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1. Introduction

Traffic engineering on a given network is the task of deteimngjmow traffic commodities must be routed in
order to maintain an optimal performance. In this work, wa & optimize routing by minimizing the num-
ber of routing hops, which has a positive impact on the detayided by the network to traffic commodities,
while ensuring some desired survivability guarantees.

In [1], we have considered the network design of MPLS over WBaiworks. In that work, we have con-
sidered a given undirected netwotk = (V, E) whereV is the set of WDM nodes andl is the set of
physical connections (fibers) between WDM nodes, and alss 8 & V' of traffic MPLS nodes (named
Label Switched Routers or LSRs) that are origins/destimatiof commodities each of which with demand
tpg, P.q € S(p < ¢). The design task was the determination of the number anésaitthe WDM light-
paths and the location of core LSRs. Each WDM lightpath hadsmociated cost which was proportional
to the length of its minimum length path @h. Each core LSR potential location had an associated given
cost. The aim of the network design task was to minimize thal teetwork cost, while guaranteeing the
existence ofD node disjoint hop-constrained paths for every commoditgpanmodating a given demand
matrix T = [t,q],p,q € S(p < q). The hop-constrained paths account for a maximum numbeos that
the design solution must guarantee. Therode disjoint paths, together with the capacity assignezhti
path, account for the degree of survivability that the desigiution must guarantee.

There are two reasons to apply traffic engineering on preedgioned networks. One is that the commodity
paths given by a minimum cost network design solution migiitbre the optimal ones (the design model
defines a maximum number of hops for each path but in the desigtion these values might be improved).
Second, the commodity demand values used on the desigrreaskually estimations that might be different
from the traffic that is to be supported by the network whes fitit in operation.

Therefore, let a network design solution be representedristaork N = (X, U), where the node sét is
the set of all LSRs (the traffic and the core LSRs) and edg& ssthe set of pairs of LSRs with lightpaths
connecting themi, represents the total capacity of the lightpaths on edgd’/). This solution supports all
commodities of the given estimated demand méiftior certain values off (the maximum number of hops
between any,q € S,p < ¢), D andj (a percentage coefficient associated with the survivglitiheme
that will be further explained below). Now, consider a newnded matrixRk = [r,,] which is different from
the estimated”. In this work, we generate eael), value randomly with a uniform distribution between
(1 = &)tpq and(1 + 0)t,q, consideringy = 0.05, 0.1, 0.15 or 0.2 to accommodate different error degrees in
the estimation of the initial traffic matrix.

We consider a traffic engineering problem of routing the nemands,,) over the dimensioned network
N = (X, U) complying with the installed bandwidtl{) on each edge di and guaranteeinf node dis-
joint hop-constrained paths for every commodity. An optinoating is the one that minimizes i) the average
number of hops or ii) the largest number of hops, betweeredisf nodes, ¢ € S(p < q).

Either considering the objective i) or ii), we assume thera maximum allowable number of hops for each
commodity, denoted by7* = H. This value has been given as an input of the previous profgrfor all
p,q € S,p < ¢, we can generically modé) hop constrained paths as follows:



{Gi,5): fiit > 0 containsD (p,q) — H* — paths} ,p,q € S

whereff}q represents the number of paths frprto ¢ traversing edgés, j} in the direction fromi to j, and
a(p,q) — H* — path is a sequence of at most* arcs{(i1, j1), ..., (ix, jx)} such that; = p,jr = ¢ and
js = isp1 fors =1,k — 1. Following [2], we can describe these generic constraistsgua single set of
variables for each commodity;; P4 representing the number 6f, ¢) — H* — paths traversing edgéi, j}
in the direction fromi to 7, in thehth position. Hence, for alp,q € S,p < ¢, the model representind
hop-constrained paths fropito ¢ can now be defined as:
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wiP WP € {0,1,..,D} foralle={i,j} € Ush=1,..,H";p,q € S

wit € {0,1,..,D} forallh=2,...H*pqeS

This model contains "loop" variablesggq(h = 2,..., H*) to represent situations when some of the
(p, q)— H*—paths contain fewer thadl* arcs (that isw%’q = 1forsomej € V\{q}andl < h < H*-1).

We divide our study according to two survivability schermss([1]): Path Diversity and Path Protection. The
first scheme is appropriate when the network operator airstiance demand protection but total protection
is not a requirement; the latter scheme is preferred whahdemand protection is needed.

