic bifurcation problem and the hop-count
constrained traffic bifurcation problem with the node/link
affinity condition are given. The heuristic algorithms are
explained in section 4. The results of the performance eval-
uation by simulation are discussed in section 5, and section
6 concludes this paper.

2. Related Work

In connection-oriented networks, [20] has analyzed the per-
formance of multipath routing algorithms and has shown
that the connection establishment time for reservation is sig-
nificantly lowered in the multipath case. They didn’t, how-
ever, fully consider the path computation problem. [21]
has proposed a dynamic multipath routing algorithm in
connection-oriented networks, where the shortest path is
used under light traffic condition and multiple paths are uti-
lized as the shortest path becomes congested. In this work,
only connection or call-level, not flow-level, routing and for-
warding are considered. In [22], Quality-of-Service (QoS)
routing via multiple paths under a time constraint is pro-
posed when the bandwidth can be reserved, assuming all
the reordered packets are recovered by optimal buffering
at the receiver. This scheme has much overhead for dy-
namic buffer adjustment at the receiver. The enhanced rout-
ing scheme for load balancing by separating long-lived and
short-lived flows is proposed in [23], and it is shown that
congestion can be greatly reduced. In [24], it is shown
that the quality of services can be enhanced by dividing the
transport-level flows into UDP and TCP flows. These works
did not consider the path calculation problem.

For the MPLS network, a traffic engineering method
using multiple multipoint-to-point LSPs is proposed in [12],
where backup routes are used against failures. Hence, the
alternative paths are used only when primary routes do not
work. In [10], the traffic bifurcation problem is formulated
in LP and heuristics for the non-bifurcating problem are
proposed. Although [10] minimizes the maximum of link
utilization, it does not consider total network resources and
constraints. Wang and et al. have showed that the traffic bi-
furcation problem in LP can be transformed to the shortest
path problem by adjusting link weights in [25]. In [26], the
dynamic routing algorithm for MPLS networks is proposed
where the path for each request is selected to prevent the in-

terference among paths for the future demands. It considers
only single path routing for simplicity and does not include
the constraint. [27] proposes a traffic partitioning mecha-
nism for differentiation in MPLS networks, where an expe-
dited forwarding (EF) traffic demand is divided into multiple
LSPs to minimize the average end-to-end delay. However,
it needs recalculation of load-splitting ratios whenever new
requests arrive or the average rate of requests changes.

3. Problem Formulation of Constrained Multipath
Routing

In this section, we propose three problem formulations: the
first one in Sec. 3.2 is a slightly modified problem formula-
tion which can prevent the inefficient or cyclic flow assign-
ment; the second one in Sec. 3.3 is a new problem formu-
lation by which each path satisfies the maximum hop count
in multipath routing; and the last one in Sec. 3.4 is a policy
routing-related constraint to problems in Sec. 3.2 and Sec.
3.3.

3.1 Assumption

In this paper, a traffic demand refers to the measured or es-
timated average traffic volume in bps between an ingress
and an egress router, or customers’ bandwidth requests for a
connection in case of Virtual Private Network (VPN), which
is expressed in the matrix form. It is assumed that even
though a traffic demand varies largely at the nodes near the
end users, it is quite stable for the backbone network with
aggregated traffic [28]. Traffic engineering is performed on
a set of newly arrived LSP requests for the existing network,
or periodically (weekly or monthly) on all the established
LSPs for the known traffic demand. The results of the com-
putation are paths to set up as LSPs and load-splitting ra-
tios among the paths. The traffic bifurcation function for the
given load-splitting ratio is handled by multipath forwarding
MPLS routers, and multiple LSPs between an ingress router
and an egress router are explicitly established by a signal-
ing protocol. The shortest path represents the minimum hop
one.

3.2 General Traffic Bifurcation Problem

The general traffic bifurcation (��) problem consists of
finding multiple paths carrying a part of or all of a traffic
demand between an ingress and an egress node which min-
imizes the maximum of link utilization, �. It is shown that
it makes little difference whether the cost function of the
maximum of link utilization or that of the average number
of packets is used for routing optimization [7]. As the maxi-
mum link utilization qualitatively expresses that congestion
sets in when link utilization increases higher, it is important
to minimize the link utilization throughout the network so
that no bottleneck link exists. In addition, when solving the
�� problem, we minimize the total network resources al-
located for the request by using the secondary optimization
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objective, which leads to reduce the end-to-end delay as well
as the available bandwidth in the network.

