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Services provided by upcoming SONET-Based Multi-Service (SBMS) Networks are likely to differ in demand volatility, 
distribution profiles, revenue generation, and grade of service requirements. In this paper, we develop a real-time bandwidth 
allocation scheme for joint access-control and routing of multiclass traffic. The scheme contains the following novel features: a 
multiclass load projector applicable to general call holding time and arrival time distributions; routing and access-control 
objectives for efficient allocation of multiclass traffic loads; and a parallel algorithm for real-time computation of the optimal 
traffic control strategy. For a given updating period, the routing algorithm maximizes the projected network residual capacity. The 
access-control algorithm is triggered when the projected incoming multiclass loads can not be accommodated by the routing 
algorithm. The access-control strategy equalizes the fraction of rejected calls among all Source-Destination (SD) pairs contending 
for the same resources, and precludes "freezing-out" of routes with long duration calls. The SD blocking levels computed by the 
access-control algorithm are split across service classes according to service "profitability" . In addition to dynamic bandwidth 
allocation, the multiclass traffic control scheme allows for class-independent routing, thus simplifying service setup procedures in 
an SBMS network environment. 

1. INTRODUCTION 

The upcoming SONET-based Multi-Service (SBMS) public networks aim to 
provide a variety of services using intelligent remote units, heterogeneous 
switching, and SONET transmission [8) . These services are likely to differ 
in demand volatility, distribution profiles, and grades of service 
requirements . Consequently, the traditional traffic management 
methodologies based on assumptions of stability, predictability, and 
homogeneity of the offered traffic will no longer be sufficient for SBMS 
networks. Without new automatic control techniques specifically designed 
for the SBMS traffic environment, the promise of efficient and effective 
service transport in future high speed networks will only be partially 
fulfilled. 

Traditionally, due to the absence of integrated switching and real-time 
configurable Digital Cross Connect Systems (DCSs), multiclass services 
have been realized through static overlay networks; i.e., each service class 
is transported by a separate network logically over laid on a transmission 
facility common to all service classes. Static overlays may not be 
desirable for transporting services in an SBMS network environment, for 
two reasons. First, since static overlays don't allow for sharing of the 
underlying bandwidth among services, they tend to utilize poorly the 
transmission bandwidth when the service loads are bursty, volatile, or 
unknown a priori-- as is expected to be the case for a number of services in 
the SBMS network. Second, since overlay networks are logically 
separated, their call control and management will be separated as well. This 
separation complicates the control of SBMS multimedia services that 
require coordinated control across service subcomponents. For example, in 
overlay networks, the voice, video, and data components of an audio
visual-data service are setup, monitored for performance, and tom down 
independently, complicating both network management and call control. 

The advent of real-time configurable SONET DCSs enables the integrated 
transmission of multiclass services in a heterogeneous switching 
environment. To benefit from the efficiencies of integrated transmission, 
the SBMS traffic must also be managed in an integrated manner. In this 
paper, we introduce a new access-control and routing scheme for real-time 
management of the multiclass traffic in an SBMS network environment. 
The scheme developed in this paper addresses the management of 
multiclass traffic flows at the call level; i.e. packet level control is not 
considered (see [9]). In this paper, we extend the traffic control techniques 
developed in [1-4) to multiclass traffic demands. Thus, as in [1-4) the 
traffic control strategy optimizes the projected network performance 
through a combination of routing and access-control activities. 

The multic1ass traffic control scheme that we shall present is based on 
three new techniques developed and described in this paper: (I) a new 
multiclass load projection technique applicable to general call holding
time and arrival distributions; (2) a single bandwidth allocation objective 
for all traffic classes; and (3) a parallel solution technique that yields the 
optimal bandwidth allocation strategy. The motivation and need for each 
of the techniques, respectively, can be explained as follows. 

(I) To make network routing and access-control decisions we require 
knowledge of the projected Source-Destination (SD) offered bandwidth 
demands and the projected Fiber Optic Link (FOL) loads. Since some SBMS 
network services may have non-exponential (or a priori unknown) 
servicing rates, projecting network traffic flows becomes non-trivial as 
future network loading levels may depend heavily on past history. The 
challenge is to project such multiclass network loads in real-time with 
"Iow" processing overhead using readily available network measurements. 
In this paper, we shall show how to use key network measurements to 
adaptively project multiclass loads. 

