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Abstract—Internet traffic volumes continue to grow at a great
rate, now pushed by video and TV distribution in the networks
This brings up the need for traffic engineering mechanisms to
better control the traffic. The objective of traffic engineering
is to avoid congestion in the network and make good use of
available resources by controlling and optimising the rouing
function. The challenge for traffic engineering in IP netwoiks
is to cope with the dynamics of Internet traffic demands. Todg,
the main alternative for intra-domain traffic engineering in IP
networks is to use different methods for setting the weightin the
routing protocols OSPF and IS-IS. In this paper we revisit the
weight setting approach to traffic engineering but with focus on
robustness. We proposé-balanced weight settings that route the
traffic on the shortest paths possible but make sure that no ik
is utilised to more than a given level. This gives efficient routing
of traffic and controlled spare capacity to handle unpredicable
changes in traffic. We present a heuristic search method for
finding I-balanced weight settings and show that it works well in
real network scenarios.
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rectly predict the near future traffic situation and thisdweto

be taken into account when doing traffic engineering. Networ
operators often handle this by relying on simple well-tried
techniques (like OSPF and IS-IS routing), over-dimensigni
of network capacity, and simple rules of thumb (i.e upgrade
the link capacity when mean utilisation reaches 70-80%)etat
than introducing complex traffic engineering techniques.

In this paper we take this need for spare capacity and simple
rules of thumb as our starting point. We revisit the apprazch
using weight settings in OSPF/IS-IS for traffic engineeting
now with focus on robustness. We propose weight settinds tha
we calll-balanced where the operator, by setting the parameter
| (to say 80%), control the maximum utilisation level in the
network and how much spare capacity is needed to handle
unpredictable traffic changes. With &balanced routing the
traffic takes the shortest paths possible but makes sur@that
link is utilised to more than a given levélif possible.

The main contributions in this paper are:

Internet traffic volumes continue to grow at a great rate,
now pushed on by video and TV distribution in the networks. *

We proposé-balanced weight settings in OSPF/IS-IS for
robust traffic engineering.

Increasing traffic volumes necessitate upgrades of network
equipment and new investments for operators, and keep up®
to-date the question of over-dimensioning network cagacit
versus using traffic engineering mechanisms for better han-
dling the traffic. In addition, as new bandwidth demanding *
and also delay and loss sensitive services are introduted, i
is even more important for the operator to manage the traffic
situation in the network. If traffic levels continue to grow then of course network
The main challenge for traffic engineering is to cope withapacity needs to be added at some point. But traffic engi-
the dynamics of traffic demands and topology. How to beseering withl-balanced routing can extend the upgrade cycle
model and describe aggregated Internet traffic is still amnopand postpone the investment, or be applied to better use the
area of research. On short timescales up to seconds the isaffexisting resources in the network until the highly utilideks
very bursty and on long timescales there are often predectabave been upgraded.
daily and weekly cycles. In between there can be unpred&tab The paper is organized as follows. Section Il gives a short
changes and shifts in traffic demand, for instance due itdgroduction to traffic engineering in IP networks and Sec-
hotspots and flash crowds, or because a link goes dowion Il discusses related work. We then presentlthalanced
there are changes in the inter-domain BGP routing, or becausst function in Section IV and describe the search hearisti
traffic in an overlay is re-directed. For future networks morused for findingl-balanced weight settings. In Section V
variability in traffic demands is also expected due to mobili we evaluate the proposed methods. We show that the search
of nodes and networks and more dynamic on-demand servieuristic works well for finding-balanced weight settings in
level agreements (SLA:S). real traffic scenarios. Further, we compare the robustngss o
The traffic variability means that, even if we could measumifferent weight-setting methods and investigate whatleags
the current traffic situation exactly, it would not always-co to link utilisations in the network if a traffic demand sudtien

We present a heuristic search method for finding
balanced weight settings and show that it works well in
real network scenarios.

