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Abstract—In an Internet protocol network running
a link-state routing protocol, determining link weights
corresponds to determining a route from a source to
a destination that the protocol selects to minimize
the sum of the link weights. Previous studies have
focused on determining physical link weights to re-
duce network congestion ratio in case of link failures.
However, no study has yet to address a model that
determines link weights by including traffic-engineering
(TE) links and investigate the effect of including TE
links on reducing network congestion. The link-state
routing protocol treats a TE link as a logical, direct
link between non-adjacent nodes. This paper proposes
a link-weight design model with TE links based on
preventive start-time optimization (PSO) for handling
single link failures, called PSO-TE. The model con-
siders physical and TE links when determining the
link weights under the assumption of all single phys-
ical link failures. It identifies the set of link weights
that minimizes the worst-case network congestion ratio
across all considered failure patterns. The numerical
findings demonstrate that PSO-TE effectively reduces
the worst-case network congestion ratio compared to
the baseline model that does not employ TE links,
highlighting the advantage of including TE links.

Index Terms—routing, link weights, traffic engineer-
ing links, link failure

I. INTRODUCTION

An Internet protocol (IP) network transmits various ap-
plications, including streaming videos, online conferences,
and cloud services [1], [2]. To ensure these applications
maintain high quality, designing and managing an IP
network effectively to prevent congestion is crucial. Addi-
tionally, an IP network must be resilient against failures
caused by fiber cuts or physical interface issues.

IP networks widely use link-state protocols, including
open shortest path first (OSPF) [3] and intermediate
system to intermediate system (IS-IS) [4]. In a network
running a link-state routing protocol, determining link
weights corresponds to determining a route from a source
to a destination that the protocol selects to minimize the
sum of the link weights [5], [6]. Packets are forwarded
by referring to the next hop information at each router’s
routing table fed by the routing protocol.

Given the traffic demand, a network operator needs to
determine a suitable set of link weights, considering fail-
ures. Three policies exist for determining link weights that
reduce network congestion ratio: start-time optimization
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(SO), run-time optimization (RO), and preventive start-
time optimization (PSO).

SO determines link weights at the start of the network
operation; SO does not consider the network’s dynamic
changes caused by link failures. Once a link failure occurs,
the network’s topology changes and the optimal set of link
weights determined by SO may no longer be optimal. SO
can cause unexpected network congestion. A more robust
strategy than SO is necessary as a network operator’s
essential task is dealing with the daily link failures [7].

RO is a strategy that considers determining the link
weights each time the traffic demand changes to over-
come SO’s weakness. This strategy minimizes network
congestion even during link failures. However, routing
information is advertised to all routers whenever the link
weights are updated, resulting in network instability.

PSO is a strategy that determines a set of link weights
preventively at the start time to minimize the worst-
case network congestion ratio over possible link failure
scenarios. The PSO strategy was originally introduced
in [8]. PSO can suppress increasing network congestion
and avoid instability due to link failure, which are the
weaknesses of SO and RO, respectively.

Traffic engineering contributes to reducing network con-
gestion and improving overall network resource utilization.
In today’s Internet, OSPF is a widely used intra-domain
routing protocol [3]. Since OSPF always forwards packets
on the shortest path, it must be more flexible to facilitate
traffic engineering. Even if the shortest path is congested
and there is a less congested alternative path, there is no
ability to divert packets through the alternative path.

Using the OSPF framework, we can reroute packets
through alternate paths by setting logical links, each of
which directly connects non-adjacent nodes, called traffic-
engineering (TE) links [9]. Adopting TE links can poten-
tially improve the network’s performance by controlling
traffic flow. The document in [9] describes extensions that
primarily use opaque link state advertisements (LSAs) to
describe the TE topology and provide a way to distribute
this information.

However, previous studies have focused on determining
physical link weights based on PSO to reduce network
congestion in the event of link failures. No studies have
yet incorporated TE links into PSO to optimize link
weights. A question arises: Can network congestion be
further reduced by incorporating TE links under PSO?

