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On–demand optimization of label switched paths in
MPLS networks
Alpár Jüttner, Balázs Szviatovszki, Áron Szentesi, Dániel Orincsay, János Harmatos
Abstract— Multiprotocol Label Switching technology provides efficient means for controlling the traffic of IP backbone networks and thus, offers performance superior to that
of traditional Interior Gateway Protocol (IGP) based packet
forwarding. However, computation of explicit paths yielding optimal network performance is a difficult task; several
different strategies can be thought of. In this paper we propose a novel approach for the optimal path selection of new
label switched paths (LSPs). Our method is based on the
idea that we allow the re-routing of an already established
LSP when there is no other way to route the new one. Our
optimization algorithm is based on an Integer Linear Programming (ILP) formulation of the problem. We show by
numerical evaluation that our method significantly improves
the success probability of setting up new LSPs by extending
the widely known Constrained Shortest Path First (CSPF)
algorithm with the ILP-based re-routing function. Although
the task itself is NP-hard, our heuristic solution provides
efficient solutions in most practical cases. The proposed algorithm is aimed to be implemented primarily in a network
operation center. However, with the restriction that only
LSPs starting from the optimizing Label Edge Routers can
be re-routed, the algorithm can be implemented directly in
edge routers themselves.
Keywords— Multiprotocol Label Switching, traffic engineering, optimization, routing, path selection

I. Introduction

M

PLS provides a number of traffic engineering features
for Internet Service Providers to have precise control
over the placement of traffic flows within their networks.
Operators can configure explicit Label Switched Paths
(LSPs) with primary and hot-standby secondary MPLStunnels, define loose and strict hops, configure preemption
based on setup- and holding-priority levels and assign resource class affinity attributes (administrative groups or
colors simply) to certain resources. These features provide
handy control options for operators to specify the paths of
traffic flows in their network.
There are many ways how LSPs can be established in
an MPLS network. The simplest method is when the operator sets up so called default or topological LSPs. In
this case the path of the LSP is determined solely by the
egress router’s IP address and by the routing tables of intermediate transit routers (i.e., the LSP path is identical
to the IGP path). In a bit more complex case, an operator
can specify explicitly some loose or strict hops for the LSP.
For example between San Jose and New York a primary
and hot-standby secondary MPLS-tunnel of an LSP can
be routed towards Chicago and Houston, respectively. In
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this method the LSP still uses the IGP path between the
specified hops. When the operator optimizes global LSP
placement with the help of a central Traffic Engineering
(TE) tool, explicit paths will be completely specified with
strict hops.
When the underlying interior routing protocol is extended with an MPLS bandwidth reservation related information distribution component, Label Edge Routers can
conduct on-demand constrained routing (CSPF) calculations for each LSP, thus automating the constrained LSP
establishment procedure. The LER routing algorithm can
be implemented in such a way that it computes paths taking into account the explicit hop and hop limit constraints
defined by the operator.
Edge routers use RSVP [1] or LDP [2] signaling to establish LSPs on explicit paths. In both protocols two kinds
of priorities are supported: setup and holding priorities.
Bandwidth reservations are counted on each interface for
each holding priority level separately. When a new LSP is
to be established, its setup priority is compared to the unreserved bandwidth of the corresponding holding priority
level. When there is not enough resource available at that
level, the LSP setup fails, otherwise some local algorithm
determines which lower priority LSPs will be preempted.
In case a network uses only topological LSPs, preempted
tunnels will be blocked, since they have no other choice to
take. However, when CSPF is used, the preempted ones
can have another chance to fit into alternate paths not occupied by higher priority LSPs. By using CSPF it can still
occur that for a new LSP there is not enough bandwidth
available at its own priority level. In this case the LER
have no other chance, but to block the LSP.
In an operational MPLS network, the CSPF computations implemented in edge routers automate LSP setups.
However, edge routers have only local information about
the network resources. These local routing decisions made
in LERs may result in a degraded global network performance on the long run. One solution for this is to perform
periodical (not too frequent, e. g. daily or weekly) global
re-optimization of LSPs with a centralized off-line network
optimization tool [3]. Another approach is to make the
CSPF computation itself more intelligent by implementing
a kind of preventive strategy. Concepts used in dynamic
routing methods proposed for ATM networks (see e. g.
[4], [5]) could be re-used to improve LSP path selection
performance, by implementing local strategies that result
in globally near-optimal solutions. Recently [6] proposed
the concept of minimum interference routing that is based
on this idea.
The newly developed algorithm presented in this paper
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is intended to be used in the case when on-demand CSPF
based LSP setup in a Label Edge Router fails. Such a
failure can happen when there is not enough bandwidth
since LSPs of the same (or higher) priority level occupy
network resources. This kind of situation may arise even
if a preventive routing strategy is used, although at higher
network utilization levels. In such failure situations, supposing that the operator wants to fit in the new LSP, a
quick re-optimization of as few LSPs as possible is more
preferable than an immediate global re-optimization of all
LSP paths. A special case of the above strategy is to allow
the re-configuration of only a single LSP. This requires the
smallest amount of management interactions, while still
providing the efficient solution to overcome the problem
arose from the CSPF failure. Thus, our proposed algorithm
implements such a failure triggered partial re-optimization
strategy in which we try to re-route only one LSP.
The rest of the paper is structured as follows. In Section
II we formulate the problem. We describe our algorithm
in Section III by presenting its three main parts. We use
an Integer Linear Programming based solution in the algorithm, for which an efficient solution is presented in Section
IV. In Section V we present numerical results, and finally
in Section VI conclusion are drawn.
II. Problem statement
As it was outlined in the introduction, the task we address in this paper is to select a single LSP that can be
re-routed in order to be able to establish a new one. The
exact definition of the problem is therefore the following:
• We are given all the information on the network topology and status, including the bandwidth reservations and
actual paths of currently established Label Switched Paths
(LSPs), (we will refer to these LSPs as old ones)
• We have a new LSP request from, say, node s to node t
with bandwidth demand b.
• Assume that there is no s −→ t path with sufficient unreserved bandwidth for accommodating the incoming request
b (otherwise the problem is trivially solved by CSPF). Our
task is to release sufficient bandwidth on some ’bottleneck’
links (i. e., where the unreserved bandwidth bf is less than
b) by re-routing a single LSP, so that we can set up the
new LSP.