We evaluatd-balanced routing and compare it with other
proposed traffic engineering objectives for several real
network topologies and traffic data sets.



increases. Finally, in Section VI we make some concluding [1l. RELATED WORK

remarks about our findings. Traffic engineering by finding a suitable set of weights

described in recent textbooks in the area [3], [4]. When we

. . ow revisit the weight setting approach to traffic enginegri
in the network and to make better use of available networ are most inspired by the pioneering works by Fortz and

resources by adapting the routing to the current traffic- SmILhorup [2], [5] and Ramakrishnan and Rodrigues [6], in that

ation. The traffic demands_ ina network changes over Ui use a piece-wise linear cost function and search hegisti
and for network operators it is important to tune the netwo% find suitable weight settings

in order to accommodate more traffic and meet service levelg ..o\ <t dies [2], [7]-[9] have shown that even though we

agreements (SLAs) made with their customers. This MEARit the routing of traffic to what can be achieved with wetigh

that a network operator can not rely only on long-term nekwo‘lfaased ECMP shortest paths, and not necessarily the optimal

planning and dimensioning that are done when the netWorkw'/seights but those found by search heuristics, it often comes

first built. Robust traffic engineering mechanisms are néedglose to the optimal routing for real network scenarios. How

:?;ftﬁcc?g baednaerf)itt ;?o;hzcggsbgrtersgﬂcrcgimand and d'Str'b%ee traffic is distributed in the network very much depends
' the objectives, usually expressed as a cost function, in

: . : ; . . 0
The first step in the traffic engineering process is to colleﬁfe optimisation. An often proposed objective function is

the necessary qurmatlon abogt netvyork .topology and t%I":éscribed by Fortz and Thorup [2] (and we will refer to it as
current traffic situation. Most traffic engineering methogsd the FT cost function further on). Here the sum of the cost over

as input a traffic matrix describing the demand between e I'links is considered and a piece-wise linear increasivg ¢

paur of nodes in the_ network._Th_e traffic matrix is ther! US&0inction is applied to the flow on each link. The basic idea
as input to the routing optimization step, and the optimize

arameters are finally used to update the current routin iS that it should be cheap to use a link with small utilization
P inafly u up u UiNg. yhile using a link that approaches 100% utilisation showdd b

Today, the main alternative for intra-domain traffic eng'ﬁeavily penalized. Thebalanced cost function [1], [10] used

neering in IP networks is to use different methods for sgtth this paper is similar in that it uses a piecewise lineat cos

the -weights (and so decide upon the shortest. paths) in ction to obtain desireable solutions. Additionaly, @ast
routing protocols OSPF (Open Shortest Path First) and IS-]J hction gives the operator the opportunity to set the maxi

(_Intermed|ate System to Intermed_late Sys_tem)' These afe b\Se/anted link utilisation. Cost functions for traffic engimizey
link-state protocols and the routing decisions are based

link costs and a shortest (least-cost) path calculatiorthWigr:.uhrit:e:nevre;(t;g?(t)esxgifawgr's] o[nl\}\}.ei ht settinas by focus-
the equal-cost multi-path (ECMP) extension to the routinlg pap g 9 gs by

rotocols the traffic can also be distributed over severtiga. o o robustness and the objective of achieving a contfolle
P P spare capacity for handling unpredictable traffic shifter F

that haye the same cost. These routing protc_)cqls were c‘ms'gpobust traffic engineering much of the focus is on handling
to be simple and robust rather than to optimize the resource

. - _.multiple traffic matrices and traffic scenarios [5], [12]6]1
usage. They do not by themselves consider network utiisati nd handling the trade-off between optimising for the commo

and do not always make good use of network resources. The
case or for the worst case. There are also several works on

Frafﬁc Is routed on thg shortest path through the petworln evﬁnding weight settings that are robust to link failures 7]
if the shortest path is overloaded and there exist altarmat 19]

paths. It is up fo the operator to find a set Of. I|nl_< COSIS yu etal [20] describe a method to jointly solve the flow
(weights) tha.‘t Is best S!“te(.j for the current traffic sitot optimization and the link-weight approximation using agsn
and that avoids congestion in the network. formulation resulting in a more efficient computation. Thei

The general problem of finding the bes_t way to routg ethod can also direct traffic over non-shortest paths with
traffic through a network can be mathematically formulated, . . :
: : T arbitrary percentages. Their results should also be djrect
as a multi-commodity flow (MCF) optimization problem (see

' applicable to our problem of providing robustness to change
€.g., [1]3]). The network is then modeled as a graph. T%§ just substituting their piece-wise linear cost functieith

prob!em_ consists of rogtmg_ the t_rafﬂc, given by a dem_anour cost function. In a continuation on that work Xual [21]
matrix, in the graph with given link capacities while min- ropose a new link-state routing protocol. The protocoitspl
imizing a cost function. With no limitations on how theIO P gp ! b P

traffic flows can be divided over the network links the MC’{_rafﬂc over multiple p_aths W'th. an exp(_)nent|a}l per_walty on
X . - .~ longer paths and achieves optimal traffic engineering while
optimal routing problem can be formulated and efficientl

solved as a linear program. Introducing integer weights ar}]{%tamlng the simplicity of hop-by-hop forwarding.