2. Survivability Schemes and Optimization Criterias

In the Path Diversity scheme, the demangl of each commaodity, ¢ € S(p < q) is equally split by the

D node disjoint paths. This scheme ensures that a percenfidige total demand(D — 1)/D x 100%, is
guaranteed if a single network element fails (the mostyikailure case). Whe = 2, each of both paths
betweerp andg support half of-,, (8 = 1/2) and, thus50% of the total demand is always protected. When
D = 3, each path supports one third:gf, (6 = 1/3) and, sof6% of the total demand is protected.

Under this survivability scheme, all the node disjoint paths carry traffic between any pair of ngdese

S(p < ¢q) whichimplies that all theD x |S| x (|S| —1)/2 paths are subject to the optimization criteria, either
considering i) or ii).

Minimizing the average number of hops is equivalent to maeimg the sum of the loop variables: a path
from p to ¢ with fewer arcs makes more loops at nade
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This model contains the previously described flow cons@matonstraintg1). The following group of
constraintg2) guarantee that thP paths between any pair of nodes € S(p < ¢) are node disjoint, while
constraintg3) prescribe that the traffic matrix routing must comply witke thstalled capacity on each edge
of U.

To define an appropriate objective function for the largeshber of hops minimization criteria, for each
commodity we need a way to identify how many hops are conthinghe worst case path among the
paths supporting that commodity. We do it using the loopaldes. To better understand the proposed for-
mulation for this criteria, consider example 1 below: twaorgnodities (with origing andp’, and respective
destinationg; andq’), D = 2, H* = 4 and where the values associated with the arcs represenbsitop

in which they are being traversed:

Example 1

For the first commodity we have’?? = 1 andw2?? = wj?? = 2, and, for the second, we hau% "

wgpqq =1 andw4f’,q = 2. Consider binary vanableB’th indicating whether 2 loops are performed at

nodeq in posmonh frompto ¢, for all b = 2,3, 4. If V"2 = 1, then we know that the "worst" path (the
path with the largest number of hops) betweerndq reaches node afterh — 1 hops at most.

In this example, we want to havé?? = V47 = 1, /2r7 = ( for the first commodity and, for the second
commodity,V4'¢" = 1 andV2'¢’ = V3¢’ = (0. Note that for each commodity the sum of the correspond-
ing variableth:Z___,H* VP4, can be interpreted as indicating "how early" the worst patiwveerp andq

reaches nodeg. Furthermore, if we bound below quantiti®s, _, . V"?¢ by an integer variabl& and
we maximizeV/, then we are forcing the worst paths to re@c:hlé "éarly" as possible, thus minimizing the
largest number of hops of the worst path frprto ¢. The integer variabl®& can be interpreted as how early
the worst of all paths arrives at its destination node (inek@mple,V = 1). Moreover, note that’?? can
only be 1 ifw/?? = 2 and, so, we must consider the binding constrairig'?? < w24, for all h = 2,3, 4.
Generalizing, for either D = 2 or D = 3, we define:

,p,QGS,h:Z,H*

Vhea 1, if Dloops are performed at nodgn positionh, fromptoq
~ 1 0, otherwise

The problem that minimizes the largest number of hops can, ne defined as:



MaximizeV

subject to:

1), (). (3)

D"t <wii forallp,q € S;h=2,.. . H*

> vy forallpgeS
h=2,.. H*

vhra ¢ (0,1} forallp,qe S;h=2,.., H*
V > 0 and integer

The Path Protection survivability scheme ensures thafthmde disjoint paths between any pair of nodes
p,q € S(p < q) support a capacity such that if one path fails, the remainimes must accommodate the
total demand.

For D = 2, each path is able to support the total demashd=(1).In this case, the best path (the one with
fewer number of hops) is used as the service path (the contybeliinand is support by this path) and the
other path is used as a protection (backup) path (it is useshexrer the service path fails).

For D = 3, each path is able to support half the demahe-(1/2). In this case, the two best paths (the ones
with fewer number of hops) are used as service paths (thedetaand is equally split by the two service
paths) and the other path is used as a protection (backup)ip&t used whenever one of the service paths
fails).

