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SUMMAR Y The Virtual P ath (VP) concept is one of the

v ersatile features of A TM/B-ISDN. Using the VP concept, a bun-

dle of virtual circuits can b e group ed together b et w een an y t w o

switc hing no des in the net w ork. F urther, the VP bandwidth and

routing can b e dynamic. Building on this idea, a dynamically re-

con�gurable , dynamic call routing wide area (bac kb one) broad-

band net w ork concept is prop osed. Sp eci�call y , this pro vides

dynamism at t w o lev els: at the VP lev el and at the connection

lev el. F or an incoming connection request, at most t w o logical

virtual path connection s (VPCs) are allo w ed b et w een the origin

and the destination; these logical VPCs are de�ned b y setting

virtual paths links (VPLs) whic h are, in turn, ph ysically mapp ed

to the transmission net w ork. Based on the tra�c pattern during

the da y , the bandwidth of suc h VPCs and their routing, as w ell as

call routing, c hanges so that the maxim um n um b er of connection

requests can b e gran ted while main tainin g acceptable qualit y of

service (QoS) for v arious services. Within this framew ork, w e

presen t a mathemat ical mo del for net w ork design (dimension ing )

taking in to accoun t the v ariation of tra�c during the da y in a

heterogeneo us m ulti-service en vironmen t. W e presen t computa-

tional results for v arious cost parameter v alues to sho w the e�ec-

tiv eness of suc h net w orks compared to static-VP based net w orks

in terms of net w ork cost.

key wor ds: Br o adb and Networks, Dynamic R outing, Network

Design Mo dels, Optimization A lgorithms, Virtual Path c onc ept

1. In tro duction

Async hronous T ransfer Mo de (A TM) is emerging as the

platform for high-sp eed net w orks where broadband ser-

vices with v arying bandwidth and tra�c requiremen ts

will b e pro vided [7], [10]. In an A TM/B-ISDN Net w ork,

tra�c can b e considered at the Virtual P ath (VP) lev el,

the call lev el, the burst lev el and the cell lev el [12]. Dis-

cussion on con trol issues at di�eren t lev els can b e found,

for example, in [17]. A connection-orien ted transp ort

mec hanism is to b e used for A TM net w orks. This means

a virtual connection is required to b e set up b et w een

the origin and the destination for a connection request.

The call then uses this connection. There are t w o op-

erational steps: in call setup, net w ork resources are

c hec k ed b efore the connection is allo w ed; once the call
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is accepted, in the second step net w ork tra�c manage-

men t monitors the tra�c status and p erforms a p olicing

function to ensure that resources are prop erly used and,

accordingly , con trols can b e applied at burst/cell lev-

els to satisfy qualit y of service (QoS). Although there

has b een a considerable amoun t of literature dev oted

to congestion con trol at the burst/cell lev el for high

sp eed net w orks in recen t y ears, there ha v e b een v ery few

w orks in the area of net w ork routing for b etter manage-

men t/utilization of wide area broadband net w orks. It

is our opinion that the use of e�ectiv e routing sc hemes

can alleviate congestion problems and reduce o v erbur-

dening congestion con trol sc hemes at cell/burst lev el.

In this pap er, w e prop ose routing at t w o lev els:

at the VP lev el and at the call lev el. Using the VP

concept, a bundle of virtual circuits can b e group ed

together b et w een an y t w o switc hing no des in the net-

w ork. F urther, the VP bandwidth and routing can b e

dynamic. Building on this idea, w e are prop osing a dy-

namically recon�gurable, dynamic call routing concept

for wide area (bac kb one) broadband net w orks. Giv en

this con text, w e presen t an optimization mo del for net-

w ork design, and discuss p ossible roles of dynamic VP

bandwidth/routing as w ell as call routing in case of

o v erload in the net w ork.

W e �rst start b y illustrating the di�erences b e-

t w een a VP-based tra�c net w ork and a transmission

net w ork for broadband net w orks. The tra�c net w ork is

connected b y A TM switc hing no des where v arious traf-

�c suc h as v oice, data and video services are pro vided;