ECMP shortest paths constraints, where the traffic no longer IV. L-BALANCED SOLUTIONS

can be split arbitrarily, makes the problem computatignall , )

much harder. For reasonably sized networks one usually KasOPtimal I-balanced routing

to rely on search heuristics for determining the set of wisigh A routing is said to bd-balanced if the utilisation is less
rather than calculating the optimal weights. than or equal td on every link in the network. For instance

The objective of traffic engineering is to avoid congestio



a solution is (0.7)-balanced if it never uses any link to momatrix, and applying the cost function to the resulting link

than 70% of its capacity. loads. The starting point is to set all weights to the sameeyal
Thel-balanced cost function, its theoretical foundation, arfdr instancew; = 10. The search terminates either when we

use in MCF optimisation is described in [1], [10]. The idedind a solution with utilisation under the threshdldr it stops

is to use a simple piece-wise linear cost function as showfter a fixed number of iterations.

in Figure 1 and apply it to the utilisation of each link in At the core of our search method is a simple descent

the network. The cost function consists of two linear parsio search [22] where we:

where the slope of the second line segment should be larga) choose an initial weight vectdre W

enough to penalise utilisation aboland balance traffic over  2) find the neighborj € N(i) with lowest cost i.e.

longer paths. f(j) <= f(k) for any k € N(3).
The work in [1], [10] present a formula to calculate the cost 3) |f f(;j) >= f(i) then stop. Else set = j and go to
function, for a given network topology and traffic situation step 2.

that guarantees to findlebalanced optimal routing (provided,-l-hiS type of search may stop at a local minimum. We therefore

of course, _that such solutions exist) th_at t_akes__the SHOrtGg, the search to continue by doing new descents starting
paths possible and makes sure that no link is utilised to MGEm weight sets with higher cost. We use information that

thanl. becomes available during the search to build a candidate lis
of weight sets that are used as starting points, and a tabu lis
of weight sets are used to avoid cycling.

We start by setting all weights to the same value. This gives
the shortest paths in number of hops which probably is a good
¢ starting point for most real networks; if the link capadtiere

Fig. 1. The link cost function. uniform and the network was built with OSPF/IS-IS routing
in mind. Given the network topology, traffic matrix and iaiti
weights, we calculate the ECMP shortest paths, add thectraffi

B. Search for |-balanced weight settings matrix, and find the most loaded linfs, ¢) in the network.

To apply thel-balanced routing in real OSPF/IS-IS networkg the utilisation is less thah then we are done. We have a

we need to find-balanced weight settings. For weight Settingroutlng that takes the shortest paths possible and makes sur

we dont have the guarantee to findlawalanced routing in the t%a_t no link is utilised to more than the limit If the link IS
ut{llsed to more than we start searching for a better weight

same way as described for optimal routing above. But we Wasnetting using two strategies:

to use thd-balanced cost function to find weights settings that i n ) )

achieve the same effect of taking the shortest paths pessibl® the first search strategy is to increase the weight on the

while routing the traffic so that no link is utilised to moreath overloaded link in controlled steps so to divert more and

a given levell. more dgmands (or part of demands) from the link. See
The problem of finding the optimal weight setting is NP-  details in IV-C. o _

hard [2], [3]; and so the optimal weights are often too * the _second search strategy is to find weights to get ECMP

computationally hard and time consuming to calculate for ~routing froms for the demands oves, ¢), and so balance

real networks and traffic scenarios. Instead we use a problem the traffic over the outgoing links from. See details

specific local search heuristic to determine the set of weigh in IV-D.