(2) The choice of a single performance measure capturing the variety of 
grades of service in a SBMS network is also non-trivial. The multiclass 
services may (and probably will) differ in bandwidth requirements, arrival 
and service time distributions, etc .. A performance measure ignoring the 
heterogeneity of the SBMS network traffic may yield undesirable effects. 
For example, consider the accommodation of both long and short duration 
services on a set of common facilities . A bandwidth allocation objective 
which attempts merely to accommodate as many calls as possible (i.e. 
maximize the ·total number of served calls during an upcoming interval) 
ignoring call holding times, may result in unbalanced network loading: 
certain FOLs may be packed disproportionately with long-duration high 
bandwidth services, thus making them unavailable for "long" durations. 
Consequently, network resiliency may be sacrificed unnecessarily during 
unpredicted surges of traffic or FOL failures. 

(3) Finally, to be effective, the "optimal" bandwidth allocation strategy 
must be computed in near real-time. For some SBMS networks, this may 
not be a simple task. Note that even for relatively small networks, say \0 
back-bone switching nodes, 3 service classes, and 3 routes per SD pair, 
there are 810 bandwidth allocation variables to be considered. To compute 
these variables in a cost effective and timely manner (for example, in less 
than 30 seconds for an updating period of 5 minutes), it becomes necessary 
to migrate to parallel algorithms executed on multi-processor machines. 

The remainder of this paper is organized as follows. In Section 2, we 
present an overview of the multiclass access-control and routing strategy. 
Section 3 then outlines the embedding of the access-control and routing 
strategies in the SBMS network control environment. In Section 4, we 
develop the joint call access-control and routing algorithm and the 
multiclass load predictor. The main contributions of the paper are 
summarized in Section 5. 

2. MUL TIC LASS BANDWIDTH ALLOCATION 
STRATEGY 

The multiclass bandwidth allocation scheme introduced in this paper is 
applied end-to-end, across both the local access and the interoffice 
networks. To compute the end-to-end bandwidth allocation policy, we 
execute our control algorithm in two consecutive steps. The first step 
involves computing an admission control policy for the access network 
assuming infinite bandwidth in the interoffice network. The admission 
control policy for the access network determines the interoffice bandwidth 
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demands for the next step. The second step involves application of the 
joint access-control and routing algorithm to the interoffice network. As 
the algorithm in step I is relatively straightforward as compared with the 
interoffice algorithm, the rest of this paper concentrates on the joint 
access-control and routing problem for the backbone network. 
Consequently, from this point on, SO pairs refer to interoffice Sources and 
Destinations. 

There are four distinct phases involved in determination and 
implementation of the optimal bandwidth allocation strategy. In phase I, 
we periodically measure the Source-Destination-Class (SDC) arrivals rates 
and the instantaneous FOL loads. In phase 2, an on-line multiclass load 
projector filters the measured arrival rates to remove "noise" due to 
statistical fluctuations, and then translates them into projected SO 
bandwidth demands for the upcoming interval. These bandwidth demands 
are then translated into projected FOL loads using the so called traffic 
control variables. The traffic control variables represent the proportion of 
the projected SO bandwidth demand to be assigned to each route, or to be 
rejected at source, during the upcoming interval. We shall show that, the 
optimal bandwidth allocation policy is class-independent, if all traffic 
classes of a SO pair have the same route-set (see Section 4.1). 

In phase 3, we express the multiclass access-control and routing objectives 
as a function of projected FOL loads. We then jointly optimize these two 
objectives to yield the optimal SO bandwidth allocation policy. The 
bandwidth demand to be rejected is then split across SO service classes 
according to their profitability. In Phase 4, we implement the new network 
bandwidth allocation strategy through downloading of access-control 
parameters, switch routing tables, and digital cross-connect commands. 