the transmission net w ork is connected b y A TM cross-

connect systems (no des) [11], [18], [24], [27]. F ollo wing

the sp eci�cation b y A TM forum [1], w e use the follo wing

terminology: A TM cross connects pro vide virtual path

switc hing function while A TM switc hing no des act as

virtual path terminators. The connection b et w een t w o

A TM switc hing no des can b e pro vided using virtual

path connections (VPC). Since it is p ossible to ha v e

m ultiple VPCs for the same pair of switc hing no des [1,

p. 94], w e use the term l-group to indicate this logical

grouping of these VPCs b et w een t w o switc hing no des

since the A TM forum sp eci�cation do es not de�ne this

en tit y . Tw o A TM cross-connect no des can ha v e a Vir-

tual P ath Link (VPL) de�ned b et w een them. Again, it

is p ossible to de�ne m ultiple VPLs b et w een t w o cross-

connect no des whic h is pro vided on a ph ysical link (p-
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link). Note that l-group is the same as VPC if there

is only one VPC de�ned b et w een a pair of switc hing

no des; similarly , p-link is the same as VPL if there is

only one VPL de�ned b et w een a pair of cross-connect

no des.

No w consider Fig. 1. The 6-no de switc hed tra�c

net w ork (Fig. 1b) has the underlying ph ysical net w ork

as sho wn in Fig. 1a. W e will assume for this discussion

that only a single VPC is de�ned for an l-group and one

VPL is de�ned for a p-link. In the tra�c net w ork, the

logical connectivit y is sho wn b y VPCs connecting the

switc hing no des (denoted b y circles); in the transmis-

sion net w ork, the actual ph ysical connectivit y is sho wn

b et w een cross-connect no des (denoted b y squares) con-

nected b y VPLs. W e assume here that eac h A TM

switc hing no de is co-lo cated with a cross-connect no de

(although this is not necessary). Assume further that

the tra�c net w ork has dynamic call routing capabilit y

[14] and uses at most t w o VPCs to connect a call. In

this set of �gures, assume also that the VPC b et w een

switc hing no des 2 and 4 are ph ysically connected on the

transmission net w ork through the cross-connect no des

2-3-4; similarly , the VPC b et w een switc hing no des 1

and 4 uses the transmission path through the cross-

connect no des 1-2-3-4.

Consider no w a call b et w een switc hing no des 1 and

4. This call ma y try to use free VPC capacit y , if a v ail-

able, on the direct l-group 1-4 (whic h ph ysically tak es

the path through the cross-connects 1-2-3-4); if the call

can not �nd an y free VPC capacit y on the direct l-

group, it ma y try to switc h via, sa y , the switc hing no de

2; in this case, a v ailable VPC capacities on the t w o l-

groups 1-2 and 2-4 will b e sough t. If w e assume that

the call can b e connected b y switc hing via 2, then an

appropriate VPC capacit y b et w een switc hing no des 1

and 2 (whic h is ph ysically cross-connected on 1-2), and

b et w een switc hing no des 2 and 4 (whic h is ph ysically

cross-connected on 2-3-4) will b e used for this call; this

call uses di�eren t VPCs from the one whic h is for the

direct l-group 1-4 that is ph ysically cross-connected on

1-2-3-4 (without en tering switc hes at 2 and 3); although

b oth tra�c paths tak e the same ph ysical links.

No w consider the issue of tra�c demand in the

net w ork. It is w ell-kno wn that the tra�c demand (call-

attempt rate) k eeps v arying dep ending on the time of

the da y (other v ariations due to un usual factors are

also p ossible). No w supp ose that based on the tra�c

demand at a certain time during the da y , VPCs are

set up in the net w ork b et w een switc hing no des and to

meet grade-of-service/qualit y of service, calls are direct

or alternate routed appropriately . No w, if the tra�c

demand c hanges signi�can tly an hour later, then the

VPCs as set up ma y not pro vide the grade-of-service for

the new tra�c demand th us requiring recon�guration

of VPCs (and bandwidth) { ob viously , this recon�gura-

tion will b e p ossible only if there is su�cien t capacit y

in the transmission net w ork as w ell as p ort capacit y

at the switc hes and cross-connect no des. W e use this

premise to consider net w ork dimensioning b oth at the

VPC net w ork and transmission lev el net w ork in an in-

tegrated framew ork b y considering m ultiple tra�c hour

demand (due to load v ariation during the da y) and dy-

namic net w ork recon�gurabilit y .

There has b een a considerable amoun t of w ork

done on dimensioning for v arious t yp es of dynamic call

routing for single-service (v oice) circuit-switc hed net-

w orks and their adv an tages ha v e b een quan ti�ed [3],

[5], [9], [14], [20], [25], [32]; and some w ork on considering

(single-service) switc hed and cross-connect net w orks to-

gether has also b een addressed [4], [15], [22], [29], pri-

marily for single-service net w orks to address net w ork

surviv abilit y .

