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In the ev en t of a ma jor net w ork outage suc h as a �b er cable cut, a net w ork can exp erience

signi�can t deterioration of net w ork p erformance. T o address suc h a situation, a net w ork

can b e equipp ed with restoration capacit y . W e presen t here a mathematical mo del and

design algorithm for determination of transmission net w ork restoration capacit y . W e then

presen t mo dels for t w o restoration options { connection based restoration and load directed

restoration (for restoration of bundle of circuits) { and consider their impact on a wide-area

dynamic call routing teletra�c net w ork when the restoration capacit y is limited (tigh t). Our

net w ork sim ulation of failure and restoration of a dynamic call routing teletra�c net w ork

sho ws that the load directed approac h generally p erforms b etter than the connection based

approac h.

KEY W ORDS: Wide-area net w orks, dynamic call routing teletra�c net w orks, restoration

capacit y design, restoration rerouting, m ulti-commo dit y 
o w mo dels, net w ork restoration

p erformance.

1. INTR ODUCTION

A ma jor net w ork outage suc h as a �b er cable cut can signi�can tly deteriorate the p erformance

of a net w ork [1]. In a recen t pap er [2], w e ha v e noted that to impro v e the p erformance of the

net w ork in suc h an ev en t, v arious net w ork planning and managemen t implemen tation options

suc h as the follo wing can b e sough t: dynamic call routing b et w een switc hing no des, pre-planned

circuit div ersit y through cross-connect no des, pre-planned augmen ted trunk capacit y design to

address failure, real-time restoration in the transmission facilit y net w ork (and asso ciated pre-

planned capacit y required), or a com bination of these options. (W e refer to the tra�c net w ork

as the net w ork where the services suc h as v oice, video and data are o�ered, and the transmission

net w ork is where the circuit required to pro vide the ab o v e services are routed; see section 2 for

more detail). In this pap er, w e address the issue of net w ork restoration for a dynamic call routing

teletra�c net w ork. By net w ork restoration, w e do not mean ph ysical restoration of the actual

failed circuits (on the failed link); rather, w e mean reconnection of failed circuits around the

failure using an y a v ailable (restoration) capacit y . Th us, w e will use the terms restoration and

reconnection in terc hangeably . Sp eci�cal ly , w e address the problem of restoration capacit y design

in the transmission net w ork for failure of a link; secondly , net w ork reconnection algorithms in

the transmission net w ork, and thirdly , the tra�c net w ork p erformance as reconnection in the
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transmission net w ork is done after the failure using the restoration capacit y , esp eciall y when the

reconnection capacit y is limited. W e address these issues in the con text of a wide-area dynamic

call routing net w ork (see, for example, [3], [4], [5], [6]).

Net w ork surviv abilit y and restoration ha v e b een gaining atten tion in recen t y ears. Designing

for surviv abili t y has b een addressed b y sev eral researc hers for v arious net w orks (for example, see,

[7], [8], [9], [10], [11], [12], [13], [14], [15]). Results on net w ork p erformance under a failure for wide

area circuit-switc he d net w orks ha v e b een presen ted in ([2], [12], [16], [17], [18]), and for wide area

pac k et net w orks in [19]. Net w ork restoration has also b een addressed b y sev eral researc hers; e.g.,

Coan et al [20] ha v e presen ted a discussion on net w ork con�guration for trunk net w ork surviv abili t y;

Ka w am ura et al [21] discuss net w ork restoration for A TM net w orks; Dunn et al [22] ha v e compared

k -shorted path to maxim um 
o w routing for net w ork facilit y restoration; Do v erspik e and Wilson

[23] ha v e addressed the issue of capacit y e�ciency in Digital Cross-connect System (DCS) net w ork

restoration. Balakrishnan el al [24] ha v e addressed the issue of timing of virtual circuit restoration

in a wide-area pac k et net w ork. Our presen t w ork is signi�can tly di�eren t from these w orks. W e

brie
y discuss our w ork b elo w b efore w e go in to eac h asp ect in detail in subsequen t sections.

F or reconnection capacit y design, w e presen t a mo del for design for failure of a single transmis-

sion link (at a time). In this mo del, w e in tro duce a parameter, connection restoration factor, whic h

can b e sp eci�ed to design for restoration of a sp eci�ed p ercen tage of failed trunk capacit y . If cost of

full reco v ery is larger than the budget p ermits, then this factor can, for example, b e sp eci�ed at the

appropriate lev el. Our w ork considers the case when full restoration capacit y can not b e pro vided

in the transmission net w ork, e.g., due to budget; w e will refer to this situation as the net w ork b eing

under `tigh t' capacit y . This leads to the second problem w e address: giv en tigh t a v ailabili t y of

restoration capacit y , ho w can the net w ork mak e b est use of the a v ailable capacit y to bring the net-

w ork bac k to (near) normalcy . T o w ards this end, w e presen t t w o net w ork restoration approac hes:

connection based restoration (CBR) and load directed restoration (LDR). These approac hes are for

reconnection rerouting in the transmission net w ork of failed trunks (circuits) using the restoration

capacit y in the transmission net w ork. These t w o approac hes can b e used to generate pre-planned

restoration con�guration for sp eci�c failure scenarios that can b e stored in a database, and can

b e triggered in the ev en t of a failure. It is w ell kno wn that o�ered tra�c v aries dep ending on the

time of the da y [3]. While connection based restoration is generated and is indi�eren t to the load

v ariation during the da y , the load directed restoration is to generate di�eren t restoration rerouting

dep ending on the time of the da y (at ma jor time ep o c hs when load c hanges) taking in to accoun t

v ariation of load during the da y and the dynamic call routing in e�ect for the tra�c net w ork. The

third related issue w e consider here is the in terpla y of the reconnection rerouting of circuits in the

transmission net w ork and dynamic call routing in the tra�c net w ork to w ards in tegrated net w ork

restoration: w e address this problem b y doing net w ork sim ulation of sp eci�c failure scenarios where

w e also consider staggered restoration of restorable trunks. F or our computational w orks, w e ha v e

used a net w ork testb ed extracted from an actual net w ork. Finally , w e discuss relev ance of our

approac h in async hronous transfer mo de (A TM) based broadband net w orks.

It is instructiv e to discuss t w o recen t w ork ([25], [26]) whic h ha v e some similaritie s to our

w ork. Both these pap ers, lik e us, ha v e considered an in tegrated view of the tra�c and transmission

net w ork to w ards the issue of net w ork surviv abili t y and restoration. Ho w ev er, w e di�er from b oth

of them in v arious w a ys. W e discuss eac h one separately b elo w.

Ash et al [25] ha v e presen ted design and analysis of a fully-shared net w ork where dynamism

in the transmission net w ork through cross-connect systems is addressed along with dynamic call

routing in the circuit-switc hed tra�c net w ork. While they address transmission net w ork recon-

�gurabilit y and its implication on net w ork p erformance under v arious net w ork conditions in a

substan tial manner, w e do not consider recon�gurabilit y in the transmission net w ork (under nor-

mal net w ork op erating conditions); on the other hand, w e pro vide the restoration capacit y design
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for the transmission net w ork to supp ort the tra�c net w ork while no discussion is presen ted in this

regard in [25]; further, while w e ha v e attempted to pro vide trade-o� of doing transmission net w ork

restoration (includin g staggering) under tigh t capacit y compared to additional trunking capacit y

in the tra�c net w ork p erformance, this is not addressed in [25]; �nally , an approac h suc h as load

directed restoration that w e presen t here is not addressed in [25], or p erhaps, not ev en explicitl y

required in a fully-shared net w ork en vironmen t.

