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A Uni�ed Approac h to Net w ork Surviv abilit y for

T eletra�c Net w orks: Mo dels, Algorithms and
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Abstr act | In this pap er, w e address the problem of net-

w ork surviv abilit y b y presen ting a uni�ed approac h where

the wide-area circuit-switc hed teletra�c net w ork and the

underlying transmission facilit y net w ork are considered si-

m ultaneously . W e assume the bac kb one circuit-switc hed

teletra�c net w ork to b e nonhierarc hical with dynamic call

routing capabilities. The transmission facilit y net w ork is

considered to b e sparse (as is observ ed for emerging �b er

optic net w orks) and is assumed to b e t w o-arc connected.

Our approac h addresses the net w ork surviv abilit y ob jectiv e

b y considering t w o grade-of-service parameter s: one for the

tra�c net w ork under normal op erating condition and the

other for a�ected part of the net w ork under a net w ork fail-

ure. W e presen t uni�ed mathemat ical mo dels and dev elop

heuristic algorithms. W e then presen t computational results

to demonstrate the e�ectiv eness of the uni�ed approac h.

I. Intr oduction

THE planning pro cess for telecomm unications net w orks

can b e categorized in to the follo wing phases: top ological

design, tra�c routing and dimensioning in the switc hed

tra�c net w ork (net w ork syn thesis), and the circuit routing

design in the transmission facilit y net w ork [9]. T radition-

ally the output of the top ological optimization b ecomes

input to the net w ork syn thesis problem, and in turn, the

output of the net w ork syn thesis b ecomes input to facilit y

(circuit) routing design. Although there is a lo ose coupling

b et w een these t w o pro cesses and the top ological design [9]

of an iterativ e nature, the telecomm unications switc hed

tra�c net w ork and the underlying transmission facilit y net-

w ork are, in practice, designed indep enden tly . (Here, the

tra�c net w ork refers to the logical net w ork where di�er-

en t services [e.g. v oice, data, video] are o�ered, and the

transmission facilit y net w ork refers to the ph ysical net w ork

through whic h the connectivit y for the tra�c net w ork is

pro vided. F or brevit y , w e will refer to the transmission fa-

cilit y net w ork as the facilit y net w ork). The design issue for

the tra�c net w ork is primarily limited to pro viding optimal

trunk capacit y sub ject to an acceptable lev el of blo c king for

the net w ork in normal state (for example, see [1]). Simi-

larly , the circuit routing design for the facilit y net w ork is

based on minim um -cost routing and other v ariations [7],

[24], [25], [26], [28], [29] (See [7] for more references). Ho w-
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ev er, as the facilit y net w ork rapidly c hanges to w ards a �b er

optic-based net w ork, the graph of the net w ork is b ecom-

ing sparse. As a result, a single transmission link in suc h

a net w ork can carry a signi�can t amoun t of tra�c. F ail-

ure of suc h a link can cause ma jor disruption of services.

Th us, it is b ecoming imp erativ e that in suc h an en viron-

men t, the net w ork is to b e designed for surviv abilit y , i.e.,

so that a certain acceptable p ercen tage of the tra�c can

still b e carried immedia tely after a failure.

Recen tly , sev eral researc hers ha v e addressed the issue of

designing v arious net w orks for surviv abilit y [3], [6], [8], [13],

[19], [26], [27]. These studies address the design in terms

of either the tra�c net w ork or the facilit y net w ork. Ho w-

ev er, since the tra�c net w ork exists purely at the logical

lev el, design of a surviv able tra�c net w ork ma y not b e ad-

equately addressed without incorp orating the connectivit y

asp ect of the facilit y net w ork. F or example, consider the

case of t w o logically div erse tra�c routes | one direct and

another switc hed via a tandem | b et w een a pair of switc h-

ing no des. Although they are logically div erse, they ma y

actually use the same transmission facilit y , thereb y ruling

out the abilit y to carry tra�c in either of the t w o routes

in case of an in termediate transmission facilit y link failure

b et w een these t w o end no des. Recen tly , Ash, Chang and

Medhi [2] presen ted a robust tra�c design metho d for dy-

namic routing net w orks. In their w ork, mo dels to design

for surviv abilit y are presen ted for nonhierarc hical teletraf-

�c net w orks with dynamic (call) routing capabilities (whic h

use at most t w o tra�c links for connecting a call ) (F or a

surv ey on dynamic call routing, see [9], [10]). This w ork

incorp orated the underlying facilit y net w ork for surviv able

design of the tra�c net w ork b y implicitly assuming div erse

facilit y routes.

Here, w e presen t a uni�ed approac h to net w ork surviv-

abilit y b y considering the wide-area circuit-switc hed tra�c

net w ork and the transmission facilit y net w ork sim ultane-

ously . This w ork is considered for bac kb one nonhierarc hical

teletra�c net w orks with dynamic call routing capabilities

whic h use at most t w o tra�c links for connecting a call.

(Call routing is not to b e confused with circuit routing).

The facilit y net w ork is considered to b e sparse (as is ob-

serv ed for emerging �b er optic net w orks) with the assump-

tion that the graph of this net w ork is t w o-arc connected

[5, p. 445]. Our approac h addresses net w ork surviv abil-

it y b y considering b oth the tra�c net w ork and the facilit y

net w ork explicitly in an in tegrated mo del b y addressing

tra�c routing and dimensioning for the tra�c net w ork,
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and circuit routing for the facilit y net w ork. F or brevit y ,

w e refer to our approac h as surviv able teletra�c net w ork

design, or simply as surviv able design. Note that our w ork

do es not consider the fundamen tal facilit y net w ork design

and planning [20] (for example, no facilit y capacit y expan-

sion), rather w e consider existing facilit y net w ork in this

in tegrated mo del. W e presen t mo dels when no trunks are

already in the net w ork (\desert" mo del) and when there

are trunks already in the net w ork, but the design is on ad-

ditional trunk augmen tation to satisfy giv en requiremen ts

(\incremen tal" mo del). In b oth these cases, the capacit y

of the ph ysical links is assumed to b e giv en. F or these

mo dels, w e then presen t heuristic algorithms. A proto-

t yp e to ol has b een dev elop ed to implemen t the algorithms.

W e presen t computational results on example net w orks ex-

tracted from actual net w orks. W e presen t results on the

e�ectiv eness of surviv able design b y doing net w ork sim ula-

tion and comparing with net w orks designed under presen t

mo des of op eration.

The remainder of this pap er is organized as follo ws. In

Section I I, w e describ e uni�ed net w ork mo dels com bining

the switc hed tra�c net w ork and the transmission facilit y

net w ork. W e presen t heuristic algorithms for the design

mo dels in section I I I. In section IV, w e giv e computational

results on net w ork designed without and with surviv abil-

it y ob jectiv e and presen t sim ulation results to sho w the

e�ectiv eness of surviv able design.

I I. Unified Netw ork Models

W e consider here the uni�ed design of a nonhierarc hical

dynamic routing bac kb one tra�c net w ork together with

a sparse facilit y net w ork to carry tra�c b oth for normal

net w ork and a�ected net w ork (for a transmission link fail-

ure) while minim izing total cost. The lev el of tra�c to

b e carried can b e pro vided through t w o grade-of-service

(GOS) parameters: acceptable lev el of blo c king under nor-

mal condition (normal GOS, or nGOS) and acceptable lev el

of blo c king under failure condition (failure GOS, or fGOS).

Explicit incorp oration of the facilit y net w ork is consid-

ered here to address surviv able net w ork design b y com-

bining tra�c net w ork routing and dimensioning together

with circuit routing for the facilit y net w ork. F or the traf-

�c net w ork, w e are giv en a set of tra�c switc hing no des,

the tra�c matrix b et w een the switc hing no des for di�eren t

load p erio ds (hours) during the da y , unit cost of trunks

on eac h tra�c link, normal GOS and failure GOS. F or the

facilit y net w ork, w e assume that w e ha v e the set of fa-

cilit y no des (cross-connect), the set of transmission links,

the maxim um capacit y on these links, and the unit cost

of circuit for di�eren t transmission paths in the net w ork.

W e assume that the facilit y net w ork is t w o-arc connected.

This mak es it p ossible to ha v e at least one transmission

path a v ailable b et w een t w o facilit y no des in case of failure

of a transmission link. W e further assume that the cir-

cuit la y out remains static during the course of a da y while

the call routing is dynamic, v arying as the tra�c c hanges

from one instance to another during the da y . Note that

the switc hing no de sites ma y not necessarily coincide with

the facilit y no de sites. A tra�c link (also kno wn as trunk

group), whic h is di�eren t from a facilit y link, connects t w o

switc hing no des while a facilit y link connects t w o facilit y

no des. F or clarit y , w e refer to a tra�c link as a t-link and a

facilit y link as an f-link. A tra�c path consists of at most

t w o t-links connecting a demand pair either directly or via

another switc h. A transmission path is the ph ysical path

of a logical t-link consisting of f-links connected b y a c hain.