Broadband net w orks based on A TM, ho w ev er, pro-

vide 
exibilit y through bandwidth unit gran ularit y and

virtual paths. Dep ending on the t yp e of service, the

p eak rate for the service need not b e allo cated at the

time of connection for all service t yp e. F urther, it is

p ossible to ha v e dynamic virtual path routing with the


exibilit y of v ariable bandwidth. Th us, the capacit y for

virtual circuit connections required b et w een t w o switc h-

ing no des is not required to b e pro vided on a static

bandwidth with �xed path basis; further, the gran ular-

it y at VP-lev el can b e �ne-grained leading to assuming

the VP-lev el capacit y to b e of con tin uous unit rather

than in discrete mo dular units as required for circuit-

switc hed net w orks. Ho w ev er, mo dularit y is still needed

in the transmission net w orks and also for switc hing

p orts.; the concept of VPC can b e used to de�ne a lo gi-

c al l-group b et w een origin and destination A TM switc h-

ing no des, where the bandwidth for the VPC and ho w

the VP is routed can b e dynamic, th us pro viding dy-

namic recon�gurabilit y of net w orks. F urther, the use of

VPC in B-ISDN simpli�es call pro cessing and reduces

connection establishmen t time as there is no need to do

additional pro cessing at the in termediate no des at the

time of the request for connection [1], [6]. F or exam-

ple, in Figs. 1, ha ving a VPC b et w een switc hing no des

1 and 4 reduces the connection establishmen t time as

compared to no de pro cessing at in termediate switc hing

no des 2 and 3. In [24], Logothetis and Shio da ha v e pre-

sen ted cen tralized VP bandwidth allo cation sc heme for

a similar arc hitecture. F or other b ene�ts the VP con-

cept, see, for example, [2], [6], [17], [21], [31], [34], [35].

Recen tly [27], w e ha v e considered a direct (sin-

gle) virtual path connectivit y idea using VPC b et w een

switc hing no des with dynamic bandwidth con trol and

c hanging VPC routing at di�eren t times of the da y

(with �xed call routing) and ha v e presen ted suc h a net-

w ork from a net w ork planning and managemen t p er-

sp ectiv e; furthermore, w e ha v e sho wn [26] for some

example net w orks (extracted from an actual net w ork)

that dynamic VPC based net w orks design can sa v e

10% to 14% compared to static VPC routed net w orks

while pro viding the same qualit y-of-service. Dimension-
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Fig. 1 (a) Example of a 6-no de A TM transmission net w ork, (b) Example of the asso ci-

ated 6-no de A TM tra�c net w ork( 
 { switc hing no de, 2 { cross-connec t no de)

ing ha v e b een addressed to some exten t for A TM/high

sp eed net w orks [13], [23]; dynamic call routing in the

presence of static virtual path has also b een presen ted

[16], [19], [28], [30]; ho w ev er, these and the references

listed earlier do not address the t w o lev el routing dy-

namism for dynamically recon�gurable broadband net-

w orks that w e are considering here nor do they address

net w ork dimensioning for suc h net w orks when m ultiple

tra�c classes are o�ered.

2. Dimension in g

2.1 F ramew ork

The basic framew ork of a dynamically recon�gurable,

dynamic call routing (DRDCR) net w ork is the follo w-

ing:

There is (p ossibly) an l-group b et w een eac h ori-

gin and destination A TM switc hing no des in the

wide-area tra�c net w ork b y de�ning a VPC, p os-

sibly m ultiple VPCs for di�eren t tra�c t yp es; the

VPC ma y b e set up on the transmission net w ork

using A TM cross-connect no des using VPLs on

p-links. A call request b et w een an origin and des-

tination for a tra�c class ma y try to see if there

is an y free capacit y left on the direct VPC b e-

t w een them to pro vide adequate QoS for this traf-

�c class; if not, then dynamically seek up to max-

im um t w o VPC segmen ts (for this tra�c class)

b y switc hing via another A TM switc h to connect

the call sub ject to a v ailabili t y of capacit y on these

t w o VPCs to pro vide adequate QoS for this con-

nection. T o main tain pairwise and tra�c t yp e

qualit y-of-service, VPC bandwidth and routing

are c hanged from time to time during the da y

resulting in recon�guration of the tra�c net w ork.