As stated, we have two bandwidth allocation objectives: one for routing 
and another for access-control. For a given updating period, the real-time 
routing algorithm maximizes the projected network residual capacity. 
While the routing algorithm allocates the projected load in the network 
optimally, the access-control algorithm protects the switching systems 
against congestion in periods of extreme overload and guards against 
freezing-out routes with long duration calls. The access-control algorithm 
is triggered when the projected SO traffic demands can not or should not be 
accommodated by the routing algorithm. The access-control scheme 
precludes admission of long duration SO calls when a SO route-set is 
saturated up to an engineered threshold. For all other calls, admission is 
limited by available network capacity. In our formulation , the access
control strategy equalizes the fraction of rejected bandwidth demand 
amongst all Source-Destination (SO) pairs contending for resources. For a 
given updating period, this is achieved by maximizing the minimum 
fraction of projected accommodated demand over all SO pairs. The 
computed SO blocking levels are then split across service classes 
according to service "profitability". 

Mathematical formulation of the above routing and access-control 
objectives leads to an Equilibrium Programming Problem (EPP) [5]. The 
EPP describes the tradeoff between the routing and access-control 
objectives [2]. This tradeoff is determined by two constraints: i) that the 
projected offered bandwidth demand is only rejected when there is 
insufficient network capacity, and ii) traffic flow conservation. The 
optimization algorithm yields a set of traffic control variables which form 
the optimal bandwidth allocation strategy for the upcoming period [2] . 

3. EMBEDDING OF THE BANDWIDTH 
ALLOCATION STRATEGY IN A SAMPLE 
SBMS NETWORK 

This section illustrates the embedding of the bandwidth allocation strategy 
in SBMS networks with a simple example. SONET based networks, which 
are a likely candidate for providing telecommunication services in the next 
decade [6][7][8], can be characterized by four attributes: 

I) Integrated transmission based on the SONET standard 
2) Heterogeneous switching technologies : circuit , packet, 

broadband circuit 
3) Local access provided by "intelligent" Remote Units (RUs) 

acting as service gateways 
4) Services constructed from basic multimedia and intelligent 

network capabilities 

Fig. I displays the physical layout of a small SBMS network. In this 
example, the tandem switch merely acts as a SONET cross-connection 
point; Le no call-level switching is performed at the tandem. 

To control the SBMS traffic we introduce an integrated traffic controller 
that is responsible for (I) collecting network wide measurements from the 
different SBMS network components, (2) computing the optimal 

bandwidth allocation policy for each SO traffic class, and (3) reconfiguring 
the network components to realize the updated policy. 

We briefly outline the measurement collection and network reconfiguration 
activities. First, service request attempts (per destination) are periodically 
logged at intelligent RUs and transmitted to the integrated traffic 
controller for translation into projected SO bandwidth demands for the 
upcoming interval. The projected service bandwidth demands are then 
summed for each SO pair, yielding the aggregate SO bandwidth demands. 

Interoftlce NetWork 

Fig. I: Example SBMS Network 

For every SO pair a set of routes known as SO SONET "pipes" are defined. 
These pipes constitute a set of one hop routes from the source to 
destination Central Offices (COs). The network controller, for each 
updating period, sizes the SO SONET pipes to maximize the projected 
residual capacity of the network under the condition that very long duration 
calls should only be admitted when the residual capacity of SO route sets 
are below a predetermined thresholds . The amount of projected SO 
bandwidth that can not be accommodated is then split across SO service 
classes according to a measure that we define as service "profitability" . 
This measure is proportional to the ratio of the revenue generated by the 
service to its resource consumption level (see Section 4.1). 
The SO SONET pipes are realized on the FOLs through downloading of 
SONET DCS reconfiguration commands and updated switch routing tables, 
thus enabling calls from different switching systems to access appropriate 
SO SONET pipes. At intermediate offices, SONET pipes are cross connected 
by tandem DCSs. Figs. 2 graphically summarizes the multiclass traffic 
control scheme for SBMS networks. 
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Fig. 2: SBMS Traffic Control Procedure 



Note that, end-to-end pipe routing has the following advantages. First, 
switching system processors are relieved from processing calls which do 
not originate or terminate at the switch. Consequently, call setup 
procedures are greatly simplified. Moreover, as we will see in Section 3, 
pipe routing of integrated traffic simplifies multimedia service call setup. 
Second, since each route consists of only one hop, packets do not incur 
queueing delays at intermediate COs. One-hop routes may assist in meeting 
performance requirements at the packet level essential for class 
independent routing of multimedia calls: by properly sizing buffers [9] and 
controlling line utilization levels at the source and destination nodes, high 
speed packet level performance requirements such as packet loss and 
maximal delay can be met uniformly for all routes. 