The non-trivial problem here is to find an existing LSP
that can be re-routed so that after the re-routing the new
LSP can also be established. This problem is NP-hard [7],
therefore we propose a heuristic algorithm for its solution.
Since we need path information of already established
LSPs, the re-optimization can be done primarily in a network operation center rather than in the edge routers themselves. The complexity of the optimization algorithm also
calls for this solution. However, theoretically, with limited
scope, the algorithm can be implemented in Label Edge
Routers, as well. The restriction in this case is that only
LSPs starting from the optimizing LER can be re-routed.

III. The Algorithm
The main purpose of this algorithm is to re-route an
LSP that is already established, so that the new LSP can
be placed into the network. Fig. 1 depicts the flow chart
of the algorithm.
Start
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Fig. 1. Flowchart of the optimization algorithm

The aim of the first function is to filter the LSPs. The
simplest approach would be to try to re-route all established LSP one by one. In small networks this is reasonable,
but in larger ones it is unacceptable, because of the large
number of LSPs. Consequently, it is necessary to decrease
the number of such established LSP to be examined. There
can be such old LSPs that are even if completely released,
the establishment of the new LSP will still not be possible.
It is of no use to try to re-route such LSPs.
At the second part of the algorithm we take the candidate re-routable LSPs one by one, and execute an ILP
based function called TwoPath. This function tries to establish the new LSP and re-route the selected old LSP
simultaneously. If the TwoPath function finds a solution,
the optimization is complete, so the whole algorithm finishes. If TwoPath could not find any re-routable old LSP,
it finishes with failure. In the rest of this section the main
parts of the algorithm are described in more detail.
A. Filtering
The aim of filtering is to reduce the number of LSPs for
which the TwoPath algorithm is called. We implemented
three different filters. The first filter examines the so-called
bottleneck links. Bottleneck is such a link that does not
have enough available bandwidth for the new LSP. First,
the filter calculates the minimal number of bottlenecks for
the new LSP by Dijkstra’s shortest path algorithm with
the following weight function:

 1 if edge e has not enough available bandwidth
for the new demand,
w(e) =

0 otherwise.
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Dijkstra’s algorithm aims to avoid the bottlenecks, therefore the resulting shortest path will contain the minimal
number of bottlenecks. Let nmin denote this minimum
value. If a configured LSP contains less bottlenecks than
nmin , then rerouting this LSP will surely not help the configuration of the new LSP, because at least on one link
the available unreserved bandwidth will be less than the
bandwidth requested by the new LSP.
The basic idea behind the second filter is the following.
Starting in any direction from the source node towards the
destination, we will bump against a bottleneck link. Those
bottleneck links that are reachable from the source node
directly (i.e. without passing another bottleneck link), are
called first bottleneck links. The LSP to be rerouted has to
use one of the first bottleneck links in order to be able to
establish the new demand. This filter uses the same weight
function as the one above and searches the first bottleneck
links in the following manner:
1. It searches for a shortest path.
2. It searches for the first bottleneck link of this path,
deletes it from the graph temporarily, and stores it into
a list.
3. It repeats the first two steps until there is no path between the source and destination nodes of the LSP demand.
When all possible first bottleneck links are found, we
filter out such old LSPs which do not use any of the bottleneck links of the list.
The third filter checks whether the unreserved bandwidth of the bottleneck link — after re-routing the selected
old LSP — will be large enough to accommodate the new
demand. This filter precludes the possibility of re-routing
those configured LSP which does not facilitate the placement of the new demand into the network.
B. Select LSP
The aim of the TwoPath function is to examine whether
two LSPs — an old one and the new one — can be established simultaneously. This function selects old LSPs
one by one, and calls the TwoPath function. In our implementation, first those old LSPs are examined that have
the same ingress router as the new one. The reason for
this is simple: our algorithm identifies an old LSP to be
re-routed, and determines the new path for both the old
and the new LSP. In case the algorithm is implemented in
a central place of the network (e.g., in a TE tool), the result of optimization should be communicated back to the
network. If the ingress router of both LSPs are the same,
the TE tool should order a single LER to do the change,
in this way simplifying the whole re-routing procedure. Of
course, when there is no LSP with common ingress, all the
rest of the LSPs need to be examined.
C. TwoPath
In this section we formulate an Integer Linear Program
that solves the establishment of two LSPs — the new LSP
and an old one — simultaneously. Instead of the MPLS
terminology, for LSPs we use the term paths, that better
fits the mathematical context.
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We examine the problem of routing two paths. The network is represented by a directed graph N = (V, E) with
the set V of vertices and the set E of edges. Two pair
of nodes s1 , t1 ∈ V and s2 , t2 ∈ V are also given, representing the source and destination nodes of the two paths.
The two paths to be routed can have different capacities.
Therefore we classify the edges of the graph with the help
of three subsets E1 , E2 and Eb of E. Edges in E1 , and E2
have enough capacity to accommodate the first path and
the second path, respectively. (An edge can be in both sets
at the same time). Edges in Eb can not accommodate the
two paths together.
With these notations our task is to find two paths P1
and P2 from s1 to t1 and from s2 to t2 such that P1 ⊆ E1 ,
P2 ⊆ E2 and P1 ∩ P2 ∩ Eb = 0, that is, the path Pi can use
only the edges of Ei and furthermore, the edges which are
used by both paths must not be in Eb . By setting Eb = E,
we can force the algorithm to find disjoint paths.
This problem can be formulated as an integer linear program in the following way. We seek the integer numbers
xe1 ∈ {0, 1}, e ∈ E1 and xe2 ∈ {0, 1}, e ∈ E2 satisfying the
conditions:

X

xe1 −

e∈ρ(v)∩E1

X

e∈ρ(v)∩E2

X

xe1 ≥ 0
xe2 ≥ 0

∀e ∈ E1 (1a)
∀e ∈ E2 (1b)

xe1 = δv,t1 − δv,s1

∀v ∈ V

(1c)

xe2 = δv,t2 − δv,s2

∀v ∈ V

(1d)

e∈δ(v)∩E1

xe2 −

X

e∈δ(v)∩E2

xe1 + xe2 ≤ 1

∀e ∈ Eb , (1e)

where ρ(v) and δ(v) are the sets of the incoming and the
outgoing edges of the node v and δi,j is 1 or 0 according to
whether i is equal to j or not.
We can extend this problem to an optimization problem
by assigning two cost functions c1 , c2 : E −→ R+ to the
edges. In this case let the cost of a path Pi be the sum of the
corresponding costs of the edges of Pi . We are looking for
the paths which satisfy the above constraints and minimize
the sum of the cost of the two paths.
Using the above ILP notations our task is to find the
integer vectors x1 and x2 which satisfy (1a)-(1e) and approach
X
X
c1 (e)xe1 +
c2 (e)xe1
(2)
min
e∈E1

e∈E2

with respect to the constraints.
IV. ILP Solution
In this section we describe how to solve efficiently the
ILP problem formulated in the previous section. Basically,
any ILP software package can be used. The ILP solver
packages use the so-called branch&bound technique [8] to
solve an integer program. In our case this means solving
several times the problem (2),(1a)-(1e) with some predefined variables but without the integrality constraints.
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We tested the lp solve package [9] and it gave good results. However, we found that for larger graphs lp solve
can be slow. This comes from the fact that lp solve uses
the simplex method to solve the LP problem, which can be
inefficient. Without the integrality constraint this problem is a Multicommodity Flow Problem [10] with two commodities, so we can improve our algorithm by replacing the
simplex method with a more efficient one. We propose to
use the so called Column Generation Procedure [8], that we
describe with the help of the following model:
It is well-known that the optimal flows can be decomposed into paths. (Since we neglected the integrality constraint a flow can be routed on more than one path). We
intend to find directly this decomposition. For this, let P1
and P2 be the sets of all s1 —t1 and s2 —t2 paths in E1 and
E2 respectively. In this formulation we have a variable αP
for all paths P ∈ P1 ∪ P2 . Using these notations our task
is to

min

X

c1 (P )αP +

P ∈P1

X

c2 (P )αP

(3a)

P ∈P2

subject to
X

X

αP +

P ∈P1 ,e∈P

αP ≥ 0

∀P ∈ P1 ∪ P2

(3b)

αP ≤ 1

∀e ∈ Eb

(3c)

P ∈P2 ,e∈P

X

αP = 1

(3d)

αP = 1.

(3e)

P ∈P1

X

P ∈P2

This LP has only |Eb | + 2 constraints but the number of
variables are typically enormous. However, it follows from
a standard linear programming consideration that there
exists an optimal solution having only at most |Eb |+2 nonzero variables and we can find it very efficiently without
storing the entire huge constraint matrix using the so-called
column generation procedure. In order to use this method
we transform (3c) to equality constraints by adding slack
variables.
X

αP +

P ∈P1 ,e∈P

X

ze ≥ 0
e

αP + z = 1

∀e ∈ Eb
∀e ∈ Eb

(3c’)

P ∈P2 ,e∈P

Because the method needs an initial solution we also modify the constraints (3d) and (3e)
X

s 1 , s2 ≥ 0
αP + s1 = 1

(3d’)

αP + s2 = 1.

(3e’)