Note that the protection paths do not support traffic undemabnetwork operation. They support traffic
when a failure occurs and only during the period until théufaiis fixed. Therefore, we consider the mini-
mization of the number of hops only on the service paths.

Considering the average number of hops minimization ¢aiteince forD = 2 we have one service path per
commodity, we want to minimize the average number of hoph®fbest" path supporting each commaodity,
that is, we just want to consider the path with the least nurob&ops between the two paths supporting
each commodity. FoD = 3, we have two service paths and thus we consider the two bt#st pheach
commodity for the average minimization purpose.

In order to motivate the next model consider, for= 2, the following example with two commodities,
H* = 4 and where the values associated with the arcs represenoditéop in which they are being tra-
versed:

Ny O
O/°Exampe 2<jrb/ve

In this example, for the first commodity we hang?? = 1 andw?2? = w9 = 2, and, for the second one,
wﬁ?;?/ =0, wﬁ?;?/ = 1andw™ ? = 2. For each commodity, we want to know "when" the best pathiresc
its destination node, regardless of how the worst path ppdoThat is, if the first loop that is made at node
q is in position2, then we must be able to use this information. Thus, consittery variables/"?? as
follows:

,p,qES;h=2, ... H*

Vhra _ 1, ifatleastaloop is performed at nodén positionh, frompto g
“ 1 0, otherwise



In this example, for the first commodity, we must havér? = V3r¢ = V47 = 1, We can impose
these values upper bounding thé?¢ variables by theyggq variables, for allh, = 2, 3,4, and maximizing

D heo.. H Vhra, Note that this sum can be interpreted as how early the bésfiean p to ¢ arrives at node

q. For the second commodity, considering similar constsaantl adding -, _, . VhP'd’ to the objective
function, we obtair/3'¢’ = V4’ = 1,

For D = 3, we are interested in the two best paths supporting each caiitynSimilarly to the cas® = 2,
we will use thel/ 74 variables to detect "when" the two best paths reach thefirdei®n node. However, the
meaning of those variables will slightly differ from thatadseD = 2. Consider the next example with three
commodities H* = 4 and where the values associated with the arcs represeint, Hyaposition in which
they are being traversed:

Yo ole oX
O/G O/@ O/@

We follow the same idea as il = 2, that is, we upper bound th&"*»¢ variables by th@ugg’q variables, for all

Example 3

.....

Hence,zhzng* Vrd represents the number of loops performed at np(tey the two best paths from
to ¢). We can interpret each variable as a filter: that is, if, fromo ¢, k& loops are performed at noden
positionh, thenV"r? = min{k, 2} (note that, forD = 2, we can also interpret thé"»¢ variables as filters
and in that cas& "?? = min{k,1}).

The problem that minimizes the average number of hops, tbeeD = 2 or D = 3, can now be stated as
follows:

Mazimize g yhra
P,q€ES h=2,....H*

subject to:

1), (2). (3)

h h o *
Vs <t forallp,ge S;h=2,..,H
vhre ¢ f0,1,..,D -1} forallp,qe S;h=2,...,H*

Considering now the largest number of hops minimizatioteda under the Path Protection scheme, the
situation differs from that of the Path Diversity schemehia sense that: wheh = 2, we want to minimize
the largest number of hops of the best path (service pathjesfeommodity; and, whe = 3, we want to
minimize the largest number of hops of the worst path betwieetest two paths of every commodity.
Consider examples 2 and 3. The idea is to set a binary varighiéto 1 only if: the best path from to ¢
performs a loop at nodgin positionh, for D = 2; the worst of the two best paths fropito ¢ performs a
loop at nodey in positionh, for D = 3. If our aim is to minimize the largest number of hops, the folation

to this problem becomes as follows:



Maximize V
subject to:
1), (2. ()

(D —1).vht < whre forallp,ge€ S;h=2,.. . H*

> vy forallpgeS
h=2, . H*

vhea ¢ 0,1} forallp,qe S;h=2,...H*
V > 0 and integer

ForD =2,%,_, . V"4 represents how early the best path frpro ¢ arrives at node, whereas for
D = 3itrepresents how early the worst of the two best paths fsaoy arrives at node. If we want to min-

.....

forall p, g € S, and maximizé/.

On an extended version of this paper, we will provide morighiton the proposed formulations, considering
the survivability schemes and the two optimization craetescribed on this version, and we will also present
our computational results.
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