Following variables and constants are defined for LP
formulation.

� � � ����� : The network is modeled as a directed
graph, � � �����, where � is the set of ingress,
transit and egress routers, and � represents the set of
links. The capacity of a directional link �	� 
� � � is
��� .

� � : A set of all LSP requests. An LSP connection
request from an ingress router to an egress router is de-
noted as .

� �� : The amount of a traffic demand for the LSP con-
nection request, .

� �� : The ingress of an LSP connection request, . The
egress router for the LSP connection request is denoted
by ��.

� ��
�� : This variable represents the fraction of a traffic

demand assigned to link �	� 
� for the LSP connection
request, .

The LP formulation of �� is stated as follows in [10].

�	�	�	�� �

subject to�
���������

��
�� �

�
���������

��
�� � ��  � �� 	 �� ��� �� (1)

�
���������

��
�� �

�
���������

��
�� � ��  � �� 	 � �� (2)

�
���������

��
�� �

�
���������

��
�� � ���  � �� 	 � �� (3)

�
���

���
�
�� � �������	� 
� � � (4)

� � ��
�� � �� � � �

The objective is to minimize �. Constraint (1), con-
straint (2) and constraint (3) represent the flow conservation
constraints for intermediate, source and sink nodes, respec-
tively. Constraint (4) is the link capacity constraint which
means that the amount of all the flow assignments on a
specific link should be less than the capacity scaled by �,
where � states that the ratio of flow assignment to the scaled
link capacity (=1). The LP formulation of the �� problem
can be solved with the classic Simplex method using an LP
solver such as CPLEX, and the solution gives the optimal
flow values (��

��).
The above �� problem finds the optimal � and identi-

fies the bottleneck link [10]. However, traffic in the network
may still be reduced, because many flow assignment candi-
dates satisfying � exist. Moreover, unnecessarily long paths
or cycles may occur, because the objective is to minimize
not the total network resources but the maximum of link uti-
lization. Therefore, in this paper, we tackle the above ��

problem through a two-step approach with different opti-
mization objectives as follows.

Step 1: Optimize �� with the objective of minimizing the
maximum link load.

Step 2: Optimize �� with the objective of minimizing the
total network resources used for carrying traffic de-
mands, while the maximum link load found in Step 1
is given as a constant constraint.

The maximum of link utilization found in Step 1 is denoted
as ��. Then, in step 2, we solve the multi-commodity prob-
lem, ��, with the following objective (5) in order to min-
imize the total network resources used (i.e., summation of
flows assigned to each link) and to get rid of cycles and un-
necessary long paths.

�	�	�	��
�

�������

�
�

�� ��
�
�� (5)

Finally, we use the shortest augmenting algorithm for
the maximum flow problem [18] to derive multiple LSPs
and load-splitting ratios over paths from �� �

�� � �
�
�� � �	.

The shortest augmenting algorithm is performed on a tem-
porary graph consisting of links whose ��	� 
� � � �

�� � �	
for each pair of ingress and egress routers. On the tempo-
rary graph, the traffic demand is assigned along the short-
est path with the found load-splitting ratio. Multiple paths
which may be overlapped between intermediate nodes can
be found through this step.

3.3 Maximum Hop-count Constrained Traffic Bifurcation
Problem

The maximum hop-count constrained traffic bifurcation
problem (denoted by ������) consists of finding
hop-count constrained multiple paths between a source-
destination pair with the objective of minimizing �. � de-
notes the additional hop-count constraint compared to the
shortest path. The maximum hop-count allowed for LSPs of
each traffic demand is given as ��

�. Due to the maximum
hop-count constraint, more candidate paths will be available
for load balancing.

Although the maximum hop-count constrained non-
bifurcation problem can easily be formulated as the LP
problem by imposing

�
������� ��

�� � ��� ���
�
��	 � �� ��

[29], a different problem formulation is necessary for the
bifurcation case to simultaneously consider multiple paths.
Therefore, we formulate the ������ problem in LP by
using the hop-level flow conservation rule: the sum of in-
coming flows to a node 	 reached by the source with � hops
equals the sum of outgoing flows from the node 	 to adjacent
nodes reached by the source with �� � �� hops.