P ∈P1

X

P ∈P2

Now we can easily obtain an initial solution to the problem
by setting all variables z e and s1 , s2 to 1 and the rest of the
variables to 0. If the variables s1 and s2 have sufficiently
large costs then the optimal solution will avoid these variables if possible.
The column generation procedure uses the primal simplex method to get the optimal solution from the initial
solution by a sequence of “pivot operations”. This method
stores a so-called basis structure which is a set of |Eb | + 2
variables such that each non-zero element of the current solution is one of these variables. In each iteration it chooses
a new variable which enters the basis, modifies the current
solution and chooses a leaving variable. Fortunately, in our
special case we do not need to scan all columns to choose
the entering variable but it can be done by using Dijkstra’s
shortest path algorithm. The reader is referred for example to [10] for a detailed description of this procedure. A
good and in-depth survey on the linear programming background can be found in [8].
To get an integer solution to the problem (3a)-(3e) we establish a recursive branch&bound procedure which is called
with the sets E1 , E2 , Eb and a bounding number B as input.
As the output, it either states that there exists no feasible
integer solution to the problem (3a)-(3e) whose cost is less
than B, or it provides the optimal integer solution with
cost less than B.
The branch&bound procedure first solves the problem
(3a)-(3e) using the aforementioned column generation procedure. If there are no feasible flows, or the cost of the
optimal flows is greater than B, then there will be no sufficient integer solution, so the procedure can state this as
an output. It is also a straightforward consideration that
if the two flows resulting from the column generation procedure do not use any edge of Eb together, then they must
be integer flows, i.e., they are paths. Obviously, in this
case this is an optimal solution, so branch&bound can return this. Finally, if the flows share an edge e ∈ Eb then
we do two recursive calls of branch&bound with the sets
E1 \ {e}, E2 , Eb , and E1 , E2 \ {e}, Eb , respectively. When
calling branch&bound with the first sets cost B is used as
the bounding parameter. In case it finds an integer solution whose cost C is less than B, then C is used as the
bounding parameter at the second call of branch&bound .
When the first branch did not find an integer solution, cost
B is used at the second call.
Our task is to have an integer solution to the LP problem, or to know that such solution does not exist. Therefore we call branch&bound with the original sets E1 , E2 , Eb
and +∞ as the bounding parameter. If none of the recursive calls provide a feasible solution, then we can state
that there exists no integer solution. Otherwise, one of
the solutions provided by the recursive call will give us the
best integer solution. By using the branch&bound method
and the column generation procedure we get a more efficient method then the one implemented in an ILP software
package.
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V. Numerical results
We have conducted extensive numerical investigations in
order to show the real improvements resulting from the use
of our algorithms. Our goals with the numerical evaluation
were twofold:
• first, we wanted to get some insight to the computational
efficiency and, therefore, the practical applicability of our
algorithms. Recall that our basic problem is NP-hard; it
is therefore essential to check the limits of our ILP-based
solution heuristic.
• second, we wanted to quantify the actual performance
gain resulting from the use of our proposed algorithm in
a practical network. Besides showing the trivial fact that
allowing a re-routing of an existing LSP — in case simple
CSPF-based routing fails — indeed improves the success
probability of a new LSP setup, we wanted to characterize
the network-level gain in a real-world system.
A. Computational efficiency
For the measurement of the running times of the algorithm we generated random network topologies of 50, 100,
150 and 200 nodes. We have run our column-generation
based algorithm for several times using Sun UltraSparc 5
computers, and calculated average running times for the
different examples. For reference, we solved the same problem instances with the lp solve [9] package as well. Table
I summarizes the results.

Lp solve
Column Generation

50
Nodes
0.14s
0.06s

100
Nodes
1.4s
0.5s

150
Nodes
4.6s
1.8s

200
Nodes
8.2s
5.2s

We, therefore, have decided to use a simple but effective
evaluation strategy. We created randomly generated traffic
situations in an example network topology. This means
that we have loaded the network to a certain extent with
randomly placed LSPs having random bandwidth values.
On these random traffic situations we evaluated the probability of being able to add a single new LSP by trying to
establish several new ones, one after another. All the new
LSPs were tried with random capacity, origin and destination nodes, using the same initial traffic situation. This
test has been conducted for several different network load
values, resulting in a series of probabilities describing the
quality of the routing strategy at different traffic levels.
In order to have practically relevant results we have decided to base our investigations on the AT&T IP Backbone.
It contains 25 backbone nodes and 88 links, resulting in an
average 3.52 node degree. The exact topology and capacity values of this network (and of many others) are publicly
available [11].
The main purpose of the first round of our simulations
was to determine the difference in successful LSP establishment probability between the constrained shortest path
first (CSPF) algorithm and our advanced ILP based algorithm that allows the re-routing of an already established
LSP in the case when CSPF fails.
First, we loaded the network to a certain level by generating LSPs randomly between all nodes. This traffic situation is characterized by the total throughput, i.e., the sum of
all established LSPs’ bandwidth. In order to approximate
the success probability, we randomly generated several new
LSPs, and tried to route them both with the CSPF method
and with our optimized method, all of them in the same
traffic situation. As we can see in Fig. 2, the success prob100