This paper proposes a link-weight design model with TE
links based on PSO for handling single link failures, called
PSO-TE. The model considers physical and TE links when
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determining the link weights under the assumption of all
single physical link failures. It identifies the set of link
weights that minimizes the worst-case network congestion
ratio across all failure patterns. The numerical results
demonstrate that PSO-TE effectively reduces the worst-
case network congestion ratio compared to PSO without
TE links. We also examine the effect of PSO, including
TE links, by comparing the network congestion ratio of
SO with TE links (SO-TE) and PSO-TE. PSO-TE intro-
duces a practical method for working within the existing
framework of static link weights without modifying the
routing protocols or the routers themselves by using the
TE links.

II. PROBLEM DESCRIPTIONS
A. Network definitions

A directed graph G(V, E) represents a network, where
V is a set of nodes and E is a set of links. (i,j) € E
denotes a link from node ¢ € V to node j € V' \ {i}.
e C F also denotes a link including both directions, where
e = {(4,7), (4, 9)}. ci; is the capacity of (i,j) € E. F =
{0,1,--- 7@} is the set of link failure indices . Failures
occur in both directions, so link I = {(4, j), (j,4)} get to be
out of service. | = 0 means no link failure and /(3 0) means
the failure of link e =1 C F, which can also express [ € F
when we focus a failure index. G; denotes G has link failure
at e = 1 (# 0). C = {c¢;|(i,j) € E} denotes a set of link
capacity ¢;; of (i,7) € E. u;; denotes the traffic volume of
passing through (i,7) € E. We call Z” a link utilization
ratio of (i,7) € E. W = {w;|(4, j) € E} is the link weight
matrix of network G, where w;; is the weight of (¢, j) € E,
where w;; € [1, wmax] is a positive integer number. z7} (W)
is the portion of traffic from node p € V to node g € V\{p}
routed through (i,5) € E, where (p,q) € P. P is a set of
source and destination node pairs in the network, where
|P| = |VI|(|[V|—1). If a link weight set W is given, routing
and z7/(W) are determined based on the shortest path
routing; we adopt equal-cost multi-path routing (ECMP).
ECMP evenly splits traffic among equal-cost paths [10].
27! (W) is a load-distribution variable under link weights
set W, where 0 < z7/(W) < 1. t,, represents the traffic
demand of source and destination node pair (p,q) € P.
T = {t,4|(p,q) € P} denotes a traffic matrix.

u;; denotes the total traffic demands passing through
(1,7) € E. uy; is given by:

Uij = Z tpqxf;-]. (1)

(p,9)€EP

B. Introducing TFE links

There are two link types: physical and TE links. Di-
rected graph G’(V, E’) denotes a network including phys-
ical and TE links, where E’ is a set of physical links and
TE links. Physical link (4,j) € E is the same as that of
Section II-A. The newly introduced type of link is a TE
link established between node pair (u,v) € Pr C P; (u,v)

is a node pair of u € V and v € V' \ {u}. Pr is a set of
node pairs, each with at least one TE link.

The union set of physical link set £ and the TE link
set Bt is the total link set of the network; £/ = F U Er.
We set Pr to satisfy |Pr| = m. We can set up to k TE
links in each node pair (u,v) € P. The set of TE links
between node pair (u,v) € P is B}, where E¥' C Ep
and |EY| < k. Ev is the union of E¥¥ for all (u,v) € Pr,
U B

(u,v)€Pr
We introduce the following two policies for selecting the

set of node pairs Pr and routing each TE link over physical
links. First, we chose the | Pr| = m node pairs whose traffic
demand t,,, where (u,v) € P, is within the m highest
from non-neighboring node pairs with the shortest hop
score H or more; we set H to two. Second, we select at
most k paths with the smallest number of hops in each
node pair (u,v) € Pr. We use Yen’s algorithm to find the
k shortest hop paths [11]. If more than k paths with the
smallest number of hops exist, we arbitrarily select k£ paths
with the least overlapping score of physical links through
which they pass. We define the overlapping score as the
sum of the numbers of overlapping paths for all (i, j) € E.
For example, if there are three overlapping paths on links
(i,7) = (1,2) and two overlapping paths on links (i,5) =
(2,4), respectively, the overlapping count is five.