The service access-control strategy is down loaded by the network 
controller into service negotiation modules residing in intelligent RUs. 
Thus, service bandwidth requests that are expected to exceed physical 
network capacity (or thresholds for admission of long duration calls) are 
blocked at the network boundary. 

We may summarize the call setup procedure as follows . Service call 
attempts are first screened at the RUs for access-control. Service call 
attempts not blocked by the RUs are either transmitted to the backbone 
COs for interoffice routing or connected to the destination if both the 
source and the destination "home" to the same RU. In the interoffice 
network, if there is sufficient r.andwidth available in the particular SO 
SONET pipes, the appropriate bandwidth is reserved on the pipe(s) to the 
destination CO (recall that in our scheme all traffic classes of a particular 
SO pair are routed through the same set of SONET pipes regardless of their 
class); otherwise, the call attempt is blocked by the source CO. The last leg 
of the call from the destination CO to called party is setup similarly. 

It is important to note that the multiclass traffic control scheme in this 
paper is a general technique that is applicable to a number of network 
domains (such as A TM networks utilizing the virtual path concept). 

4. OPTIMIZATION PROBLEMS 

In this section we present the joint call routing and access-control strategy 
for SBMS network traffic. In Section 4.1 we construct two c1ass
independent objective functions: an objective for allocating projected SO 
bandwidths in the SBMS network, and an objective for rejection of excess 
SO bandwidth demands at source. The excess SO bandwidth demand to be 
rejected is split across SO service classes according to service 
profitability. 

The routing and access-control objective functions are constructed using 
projected SBMS network loads. To determine these loads we will develop a 
multiclass load projector in Section 4.2. In Section 4.3 we validate the 
accuracy of the load projector through simulations. 

4.1 Formulation 

We use the following notation in the problem formulation and the 
description of the solution algorithm: 

S = I iI i is a network SO pair, i integer} 
K = I klk is a network service class} 
Ke [KI,K2J. where service classes K2 have much longer holding time than 
service classes K I 
Lj = I pip is a defined route for SO pair i, p integer} 
Cl = I q I q is a network FOL, q integer} 
Cq - capacity of the FOL q 
(i,k) = Class k calls of SO pair i 
BW(i,k) = Projected bandwidth demand of (i,k) 

hO= I h~ (k) = Fraction of BW(i,k) to be rejected at source} 

h = I i1f (k): Fraction of (l-hf (k»BW(i,k) to be offered to the pth route, 

p>O } 
H = (hO,h) where hO and h satisfy flow conservation constraints: 
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Note that the routing variables of a particular SO pair sum to one; that is, if 
a call is not intentionally blocked at source, it will be offered to one of the 

a priori defined SO pair routes according to probabilities hF-

The total fraction of SO bandwidth demand to be rejected is 

01 ~ ° hi = £...J hi (k), 02 ~ ° hi = £...J hi (k), 

kEKJ kEK2 

ha"~ = h~J + h~2 , t· 

We formulate the bandwidth allocation strategy for an upcoming control 
period as an Equilibrium Programming Problem (EPP). The SO bandwidth 
routing objective JR (H) equalizes FOL residual capacities. The SO 
bandwidth access-control objective J A (H) balances the amount of 
bandwidth demand that needs to be blocked amongst SO pairs. The access
control objective also precludes access of long-duration SO calls (i.e. class 
K2 calls) to the network if SO route-sets are saturated up to a pre-specified 

level y. The excess load to be rejected is then split across different service 
classes. In this way, the objectives JR (H) and JA(H) balance the 
instantaneous and the long-term traffic management objectives by 
accommodating as much of the incoming load as possible while guarding 
against freezing resources for a long time. 

