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Abstract

Routing is one of the key issuesin | P networks. However,
few methods exist to optimizerouting for a particular net-
work ([1], [2]); most effort has been invested in improv-
ing the routing protocol itself ([3], [4], [5]). In thiswork,
amethod based on the solution to two mixed integer pro-
grams, is presented to specify appropriate values for the
link costsfor agiven network. Theobtained link costs can
be directly translated into values suitable for the metrics
of the currently most important interior gateway routing
protocols like 1S-1S, EIGRP or OSPF in today’s Internet.
With this method a homogeneous distribution of trafficin
IP-based networks can be achieved without changing the
existing routing protocols or hardware.

Keywords: IR, IGP, Link Cost, OSPF, EIGRP, Routing,
Optimization

1 Introduction

In this paper we focus attention on the problem of intro-
ducing optimal routing methods for IP traffic. |P data-
grams are currently used to transmit traffic of all different
types of network services. The rapid explosionin the use
of the Internet for web browsing, tel ephony and video ser-
vices, aswell asthe moretraditional services such as mail
and ftp, has resulted in a massive increase in traffic load.
With thisincrease in traffic volume, there has been a con-
current significant increase in congestion due to the lack
of network resourcesand dueto the unflexibility of theln-
terior Gateway Protocols (IGPs). The IGPs do not adapt
the routing on the actua traffic situation and because of
this, some parts of the network are heavily |oaded where
other parts have free capacity. To enable Quality of Ser-
vice in IP networks, efficient routing of |P packets be-
comes a crucial issue both from the provider and the user
point of view.

Most effort concerning routing optimization is focused
on improvements and changes of the routing protocol
([3], [4], [9)]) itself, only few methods deal with the op-
timization of the routing of a particular network. Those
methods are mainly known from telephone networks with
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fixed circuit switched connections ([6], [7], [8]). Re-
cently, due to emerging congestion in the growing Inter-
net there has been an increased interest in optimization
methods for routing in IP networks. In [1] a method is
presented using heuristics to determine optimal link costs
in OSPF networks. In [2] network optimization includ-
ing routing with OSPF is performed with mixed integer
programming (MIP).

In contrast to telephony or other connection oriented
networks, in IP networks the possibilities to optimize
routing are more restricted dueto the existing routing pro-
tocols. IP is connectionless and therefore a new routing
decision is made independently at each router. In arouter
al IP packets with the same destination are routed on the
same path independent of their source (destination based
routing). Inside an intranet or within the network of anin-
ternet service provider (1SP), the chosen path is the short-
est path following a certain metric specified by the routing
protocols. The next section gives an overview of the met-
rics implemented in the most important IP routing pro-
tocols. These metrics can be reduced to the sum of link
costs. The cost values are traffic independent parameters,
which can be set in the router’s database. This property is
used in the proposed optimization method.

The objective of our method is to determine link costs
such that an optimal traffic distribution is achieved. These
link costs are computed using two mixed integer pro-
grams (MIPs). Thefirst one describesamethod to specify
optimum paths for given flowsin a given network. These
paths satisfy the condition that link costs exist such that
the received paths correspond to the shortest paths. Link
costs corresponding to these paths are then computed us-
ing the second program.

In Section 2 the key issues of routing in IP networks
are described. Section 3 defines the inputs and the objec-
tive of thefirst optimization problem in detail. Sections 4
and 5 contain the formulation of the two MIPs. Finaly,
the results for some example networks are presented in
Section 6.



2 Routingin IP networks

InIP networksrouting is performed according to different
unicast P routing strategies employed by router manu-
facturers (e.g. EIGRP from CISCO) or the IETF (Internet
Engineering Task Force). Fig. 1 gives an overview of the
most important ones. Basically, they are classified as:

¢ Interior Gateway Protocols (IGP) and
o Exterior Gateway Protocols (EGP).

Unicast Routing Protocol

TN

Interior Gateway Protocol (IGP) Exterior Gateway Protocol (EGP)
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Figure 1. Overview of Unicast Routing Protocols

The |IETF defines interior gateway protocols as protocols
used for “routing networks that are under a common net-
work administration”. The most popular interior routing
protocols are the following ones:

e Intermediate System to Intermediate System Rout-
ing Protocol (1S-1S)

e Enhanced Internet Gateway Routing Protocol
(EIGRP)

e Open Shortest Path First (OSPF) Protocol

More information about the interior routing protocols can
befoundin[9], [10] or [11].