We update the definition of link utilization wu;;, which
denotes the total traffic demands passing through (i, j) €
E. Each traffic through a TE link consumes the link
capacity of the physical link, so u;; is given by:

Uj5 = Z Z tpqa?’g,q. (2)

(p,q)EP e'E€E’:¢'uses (i,j)

T = {tpq|(p,q) € P} denotes a traffic matrix. z'%7 is the
portion of traffic from node p € V to node q € V' \ {p}
routed through ¢’ € E’, where (p,q) € P. If a link weight
set W is given, routing and z'7 are determined based
on the shortest path routing adopting ECMP. 2'%7 is a
load-distribution variable under link weights set W, where
0<azP'<1.

We define link failure as follows. We consider only a
failure of at most one physical link including both direc-
tions | C E, where | = {(i,7), (J,i)}. The set of physical
link failures is F', where F' = {0,1,-- -, @} We express a
physical failure index as [ € F. [ = 0 means no link failure
and ! (# 0) means the failure of link | C E, which can
also express | € F when we focus a failure index. E] C E’
denotes the set of links in E’ when link [ fails. When a
physical link [ fails, TE links in E7 fail each of which
passes through the physical link I. Gj(V, E]) expresses a
network with link failure [ (3 0).

Figure 1 shows an example of a network, where |Pr| =
m = 1 and kK = 3. A link without an arrow indicates
a bidirectional link and a link with an arrow indicates
a directed link. We have (u,v) = (0,2) € Pr. Fig-
ure 1(a) shows G(V, E) representing a physical network.
Figure 1(b) shows physical and TE links. There are three
paths with a minimum hop path of two between (u,v) =

ie.,
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(0,2). Figure 1(c) shows G'(V, E’), which puts the physical
and TE links together. Figure 1(d) shows G} (V, EJ), where
failed physical link I = {(2,5), (5, 2)}; the TE link between
node pair (0,2) € Pr passing through the failed physical
link [ also fails.

C. Link weight design

The network congestion ratio, r, denotes the maximum
value of all 1ink utilization ratios in the network; r =
max;, ])EE , where 0 <r < 1.

Weand 18 the set of candidate W for which the worst-case
congestion is calculated. r(W,1) is a function that returns
the congestion ratio for G; with OSPF-based shortest
path routing using link weights in W. R(W) mentions the
worst-case congestion ratio in W among all link failure
scenarios [ € F'.

R(W) is defined by:

R(W) = max r(W,1). (3)
PSO aims to find a link weight set Wpgo that minimizes
R(W) for a network G(V, E). Wpgo is defined by:

Wpso =arg min R(W). (4)

WeWeana

The network congestion ratio achieved by using Wpgo is
R(Wpso), which represents the upper bound of congestion
for a single link failure scenario in the network.

On the other hand, the SO’s goal is to find a link weight
set Wgso that minimizes r(W,0) for a network G(V, E).
Wso is defined by:

Wso = arg glwl/n . r(W,0). (5)

T

(a) G(V, E) representing phys- (b) Physical and TE link.
1ca1 network.

@ S

(c¢) G'(V,E"). (d) GJ(V, E]), where | =
2 5), (5 2)}. A dashed
llne expresses a failed link.

Fig. 1: Network model. A link without an arrow indicates a
bidirectional link. A link with an arrow indicates a
directed link.