Clearly , a tra�c path is di�eren t from a transmission fa-

cilit y path. In Fig. 1(a) and Fig. 1(b), w e illustrate an ex-

ample sho wing the logical tra�c links b et w een three no des,

considered to b e a part of a larger net w ork. W e assume that

facilit y no des are co-lo cated with switc hing no des for A , V

and B . F or example, a call b et w een tra�c no des A and B

can b e connected using the direct t-link A { B or switc hed

via no de V ; in the latter case, the call uses trunks from

the t-links A { V and V { B . Fig. 1(b) depicts the underly-

ing facilit y net w ork corresp onding to Fig. 1(a) sho wing the

f-links. Here the trunks b et w een no des A and B ma y b e

circuit-routed using the facilit y paths A { F

2

{ F

3

{ B , A { F

1

{

V { B or A { F

2

{ V { B or a com bination of them. Similarly ,

group A { V can use A { F

1

{ V , A { F

2

{ V , and group V { B can

use V { B , V { F

2

{ F

3

{ B . This example sho ws the di�erence

b et w een the tra�c net w ork and the facilit y net w ork as w ell

as the di�erence b et w een call routing and circuit routing.

A

B

V

A

B

V
F1

2F

3F

(a)

(b)
Fig. 1. (a) P artial view of a tra�c net w ork, (b) Underlying

transmission facilit y net w ork

The net w ork can b e in di�eren t states due to di�eren t

t yp es of failure. In our form ulation, w e only consider fail-

ure states due to f-link failures assuming that the failures

tak e place one at a time. Th us, w e consider the set of

p ossible states of the net w ork to include the normal net-

w ork (i.e., when the net w ork is in tact) and the states of the

net w ork due to failure of eac h f-link (separately). F or the

normal state, the problem is considered in the full graph

of the net w ork, while for the a�ected net w ork states, the

problem is considered in the subgraph consisting of the
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graph deriv ed from the original net w ork min us the failed

f-link. Consequen tly , di�eren t sets of candidate tra�c and

transmission facilit y paths are generated for eac h of the

states. Due to restrictions on p ossible paths at v arious

states, w e consider an arc-path form ulation approac h. W e

can write 
o w equations for giv en requiremen ts for eac h of

these states. Requiremen ts are based on ho w m uc h load is

to b e carried under b oth normal and failure situations for

giv en blo c king lev els (GOS). T o presen t the mathematical

form ulations for the problem, w e �rst de�ne notation. F or

clarit y , the notation has b een classi�ed under the tra�c

net w ork and the facilit y net w ork.

E Set of states (denoted b y � ) of the net w ork to b e consid-

ered [ � = 0( 2 E ) is the normal state of the net w ork]

T ra�c net w ork:

K Set of tra�c no de pairs

L Set of tra�c links (trunk groups)

H Set of tra�c load p erio ds (hours)

J

� h

k

Set of tra�c paths for no de pair k 2 K in hour h 2 H

in net w ork state � 2 E

c

i

Unit cost of trunk on tra�c link i 2 L

y

�

i

Num b er of trunks needed for tra�c link i 2 L in state

� (v ariable)

y

i

Maxim um n um b er of trunks needed for tra�c link i 2 L

(v ariable)

r

� h

k j

P ath v ariable in tra�c net w ork { amoun t of 
o w on

tra�c path j for no de pair k in hour h in net w ork state

� (v ariable)

�

� ih

k j

En tries for arc-path incidence matrix for tra�c net-

w ork in net w ork state � ; 1 if tra�c path j for no de pair

k uses link i in hour h in net w ork state � , 0 otherwise

a

h

k

T ra�c o�ered load (in erlangs) for no de pair k in hour

h

B

� h

k

Blo c king lev el for no de pair k in hour h in state � (to

sp ecify nGOS and fGOS)

v

� h

k j

Upp er b ound corresp onding to the tra�c path v ariable

r

� h

k j

� Div ersit y b ound parameter ( 0 < � � 1). Deriv ed pa-

rameter v alue �

�

ij

is de�ned as � for div erse facilit y

paths in � = 0 or for una�ected facilit y path j when

� 6= 0

F acilit y net w ork:

F Set of facilit y links in the ph ysical net w ork

L

i

Set of facilit y paths for tra�c link i

s

ij

Maxim um circuit 
o w on facilit y path j 2 L

i

for tra�c

link i 2 L (v ariable)

s

�

ij

Circuit 
o w on facilit y path j for tra�c link i in state

� (v ariable)

�

� `

ij

Incidence matrix for the facilit y net w ork{ 1 if the fa-

cilit y path j for the tra�c link i uses the f-link ` in

the net w ork state �

u

�

`

Maxim um capacit y on f-link ` 2 F a v ailable in net w ork

state �

f

ij

Unit cost of circuit on facilit y path j for tra�c link i

A. Desert mo del

First w e presen t a mo del when no trunks are already in

the net w ork, though the capacit y on ph ysical links are as-

sumed. W e refer to this optimization mo del as the \desert"

mo del or Mo del-A. The goal here is to minim ize total trunk

and circuit routing cost so as to design a net w ork for a giv en

tra�c surviv abilit y ob jectiv e (through nGOS and fGOS).

Sp eci�cally , the net w ork under normal op erating condition

is to satisfy nGOS; in case of a failure, the una�ected pairs

are to satisfy nGOS and directly a�ected pairs are to satisfy

fGOS.

Desert mo del (Mo del-A):

min

f y

i

;y

�

i

;r

� h

kj

;s

ij

;s

�

ij

g

X

i 2L

c

i

y

i

+

X

i 2L

X

j 2L

i

f

ij

s

ij

( A 1)

sub ject to

X

j 2J

� h

k

r

� h

k j

= v t ( � ; a

h

k

; B

� h

k

) ; k 2 K ; h 2 H ; � 2 E ( A 2)

X

k 2K

X

j 2J

� h

k

�

� ih

k j

r

� h

k j

� y

�

i

; i 2 L ; h 2 H ; � 2 E ( A 3)

X

j 2L

i

s

�

ij

= y

�

i

; i 2 L ; � 2 E ( A 4)

X

i 2L

X

j 2L

i

�

� `

ij

s

�

ij

� u

�

`

; ` 2 F ; � 2 E ( A 5)

s

�

ij

� �

�

ij

y

�

i

; j 2 L

i

; i 2 L ; h 2 H ; � 2 E ( A 6)

0 � y

�

i

� y

i

; i 2 L ; � 2 E ( A 7)

0 � s

�

ij

� s

ij

; i 2 L ; � 2 E ( A 8)

0 � r

� h

k j

� v

� h

k j

; j 2 J

� h

k

; k 2 K ; h 2 H ; � 2 E ( A 9)

In Mo del-A, expression ( A 1) represen ts the total cost

due to trunking and circuit routing. Equation ( A 2) refers

to satisfying tra�c demand on v arious tra�c paths at dif-

feren t load set p erio ds during a da y (this re
ects v ariation

of a tra�c during a da y). The function, v t , is used to com-

pute the initial virtual trunk requiremen t for giv en tra�c

load in erlangs, the state of the net w ork, and surviv abilit y

lev el for that state of the net w ork. The concept of a virtual

trunk is used since a call ma y require one-link or t w o-link

trunks for completion (discussed later). ( A 3) sho ws the

trunk capacit y obtained for eac h tra�c link based on the

tra�c 
o w in a particular state. Equation ( A 4) enforces


o w requiremen ts of eac h tra�c link on facilit y paths. ( A 5)

assures that requiremen ts on f-links do not go o v er upp er

limits. Constrain ts ( A 6) enforces imp osition of an y div er-

sit y requiremen t on facilit y paths. Constrain ts ( A 7) & ( A 8)

de�ne maxim um o v er all states for the v ariables y and s ,

while ( A 9) giv es b ounds on tra�c path v ariables. Finally ,

left parts of ( A 7), ( A 8), ( A 9) indicate that the v ariables

are non-negativ e in v alue. In this and the subsequen t mo d-

els, w e assume that the v ariables are con tin uous (a p ost-

pro cessing pro cedure can b e used to obtain in tegral v alues;
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see x IV.A). Note that for a fully in ter-connected tra�c net-

w ork, the n um b er of tra�c links is equal to the n um b er of

tra�c no de pairs [i.e., #( L ) = #( K ); here # denotes the

cardinalit y of a set]. Note also that total n um b er of switc h-

ing no des ma y di�er from total n um b er of facilit y no des;

this is due to the p ossible existence of facilit y h ubs (with-

out an y asso ciated switc hes) and/or due to more than one

switc hes using a facilit y no de for incoming/outgoing trunks

(for example, t w o switc hes in a big cit y ma y b e connected

to one facilit y no de).