The same network model and traffic demands are as-
sumed as in the previous �� problem. Let � ��

�� represent
the fraction of a traffic demand, ��, assigned on a link �	� 
�

�
�� � ��� ��� � � , ��� ��� is the hop-count of the shortest

path for each LSP request, �.
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where the node 
 is far from �� in � hops. ���
�� means the

amount of flow for the LSP connection request, , allocated
on the link �	� 
� in � hops from source  as illustrated in Fig.
2.

ij’

l  hops 1 hop

( l + 1 ) hops

s k

i

j j’

X
kl

ji X
k(l+1)

Fig. 2 The ���
�� variable for ������ problem formulation.

The LP formulation for the hop-count constrained traf-
fic bifurcation problem is given as follows.

�	�	�	�� �

subject to

�
���������

���
�� �

�
��  � �� 	 � ��� � � �
��  � �� 	 �� ��� � � �

(6)

�
��������� �

������
�� �

�
��������� ���

�� � ��

 � �� 	 �� ��� ��� � � � � ��
(7)

���
�� � �� � � �� (8)

���
���

�
���������

���
�� � ��  � �� 	 � �� (9)

���
���

�
���

���
��
�� � �������	� 
� � � (10)

� � ���
�� � �� � � �

The objective is to minimize �. Constraint (6) says that
the total outgoing traffic over the first hop from the source is
1. In case of non-source nodes, the outgoing flow at the first
hop should be zero, which prevents abnormal flow assign-
ment of non-source nodes at the first hop during optimiza-
tion. Constraint (7) and (8) are the hop-level flow constraint,
which means that the sum of incoming flows toward a node
	 with � hops equals that of outgoing flows from that node
with (� � �) hops. Constraint (9) is the flow constraint for
the destination node. Constraint (10) is the link capacity
constraint.

In ������, if � is zero, the traffic demand, ��, will
be assigned to the single shortest path or multiple equal-cost

shortest paths. In the case of multiple shortest paths, traf-
fic will be optimally bifurcated, whereas traditional ECMP
routing will divide traffic evenly into multiple paths by
1/(the number of paths).

In the same way as ��, after the maximum of link
utilization value (��) is found by the above LP formulation,
we solve the multi-commodity LP problem with �� in order
to minimize total network resources and to remove cycles.
Then, multiple paths and load-splitting ratios are retrieved
by the shortest augmenting algorithm.

3.4 Excluding Node or Link Constraint

In addition to the maximum number of the hop-count con-
straint, the excluding node or link constraint/links for a traf-
fic demand, can be given according to the administrative
policy.

The excluding node constraint (� �
	 ) for the LSP re-

quest, , is formulated as follows and may be added to the
�� or ������ problems.

�
���������

���
�� � ���	 � ��

	 ��� (11)

�
���������

���
�� � ���	 � ��

	 ��� (12)

Similarly, the link exclusion constraint (� �
�) for the

LSP request, , may be added.

���
�� � ����	� 
� � ��

���� (13)

4. The Heuristic Approach

Although the LP formulations give the optimal solution,
they are not scalable when the network size grows or when
the LSP connection requests are dynamic. Hence, we pro-
pose heuristic algorithms of ������ to find constrained
multiple paths and their load-splitting ratios for each LSP
connection request on the ingress and egress pair in one-by-
one [30]. The proposed algorithms consist of four parts: 1)
selecting one of LSP connection requests, and removing the
not-preferred nodes/links; 2) modifying the original graph
to the hop-count constrained one; 3) finding multiple paths;
and 4) calculating the load-splitting ratios for multiple paths.

Step 1 : Preprocessing
When several LSP requests should be simultaneously
served, they will be sorted according to the given prior-
ity or the administrative policy such as the maximum of
the traffic demand. For each traffic demand, the speci-
fied nodes or links to be excluded will be deleted.

Step 2 : Hop-count constrained graph conversion
The given network, � � �����, is converted to a hop-
count (�� � �
� ��� � �) constrained graph, �� �
�� �� ���, where � � and � � are transformed as follows.

�� � ���	
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�� � �

�	� 
� � �� 	 � ����	

� � � ������� ��

�� � ����� 	�
���� 	� � �	

�� � ��	� 
�
	 � ����� 
 � ��	

�� � ������� ��

The converted node set, � �, consists of feasible nodes,
��, with  hops adjacent to nodes with � � �� hops
from the source node, ��. Similarly, the converted link
set, ��, is composed of redundant links between ��

and ���� nodes.
An example of graph conversion is given in Fig. 3.
Figure 3-(a) represents the original network topology.
When an LSP connection request from node 1 to node
4 which requires bandwidth of 3 Mbps with the hop-
count constraint of one additional hop arrives, the
graph in Fig. 3-(b) is derived after adding redundant
nodes and links. If two parallel paths are permitted for
the request, it is easily seen that any path traversed from
node 1 to node 4 in Fig. 3-(b) does not exceed three hop
counts.
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(a) G: Resource allocation graph
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Fig. 3 Topology conversion example.

