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Asynchronous T d e r  Mode (ATM) bas quickly become a popular technology in the 

communication and cornputer industries since in initial recomrnendation in 1988 by the 

International Consuitathe Cornmittee for Telephone and Telegraph (CCïïT). Broadband- 

Integrated Services Digital Network (B-ISDN) based on ATM and irnplemented with 

optical fibers provides huge bandwidth with Low error rates, and is able to support a wide 

variety of multimedia applications such as data, voice and video concurrently. 

ATM traflic management refers to a set of t a c  management functiom and procedures 

necessary for the completion and delivery of the packets travelling through networks. A 

properiy constmcted ATM network is capable of rnanaging trafnc fairly and providing 

effective allocation of the network capafity for different types of applications. 

ATM M c  modehg is a rapidly developing research area In order to test and evaluate 

the performance of ATM networks and switches, modeling stochastic processes with vari- 

ous distributions is required. Cellular Automaton (CA) can produce effective pseudo-ran- 

dom bit streams since there is Little correlation among CA ceiis and c m  effectively 

generate random patterns which have good randomness characteristics. 

OPtimized Neovork Engineering Tool (OPNET) provides a comprehensive development 

environment supporting the modehg of communication protocols, networks and distrib- 

uted systems. Both behavior and performance of modeled systems can be analyzed by 

perforrning discrete event simulations. OPNET provides an opportunit- to examine the 

higher level and more complex behavior of ATM networks. 

In this thesis, OPNET is used to model ATM networks; the modeled ATM networks are 

used to investigate congestion and OPNET limitation; and CA is used for generating ran- 

dom distributions for M M  aaffic. The signincaoce and contributions of this thesis are: (1) 

making the k t  step to use CA to generate trafic distributions; (2) designing a model of a 

real network; and (3) proving that OPNET is a suitable tool for modeling and simulation 

of ATM networks, and three factors: imbalance traffic Ioad, insufficient buffer size and 

buaty trafic, can cause congestion. 
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B-ISDN supports the transmission of multimedia applications such as data, voice and 

images concurrently because it uses ATM as the basis and is implemented with the Syn- 

chronous Optical NETwork (SONET) technology. ATM is a high-bandwidth, lowdelay, 

comection-oriented ceU switching and multiplexing technology. SONET is a physical 

layer utilizîng optic fibers and synchronous Time Division Multiplexhg (TDM) and 

includes Operation, Administration and Maintenance (OAM) fuactioas. 

ATM t dEc  management refers to a set of nafnc management fuoctions and procedures 

necessary for the completion and delivery of the packets travelhg through networks. A 

properly constructed ATM network is capable of managing traffic fairly and providing 

effective allocation of the network capacity for Merent applications. It is able to provide 

cost effective operations relative to the Quality of Service (QoS); support the different 

delay requirements of the applications; adapt to unforeseen traftic patterns (for example, 

unusual b u t s  of trafic from the various end-use devices of applications); shed traffic in 

certain conditions to prevent or react to congestion; enforce an dowable Peak Ce11 Rate 

(PCR) for each VPWCI (VIlrtual Path IdentifierNimial Channel Identifier) co~ection; as 

weli as monitor trafûc and a i l  VPWCI comections and verify their correctness. 

Due to the increased number of networks in existence and their p a t e r  complexity, 
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designing new systems and impmving the performance of existing ones bas become more 

dificuit and t h e  coasuming, therefore, it is more important to use modeling and simula- 

tion tools to deal with this complexity. OPNET is an object-oriented modehg and simula- 

tion twl which is spaialized in comrnu.nication protocols md networks. OPNET provides 

an oppominity to examine the higher Ievel and more complex behavior of ATM networks. 

In order to test and evaluate the performance of ATM networks and switches, it is neces- 

sary to generate celi distributions closely resembiing the trafic existing in actual net- 

works. ATM crafnc modeling is a rapidly developing research area. From traditional 

Markov process models to recent self-similar trafic modeling, researchea are trying 

every approach (theoretical and practical) to model actual network trafnc. However, mod- 

eihg stochastic processes with various distributions is required no matter which approach 

is chosen. The key point is to make the model suitable for sirnulahg reaüstic trafnc 

sources. 

A Cellular Automaton (CA) consists of a regular unifonn array of any simple combina- 

tional logic with nearest-neighbor interconnections. It can produce effective pseudo-ran- 

dom bit streams since there is iittle correlation among CA cells and can effectively 

geaerate random patterns which have good randomness characteristics. 

Effective ATM tratnc management will require the proper management of al1 network 

resources. Comprehensive research in irafnc management is required if ATM networks 

are to meet the anticipated demands of a broadband network. In order to understand how 

to manage larger ATM networks, it is important to model the key characteristics of these 

networks as a system, including many different interacting components, subsystems, pro- 
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tocols. services and environments. These are the questions we are interested in, and they 

will be answered in chapter 4 and 5: 

How does an ATM network perform as a Mole  system? 

What is the network performance? Are there unexpected results, and why? 

1s OPNET suitable for rnodeling AfM networks as a modeling and simulation tool? 

What is invoîved in constructing OPNET models for tram management? 

How are ATM layer and layer functions implemented in OPNET? 

Can traffic sources generated by OPNET reflect traffic in real netwoh? 

Can some crucial traffic probtems, for example congestion, be studied by simulating 

designed OPNET models? 

What are the limitations of the OPNET bols and OPNET models? 

This thesis focuses on developing ATM network models suitable for trafic management. 

which involves simuitaneous modeling of ATM switches, ATM comections, and ATM 

trafnc streams. In addition. an ATM model in terms of general OPNET model develop- 

ment is presented. Also, a hardware implementation with One-Dimensionai Linear 

Hybrid CA (1-D LHCA) for generating random distributions for ATM iratFic sources is 

designed and simuiated. 

The thesis consists of six cbapters. Chapter 2 gives an introduction to the concept of lay- 

ered protocols and the OS1 reference model, the ATM architecture and the B-ISDN refer- 

ence model, as weil as tr&c characteristics and congestion control. This chapter also 

introduces OPNET architecture, tools and the most essential components of OPNET, 

Proto-C and Kemel Procedures (KPs). 

Chapter 3 presents a hardware design for generating random distributions for AIU iraBc. 

in this chapter, 1-D LHCAs are used to generate required uniform random variables which 

ATM Nemrk Mode& for Trafic Mànagement. Q Zhonghui Yao 



4 

are further used to generate a normal random sequence accordhg to the Rejection 

Method. This chapter also proposes, simuiates and compares several other schemes. 

Chapter 4 demonstrates a model of an ATM network comected with Ethemet LAM, and 

presents simulation resuits of this modeL The purpose of this chapter is to gain a generd 

idea of using OPNET to model, simulate and analyze an actual KIM network. The chap- 

ter answers questions 1,2,3 and 5. 

Chapter 5 deals with t&îc management issues. In this chapter, three groups of models 

and simulations are proposed in tenns of client-server network models. The 6rst group of 

simulations lmks at the general performance of client-server network models. The second 

examines the Limitations of OPNET for modeling and simulation. The third investigates 

the most difncult and challenging probtem in A[U networks: congestion. This chapter 

answers questions 4,6,7 and 8. 

Chapter 6 presents the conclusions, including a summary, contributions and funire work. 

ATM Nehvork Models for Traffic Management. CI Dionghui Yao 



CHAPTER 2 LITERATURE REVIEW 

ATM research activities are based upon many related theoretical concepts. Ia this chapter, 

concepts of layered protocols in data communication networks, P;IU wtwork architec- 

ture, as weU as t r a c  management issues in ATM networks are reviewed. Also, the 

OPNET tools and modeling steps are introduced. 

2.1 Data communication concepts 

2.1.1 Layered protocois and the OS1 derence model 

Communication networks are usually implemented by layered protocols which decom- 

pose a cornplex system into several manageable parts called layers. Each layer h a  a well- 

defined interface to the adjacent layers. A layer offers a specific set of services to its 

higher layer. And at the same tirne, it receives services provided by its lower layer. Proto- 

cols are fundamental to di data communications. A protocol is an agreement between the 

communicating parties on how communication is to proceed. It defines a set of rules gov- 

erning the format and meaning of the fiames, packets, or messages that are exchanged by 

the peer entities within a layer 111-[6J. 

The OS1 (Open Systerns interconnection) ceference model was developed by the Intema- 

tional Standards Organization (ISO) as an international standard. It provides a conceptual 

and functional Framework which dows international teams of experts to work produc- 
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tively and independently on the development of standards for each layer [1][2]. The OS1 

reference mode1 is organized into seven layers as iliustrated in Figure 1. 

Figure 1.OSI reference model. 

w 
Ph y sical 

1 teminatïng eomecîbns 

Transport 1 Provides reliable. trampamnt ûansfer of data between end points; provides end-to-end ermr 

Functions 
Concems the ûansmission of unsûucîured bit streams over a physicaI medium; deals with the 

Data link 

Network 

mechanical, ekdrid, functiarial, and procedural cbract8risb-s b access the physicai 
meaium 

Provides for the reliable üansfer of infomation across the physical Iink; se& blocks of &ta 
(ftames) with the necessary synchronization, enor conaoi, and Row contrd 

Provides upper iayers with independence from aie data transmission and switching 
tedindogies used to connect systems; tesponsibie for estab(ishing, rnaintaining. and 

Sessiori 

Table 1.OSI layer functions. 

recovery and Raw contrai 

Prwides the conaol souchire for ammunicab'on between applicatioris; establishes, 

Presentation 

Application 

Table 1 Lists the general functions detined for each layer. Note that the OS1 model itself is 

not a aetwork architecture becaux it does not specw the exact services and protocols to 

be used in each layer. It just tells what each layer should do [2]. However, ISO has also 

produced standards for all  the layers, but they are not part of the reference model itself. 

manages, and teminates cxninectioris (sessions) beniveen coopmiirtg appliib'ocls 

Provides independence to the appfitiari prcicesses from ditences in data mpresentation 
(synfm 
Provides access Io the OS1 environment for users and also provides disûibuted information 

2.1.2 ATM and the B-ISDN reference model 

ATM architecture: Asynchronous Tram fer Mode (ATM) is a network architecture. It is 
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designed to support the integration of high quality voice, video and high speed data trafnc. 