Assuming arbitrary distributions for call holding and inter-arrival times, 
and given (i) the physical network topology; (ii) FOL capacities Cq; (iii) 
service classes k; (iv) projected SO's bandwidth demand BW(i,k) for an 
upcoming interval; and (v) the instantaneous FOL bandwidth occupancy 
levels, we formulate the multiclass traffic control problem as follows: 

where 

Routing Objective : max JR (H), 

hEH 

JR(H) = min Fq(H) 

qED 

Access-control Objectives: max JAr(H) , 

hOEH 

r {or, 1 
JA (H) = min (i-hi 'i ' r =1,2 . 

iES 

Fq (H) - Residual capacity of the FOL q at the end of the updating period. 

The above objectives are coupled through flow conservation, capacity 
constraints, and access-control triggering conditions: 

min Fq (H)~O , 

qED 

h?2(K2»0 ifandonIYifFi(H)5r, 

OJ . . i ° hi (KJ) > ° if and only if F (H) = ,where 

Fi(H) =max o/route residual capacities within Li. 

The engineered parameter ydetermines the balance between long and short 

. . . ° term bandwidth allocation goals. The access-control vanables hi (k) are 

defined as follows: 

h? (k) = (z(kr 1, L Z(IC) -1) h?J ifkEKJ 

ICEkJ 

h~ (k) = ( z(krJ / 2: Z(IC) -J) h~2 if kEK2 . 

ICEk2 

The variable z(k) denotes the profitability of class k calls. One way to 
measure profitability is as follows: 

z(k) = a(k)u(k)lm(k) 
= revenue generatedf(servicing rate) I (bandwidth required) 
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where a(k) is the expected revenue generated by servicing a class k call, 
m(k) is the bandwidth required to serve a class k call (see Section 3.2), and 
u(k) a function proportional to the servicing rate of class k calls. 

The proof of the following proposition is an extension of the proofs given 
in [3,4] and we omit it here. 

Proposition 1 

If all traffic classes of an SO pair have the same route-set, then the optimal 

control variables hi (k) and h? in the EPP formulation have the following 

properties: 

for all k and p>O 

that is, routing of admitted calls is class independent. 

02 02 01 01 . . 
2) hi = h and hi = h for all SD pairs I contending over the same 

resources; that is, fairness in bandwidth demand allocation exists amongst 
all SO pairs. 

Based on Proposition I, from this point on in the paper we assume that all 
traffic classes of a SO pair have the same route-set and thus consider only 
class independent routing. 

A corollary of proposition I is that if the route set of each SO pair is 
selected in such a way that the difference in propagation delay is 
practically negligible for all routes of each SO pair, then multimedia 
service call-setup procedures are greatly simplified through class
independent routing. 

4.2 Objective function computation 

Our traffic management technique optimizes the performance objectives for 
a given updating period based on real-time measurements. Accordingly, we 
need to compute the value of the objective function at the end of the 
succeeding period, as a function of traffic control variables and real-time 
measurements. Since Fq in Section 4.1 is a function of FOL loads, we 
project FOL loads as a function of the traffic control strategy and the 
projected SO bandwidth demands. 

For exponentially distributed service and inter-arrival times, evolution of 
FOL loads in time are memory less: FOL loads at the end of the updating 
period depend only upon the loads measured at the beginning of the period. 
In this case the prediction technique presented in [I] can be applied. 

In the case of non-exponential service and inter-arrivals times the 
evolution of FOL loads is no longer a memoryless process. As such, 
prediction of FL loads based on queueing models (even if theoretically 
possible) is complicated and impractical. For example, for such models 
computing the number of calls expected to leave the system over a given 
time interval requires monitoring the original arrival time of each call. 