These protocols have to be configured in their respec-
tive network environment by setting certain parameters
in the router’s database. Router manufacturers publish
detailed instruction about router configuration, athough
they do not provide guidance on specific parameter set-
tings. All interior routing protocolsfollow the same prin-
ciple. They define the cost of a link with a protocol de-
pendent metric and determine the shortest path according
to these values. The shortest path in EIGRP additionally
depends on values which are not link but path dependent
such as thereliability of a path.

The world’s largest router manufacturer, CISCO, de-
fines the metrics of OSPF and EIGRP as shown in Table
1. Inthe metric definition, C'; denotes the capacity of link
i and accordingly min;(C;) is the bottleneck bandwidth
of the considered path. R stands for the reliability of the
path, K; to K5 are scaling parameters and delay; is the
physical delay of link i. In the default configuration of
ther routers the metric of EIGRP is reduced to:
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Table 1: Metric of EIGRP and OSPF.

The metric of OSPF is not specified in an RFC. Thus,
router manufacturers may define their own metric; they
have to observe solely the rule that link costs are in the
range between 1 and 65535.

As seen in Table 1 the metric for both routing proto-
cols is based on time independent parameters, e.g. phys-
ical delay or capacity of links'. All parameters can be
configured in the router database separately. To adapt the
EIGRP metric to the OSPF metric we choose K1 = 0
and K3 = 1. Thus, the optimized solution can be used
for EIGRP as well as for OSPF.

The idea behind our optimization is to determine the
routing parameters, for a measured end-to-end traffic ma-
trix, with the goal of achieving ahomogeneoustraffic dis-
tribution. Theresults of the optimization are valueswhich
represent link costs. They could easily be transformed to
the routing parameters and then entered directly into the
router database to achieve an optimized routing.

3 Problem definition

The aim of the routing optimization in this paper is to
achieve arouting that balances the utilization of the links
in an IP network. A network with IV routers is defined
by a capacity matrix C' of size N x N which comprises
the link capacities ¢;; of link (¢, j) between each pair of
routerss and j. If no link exists the entry in the capacity
matrix is set to zero. The matrix is not restricted to be
symmetrical since, for example, ADSL links are asym-
metric.

The optimization is performed for traffic flows, such as
the maximum flows during the busy hour. Like the ca-
pacities they are defined by an end-to-end traffic matrix
F which comprises an entry f,,, for each flow u—v be-
tween nodes u and v. The matrix specifies the volume of
the data stream that has to be transmitted from « to v.

Furthermore, athird matrix D is introduced which de-
scribes the physical delays d;; of the links. These physi-
cal delaysrestrict the set of routing possibilities between
two nodes. Of course, one would not send packets on a

1Thefull EIGRP metric istime dependent because of the factor load,
but the reduced metric which is used in practice is time independent.



path which dueto its physical delay is many times longer
than the shortest path. A intelligent preselection of the
possible paths also speeds up the computation time of the
problem.

So the objectives of the routing optimization are to

1. minimize the maximum link utilization
2. minimize the average network utilization

3. keep the physical delays within a specified bound

4 Linear programming formulation
for path optimization

Solving routing optimization problems by linear/integer
optimization is well-known in the literature ([12], [1],
[2], [13]). Mixed Integer programs or more general LPs
consist of two parts, the objective function and the con-
straints.