Step 3 : Finding � multiple paths
On the modified graph ��, the link weight (���) is
defined by the current link utilization ratio (allocated
traffic demand / link capacity). We propose two ways
of choosing � multiple paths on the modified graph,
�� � �� �� ���. � multiple paths are found by
the well-known � shortest path algorithm which al-
ways calculates � shortest paths that may include both
equal cost shortest paths and longer paths. When find-
ing multiple paths, paths are selected 1) to minimize
the sum of the link utilization (� shortest paths), or 2)
to minimize the maximum of link utilization (� widest
paths).

� � shortest paths : ���
� ������
The � shortest paths are retrieved by selecting
the adjacent node with the minimum sum of link
metrics. The cost of a node 
 reached from source
is denoted by �	���
� which is 0 for source node.

�	���
�� �	���
��	���
�� �	���	� � ����	

, where � is the set of nodes whose shortest path
from source is already determined.

� � widest paths : ���� ������
The � widest paths are found by choosing paths
with the maximum reservable bandwidth among
all the paths from source to sink, which will min-
imize the utilization of the bottleneck link. The
maximum function of �����	���	�� ���� is ap-
plied only nodes whose �	���	� is not infinity.

�	���
�� �	���
��	���
�������	���	�� �����	

Step 4 : Calculating load-splitting ratios
After finding � multiple paths through the previous
step, the amount of a traffic demand, �� , is divided to
� paths. If the maximum of link utilization on �

paths (�� ) is less than � of the current bottleneck link,
splitting the traffic demand, �� , is performed in order
to minimize the amount of used total resources (i.e.,
the number of links and routers). Then, a path with
the smallest hop count is selected among the found �

paths, and the traffic demand is assigned to the path
until the maximum of link utilization of the path does
not exceed �. This step is terminated when there re-
mains no traffic demand or there exists no available
path. Still, if the traffic demand is not fully assigned, it
is allocated on � multiple paths in proportional to the
sum of the link utilization of each path.

The detailed algorithm is explained in Fig. 4.

Heuristic : Finding constrained multiple paths and
their load-splitting ratios
� Set � to be current maximum link utilization in the network;
� �� is the requested traffic demand from �� to �� ;
� Convert 	 to the 
�-hop constrained graph, 	�;
� Find a set of � shortest (or widest) paths from �� to �� ,
� � �� � � �� ����� ;
� Set �� to be the maximum link utilization of � ;
if (�� � �)
while(�� � � and � is not empty)
� Set  to be the minimum hop path in � ;
� Assign �� to the path, , until �� is less than �;
� Delete  from � ;
� Update �� and �� ;

endwhile
endif
while(�� � �)
� Assign remaining �� to � paths in proportion to

the available link capacity;
endwhile

Fig. 4 The proposed heuristics (����� ������, or����� ������).

Therefore, the proposed heuristic is either the shortest
path based algorithm, ���
� ������, or the widest path
based one, ���� ������. Figure 5 explains the results
of the multiple paths and their load-splitting ratios on the
graph in Fig. 3-(a). It is seen that the paths found by the sin-
gle shortest path algorithm wastes more network resources,
while the proposed algorithm can find the optimal solution.

The proposed algorithm consists of three parts: prepro-
cessing the given graph; finding multiple paths; and calcu-
lating load-splitting ratios. For each part, the time complex-
ity is bound as follow. First, for the graph conversion, the
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Fig. 5 The result of several multiple path calculation methods (� � �).

computation complexity will be ��
���
�, where � is the
number of edges and � is the number of nodes in the graph.
Second, for the � shortest simple paths problem, the best
known bound for the ordered set is ��
� � �� !����
�
in a directed graph [31], where � is the number of paths.
Finally, the algorithm for splitting a traffic demand into �

paths is bound by ��
�� !� � 
� 
�, because sorting �

paths according to hop counts is bound by��
�� !� 
� and
calculating the load-splitting ratio for each path is bound by
��

� 
�. Hence, the time complexity of the proposed algo-
rithm is bound by ��
�� �� !��� ��� !� 
�.