To the end user, it provides the ability to transport comection oriented and co~ectionless 

traEfic at constant or variable bit rates. It allows for allocation of bandwidth on demand 

and intends to provide negotiated QoS. To a network provider, it enables the transport of 

different t r a c  types thrwgh the same network [q. 

AIU networks transmit informaton by using fixed-size cells which consist of a 48-byte 

payload and a 5-byte header as depicted in Figure 2. The Generic Flow Control (GFC) 

field is presented only in cells between a host and the aetwork, that is, the User Network 

Interface (UNI) interface. The ATM celi may contain user trafhc or management/control 

trafic. These two types of trafFic ~ J Z  identiûed by the Payload Type Identifier 0 field. 

The Cell Loss Priority (CLP) bit indicates the priority of the cell. If CLP=l, the ceii is 

subject to king discarded by the network. Whether the cell is discarded depends on net- 

work conditions and the poiicy of the network admlliistrator. The purpose of the Header 

Error Control (HEC) field is to check emr and correct 1-bit errors [3]. 

5 bytes 
VCI 

I VCI I Pn CLP 

Figure 2. ATM cell header. 

The V i a 1  Path Identifier (VPI) and Virtual Channel Identifier (VCI) fields are used to 

idenm transmission links. Generally, switches identie ceils by VPWVCIs and translate 

ùicoming VCUVPIs into new VCIsNPIs when fonnrarding cells to outgoing Links [6].  
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B-ISDN refemnce model: B-SDN is a layered protocol reference model specified by the 

International Telecommunication Union-Telecommunications Sector (l'TU-T, fomerly 

the CCITT). It is based on the principles of the OS1 reference model. but does not comply 

with the OS1 principles in a number of ways [q. Uniike the OS1 reference model. the B- 

ISDN ATM reference model is defïned as king kee-dimemional [2]-[q. It consists of 

four layers and three planes as show in Figure 3. 

Plane management 

Layer management 

Upper iayen Upper layers 

AAî  layer 

ATM layer 

Physicai layer 

Figure 3.8-ISDN reference model. 

The user plane deals with data transport, flow control, error correction and other user 

functions. The control plane is concemed with comection management. The layer and 

plane management functions relate to resource management and inter layer coordination. 

The physical layer deals with the physical medium: voltages, bit timing and various other 

issues. The physical layer can be implemented with a number of interfaces and protocols. 

SONET (Synchronous Optical NETwock) is one of such protocols which provides exten- 

sive multiplexing as weil as Operation, Administration and Maintenance (OAM) func- 

tions. The A[U operations reside in the ATM layer and the ATM Adaptation Layer 

(AAL). The AAL layer is responsible for supporting the different applications in the 

upper layers, therefore the AAL layer is dependent on the service. At the sending 

machine, it segments the user craffic into 48-byte Service Data Units (SDUs) and passes 

ATM Network Mode,% for TmHc Management. 0 Lhonghui Yao 



9 

them to the ATM layer. At the receiving machine, it accepts 48-byte SDUs h m  the ATM 

layer and reassembles them into the original user trafic syntax. The ATM layer deals with 

ceils and cell transport, including processing the celi header, flow control operations 

between machines, and processing the various fields in the cell header. F d o n s  in the B- 

ISDN reference mode1 are given in Table 2- 

Hgher layen . Canüoi Coritrol of connections in the user-plane sigding 

l User piane OperatSons on user informalian 

1 S I R  (Segmentation & Resrsembly) 1 SegmentaSm and reassembIy of CS-POUs 

I HEC header generat2on/v8rificab'on 
Ceil deiineation 

ATM 
Genericnowcontrol 
Cell header gerieraWexûaction 
ceii swiWiii 
Cd1 muitiplexing and demulüpiexing 

- - - - - - - - - - 

Table 2. Functions in the 8-ISDN reference model. 

2.1.3 Intemet 

I 

PM (Physid Medium) 

TCP/IP mference model: The TCPITP (Transmission Control ProtocoVIntemet Protocol) 

reference model, as shown in Figure 4, is used in internet to connect multiple networks 

together in a seamless way (21. The internet layer defines an officiai packet format and 

protocol IP, a comectionless network layer protocol. IP functions include fiagmentation, 

reassembly and routing. IP is not designed to support reiiabiüty mechanisms such as error 

recovery and flow control. Those jobs are passed to the next higher layer, the transport 

layer wbich is designed to allow peer entities on the source and destination hosts to carry 

on a conversation. The TCP is defined in this layer and is a widely used connection-ori- 

Tl;ansmission fiame adaptation 
Transmission frame generation/recovery 

Bit timing 
Phvsical medium 
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ented transport layer protocol that provides diable packet delivery over an unreliable net- 

work. TCP performs functions, such as, comection establishment and termination, 

retransmission, re-sequencuig and flow control. It is typicdy used with the IP network 

layer protacol. 

Data Iink pl f 
Figure 4. TCPIIP reference model. 

OS1 reference madel 

The TCP/IP reference mode1 does not have session and presentation layers. The appiica- 

tion layer on top contains aU the higher-level protocols, such as vimial terminal (TEL- 

NET) which ailows a user on one machiw to log into a distant machine and work there, 

Fie Transfer Protocol (FïP) which provides a way to move data efficiently fkom one 

machine to another, and the Domain Name Service (DNS) which is used for mapping host 

names onto their network addresses. 

Ethernet LAN: Euiernet is a Local Ana Network (LAN) technology. The operation of 

the Ethemet LAN is managed by the Medium Access Control (MAC) protocol which is 

based on the Carrier Sense Multiple Access with Coilision Detection (CSMAKD) proto- 

col and has been standardized by IEEE under the name 802.3. The CSMA/CD protocol is 

designed to provide fair access to the shared communication cbannel so that aU stations 

ATM Network Models for TmMc Management. 0 Zh4nghui Yao 



I I  

comected to LAN get a chance to use the network [y]. The Ethemet MAC layer accepts 

data packets h m  a higher layer protocol. such as P. and attempts to transmit them at the 

appropriate time to other stations on the bus. This mechanism is ïiiustrated in Figure 5. 

Ethemet 
-+ 
bus 

Figure 5. Ethemet MAC pmtocol. 

The idea is very simple. When a station wants to transmit, it Listeas to the cable. If the 

cable is busy, the station waits until it goes ide; otherwise it transmits immediately. If two 

or more stations simultaneously begîn transmitting on an ide cable, they wiii coude. Al1 

colliding stations then terminate their transmission, wait a random tirne, and repeat the 

whole process al1 over again M. Because the higher layer protocols can forward data at 

any time and the bus is a broadcast medium, it is possible that severai stations attempt to 

transmit simultaneously, that is, collisions are unavoidable events and necessary on an 

Ethernet. 

Gateway: A gateway on an Intemet is a machine that performs relaying functions 

between networks. It is designed <O remain transparent to the end-user applications. The 
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gateway does not care what type of network is attached CO it and is capable of supporting 

any type of application because the end-user application d a s  not reside in the gateway 

and the gateway considers the application message as notbing more than a transparent 

PDU (Protocol Data Unit). The principal purpose of the gateway is CO receive a message 

that contains adequate addressing information and route the message to its 6nd destina- 

tion or to the next gateway 1201. 

2.2 Ii.afBc management 

2.2.1 Waffic Contracts and Generic Ce1 Rate Algorithm 

When a vimial circuit is established both the transport layer and the ATM network layer 

must agree on a contract defining the service [2][9]. The contract between the customer 

and network has basicdy two parts: 

The traffc descriptor which characterizes the trafic load to be offered. 

The Qual i  of Service (QoS) which is desired by the customer from the transport layer and 

accepted by the carrier from the network layer- 

Tkaffic descriptors: Trafûc descriptors define a set of parameters which describe tr&c 

characteristics of an K M  connection. There are two mandatory trafic parameten: the 

Peak Cell Rate (PCR) and the CeU Delay Variation Tolerance (CDVT). PCR is the maxi- 

mum rate at which the sender is planning to send ceils. This parameter specifies an upper 

bound on the t&c that can be submitted on an ATM co~ection. CDVT tells how much 

variation will be present in celi transmission times. In addition. there are optional traffic 

parameters: the Sustained Celi Rate (SCR) and the burst tolerance which allow a finer def- 

inition of t r a c  characteristics that enable the network to do more efficient resource allo- 
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cation. The above four traflic parameters (PCR, CDVT, SCR and the burst tolerance) are 

defhed by the Genenc Celi Rate Algorithm (GCRA) which represents a detenninistic 

rule. Since the t d ü c  is defined based on detenninistic nrles, it does not carry the neces- 

sary information to characterize the statistical behavior of the stochastic ceii arrivai pro- 

Quplity of Service (QoS): To make it possible to have concrete traffic contracts, the 

ATM standard defines a number of QoS parameters whose values can be negotiated 

between the customer and the carrier 121. Three negotiable parameters are the Ceil Loss 

Ratio (CLR), the Cell Transfer Delay (CII)) and the Celi Delay Viiriation (CDV). These 

three parameters describe characteristics of the network and are measured at the receiver. 