The desert mo del com bines tra�c routing and dimen-

sioning with circuit routing for surviv able teletra�c net-

w ork design. Note that for the tra�c net w ork routing and

dimensioning, the uni�ed algorithm (UA) for DNHR as

describ ed in [1] can b e emplo y ed. Instead, follo wing [2],

the concept of virtual trunk is used to initially appro xi-

mate trunk requiremen ts for giv en o�ered load (in erlangs)

and blo c king requiremen ts. This approac h is found to b e

a reasonable appro ximation for large net w orks as noted in

[2]. Another ma jor asp ect to b e noted in the desert mo del

is that the circuit routing problem is explicitly mo deled

for addressing surviv abilit y . Finally , b y incorp orating traf-

�c v ariation during a da y , this design mo dels ensures that

GOS ob jectiv es are met no matter what time of the da y a

failure o ccurs.

B. Incr emental mo del

The desert mo del is the basic mo del for the uni�ed net-

w ork design. Here w e presen t an extension of the desert

mo del to b e referred as the incremen tal mo del. W e use the

term incremen tal mo del in the sense that it assumes a giv en

net w ork in the b eginning of a planning cycle and seeks an

optimal design based on this net w ork. Th us, w e start with

a net w ork whic h has an initial n um b er of trunks from a

previous planning p erio d/cycle and kno w to whic h ph ys-

ical routes (and quan tit y) these initial trunks are routed.

Th us, the goal for the curren t planning cycle is to optimize

based on this initial net w ork.

V ariables de�ned in the desert mo del are used in the

incremen tal mo del. Ho w ev er, the follo wing ha v e di�eren t

meaning:

t

i

Initial n um b er of trunks on link i already in the net w ork

t

�

i

Num b er of trunks a v ailable on link i in the net w ork in

state �

y

�

i

Incremen tal n um b er of trunks needed for tra�c link i

in state � (v ariable)

y

i

Maxim um incremen tal n um b er of trunks needed for tra-

�c link i o v er all states (v ariable)

s

�

ij

Additional circuits 
o w on path j for the pair i in state

� (v ariable)

s

ij

Additional circuits 
o w on path j for the pair i (v ari-

able)

Since y

�

i

is no w the incremen tal trunk capacit y , equa-

tion ( B 4) refers to circuit routing for an y additional trunk

demands. Th us, �nal s

ij

together with the initial n um b er

of circuits routed on the transmission paths giv e the total

n um b er of circuits on the transmission paths at the end of

a planning run.

Incremen tal mo del (Mo del-B):

min

f y

i

;y

�

i

;r

� h

kj

;s

ij

;s

�

ij

g

X

i 2L

c

i

y

i

+

X

i 2L

X

j 2L

i

f

ij

s

ij

( B 1)

sub ject to

X

j 2J

� h

k

r

� h

k j

= v t ( � ; a

h

k

; B

� h

k

) ; k 2 K ; h 2 H ; � 2 E ( B 2)

X

k 2K

X

j 2J

� h

k

�

� ih

k j

r

� h

k j

� t

�

i

+ y

�

i

; i 2 L ; h 2 H ; � 2 E ( B 3)

X

j 2L

i

s

�

ij

= y

�

i

; i 2 L ; � 2 E ( B 4)

X

i 2L

X

j 2L

i

�

� `

ij

s

�

ij

� u

�

`

; ` 2 F ; � 2 E ( B 5)

s

�

ij

� �

�

ij

y

�

i

; j 2 L

i

; i 2 L ; h 2 H ; � 2 E ( B 6)

0 � y

�

i

� y

i

; i 2 L ; � 2 E ( B 7)

0 � s

�

ij

� s

ij

; i 2 L ; � 2 E ( B 8)

0 � r

� h

k j

� v

� h

k j

; j 2 J

� h

k

; k 2 K ; h 2 H ; � 2 E ( B 9)

C. Virtual trunk (VT) c alculation

F or a giv en o�ered load, virtual trunk requiremen t is

computed based on the o�ered load, net w ork state and the

GOS lev el. The load to b e carried in a dynamic routing

en vironmen t can b e carried in t w o w a ys: on a direct (one

t-link) tra�c path and on t w o t-link tra�c paths. If w e

assume a blo c king b

d

of the load to b e carried on the direct

path, then the o v er
o w tra�c can use t w o t-link paths

to complete the requiremen ts. This o v er
o w tra�c shares

trunks from other tra�c pairs. Conceptually , although it

uses t w o t-links, the o v er
o w tra�c can b e visualized as

b eing carried on a shared virtual trunk group. Th us, the

total requiremen t o v er the direct link and alternate t w o t-

link paths is the total virtual trunk required for the o�ered

load to b e carried. F or a normal net w ork, the GOS used

is the nGOS; this is re
ected b y B

0 h

k

(for normal state,

� = 0) for the demand pair k in hour h . F or a�ected pairs

in failure states, the blo c king lev el B

� h

k

(for failure state

� 6= 0) uses fGOS. Let B ( c; a ) b e the w ell-kno wn Erlang

blo c king form ula (see, for example, [9]) for trunk c and

o�ered load a de�ned b y

B ( c; a ) =

a

c

=c !

c

P

k =0

( a

k

=k !)

:

W e denote the n um b er of trunks necessary to carry o�ered

load a at a particular blo c king lev el b b y the in v erse func-

tion B

� 1

( a; b ). Let the a v erage o ccupancy of a trunk group
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b e � . Finally , let the carried load b e a

0

= a (1 � B

0 h

k

). Then

the v t demand is appro ximated b y the follo wing form ula:

v t ( � ; a; B

� h

k

) =

8

>

>

>

>

<

>

>

>

>

:

B

� 1

( a

0

; b

d

) +

a

0

� b

d

�

; if � = 0 or pair

k is una�ected

when � 6= 0;

B

� 1

( a; B

� h

k

) ; otherwise.

(1)

The appro ximation used for the normal state has b een used

in other w orks [2], [21].

I I I. Heuristic Algorithms

The mo dels presen ted are large-scale optimization mo d-

els due to the v ariables in v olv ed for tra�c routing, circuit

(facilit y) routing and trunk dimensioning. T o giv e some

idea, w e �rst consider the size of a problem. Consider a

net w ork with N

t

switc hing no des, N

f

facilit y no des. Let

F = #( F ) and H = #( H ) : Then for an H -tra�c load p e-

rio d, fully in terconnected tra�c net w ork ( i.e., n um b er of

tra�c pairs = n um b er of tra�c links = N

t

( N

t

� 1) = 2 ) with

a v erage n um b er of candidate tra�c paths p er pair = p

t

and

a v erage n um b er of candidate facilit y paths p er pair = p

f

,

the total n um b er of constrain ts for the linear program of

Mo del-A is N

t

( N

t

� 1)( F + 1)( H + 1 + p

f

) + F ( F + 1) [not

coun ting pure b ound constrain ts], and the n um b er of v ari-

ables is N

t

( N

t

� 1)(( F + 1)( H p

t

+ 1 + p

f

) + p

f

+ 1) = 2. If w e

set p

t

to b e b N

t

= 2 c and p

f

to b e b N

f

= 2 c , then n um b er of

constrain ts and v ariables b ecome N

t

( N

t

� 1)( F + 1)( H +

1 + b N

f

= 2 c ) + F ( F + 1) ; and N

t

( N

t

� 1)(( F + 1)( H b N

t

= 2 c +

1 + b N

f

= 2 c ) + b N

f

= 2 c + 1) = 2, resp ectiv ely . F or three exam-

ple net w orks (see T able I), w e sho w the problem sizes with

Mo del-A in T able I I. F rom this table, it is clear that the

problems size b ecomes unmanageable ev en for a fairly small

problem. In the follo wing section, w e presen t a heuristic al-

gorithm for Mo del-A where the surviv able design problem

is considered at eac h state separately to arriv e at a more

manageable optimization mo del at eac h state.

T able i

Size of Example Netw orks

Example Switc hing F acilit y F acilit y

Net w ork No de ( N

t

) No de ( N

f

) Link ( F )

EN-1 7 10 14

EN-2 10 18 27

EN-3 15 23 33

T able i i

Pr oblem Size f or Three Examples with Model-A

( f or H = 3 , p

t

= b N

t

= 2 c , p

f

= b N

f

= 2 c , #( L ) = #( K ) )

Example Num b er of Num b er of

Net w ork constrain ts v ariables

EN-1 5,880 5,796

EN-2 33,516 31,950

EN-3 108,222 119,070

A. Heuristic A lgorithm for Mo del-A

In this approac h, w e start with the net w ork in the nor-

mal state. W e �rst obtain the optimal trunk requiremen ts

in the switc hed net w ork part and do an optimal circuit

routing for these requiremen ts. The net w ork under the

normal state is designed for nGOS, assuming no failure.