In this paper we suggest a new prediction technique for on-line estimation 
of Fq(H). This technique projects FOL loads using a linear combination of 
measured network variables (commonly known as the regressor), that are 
strongly correlated with the desired loads. Note that the choice of regressor 
is critical to accurate projection of FOL loads. The regressor must contain 
sufficient -- but not prohibitively large -- network information to yield 
accurate projections. Furthermore, the regressor has to be robust; that is, it 
must generate accurate projections for a broad class of a priori unknown, 
time-varying traffic characteristics. To recursively compute the regressor 
weights we use an adaptive parameter identification algorithm -- the 
Normalized Least Mean Square NLMS [10] . Shortly, we will introduce a 
developed projector that accurately projects the time evolution of 
multiclass loads as function of network control using readily available 
network measurements for a broad class of traffic statistics. 

Fig. 3 displays the functional components of a generic NLMS filter. As we 
mentioned, the projector is a linear functional composed of a regressor 
strongly correlated with the "desired" variable (in our case FOL loads). The 
projection errors drive the adaptive parameter estimator, adjusting the 
regressor weights to minimize the next projection error. 

1\ 

If d(n) is the projected variable value, d(n) the desired variable, e(n) the 
projection error, b(n) the regressor, and w(n) regressor weights, then the 
NLMS projections are recursively generated as follows [10]: 

~n) = bT(n)w(n) 

" ern) = d(n) - d(n) 

w(n+l) = w(n) + b(n)e(n)/{e+ bT(n)b(n)] (*) 

where the superscript T denotes transpose, and the division by £ + 

b T (n)b(n) provides the step size normalization with £ a small number. 

Projector 
T 

b(n)w(n) 

Next Projected Value ~n+l) 

It. 

Regressor 
Weights w(n) 

Projected Value d(n) 

Parameter 
Estimator 

Projection 
Error ern) 

ex: projected FOL loads 

Fig.3: Functional Components of an NLMS Filter 

To apply the projection technique to our problem we estimate Fq(H) and 
Qq(H) with 

"2 1\ I 
where the projected loads Xq and Xq are defined and computed along the 

way using the generic adaptive projection scheme outlined above. In 

.. . "I . "i . 
additIOn, to project Xq we need to project the load Lr. The speCific 

projection schemes are as follows : 

" 2 . . . 
(1) Xq (n+l) : projected number of SONET OSO channels still occupied 

on FOL q at time n+1 from the current set of occupied channels xq(n). The 
actual number of SONET (OSO) channels still remaining on FOL q at time 

. . 2 
n+1 from the number of busy channels at time n IS denoted by xq(n+l). The 

developed projector is 

with regressor variables 

Xq(n) - Number of busy channels on FOL q at time n 

Nq[n-t. n-t+l) - Actual bandwidth reserved on FOL q during interval [not, n· 
t+I), 

and the parameter estimator (using (*» 

2 "2 
eq(n+J.l = xqfn+/J - xqfn+/J 

~(n+l) = /{(n) + eq(n+l )Nqln-t. n-t+I)) / (e + A(n)T A(n)) 

A(n)T = (xq(n) Nq{n-m,n-m+l) ... Nq{n-l ,n)] . 



. (,It 
Note that the regressor gams f'q(n) used can capture a broad spectrum of 

. (,10 
load flow dynamics, from memory less systems such as the M/M/oo (f'q=e-

~, ~~=O, t=l,m) to fully deterministic ones such as in the DID/oo system 

o t 
(~q=O, ~q>O, t=l,m). The number of measurements Nq[n-t, n-I+I) stored, 

Le. m, is roughly determined by the largest average holding time among 
generic services. 

A. A 

(2) L~n,n+l): The projected load Li[n,n+l) is defined as the projected 

bandwidth demand allocated for the interval [n,n+ I) minus the portion of 
this demand served during [n,n+ I). The actual bandwidth demand allocated 

.. . i 
(and measured) dunng the mterval [n,n+ I) IS denoted by Lr[n,n+ I). The 

developed projector is 

A . _ . 

~[n,n+l) = ar(n) N~[n,n+I) 

with regressor variable 

~[n,n+I) - Filtered aggregate bandwidth demand for class kr of SD pair i = 

-i -i . -i. 
E(NrINr[n ,n+ I» and computed as m [I], where Nr[n,n+ I) IS the 

aggregatebandwidth demand (for class kr of SD pair i) measured during 

preceding time interval [n-I,n). The random variable E(N~IN~[n,n+I» is 

intended to smooth statistical fluctuations in N~[n ,n+ I). The parameter 

estimator is given by 

. 1\ . 

e;{n+J) = L~n ,n+J) - L~n,n+J) 

Note that the regressor weight ai is the survival rate of N~. 