5. Performance Evaluation

5.1 Simulation Environment

The network topology shown in Fig. 6 represents the ab-
stract US backbone topology [32]. Also, a traffic demand
matrix given in [32] is used. In this network condition,
first, the results of �� and ������ problems solved with
CPLEX are explained. Then, we compare the performance
results of the proposed heuristic algorithm with those of the
shortest path algorithm and ������. Since we want to
compare with the solution of the proposed heuristic with
the lower bound of the LP solution, the simulation was per-
formed on the 12-node network topology where the LP-
formulated problem can be solved within reasonable time
by CPLEX. As the network size becomes large, it is more
difficult to acquire the optimal solution by LP.

5.2 Comparison of Optimal Solutions

First, we investigated the performance results of the general
traffic bifurcation method by solving the LP problems. The
different traffic-engineering methods given below are com-
pared to each other in terms of the maximum of link utiliza-
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Fig. 6 Abstract US network topology for the experiments.

tion (�), the total network resources (" �
�

������� �� �

�
����
�� ), and the number of LSPs (# ).

� Shortest path based non-bifurcation (�# ): Each
traffic demand is assigned along the shortest path from
the ingress router to the egress router.

� ECMP: When multiple shortest paths exist, a traffic
demand is evenly divided.

� Traffic bifurcation (��): Each traffic demand is as-
signed by the LP solution of ��.

� � hop constrained traffic bifurcation (������):
All traffic demands are assigned by the LP solution of
������.

� � hop constrained traffic bifurcation with node
affinity (�����$���): The node affinity policy for
a bifurcated traffic demand is added to ������.

In Table 1 for the abstract US topology, ������,
which includes paths one hop longer than the shortest path,
finds the same � as ��, because many multiple paths are
explored. ������ reduces � by 27.5% over �# . Yet,
������ needs 15 additional LSPs and a 12.9% increase
in total network resources used. When the node exclusion
constraint� is used, �����$��� decreases � by 21.7%
with seven more LSPs, compared to �# . Nonetheless, the
total network resources of �����$��� are the same as
those of �# . ECMP reduces � by 10.1% compared to �# ,
but it requires 39.4% more LSPs. It is interesting to note that
������ requires only 4.6% more LSPs than �# , while de-
creasing � by 22.1%.

In order to examine algorithm sensitivity to variations
of a traffic demand, we repeat the simulation with the varied
traffic demand. The degree of maximum load variation (% �
����� 
��� &&&� ����	) is used to represent the upper bound
on the percentage of varying traffic volume over the static
traffic demand. Therefore, each traffic demand in the static
traffic demand matrix is randomly altered within this range.
For one value of %, ten sets of traffic demands are tested and
averaged. The normalized ���� is defined to compare the

�In the simulation, for instance, �� or �� nodes are specified
not to permit transit traffic from �� .
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Table 1 Maximum of link utilization (�), total network resources (�), and number of LSPs (� ).

SP ECMP TB HTB(0) HTB(1) HTB-NA(1)

� 1.22 1.10 0.88 0.95 0.88 0.95
� 4211.1 4211.1 4233 4211.1 4755.7 4211.1
� 132 218 153 138 147 139

proposed algorithms (e.g., ������) with �� as follows.

���� �
������� � ���

���
(14)

In Fig. 7 and 8, the results of the sensitivity experi-
ment are given. In Fig. 7, where different levels of load
variations are applied to the fixed paths and load-splitting
ratios found at the traffic demand matrix with 0% load vari-
ation, it can be seen that the LP problems such as ��,
������, and �����$��� produces results lower than
that of �# and �'�# . Especially, ������ performs
closely to �� in all levels of load variations, while satisfy-
ing the maximum hop-count constraint. Although the node
exclusion constraint is added, �����$��� outperforms
�'�# . Sometimes, it is necessary that LSPs are reconfig-
ured at minimal cost when the normalized � is greater than
the threshold set by the administration policy. For exam-
ple, the paths and load-splitting ratios found for the specific
traffic demand matrix do not give the best solution as traffic
changes (e.g., when load variation is 0.7 in Fig. 7). Figure
8 shows how much � (by the LSPs with the load-splitting
ratios at 0%) deviates from that of the optimal traffic bifur-
cation, ��, which computes the paths and the load-splitting
ratios whenever the load variation is changed. As the varia-
tion grows, the normalized � increases. However, ������
still minimizes �.
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Fig. 7 Sensitivity to load variation when the fixed paths and load-
splitting ratios for the initial traffic demand are used.