Once this initial net w ork is obtained, then w e address the

issue of facilit y link failures. F ailure of a facilit y link can

a�ect sev eral tra�c paths and tra�c no de pairs, esp ecially

in a sparse ph ysical net w ork en vironmen t. Th us, a map-

ping from logical net w ork (switc hed tra�c) to the ph ysical

net w ork (transmission facilit y) and bac k is required. F rom

the initial design for the net w ork under normal conditions,

w e use a heuristic algorithm based on the concept of a

constrain t set generation approac h to address facilit y link

failures. (This approac h is somewhat di�eren t from the

constrain t generation approac h used b y other researc hers

in the con text of v arious net w ork design problems [15].)

In our approac h, the constrain t set generation pro cess is

as follo ws: F or eac h of the failure states (corresp onding to

eac h transmission facilit y link) considered one at a time,

w e generate a set of constrain ts whic h enforces the require-

men ts for that state of the net w ork and then solv es the

tra�c and facilit y net w ork design problem on the subgraph.

Once the problem for a state is solv ed, the pro cedure up-

dates an y augmen ted trunk capacit y and asso ciated circuit

la y out and then mo v es to the next state. It ma y noted

that an y augmen tation at a state is nev er reduced in an y

subsequen t states. The pro cess is con tin ued un til all the

states are done. Th us, all the states are considered one at

a time to solv e the en tire mo del.

W e no w discuss the design problem at eac h state. A t

eac h state of the net w ork (normal or one of the failure

states) w e solv e the problem of the tra�c routing and di-

mensioning together with circuit routing. Note that at eac h

failure state, w e are op erating on a subgraph deduced from

the initial graph b y deleting the failed f-link whic h in turn

a�ects m ultiple t-links. A t eac h failure state, candidate

tra�c paths that con tain an y a�ected t-links are mark ed

as unsuitable for alternate call routing. Accordingly , the

set of (tra�c and facilit y) paths are di�eren t at eac h state.

F or brevit y , w e drop the state index � from the mo del b e-

lo w and assume that the VT capacit y is already computed

using (1) and is an input to this stage. F or clarit y , w e list

notation.

J

h

k

Set of acceptable tra�c paths for no de pair k 2 K in

hour h 2 H

t

i

Av ailable trunks on tra�c link i

y

i

Num b er of trunks needed for tra�c link i 2 L (v ari-

able)

r

h

k j

P ath v ariable in tra�c net w ork { amoun t of 
o w on

tra�c path j for no de pair k in hour h (v ariable)

�

ih

k j

En tries for arc-path incidence matrix for tra�c net-

w ork ; 1 if tra�c path j for no de pair k uses link i in

hour h , 0 otherwise

( v t )

h

k

Virtual trunk demand for no de pair k in hour h

computed using (1)
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v

h

k j

Upp er b ound corresp onding to the tra�c path v ari-

able r

h

k j

F Set of f-links in the facilit y net w ork

L

i

Set of acceptable facilit y paths for tra�c link i

s

ij

circuit 
o w on facilit y path j 2 L

i

for tra�c link i 2 L

(v ariable)

�

`

ij

Incidence matrix for the facilit y net w ork{ 1 if the

facilit y path j for the tra�c link i uses the f-link `

u

`

Av ailable capacit y on facilit y link ` 2 F

f

ij

Unit cost of circuit on facilit y path j for tra�c link i

�

ij

Div ersit y b ound parameter on path j for tra�c link i

F or this state of the net w ork, the com bined tra�c and

facilit y net w ork design problem can b e form ulated as fol-

lo ws:

Mo del-C:

min

y

i

;r

h

kj

;s

ij

X

i 2L

c

i

y

i

+

X

i 2L

X

j 2L

i

f

ij

s

ij

( C 1)

sub ject to

X

j 2J

h

k

r

h

k j

= ( v t )

h

k

; k 2 K ; h 2 H ( C 2)

X

k 2K

X

j 2J

h

k

�

ih

k j

r

h

k j

� t

i

+ y

i

; i 2 L ; h 2 H ( C 3)

X

j 2L

i

s

ij

= y

i

; i 2 L ( C 4)

X

i 2L

X

j 2L

i

�

`

ij

s

ij

� u

`

; ` 2 F ( C 5)

0 � s

ij

� �

ij

y

i

; j 2 L

i

; i 2 L ( C 6)

0 � r

h

k j

� v

h

k j

; j 2 J

h

k

; k 2 K ; h 2 H ( C 7)

y

i

� 0 ; i 2 L ( C 8)

V arious constrain ts in Mo del-C can b e in terpreted sim-

ilar to Mo del-A. W e no w discuss the size of Mo del-C. In

this mo del (using the same notation as in the b eginning

of this section and assuming that the tra�c net w ork is

fully in terconnected), the n um b er of constrain ts is N

t

( N

t

�

1)(2 H + 1 + b N

f

= 2 c ) = 2 + F and the n um b er of v ariables

N

t

( N

t

� 1)( H b N

t

= 2 c + 1 + b N

f

= 2 c ) = 2. In T able I I I, w e

giv e the size of optimization mo del-C for the same three

example net w orks (T able I); compare their problem sizes

to the ones with Mo del-A in T able I I. The size of prob-

lems in Mo del-C is more manageable than the size of the

en tire problem as giv en in Mo del-A although the heuris-

tic pro cedure requires solving Mo del-C for eac h state at a

time.

Finally , Mo del-C can b e solv ed b y another appro xima-

tion based on the follo wing observ ation: 1) taking adv an-

tage of the natural relation b et w een the tra�c net w ork and

the facilit y net w ork, one can solv e the tra�c net w ork part

�rst and then solv e the facilit y net w ork part, 2) in eac h

failure state, only a fraction of the tra�c pairs requires

T able i i i

Pr oblem Size f or Three Examples with Model-C (in Ea ch

St a te)

( H = 3 , p

t

= b N

t

= 2 c , p

f

= b N

f

= 2 c , #( L ) = #( K ) )

Example Num b er of Num b er of

Net w ork constrain ts v ariables

EN-1 266 378

EN-2 747 1,125

EN-3 1,923 3,465

trunk augmen tation whic h results in solution of the facilit y

design (circuit routing) part only for these pairs. Th us,

instead of Mo del-C, the follo wing mo del can b e solv ed for

the tra�c net w ork part:

Mo del-D:

min

y

i

;r

h

kj

X

i 2L

c

i

y

i

( D 1)

sub ject to

X

j 2J

h

k

r

h

k j

= ( v t )

h

k

; k 2 K ; h 2 H ( D 2)

X

k 2K

X

j 2J

h

k

�

ih

k j

r

h

k j

� t

i

+ y

i

; i 2 L ; h 2 H ( D 3)

0 � r

h

k j

� v

h

k j

; j 2 J

h

k

; k 2 K ; h 2 H ( D 4)

y

i

� 0 ; i 2 L : ( D 5)

Let the set for whic h the optimal solution y

i

> 0 b e

^

L

( � L ), and let the solution b e denoted b y ^y

i

; i 2

^

L . Then

the follo wing mo del can b e solv ed for the facilit y net w ork

design part giv en ^ y

i

:

Mo del-E:

min

s

ij

X

i 2

^

L

X

j 2

^

L

i

f

ij

s

ij

( E 1)

sub ject to

X

j 2

^

L

i

s

ij

= ^ y

i

; i 2

^

L ( E 2)

X

i 2

^

L

X

j 2

^

L

i

�

`

ij

s

ij

� u

`

; ` 2 F ( E 3)

0 � s

ij

� �

ij

^y

i

; j 2

^

L

i

; i 2

^

L : ( E 4)

Mo del-D/E appro ximation for Mo del-C requires solv-

ing a problem with N

t

( N

t

� 1) H constrain ts and N

t

( N

t

�

1)( H b N

t

= 2 c + 1) = 2 v ariables for the (fully in terconnected)

tra�c net w ork part, and then to solv e a problem with


 N

t

( N

t

� 1) = 2 + F constrain ts and 
 N

t

( N

t

� 1) b N

f

= 2 c = 2

v ariables for the facilit y net w ork part, where 
 is the frac-

tion of pairs that require circuit routing. F rom computa-

tional exp erimen tations, w e ha v e found that for some fail-

ure states, there is no trunk augmen tation at all (usually

when the trunk lost is not that m uc h). This means there is

no need to solv e the facilit y net w ork part as

^

L = ; for these
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states. Among the failure states in whic h there are trunk

augmen tation, w e ha v e found that, on a v erage, ab out 11%

of the tra�c pairs require circuit la y out. In T able IV, w e

giv e the size of problems for Mo del D/E for the same three

example net w orks (T able I). Giv en these observ ation, w e

prop ose solving Mo del-D/E (instead of Mo del-C) at eac h

net w ork state.