An overview of local search methods can be found in [22|n each iteration of a descent we have a number of neighbor

Our search method can be placed under the Tabu search megight settings that we evaluate (one for each weight step

heuristic in that we allow cost-increasing solutions teedithe and ECMP set described above). If a neighbor weight setting

search away from local minima, and use a tabu list to prevegives a lower cost than the current best (in this iterationg i

from looping back to old solutions. A solution is a vectosaved and used as the starting point in the next iteratioa. If

w = {wy, .., w, } of weights, with one weight per directed linkcandidate weight setting gives a routing with a higher deasnt

in the network. We have a solution spd&ewhere each weight the current best but with a different link thdn, t) as most

can take integer values betwegrand 65535. We generate a utilised, then that weight-setting is saved in the candidiat

neighboring solutiori € N (w) by increasing one weight in theand used as a starting point for another descent search later

current solutionw to divert traffic from the most utilised link on.

(s,t) or change weights to create paths with the same cost to , L ,

get ECMP routing of traffic over several links fromwe use a C- HOW to determine weight increments for a link?

I-balanced cost function (as described in the previousm®cti  If alink (s, t) is over-utilised we want to increase the weight

calculated for the given topology, traffic matrix and regdir on the link in controlled steps so to divert more and more

utilisation levell. The costf(w) for a given weight vector traffic demands from the link.

is determined by calculating the shortest paths routindn wit To decide the steps in which to increase the weight on

these weights using Dijkstra’s algorithm, adding the teaffi(s, t) we first determine the current total weight-cost for each




demand routed ovefs,t). We then temporarily take away P

the link (s,t) from our representation of the topology and
calculate a new shortest-path routing. For all demands that e @ Pz@
before were routed ovefs,t) we then check how much the

weight cost have increased and use this for determining the ]
steps with which to increase the weight ent). @ '

In the example in Figure 2, we assume that the two demands
Fig. 3. Determining ECMP weights

e achieve ECMP weights is to adjust the weighiss, ¢;) on
<3r2>=1° the outgoing links froms such that:
(3) w(s ) = Lt mazor, o {w(P))} — w(P)
,3):40 This gives the same total cost for each path from s to d.

° A possible extension to this is to not always spread the
traffic over all possible links but also evaluate differembsets

of ECMP weights setting with varying number of outgoing

links from s.

Fig. 2. Example with an overloaded link (1,2) where traffio te diverted to

other paths by increasing the weight on (1,2) in controlieghs w(1,2)= 20, E. Increment weight on a less utilised link in a path
25, 30 and 31. With the first increment w(1,2)=20 we divert ledldemand . . . . . .
D(4,2) by ECMP. The next increment w(1,2)=25 diverts all ¢&[2), and with With high traffic load in the network, link weights can

w(1,2)=30 we route also half of D(1,2) on another path. Bnal(1,2)=31 become sensitive to change after some iterations in thelsear
diverts all traffic from (1,2). For instance if we on an overloaded link already have adjluste

) the weight to split a large demand with ECMP then we can
D(1,2) and D(4,2) overload the link(1,2). We thus want o easily increase the link weight to divert yet another flow
to divert traffic from the link(1,2) by increasing the weight \yithout disturbing the existing load balancing.

w(l,2). N _ o In order to divert traffic demands to other paths but without
~ We start by determining the increase steps in which Hsturbing existing splits on the most utilised link we exde
increase the weigh(1, 2): the neighborhood in the search. We evaluate weight setsewher

The total weight costs foD(1,2) and D(4,2) are 10 and we instead of changing the weight on the overloaded (ink)
40, respectively. If we take away the lirflt, 2), we get total increment the link weight some step away closer to the demand

weight costs of 30 and 50, an increase by 20 and 10 unggstination. In the example in Figure 4, assume that the link
respectively. From this we decide on the increase stepsilo, 1

(mid-point between 10 and 20), 20 and 21 units. We add tt
to the originalw(1,2) = 10 and get the candidate weights
w(1,2)= 20, 25, 30 and 31 to evaluate.

With the first incrementw(1,2) = 20 we divert half of
demandD(4,2) by ECMP while the other half ofD(4,2)
and all of demandD(1,2) is still routed on(1,2). The next
incrementw(1,2) = 25 diverts all of D(4, 2) but keeps all of
D(1,2). With w(1,2) = 30 we also route half ofD(1,2) on
another path and Wltlil)(l, 2) = 31 we divert all traffic from Fig. 4. Example with an overloaded link (1,3). With an extemdeigh-

(11 2)- borhood in the search the demand D(1,4) can be diverted bgasing the
weight w(3,4) instead of w(1,3), and avoid disturbing thkeotflows on the
overloaded link (1,3).