CLR measures the fraction of the transmitted ceUs that are not delivered at di or are deiiv- 

ered so late as to be useless (e.g., for rd-time m c ) .  CTD is the transit time fkom source 

to destination. CDV measures how uniformly the ceUs are delivered. There are also sev- 

eral other QoS parameters which are not negotiable. Their definition can be found in [2]. 

GCRA: GCRA is implemented as a cootinuous-state leaky bucket algorithm. It is 

employed in traffic policing and is a part of the userlnetwork service contract. In the ATM 

Forum specincation, the GCRA consists of two parameters: the increment 1 and the tirnit 

L. The notation GCRA(1,L) means GCRA with the increment parameter set to 1 and the 

iimit parameter set to L. The increment parameter affects the ceU rate. The k t  parameter 

affects ceil bursts. The GCRA allows, for each ceU arrival, a 1-unit le* out of the bucket 

per unit of tirne. In its simplest te=, the bucket has nnite capacity, and it leaks out at a 

continuous rate. Its contents can be EUed (incrementally) by 1 if L is not exceeded. Other- 

wise, the incoming ceil is defined as nonconforming 131. 
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2.2.2 Service categories 

Services in ATM networks are classified as: constant bit rate (CBR), variable bit rate 

(VBR), available bit rate (ABR) and unspecified bit rate (UBR) [2][10]. There is also a 

block transfer mode under development. 

CBR: CBR service refers to a service where hed-size packets arrive at deterministic 

intervais. With CBR service, CTD and CDV are tightly consaained and low CLR is 

required. This service category is suited to interactive audio and video siream. 

VBR: VBR service is divided into two subclasses, real time (RT-VBR) and non-real time 

@NT-VBR). RT-VBR is intended for services that have variable bit rates combined with 

stringent real-time requirements such as interactive compressed video (e.g., videoconfer- 

encing). With RT-VBR service, statisticai multiplexing is used and this may cause a small 

non-zero mdom cell loss. CII) and CDV are tightiy consaallied. NRT-VBR is for traffic 

where timely delivery is important but certain amount of CDV cm be tolerated by the 

application. An example is multimedia email. 

ABR: ABR is designed for bursty traffic whose bandwidth range is known roughly. The 

ABR service class avoids having to make a long term cornmitment to a fked bandwidth. It 

guarantees services at designed bandwidth and does its best (but does not guarantee) to 

provide services at the bandwidth bigher than the designed bandwidth whenever the net- 

work capacity is available. It is the only service where the network provides rate feedback 

to the sender, asking it to slow down when congestion occurs. 

UBR: UBR rnakes no promises and gives no feedback about congestion. It uses any left- 

over capacity, no CïD or CDV or CLR is constrained. Example applications are email 
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2.2.3 Network congestion and trafnc control 

Network co~~gestion: Network congestion can occur if a large number of aatnc sources 

become active simultaneousiy- Under a congestion situation, the queue length may 

become very large in a short the, resulting in b d e r  ovedow, ceii loss and increase cf 

delay [IO]. One of the main causes of congestion is that tmfkic in ATM networks is ofien 

b ~ t y  C2lClll. 

Congestion is a global issue, invoiving the behavioc of a l l  the parts of a network [2]. Con- 

gestion is aiso a dyuamic problem, static solutions such as, increasing the b a e r  size, uti- 

Lizing higher speed Iuiks and implementing faster processors, are not sunicient to soive 

the problem 1181. The lack of the memory space can cause congestion. Increasing the 

memory space can help in some degree, but can also make the situation worse because of 

the long queue and long delay introduced by a large memory. The low bandwidth link and 

the slow processor can also cause congestion. However, upgrading part of system, for 

example, increasing the bandwidth of the link without upgrading the processor or vice 

versa, can create a mismatch or imbalance between parts of system which cm aggravate 

the congestion problem 121. 

Therefore, congestion control is very important in an ATM network. The objectives of 

trafic control and congestion control for ATM are to support a set of QoS parameters and 

classes for all ATM services and minirnize network and end-system complexity while 

maximizing network utiiization. Genenc functions and procedures for congestion control 

have k e n  proposed by ATM Forum and studied by many researchers [9]-[Ml. 
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Traffic control: T r a c  control specifies the actions taken by the network to avoid con- 

gestion. Some uafnc control fuactions have been identified as: resource management, 

CAC (Cal1 Admission Contml), UPC (Usage Parameter Control) and congestion control 

[L7]. CAC is a set of procedures ibat operate at the UNI. encompassing actions taken by 

the network to grant or deny a co~ection to a user. It is a major tool for preventing con- 

gestion. UPC is designed to monitor and contrd trafic, and to check the validity of the 

trafic entering the network. T a c  shaping is about regulating the average rate (and 

bmthess) of data transmission [3]. 

The scope of this thesis is modeling and simulation of ATM networks to obtain parame- 

ters in ternis of QoS, that is, CLR, CTD and CDV. In addition, the congestion situation is 

examined. Follows are questions we are interested in. and they will be answered in Sec- 

tion 5.2.3. 

1. Can the designed mode1 make congestion happen? 

2. What are the major factors that cause congestion? 

3. What statistics (of the OPNET model) c m  reflect the congestion problem? 

2.3.1 OPNET architecture and tools 

OPNET provides a compreheosive development environment supporthg the modeling of 

protocols, communication networks and distributed systems. Both behavior and perfor- 

mance of modeled systems can be analyzed by performuig discrete event simulations. The 

OPNET Environment incorporates tools for aU phases of a simulation study, including 

mode1 design, simulation, data collection and analysis [19]-[24]. 
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OPNET architecture: Wlth OPNET, there are three phases of the mode1 development: 

Spec@cation, Data Collection mrd Simulation, and Annlysis. These three phases are per- 

formed in sequence with a cycle. Specification is divided into two parts: initial specinca- 

tion and re-specification. The latter belonging to the cycle as iiiustrated in Figure 6. 

Figure 6. Model development cycle. 

Model specification is the task of developing a representation of the system to be studied. 

Models in OPNET are smictured hierarchically. Specialized tools (editors) perform tasks 

at different levels of the hierarchy. This provides an intuitive modeling environment and 

also permits re-use of lower level models. OPNET simulations are capable of producing 

many types of output In most cases, modeiers use the types of data directly supported by 

OPNET which are output vectors, output scalars and animation. However, developers are 

able to define their own types of output Mes, includiag text reports, proprietary binary 

files, etc. because of the general programmabiiity of process and link models. The thkd 

phase involves examining data collected during simulations. OPNET provides access to 

data with the Analysis Tod which is essentially a grapbing and numericai processing envi- 

ronment. 

OPNET Modeler Tool: OPNET Modeler is used to shidy system behavior and perfor- 

mance. OPNET Planner is used for delivering a modeling environment to "end-user". 
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OPNET presents its capabilities in the form of eight distinct tools. Each tool dows the 

user to perform sorne set of related OPNET functiom within a whdow of OPNET graph- 

ical environment. Table 3 lists OPNEI Modeler's t& and identifies each one's purpose. 

OPNET look 
Neîwodc 6ditor 

Nade E d ï ï  

Process Editor 

Functloiir 

Specify nennoik tqmbgy and cdigure nodes and links. 
Clieate models of nodes by qmifyhg interna1 sîmcture and capabiiitks. 

Develop models of decrsiorinaklng proessses represedng prddcols, algonaims, 

Probe Ediir 

Simuiai&n Toai 

Table 3. OPNET modeler tool summary- 

modulaîbn curves. 
I d e m  sources of statisbjcs and animation that are to be make active during a simuhtion. 
W g n  and run sequences of shnulatzans, eaeh potentialiy configured wilh different inputs 

Analysis Toal 
Filter Editor 

(a) Network modd 
h i 

and/& autputs, 

Plot and procass numerical data generated by simulations. 

Define numencal p-ng that can be applied to data in the Analysis Tod. 

(c) Process rnQdel (STD) 

(b) Node made1 

Figure 7. Three level modeling. 

Figure 7 shows an example of an OPNET mode1 with three levels. in Figure 7, the net- 

ATM Network ModeIs for Trafic Management. @ aionghui Yao 



19 

work model is specified in the Neîwurk Editor and it consists of several nodes. Each node 

is dehed in the Node Ediror and includes several modules. Modules are designed in the 

Process Editor, they could be pre-dehed or programmable. For example, pmcessor and 

queue modules are programmabte, users cm design iheir own procedures for these two 

modules, 

Rocess models are key objects of an OPNET model since they are used to define behavior 

for processor and queue modules. For instance. Figure 7-c represents the process model, 

amMSatmbnsw.p~m. This process model is located in the ATM'switch module. It includes 

five States and defines three interrupt conditions. The certain intempt conditions invoke 

certain processes and results the change of the state. The amsamsumtmtsw process receives 

ATM cells Erorn either the AîM-layer or ATM-rrm modules (Figure 7-b). performs 

switching huictions, queues the celis in an output port buffer, and sen& them to the trans- 

mitter [19]. Obviously. the network model (Figwe 7-a) does not work without behavioral 

modehg on the process model level (Figure 7s). 

Processes are tasks that processors and queues execute. They may be created and 

destroyed based on dynamic conditions that are analyzed by the logic of the executing 

processes. Processes are usuaily grouped to be executed within the same processor or 

queue. However, only one process may be executing at any tirne. 

A process is considered to be executing when it is processing new instructions that are 

part of its process model. When a process begins execution it is said to be invoked. A pro- 

cess that is currently executing can invoke another process in its process group to cause it 
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to begin executing. When this happeas, the invokïng process is temporarily suspended 

until the invoked process blocks. A process blocks by indicating that it has completed its 

processing for its current invocation. Once the invoked process has blocked. the invoking 

process resumes executioa where it had left off, in a mamer similar to the procedure-cd 

mechanism in a prograrnming language such as C. 