In the case of the IP routing optimization the solutions
haveto fulfill several constraints. First, apath from source
to destination hasto be found for each traffic flow. In Sec-
tion 2 the routing possibilities are restricted to single path
routing. So in a possible solution exactly one path hasto
be defined between each pair of routers, one of whichisa
source and the other a destination. The second condition
for asolutionisthat the amount of dataflowing over acer-
tain interface does not exceed the link’s capacity. At least
two different modeling approaches can be used to formu-
late those conditions in terms of constraints for a linear
program. Thefirst oneis path-oriented, the second oneis
link flow-oriented. The flow-oriented approach was cho-
sen in this paper, due to the smaller number of variables.
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Figure 2: 1P Routing restriction

Furthermore, the routing algorithm specified by the ap-
plied routing protocol hasto be considered. As mentioned
above routing protocolslike ISIS, OSPF or EIGRP, cur-
rently use shortest path routing, however with different
metrics and different algorithms. This implies that the
routing between any two routersis identical for al flows
unless multipath routing is considered. However, this
possibility is considered to be inappropriate in this opti-
mization. InFig. 2 asimple examplefor thisrestrictionis
shown. Theshortest path - independent of the used metric
- between router C and router F is either over D or over
E. Consequently, both flows A-F and B-F are routed first
over C and then either over D or over E, but not one over
D and one over E.

4.1 Variables

Before formulating the different constraints and the ob-
jective function the variables have to be specified. Sincea
flow-oriented approachisused for each flow with f,,,, > 0
and for each link with ¢;; > 0 aboolean variablea:yj” is
introduced. This variable is set to one if flow u—wv is
routed over link (7, j) and to zero, otherwise. The vari-

ablet isan upper bound for the utilization of al links.

4.2 Objectivefunction

The objective function quantifies the aim of the routing
optimization. In Section 3 it was stated that we wish to
achieve a traffic distribution as homogeneous as possible
in the entire network; this means that ideally al links
should be utilized equally at a level as low as possible.
This am is obtained by minimizing the maximum link
utilization as far as possible. But once this maximum uti-
lization is found for a certain link, the traffic of all other
links shall be minimized without increasing the obtained
maximum value. Therefore, the objective function com-
prises two additive parts:
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In the first part the maximum link utilization is mini-
mized. As we will see in Egn. (7) a constraint is for-
mulated that forces al utilizations below the value of .
The second part reduces the average link utilization. The
actual term in the objectiveis the sum of al link utiliza-
tions, which is proportional to the average network link
utilization.

The parameter a; defines the importance of a small
maximum utilization versus the importance of asmall av-
erage utilization. If it is set sufficiently large the prime
aim of reducing the maximum utilization by directing
traffic onto less utilized links is achieved.

4.3 Constraints

The constraints are used to define the set of possible so-
lutions. They can be subdivided into

e Transport Constraints. provide a loopfree path be-
tween al origin destination pairs

e Capacity Constraints: keep the link utilizations un-
der acertain limit

¢ |PRouting Constraints: provide | P conforming rout-
ing

e Delay Constraints: avoid paths that are too long



431 Transport Constraints

The transport constraints guarantee that for each origin
to destination flow u—v exactly one loopfree path is
specified by the resulting values of the variables ="
This is obtained with four types of constraints for each
flow:

1. Only onelink leading out of arouter i may carry traf-
fic of flow u—w. For al flowsu—wv and al routersi
add the inequalities:

N

doooawr<i )

j=1, ¢;; >0

2. Exactly one link (u,¢) from router u to another
router i hasto carry flow u—w:

N N
§ : uv E : uv
i=1, cui >0 i=1, c;u >0

3. For all flowsu—wv and for each router i ¢ {u, v} the
sum of incoming links used by flow u—wv equalsthe
sum of outgoing links used by u—v. Thisisrealized
by adding the following constraints:

N N
uv uv __
j=1, ci; >0 j=1, c;i>0

4. Exactly onelink incident on router v hasto carry the
traffic of flow u—wv:

N N
§ wv E uwv
Liy — Lo 21 (5)
i=1, ¢c;» >0 i=1, ¢y; >0

These constraints, together with the second term in the
objective function (see Figure 3), imply that exactly one
loopfree path from u to v is specified in each solution.

not avoided by transport constraints,
but avoided by the objective function

avoided by transport
constraints

Figure 3: Loops despite Transport Constraints

4.3.2 Capacity Constraints

The capacity constraints guarantee that the traffic over a
link does not exceed certain limits. Two constraints are
required for each link (i, 7). Thefirst one ensuresthat the

link utilization stays below a fixed limit given by the pa-
rameter a.. Thisis achieved by the following constraint:

> @l fur < aceij  forall links (i, ). (6)

Within IP networks it is possible that links are offered
more traffic than they are able to handle. Thereforea . is
not restricted to values between zero and one. Neverthe-
less, by default a.. is set to one.