wil,2)=20

W(l,5)=10

D. How to determine ECMP weight settings?

If we have a weight set that results in an overloaded linfd,3) is overloaded. With our search (as described in 1V-C)
(s,t) then we want to also evaluate neighbor weight settingge would in this example evaluate a weight setting where the
where we split traffic demands evenly over the outgoing linkiemandD(1, 4) is diverted to the path 1-5-4 by increasing the
from s using ECMP. In order to split a traffic demand ECMRveight w(1, 3) to 21. But increasing the weight(1, 3) will
the total weight for each path frosto the demand destinationalso send all ofD(1,2) on the link (1,2), possibly creating
d need to be the same. overload on that link and a higher cost solution.

Consider, as in Figure 3, a node the next hopst;, With the extended neighborhood we also evaluate altemnativ
and the shortest patk; from eacht; to the destinationi. weight settings where we increase the weight on other links i
Also consider the corresponding weighigs,t;) and total the path (not only on the most utilised link). In this example
weight costw(P;) for a path P, from ¢; to d. One way to for demandD(1,4) we increase the weighi(3,4) which



diverts the demand)(1,4) from the overloaded link1, 3) « Network I: the Geant network with 23 nodes, 74 links

while keeping the needed ECMP split of demaind, 2). and 506 demands.

o Network II: the American network with 24 nodes, 110
links and 552 demands.

AS descripe.d above several diﬁerent techniques are neeqell getails of the global IP-network, the subnetwork topolo
to get an efficient search method to fikblalanced solutions. gies and traffic demands, are described in [24]. For the Geant

When designing and implementing our search method Wiy ork we set all link capacities to 10 Gb and scaled up the
were in part inspired by the works of Ramakrishnan ar}gaffic data to create high loads in the network.
Rodrigues [6] and Fortz and Thorup [2]. From the first we
borrowed the idea of temporarily taking away the overloadesl Satic scenario: Evaluating the search method
link from the representation of the topology, and calcukate The evaluation shows that théalanced objective and our
new shortest-path routing, to find the weight increments for

the link. But apart from this idea our approaches are diffEresearCh method for finding I-balanced weight settings work

. - well. Figure 5 shows comparisons of optimal and weight-base
Fortz an_d Th_orup [.2] use a Tabu local search heuristic to flrI]—cgalanced routing (with=80%) for increasing levels of traffic
appropriate link weights, and from here we also borrowed th

idea on how to find ECMP weight-settings over many links. eémand in the Geant network (Network ) and the American

. -network (Network Il). Thd-balanced routing sends the traffic
But, for efficiency, we wanted a more problem-specific L2 .
n the shortest paths as long as the utilisation is low in the

search heuristic rather than a generic Tabu search. Insfead
: ; hetwork. The shape of the curves shows that when we scale

searching at random, we start with the shortest paths HGSS'E the traffic demand thebalanced method tries to keep the

and directly look at the most loaded link. If the utilisatien b P

less tharl, then we are done and no search is needed. If tﬁt”'satlon undel=0.8. The figures also show that the weight-

e L : : . :
link is utilised to more than, then we start to divert traffic ased routing is close to the opt_|mal routmg which validate
from there. that our search method for setting the weights works well.

The higher the traffic level the more difficult it is to find aNOte that optimal routing minimises the total cost when the

weight setting, that not only balances the traffic, but dbtua

F. Comments on the search method

keepS |t Ul’lder a SpeCIerd |eVb|We Comb'ned the eX'St|ng Maximum link utilsation for L-balanced routings (Network I)
techniques described above: weight increments and ECI 1.2[[ —— Winimum hop routing ‘ e
. . - . . N —+— L-balanced optimal routing (L=0.8] '

traffic splits at the most utilised link. But with our direct 11| —o— L-balanced weights (L=0.8)

approach and at high traffic loads, it turned out not to t
enough to find-balanced routings.