W e are prop osing the ab o v e scenario based on the

b ene�t of dynamic call routing (with �xed circuit rout-

ing in the transmission net w ork) p oin ted out b y v arious

researc hers and our o wn w ork on dynamically recon�g-

urable net w orks (with �xed call routing) [26], [27]. The

prop osed framew ork is the next logical step where w e

lo ok at the marriage of these t w o ideas to pro vide an

e�cien t net w ork. It should b e understo o d that VPC

bandwidth/routing up dates are slo w er than call rout-

ing. By limiting a maxim um of t w o VPC segmen ts for

eac h connection, there is still a need to do pro cessing

during connection establishmen t in at most one in ter-

mediate switc hing no de; this w ould not increase the

connection establishmen t time considerably (compared

to the direct VPC); y et this pro vides b etter connec-

tion request completion rate than all calls b eing routed

on single VPC under normal and o v erloaded net w ork

op erating conditions. The trunk reserv ation [36] con-

cept for tra�c net w orks can also b e extended to the

VPC capacit y reserv ation concept on the transmission

net w ork for net w ork stabilit y; additionally , service pro-

tection through admission con trol ma y also b e needed

[30]. F or simplicit y of managemen t of the net w ork, our

view is to allo w statistical m ultiplexing of virtual cir-

cuits within a VPC for a tra�c class; ho w ev er, v ari-

ous VPCs ma y b e deterministically (non-statistically)

m ultiplexed within an l-group (and hence on transmis-

sion links); this view is tak en b y us in [26], [27] where

w e de�ne the notion of similar tra�c qualit y-of-service

(STQoS) class where tra�c with similar c haracteristics

and QoS requiremen ts are de�ned as one service class or

t yp e. Statistical m ultiplexing of VPCs are not consid-

ered here to reduce the complexit y of net w ork con trol

since deterministic m ultiplexing of VPCs allo ws us to

con trol eac h STQoS class indep enden tly for the con-

nections for that class without needing to w orry ho w

cells from other STQoS classes migh t in terfere with

this class. While dynamic call/connection routing w as

not considered in [26], [27], this is no w addressed in the

presen t pap er. Let us visit Fig. 1a again. A VPC ma y

b e de�ned with a certain amoun t of capacit y b et w een

switc hing no des 1 and 4 whic h uses the VPLs on 1-2,

2-3, 3-4 at a certain time of the da y , while the same

VPC at another time of the da y ma y ha v e di�eren t ca-

pacit y and/or ma y tak e a di�eren t path b y using, sa y ,

VPLs on 1-6, 6-5, 5-4. This is of course dictated b y

the c hange in load pattern and successful completion of

connection request b et w een an origin and destination

A TM switc hes, and a v ailabilit y of transmission net w ork

capacit y .
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2.2 A Mathematical Mo del

Before w e presen t the mo del, w e �rst describ e the no-

tations:

K Set of tra�c no de pairs

L Set of l-groups among the switc hes

H Set of tra�c load p erio ds during a da y

M Set of p-links in the ph ysical net w ork

S Set of services t yp es

�

P

sh

k

Set of (candidate) at most t w o VPC-segmen t traf-

�c paths for service t yp e s 2 S for pair k 2 K in

hour h 2 H

^

P

sh

`

Set of candidate VPL paths for logical VPC for

service t yp e s in hour h de�ned on l-group `

x

sh

k j

Flo w v ariable in tra�c net w ork { amoun t of 
o w

on tra�c path j 2

�

P

sh

k

for service t yp e s for no de

pair k in hour h (v ariable)

u

sh

k j

Upp er b ound on 
o w corresp onding to x

sh

k j

y

sh

`

Bandwidth needed on the VPC for service t yp e s

in hour h on l-group ` 2 L (v ariable)

z

sh

`i

Flo w on ph ysical path i 2

^

P

h

`

for service t yp e s in

hour h for l-group ` 2 L (v ariable)

v

sh

`i

Upp er b ound on 
o w corresp onding to z

sh

`i

w

m

Maxim um n um b er of high capacit y units required

on p-link m 2 M (v ariable)

t

`

Ov erall capacit y need on l-group ` for all VPCs on

this group for an y load hour (v ariable)