In the other w ork, Krishnan et al [26] ha v e presen ted a uni�ed net w ork design approac h to

consider net w ork surviv abil it y and restoration b y lo oking at a la y ered view of the net w ork, and

ha v e considered trade-o� of doing restoration either in the tra�c net w ork or in the transmission

net w ork or in b oth (it ma y b e noted that this is done b ey ond what w e ha v e addressed in a previous

w ork to w ards net w ork surviv abili t y [15]). They presen t their analysis for a symmetric net w ork.

The authors indeed ha v e made an imp ortan t con tribution to w ards understanding the trade-o� of

restoration at v arious lev el. Ho w ev er, our fo cus is more on understanding the di�erence b et w een

connection based restoration and load directed restoration giv en a tigh t restoration capacit y , as

w ell as staggering of actual restoration to w ards understanding the implication of timing to w ards

what actually ma y b e appropriate as the circuit la y out/div ersit y in the transmission net w ork.

The rest of the pap er is organized as follo ws. In section 2, w e discuss preliminarie s and

assumptions. In section 3, w e describ e the net w ork restoration capacit y design mo del. In section

4, w e presen t connection based and load directed restoration mo dels. In section 5, w e presen t

computational results for restoration design and the impact of net w ork restoration sc hemes on the

p erformance of dynamic call routing circuit-switc hed net w orks. Finally , in section 6, w e summarize

our w ork and discuss p ossible future w ork includi ng extension to A TM-based broadband net w orks.

2. PRELIMINARIES AND ASSUMPTIONS

W e brie
y describ e the di�erence b et w een the tra�c net w ork and the transmission net w ork

as considered in this pap er. The reader ma y w an t to refer to, for example, [2], [12], [15], [27] for

additional detail whic h ha v e also used this t w o-la y er approac h. The tra�c net w ork refers to the

logical net w ork where di�eren t services [e.g. v oice, data, video] are o�ered, and the transmission

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

pro vided. Based on a giv en tra�c demand (in erlangs) and a sp eci�ed grade-of-service (GoS), the

tra�c net w ork is designed to determine the (logical) trunks required [5] for a sp eci�ed call routing

pro cedure. Usually , the tra�c net w ork is engineered for 1 % blo c king GoS (to b e referred as n-GoS

hereafter) under normal net w ork op erating conditions. Th us, for the tra�c net w ork, w e are usually

giv en a set of tra�c switc hing no des, the tra�c matrix b et w een the switc hing no des [p ossibly for

di�eren t load p erio ds (hours) during the da y]. F or the transmission net w ork, w e assume that w e

are giv en a set of cross-connect no des and a set of transmission links. The trunks required b et w een

switc hing no des are connected using cross-connect no des and transmission links.

It ma y b e noted that the T1 committee rep ort on surviv abili t y [28] presen ts a four-la y er

approac h to w ards net w ork surviv abil it y: service, logical, system and ph ysical. W e, ho w ev er, tak e

here a t w o-la y er approac h for simplici t y and manageabilit y . Comparativ ely , the service la y er in

[28] corresp onds to the tra�c la y er here and the aggregation of the other three la y ers as in [28]

to the transmission la y er here. Due to this aggregation, for our purp ose here, transmission link is

synon ymous with ph ysical link. Due to this aggregation and also since our primary in terest is on

the impact in the tra�c net w ork, w e do not tak e in to consideration the role of automatic protection

switc hing or self-healing ring [13], [28].

F or the trunks required for the tra�c net w ork, a circuit la y out pro cedure [29] is used to

determine the transmission path on whic h v arious trunk demands (and ho w m uc h) should b e

routed b et w een cross-connect no des. This routing is called circuit routing, not to b e confused with
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call routing. F or clarit y , w e will refer to the demand to b e routed b et w een cross-connect no des

as `connections'. Note that a tra�c link commonly kno wn as a trunk group is di�eren t from a

transmission link and it connects t w o switc hing no des as a logical link while a transmission link as

considered here connects t w o cross-connect no des at the transmission lev el. F or clarit y , w e refer to

a tra�c link (trunkgroup) as a t-link and a transmission link as an f-link. A tra�c path (route) for

call routing consists of at most t w o t-links connecting a demand pair (switc hing no de pair) either

directly or via another switc h (this is a standard assumption for dynamic call routing net w orks,

see [5]). A transmission path is the path b et w een t w o cross-connect no des consisting of f-links

connected b y a c hain. T ypically , a switc hing no de is asso ciated with a cross-connect no de in the

same cit y for routing circuits through the transmission net w ork to another switc hing no de. Here,

w e will consider a switc hing no de to b e co-lo cated with an asso ciated cross-connect no de, at the

same time there ma y b e some indep ende n t cross-connect no des; if a no de mark ed n has co-lo cated

switc hing no de and cross-connect no de, then w e refer to the switc hing no de as SW n and the cross-

connect no de as CC n . F or example, consider the switc hing pair SW1{SW6 in Figure 1. The logical

t-link is simply SW1{SW6 connecting the switc hing no des SW1 and SW6, while t w o transmission

paths b et w een SW1 and SW6 are, for example, SW1{CC1{CC8{CC6{SW6 and SW1{CC1{CC11{

CC6{SW6; note that the trunks for the trunkgroup/t-link SW1 { SW6 that is circuit routed on

transmission path CC1{CC8{CC6 go es through the cross-connect no de at 8, but do es not en ter

the switc hing no de at 8. As men tioned b efore, the demand b et w een the cross-connect no des will

b e referred to as connections, to distinguish from trunk demand b et w een the same asso ciated

switc hing no des. Th us, the loss of a trunk in the tra�c net w ork due to an outage corresp onds to

the loss of an asso ciated connection in the transmission net w ork. F or example, the loss of trunks

b et w een SW1 and SW6 in the tra�c net w ork means loss of corresp onding connections b et w een

CW1 and CW6 in the transmission net w ork. Th us, at times, the terms, connections and trunks,

will b e used in terc hangeably . It ma y b e noted that, in this w ork, w e address only link failure in the

transmission net w ork suc h as the failure of f-link CC1{CC8 whic h is usually referred to as link 1{8;

w e do not address an y failure of in terface transmission units b et w een SW n and CC n , e.g., b et w een

SW1 and CC1. Also, t ypically , the demand b et w een cross-connect no des also ha v e priv ate line

demand; this is not considere here. F urther, the demand b et w een cross-connect no des is t ypically

giv en in m ultiples of DS1 rate; ho w ev er, here, w e will assume the connections to b e in m ultiples

of DS0 as is the case with trunks. If the tra�c net w ork is fully in ter-connected, the n um b er of

switc hing-no de (tra�c demand) pairs is the same as the n um b er of t-links (trunk groups). Here,

w e k eep the distinction assuming that the tra�c net w ork ma y not b e fully in terconnected.