Therefore, we also added our ideas with candidate lists a
extended neighborhoods. For the candidate list, we choc
weight settings with a higher cost but where the overload h ;
moved to another link, in order to diverse the search. Ar 0 2 4 6 8 10 12 1

0.8

0.6

max link utilisation

041

0.2

. . . Traffic demand
for extended neighborhoods, we increment the weight on
less utilised link in a path in order to not disturb the We|g|f Maximum link utilsation for L-balanced routings (Network Il)
composition in sensitive, highly loaded areas. 1.2 —»— Minimum hop routing T
—+— L-balanced optimal routing (L=0.8 S
1 —©— L-balanced weights (L=0.8) x

V. EVALUATION
A. Method

In order to evaluate thébalanced routing and our searct
method for findingl-balanced weights we use real networl 02l
topologies and traffic matrix data that we scale up to get hi
loads in the networks. First in Section V-B we evaluate thi 0 2 ¢
the search method works well for findingbalanced weight
setting in these scenarios and compare the resulting networ
loads with optimall-balanced routing and routing with otherrig. 5. Comparison of maximum link utilisations for optimand weight-

traffic engineering objectives The main objectivé-bhlanced based L-balanced routing for different scaled traffic detsaim the Geant
) etwork (top) and the American network (bottom). The uiiisn is kept

roming is tq give a controlled a_mount of sp_are C_apaCity der the chosen limit and the weights found by the search heuristic gives
handle traffic changes. In Section V-C we investigate hoswouting close to optimal.

different weight settings handle hotspots where one traffic

matrix entry increases. I-balanced cost function is applied to the utilisation offeac
For the evaluation we here use two different data sets thiatk in the network. The utilisation for an individual linlkatd

include network topologies and traffic matrix data from theo the maximum link utilisation) can be higher in the optimal

Geant network [23], and from the American sub-network of solution if it finds a shorter path that still keeps the uditisn

global IP network. below .

max link utilisation

6 8 10 12
Traffic demand



TABLE | ) - ' ) o -
Maximum link utilsation for different traffic engineering objectives
PERFORMANCE OF THE SEARCH HEURISTIC FOR NETWORK r r : r : ;

L4 ' —s— Minimum hop routing ) X
load- Min. hop routing L-balanced routing (L=0.8) —'—EE::::ESS szlg;?ls routing X
level | links >L  max util time max util  descents sets 1211 —&— FT optimal routing x 1
7 0 0751 | 01s  0.751 0 0 —E— FT weights _
8 2 0858 03 s 0784 1 63 1 —¥— Minmax optlmal routing i
9 3 0.965 0.2s 0.797 1 51 5
10 3 1.072 | 04s  0.780 1 82 g osl |
11 4 1.179 04s 0.795 1 91 §
12 5 1.287 04s 0.794 1 123 £
13 6 1.394 | 56.8s  0.790 262 21451 5 °°r il
0.4 N
TABLE 1l
PERFORMANCE OF THE SEARCH HEURISTIC FOR NETWORK 0l |
load- | Min. hop routing L-balanced routing (L=0.8)
level | links >L max util time max util  descents sets % 2 7 s s 0 2 “
7 0 0.728 0.4 s 0.728 0 0 Traffic demand
8 1 0.832 0.4s 0.732 1 41
9 2 0.936| 0.6s 0.766 1 95
10 5 1.040| 22s 0.732 7 671 Fig. 6. Comparison of maximum link utilisations for differte traffic
11 5 1144| 4775 s 0.801 4390 200037 €ngineering objectives in the Geant network.

Tables | and Il describe the performance of our searé®fds to overload in the network when the traffic demands
method and show that our search heuristic is fast. The teftth are increased. Thé-balanced method sends the traffic on
side of the tables describes the load situation in the nésworthe shortest paths as long as the utilisation is less than the
The increasing load levels (shown in the first column) confdlosen valug=0.8. With a low utilisation of the network
from multiplying each entry in the traffic matrix with a highe there is no reason to split the traffic over several paths. The
and higher constant value. For both networks it holds that, frT cost function used in [2], pushes down the maximum link
to level 7, no search is needed since the start weights at seutilisation already at lower traffic levels. This piece-a/iear
10) and the resulting minimum-hop routing give a maximurgost function consists of several segments which is refidote
link utilisation of less tharl = 0.8. the shape of the curve with plateaus where the maximum link

The second and third columns show the number of linkdilisation is pushed down. With minmax routing the objeeti
that are loaded to more the level= 0.8 and the maximum IS t0 minimise the maximum link utilisation in the network.
link utilisation, when all weights are set to 10. This is thats 1NiS routing always balance the load over the network to
from which the search start. keep the highest link utilisation down to a minimum. The