T able iv

Pr oblem Size f or Three Examples

with Model-D/E (in Ea ch St a te)

( H = 3 , p

t

= b N

t

= 2 c , p

f

= b N

f

= 2 c , #( L ) = #( K ) )

(*Assuming 10% of Traffic P airs Require Cir cuit R outing

During a F ailure St a te (in the Case of Tr unk

A ugment a tion))

Mo del-D (tra�c part) Mo del-E (facilit y part)

No. of No. of No. of No. of

constrain ts v ariables constrain ts v ariables

EN-1 126 273 35 105

16* 10*

EN-2 270 720 72 405

32* 45*

EN-3 630 2,300 138 1,135

44* 121*

The heuristic algorithm, HA-A, is presen ted in Fig. 2 in

a systematic manner. In HA-A, t w o t-link tra�c paths can

b e generated based on distance or cost requiremen ts. Also,

an y switc hing no de that is not desirable as via no de for

tra�c routing can b e tak en in to consideration in the traf-

�c path generation pro cedure. Similarly , facilit y paths can

b e generated based on a k-shortest path algorithm [12].

F or designing either at normal or at one of the failure

states (i.e., Step 3.1 or Step 5.3.1), virtual trunk (VT)

quan tit y is computed based on the o�ered load (in er-

langs) using (1). The acceptable GOS (nGOS or fGOS)

for eac h of the states is as describ ed in the previous sec-

tion. T o summarize, w e ha v e arriv ed at this heuristic algo-

rithm b y making t w o appro ximations to the original mo del

(Mo del-A): a) b y handling eac h failure state sequen tially

and b) b y separating the design problem at eac h failure

state in to t w o subproblems, one for the tra�c net w ork

(Mo del-D) and the other for the facilit y net w ork (Mo del-

E). Note that in the algorithmic description, the notation

( a; f b g )  DoF unction ( c; f d g ) means that pro cedure Do-

F unction tak es c and a set of data f d g as input pro ducing

a and a set of data f b g as output.

B. A lgorithm for Mo del-B

The algorithm for solving the incremen tal mo del is sim-

ilar to the desert mo del. Ho w ev er, for Mo del-B, w e need

to pro vide an initial net w ork to the mo del. The initial

net w ork pro vides information ab out the presen t n um b er of

trunks in the tra�c net w ork and the presen t circuit routing

of these trunks in the facilit y net w ork. Th us, this c hanges

mainly Step 0 where w e no w additionally require existing

net w ork with trunk capacit y and circuit routing as input.

Also, additional facilit y paths ma y b e generated in step 2 if

needed. F or clarit y , w e call this algorithm HA-B. W e ha v e

listed the steps of HA-B that are c hanged from HA-A in

Fig. 3. Also, note that in HA-B, steps 3.3 and steps 3.4

are done if #(

^

L ) > 0.

IV. Comput a tional Studies

The presen t mo de of op eration (PMO) for telecomm uni-

cations net w orks is usually indep enden t design of the traf-

�c net w ork and the facilit y net w ork; the tra�c net w ork is

designed primarily for GOS under a normal op erating con-

dition with little or no information concerning reliabilit y;

for the facilit y net w ork, a minim um cost circuit la y out is

applied without or with div ersit y requiremen t. W e ha v e

done t w o sets of computational w ork here: in the �rst set,

w e ha v e obtained design results based on algorithm HA-A

and compared with t w o scenarios for PMO in terms of cost;

and in the second set, w e ha v e obtained results on impact

of a facilit y link failure using a call-b y-call tra�c sim ulator

to see the e�ectiv eness of surviv able design compared to

presen t mo des of design.

A. Design R esults

A protot yp e to ol, UT AFNET (for Uni�ed T ra�c and F a-

cilit y NETw ork design), has b een dev elop ed implem en ting

heuristic algorithms HA-A and HA-B. In this protot yp e

some additional issues are addressed. F or example, en u-

meration of failure states (step 4) can b e ordered in v arious

w a ys. In our implem en tation, w e ha v e the follo wing t w o:

1) one based on computing 
o w on facilit y links from the

normal net w ork design part and then sorting these links in

descending order of 
o w; and 2) the other according to the

order the facilit y links are pro vided in the input pro cedure

(for example, w e use alphan umeric names of f-links as the

order in the input �le). F or brevit y , w e refer to these t w o

rules as or d = y and or d = n , resp ectiv ely . Additionally ,

if a user w an ts to study the failure scenario for a sp eci�c

f-link or a subset of all the p ossible f-links, this can b e

done b y pro viding the appropriate directiv e using a sp ec

�le. The concept of �ctitious facilit y paths (one for eac h

pair) is also pro vided; the b ene�t is that if all the candi-

date facilit y paths generated (b efore the design phase) for

a particular pair is a�ected due to an f-link failure, then

the design pro cedure can still load the required trunks on

the �ctitious path, thereb y letting the user kno w that an

additional path is needed to route circuits. W e ha v e also

added a simple in tegerization routine righ t b efore output-

ing design to obtain in tegral solution. (This ma y b e re-

placed b y a more sophisticated mo dularization routine if

trunks are required to b e a m ultiple of certain units suc h

as DS1 (24 v oice c hannels)). Linear programs of Mo del-D

and Mo del-E are solv ed using MINOS [17]. Note that the

incremen tal mo del can b e useful for studying di�eren t net-

w ork scenarios for strategic planning since this allo ws the

user the 
exibilit y to start with an initial net w ork.

W e ha v e considered three example net w orks to study sur-

viv able design (these are the same three examples for whic h

problem sizes ha v e b een discussed in the previous section.)
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Algorithm : HA-A

Step 0: Input parameters and data for tra�c and facilit y net w ork.

Step 1: fJ

h

k

g

k 2K ;h 2H

 � GenerateT ra�cP aths

�

N

t

; K ; L ; H

�

Step 2: fL

i

g

i 2L

 � GenerateF acilit yP aths

�

N

f

; L ; F

�

Step 3: /* Normal net w ork design (note: � = 0 ) */

Step 3.1: /* Compute VT */

f vt

h

k

g

k 2K ;h 2H

 � ComputeVT

�

0 ; f a

h

k

g ; nGOS ; fGOS

�

Step 3.2: /* Do tra�c routing and dimensioning */

�

^

L ; f y

aug

i

g

i 2

^

L

; cost

t

�

 � Solv eMo delD

�

0 ; L ; K ; H ; fJ

h

k

g ; f c

i

g ; f vt

h

k

g ; f 0 g

i 2L

�

Step 3.3: /* Do circuit la y out */

�

f s

aug

ij

g

j 2

^

L

i

; i 2

^

L

; cost

f

�

 � Solv eMo delE

�

0 ;

^

L ; F ; f f

ij

g ; f y

aug

i

g

i 2

^

L

; f u

`

g ; �

�

Step 3.4: /* Up date */

y

no w

i

 � y

aug

i

; i 2

^

L ; s

no w

ij

 � s

aug

ij

; j 2

^

L

i

; i 2

^

L

u

`

 � u

`

+

P

i 2

^

L

P

j 2

^

L

i

�

`

ij

s

aug

ij

; ` 2 F ; cost

no w

 � cost

t

+ cost

f

Step 4: En umerate failure states in E

f

Step 5: F or eac h � 2 E

f

do

Step 5.1: Iden tify acceptable sets L

�

; J

h�

k

; L

�

i

based on failure state

Step 5.2: /* Adjust a v ailabili t y */

y

a v ail

i

 � y

no w

i

�

P

j 2L

i

nL

�

i

s

ij

; i 2 L ; u

a v ail

`

 � u

`

; ` 2 F nf � g ; u

a v ail

�

 � 0

Step 5.3: /* Design for this failure state */

Step 5.3.1: /* Compute VT in this failure state */

f vt

h

k

g
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The data for these net w orks are extracted from an actual

public switc hed v oice net w ork spanning the con tinen tal US.

Examples EN-1, EN-2 and EN-3 (discussed earlier in the

con text of the size of problems) are extracted from this

net w ork b y considering v arious subsets of switc hing no des,

facilit y no des and facilit y links (see T able I). The facilit y

net w ork for EN-2 whic h is also used in our sim ulation study

(discussed later) is sho wn in Fig. 4. (Some more discussion

on EN-2 data can b e found in [14]). W e assume that the

unit trunk cost ( c

i

) to ha v e t w o comp onen ts: termination

cost at switc h of $300 p er p ort and an airline distance cost

of $0.05 p er mile b et w een t w o switc hing no des. F or eac h

of these example net w orks, three di�eren t load p erio ds of

tra�c data are considered to re
ect v ariation of tra�c dur-

ing the da y; they are for morning, early afterno on and late

afterno on. F or the facilit y net w ork, w e assume the unit

transmission path cost ( f

ij

) to b e distance-based with the

cost of $0.25 p er trunk-mile. W e assume that there is no

initial trunking/circuit la y out in the net w ork.