W e state b elo w the main assumptions in our w ork follo w ed b y explanation of the assumptions:

(A1) The tra�c net w ork is non-hierarc hic al in the sense that all switc hes are at the same lev el.

A call b et w een the origin and the destination switc h is connected either on the direct

tra�c link (if it exists) or on at most t w o tra�c link alternate routes.

(A2) A t w o-la y ered view consisting of the tra�c and the transmission net w ork is considered

here.

(A3) The transmission net w ork is t w o-arc connected [30, p. 445].

(A4) The circuit la y out for pro visioned trunks remains static during the course of a da y (p os-

sibly for a longer p erio d).

(A5) When restoration is done after a failure, the switc h p orts can not b e re-arranged in real-

time. That is, switc h p orts assigned to a particular switc hing no de pair, can not b e

reassigned to another switc hing pair.

(A6) T ransmission restoration capacit y on f-links is stand-b y capacit y whic h can b e used only

for reconnecting failed trunks.
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(A7) The time to �x the actual ph ysical link failure from the time of failure is less than the

time b et w een successiv e failures. This sa ys only one transmission link can fail at a time.

(A8) When a transmission link fails due a �b er cable cut, it a�ects all the trunks pro visioned

on it as w ell as the restoration stand-b y transmission capacit y on that link.

Assumption (A1) states that the net w ork is a dynamic call routing, non-hierarc hic al net w ork

{ the main premise of our w ork. Discussion on assumption (A2) is already co v ered. Due to

assumption (A3), at least a ph ysical path exists b et w een switc hing no des to reconnect circuits in

case of failure of a transmission link; otherwise some switc hing no des can b e isolated. Assumption

(A4) is t ypical in presen t da y net w orks; ho w ev er, w e note that recen tly dynamism in the tranmission

net w ork has b een considered b y Ash et al [25]. Assumption (A5) is a realistic assumption ab out

not b eing able to rearrange p ort in real-time due to a failure. Assumption (A6) is to ensure that the

restoration transmission capacit y is not pro visioned in for some other services on demand, and is

a v ailable for the sole purp ose of restoration for the tra�c net w ork it services. Regarding assumption

(A7), although m ultiple transmission link failures can conceiv ably o ccur, the probabilit y of suc h an

ev en t is negligible; th us, assumption (A7) is reasonable whic h is used in the mo del for restoration

capacit y design and also in analysis. Assumption (A8) states that b et w een t w o cross-connect

no des w e assume that w e ha v e a ph ysical link that has b oth pro visioned circuits as w ell as standb y

restoration capacit y | this is assumed in our mo deling framew ork for restoration capacit y design

mo del as w ell as reconnection rerouting and net w ork sim ulation since in a ma jor �b er cable cut

this situation can/do es o ccur; th us, no parallel links are assumed here.

3. RESTORA TION CAP A CITY DESIGN

The reconnection capacit y problem is to place the minim um amoun t of spare capacit y needed

in the transmission net w ork to restore a part of lost connections (corresp onding to trunks in the

switc hed net w ork) from a single f-link failure at a time, pro vided that the trunk requiremen ts

b et w een switc hing no des and the corresp onding transmission net w ork top ology and la y out (under

normal net w ork op erating conditions) are giv en. This is used in pre-planned capacit y design. W e

consider here end-to-end restoration; i.e., when an f-link failure o ccurs, the trunks a�ected for

eac h origin-destination switc hing no de pair whic h w as using this f-link ma y b e rerouted around

the failure on di�eren t transmission paths on eac h origin-destination switc hing no de pair basis (as

opp osed to link or \patc h" restoration where all the circuits on the failed f-link are rerouted around

the immediate t w o transmission end p oin ts without regard to whic h o-d switc hing pairs they are

for; see [23] for a study on computational e�ciency of end-to-end restoration o v er patc h restoration

in the transmission net w ork). W e use a factor called Conne ction R estor ation F actor (CRF) whic h

is to sp ecify the p ercen tage of lost connections to b e designed for in the restoration capacit y design

phase.

T o discuss the capacit y design problem, w e �rst presen t an optimization mo del where the

failure of a single f-link, sa y , m , is considered. The input to the reconnection capacit y problem

is assumed to b e a set of switc hed demand pairs whic h are a�ected b y a failure, the demand

(connections) that is lost for the a�ected trunk groups in the cross-connect net w ork, and an y

initial reconnection capacit y that is already a v ailable in the transmission net w ork. W e list the

notation used here.

Notations

L Set of transmission links (f-links) in the net w ork.

K

m

Set of a�ected t-links (groups) due to failure of f-link m

c

`

Unit cost of transmission capacit y on f-link ` 2 L

r

`

Existing reconnection capacit y a v ailable (if an y) on f-link ` 2 L
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f

`

Reconnection capacit y to b e added on f-link ` 2 L (v ariable)

d

k ( m )

Connections a�ected (lost) for cross-connect no de pairs asso ciated with t-link (trunkgroup)

k 2 K

m

for failure of f-link m

J

k ( m )

Set of v alid transmission paths (surviving paths) for t-link k 2 K

m

for failure of f-link m

�

`

k j

f-ink/path indicator: 1 if path j 2 J

k ( m )

for t-link k 2 K

m

uses f-link ` 2 L , 0 otherwise

x

k j

Amoun t of 
o w (circuits routed) on path j for t-link (group) k (v ariable)

� Connection Restoration F actor ( 0 � � � 1)

The mathematical optimization mo del (Mo del (1)) for f-link failure m to determine the recon-

nection capacit y can b e giv en as follo ws:

min

f x

kj

;f

`

g

X

` 2L

c

`

f

`

(1 a )

sub ject to

X

j 2J

k ( m )

x

k j

= �d

k ( m )

; k 2 K

m

(1 b )

X

k 2K

m

X

j 2J

k ( m )

�

`

k j

x

k j

� r

`

+ f

`

; ` 2 L (1 c )

x

k j

� 0 ; j 2 J

k ( m )

; k 2 K

m

(1 d )

f

`

� 0 ; ` 2 L (1 e )

The expression (1 a ) represen ts the minimization of the total cost for reconnection capacit y

augmen tation on f-links in the transmission net w ork. The expression (1 b ) sa ys that all the surviving

transmission paths (v alid paths) together are required to carry the connections lost for eac h a�ected

demand pair at the prescrib ed CRF lev el. The expression (1 c ) refers to the total 
o w (connections)

carried on eac h f-link for v arious demand pairs b eing satis�ed b y an y new reconnection capacit y

and an y reconnection capacit y already a v ailable on this f-link. (1 d ) and (1 e ) are to sp ecify non-

negativit y of the path 
o w v ariables and reconnect capacit y v ariables. Note that this m ulti-

commo dit y 
o w mo del is based on link-path form ulation; this allo ws us to limit the n um b er of

f-links (if and when required) for a transmission path b et w een t w o switc hing no des.