The right-hand side of the tables shows the performan,egt'mal minmax routing gives a lower bound on how much it

of our search method. The first column shows how long tinte POSSible to keep down the maximum link utilisation.

it takes to find anl-balanced solution for different levels of

network load. The table also shows the number of seargh Dynamic scenario: Evaluation of robustness

descents (number of new starts) and the total number of

neighbor weight sets that were evaluated. The main purpose withbalanced routing is to give a con-
As an example, for Network | in Table I, at scale 8 there ateolled traffic level and spare capacity to handle uncetitén

two links that are utilized to more than= 0.80. The search and sudden changes in the traffic situation. To confirm that th

heuristic investigate 63 different weight settings to fimdla |-balanced weight settings fulfil this, we added hotspofitraf

balanced solution with a maximum link utilisation of 0.784(in a magnitude that thebalanced routing should be able to

This search took only 0.3 seconds on a standard laptop withndle) and investigated the resulting link utilisatidfigure 7

a 1.6GHz Intel Core 2 Duo CPU and 2 GB of memory.  shows the maximum link utilisations for minimum hop rout-
At scale 13 there are 6 links utilized to more thas 0.80 ing, I-balanced and FT weight-settings under assumed hotspot

and with a maximum utilisation of 1.394. The search nee@i&ffic in the Geant network scenario. After determining the

to find a weight setting that diverts traffic and simultandpusweights and the routing for a given traffic matrix each of the

pushes down all six link utilisations undet= 0.8 (and without 506 demands was increased one at a time by 20% of the link

increasing any other link to more than of course). Our capacity.

search heuristic evaluates 21451 weight settings and finds aThe minimum hop routing, without any traffic engineering,

I-balanced solution at this level in less than a minute. gives link overload for all hotspot traffic at this demanddev
Figure 6 shows a comparison betweenlthalanced routing The FT routing sometimes results in overloaded links when

and other traffic engineering objectives. The minimum-hape hotspot traffic is added. Tidvalanced routing (with=0.8)

routing (with all weights set to 10), where no attempt is dme on the other hand gives 20% spare capacity and so handle the

adapt the weight setting to the current traffic demand, duickincrease for any of the demands.



the most utilised link. We also introduce candidate listd an
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extended neighborhoods. Promising weight settings thaemo
the overload to other links are saved in the candidate list to
be starting points for further search. Extended neighbmiko
means that, when diverting a traffic flow from an overloaded
link, we do not only try to increase the weight on the
overloaded link. We also evaluate weight settings where we
increment the weight on a less utilised link further down the
path. This is done in order to not disturb already achieved
traffic splits in highly loaded areas.
We evaluate our search heuristic in several real network
scenarios and show that the search is fast and that it finds
balanced weight-settings in seconds or minutes depending o
the traffic level.
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Fig. 7. Hotspot traffic scenario in the Geant network. Corspar of

maximum link utilisations for three weight setting straésg Minimum hop
routing and FT routing exceeds the link capacity whilealanced routing can
avoid overload.

(1]

(2]

VI. CONCLUSIONS

3
In this paper we propodebalanced routing with OSPF/IS- ]

IS for robust traffic engineering. We present a heuristiccdea [4]
method for findingl-balanced weight settings and show that
the search and the resulting weight settings work well irh regs)
network scenarios.

L-balanced weight settings give the operator possibility t[6
apply simple rules of thumb for controlling the maximum link
utilisation and control the amount of spare capacity neaded [7]
handle sudden traffic variations. It gives more controltadfic
levels than other cost functions and more efficient routirg f
low traffic loads when there is no need to spread traffic ovelfl
longer paths.

Our local search method can be placed under the Tabu
search meta-heuristic in that we allow cost-increasingtgmis  [9]
to direct the search away from local minima, and use a
tabu list to prevent from looping back to old solutions. But
for efficiency, rather than using a generic Tabu search, Wél
implement a search heuristic specific for the problem of
findingl-balanced weight settings. We start with minimum-hop1j
routing and investigate the most loaded link. If the uttiisa
is less tharl, then we are done and no search is needed.[&]
the link is utilised to more thah, then we start the search
from there, and we use several different weight strategies f
diverting traffic to other paths. 13]

The higher the traffic level the more difficult it is to find a
weight setting, that not only balances the traffic, but dijtua
keeps it under a specified levél We combine controlled 1]
weight increments and ECMP traffic splits to divert traffiorfr
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