Furthermorethe value of the variablet is another upper
bound for the utilization of the links. While a . defines a
fixed upper bound, the percentagevaluet isavariable up-
per bound which is minimized in the objective function.
Thisisrealized by the following constraint:

uv t H .« .
%}:% fuo < ggeis o foralllinks (i, ). (7)

4.3.3 Specific Routing Constraintsin | P Networks

Up to now the constraints specify that each solution found
provides a path for each flow such that the given link uti-
lizations are not exceeded. The routing in an 1P network
is more restricted due to the functionality of the routing
protocols. The crucial point hereisthat al 1P packets are
always routed on the shortest path between their origin
and their destination. The shortest path is determined fol-
lowing a certain metric for each link. Thismetric depends
on the used routing protocol.

As a consequence al flows with routers and j in the
same seguence on their path have to berouted in the same
way between i and j. This restriction is further illus-
trated in Fig. 2. The IP conforming routing is achieved
by adding the following inequalitiesto the MIP:

1. For al flows u—v, routers i ¢ {u,v}, and links
(s,t) add:
i+l -l <1 (®)

2. For al flows u—wv, routers j ¢ {u,v}, and links
(s,t) add:

afy g — oy <1 ©)
Eqgn. (8) can beinterpreted in the following way:

auf =12 o} <alf
If the first hop of flow u—wv leads to router i, al links
(s,t) used by i—wv have to be used by u—v aswell. So
u—w and i—wv are routed on the same path from router i
to router v.

Eqgn. (9) can be interpreted similarly. If the last hop
of u—v goesout of router j, al links (s, ) used by flow
u—j haveto be used by u—wv aswell. Sou—v and u—j
are routed on the same path from router u to router j.
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Figure 4: IP Constraints

If we conceive an iterated application of these equa-
tions we notice that for each two routersi and j the rout-
ing between them is identical for al flows through these
nodes. And so the solutions correspond to I P routing im-
plementations.

In Fig. 4 the essence of the IP Routing constraints is
illustrated. Assume that flows u—b, a—¢, and c—v are
routed as indicated by the grey arrows. Due to Eqgns. (8)
and (9) the u—wv has to be routed along the dashed black
arrow.

If welook at flow u—c first, two alternativesto the path
along the dashed black arrow exist, either over a’ or over
b'. Assume u—crunsover b'. Thenlink (u, a) isthefirst
link of thisflow and dueto Egn. (8) flowsu—c and a—¢
have to use the same path between a and ¢. For the other
aternative path over o’ the case is analogous by (Egn. 9).
Thus, flow u—c is routed along the dashed black arrow.

Again, for flow b—wv an aternative path over d’ exists
but it can not be used due to Egn. (8). With both routing
constraints applied repeatedly, u—wv has to use the same
path as u—c between u and ¢ and also the same path as
b—wv between b and v. Altogether, u—v has to use the
path indicated by the dashed black arrow.

4.3.4 Physical Delay Constraints

With the constraints and the objective function described
above a shortest path conforming routing with evenly dis-
tributed traffic is achieved. Thus, only the third aim to
keep the physical delays bounded is not yet fulfilled. The
range of the possible physical delaysis defined by the pa-
rameter a,- and the lowest possible physical delay for a
flow ¥ . Let P“Y be the set of all loopfree paths from
u to v and let d,, be the sum of the physical delays of the
interfaces belonging to path p. Then the minimum physi-
cal delay d“¥.  isthe delay of the path p from u to v with

min

the smallest delay:

d%}m = mianP“” (dp) (10)
This value can be determined by computing the physical
delays of all possible loopfree paths from u to v.