The reconnection capacit y design to consider all f-link failure (one at a time) can b e addressed

b y solving the follo wing heuristic algorithm. The algorithm assumes an initial circuit la y out of

connections in the transmission net w ork for trunk demand generated for normal net w ork op erating

conditions for a sp eci�ed GoS (e.g., see [15]) and assumes no initial restoration capacit y .

Algorithm:ReCap

Step 0 Generate initial circuit la y out of connections corresp onding to trunks for the tra�c net-

w ork under normal net w ork conditions. Set r

`

 0 ; ` 2 L .

Step 1 F or eac h f-link m 2 L do

Step 1.1 Determine all the t-links a�ected, K

m

, due to this failure.

Step 1.2 Determine units of connections a�ected (lost) d

k ( m )

for ev ery a�ected t-links due

to failure of link m

Step 1.3 Determine all the v alid candidate paths due to the failure of link m

Step 1.4 Solv e the reconnection capacit y estimation optimization mo del (1) for failure of

link m to determine f

`

.
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Step 1.5 Up date reconnection capacit y a v ailable, f r

`

g .

enddo

Step 2 Output f r

`

g

Although Mo del (1) pro vides optimal placemen t of capacit y for a sp eci�c single failure, the

heuristic ReCap ma y not pro vide an optimal placemen t due to the order in whic h f-links are

considered in Step 1 for the en tire net w ork. W e discuss the implication of the order in computational

w ork later in section 5.1. W e refer the reader to other, more sophisticated, heuristics for restoration

capacit y design in cross-connect net w orks b y Ch ujo et al [31].

4. RESTORA TION MODELS

No w w e discuss analytical mo dels/algorithms for t w o restoration sc hemes: connection based

restoration (CBR) and load directed restoration (LDR). These are aimed at generating pre-planned

reconnection rerouting (of circuits) and creating a database; in the ev en t of a failure, a database

lo ok up is triggered to lo ok for the sp eci�c failure scenario.

4.1 Connection Based Restoration (CBR) Mo del

As w e ha v e men tioned b efore, the initial net w ork design determines the n um b er of trunks

required for ev ery demand pair based on the load in erlangs for a sp eci�ed grade-of-service and

the transmission paths through whic h these trunks are circuit routed. F urthermore, using the

reconnection capacit y design pro cedure, transmission capacit y for restoration can b e determined

and placed in the net w ork. When a facilit y link failure o ccurs, it a�ects the demand pairs for

whic h the trunks are b eing circuit routed through the failed f-link. The connection based mo del

tries to restore as man y connections as p ossible in the transmission net w ork for ev ery a�ected

t-link (group) based on the a v ailable reconnection capacit y . If reconnection capacit y is designed

using CRF ( � ) to b e one, then this mo del w ould restore the en tire lost connections (hence, trunks)

since there is enough reconnection capacit y built-in to restore all the a�ected trunks; if, ho w ev er,

the reconnection capacit y is designed with � < 1 due to the cost for full restoration b eing more

than budgeted for, then there is a need to mak e the b est use of a v ailable reconnection capacit y for

restoration of failed connections.

The input to this problem is a set of trunkgroups a�ected b y the failure, the connections lost

at the cross-connect lev el due to this failure, and the units of reconnection capacit y a v ailable in

the net w ork. W e assume that the reconnection capacit y is obtained b y solving the reconnection

capacit y mo del (1) for a giv en CRF. The goal of the CBR algorithm is to maximize the restoration

of lost connections b et w een switc hing no des b y reconnection rerouting. The follo wing notations

are used in this mo del:

L Set of facilit y links

K Set of a�ected t-links (trunkgroups) due to the failure of the f-link

r

`

Units of reconnection capacit y a v ailable on link ` 2 L (from mo del-1) except for the failed

f-link for whic h r

`

= 0.

d

a

k

Units of connections a�ected (lost) for t-link (group) k 2 K

d

a;low

k

minim um units of connections a�ected to b e restored for k 2 K

J

k

Set of v alid facilit y paths (surviving paths) for k 2 K

�

`

k j

Link-path indicator: 1 if path j 2 J

k

for k 2 K uses link ` 2 L , 0 otherwise

x

k j

Amoun t of circuit routed (
o w) on transmission path j for trunkgroup k (v ariable)
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The rerouting of circuits in the CBR mo del can b e giv en b y the follo wing m ulti-commo dit y

mo del:

max

f x

kj

g

X

k 2K

X

j 2J

k

x

k j

(2 a )

sub ject to

d

a;low

k

�

X

j 2J

k

x

k j

� d

a

k

; k 2 K (2 b )

X

k 2K

X

j 2J

k

�

`

k j

x

k j

� r

`

; ` 2 L (2 c )

x

k j

� 0 ; j 2 J

k

; k 2 K (2 d )

The expression (2 a ) represen ts the maximization of the total circuits routed on the surviving

paths for all groups. The expression (2 b ) sa ys that all the surviving paths together are required

to carry as m uc h lost connections as p ossible while carrying a minim um of connections at the

same time. Note that the upp er b ound also implies that no switc hing p ort reassignmen t is done

in real-time. The expression (2 c ) refers to the total 
o w carried b y all the demand pairs on eac h

f-link b eing satis�ed b y reconnection capacit y a v ailable on that f-link. (2 d ) sa ys that the path

v ariables are non-negativ e. Setting a lo w er b ound on connections as in (2 b ) is to ensure that a

certain minim um amoun t of restoration for eac h demand pair is attained to ac hiev e fairness. The

feasibilit y of this mo del is guaran teed when the designed � using in Mo del (1) for capacit y design

is used here to pro vide a lo w er b ound, i.e., d

a;low

k

= �d

a

k

(or an y factor smaller than designed �

will also ensure feasibilit y). When the reconnection capacit y is tigh t, without the lo w er limit as in

(2 b ) it ma y b e that all the trunks for a t-link are restored while another has no trunks restored

at all. Ho w ev er, if the fairness issue is not a problem, then the lo w er b ound can b e ignored. The

lo w er b ound ma y not b e practical in a rapidly c hanging net w ork where it is di�cult to pic k d

a;low

k

to ensure feasiblit y of the problem; in that case, it ma y b e wise to ignore it.

4.2 Load Directed Restoration (LDR) Mo del

This mo del is motiv ated b y the o�ered load v ariation that o ccurs in the tra�c net w ork de-

p ending on the time of the da y and taking in to accoun t dynamic call routing in the tra�c net w ork.

Note that the connection based mo del tries to restore as man y connections as p ossible for a�ected

groups without considering the load v ariation. The idea b ehind the load directed mo del is to

mak e b etter use of a v ailable reconnection capacit y dep endin g on the time of the failure. While

the restoration rerouting with CBR is indi�eren t to load v ariation during the da y , the restoration

rerouting can b e di�eren t at di�eren t times during the da y with LDR.