Processes in OPNET are designed to respoad to intemipts a d o r  invocations. hterrupts 

typicaily correspond to events such as messages aniving, timers expiring, resources king 

released, or state changes in other modules. Once a process has been invoked due to an 

intempt. it may invoke other processes in the group and these may in hun invoke other 

processes, etc. An interrupt's processing is completed when the fïrst process that was 

invoked blocks. 

2.3.3 Proto-C and Kernel Procedures 

Professes are expressed in a language cailed Proto-C which is a combination of state tran- 

sition diagrams (STDs), Kemel Procedures (KPs) and C programming language. A pro- 

cess model's STD defines a set of primary states that the process can enter. And for each 

state. a STD also defines the conditions that wouid cause the process to move to another 

state. Transitions in STD describe the possible movement of a process from state to state 

and the conditions under which such changes may take place. The process mode1 in 

Figure 71 is an example of a STD. Proto-C models diow actions to be specified at vari- 

ous points in the Finite State Machine. 

KP is a library of high level commands (over 300 procedures). They are procedures that 

can be cailed ftom within process models, Transceiver Pipehe stages, C functions which 
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have k e n  scheduled as intempts, or simply C functions which are directiy or indirectly 

invoked h m  one of these contexts. For the most part, the sirnuiation services are 

accessed through KPs. W s  are categorized by primary functions. based on the types of 

objects they attempt to manipulate. There are nineteen categories of KPs. The collection 

of KPs withh a category is caUed a packageT and KPs within the same package shve a 

common package keyword in their proceduce names. Table 4 Lists the capabilities pro- 

vided by the KP Libraries. 

Support for custom animation deveiopment 
1 

PIobability d i s t n i  and ranîkn nurnber grnerabion- 

Everrt lïst and event propeity query; event cancaiiatiori. 
Fornial interfaces betwwn pibcesçes; asmabon . - of infomiah'cn with intempts. 

IdenMication of abjects. 

In-simulation query and modification of abject attributes. 

Query of intemipt properties; coritrd of intempt handling. 
1 

Pmgramdng support: tinked T i ,  memory. string manipulation. debugging. I 
Cmtion, invocation of processes; process gfoup stiared memary. 

Queueing statistics; high-level queueing operations- 

Basic mting support for static rouüng implernentations. 

Simulabjon contrai: a&mized messaging, simulation execuih COritroI- 

Custom stab;stic genaratiori; intemodule signalling via sbtlsllc wim. 
Communic~Con beniveen modules via pacbt saeams, paclcet delivery. 

Low-fevel queueing operabionS.- antenna patterns, modulations. 

Accessing of tabular data: anterina paüems. moâulations. 

Setling and getong of data for custom link rnodels 

Query of mode1 taQalogy (e-g., for auîamaic dkovery and amfiguration). 

Table 4. Major simulation Kemel Procedure packages. 
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CHAPTER 3 MODELING ATM TRAFFIC DISTRI- 

BUTIONS 

This chapter explores a gened methodology to use One-Dimensional Lhear Hybrîd CA 

(ID LHCA) to generate random distniutions for ATM trafnf. CAS are used since they 

c m  effectively generate random patterns with good randomness characteristics. The chap- 

ter is organized hto four sections: Section 3.1 presents the motivation; Section 3.2 is an 

introduction to CA and the algorithm for geaerating a random distribution; Section 3.3 

deals with CA hardware implementation, simulation and cornparison with other proposed 

schemes; and Section 3.4 is a conclusion. Related work is represenied in [25]. 

3.1 Motivation 

As we have already shown, ATM provides for a wide variety of trafic with different char- 

acteristics. To test and evaluate the performance of ATM networks and switches, it is nec- 

essary to generate ceii arrivals closely resembbg the uanic existing in actual networks 

[11][26]. ATM traffic modeiing is a rapidly developing research area. From traditional 

Markov pmcess models to ment self-similar tratfic modeluig, cesearchers are trying 

every method (theoretical and practical) to investigate actuai network trafnc. Some corn- 

mon approac hes for modeling trafic arrivals are Poisson process. exponential distribu- 

tion, Bemoulii distribution and Markov process [11][26]. The most recent research has 
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fofused on ~e~s imi l a r  traffic mode$ [271[28][29]. However. modeling stochastic pro- 

cesses with various dismiutions is required no matter which approach is chosen. The key 

point is to make the mode1 suitable for simuiating ceaiistic tdEic sources. 

In general, packet anivais can be illustrated as Figure 8 shows, where t represents the 

t h e ,  T is the frame interarriva1 tirne which reflects burstiness of arrivals and dt is the 

interval of bits which depends on the bit rate of the nth 6ame. In Figure 8, with the differ- 

ent type of the t r a c  sources, both T and dt could be either constants or variables, or one 

of them could be a constant and the other a variable. 

Usually, the variable T and dt are of a certain random distribution, depending on the net- 

work applications. Among various ATM uanic sources. an arriva1 process of cells from a 

video source is fairly complicated due to the strong correlation among arrivais. As an 

example, a video vaffic source is considered in this thesis. 

Figure 8. Trafic arrivais. 

General concepts of CA 

Cellular Automaton (CA) as a random sequence generator has been studied by many 

researchers [30]-[36]. These include: the analysis of CA properties; the study of CA 

behavior; the method of constructing CAS with better randomness characteristics and the 

algorithm for searchg CA niles corresponding to primitive characteristic polyno~als .  

Wolfram first presented a random sequence generator by using 1-D CA with two non-lin- 
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ear d e s  (nile 30 and 45 or equivalently d e  86 and 75). Later, most of work in this area is 

based on 1-D CA with hear nile 90 and 150, 

3.2.1 One-Dimensional Liaear Hybrid CA (1-D LHCA) 

1-D LHCAs used as test pattern generation engines have been extensively investigated in 

the IC (Lntegrated Circuit) testing area [3 11-[3q. As each cefi in 1-D LHCA is connected 

locaily, 1-D LHCA bas the advantages of reduced local capacitance and a regular stmc- 

ture which result in efficient layouts and improved operating f~quencies. Aiso, 1-D 

LHCA can provide effective pseudo-random bit streams shce the correlation among CA 

ceiis is las  than that among the Linear Feedback Shift Register (LFSR). Figure 9 illus- 

trates a 1-D CA with 3-neighborhood dependency. 

Figure 9. A 1-0 CA with 3-neighborhood dependency- 

A CA has a regular structure consisting of an array of 1-bit memory elements and a corn- 

binational logic determining the next States of the memory elements. In 1-D CA, ali the 

ceiis are arranged in a b a r  array. Of particular importance is the fneighborhood 1-D 

CA, where the next state of a ceii depends on itself and on its two neighboa (3-neighbor- 

hood dependency). Mathematically, the state q of the ith ceii at time t+I is denoted as: 

where qf denotes the state of the ith ceii at time t, and g is the next state function. Since g 

is a Boolean function of 3 variables (3-neighborhood dependency). there are 223 or 256 
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possible next-state functions. The next-state functions are usuaüy cded  des. if ai i  the 

CA cells obey the same de, che CA is said &O be unifonn; otherwise it is hybnd. If the 

next-state transition hinction is expressecl algebraically hear (XOR function), the d e  is 

said to be additive; otherwise it is nonadditive. Table 5 explains how rules 90 

(90(10,=û 101 10 10(2)) and 150 (154 10~=100 10 1 are defined. 

Table 5. Rules 90 and 150. 

1-D LHCA with rule 90 and 150 is considered in this thesis, since a CA formed fkom ceils 

with a single d e  generally has a sequence length shorter than 2"-I (where n is the number 

of cells in the array). It bas k e n  proved that the maximum sequence length Zn-I could be 

generated for certain combinations of d e  90 and 150 cells D 1 ][32][33][36]. To generate 

a high quality random sequence, the boundary condition and primitive characteristic poly- 

nomial must be concemeâ. 

3.2.2 Boundary conditions 

1-D CA c m  be constructed with nuil boundary and perïodic (cyclic) boundary conditions. 

Wolfram stated that the boundary conditions have little or no effect on the bit streams 

[30]. Bardeil proposed a conjecture: there are no hybrid 90/1M CA with cyciic boundary 

conditions that has the primitive characteristic polynomial [33]. Later, S. Nandi and P. P. 

Chaudhuri gave a formal proof of the conjecture and proposed a maximum sequence CA 
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with the intermediate ôoundary condition. This new boundary condition has better ran- 

domness characteristics than nuU boundary condition [353. 

#en two eading ceils of a CA array are c0~ected to constant logic O or 1, CA is said to 

have the Null Boundary (NBCA). When two enduig ceils are comected cyclically in a 

chah, the CA has Periodic Boundary (PBCA). The Intermediate Boundary (IBCA) lets 

two encihg ceiis connect to the next ceUs of their adjacent ceiis. Figure 10 illustrates these 

three boundary conditions- 

(b) Periodic boundary CA 

(c) Intemiediate bounâary CA 

Figure 10. Boundary conditions. 

Figure 11 gives an exampie of a 6-ceil NBCA with d e  vector <150,90,90.90,90,90>. 

The next state fiinctions of this NBCA are: 
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%(t+U = x5ctl (E4-7) 

Where the addition in equatiom Eq-2 to Eq-7 is moduh-2. This example wïii be used later 

to explain how to obtain the characteristic polynomial of a 1-D LHCA. 

* * 
Figure 11.6-cell NBCA with rule vector <150,90,90,90,90,90~. 