W e ha v e considered t w o scenarios for presen t mo de of

op eration as observ ed in the case of actual net w orks: 1)

the tra�c net w ork is designed for a giv en GOS under nor-

mal op erating condition (nGOS) and the facilit y net w ork

is designed based on minim um cost routing sub ject to link

capacit y constrain ts, and 2) the tra�c net w ork is designed

as in scenario one but the facilit y net w ork is designed based

on minim um cost routing sub ject to link capacit y con-

strain ts and additional constrain ts that demand b et w een

t w o switc hing no des are split on t w o or more ph ysically

div erse transmission paths. F or brevit y , w e refer to these

t w o scenarios as PMO-1 and PMO-2, resp ectiv ely . (W e

lik e to note that although PMO-1 has b een the norm for a

long time, PMO-2 is b ecoming more prev alen t in the recen t

y ears.) W e obtain results for PMO-1 b y setting � to 1.0

and running UT AFNET without steps 4 and 5 of heuristic

HA-A. Similarly , w e ha v e obtained results for PMO-2 b y

setting � to 0.5 and using UT AFNET without steps 4 and

5 of heuristic HA-A. Note that, here, � = 0 : 5 implies that

not more than 50% of the trunk demands b et w een t w o

switc hing no des can b e circuit-routed on a facilit y path

connecting the no des. Additionally , w e ensure that, of the

generated facilit y paths, an y link div erse paths are not al-

lo w ed to ha v e 
o w more than 100 � % of trunk requiremen ts

b et w een t w o switc hing no des; this can b e accomplished b y

appropriately setting �

ij

. In T able V, w e rep ort the trunk

required and the total cost for PMO-1 and PMO-2 for an

nGOS of 1%. Note that trunk required under PMO-1 and

PMO-2 are the same as the tra�c net w ork design rule is the

same; the only di�erence is in the facilit y net w ork la y out

as PMO-1 do es not ha v e an y div erse la y out requiremen t

whereas PMO-2 has. This table giv es us some p ersp ectiv e

on the cost of div ersit y .

No w w e discuss surviv able net w ork design. W e ha v e pri-

marily used t w o heuristic rules ( or d = y and or d = n ) for

en umeration of the failure states due to failure of an f-link

(step 4 of HA-A). These t w o rules giv e us some indication

on the impact on design results if the failures states are con-

sidered in di�eren t orders. In T able VI, w e presen t trunk

requiremen ts and total costs using these t w o rules for the

three example net w orks. These results are obtained start-

ing with � to b e 0.5, and using nGOS to b e 1% and fGOS

to b e 50%. F or ease of reference, w e call this design SDSN-

� . The cost for SDSN- � is on a v erage ab out 16% more

than PMO-2. W e observ e that for the scenarios considered

here the order of f-link do es not app ear to ha v e signi�can t

impact on the design cost of the net w ork, the di�erence

b et w een them is less than 2%. While for EN-1 and EN-2,

using or d = y results in less cost than using or d = n , it is

the other w a y for EN-3. Note that or d = y and or d = n

are heuristic rules only; for some problems, it ma y b e p os-

sible to arrange the failure states in a w a y that ma y result

in noticeably higher cost than these t w o heuristic rules.

F or example, when w e used a third rule (where the failure

states are ordered in ascending order of link 
o w), w e found

that the cost for EN-2 is 6.89% higher than the cost with

rule or d = y . Ho w ev er, the cost for EN-1 and EN-3 with

the third rule w as less than 0.2% higher than the cost with

rule or d = y .

T able v

Tr unking and Cost f or Three Netw orks under PMO-1 and

PMO-2

T runks Cost ($) Cost ($)

(PMO{1/ PMO{1 PMO{2

PMO{2)

EN-1 1,932 1,445,211 1,618,996

EN-2 3,863 3,920,768 4,423,443

EN-3 6,008 5,873,876 6,660,032

T able vi

Tr unking and Cost with Sur viv able Design SDSN{ � with

Tw o Different Order f or F ailure St a tes

SDSN{ �

or d = y or d = n

T runks Cost T runks Cost

EN-1 2,281 1,904,399 2,278 1,911,259

EN-2 4,241 4,910,500 4,295 4,996,516

EN-3 6,934 8,003,182 6,835 7,890,613

In T able VI I, w e ha v e rep orted another set of design

results for the three net w orks. Note that in HA-A as de-

scrib ed, w e ha v e set the requiremen t that at eac h failure

state, una�ected tra�c pairs follo w nGOS (see (1)). This

has b een follo w ed in obtaining results SDSN- � presen ted

in T able VI. F or the sak e of fairness, it ma y b e desirable

that when a failure o ccurs in the net w ork, the non a�ected

tra�c pairs ha v e a GOS higher than nGOS (but lo w er than

failure GOS) since a�ected pairs try to main tain fGOS. T o

re
ect this case, w e ha v e computed design results b y ini-

tially setting nGOS at 5%; for eac h failure state, w e set

fGOS at 50% for a�ected pairs. T o ensure that GOS un-

der normal circumstances is main tained at 1% GOS, w e
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ha v e in v ok ed the op eration done in step 3 of HA-A one

more time after step 5 is o v er using 1% GOS. The results

are rep orted in T able VI I and w e refer to this design as

SDSN- � . Note that the cost of design SDSN- � is on a v er-

age 2.5% lo w er than SDSN- � ; trunk requiremen t is 2.8%

lo w er with SDSN- � than with SDSN- � . Similarly , using

this approac h, other design results can b e obtained b y set-

ting di�eren t acceptable v alues for nGOS.

T able vi i

Tr unking and Cost with Sur viv able Design SDSN{ � with

Tw o Different Order f or F ailure St a tes

SDSN{ �

or d = y or d = n

T runks Cost T runks Cost

EN-1 2,207 1,845,023 2,206 1,853,795

EN-2 4,120 4,794,095 4,192 4,902,267

EN-3 6,748 7,814,886 6,643 7,692,969

In T able VI I I, w e rep ort CPU time tak en for running

PMO-1, PMO-2 and SDSN- � (with or d = y and or d = n )

on a NeXTstation (rep orted p erformance: 15 Dhrystone

MIPS, 2 MFLOPS DP LINP A CK [18]). This time in-

cludes time to do I/O for input of v arious �les and de-

sign output. F or the example net w orks, the surviv able de-

sign tak es ab out �v e times more computational time than

presen t mo des of op eration. This is certainly dep enden t

on n um b er of failure states in the net w ork. In an y case,

the total computational time can b e reduced if, instead of

considering all failure states, only a subset of failure states

(e.g. f-links that are lik ely to fail due to where they are

lo cated) are considered. Note that at eac h failure state,

Mo del-D is solv ed | Mo del-E is then solv ed if there is

trunk augmen tation dictated b y Mo del-D. F or the study

net w orks, w e ha v e observ ed that up to 70% of the failure

states require augmen tation, and when there is augmen ta-

tion required, only ab out 11% of the tra�c pairs require

circuit la y out (requiremen t to solv e Mo del-E). Note that

the bulk of the time is sp en t on solving Mo del-D in steps

3.2 and 5.3.2 of HA-A (sho wn as p ercen tage of total CPU

time in the table).

B. F ailur e A nalysis

T o observ e the impact of a failure on a net w ork with

presen t mo des of op eration and with surviv able design, w e

ha v e used a call-b y-call dynamic routing tra�c sim ulator.

W e �rst brie
y describ e this sim ulator.

1) Dynamic Cal l R outing T r a�c Simulator: This sim-

ulator is written in CSIM, a pro cess-orien ted sim ulation

language based on the C programming language [22], [23].

The dynamic call routing sc heme used in the sim ulation

uses at-most t w o t-links to complete a call. In this sc heme,

the routing table is up dated for eac h switc hing pair at a

regular in terv al based on the free trunk capacit y a v ailable

in the net w ork. T o describ e ho w the routing table is com-

puted, w e in tro duce the follo wing notation:

N := T otal n um b er of switc hing no des in the net w ork

t

ij

:= T otal n um b er of trunks on the tra�c link (trunk-

group) b et w een no de i and no de j

o

ij

:= T otal n um b er of busy trunks on the tra�c link

(trunkgroup) b et w een no de i and no de j at the time

of computing the routing table

r

ij

:= Num b er of reserv ed trunks

1

for the direct tra�c

b et w een no de i and no de j .