In this network topology, it is seen that one additional
hop-count constraint is enough to find nearly the same � of
��. In addition, when hop-count constrained traffic bifur-
cation is combined with the appropriate node affinity policy
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Fig. 8 Sensitivity to load variation when the paths and load-splitting ra-
tios are recalculated whenever traffic demand changes.

(�����$���), the maximum of link utilization can be
greatly reduced with a few additional LSPs and network re-
sources. On the other hand, the hop-count constrained traffic
bifurcation scheme greatly reduces the LP-solving time, be-
cause the size of the search space is limited by the hop-count
constraint. With CPLEX for the LP solver�, for example,
������ takes only 8.8 seconds, whereas �� takes 1605.1
seconds. However, the LP-solving approach is not suitable
for finding paths in large networks with dynamic LSP setup.

5.3 Results by the Proposed Heuristics

To examine the effectiveness of the proposed heuristic algo-
rithm, we used the dynamic LSP connection requests based
on the traffic demand matrix. In the same network topology,
we generate ten random LSP connection requests between
two nodes selected randomly. Therefore, 1,320 requests are
tested in total. The duration of each LSP connection is expo-
nentially distributed (ten seconds), and the inter-arrival time
is randomly distributed between zero and one hundred sec-
onds. The average rate of each LSP connection is set to 2
Mbps. The additional hop-count constraint (�) is given as
zero or one. When finding multiple paths, we set the num-
ber of multiple paths (� ) to be one of 1, 3 and 5. The pro-
posed heuristic is compared with the simple shortest path
algorithm or the optimal LP solution of ������ which
was computed for every changed traffic demand matrix.

Figure 9 shows the normalized � by the optimal � of
������. In Fig. 9-(a), it is seen that although only one ad-
ditional hop is constrained on the single path, the proposed

�For the LP-solving parameter, the optimal gap is 0.01.
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heuristic performs better than the shortest path. When the
heuristics search up to three multiple paths (Fig. 9-(b)), the
maximum of link utilization is greatly reduced. Also, even
when the additional hop-count constraint becomes zero (i.e.,
the equal cost multiple paths) (Fig. 9-(c)), it is seen that load
balancing is well achieved among multiple paths, giving the
similar � to the case of the one additional hop.

As shown in Table 2 including the average of �, the
shortest path (widest path) based heuristic increases only
4.12 (3.01)% when compared to the optimal solution by LP
formulation of ������. Yet, the maximum link utilization
by the shortest path algorithm increases by 11.34%.

Table 2 Average of maximum of link utilization (�).

SP ����� ������ ����� ������ ������

� 1.08 1.01 1.00 0.97

However, the performance of the proposed algorithm
may not be more enhanced although the number of hops
and paths increases, because many multiple paths are over-
lapped. In this simulation, although heuristic can search up
to five multiple paths (Fig. 10-(a)) or expands its search
space by two additional hops (Fig. 10-(b)), the proposed al-
gorithm shows the similar results as one with less hops and
paths (e.g., one additional hop and three multiple paths).

In general, when � is greater than 1, the request will
be blocked because of scarce network bandwidth assuming
that over-booking is not permitted. We plotted the ratio of
blocked requests to the total requests in every five seconds
which cause � to be greater than 1 in Fig. 11. It is shown
that the number of rejected requests is reduced by the pro-
posed heuristic.

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100

R
ej

ec
te

d 
R

eq
ue

st
 R

at
io

Time (seconds)

Rejected Request Ratio
(H=1, Three Multiple Paths)

HTB(0,1)
HSTSP(3)(1)
HSTWP(3)(1)

Single SP
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6. Conclusion

In this paper, we formulate the constrained multipath rout-
ing problems in LP and propose heuristic algorithms that
find near optimal solution of minimizing the most con-
gested link. First, the general traffic bifurcation problem
without constraints formulated as an LP problem (��) is
to minimize � by splitting a traffic demand to multiple
LSPs. Second, the maximum hop-count constrained traf-
fic bifurcation problem (������) finds the LSPs which
minimize � while satisfying the given constraints and traf-
fic demands. In addition, the policy-based constraint of
excluding nodes/links can be supported in the proposed
problem. We propose and verify efficient heuristic algo-
rithms (���
� ������� ���� ������) with the poly-
nomial time complexity for the LP problems. It is shown
from the simulation results that the proposed heuristic algo-
rithm finds near optimal solution of the maximum of link
utilization without the heavy complexity of computation.
Therefore, the proposed algorithm will be practical and use-
ful for reducing the probability of congestion by minimizing
the utilization of the most heavily used link in the network.
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