� Capacit y of a high capacit y unit on l-groups

� Capacit y of a high capacit y unit on p-links

e

`

Cost of a high capacit y unit on l-group ` 2 L

c

m

Cost of a high capacit y unit on p-link m 2 M

�

sh`

k j

En tries for arc-path incidence matrix for the traf-

�c net w ork | 1 if tra�c path j for service t yp e

s for no de pair k uses l-group ` in hour h , 0

otherwise




shm

`i

En tries for arc-path incidence matrix for the

transmission net w ork{ 1 if the transmission path

i for the VPC for service t yp e s in hour h on

l-group ` uses the p-link m

A

sh

k

T ra�c amoun t for service t yp e s in h for pair k

d ( A

sh

k

; T

s

; QoS

s

) Bandwidth

required for tra�c amoun t A

sh

k

for service t yp e

s with tra�c descriptor T

s

and qualit y of service

requiremen t requiremen ts QoS

s

(in h for pair k ;

more describ ed later)

W e no w presen t a mathematical mo del for net w ork

dimensioning (sizing) of DRDCR broadband net w orks:

min

f x;y ;z ;w ;t g

X

` 2L

e

`

t

`

+

X

m 2M

c

m

w

m

(1 a )

sub ject to

X

j 2

�

P

sh

k

x

sh

k j

= d ( A

sh

k

; T

s

; QoS

s

) ; s 2 S ; k 2 K ; h 2 H

(1 b )

X

k 2K

X

j 2

�

P

sh

k

�

s`h

k j

x

sh

k j

<

=

y

sh

`

; ` 2 L ; s 2 S ; h 2 H (1 c )

X

s 2S

y

sh

`

<

=

�t

`

; ` 2 L (1 d )

X

i 2

^

P

hs

`

z

sh

`i

= y

sh

`

; ` 2 L ; s 2 S ; h 2 H (1 e )

X

` 2L

X

s 2S

X

i 2

^

P

hs

`




shm

`i

z

sh

`i

<

=

� w

m

; h 2 H ; s 2 S ; m 2 M

(1 f )

0

<

=

x

sh

k j

<

=

u

sh

k j

; j 2

�

P

sh

k

; s 2 S ; k 2 K ; h 2 H (1 g )

y

sh

`

>

=

0 ; ` 2 L ; h 2 H ; s 2 S (1 h )

0

<

=

z

sh

`i

<

=

v

sh

`i

; i 2

^

P

sh

`

; ` 2 L ; s 2 S ; h 2 H (1 i )

t

`

>

=

0 and in teger ; ` 2 L (1 j )

w

m

>

=

0 and in teger ; m 2 M (1 k )

In this mo del, (1 b ) refers to determination of 
o w

on one or t w o segmen t VPCs to satisfy tra�c require-

men t for a particular service t yp e for a giv en qualit y-of-

service; (1 c ) is to determine the capacit y of the VPC at

v arious time of the da y needed for eac h service t yp e

while (1 d ) is to determine ho w m uc h � -mo dularized

VPC capacit y needed needed on an l-group to meet

tra�c demand at an y time of the da y for all service

t yp es { mo dularization is used here since VPCs ma y

b e bundled so as to determine mo dular p ort require-

men ts at switc hing no des (see results section). In, (1 e )

w e sho w ho w the VPC bandwidth for eac h service t yp e

and load hour for eac h l-group (as obtained from (1 c ))

should b e ph ysically routed among v arious dynamically

recon�gurable paths at di�eren t time of the da y . (1 f )

then sho ws the actual capacit y required on high capac-

it y transmission links [sub ject to � -mo dularization] to

co v er for v arying bandwidth VPs for all service t yp es.

The rest of the constrain ts (1 g -1 k ) are b ound con-

strain ts on v ariables and also to indicate whic h v ari-

ables tak e in teger v alues. The cost for the net w ork as

sho wn in (1 a ) is the cost due to capacities on l-groups
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as w ell as capacities on ph ysical links (including an y

cost for termination p orts, see results section).

The function, d ( A; T ; QoS ), to determine the band-

width required for di�eren t services t yp es and QoS can

tak e di�eren t forms dep ending on the service class. W e

brie
y discuss it here; if a homogenous tra�c t yp e (with

P oisson call arriv al) requires a real-time circuit-mo de

[constan t bit rate (CBR)] connection (e.g, class-A traf-

�c in B-ISDN), then w e can use A = a; T = R; QoS =

GoS = 1% call blo c king ; where a is the o�ered load in

erlangs and R is the p eak rate bandwidth required for

eac h connection, GoS stands for the grade-of-service. In

this case, the bandwidth requiremen t can b e computed

using an appro ximation as used in [25], [33] for single-

service net w orks. Similarly , an appro ximation giv en for

m ultiple tra�c t yp es under loss mo de with di�ering

bandwidth requiremen t p er call as giv en in [28] ma y b e

used to de�ne a service class in our presen t framew ork,

or these tra�c t yp es ma y b e classi�ed in to di�eren t

service classes dep ending on net w ork pro viders' op er-

ational need and complexit y . In [26], w e also discuss

ho w v ariable bit rate (VBR) tra�c [a class-B tra�c in

B-ISDN] ma y b e de�ned as another tra�c class { only

thing this requires is a sp eci�c form ula for d ( :; :; : ) with-

out needing to en tirely c hange mo del (1). Ob viously ,

form ula for d ( :; :; : ) for all emerging service classes are

not kno wn at this time { as w e understand more ab out

an y emerging tra�c t yp es w e w ould b e able to de�ne

new service classes and dev elop new form ulae.