Two important conclusions can be drawn from the results. The first — and probably most important — message
is that our ILP-based solution scales very well for practical network sizes (150-200 nodes), although the problem
itself is NP-hard. Secondly, the results show that — with
respect to running times — our column-generation based
procedure performs significantly better than lp solve.
B. Performance evaluation
Several different approaches are used for the performance
evaluation of routing strategies. For example, Plotkin [4]
proposes an analytical approach for this purpose. Another
method is to use discrete event simulation, assuming a
stochastic process for the arrival of demands [5].
In our case, it was hard to find a tractable analytical
approach that can be used to obtain practical results. Discrete event simulation is again out of the scope because
of the lack of a well-established and justified LSP demand
arrival model in the case of MPLS.

Success Probability [%]

TABLE I
Average Running Times

80
60
40
20
0
25000

CSPF
Optimized
30000
35000
40000
Sum of LSPs [Mbit/s]

45000

Fig. 2. Efficiency of Optimization in Case of Same Initial State

ability of our ILP-based method is always above of CSPF’s,
as it trivially has to be, considering the basic principle of
our method. (Giving another chance for the set-up when
CSPF failed will definitely not decrease the success probability). More importantly, however, Fig. 2 shows that the
performance gain of our optimized method is quite significant when compared to the original CSPF method.
Applying our proposed re-routing strategy, however, im-
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Total Load [%]

80
60
40
20
0
25000

Success Probability [%]

100

60
40
20

45000

Fig. 3. Total Load of Network

We might expect that this phenomenon will adversely effect the success probability of our optimized method. However, as we see in Fig. 4, this effect is significant only in the
range of higher network load values. The optimized method
retains its significant advantage above CSPF until the utilization level of the network reaches 70% (observe that this
is a rather high load value, considering the achievable 20%
success probability).
As we mentioned in the introduction, our optimization
method was originally intended to be a part of a central network traffic engineering tool, where the optimization can
have global access to information on all LSPs. It is, however, possible to base the optimization on local information
only and implement the algorithm right into the routers of
the network. This way, we restrict ourselves to be able to
re-route only those LSPs that originate from this particular
router.
Fig. 5 shows that we can expect some gain from using
the optimized method even in this case.
VI. Conclusion
The algorithm described in this paper is based on the
idea that in the case when there is insufficient capacity in

CSPF
Optimized
30000
35000
40000
Sum of LSPs [Mbit/s]

45000

Fig. 4. Efficiency of Optimization in Case of Different Initial States
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0
25000

CSPF
Optimized
30000
35000
40000
Sum of LSPs [Mbit/s]

80

0
25000

Success Probability [%]

plies that LSPs originally routed on shortest paths will
possibly be directed to longer bypasses in order to accommodate new incoming requests. This means that, when
applied several times, our optimization method might result in a higher global network load (link utilization) for a
certain throughput than the original CSPF. Therefore, in
our second simulation phase we investigated the case when
an operator uses either CSPF or our optimized method
for LSP establishment all the time from day one. This
means that the initial loading of the networks to a certain throughput level was achieved in different ways for
the two curves. In the first case, all LSPs were established by CSPF, while for the optimized method, from the
very beginning LSPs were routed by our ILP-based method
whenever CSPF failed. Results displayed in Fig. 3 seem
to prove our theoretical expectations: use of the optimized
method indeed generates higher network load for the same
throughput.

CSPF
Optimized
30000
35000
40000
Sum of LSPs [Mbit/s]

45000

Fig. 5. Efficiency of Optimization with Local LSPs Only

the network to set up a new LSP, we try to free some capacity on bottleneck links by re-routing one of the established
LSPs. We have proposed a systematical method for finding such an LSP. We have developed an ILP-based solution
that can efficiently solve this problem for practical network
sizes. Our empirical results show that the proposed algorithm significantly improves the probability of successful
LSP establishment.
Our future investigations will include the development
of additional heuristics improving the running time of the
algorithm. One idea can be to sort LSPs based on a probability measure that describes the probability of how easy
will be the routing of the new LSP if that particular old
LSP is re-routed. Another direction of future work is to
investigate the more complicated problem of allowing the
re-routing of not only a single, but more LSPs.
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