3.2.3 Primitive characteristic polyuomial 

The existence of the primitive characteristic polynomial for an n ceii CA ensures that the 

CA WU run through the maximum length of  2'1 distinct non-zero states. The maximum 

length CA is the necessary condition for generating high quality pseudo-random patterns. 

When an nfn order characteristic polynomial can only be divided by one and itself, and 

zrn - can only divide x ' - i with ni (>= n), it is a primitive characteristic polynorniai. 

Equations Eq-2 to Eq-7 can be written in matrix notation: 

X& 1) = M(t) 

Where A is the transition matrix and bas the form: 

The transition matru A is the next state operator. The next state X ( t + l )  of CA can be 
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obtained by multiplying A (modulo-2) with the present state vector X(t). For instance. 

By setting the determinant to zero, the characteristic equation for Eq-8 can be obtained, 

- 
1 
O 

O 
1 
1 

dût(A-LI) = O (Eq-10) 

The expansion by minors of a determinant of this form [33] can be defined recursively as: 

, then the next state is: X(t+l)=AX(1)= 

Mi = ai+ I. i+ lMi+l  + Mi+2 (Eq-11) 

Where Mi is the ilh major diagonal minor with Mn=l and Mn+I=O. The recursive expan- 

sion Eq-12 is obtained after derivation (Appendix 0. 

~ ~ = f l ç ~ ~ + k ~ + l . +  1 

Thus the characteristic polynomiai for the example shown in Figure 1 1 is: 

(a) One rorrczero initiai site with N0CA (c) Random mm-zero initiai sites with NBCA 

(b) One non-zero initial site with lsCA (d) Randorn non-zero initial sites w i ü ~  lsCA 

Figure 12. Randorn patterns generated by 1 -D LHCA, 
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Figure 12 shows random patterns generated by 1-D LHCA with different initiai States and 

boundary conditions. The aumber of cells chosen is 32 (n=32), the sequence iength is 128 

(t=128). The d e  vector is chosen as <IO00 0000 0000 0 1 0  0000 0000 0000 0000> 

because the primitive characteristic polynomid exists under this nile 1341. 

3.3 Generating random distributions with 1-D LHCA 

33.1 Continuous-state autoregressive Markov model 

A video source can be approximated by a continuous-state autoregnssive (AR) Markov 

process which is inferred h m  the experimental results [3q. Mathematicaily, an M order 

AR Markov process is descriid by Eq-14: 

Where h(n) represents the source bit rate durùig the nth fiame; M is the model order; m(n) 

is a sequence of independent normal random variables; $ and a, (m=l, 2. .... M) are coef- 

ficients. This model cm describe the celi generation process of a video source accurately. 

It has been shown that the first-order AR Markov model is sufncient for most purposes 

[ 1 11. Eq-15 is the 6rst-order AR Markov model denved fiom Q- 14. 

Therefore, if til(n) is obtained, a kt-order AR Markov model c m  be constnicted. Fur- 

themore, this model cm be used to model a video traffic source to simulate the perfor- 

mance of an ATM network. Obviously, geaerating a(@, a sequence of normal random 

variables. is indispensable in this case. 
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33.2 Rejection Method 

Generaiiy, the Rejection Method c m  be used to simulate a raadom variable with a given 

density function g(x). This g(x) can be the basis for simulating the continuous distribution 

with density functionflx). This can be doae by simulating a random variable Y h m  g and 

then accepting this simulated value with a probability king proportional tol(Yyg(Y). Let 

C be a constant, and f i ) / g ~ > )  r c, for aii  y. Since each iteration during the execution of the 

algorithm wiii independently result in an accepted value with probability PfUc=flY)/ 

Cg(Y)]= I/C, it follows that the nurnber of iterations is geometric wîth mean C [38]. The 

normal random variable density function with mean O and variance 1 is given by: 

Letflx)=2fg(x) and 0 < x < -, that is, 

-X 
Considering g(x) = e . O  c x < - as the basis for simulatingf(x)), then 

Let c = J-, Eq- 19 can be obtained. 

AWg(4  5 c 

3.33 Algorithm and simulation 

The algorithm is listed in Table 6 where z is a normal random variable with mean O and 

variance 1. To obtain a normal random variable with mean CL and variance d,  z can be 
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replaced by v-2. The other three variables y l .  y2 and y created in the algorithm are al1 

exponential random variables wiih rate 1. 

Step 1 : Generate ri, r2 and u; 
Step 2: y1 =-log(rl ), y2=-log(@; 
step 3: If y2-(y14)~/~. set y=@-(y1 -1)*/2. go to step 4; othemise go to step 1 : 
Step4: Set 

Table 6. Algorithm for generating a nomai random sequence 

The idea is to use 1-D LHCAs to generate three independent uniform variables (rl ,  R and 

u). Based on Transformation Method, if r is a unifonn (O, 1) variable, y=-log(r) is an expo- 

nential variable with rate 1 [38]. In order to make rl, r2 and u independent, several meth- 

ods could be used, using different boundary conditions; or choosing different generation 

d e s .  Here, r l  and r2 use the same d e  <LOO0 0000 0000 O010 0000 0 0  0000 0000> 

but different boundary conditions. rl is generated with IBCA, and r2 with NBCA. u is 

generated with nul1 boundary conditions and a dinerent de: 4 1 1 1 1 101 1 110 11 1 1 100 1 

11 10 O100 0101>, as the primitive characteristic polynomial exists under this rule (361. 

X a s  

Figure 13. PDF curve of a normal random sequence generated by 1-0 LHCA. 

Figure 13 shows the simulation result which is the Probability Density Function (PDF) 

curve of the generated normal random sequence. 
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3.4 Hardware implementation and simulation 

When implementhg a normal random sequence generator with a digital circuit, several 

issues have to be considered: (1) the three generated uniform random variables rl. r2 and 

u must be independent; (2) when calcuiating an expomntial variable h m  a uniform vari- 

able, both computation efficiency and hardware cost need to be traded off; and (3) the 

least nurnber of steps generating an output z is preferred. 

3.4.1 1-D LHCA hardware design 

Figure 14. The block diagram of the hardware CA implementation. 

The block diagram of the designed hardware CA implementation is shown in Figure 14. 

Three dinerent properly configured 32ceU 1-D LHCAs generate three independent uni- 

fom random variables r l ,  r2 and u in each dock cycle. Two exponential variables are 

obtained from two ROMs which consist of pre-stored values of the -log(x) function. After 

the Arithmetic Operation Logic unit, y2 and ( y l - l ) * ~  are compared. I f  y2>=(y~-l )2/2 ,  

REA D Y - CLK becomes enabled. Meanwhile, u is compared with 0.5. [f u<=0.5, z=y 1: 
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otherwise, z=-yl. The advaotage of using a ROM as a look-up table is that the cornputa- 

tion of the -log(x) hnction can be done in one dock cycle. This makes the process of gen- 

erating a normal random sequence fast, W1th the implementation in Figure 14, a normal 

random number can be gewrated in C (= J- = 132) clock cycles on average. 

In Figure 14, two ROMs (5 12x32) are utiiized to pre-store the approximated -Io&) val- 

ues of the variable x which unifody distrïïutes in (OJ). Two address decoders are 

required to approximate values of x and its neighbors rfdx in (O, 1). By dividing (O, 1) 

into m small intervals (linear or non-iinear), resuits of -log(x) of each x and its neighbors 

are approximated by the pre-calcuiated -log(x) values in ROM. This can be implemented 

by mapping (x-&, x+&) to address y which points to the value of -log(x) in hardware. For 

instance. if choosing the number of dividing points to be 5 12, & = 1/512. Starhg from O. 

when O u < = &  y=-log(&); &a<=2&, y=-log(2&), .... idxur<=(i+l)dx. y=- 

log((i+l)dr), i=0,1,2, ..., 511. Figure 15 iilustrates a many-to-one mapping. In Figure 15, 

the values of x and its neighbors are mapped to address y of ROM, where the value 

of -log(x) is stored. Figure 16 shows the simulation results of a many-to-one mapping 

with SUN built-in hinction rund() when 256,512 and 1024 are chosen. 

Figure 15. A many-to-one mapping. 

In Figure 14, a Fit-In First-Out (FWO) register is also utilized to store a packet of nor- 

mal random numbers. Since the Rejection Method performs C (= Jm = 1.32 ) steps on 
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average before it produces an output, it may need more than one dock cycle to generate 

one random number. The write enable control signal to the FlFO register is given by 

READ Y CLK . 

Figure 16- Using 256,512 and 1024 points to approximate -log(x). 

The simulation program is implemented bsed  on the hardware design in Figure 14. The 

simulation result is shown in Wgure 17. It can be seen that two c w e s  (the dotted one is 

the theoretic and the solid one is the one generated by the design) match very weii. 

Figure 17. Simulation result of the implementation in Figure 14. 

Figure 18 shows the variance-time curve for the generated random sequence. As expected 

for a normal distribution. the curve takes an approximately linear form. This shows a high 
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degree of burstiness at fine resolutions, with decreasing burstiness as the time scale 

increases- 

Figure 18. Variance-time curve. 

The design shown in Figure 14 c m  also be downioaded iato Fied-Programmable Gate 

Amy (FPGA) chip, for example, the Xilinx Family- As XC4000 M A  family supports 

system dock rates of 40 to 50 MHz, this scheme can generate 30M to 38M (40K to SO/C, 

c = Jm = 132 ) normal random numbers per second on average. 

3.4.2 Discussion and cornparison 

The design in Figure 14 is also compared with several other schemes. 