A 

(3) u (k): Estimate of the servicing rate of class k calls. Let Q(k,m) be the 
total number of class k calls accommodated and P(k,m) be the total number 
of these calls which have been served during [n,n+m] interval, 
respectively. Then 

1\ 

u(k) = P(k,m)/Q(k,m) , where 

1\ 

m can be determined off-line. The estimates u( k) are also used to 
classification of services into K I and K2. 

A 

(4) x! (n+l) : Projected number of SONET DSO channels still occupied 

on FOL q at time n+ 1 from the SO demands allocated according to the 
routing strategy on the FOL during [n,n+I). The projector developed is 
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where (Oi)q is an indicator with value I if the pth route belonging to SD 

pair i passes through FOL q, and 0, otherwise. Note that the projected 
1\ 1\ 

variable x~ is determined by the projected load Li in (2) and the routing 

variables h;' 

Given the above projection we can solve the EPP by sequential or the 
parallel techniques developed in in [2-4]. 

4.3 Numerical Experiments 

In this section we demonstrate the accuracy of the load projector using 
selected simulation results. We use the traffic projector to project 

. .• . 1\ I 1\ 2 
mulllclass, Ilme-varymg FOL load profiles (I.e. Xq (n+ I) and Xq (n+I) ). 

The FOL load profiles are generated through superposition of service traffic 
profiles that are individually generated with different holding time/arrival 
distributions and bandwidth demands. We have tested the load projector on 
a variety of load profiles (ex: a mix of Poisson, exponential, 
deterministic, hyper-exponential, etc). However, in this paper we only 
display sample results. 

One of the more volatile (and difficult to track) traffic profiles was found to 
be generated by truncated (at zero) Gaussian distributions possessing 
relatively large coefficients of variation. As such, we display sample 
simulation results for truncated Gaussian (Tr.Gauss) arrival and holding 
time distributions in Figs. [4-5] . The actual time-varying load profile is 
comprised of the superposition of two traffic generators x and y (requiring 
one unit of bandwidth each) having the truncated Gaussian distributions 
given in Table I, 

Gen. 

y 

Arrival 
Distribution 

Holding Time 
Distribution (min) 

Tr.Gauss(60,60) Tr.Gauss(2,2) 
Tr.Gauss(3oo 300) Tr.Gauss<l ]) 
Tr.Gauss(60,60) Tr.Gauss( I, I) 
Tr.Gauss<3oo 300) Tr.Gauss(2 2) 
Tr.Gauss(60,60) Tr.Gauss(2,2) 
Tr.Gauss(300,300) Tr.Gauss(I , I) 

Interval 

[Q 16.6) 

[16.641.6) 

[41.6,66.7) 

Table I: Time Varying Load Profile for Figs. 4 & 5 

where the mean and the standard deviation of the distributions are given in 
the parentheses (Le., Gauss(mean,stdv» . The mean arrival rate is measured 
in call attempts per minute and the average holding time is in minutes. 

Fig. 4 displays the actual and projected load profiles overlaid on top of 
each other. The estimates are generated using the regressor weights ~O, ~ I , 

1\ 1\ 1\ 

and ~2 for generating Xq 
2 

and a for generating Li and Xq I. The projection 

and updating intervals are 2 minutes. Note that the jumps in profile are due 
to changes in the traffic mix as specified by the above table. Fig. 5 
displays the time profile of the observer parameters a and ~O, ~ I, and ~2. 
Note that the observer parameters are adjusted with the traffic mix for 

1\ I 1\ 2 
accurate projection of Xq and Xq . 