With these two values a,. and d“?,_, a constraint can be

min?

specified for each flow u—wv that keepsthe physical delay

below or equal to a,.d*?, :

min*

> aldi; < apdiy,. (11)
ij

4.4 Reduction of the complexity of the lin-
ear problem

In the above formulated problem the number of variables
is of magnitude N2 M2 where N isthe number of routers
and M the number of interfaces. The number of con-
straints is of magnitude V3 M2, determined by the rout-
ing constraints. Accordingly, the computational effort for
solving the problem increases considerably for larger net-
works. However, if onetakesacloser look at the majority
of intranets the routing decision involves afew competing
paths only. Therefore, many variables can be presolved
by reducing the problem to relevant paths.

The physical delay of a path defines whether it must
be considered or not. A pathp € P*¥ is not relevant if
its physical delay d,, is greater than a, times the mini-
mal physical delay d“?, . Then P* denotes the set of all
relevant paths:

puv _ {p € pw | dp < apd

min

(12)

With the set of all relevant pathsthe value of thefollowing
variables can be determined:

0 ifVpe P :6;(p)=0
uv _ ) . 13
4 { 1 If‘v’peP“”(S”(p):l ( )

where d;;(p) equals oneif p useslink (4, j) and zero oth-
erwise. For al other variables z %" link (i, j) is used by

some but not all of the relevant paths in P*v and there-
fore their value is not specified by the presolver. The
fixed variable values are substituted into the MIP and the
constraints which are always satisfied by these values are
omitted.

Another simplification reduces the complexity of the
problem itself. The treated example networks reveaed
that simultaneously minimizing the maximum and aver-
age utilization increases the problem’s complexity con-
siderably. However, it is possible to omit the variable
t from the objective function and also the constraints of
Egn. (7) which force the maximum utilization below ¢.
The reduction of the maximum utilization is now obtained
by reducing a. iteratively. A first solution is found with
a. Set to one or an even greater value. With this solution
the maximum link utilization is computed and the MIP
can be solved again with a. set to a value smaller than
the received maximum utilization. If this procedureisre-
peated until either the problem is identified as infeasible
or the solver can not handle the problem due to its com-
plexity, an optimal or at least agood solution isfound. In
Section 6 results with and without this simplification are
compared.



5 Specification of thelink costs

In the previous section a routing scenario was proposed
which aims to minimize the maximum and average link
utilizations and hence the IP packet transmission delays.
Additionally, the approach is suitable for shortest path
routing. According to the optimized paths, the appropri-
ate interface costs now have to be specified such that the
obtained routing correspondsto the shortest path routing.

A second MIP is formulated to compute these link
costs. The objective function of the second MIP mini-
mizes the obtained link costs which is necessary with re-
spect to the OSPF metric where an upper bound for the
link costs is given. The more important part of the MIP
are the congtraints. These restrict the solution space to
contain only solutions where the shortest path routing is
identical with the optimized routing. The variable m ;;
represents the cost of interface (i, j). The shortest path
from u to v is the path with the least cost. The path cost
is the sum of the cost values of the single interfaces. For
flow u—w the cost m™" is given by

m* = Z mi;zy, (14)
ij

where z}? describe the paths of the previous routing opti-
mization. m"? hasto be the minimum cost of all possible
paths from u to v. Therefore, for each loopfree path p
other than the optimized path pg},, a constraint has to be
specified that forcesthe cost of p“¥, to be the smaller one:

opt
uv
E Ti; My <
j

ij,0:5 (p)=1

To include al such constraintsfor all paths would lead to
a very complex problem for larger networks. However,
not all of these constraints are required to obtain a suit-
able solution. For aflow u—wv the mandatory constraints
are identified by the following algorithm:

Consider each neighbor router i of u:
if puv, and pl, have no common node except v, add

the constraint:
o wWme <mui+ Yy wime (16)
st st

else add no constraint.

The algorithmis explained using the example of Figure
5. Every path from u to v runs over a neighbor router of
u. In the example the three neighbors of « are i, j, and
additionally the first router of pg},. Three types of paths
exist between arouter n, which is adjacent to u, and v:

e optimized path pg;, without anodein common with
Popes 1N the example the solid grey line between i

and v

e optimized path py, with a node in common with
Doy 1IN the example the solid grey line between j
and v

e anon-optimal path from n to v; in the example the
dashed grey line

solid line: shortest path
j dashed line: other path

Figure 5: Examplefor link cost algorithm

Following the above algorithm a constraint is necessary
only for the path including pg‘;)t . The constraints concern-
ing the other paths are already fulfilled by the constraints
of other flows.