F or the load directed mo del the �rst step is to consider the o�ered load (in erlangs) for eac h

demand pair at the time of failure. F or pre-planned computation, this means considering the load

pro�le if the failure w ere to o ccur at a particular time during the da y . Based on the load, w e

then estimate the n um b er of trunks that need to b e restored on eac h t-link b y using a t w o-phase

pro cess: �rst w e estimate virtual trunks required for ev ery demand pair for a sp eci�ed Grade-of-

Service in restored state (see next paragraph for explanation of virtual trunks), and then solv e a

m ulti-commo dit y 
o w mo del to estimate the trunks required on eac h t-link. The GoS goal can b e

classi�ed in to a desired restoration GoS (r-GoS) for the a�ected demand pairs in the net w ork in the

restored state; for non-a�ected demand pairs, w e still plan to pro vide the normal Grade-of-Service,

n-GoS, designed for normal net w ork op erating conditions in the failure state also. W e �rst estimate

the trunks required considering that the net w ork has dynamic call routing. Then the optimization
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mo del giv en for CBR is used to reroute (as m uc h as p ossible) the computed requiremen ts in the

facilit y net w ork.

F or a giv en o�ered load and GoS lev el, the virtual trunk requiremen t is appro ximated as

discussed in [12] and [15] whic h is found to w ork w ell in practice. W e brie
y discuss it here for

completeness. The load to b e carried in a dynamic call routing en vironmen t can b e carried in t w o

w a ys: on a direct tra�c link or on t w o tra�c links in case of alternate routing. 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 tra�c

links 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 tra�c links, the o v er
o w 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 link

paths is the total virtual trunk required for the o�ered load to b e carried. Let B

p

b e the blo c king

lev el for the tra�c demand pair p . This re
ects the grade of service. Let E ( c; a ) b e the w ell kno wn

Erlang blo c king form ula (e.g., see [5]) for trunk c and o�ered load a de�ned b y:

E ( c; a ) =

a

c

=c !

P

c

k =0

( a

k

=k !)

(3)

W e denote the n um b er of trunks necessary to carry the o�ered load a at a particular blo c king lev el

b b y the in v erse function E

� 1

( a; b ). Let the a v erage o ccupancy of a trunk group b e � . F or tra�c

pair p , let the carried load b e denoted b y a

0

p

= a

p

(1 � B

p

). Then the virtual trunk demand for

tra�c pair p is appro ximated b y the follo wing form ula:

v t ( a

p

; B

p

) = E

� 1

( a

0

p

; b

d

) + a

0

p

b

d

=� (4)

The c hoice of b

d

is observ ed usually from practical net w ork b y observing amoun t of alternate routed

tra�c compared to direct routed tra�c. W e used the parameter v alues as used in [12].

The input to the mo del is a set of switc heddemand pairs and the virtual trunk demand estimate

computed using the ab o v e pro cedure for the tra�c load dep endi ng on the time of the da y the failure

w ere to o ccur, and GoS parameters, n-GoS and r-GoS. W e �rst presen t notations:

K Set of tra�c links (trunk groups) in the net w ork

P Set of tra�c switc hing no de pairs in the net w ork

G

p

Set of candidate (one/t w o t-link) tra�c paths for call routing for no de pair p 2 P

a

p

Load in erlang for pair p 2 P

d

k

Additional trunks desired for group k 2 K (v ariable)

B

p

Acceptable blo c king for pair p whic h is r-GoS for a�ected pairs and n-GoS for una�ected pairs

s

k

Units of trunks surviv ed for group k after the failure

^

d

k

Units of a�ected (or lost) trunks for group k after the failure

y

pi

virtual trunk 
o w on tra�c path i 2 G

p

for pair p (v ariable)




k

pi

t-link/path indicator: 1 if tra�c path i for no de pair p uses t-link k , 0 otherwise

The units of virtual trunks required for carrying the load are estimated as men tioned ab o v e in

(4) for the sp eci�ed GoS and the mo del b elo w tries to �nd the minim um additional trunks required

giv en the surviv ed trunks in the net w ork with at most t w o t-link call routing.

min

f y

pi

;d

k

g

X

k 2K

d

k

(5 a )
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sub ject to

X

i 2G

p

y

pi

= v t ( a

p

; B

p

) ; p 2 P (5 b )

X

p 2P

X

i 2G

p




k

pi

y

pi

� d

k

+ s

k

; k 2 K (5 c )

y

pi

� 0 ; i 2 G

p

; p 2 P (5 d )

0 � d

k

�

^

d

k

; k 2 K (5 e )

The expression (5 a ) represen ts the minim um additional trunks required. Expression (5 b ) refers to

satisfying virtual trunk demand b et w een switc hing no de pairs on v arious tra�c paths for a giv en

tra�c o�ered load (corresp onding to the time of failure) in erlangs for desired blo c king lev el. The

expression (5 c ) refers to the total trunk 
o w carried b y all demand pairs on eac h tra�c link b eing

satis�ed b y trunks that has surviv ed the failure and an y additional restoration trunks desired.

(5 d ) indicates that path v ariables are non-negativ e. (5 e ) sp eci�es that the maxim um that can b e

restored for a group is the total a�ected, th us, not allo wing p ort re-assignmen t; in particular, a

trunk group can not ha v e more trunk p orts than originally assigned for.

Th us, to recap, the load directed mo del, LDR, has t w o steps: in the �rst step, compute (4)

and solv e (5) to determine d

k

; in the second step, set d

a

k

= d

k

in (2) and then solv e (2) to generate

restoration rerouting of trunks. It should b e noted that the CDR mo dels do es not add additional

trunks in the tra�c net w ork (b ey ond originally pro visioned for); it pro vides a directiv e on selectiv e

connections to b e reconnected in the transmission net w ork (triggered b y the o�ered load in the

tra�c net w ork at the time of failure) in an in telligen t manner to mak e b est use of reconnection

capacit y .

5. COMPUT A TIONAL RESUL TS

Before w e presen t our results, w e �rst discuss the net w ork data and the net w ork scenarios.

W e ha v e considered a ten switc hing no de example net w ork for computational w ork. The data for

this net w ork is extracted from an actual public switc hed v oice net w ork spanning the con tinen tal

US. The facilit y net w ork for this net w ork is sho wn in Figure 1 whic h consists of eigh teen cross-

connect no des and t w en t y sev en transmission links. Three di�eren t load p erio ds of tra�c data are

considered to re
ect v ariation of tra�c during the da y; they are for morning, early afterno on and

late afterno on with total load of 2684.80 erlangs, 2826.16 erlangs and 3224.08 erlangs, resp ectiv ely .

F or brevit y , w e refer to them as ld-1, ld-2, and ld-3, resp ectiv ely . Additional discussion ab out the

data can b e found in [2], [15]. Three net w ork scenarios are generated based on the data (see [15]):

PMO-1 the tra�c net w ork is designed for 1 % blo c king GoS (n-GoS) under normal op erating

conditions considering the m ulti-hour tra�c and the facilit y net w ork is designed for circuit

routing based on minim um cost routing sub ject to f-link capacit y constrain ts.

PMO-2 the tra�c net w ork is designed as in scenario PMO-1 but the facilit y net w ork is designed

for circuit routing based on minim um cost routing sub ject to f-link capacit y constrain ts

and additional constrain ts that trunks 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 while none carrying more than 50 %.

SDSN this is a uni�ed tra�c and facilit y net w ork design for surviv abili t y where the tra�c net-

w ork is designed for 1 % blo c king GoS under normal op erating conditions considering

m ulti-hour tra�c and 50 % blo c king GoS in case of a failure for the a�ected tra�c pairs

(see [15] for detail).