The n um b er of free trunks a v ailable, d

k

ij

, via an alternate

switc hing no de k for a call for the pair i { j is then calculated

as:

d

k

ij

:= min f t

ik

� o

ik

� r

ik

; t

k j

� o

k j

� r

k j

g :

F or eac h switc hing no de pair i { j , w e sort f d

k

ij

j k 2

N ; k 6= i; k 6= j g in descending order. The �rst m ( �

N � 2)alternate no des (i.e. the alternate no des with most

free capacit y) are then included in the routing table. An

arriving call b et w een switc hing no des i and j �rst tries on

the direct tra�c link i { j . If there is a free trunk, the call is

connected on that trunk. If there are no free trunks on the

direct t-link, then the call �rst tries through the �rst alter-

nate via no de (sa y , k

0

) as giv en in the routing table; if it

cannot �nd an y free trunks on this alternate route then the

call is crankbac k ed (see [1]) and tried via the next alternate

via no de as giv en in the routing table. If the call cannot

�nd an y free trunks after trying all the m alternate no des,

then the call is blo c k ed. (Some more discussion ab out this

routing can b e found in [14]).

The main inputs to the sim ulator are: the length of the

sim ulation run, when to fail the net w ork, ho w long the fail-

ure will last, ho w often to up date the routing table, ho w

often to collect tra�c statistics, the tra�c data and the

n um b er of trunks required, and the status of the trunks in

case of a failure. The sim ulator do es the follo wing: based

on tra�c o�ered load and mean call holding time, it gener-

ates a call. W e assume call arriv al to b e P oissonian and the

mean call holding time to b e exp onen tial. This call is �rst

tried on the direct trunkgroup and then alternately up to

t w o tra�c link routes based on the call routing sc heme de-

scrib ed earlier | if it do es not succeed the call is blo c k ed; if

it do es succeed, the call is held for an exp onen tial amoun t

of time, in whic h case appropriate trunks are o ccupied. A t

the end of the holding time, the call is released and the as-

so ciated trunk (t w o trunks if a t w o t-link call) is freed up.

In case of a failure, it determines whic h trunks are a�ected,

and whic h activ e calls are a�ected. All activ e calls on af-

fected trunks are \ab orted" as so on as the failure o ccurs.

F or our study , w e ha v e set the mean call holding time to

b e 180 seconds, the tra�c statistics collection in terv al to

b e ev ery 300 seconds and routing up date in terv al to b e ten

seconds, and trunk reserv ation to b e uniformly 5 % of the

trunks for direct tra�c for eac h trunk group. F or a par-

ticular load p erio d, w e start collecting statistics after three

1

T runk Reserv ation is a con trol mec hanism whic h is assigned through

the parameter r

ij

for the trunk group for the switc hing no de pair i { j .

It means direct routed calls ma y alw a ys b e carried on the direct trunk-

group, while alternate routed calls ma y b e carried only if at least r

ij

free

trunks are a v ailable. Its imp ortance has already b een addressed b y other

researc hers (see, for example, [4], [11], [16]).
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hours of sim ulation (to ignore an y initial transien t b eha v-

ior); w e con tin ue sim ulation run for another hour (collect-

ing statistics) at whic h p oin t the failure of an f-link o ccurs

(if w e are doing a failure study); the run is further con-

tin ued for another hour (collecting statistics). F or results

describ ed b elo w, for eac h case w e did ten replications using

di�eren t seeds.

2) Simulation R esults: W e conducted our sim ulation

study using example net w ork EN-2. This net w ork has ten

switc hing no des, eigh teen facilit y no des and t w en t y sev en

f-links (Fig. 4). The tra�c net w ork is fully-in terconnected

under normal circumstances. T otal o�ered loads in the

three load p erio ds are 2684.80 erlangs, 2826.16 erlangs and

3224.08 erlangs; for ease of reference, w e call them as load-

1, load-2, and load-3, resp ectiv ely . F or the study of this

net w ork, w e ha v e set the maxim um n um b er of alternate

routes to 4 ( m = 4) in the sim ulator. First, w e did net-

w ork sim ulation using trunks for PMO-1/2 when there is

no failure in the net w ork. In this case, 95 % con�dence

in terv als for net w ork blo c king for load-1, load-2 and load-3

are 0.046 � 0.014% , 0.641 � 0.098% , and 0.616 � 0.078%,

resp ectiv ely . (All the results rep ort b elo w are also at a 95%

con�dence in terv al).

F or failure study , w e c ho ose t w o f-links in the net w ork:

4{15 and 1{3. In T able IX, w e sho w the n um b er of trunk

groups directly a�ected and the total n um b er of trunks

that fail due to eac h of these t w o failures. These n um-

b ers are sho wn for PMO-1, PMO-2, SDSN- � ( or d = y ),

SDSN- � ( or d = y ). Recall that PMO-1 and PMO-2 ha v e

the same n um b er of trunks and that they ha v e di�eren t

circuit la y outs in the facilit y net w ork. Recall that SDSN- �

is designed to pro vide 50% GOS for a�ected tra�c pairs

and 5% for non a�ected tra�c pairs in case of a failure

whereas SDSN- � is designed to pro vide 50% GOS for af-

fected tra�c pairs and 1% for non a�ected tra�c pairs in

case of a failure. It can b e easily seen that a signi�can t

n um b er of trunks are a�ected due to eac h of these f-link

failures. Note that more trunk groups are a�ected under

PMO-2, SDSN- � and SDSN- � than PMO-1; this do es not

necessarily mean that more trunks are a�ected (see T able

IX, f-link 1{3). Due to di�eren t tra�c loads at di�eren t

time of the da y , all a�ected trunks ma y not ha v e activ e

calls when there is a failure in the net w ork. In T able X, w e

rep ort from sim ulation of eac h load and failure case, the

n um b er of calls ab orted at a 95% con�dence in terv al. Note

that more trunks lost do not necessarily mean that more

activ e calls are ab orted (failure 4{15). W e further note that

although total o�ered load in load-1 is less than in load-2,

the total n um b er of calls ab orted is more in load-1 than in

load-2 in three cases.

In T able XI, w e rep ort o v erall net w ork blo c king after

failure. In tro duction of div ersit y (PMO-2) in the facilit y

net w ork can signi�can tly reduce o v erall blo c king compared

to the case where the facilit y net w ork is designed based on

straigh t minim um cost routing (PMO-1); in the case of f-

link failure 1{3, the net w ork blo c king di�erence is as m uc h

as 20%. This also giv es us some idea on cost/b ene�t trade

o� b et w een PMO-1 and PMO-2; note that PMO-2 costs

ab out 13% more than PMO-1. (More detailed results on

impact of an f-link failure on tra�c net w orks designed only

to nGOS, but with v arious circuit la y out p olicies, can b e

found in [14]).

Both surviv able designs SDSN- � and SDSN- � further

reduce o v erall net w ork blo c king (after failure) compared to

PMO-2. While the cost of SDSN- � is 8% more than PMO-

2, the net w ork blo c king (for the cases w e considered) with

SDSN- � is ab out 3 to 5% lo w er than PMO-2. Di�erence in

blo c king b et w een SDSN- � and SDSN- � is most often less

than 1% while the cost of SDSN- � is ab out 3% lo w er than

SDSN- � .

Finally , w e consider the impact on pairwise blo c king due

to a failure. In T able XI I, w e rep ort n um b er of pairs (along

with its p ercen tage compared to total n um b er of tra�c

pairs) that ha v e blo c king o v er 50% after a failure (w e also

sho w the n um b er of pairs for whic h it is inconclusiv e at

95% con�dence in terv al whether the blo c king is more than

50%). Additionally , w e rep ort the maxim um (pairwise)

blo c king faced b y a tra�c pair. This table sho ws us the

di�erence b et w een net w ork designed without and with a

surviv abilit y ob jectiv e. With PMO-1, w e observ e as high

as 40% of the tra�c pairs ha v e blo c king o v er 50% (f-link

failure 1{3); maxim um pairwise blo c king is as high as 99.22

� 0.13%. It ma y b e noted that under PMO-1, when a

trunk group is a�ected due to an f-link failure, usually all

its trunks are lost. F or a�ected tra�c pairs, p ercen tage of

calls that can b e alternate routed using dynamic routing

v ary dep ending on the lo cation of the failure and the of-

fered load in the net w ork; in some instances, a signi�can t

amoun t of tra�c can b e alternate routed. F or example, w e

observ ed that if f-link failure 4{15 o ccurs in load p erio d-1,

the lo w est blo c king among the directly a�ected tra�c pairs

is 25.0 � 2.2%. Ho w ev er, if the same failure o ccurs in load

p erio d 2 and load p erio d 3, the lo w est blo c king among the

directly a�ected pairs is 70.0 � 1.7% and 88.0 � 1.4%, re-

sp ectiv ely . Ho w ev er, if w e consider the f-link failure 1{3,

w e observ e that the lo w est blo c king among directly a�ected

tra�c pairs for load-1, load-2 and load-3 are 79.2 � 1.7%,

71.1 � 1.7%, 87.9 � 1.5%, resp ectiv ely .