Scheme 1: In this scheme, the subset of rl which consists of the failed tums is consid- 

ered. If let the third uniform random variable u be obtained fiom this subset, u is still a 

uniforni variable in (0,l) and is independent of rl [38]. Figure 19 presents the simulation 

result when u is obtained fiom the subset of rl .  

Scheme 2: The tnincated Taylor series can also be considered estimahg log(x) function 

of x, that is, 
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Figure 19, Obtaining u from the subset of ri. 

When x is in (0, l), 

Figure 20 shows the simulation results using the 4th and 9 order truncated Taylor series 

xwds 

Figure 20. Estirnating -iog(x) by tnrncated Taylor series. 

Figure 2 1 displays the outhe diagram of the hardware implementation calculating -log(x) 

function by the truncated Taylor series. Compared to the original design, this scheme 

needs more dock cycles to generate a normal random number. If more accuracy is 

expected, more dock cycles are required. In Figure 21, Regisier #l is used to accept the 
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result of the multiplication, the divisors are stored in a ROM, and Register #2 is used to 

accumuiate resuits. InitiaUy set A=I and B=O. After the 6mt step, the output (1-x) is 

obtained, and after the nfh step, the output is: 

Figure 21. Outline diagram of Taylor series implementation for -log(x). 

Scheme 3: Using a piece-wise linear function to approximate -log(x) is dso considered. 

Figure 22. Approximating -log(x) with a piece-wise linear function. 

Figure 22 shows a 6-piece Linear curve of the piece-wise Linear approximation to -log(x) in 

(OJ), where xI=0.75. x2=0.34. x3=0.25, x4=0.08 and x5=0.02. Actually. the original 
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design is a piece-wise hear approximation too, the ody  merence is that 5 12 pieces are 

chosen in tùat implementation. Figure 23 presents the simulation resuit of generatuig a 

normal randorn sequence by ushg a dpiece hear curve to approximate -log(x). 

Figure 23- A normal random sequence generated by a d-piece linear curve. 

in gened, the original design of Figure 14 is the most efficient among al l  the schemes 

considered since this design can produce normal random numbers accurately and quickly. 

3.4.3 Conclusions 

Io this chapter. a 1-D LHCA design for a random pattern generator has been developed; 

simulation results of ushg 1-D LHCA to generate a normal random sequence have k e n  

presented; several schemes for hardware implementation have been also proposed and 

compared. The implementation proposed here is efficient and fast. As a general method, it 

can be used to mode1 ATh4 M c  sources for evaluating the performance of the ATM net- 

works and switches. The sigaincance of this chapter are: (1) 1-D LHCA is used to gener- 

ate the required independent uniform random variables; and (2) two ROMs are used to 

store pretalculated functions to speed up the process of non-uniform random number 

generation. 

ATM Network Mode13 for Trafic Management. 8 Zhonghui Yao 



This chapter presents an ATM network model' which consists of Ethernet LANs con- 

nected to an ATM network. The Ethernet LANs applications are TELNET aud FIP. Pro- 

tocols, such as ATM, TCP/lP and MAC, are used in this model. This chapter also presents 

the simulation results. The purpose of tbis study is to investigate (1) how an ATM network 

works as a whole system; (2) what the network performance is; and (3) how suitable 

OPNET is as a modehg and simulation tool for ATM networks. Related work cm also be 

found in 1391. 

4.1 Mode1 description 

4.1.1 How does OPNET implement an ATM switch? 

ATM layer: The standard ATM switch node is given in Figure 24. It consists of two Iay- 

ers: ATM layer and physical layer. ATM layer is implemented with four processor mod- 

ules. ATM layer functions are de6ned in a number of pcocess models which are located in 

these four processor modules. The physical layer is implemented with a number of point- 

to-point receiver and transmitter modules. This switch node is used both as the Network- 

Network Interface (NNI) and the User-Network Interface (UNI). Figure 24-b shows a 

gateway which is an interface between an Ethernet and the ATM network- The model has 

1. This model was designed with OPNET 25B. 
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three more layes: AAL, IP and MAC. 

(a] NNI swiich (b) UNI swiîch cannected with a gateway 

Figure 24. ATM switch node and gateway node. 

The node mode1 in Figure 24-a represents an K M  switch which implements VP and VC 

swi t chg  capabilities in an ATM network. It is capable of switching VCCs among eight 

VP Links. It supports the ATM protocol and the port interface consists of eight ATM con- 

nections at 155 Mbps. The restriction of this node is that the mode1 can not serve as a 

source or destination node as it does not perform any AAL functions. A more detaiied 

specification of ATM switch mode1 is given in Table 7. 

Because the models are intended for the purpose of simulation, and pacticularly for perfor- 

mance estimation, certain parts of the protocol have been simplified or omitted [19]. 

Capabilities implemented for the ATM layer in OPNET are: 

1. ATU layer signalling 

Dynamic VCC setup and teardown for point-to-point, fuii-duplex are supported. Point-to- 

rnultipoint VCCs are not supported. Status and restart messages are not supported. The 
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NNI signalling is based on the UNI specificaîîon. 

Networûnod. 

ATM switch 

amsamsatmatmlayer 

amsamsatmatmmgnt 

amsBmSatmtmdr 

ams-aîm-dl-net 

Table 7. ATM switch specification. 

Encepsuletes and lbmards data frwn the AAt layer; 
and fomrards data to the M L  layer; for- 

w a r d s c e o s ~ t h e A f M f M ~ m o d u l e -  
Cmtes  and irnrokes (u~~s~atrn~dr to handle cal1 signals 
and m v- 
ûuiiand updates ATM rouai9 W e .  

Handl85 signalling to estaMish and release an ATM con- 
neclion at a node that is dîher  the caliing nor the called 
node, 

ams-atmtmcall,src 

ams-atrntmcall,dst 

amsamsaûntmtrans 

2. W C  

VPC specification is based on subscription which is an A I U  management fuaction that 

permit5 VPCs to be established on a permanent or semi-permanent basis. A VPC is Lim- 

ited to one VP link. 

Hades signdling at the calling node. 

Handles signalling at the dled rode. 

Receives incornin9 cdls; bansiaîes VPüVCl values for 
autgaing cells and fornards cells b appropriate AfM 
module, 

3. VPNC switching 

VP and VC switching are supp-d. Ali switchuig functions are based strictly on the VPI 

value; the VCI values in VP switched ceiis are oot modined. Input port buffering is not 

modelui. Output port buffering is modeled. A buffer is available for cells of each QoS 

class for each output port. 

4. ATM t r a c  control functions 

Cidi Admission Control (CAC) is based on the Peak Celi Rate (PCR) of a c a l  attempting 

to be established. The CAC algorithm used guarantees that the sum of the PCRs of ali 
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VCCs within a VPC must be less than the total bandwidth of the VPC. 

Usage Parameter Control (UPC) monitors ceiis withui a particular flow. If the ceiis within 

the Bow exceed the traffic contract, actions are taken to prevent the celis from degradhg 

the QoS of other calls. The UPC hinctions inciude determining if a celi conforms to the 

traffc contract as weii as discardiog non-confomùng cells. The confonn;uice dennition is 

based on the GCRA algorithm. The UPC functions are applied only to data ceus, that is, 

ceiis that do not carry AIU layer sigoals or routing infofmsition. 

Procedures for GCRA and WC are declared in amsSatmtminte~uces.h and defined in 

extemai file am-atm_support.exc. 

5. Routing 

The ATM layer model supports distributed, dynamic routing. The routing table is con- 

structed through a disûibuted, asynchronous adaptation of the Bellman-Ford shortest path 

algorithm. Each node in the model maintaios its own routing table, which contains records 

of aU known routes to ali known nodes for all classes of service. Since there are no public 

standards for an ATM routing interface, a modular interface is defhed that permits a trans- 

parent substitution of another routing process within the ALU layer. 

AAL layer: The AAL layer is implemented by one processor module as shown in 

Figure 24-b. The model provides s ipalhg and AALS data transfer services. The LUL 

layer huictionaüty is split into three parts: dispatch, signalling and data transfer. Each part 

has one or more correspondiog process models. Data transfer for AALS connections is 

supported. Data transfer for AAL connections of other types is not implemented. The Seg- 

mentation and Reassembly (SAR) function is modeled explicitly in the AALS model. The 
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model supports bth simple ceil mode and compound celi mode which means that acriv- 

ing PDUs are sent as a collection of ATM ceiis. The Cell Delay V'ation (CDV) is not 

computed for ATM cells in compound celi mode. 

Packet format: The ATM cell format is defhed in mnsmnsatmtmcell.pf:m by the Parameter 

Editor. The definition of each field is listed in Table 8. 

. ~ * d i n d . r  I m d ~ n i .  I ~ l p  1 S m  (bk) 1 m u î t v d r i .  1 D&UI~ sot 
1 O 

1 

2 

3 

4 

5 

-- - . . - - - - - - - - - - - - - - - - - - - - - - - 

Table 8. ATM cell format defined in the standard model. 

4.1.2 Assumptions 

The network model consists of eleven ATM switches and two types of physical links: T3 

(45Mbps) and OC-3 (155Mbps). Assuming that ail subnets are Ethernet LANs. The max- 

imum data rate of the LANs is either 15Mbps or 2-S. A possible topology of this net- 

work is shown in Figure 25. Figure 26 illustrates the relationship between each node 

according to the layered protocol concepts. 