Note that while PMO-1 and PMO-2 ha v e the same n um b er of trunks (total: 3,863) b et w een

switc hing no des, their trunk la y outs on the transmission net w ork are di�eren t. Sp eci�call y , PMO-2

pro vides trunk group div ersit y while PMO-1 do es not (sub ject to f-link capacit y constrain ts). On

the other hand, SDSN has PMO-2 la y out as the starting la y out and then additional trunk capacit y

for the switc hed net w ork to pro vide a sp eci�ed lev el of surviv abilit y in the tra�c net w ork itself

(total: 4,241). This additional trunking in the tra�c net w ork is sometimes referred to as the tra�c

restoration capacit y .
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5.1 Reconnection Capacit y

In the reconnection capacit y design pro cedure, ReCap, it is clear that the order of failure of

f-link considered can pro duce di�eren t design outputs. Using distance as the link cost ( c

`

in (1 a )),

w e considered three rules for failure order for the test net w ork in hand based on Step 0 in ReCap

for PMO-1 or PMO-2: 1) failure is done in increasing order suc h that the f-link whose failure

w ould a�ect the minimum capacit y under normal condition is considered �rst and so on, 2) failure

is done in decreasing order suc h that the f-link whose failure w ould a�ect the maximum capacit y

under normal condition is considered �rst and so on, 3) failure is done without an y ordering, i.e.,

links are failed based on alphan umeric name of links. The linear program in mo del (1) is solv ed

using MINOS [32]. In tegral v alues for capacit y are obtained at the end of ReCap b y rounding the

solution.

F or the test net w ork in hand, w e found that the decreasing order is ab out 2% costlier and the

alphan umeric order is ab out 12% costlier than the increasing order. Th us, w e c hose the increasing

ordering in our study to determine the restoration transmission capacit y . The reader should k eep

in mind that the outcome ma y b e di�eren t for di�eren t net w ork top ology and tra�c data. W e

generated reconnection capacit y for t w o v alues of CRF, namely , 0.5 and 0.75 to generate t w o cases

of tigh ter reconnection capacit y a v ailabili t y for net w ork scenarios PMO-1 and PMO-2. Note that

� = 1 pro duces all the reconnection capacit y for an y f-link failure at a time and, th us, is not

of in terest to us for the rest of our w ork. In T able I, w e rep ort the total units of transmission

capacit y required for CRF v alues of 0.5 and 0.75 with resp ect to scenarios PMO-1 and PMO-2. A

clari�cation b et w een units of trunk capacit y and units of transmission capacit y is in order here: a

trunk to b e reconnected b et w een t w o switc hing no des generates w units of transmission capacit y

if the transmission path on whic h it is reconnected has w n um b er of links, requiring one unit from

eac h f-link.

5.2 Net w ork P erformance

T o observ e the implication of connection based and load directed restoration in case of an

f-link failure in the tra�c net w ork, w e dev elop ed a call-b y-call tra�c sim ulator with dynamic call

routing capabilities . W e �rst brie
y discuss the call routing sc heme used. F or eac h switc hing pair,

the t w o tra�c link alternate paths are ordered p erio dical ly in decreasing order based on the free

trunking capacit y a v ailable on them, and then a routing table is created. An arriving call (with

P oisson arriv al) b et w een t w o switc hing no des �rst tries the direct tra�c link. If there is a free

trunk, the call is connected on that trunk. If there are no free trunks on the direct t-link or there is

no direct t-link, then the call �rst tries through the �rst alternate via no de as giv en in the routing

table; if it cannot �nd an y a v ailable trunks (sub ject to trunk reserv ation [33], [34], [35]) on this

alternate route then the call is crankbac k ed ([3]) and tried via the next alternate via no de as giv en

in the routing table. If the call cannot �nd an y a v ailable trunks after trying all the alternate routes

giv en in the routing table, then the call is blo c k ed. Call holding time is assumed to b e exp onen tial

with a mean of three min utes. Lik e dynamic non-hierarc hical routing (DNHR) [3] and trunk status

map routing [36], this routing has the crankbac k feature; while DNHR used an o�-line computed

routing (with some real-time net w ork managemen t add ons in case of o v erload [37]) and the T runk

Status Map Routing (TSMR) uses DNHR with some added routes computed regularly , the routing

w e used in our sim ulation up dates routing table at a regular in terv al (ev ery ten seconds) based on

maxim um free trunks and ordering, somewhat similar to Dynamically Con trolled Routing (DCR)

[38]. Note that the routing w e use attempts v arious alternate routes in the order giv en in the

routing table using crankbac k, if needed, while DCR uses probabilistic v alues to pic k the alternate

route from the routing table; additionally , DCR do es not ha v e crankbac k. More details on this

routing can b e found in [2] and [15].
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F or our study , w e ha v e c hosen t w o di�eren t f-link failures (eac h considered separately in

sim ulation). They are f-links 1{3 and 4{15. The n um b er of trunk groups and the n um b er of

trunks a�ected due to eac h of these failures are sho wn in T able I I. They w ere considered since

eac h of them a�ect a signi�can t n um b er of trunks and trunk groups in the ev en t of a failure. As

discussed earlier in the b eginning part of section 5, for eac h scenario, PMO-1 and PMO-2, �rst the

la y out is obtained (Step 0 of Algorithm ReCap) and then the reconnection capacit y is computed for

CRF v alues of 0.5 and 0.75 using algorithm ReCap. Reconnnection rerouting in the transmission

net w ork is then generated using reconnection capacit y a v ailable (dep ending on the v alue of CRF)

for eac h of the failure scenario 1{3 and 4{15 separately as describ ed in section 4; this is done for

b oth the connection based reconnection and the load directed reconnection (for LDR, a separate

rerouting is generate for eac h load p erio d). The linear programs in (2) and (5) are solv ed using

MINOS [32]. F or LDR, t ypically , w e ha v e set r-GoS to b e 3 % or 1 %. Since w e consider CRF

of 0.5 and 0.75, note that not all the trunks can b e reconnected with reconnection rerouting in

the transmission net w ork. F or, clarit y , the trunks that can b e reconnected will b e referred to as

r estor able trunks , and when all restorable trunks (do es not mean all a�ected trunks are up) are

up, w e call it ful ly-r estor able state .

In the ev en t of an actual failure, it ma y not alw a ys b e p ossible to bring all restorable trunks

up at the same time due to database lo ok up of restoration scenarios. Th us, in our sim ulation, w e

considered another scenario where a part (partial reco v ery) of the restorable trunks are restored at

a time. Sp eci�cal l y , w e consider bringing bac k restorable trunks asso ciated with three trunk groups

at a time (staggered restoration). W e will refer to the time b et w een eac h suc h partial reco v ery to b e

a time slot without assigning a sp eci�c time amoun t to it. (Th us, for f-link failure 4{15 in scenario

PMO-2, it tak es eigh t time slots to bring up all the restorable trunks to the fully-restorable state,

cf. T able I I). If the actual time of this time slot is v ery small, then the order or staggering ma y not

b e an imp ortan t issue | in that case, the reader ma y lo ok at the a v erage blo c king at the time of

failure, and the a v erage blo c king at the fully-restorable state, and ignore the blo c king information

in b et w een; for example, in Figure 3, consider blo c king at time slot 1, the time of failure, and time

slot 13, the time of the fully-restorable state. On the other hand, if the time b et w een successiv e

time slots is noticeable, then the a�ect of giving priorit y in partial reco v ery of restorable trunks is

imp ortan t; in this case, the reader ma y lo ok at the blo c king v alue at eac h time slot from the time

of failure to the time of reco v ery of all restorable trunks. F urthermore, this pro vides a comparison

of CBR and LDR during the partial restoration states.