W e rep ort n um b er of tra�c pair that ha v e blo c king o v er

50% for PMO-2 in T able XI I also. Although trunk group

div ersit y has impro v ed the impact (compared to PMO-1),

w e observ e that as high as 13.3% of the tra�c pairs can

ha v e blo c king o v er 50% and that maxim um pairwise blo c k-

ing can b e as high as 64.7 � 1.4%. With surviv able de-

sign SDSN- � (same table), w e observ e that one tra�c pair

has blo c king o v er 50%. With SDSN- � , there are no pairs

with more than 50 % blo c king; ho w ev er, for a few pairs

it is inconclusiv e (if blo c king is o v er 50%) at 95% con�-

dence in terv al. On closer lo ok, w e ha v e found that the

pairs (with more than 50% blo c king or inconclusiv e un-

der SDSN- � and SDSN- � ) ha v e o�ered load less than 30

erlangs eac h whereas the pairs (with more than 50% blo c k-

ing or inconclusiv e under PMO-2) ha v e o�ered load more

than 60 erlangs eac h and as high as 100 erlangs in some

cases. F rom these results, w e can infer that b oth SDSN- �



545 IEEE TRANSA CTIONS ON COMMUNICA TIONS, V OL. 42, NO. 2/3/4, FEBR UAR Y/MAR CH/APRIL 1994

T able vi i i

Tot al CPU Time (in min.) on a N e XTst a tion f or PMO{1, PMO{2, SDSN{ �

(

1

{ Per cent a ge of Tot al Time Spent Sol ving Model-D in Steps 3.2 and 5.3.2 of HA-A)

PMO{1 PMO{2 SDSN{ � ( or d = y ) SDSN{ � ( or d = n )

time time time Mo delD

1

time Mo delD

1

(%) (%)

EN-1 0.04 0.04 0.21 73.9% 0.24 74.2%

EN-2 0.84 0.84 3.69 93.7% 3.77 93.9%

EN-3 8.72 8.85 41.95 98.4% 46.00 98.6%

Switching node

Cross-connect node

3

5

7

9

12

13

14

15

1617

18

2

4

1

8

6

11

10

Fig. 4. 10-switc hing no de, 18-cross connect no de net w ork (EN-2)

T able ix

Number of Tr unk Gr oups (TG) Affected and Tr unks (tk) Lost due to a F ailure

PMO{1 PMO{2 SDSN{ � SDSN{ �

f-link TG tk TG tk TG tk TG tk

4{15 12 977 23 1006 23 1101 23 1073

1{3 18 1313 20 716 21 813 21 809

T able x

Number of Abor ted Calls

f-link Load PMO{1 PMO{2 SDSN{ � SDSN{ �

P erio d

1 703 � 15 578 � 27 569 � 26 563 � 27

4{15 2 752 � 9 813 � 12 795 � 16 798 � 17

3 864 � 11 828 � 20 839 � 30 832 � 21

1 1025 � 23 572 � 21 580 � 27 566 � 19

1{3 2 951 � 16 499 � 13 565 � 21 584 � 10

3 1095 � 19 580 � 14 640 � 20 655 � 18
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T able xi

Netw ork Blocking (in %) After a F ailure

f-link Load PMO{1 PMO{2 SDSN{ � SDSN{ �

P erio d

1 19.72 � 0.16 10.36 � 0.17 5.46 � 0.10 6.27 � 0.12

4{15 2 28.57 � 0.18 25.33 � 0.20 19.93 � 0.26 20.43 � 0.23

3 28.20 � 0.19 24.57 � 0.21 19.43 � 0.25 19.97 � 0.20

1 37.29 � 0.11 14.91 � 0.15 10.81 � 0.16 11.91 � 0.17

1{3 2 35.30 � 0.14 14.48 � 0.25 11.05 � 0.25 11.76 � 0.28

3 36.44 � 0.15 18.05 � 0.20 15.00 � 0.21 15.71 � 0.20

T able xi i

Traffic P airs with Blocking o ver 50% and Maximum P air wise Blocking after a F ailure

(

1

{ P airs f or which it Could not be Concluded if Blocking is o ver 50% a t 95% Confidence Inter v al)

(

2

{ in Per cent a ge of Tot al Traffic P airs)

Load Design T ra�c pairs with blo c king Maxim um

f-link P erio d o v er 50% inconclusiv e

1

P airwise

No. in p.c.

2

No. in p.c.

2

Blo c king (in %)

1 PMO-1 11 24.4 0 0.0 93.3 � 0.5

PMO-2 1 2.2 1 2.2 55.5 � 1.0

SDSN- � 0 0.0 0 0.0 44.7 � 2.3

SDSN- � 0 0.0 0 0.0 45.9 � 1.7

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

2 PMO-1 12 26.7 0 0.0 98.8 � 0.2

PMO-2 6 13.3 2 4.4 59.0 � 1.4

4{15 SDSN- � 0 0.0 0 0.0 47.0 � 0.6

SDSN- � 0 0.0 1 2.2 47.5 � 2.9

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

3 PMO-1 12 26.7 0 0.0 97.0 � 0.3

PMO-2 5 11.1 5 11.1 64.7 � 1.4

SDSN- � 1 2.2 0 0.0 51.4 � 1.4

SDSN- � 0 0.0 3 6.7 51.5 � 1.9

1 PMO-1 18 40.0 0 0.0 99.2 � 0.1

PMO-2 0 0.0 0 0.0 46.9 � 0.9

SDSN- � 0 0.0 0 0.0 45.0 � 0.9

SDSN- � 0 0.0 0 0.0 46.0 � 1.0

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

2 PMO-1 18 40.0 0 0.0 98.7 � 0.2

PMO-2 3 6.7 0 0.0 55.7 � 1.7

1{3 SDSN- � 0 0.0 0 0.0 41.2 � 1.1

SDSN- � 0 0.0 0 0.0 42.3 � 1.2

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :

3 PMO-1 18 40.0 0 0.0 98.8 � 0.2

PMO-2 3 6.7 1 2.2 53.5 � 1.1

SDSN- � 0 0.0 0 0.0 42.5 � 1.2

SDSN- � 0 0.0 0 0.0 44.6 � 1.7
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and SDSN- � essen tially meet the design goal of pro viding

50% GOS for a�ected tra�c pairs in case a failure o ccurs.

V. Discussion

W e ha v e presen ted here mathematical mo dels and heuris-

tic algorithms for designing a surviv able dynamic routing

teletra�c net w ork and describ ed a uni�ed de�nition b y ex-

plicitly addressing the tra�c and the facilit y net w ork. W e

ha v e rep orted cost of surviv able design for realistic net-

w orks compared to presen t mo des of net w ork design. It

should b e k ept in mind that the results obtained are top ol-

ogy dep enden t. Nev ertheless, the trade o� b et w een presen t

mo des of design and surviv able design can b e assessed b y

considering the cost against the p erformance of the net w ork

in the ev en t of a failure.

W e observ ed that, for the test net w orks considered here,

the computational time for surviv able design is ab out �v e

times more than presen t mo des of design (T able VI I I). This

is certainly dep enden t on n um b er of failure states and com-

putational time (trunk augmen tation and/or circuit rout-

ing) required for solving Mo del-D/E at eac h of these failure

states. Our observ ation has b een that bulk of the compu-

tational time is sp en t on solving Mo del-D (see T able VI I I).

T o reduce computational time, a faster metho d to solv e

D (then using MINOS) b y exploiting the structure of the

problem can b e explored.

W e also observ ed that b y pro viding trunk div ersit y alone

in the transmission net w ork, one ma y not necessarily b e

able to obtain a desired lev el of p erformance in the tra�c

net w ork for v arious services. A surviv able design approac h

(considering the tra�c and the facilit y net w ork in a uni-

�ed framew ork) suc h as the one presen ted in this w ork is

desirable if one w an ts to meet a sp eci�c GOS for the tra�c

net w ork in the ev en t of a failure.

The surviv able teletra�c net w ork design problem is a

complex problem. As a matter of fact, the facilit y net w ork

is m uc h more complex than the view w e ha v e tak en here.

W e do not address m ultiplex bundling for the facilit y net-

w ork whic h is itself a complex problem [7], or nonlinearit y

of the cost functions. Nev ertheless, our view sho ws an in-

terrelationship b et w een the tra�c and the facilit y net w ork,

whic h has not b een addressed b efore.
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