In the case of the path p,, indicated by the dashed grey
line between i and v, the constraint

v
E TyMst < E Mgt
st

st,0s¢(pg)=1

aready exists when flow i—wv is considered. This con-
straint together with Egn. (16) implies that the cost of the
path using p,, is larger than the cost of py;.

Considering the path between j and v, the part between
k and v is common with pg ;. According to the routing
principles we know that the shortest path from « to & is
routed along the black line. For this flow u—k the con-
straint exists that the path along the black line pgl}ft has to
be shorter than the path over j and then aong the grey
line. But this constraint implies that pg;, is shorter than
the path over j and then along the grey line.

6 Resaults

In this section results of the path optimization and thelink
cost specification are presented. They are demonstrated
using two example networks of different size. These net-
works are shown in Fig. 6. The network on the left with
only six routers was chosen because its size alows us to
depict the resulting paths. The networks with fourteen
routers were selected because of the more complex struc-
ture which makes many different path choices possible.
Hence, the routing optimization is rather complex.

For al two example networks a flow exists between
each pair of nodes. Consequently the flow matrix is dense
with the exception of the main diagonal. For the six router
network it is given in Table 2. Table 3 shows the link
capacities of this network.

The hop counts were taken as physica delays for al
three networks, that is d;; equals one for each link (¢, 5).



Figure 6: Example networkswith six and fourteen routers
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Table 2: Flow matrix of the 6-router network

Furthermore, in each optimization run the parameter a .
was set at three. Thus, for the 14-router network 4714 of
the 8008 variables were presolved and set to zero. Fur-
thermore, the number of constraints was reduced to less
than the half of the possible number.

0 1 2 3 4 5
0 0 120 0 100 0 0
1| 110 0 80 0 0 0
2 0 920 0 100 0 70
3 | 130 0 80 0 920 0
4 0 0 0 70 0 120
5 0 0 75 0 125 0

Table 3: Capacity Matrix of the 6-router network

Optimizations with several parameter settings were
performed for al example networks. First, the optimiza-
tion was performed without an effective upper bound for
the link utilizations. This was achieved by omitting the
constraints keeping the link utilizations below ¢. Also the
parameter a. was set to a value of 10. Thus, the load of
the links was permitted to be ten times greater than their
capacities.

The resulting routing scenario for the 6-router network
is depicted in Fig. 7. The link with the highest utiliza-
tion of 42.9% is (4,3). The value received for the min-
imized average utilization is 22.4%. As described above
the value of parameter a. was then repeatedly decreased
below the previous obtained maximum utilization. The
settings for a. were 0.4, 0.375, and 0.36. The result for
a. = 0.36 isidentical with the result of the default opti-
mization.

The parameter a; was set to 1000 in the default opti-
mization. With this setting the maximum link utilization
is weighted more strongly than the average utilization.
The pathsthat have changed by minimizing the maximum
utilization areshowninFig. 8. Theleft figure containsthe
paths for the minimum average utilization and the right
figure the corresponding paths for the minimized maxi-
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Figure 7: Optimized routing for minimized average uti-
lization

mum utilization. The link utilizations which differ in the
two graphs are also shown.

The most utilized link in the right figureis still (4, 3),
however it's utilization was decreased from 42.9% to
35.7%. As a compensation, the average utilization in-
creased by only 0.3% to a value of 22.7%. We see that
flow 5—0 wasremoved fromlink (4, 3) and is now routed
over routers2 and 1. Consequently, the path of flow 2—0
was changed as well. With these changes only, link (3, 4)
would have been utilized with 40%, so flow 2—4 was di-
rected over node 5 instead of node 3.

— —
29% 5 21%
AL

— —
22% 33%

Figure 8: Changed paths through minimizing the maxi-
mum utilization

Link costs as small as possible were specified with the
second MIP such that the shortest path routing equalizes
the routing defined by thefirst MIP. In Fig. 9 the network
with the received costs is depicted. They are shownin the
boxes next to the links.