The sim ulation is started considering the net w ork to b e under normal op erating conditions (no

failure). After the transien t time is o v er, the failure of a facilit y link is indicated so that appropriate

trunks a�ected are disabled and the activ e calls riding on them are disconnected. Then trunks

that are restorable are reconnected for this failure using pre-computed restoration (dep ending on

whether the option for connection based restoration or load directed restoration is giv en) for eac h

f-link failure; this is done for three trunk groups in eac h time slot. In our graphs, w e sho w the

blo c king state righ t after failure for three consecutiv e time slots, and then w e start restoring trunks

(three trunk groups at a time) partially in eac h time slot where the blo c king is sho wn. Regarding

priorit y with CBR (recall that it do es not consider load v ariation during the da y), w e considered

the follo wing: the three trunk groups with most restorable trunks computed using CBR mo del are

restored �rst, and then the next three in terms of most restorable trunks, and so on. F or LDR,

since w e ha v e some idea ab out o�ered load at the time of failure, the in tuition ma y b e to giv e

priorit y to a set of trunk groups asso ciated with switc hing pairs that has the most blo c king, and

then the next set, and so on. Ho w ev er, through our initial in v estigation, w e found that this ma y

not b e a go o d idea. F or example, supp ose a no de pair with o�ered load of 10 erlangs is lik ely to

face 50 % blo c king immediately after failure, th us, b eing unable to carry 5 erlangs; ho w ev er, this

pair is not as imp ortan t as a pair whic h is lik ely to face 20 % blo c king whic h has, ho w ev er, o�ered
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load of 100 erlangs, th us b eing unable to carry 20 erlangs. Th us, for LDR, w e giv e priorit y to

groups asso ciated with the no de pairs that has the most load a�ected (in groups of three), and so

on.

W e ha v e run ten replications of eac h sim ulation case and then computed 90 % con�dence

in terv als. W e found that t ypically the non-a�ected pairs ha v e blo c king in the order of n-GoS.

Th us, in our �gures, w e opted to sho w a v erage blo c king only for all a�e cte d pairs (short v ertical

lines sho w 90 % con�dence in terv als).

F or all three net w ork scenarios, PMO-1, PMO-2 and SDSN under tigh t restoration capacit y ,

w e found that LDR has either lo w er a�ected pair blo c king than CBR or ab out the same as CBR. A

represen tativ e set of �gures are included (Figures 2, 3, 4, 5, 6, 7, 8, 9, 10, 11); additional �gures can

b e found in [39]. Our exp erience is that, t ypically , it is more di�cult to see an y di�erence under

PMO-1 than under PMO-2 and SDSN. This indicates to us that in a sev ere failure without trunk

group div ersit y when sev eral groups usually lose all its direct trunks, LDR ma y not alw a ys b e able

to tak e adv an tage of the load pattern as m uc h as when the net w ork has some trunk group div ersit y

(i.e, when a�ected trunk groups lose some of the trunks). Another area where w e found LDR to do

b etter is that it can pro vide lo w er blo c king while restoring few er trunks than CBR. F or example,

consider PMO-1 with CRF to b e 0.5 for f-link failure 4{15 in tra�c load ld-1; at fully-restorable

state, LDR needs to restore 30 % few er trunks than CBR while ha ving an a�ected-pairs blo c king

of 4.45 � 1.10 % compared to an a�ected-pairs blo c king of 10.94 � 1.24 % for CBR. In another

case (PMO-2, CRF = 0.5, ld-2, f-link failure 1{3), LDR needed ab out 5 % less to restore than CBR

while ha ving an a�ected-pairs blo c king of 4.81 � 0.38 % compared to 10.07 � 0.66 % for CBR.

This implies that LDR is making b etter use of the resources of transmission restoration capacit y

than CBR while pro viding lo w er blo c king; furthermore, if the (near) real-time cost of bringing eac h

trunk up is an issue, then CBR app ears to do it c heap er than LDR.

Another in teresting issue is no w discussed on blo c king of a�ected pairs at the time of failure

and at the fully-restorable state. This discussion is done for LDR. Consider f-link failure 1{3 in

scenario PMO-1 for tra�c load ld-2: since failure of an f-link under PMO-1 generally a�ects all

direct trunks on a�ected groups, the blo c king immediately after failure is ab out 92 : 73 � 0 : 42 % for

a�ected pairs and go es do wn to ab out 34 : 35 � 0 : 64 % after all reco v erable trunks are restored when

CRF is 0.5 (Figure 3), but it can go do wn to as lo w as 9 : 10 � 0 : 76 % when CRF is 0.75 (Figure

2). On the other hand, for the same case under scenario PMO-2, the blo c king righ t after failure is

ab out 34 : 93 � 1 : 15 %, and go es do wn to ab out 4 : 80 � 0 : 38 % for CRF to b e 0.5 (Figure 5), and do wn

to 1 : 59 � 0 : 32 % with CRF to b e 0.75 (Figure 8). F or clarit y , Figure 12 sho ws the comparion of

PMO-1, PMO-2 and SDSN for CRF = 0.75. Th us, if the restoration time is noticeable and actual

ph ysical restoration can tak e long time (hours), it is apparen t that PMO-2 is a b etter scenario that

PMO-1; i.e., it is b etter to ha v e trunk group div ersit y built in the net w ork la y out. F urthermore, in

some instances, ev en tigh ter restoration capacit y (CRF = 0.75) can bring the net w ork bac k nearly

to normal Grade-of-Service if the prop er restoration rerouting (along with call routing) is used.

No w, lo oking at SDSN, w e can see that at the time of failure, the a v erage blo c king for a�ected

pairs at the time of failure is 27 : 61 � 1 : 12 %, and go es do wn to 0 % with CRF = 0.5. Th us, SDSN

do es b etter than PMO-2; but, the reader should note that SDSN has more trunk capacit y to b egin

with. Ho w ev er, some additional trunking as in SDSN ma y sometimes b e justi�able b ecause this

additional trunk capacit y can pro vide b etter call completion rate than PMO-2 (or PMO-1) if there

is o v erload (or fo cused o v erload) in the net w ork (not due to a link failure) and is, th us, a part of

the normal rev en ue pro ducing capacit y; on the other hand, the stand-b y transmission restoration

capacit y can only b e used for restoring failed trunks in the ev en t of a failure. There is ob viously

an imp ortan t trade-o� issue here b et w een restoration capacit y in `di�eren t' net w orks. W e refer the

reader to the w ork b y Krishnan et al [26] for further discussion on this issue.
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No w w e discuss the role of dynamic call routing in restoration. W e found that dynamic call

routing pla ys an imp ortan t role in reducing blo c king. W e ha v e observ ed that b oth at the time

of failure and at the fully-restorable state, t ypically , 8 to 15 % of the calls for the a�ected pairs

are found to b e alternate routed for scenarios PMO-2 and SDSN. Sp eci�call y , for f-link failure 1{3

during ld-2 in scenario PMO-2 with CRF to b e 0.75, when the blo c king go es do wn to 1.59 % at

the fully-restorable state, the amoun t of alternate routing done for completed calls is ab out 12 %.