IITI. PSO-TE ALGORITHM
This section describes the algorithm of PSO-TE using
tabu search. The detailed description is as follows.
o Step 1 (setting TE links and making G'(V, E’)): We
set TE links in the network. At first, for all node pairs
(u,v) € P, we find m non-neighboring node pairs in

the order of increasing traffic volume %,,. Next, we
select at most k paths with the smallest number of
hops in each node pair by using Yen’s algorithm [11].
If there are more than k paths with the smallest
number of hops, we arbitrarily select k paths with
the least overlapping score of physical links through
which they pass. We create E’ by adding TE links for
m node pairs to E; we obtain G'(V, E’).

o Step 2 (initialization): The iteration counter is set to
i = 0. The initial value of each element in link weight
set Wi, is a random value not registered in the tabu
list. Add Wi, into the tabu list. Wi, is used to find
the network congestion ratio.

o Step 3 (identifying bottleneck link with every single
failure): Identify the link contributing to the highest
link congestion ratio by using (3) for all single link
failure patterns. We call this highest congested link
a marked link and the failure link contributing to
the highest network congestion ratio a marked failure
link. At the first time of iteration, Wpgo <+ Wi, and
TPSO < Titr-

e Step 4 (moving to next candidate): In this step, we
consider a topology with the single marked failure
link. Increase the link weight of the marked link until
at least one flow passing through the marked link
changes. Here, the link weight that has the most flow
among the physical links and TE links is increased. If
the link utilization ratio of the marked link decreases,
update the new link weight set as Wiy, and register
in the tabu list. Otherwise, the link utilization ratio
of the marked link does not change and exceeds the
maximum allowed link weight wy,,x, move to Step 7. If
the link weight of Wiy, exceeds wimax, move to Step 7.
Also, if Wiy has already been in the tabu list, move
to Step 7.

o Step 5 (candidate evaluation): The link weight set
updated in Step 4 is evaluated by (3). All single-link
failures are considered to calculate the worst-case net-
work congestion. Then, find the network congestion
ratio for the new link weight set as rymp <= R(Wimp)-
If it is smaller than rit;, Witr <= Wimp, Titr < Ttmp- 1f
the network congestion ratio i, is not updated Jyax
times in a sequence, go to Step 7.

o Step 6 (updating currently found best solution): If the
network congestion ratio of Wi, is lower than that of
Wpso, set Wpso < Wi and 1pso ¢ Titr-

e Step 7 (moving to next iteration): If the maximum
number of iterations I.x is not exceeded, set i <+
i+ 1 and go back to Step 2. If I,.x is exceeded, the
algorithm terminates and returns Wpgo and rpgo as
a solution. The maximum number of iterations I, is
tailored to the network’s size, available computational
resources, and the desired solution precision.

IV. NUMERICAL RESULTS

A. Experimental Environments

We investigate the performance of PSO-TE via simu-
lation, compared with PSO without TE links and SO-
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TE. We present the networks and parameters used in the
simulations. We use two networks, as shown in Fig. 2. We
use two networks used in [12].

We set input parameter values as follows. We generate
traffic demand ¢,, € T, (p, ¢) € P, randomly by following
a uniform distribution in the range of (0, 100 Up), where
Up is a given constant positive value. We set link capacity
¢;j for all (i,j) € E randomly by following a uniform
distribution in the range of (10U¢, 100 Ug), where Ug
is a given constant positive value. Up/Uc is set so that
we can get feasible solutions. To compare the worst-case
network congestion ratios of the different models with
different failure scenarios, we normalize them divided by
the worst-case network congestion ratio among all link
failure scenarios [ € F' obtained by SO without TE. This
normalization prevents us from discussing the effects of
Up/Uc. Chax is set to 30. We set wpax to 30 and 50 for
networks (a) and (b) in Fig. 2, respectively.

Since we randomly generate traffic demands and link
capacity in our evaluation, we conduct n trials and take
the resulting metric average over n trials. We set n = 10
for all simulations. Let £ and o denote a resulting average
value and a standard deviation over n trials, respectively.
% for each result is in the range from 0.07 to 0.35.