Figure 9: Link costs for minimized average and maxi-
mum utilization

Additionally, the pictures show the three possible paths
for flow 5—0 represented with three arrows. The boxes
next to the arrows contain the total path cost. We can see
that in the left figure the minimum cost is 3 for the black
path. The two other possible paths either run over routers
2 and 1 or over routers 2 and 3. The associated path costs
are 5 and 4, respectively. Thus, the shortest path is equal



to the desired path. This holds also for the other flows.

Intheright figure showing the resultsfor the minimized
maximum utilization, the smallest cost of flow 5—0 is
again 3, herefor the solid grey path. The aternative paths
over nodes 4 and 3 or over nodes 2 and 3 have higher
costs of 4 and 6, respectively. Again, the shortest path
correspondsto the desired path.

For the other example network the procedure was sim-
ilar. First, the average utilization was minimized without
restriction for the maximum utilization. Then the max-
imum utilization was decreased iteratively. Finaly, the
optimization was performed with the objective of obtain-
ing the minimal possible maximum utilization. The max-
imum utilization was reduced to 38.8% in comparison
to 52.8% with results from default (shortest path respec-
tively shortest hop) routing.

‘EIMaximum @ Average B Maximum Difference ‘
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Utilization limit

Figure 10: Utilization changes for the 14-router network

In Fig. 10 the results for the path optimizations with
the chosen upper bound for the link utilization can be
seen. The white bars show the maximum utilization and
the grey bars the average utilization. The maximum uti-
lization is decreased conspicuoudly, whereas the average
utilization stays almost unchanged. The black bars show
the difference between the utilization of the most and the
least utilized links. This difference indicates whether the
traffic is evenly distributed over the network or not. The

‘ O no limit 0 max. 45% B max. 42,5%M max. 40%‘
501 —

Utilization [%]
N
J

9-4 8-5 4-9 31 5-8 4-2
Link

Figure 11: Selected interfaces of the 14-router network

graphs show that the traffic distribution, as the routing
is optimized, becomes more homogeneous with a stricter
upper bound for the utilization of the links.

Nevertheless, since the greatest utilization was de-
creased, some utilizations have to be increased as well.
This can be seen in Fig. 11. The utilization of selected
links is shown for the different upper bounds. We can see
that the utilizations of thelinksthat areinitially highly uti-
lized are decreasing with a reduction of the upper bound,
for examplelinks (9, 4), (4,9) and (4,2). And as acom-
pensation the utilizations of links (8, 5), (5,8) and (3,1)
areincreasing.

7 Conclusions

In the last section we presented results for networks of
different sizes. If we look at the structure of the fourteen-
router network one has to notice that it is quite complex.
Between most pairs of nodes a lot of possible paths with
the same or a similar physical delay exist. Of course, ac-
tual intranets mostly comprise more that fourteen routers.
However, in many cases amain part of the network can be
identified which is relevant for routing optimization and
consists of a number of routers for which the MIPs can
be solved. An example for such a scenario isthe AT &T
network. Here more than 100 routers build the original
network (Fig. 12 |eft), but for optimization, only the core
out of 25 routers hasto be considered (Fig. 12 right). The
routing optimization was a so performed for this network
and arbitrary flows were assumed. Sometimes it was not
possible to obtain an the optimal solution for special traf-
fic matrices, but again the maximum utilization was de-
creased, and consequently the traffic distribution was ho-
mogenized. Theresults are too numerousto present them
here.

Figure12: AT &T |IP Backbone Network [14]

The major issue of this work was to find a possibility
of optimizing the routing for existing routing protocols. It
was shown that the results obtained by the two MIPs are
applicable in the currently most important routing proto-
cols1S-1S, OSPF and EIGRP.

In general, our routing optimization works well for in-
stantaneous or peak traffic flows. However, the real inter-
net traffic is not static but varies over time. The quality of
our result, applied to varying traffic flows, still has to be
investigated. This leads to the question how to compare
two different routing possibilities and also how to eval-
uate the quality of a routing decision. In our work the



results were compared by the average and maximum link
utilizations. However, the effects on actual transmission
delays packets in the network experience, are not com-
pared. Aswell, theinfluence of these delays on TCP con-
nections would be an interesting point.
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