3. Computational Approac h

Note that mo del (1) is a large-scale mixed in teger linear

optimization problem with the t w o sets of capacit y v ari-

ables taking in teger v alues while the 
o w v ariables tak e

real v alues. W e ha v e dev elop ed a sequen tial appro xima-

tion of mo del (1) b y lo oking at the problem structure

to e�ectiv ely handle suc h a large scale problem. In this

approac h, w e tak e adv an tage of the dual-lev el of tra�c

and transmission net w orks, and our pro cedure w orks

b y determining the capacit y needed �rst for the traf-

�c net w ork. Th us, w e �rst solv e sub-mo del (2) for the

v ariables x; y ; t :

min

f x;y ;t g

X

` 2L

e

`

t

`

(2 a )

sub ject to

X

j 2

�

P

sh

k

x

sh

k j

= d ( A

sh

k

; T

s

; QoS

s

) ; s 2 S ; k 2 K ; h 2 H

(2 b )

X

k 2K

X

j 2

�

P

sh

k

�

s`h

k j

x

sh

k j

<

=

y

sh

`

; ` 2 L ; s 2 S ; h 2 H (2 c )

X

s 2S

y

hs

`

<

=

�t

`

; ` 2 L (2 d )

0

<

=

x

sh

k j

<

=

u

sh

k j

; j 2

�

P

sh

k

; s 2 S ; k 2 K ; h 2 H (2 e )

y

sh

`

>

=

0 ; ` 2 L ; h 2 H (2 f )

t

`

>

=

0 and in teger ; ` 2 L (2 g )

Note that w e k eep the v ariables y

sh

`

in sub-mo del

(2) whic h giv es us the VPC requiremen ts for di�eren t

service classes and load hour on an l-group. Since this

amoun t dynamically v aries dep ending on the load, w e

w ould accordingly lik e to set up paths in the transmis-

sion net w ork for eac h service classes. Th us, the solu-

tion �y

sh

`

from sub-mo del (2) b ecomes the input as the

demand for the transmission net w ork in the sub-mo del

(3) giv en b elo w to determine transmission capacit y:

min

f z ;w g

X

m 2M

c

m

w

m

(3 a )

sub ject to

X

i 2

^

P

h

`

z

sh

`i

= � y

sh

`

; ` 2 L ; s 2 S ; h 2 H (3 b )

X

` 2L

X
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X
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^

P
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sh
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0

<

=

z
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`i

<

=

v

sh

`i

; i 2

^

P

sh

`

; ` 2 L ; s 2 S ; h 2 H (3 d )

w

m

>

=

0 and in teger ; m 2 M (3 e )

Note that b oth sub-mo dels (2) and (3) are also

mixed in teger programmi ng mo dels; ho w ev er, they are

of m uc h smaller scale compared to mo del (1). F urther,

this decomp osition allo ws us to compare our DRDCR

framew ork to a dynamic call routing net w ork with only

static virtual path notion whic h is discussed in the next

section.

4. Computational Results

F or computational w ork, w e consider three net w ork

cases; the top ological view of these net w orks are giv en

in Figs. 2, 3 and 4. Since, w e w ould lik e to demon-

strate the e�ectiv eness of DRDCR framew ork, w e con-

sider three service classes for simplicit y where the �rst

t w o service classes are CBR v oice tra�c and CBR

video tra�c, the third tra�c class is VBR v oice traf-

�c; these are lab eled service class one, t w o and three,

resp ectiv ely . W e use the v alues R

1

= 64Kbps and

R

2

= 384Kbps for the service classes one and t w o.