Lnax expresses the maximum number of iterations in
the tabu search. I,.x is set by considering the network
size, available computational resources, and the desired
solution precision. The larger the value of I,y is, the more
accurate the solution is, and the longer the computation
time is required. Thus, we set a suitable value of I, by
observing the trade-off between the solution accuracy and
the computation time. In the simulation of SO-TE, we set
Tnax to 30 and 40 for networks (a) and (b), respectively.
In the simulation of PSO-TE and PSO without TE links,
we set Inax to 10 and 20 for the networks in Figs. 2(a)
and (b), respectively.

We evaluate PSO-TE, PSO without TE links, and
SO-TE by performing the following steps. For randomly
generated traffic T' and link capacity C, we calculate the
worst-case network congestion ratios rpso and rso, for
each network type. We code the algorithms for PSO-TE,
PSO without TE links, and SO-TE using C++. We use
a computer configured with AMD EPYC Rome 7502P
32C/64T 128GB memory to run the algorithms.

(2) (b)
Fig. 2: Networks.

B. Results and Discussions

1) Effect of installing TE links on PSO-TE: We in-
vestigate the effect of installing TE links on PSO-TE by
obtaining the worst-case congestion ratio among all link
failure scenarios [ € F.

Figures 3(a) and (b) show the worst-case network con-
gestion ratios of PSO-TE depending on m and k for
networks (a) and (b) presented in Figs. 2(a) and (b),
respectively. m = 0 indicates PSO without TE links.

Based on Fig. 3, we discuss the effect of m on the worst-
case congestion ratio among all link failure scenarios [ € F.
The worst-case congestion ratio tends to decrease as m
increases for PSO-TE. It suggests reducing the worst-case
congestion ratio by adding TE links. Increasing m makes
the route design more flexible, reducing the worst-case
congestion ratio. On the other hand, we observe that, in
some cases, the worst-case congestion ratio increases even
as m increases. This is because even if the weight of the
link with the largest flow amount on the most congested
link increases, the flow may remain due to ECMP. The
remaining flows may cause a slight increase in the worst-
case congestion ratio compared to before increasing m, i.e.,
adding TE links.

Next, we discuss the effect of £ on the worst-case
congestion ratio among all link failure scenarios [ € F.
Figure 3 shows that the worst-case congestion ratio tends
to decrease as k increases. This suggests that increasing
the number of physically different paths that TE links
take can reduce the worst-case congestion ratio. On the
other hand, in some cases, we observe an increase in the
worst-case congestion ratio even when k increases. This
is because, for the same reason as the observation on
increasing m, increasing k may increase the number of
flows passing through a specific link, where ECMP does
not distribute the flows effectively. The decrease in the
worst-case congestion ratio stops at a certain k since only
the shortest hop paths are selected as a TE link.

As described above, the worst-case congestion ratio
among all link failure scenarios [ € F can be reduced
by appropriately setting m and k. This underscores the
importance of the network operator’s role in determining
these parameters to optimize network performance.
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Fig. 3: Worst-case network congestion ratio of PSO-TE depen-
dent on m and k.

We discuss how much the worst-case congestion ratio
among all link failure scenarios [ € F can be reduced
by selecting the appropriate m and k based on Fig. 3.
Let (m,k) = (m/,k’) be the pair of m and k when
the worst-case congestion ratio is best reduced. 7,/ /)
is the worst-case congestion ratio with (m, k) = (m/, k).

TABLE I: Reduction ratio v in PSO-TE.