4.1.3 Mode1 speciûcation 

Figure 27 shows the OPNET model specined for an ATM network. This network topol- 

ogy reflects an actual ATM network. Ethemet LANs are chosen as sub-networks to model 

common LAN trafic. They are implemented with a gateway and a number of TCPm 

GFC 

VPI 

VCI 

PT 

6 

7 

8 
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i-r 
inîeger 
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4 

8 
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workstations. The gateway acts as an interfice between Ethemet LANs and an ATM net- 

work to support TCPm applications over ATM. N60 includes ten workstations as shown 

in Figure 27. NI10 coasists of seven workstations. AU other LANs have two workstations 

attached The data rates of the physical link are dehed in a W configuration table 

(my-vp-con.ggd see Appendix II). Table 9 lis& a more detailed specitication of this 

moàel. 

LANs with 2Mbps 

0 LANs lSMbs 

Figure 25. A possible topology. 

Corresponding to peer layers of oiher Eihemet workstanions 

Ethemet warkstation Gateway 

Figure 26. Layered protocols- 
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Top level of netMnk 

Gateway 

Gateway 

Module8 
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Proces#a F unctions 

ip, ARP, MAC, defer and physlcal layes are the same as in the gateway node 

ig-encap 

tcP 

ATM and phvsicai Iayers are the same as in switch nodes 

ip-encap 

tcp-manager 

Rmt process of A& module; mates & inMkes ams-saal- 

Handles al1 signailing to estaMi& and release an AAL connecth. 

TranqmB dient SDUs for one AALS cannection. 

Transporîs IP daîagrams across ATM ne- estabkh and 
releases an A& connection. 
Routes IP datagrams to appropriate interface; segments and 
reassembies IP datagrams. 
Maps IP netwoik and rode addresses into b e r  layer addresses. 

AAL 

1 PAL 

iP 

ARP 

Encapsulates higher level data inla IP datagrarns; decapsulates 
higher level data f m  the IP datagrams 

Root pracess of the TCP module; manages a set of connedon 
processes and involces tep-mn p r o a s  

ams-aai-dii --- 
ams-aa15-cann 

ams-ipif 

amS-iP,rte 

ams,i~,arp 
MAC 

defer 

bas-m. tx 

eth-mac 

eth-defer 

Accepts data padrets from higher layer proWols; encapsulate 
Mis data inîo Ethemet frames; broadcasts these frames in first-in- 
f i r s t 4  order to dl ofher staîicms attacheci to the bus. 
Perfamis carrier senshg and comptes the deference variable. 

Act as physical bus tam. 



4.2 Simulation 

4.2.1 Experiment organhtion 

In the experiments, the duration of each simulation is chosen as 20 seconds. The packet 

size is a unifonn distribution in range (a, b) with a=lW and b = I W  for TELNET; and a 

and b are defined in attljktefand an2jkt-effiles for FTP (see Appendix Il). The queue 

capacity of the IP module in the gateway node is specified as the defadt value (idhite) or 

32,M)O bits and 1,000 packets for the bit and packet capacity, respectively. Specifying that 

W 1 of N5x ( x 4 ,  .... 9) and NlOy (y*, ..., 6) send packets to W 1 of N60 and N 110; while 

Wx of N6û and Wy of NI10 send packets to N5x and NlOy, respectively. The starting and 

end time for tramferring packets are defined in two environment mes: anl-tirne-ef and 

an2-tirne-ef (see Appendix II). 

Figure 28 illustrates the experiments briefly. ln both experiments. the starhg times are 

specified from O to 10 seconds for the 2Mbps LANs, and h m  11 to 18 seconds for the 

1SMbps LANs. For instance, an application in N56 sends a packet to an application in 

N60 at the 6& second &er the simulation starts. In Experiment 1, aU other applications in 

network other than Iower part (below the dash-dot-dot he) shown in Figure 28 are speci- 

fied to send packets after the 2 0 ~  second, and are ignored since they do not influence the 

simulation results in 0-20 second simulation period. In Experiment II, in addition to the 

specïfîcation in Expriment 1, N60 and NI10 are specified to send packets at O and 1 1 sec- 

ond, respectively. Therefore, at O and 11 seconds, the packets king transferred are (1 1 and 

8 tunes) more then that in Experiment 1. This dinerent specification wiii lead to the differ- 

ent simulation results which will be presented in the next section. 
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the time the AAL PDU is created at the source AAL, and the t h e  it is reassembled at the 

destination AAL. which is shown in Eq-23. Delay variation is the variation in end to end 

delay. These delay statistics are coliected both globaUy and locaiiy in the 

ams-aal(i_cnn.p~m pmess model. 

ete-dehy~ = tm - &L (Eq-23) 

Where tsM is the current simulation the and is obtaîned by one of KF%, op-sim-tirne(); 

is the time when the PDU is created at the source AAL and is obtained by another 

KI?, op~k~creation~tirne-get(). End to end delay (ete-delay) in Eq-23 is updated when- 

ever the omsoms~ISSconn.p~rn process model is executed. 

On the ATM layer, two statistics, the end to end delay and CDV are coiiected The end to 

end delay is computed as the ciifference between the time ATM ceiis are sent fiom the 

source ATM layer module, and the time they arrive at the destination ATM layer. CDV is 

the variation of the end to end delay. ATM layer statistics are obtained by similar KR, but 

they are collected in process model mnr_atmnnluye~p:prm and extemai file 

am-atmtmsupport.exc. 

4.2.3 Simulation resuits 

Globai statistics: M e r  the model specification, rnodels can be simulated and data of the 

simulation resuits can be obtained. Two experiments have ken done to coliect the global 

statistics. As described in earlier section, more packets are specified in Experiment II. The 

global statistics obtained are show in Figure 29 and Figure 30. The values on graphs 

mean approximate maximum values. For example, the approximate maximum end to end 

delay on AAL layer is 0.015 second in Experiment 1, and 0.15 second in Experiment II. 
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Figure 29. Global statistics obtained from Experiment 1. 

Figure 30. Global statistics obtained from Experiment II. 

Statistics show that: ( 1 )  with the increase of the packet size, the end to end delay on both 

AAL and ATM layers are increasing; (2) the shape of the end to end delay and the ce11 

delay variation on the AAL layer and ATM layer in either experiment are different 

because of the different layer hnctions; (3) the cell deiay variation on the AAL layer in 
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experirnent 1 is smoother and smaller than that in experiment II, but the CDV on ATM 

layer in experiment XI looks smoother and smaller; also, (4) the end to end delay on the 

2Mbps L A N s  (O second) is grater than that on the 1SMbps LANs (1 1 second). This makes 

sense shce the bandwidth of the 15Mbps LANs (15Mbps) is pater than that of the 

2Mbps LANs (2Mbps) and the number of 1SMbps LANs (8 LANs) is srnalier than that of 

the 2Mbps LANs (1 1 LANs). 

Local statistics wiüa respect to T3 and OC-3: Creating a probe mode1 in terms of T3 

and OC-3 (rnygb_t30~3.pb-m), the utilization. bit-throughput and delay over T3 and OC- 

3 can be obtained as shown in Figure 3 1. Similarly, the values on the graphs mean approx- 

imate maximum values. For instance, the approximate maximum bit-throughput is 

1.75~10~ bits over T3 and 2 . 4 ~ 1 0 ~  bits over OC-3. 

o. ¶ 
0.8 
O.? 
0.6 
0.5 
0.4 
O. 3 
O. 2 
0.1 

O O 0.00s 0.01 0.- 0.02 0.025 0.03 0.03s 

I t h e  (rra) 
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2 
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1 
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O 

Figure 31. Utilization, bit-throughput and delay over T3 and OC-3, 
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The coliected statistics show that: (1) the bit-throughput over OC-3 is greater than over 

T3; (2) the deiay on OC-3 is smailer than the delay on T3; and (3) the utilization of OC-3 

is smaller than the utilization of T3 because the bandwidth of OC-3 (155Mbps) is greater 

than the bandwidth of T3 (45Mbps). 

L o d  statistics in terms oP2Mbps and 15Mbps LANs: In the simulation results shown 

in Figure 32, the IP module queue capacity is defined as the defauit valw (idhite). The 

statistics show that: (1) the delay of 1SMbps LANs (0.01 second) is smaller than the 

2Mbps LANs (0.15 second) since the bandwidth of 1SMbps LANs is greater than the 

2Mbps LANs; (2) there are no overtlow conditions since the queue capacity is infinite. 

5.0~1 O (bit) 0, 

Uu ( S I C )  

Figure 32. Statistics on the IP queue when the queue capacity is infinite. 

In the simulation results of Figure 33 and Figure 34, the IP queue capacity is specified as: 

32,000 bits and 1,000 packets. Comparing the statistics in Figure 33, Figure 34 with 

Figure 32, it can be seen that the overfiow occurs. In Figure 32, the bit-size (the packet 

size measured in bit) can reach up to 580,000 bits while in Figure 33 and Figure 34 the 
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bit-size cm not exceed 32,000 bits, otherwise overflow occurs because of the Lirnited 

queue capacity. 

Figure 33. Statistics on 2Mbps LANs when queue is not infinite. 

Comparing Figure 32 with Figure 33, the delay on 2Mbps LANs decreases from 0.15 to 

0.009 seconds, because the bit-size decreases which is about 580,000 bits in the h t  case 

(Figure 32) and 32,000 bits in the second case (Figure 33). 

Figure 34. Statistics on 1SMbps LANs when queue is not infinite. 
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Comparing Figure 32 with Figure 34, delays on 1SMbps LANs are simiiar, because the 

bit-size are s idar in both cases. 