F or the third class, i.e., for VBR v oice tra�c, tra�c

is assumed to b e based on on-o� sources and 
uid-


o w appro ximation is used for obtaining the demand

requiremen t (see service t yp e one in [26]). Connection-

lev el blo c king GoS for all three classes are set to 1%

blo c king. W e ha v e considered three tra�c load hours

to consider v ariations of tra�c during a da y . The mo d-

ular v alues for � and � are eac h set to DS1 ( � 1.544

Mbps) rate. F or cost co e�cien ts, e

`

and c

m

, w e use
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four parameters (t w o eac h) to re
ect termination cost

as w ell as distance cost:

e

`

= 2 � + � D

`

c

m

= 2 � + �D

m

where

� p ort termination cost (for an � -mo dule) in switc hes

� p er unit logical distance cost in the tra�c net w ork

� p ort termination cost (for a � -mo dule) in cross-

connect no des

� p er unit ph ysical distance cost in the transmission

net w ork

D

`

logical distance b et w een switc hes for l-group `

D

m

ph ysical distance b et w een cross-connect no des for

for p-link m .

The parameter set f � ; � ; � ; � g allo ws us to do a sen-

sitivit y study for di�eren t cost parameter v alues and

see impact on the net w ork cost; further, w e can do cost

comparison of DRDCR cost with a dynamic call rout-

ing but static VP en vironmen t (lab eled: staticNetCost

in T ables). staticNetCost is obtained b y solving mo del

(2) and then doing a shortest-distance routing for max-

im um VP bandwidth required on the transmission net-

w ork. F or the b ounds on the path 
o w v ariables in the

tra�c net w ork, a 90% of demand is imp osed to limit

Switching node

Cross-connect node
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Fig. 4 T op ology of EN-3 (15 A TM switc hing no des, 23 A TM

Cross-connect no des)

T able 1 Results for v arious cost parameter v alues for EN-1

f � ; � ; � ; � g DRDCR- staticNet- % cost

cost Cost increase

f 100,50,0,1 g 3705144 4089984 10.39%

f 100,75,0,1 g 4031640 4535184 12.49%

f 100,50,0,0 .1 g 1712244 1970678 15.09%

f 100,50,1,1 g 5070528 5398656 6.47%

f 100,75,1,1 g 5397024 5836656 8.15%

f 100,50,0.1 ,1 g 3841688 4187120 8.99%

f 100,50,0.1, 0.1 g 1848788 2094642 13.30%

T able 2 Results for v arious cost parameter v alues for EN-2

f � ; � ; � ; � g DRDCR- staticNet- % cost

cost Cost increase

f 100,50,0,1 g 18803304 24046896 27.89%

f 100,75,0,1 g 20162232 25819296 28.06%

f 100,50,0,0 .1 g 6635601 7983969 20.32%

f 100,50,1,1 g 29161581 33499461 14.88%

f 100,75,1,1 g 30526293 35255061 15.49%

f 100,50,0.1 ,1 g 19898225 23919185 20.21%

f 100,50,0.1, 0.1 g 7730156 8856792 14.57%

the 
o w on the direct VPC to a maxim um of 90% of

the demand as giv en b y d ( :; :; : ) | this is to re
ect

the observ ation that t ypically in a dynamic call routing

net w ork, under normal op erating conditions appro xi-

mately 90% of the calls are direct routed while the rest

are alternate routed. W e ha v e used this heuristic rule

here; ob viously , our mo del allo ws us to use under b ound

as deemed appropriate b y a net w ork designer. F or the

tra�c net w orks, the path set

�

P considers all the max-

im um t w o-link tra�c paths (including direct path); in

the transmission net w ork, a k -shortest path generator

is used to generate �v e paths for eac h end-p oin ts. All

the cost results are sho wn in T ables 1, 2 and 3 for the

three net w orks considered here. (W e note the w e ha v e

also done runs with sev en paths generated and found

that the cost decrease compared to �v e-paths case is

less than 0.4%). Mo dels (2) and (3) are solv ed using

mixed in teger program solv er from CPLEX [8].

Results rep orted in tables are for sev en sets of v al-

ues for f � ; � ; � ; � g . It w as found that generally net-

w orks where there is no distance cost for the l-group,

the net w ork sa vings are the highest. F or the net w orks

considered here, the bigger net w ork tends to sa v e more

than smaller net w ork as far as comparison with static-
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T able 3 Results for v arious cost parameter v alues for EN-3

f � ; � ; � ; � g DRDCR- staticNet- % cost

cost Cost increase

f 100,50,0,1 g 23129544 29654760 28.21%

f 100,75,0,1 g 25043856 32282760 28.90%

f 100,50,0,0. 1 g 8577343 10547076 22.96%

f 100,50,1,1 g 43476840 53926872 24.04%

f 100,75,1,1 g 45397080 56851272 25.23%

f 100,50,0.1, 1 g 25270874 30885602 22.22%

f 100,50,0.1,0 .1 g 10712822 12367317 15.44%

NetCost. W e ha v e observ ed as high as ab out 29% cost

sa ving in our test cases.