Network type  7(.0) Ty (M, k) i
Network (a) 0.902 0.458 (8,3) 0.493
Network (b) 0.806  0.730 (8,2) 0.094
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The baseline model is the model without TE links, i.e.,
(m,k) = (0,0). r¢,) is the worst-case congestion ratio
with (m, k) = (0,0). Table I shows the reduction ratio -y
when the worst-case congestion ratio is best reduced by
setting (m, k) = (m/, k’). v is defined by:

0,00 — T(m/,k’
N = (0,0) ( ) . (6)
'(0,0)

Table I shows the reduction ratios v of PSO-TE. The
range of v is 0.094-0.493 for our examined networks.
Network (a) in Fig. 2(a) has larger v than network (b) in
Fig. 2(b). When the network size is smaller, the routing
flexibility becomes limited without TE links; the effect of
installing TE links is more significant.

We provide the computation times of PSO-TE. The
computation times with (m,k) = (0,0) and (8,3) for
network (a) are 1.8 [s] and 6.6 [s], and those with (m, k) =
(0,0) and (8,2) for network (b) are 978 [s] and 2078
[s], respectively. The computation time increases as the
network size increases and m and k increase since the
number of link weights increases.

2) Comparison of PSO-TFE with SO-TE: We compare
PSO-TE to SO-TE. We set TE links (m, k) = (m/, k') for
both of PSO-TE and SO-TE.

TABLE II: Comparison of worst-case network congestion ra-
tios among all link failure scenarios with TE links.

Network type maxjcp r(Wpso—1E,l) maxicrr(Wso—tE, ) «
Network (a) 0.16 0.8 0.45
Network (b) 0.73 0.85 0.14

Table II shows the network congestion ratios with a
link failure. In terms of the worst-case network congestion
ratio among all link failure scenarios [ € F', the following
relationship is satisfied:

< )
%%E(T(WPSOfTE;l) < Ilréalg<7“(WsofTE,l) (7)

This indicates that the worst-case network congestion
ratio of PSO-TE over | € F is smaller than or equal to that
of SO-TE. The reduction ratio of the worst-case network
congestion ratio with TE links is defined by:

maxier (Wso-1g, ) — maxier r(Weso-1E, [)

a= . (8)

max;er r(Wso—rE, ()

The range of « is 0.14-0.45 for our examined networks.
This result shows that PSO-TE can reduce network con-
gestion ratios caused by link failures with TE links.

TABLE III: Comparison of worst-case network congestion
ratios without link failure with TE links.
r(Weso-1g,0)  r(Wso-1,0) 8
0.39 0.29 0.37
0.59 0.24 1.44

Network type
Network (a)
Network (b)

Next, we evaluate the performance of PSO-TE in terms
of the network congestion ratio without link failure. Ta-
ble TII shows the network congestion ratios without link
failure. In terms of the network congestion ratios without
link failure, the following relationship is satisfied:

r(Wso—1g,0) < r(Wpso—rE, 0). 9)

The deviation between r(Wpso—_rg,0) and r(Wso—_1E, 0),
[ is defined by:

5= r(Weso-1E,0) — 7(Wso-TE, 0)
r(Wso-TE,0) .
The range of 5 is 0.37-1.44 for our examined networks.
This result shows that the network congestion ratio of SO-
TE without link failure is smaller than that of PSO-TE.
In summary, compared with SO-TE, PSO-TE can sup-
press increasing network congestion due to link failures
expressed by « at the expense of penalty 3, i.e., a larger
network congestion ratio in a non-failure scenario.

(10)

V. CONCLUSION

This paper proposed a link-weight design model with
traffic-engineering (TE) links based on preventive start-
time optimization (PSO) for handling single link fail-
ures, called PSO-TE. The model considers physical and
TE links when determining the link weights, assuming
all single physical link failures. It determines the link
weights to minimize the worst-case network congestion
ratio against possible single-link failure patterns. Numer-
ical results observed that PSO-TE effectively reduces the
worst-case network congestion compared to PSO without
TE links, demonstrating the benefits of including TE links.
Compared with SO-TE, PSO-TE can suppress increasing
network congestion due to link failures. PSO-TE provides
a practical solution within the existing framework of
static link weights without modifying routing protocols or
routers, leveraging OSPF-TE.
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