Table 2 displays average 'projection errors for different distributions as a 
function of the ratio: "average holding time/prediction interval". Note 
that, for a given interval, the projection errors have an inverse 
relationship to the average holding times: as the average holding time 
decreases, past network measurements lose their significance (Le. become 
stale) more quickly . For average holding times equaling twice the 
projection horizon (Le. h = 2) the maximal error of the projector is 
approximately 5 percent. 
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Percent Normalized Absolute Error 

M/M/oo 2.47 5.02 9 .74 
0/0/00 1.34 3.48 5 .86 
MID/oo 2.75 4.63 7.21 

G( (J/~=O.I )/G( (J/~=O.I )/00 1.52 3.60 6 .01 

G( (J/~=O.I )/G( (J/~= I )/00 2.37 4.11 6 .76 

G( (J/~= I )/G( (J/~=O. I )/00 2 .59 4.38 6 .84 

G( (J/~= I )/G( (J/~= I )/00 2 .80 4.86 7.39 

Table 2: Average projection error for different traffic systems 

Average holding time (min) = h; Measurement interval (min) = I; 
Simulation interval (min) = 60 

Arrival Rate (calls/min): A. E [0,20) = 120 , A. E [20,40) = 240 , A. E [40, 
60) = 120 

>-g 
t1l a. 
:::l 

~ 
-I 
U. 

I!? 

~ 
E 
~ 
t1l a.. 
Q; 
i! . 
a> 
III 
D 
0 

M/M/oo: exponential inter-arrival and holding times 
0/0/00: deterministic inter-arrival and holding times 

G/G/oo: Gaussian inter-arrival and holding times 
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O.OOhO 1.008+6 2.008+6 4 .008.6 

Fig. 4: Time profile of the observer parameters 
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Fig. 5: Actual and projected load profiles overlaid on top of each other 

5. SUMMARY 

In this paper we presented a real-time routing and access-control scheme 
for SONET Based Multiclass Service (SBMS) networks. It is expected that 
these networks will provide multiclass service transport using intelligent 
remote units, heterogeneous switching (i.e. packet, circuit, broadband 
circuit), and integrated transmission (SONET) systems. For this network 
environment we introduced an integrated traffic management scheme 
operating at the call level. The developed scheme uses periodic network 
measurements to predict and optimize the bandwidth allocation policy for 
multiclass services during a given control period. Furthermore, the scheme 
simplifies call control and management of services by integrating the 
control of multiclass services in a heterogeneous switching environment. 

As different service classes may have different call holding time and arrival 
time distributions, we developed a new multiclass load projection 
technique applicable to a broad range of traffic distributions. The 
projection technique estimates multiclass loads using a linear combination 
of measured network variables that are strongly correlated with the desired 
loads. More specifically, we developed a linear predictor (model) that 
accurately tracks the time evolution of multiclass loads using available 
network measurements. To compute the projector parameters we used an 
adaptive parameter identifier -- the Normalized Least Mean Square (NLMS) 
algorithm. Numerical experiments show that the NLMS algorithm applied 
to the projector model can track time-varying multiclass loads accurately 
and in a timely manner. 

Next, we formulated a joint routing and access-control optlmlZation 
problem for multiclass bandwidth allocation in the interoffice network 
using the projected loads. The optimal routing policy maximizes the 
projected network residual capacity . The access-control algorithm is 
triggered when the incoming multiclass loads can not be accommodated by 
the routing algorithm. The access-control strategy (I) equalizes the 
fraction of rejected bandwidth among all Source-Destination (SO) pairs 
contending for resources and (2) guards against freezing out routes with 
long duration calls. The SO blocking levels are then split across service 
classes according to "profitability". 

One way to implement the technique in an SBMS environment is as 
follows . The call access-control policy is implemented in the service 
gateways at the user network interface. The call routing strategy may be 
realized by the network controller through downloading of new switch 
routing tables to source interoffice nodes, and issuing reconfiguration 
commands to SONET cross-connect systems across the SBMS network. 
Switching systems at the local Central Office route admitted calls through 
end-to-end SONET pipes to their destination; that is, admitted calls are not 
reprocessed for routing at intermediate switching nodes, thus simplifying 
service setup procedures and unloading tandem switching systems. 
Moreover, class independent routing can also simplify call processing of 
multimedia services. 
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