5. Discussion

In this pap er, w e prop ose a t w o-lev el dynamic routing

for broadband net w orks where dynamism is pro vided

b oth at the call lev el and at the virtual path lev el. W e

then presen t a net w ork dimensioning mo del for suc h an

en vironmen t for forecasted load giv en for di�eren t hours

during a da y whic h tak es in to accoun t dynamic recon-

�gurabilit y of the VPs as w ell as dynamic call routing.

F or v arious cost parameter sets used in our computa-

tional studies, w e found the net w ork sa vings to b e as

high as ab out 29% compared to a net w ork with static-

VP con�guration. W e presen t our results for only three

tra�c classes; ho w ev er, in future it is p ossible that there

ma y b e a large n um b er of tra�c classes. An ob vious

question is whether the mo del w e presen ted is still ap-

plicable; the answ er is a�rmativ e from the theoretical

standp oin t as long as new functions d ( :; :; : ) are deter-

mined for these emerging service classes. Ho w ev er, the

size of the problem gro ws with more service classes {

this w ould require more computational p o w er and ma y

put a limit on the use of CPLEX to solv e sub-mo dels

(2) and (3). W e see t w o p ossible w a ys to tac kle this

issue: (a) further dev elopmen t of algorithms to decom-

p ose sub-mo dels (2) and (3) ev en further to mak e it

manageable to solv e, and (b) sev eral tra�c classes ma y

b e aggregated to form a `sup er' service class for whic h a

new estimation for demand requiremen t d ( :; :; : ) needs

to b e dev elop ed { this pro cess ma y lead to considera-

tion of only a handful of sup er classes in mo del (1), in

whic h case our presen t approac h as giv en in section 3

still applicable. Nev ertheless, this area requires further

researc h.

It should b e noted that the cost w e ha v e listed here

is capital cost; to op erate suc h a net w ork to pro vide re-

con�gurabilit y requires additional op erational and de-

v elopmen t cost; determination of suc h cost is b ey ond

the scop e of the presen t pap er.

W e ha v e men tioned in the in tro duction that

DRDCR framew ork can b e useful in case of net w ork

o v erload. F or example in the ev en t of a fo cused o v er-

load, certain switc h no de pairs ma y ha v e signi�can tly

more tra�c demands than they w ere originally fore-

casted for; this can result in higher connection blo c king

and also cell loss for the service classes for these switc h

pairs. T o pro vide b etter load balancing and through-

put, net w ork rearrangemen t at VPC lev el ma y b e nec-

essary b y seeking out capacit y elsewhere in the net w ork

that has b een underutilized b y the other demand pairs;

this can b e another use for dynamic recon�gurabilit y of

VPCs { again, this area requires further in v estigation.

Finally , w e ha v e discussed dimensioning for CBR

and VBR tra�c in this pap er. A broadband net w ork

ma y also carry other service classes than CBR or VBR

tra�c, suc h as unsp eci�ed bit rate (UBR) tra�c. The

question is: is it p ossible to accommo date UBR traf-

�c in our framew ork? W e b eliev e it is. In the case of

UBR tra�c, w e need to ha v e some idea of tra�c de-

mand de�ned in terms of pac k ets or cells p er second

for connections at certain time during the da y from

statistics collected in previous w eek/mon th; note that

in this case w e do not need kno w the b eha vior of eac h

UBR connections. W e can still use our framew ork b y

de�ning a service class for UBR tra�c and creating a

separate STQoS class and pro vide separate VPCs for

this service class. Since, in our framew ork, di�eren t

VPCs are non-statistically m ultiplexed in a transmis-

sion link, w e don't ha v e to w orry ab out UBR tra�c

in terfering with real-time b oth CBR/VBR tra�cs on a

link. It ma y , ho w ev er, b e necessary to pro vide parti-

tioned bu�ering at switc hing no des for di�eren t service

classes. This is b ey ond the scop e of the presen t pap er

to address the dynamics of switc h bu�ering for di�eren t

tra�c classes. Nev ertheless, as far as the net w ork di-

mensioning is considered, our framew ork app ears to b e

extensible to UBR tra�c { more studies are ob viously

needed in this regard.
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