Note that for PMO-1 at the time of failure, generally all the trunks on a�ected direct trunk groups

b et w een switc hing no des are lost (no div ersit y); th us, all calls that are completed for a�ected pairs

are alternate routed. When restorable trunks are restored, then some groups ma y get some direct

trunks bac k. T ypically , at the time of failure these a�ected pairs can still carry ab out 8 % of the

calls using alternate routing. In one instance, w e found that 23 % of the calls for the a�ected pairs

w ere alternate routed at the time of failure (failure 4{15, load-1); for this case, at the fully restored

state (with CRF 0.5), w e found that a�ected pairs call completion rate w as 89 %, out of whic h 28

% w ere alternate routed. These examples sho w us the in terpla y b et w een restoration rerouting of

failed circuits and dynamic call routing in restoring the net w ork from a failure state.

6. SUMMAR Y AND DISCUSSION

In this pap er, w e presen ted a mathematical mo del/algorithm for reconnection capacit y design

for transmission net w ork. F urther, w e presen ted t w o restoration rerouting mo dels, CBR and LDR,

to create restoration la y out scenarios in case an imp ortan t f-link fails. W e then quan ti�ed net w ork

p erformance through net w ork sim ulation where b oth restoration rerouting of circuits and dynamic

call routing w ere in e�ect.

W e summarize the main observ ations w e ha v e made through our study . The reader should

b ear in mind that this is done for a sp eci�c 10-switc hing no de net w ork example.

> If staggered restoration of restorable trunks is emplo y ed for LDR, then w orst-load-a�ected-

pairs-�rst heuristic app ears to b e b etter than considering �rst the a�ected pairs with w orst

blo c king.

> LDR app ears to do either b etter than or ab out the same as CBR if there is already trunk

div ersit y and the reconnection capacit y a v ailable is tigh t. In terms of space requiremen t for

pre-computed recon�guration tables in the database, LDR requires h times more space than

CBR where h is the n um b er of imp ortan t load p erio ds during the da y for whic h LDR can b e

computed. Based on our exp erience, w e think that instead of computing LDR for eac h load

p erio d, it is b etter to consider net w ork impact under b oth sc hemes for imp ortan t net w ork link

outage scenarios and at critical load c hange p erio ds during the da y . If LDR do es noticeably

b etter than CBR for a giv en load p erio d, then this is a case to b e included in the database; if

there is no signi�can t di�erence, then the default CBR can b e used. The upshot of this h ybrid

approac h is that the space requiremen t is b et w een the requiremen t for CBR and LDR while

at the same time maximizing the b ene�t in terms of net w ork p erformance.

> If restoration sp eed of restorable trunks is noticeable and the actual ph ysical restoration of the

failure tak es considerable time (hours), then it app ears that it is b etter to ha v e trunk group

div ersit y in the net w ork to pro vide b etter restoration when the restoration capacit y is tigh t.

Additionall y , if additional trunking in the tra�c net w ork can b e pro vided (strategically b y

using metho d suc h as the one giv en in [15]), the net w ork ma y b e p erceiv ed to pro vide almost

normal grade-of-service after fully-recon�gu rable state is reac hed; one adv an tage of additional

trunking is that it can pro vide b etter call completion rate than normal net w ork trunking

if there is o v erload (or fo cused o v erload) in the net w ork (not due to a link failure) and is,

th us, a part of normal rev en ue-b earing capacit y; on the other hand, the stand-b y transmission

restoration capacit y can only b e used for restoring failed trunks in the ev en t of a failure. W e
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b eliev e that a com bination of tra�c restoration capacit y and transmission restoration capacit y

based on the sp eci�c ob jectiv e of a net w ork pro vider ma y b e the suitable option.

It ma y b e noted that CRF can b e pro vided to b e di�eren t for di�eren t t-links based on ho w

imp ortan t a particular trunk group is. This requires only sp eci�c parameterization of CRF without

an y need to c hange the en tire mo del. F or example, CRF can b e set to one for some imp ortan t

pairs, and less than one for other pairs, th us, using �

k

with di�eren t v alue for eac h k , instead of

using a single � for the en tire net w ork. Our restoration rerouting metho ds address pre-computed

con�gurations. Sometimes, it ma y b e preferable to compute suc h con�guration in near real-time;

this w ould require solving the linear programs in mo dels (2) and (5) e�cien tly and/or dev eloping

a quic k go o d heuristic; also, in this case, the estimation can b e based on actual load observ ed in

(near) real-time. F uture w orks plan to address these issues.

Finally , w e discuss the w ork presen ted here in the con text of A TM-based broadband net w orks.

If the net w ork arc hitecture is de�ned with A TM switc hes and A TM cross-connect no des with virtual

path (VP) switc hing capabilit y as describ ed in [40], then w e can use the concept of virtual path to

denote a trunkgroup. Most of the results presen ted here will carry through for circuit-mo de tra�c

in uni-service broadband net w orks as long as the net w ork has dynamic call routing capabilities.

Ho w ev er, in the case of A TM-based net w ork, it ma y b e p ossible to relax assumption (A5) on p ort

limitation. In tuitiv ely , this w ould pro vide ev en b etter results with LDR. Finally , the concept of

virtual path with zero bandwidth as prop osed in [21] ma y b e explored for restoration rerouting.

Another issue is the in tro duction of m ulti-services with di�ering bandwidth and qualit y-of-service

requiremen ts, and the abilit y to pro vide priorit y to a service class when the restoration capacit y

is tigh t. Also, b y relaxing (A4), dynamism in virtual path routing can b e considered for net w ork

e�ciency [41]. F urther w ork is required for understanding of these v arious implication s in the

con text of broadband net w orks.
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PMO-1 PMO-2

CRF, � = 0 : 5 6151 4784

CRF, � = 0 : 75 9227 7176

T able I: T ransmission capacit y required for restoration

PMO{1 PMO{2 SDSN

f-link TG tk TG tk TG tk

1{3 18 1313 20 716 20 813

4{15 12 977 23 1006 23 1101

T able I I: Num b er of trunk groups (TG) a�ected and trunks (tk) lost due to a failure
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Figure 10 : A�ected P air blo c king for link 4{15 in load ld-3 for SDSN with CRF = 50 %
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Figure 11 : A�ected P air blo c king for link 4{15 in load ld-2 for SDSN with CRF = 50 %
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Figure 12 : A�ected P air blo c king for link 1{3 in load ld-2 with CRF = 75 % under three scenarios
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