In this chapter. an ATM network has been designed and implemented with OPNET. The 

model consists of eleven ATM switches and nineteen Ethernet LAM. The applications 

attached to Ethernet LANs are TCP/IP based workstations. The purpose of the mode1 is to 

gain a general idea how to use OPNET to model, simulate and analyze an actual ATM net- 

work, 
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CHAPTER 5 MODELS FOR TRAF'FIC MANAGE- 

MENT 

This chapter presents a number of models' for three groups of simulations. Because the 

focus is on investigating trafic management in ATM networks, only client-server systems 

are considered. The chapter consists of three sections: Section 5.1 describes the model 

specification, traffic arrivals of five types of appiications as weii as the parameters and sta- 

tistics to be c o k t e d  Section 5.2 presents three groups of simulations: the h t  group 

studies the general performance of the client-server network models, the second examines 

the limitations of OPNET for modeling and simulation. and the ihûd investigates conges- 

tion - the most difncult and chaiienging problem in ATM networks. Fially Section 5.3 

draws conclusions. 

5.1 Client-semer network mdeb 

OPNET provides a large number of standard models for modeling protocols and cornmu- 

nication systems. Only client-server network models are considered in this chapter since 

the goal is to build rnodels for M c  management and the client-server model can model 

five types of common appiications which can generate CBR, VBR and bursty trafic. 

1. These models were designed with OPNET 3.0.A. 
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Models constructed in this chapter are modeling W M  networks since the geographic 

positions of objects are coasidered. An application of the client-semer network is a gen- 

eral model. Its behavior cm be modified through parameters and configuration attributes 

in order to make it act Wre a wide variety of network applications, including text or graph- 

ical virtuai terminal sessions, database applications and file transfer utilities. It does not 

model in detail the behavior of any particular application. AU t r a c  between clients and 

serves is organized into sessions. A client-semer system consists of three types of nodes: 

server, client and switch. An example of the client-semer netwoh is shown in Figure 35. 

This model consists of twenty clients, one server and five ATM switches. Switches are 

comected in a star topology. 

Figure 35. A client-server mode1 example. 

Semer: The semer node modeled in Figure 36-a represents an ATM station with server 

applications directly ushg AALS. It supports ATM and AAL protocois. The parameter, 

server confguration table. is used to specify application servers running on the node. 
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Another parameter, trunspon address, aiiows for specïfj~iog the address of the node. The 

server module of the server node is implemented with process model, net-app-seru. This 

process accepts and processes requests h m  clients at a processing rate that can be speci- 

fied by the user. A request may ask for zero, or one, or more response packets to be sent 

from the server to the client Each response requises a finite amount of server processing 

time before it cm be sent, thus the net-app-seru process models a singie shared processor 

pmcessing responses. Processing the is related to the packet size, thus larger response 

packets require more tirne to complete. Only one response may be in progress at a time for 

a single session, but if a server has seveml active sessions, each of them may have a job in 

progrw. AU responses h m  a semer take longer to complete if more than one job is in 

progress at a time. 

Figure 36. Structure of server and client models. 

Client: Figure 36-b represents a client node model. The client attributes, such as Email, 

Ftp, Remote Login, X Windows, Vùieo Conferencing and star? time. allow for the specifi- 
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cation of application t d i c  generation in the node. Similady, the transport address 

ataibute aliows for the specification of the aode address. Ttae ciifference between these 

two nodes is the process mode1 implemented on the application layer. The client node is 

implemented with net-app-mgr. Tûe restriction of these two nodes is that the client and 

semer for the same application must not be ninning io the same node. 

5.1.2 Tkaffic arrivals of applications 

Predefined distributions: In the OPNET standard client-semer model, traffic arrivals 

are dehed by a nurnber of variables in the process model, netapp-mgr. These variables 

represent the interanival and duration time for the generathg sessions and Lull/burst peri- 

ods, as weU as the packet size of applications, etc. Table 10 lists these variables for differ- 

ent applications. 

ses-info-burstdur-dptr O O 

ses-info.burstpk-i~dptr infinite infini- 

exponential 

normal 

infinite 

Table 10. Variables used to define traffic amivals in standard model. 

In Table 10, the tenn exponential (or n o m 1  or poisson) means that the variables in the 

associated rows are of the exponentid distribution with one (or two) argument(s). Note 

that, in Table 10, the arguments in terms of the same distribution are defined with different 

values io most cases. depending on the applications. op-dist-luad(), one of the KPs. is 

used to load the desired pre-defined distribution [24]. The syntax for calling this KP is 
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given by: 

op,drIstload(di&-name, dist-arg0, dist-argl) 

For example, to obtain an exponential variable with mean value I/a, the Proto-C code 

should be written as: 

~p~dist~Ioad(~expanentiaf", I/a) 

In this iine, the k t  argument, dist-ag0, represents the mean outcome I/a. and the second 

argument is ignored for the exponential PDF. In OPNET. the exponential PDF is defined 

as givea in Eq-24, where =>O, ~(x)=a-' and 

As mentioned eariier, traffic between clients and serves is ocganized into sessions. Some 

applications have only one or two sessions, others have a random nurnber of sessions. 

During a session, the client altemates between periods of low traffic (luii p e n d )  and 

periods of high trafnc (burst periods). The similarity between the luil and burst period is 

that in both periods, two variables, the packet interarrivai time (time) and the packet size 

(size) are defmed in the same way. The difference between them is that the packet interar- 

rival time in burst p e n d  is dehed smaller and the packet size in burst period is larger. In 

other words, if the random distributions and the arguments for above two variables (tirne 

and size) in the luil and burst periods are defined the same, then there is no difference 

between lu11 and burst period. 

Emd:  The email application starts one session for generating email and another for 

requesting email. Both sessions are open for the entire simulation. The length of time dur- 
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ing which email continues to arrive is innnite, since it is not expected that email stops per- 

manently at any the.  Due to the fa t  that email transfers are discrete, there are no periods 

of lulis and bursts. In the standard model, email is d e k d  in the luii p e n d  throughout the 

simulation and never in a burst state. The send rate parameter is used to decide the mm- 

ber of emaüs being sent per hour, that is, the internai separating emaii generation. The 

email rate parameter is defined as a constant in the process model which may be specined 

by the user. Traftic arrivals of generated email messages are illustrated in Figure 37. The 

interval time for the email generation (T) is an exponential distribution with a mean value 

of send rate, and the size of each email is a normal distriibutioo. The arriva1 the  for email 

(Tl 1, T12.4 could be any time after the email is generated. 

Figure 37. Trafk pattern of generated email, 

Ftp: Figure 38 depicts traffic arrivals of FïP applications. FTP has a variable number of 

sessioas depending on the specined session rate. Sessions are generated with the expo- 

neatiai distribution based on the session rate which is obtained h m  the attribute specifi- 

cation. For example, Tf in Figure 38 is an exponential distribution with a mean value of 

session rate. The duration of the sessions is defineci as 1 second since it only needs to send 

out one request. Similar to email. FTP WU remain in the lu11 perïod throughout the simu- 

lation duration. The FTP sending interanival time will be infinite because only one 
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request is desired FP applications use the CLOSE cominand to request a ole (other 

applications do not). Ody one fiie is retumed and the size of the nle is determined by the 

normal distribution with a mean value of average füe size. 

Rehim 1 file 1 "  1 

Figure 38. Ftp trafic. 

X Windows: There are periods of l d s  and bursts for X Wmdows. At the start-up period 

of an X Wmdow session, many requests are a i i  made at once. After the start-up period, 

there is a steady state pend, in which requests are made periodicaiiy. Thus, the start-up 

period is modeled as the lu11 period and the steady state as the burst period. The duration 

of the luil period is defined as 0.1 second (constant) and the burst period as infinite. 

Application &art time 1% Simulation tirne 
-)I 

Figure 39. X Window traffic illustration. 

Remote Login: There are periods of luils and bursts for Remote Login. The burst to luIl 

ratio is 1 to 6 on average. The bmt to luii packet interarriva1 ratio is 10 to 1. The number 
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of sessions of Remote Login (Tr) foliows an exponential distribution and the duration of 

the sessions (tr) foiiows a normal distribution. Figure 40 illustrates the tranic arrivals of 

the Remote Login application accordllig to the definition in Table 10. Db and Dl represent 

the duration of the burst and luii period with Db:Dl=l:6. Tb and Tl represent the packet 

interarrivai time of burst and luli packets and the relationship between them is 

Tb:Tl=l: 10. Db, DI, Tb and Tl are aU determined by the exponential distributions, but 

with different arguments. 

piic8biori Hart lime Simulation time 

Figure 40. Remote Login trafic. 

Applicalion !Hart Orne TV tv Simulation üme 

1 1 
- i 
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time 
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Figure 41 . Traffic for Video conferencing- 

Video conlerenciag: The sessions are generated with the exponential distribution (TV) 

and the duration of the sessions (tv) with a normai distribution. The burst period never 

happeas and it always acts in the luU period. The interarrival time (TI) and the frame size 
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(size) are constants. 

5.1.3 Parameters and statistics 

The parameters and statistics with respect to the trafic descriptor and QoS are: PCR* 

CDVT, U R ,  CTD, and CDV. in OPNET standard models, PCR is defined in 

mm-atm-inte@aces.h. The PCR for the caii sigalling is defined as 1 . 2 ~ 1 0 ~  ceWsec 

which is approximately equal to SMbps. The PCR for routing ceiis is defined as 2 .2~10~  

ceWsec (~1Mbps). CDVTs for the fou QoS classes (that is. A, B, C and D) are specified 

in the simulation set before running the simulation. The values are 0.00025.0.0005, 1.0 

and 1.0 for the QoS class A, B, C and D, respectively. By specifying a probe model, CLR, 

CTD and CDV can be obtained The global CLR represents the ceil loss ratio for di QoS 

ciass ATM ceiis in the network. To obtain this statistics, the number of discarded ceUs is 

normalized by the total number of ceiis sent. Four functions associated with obtaining 

CLR are declared in amsmsaîmnnintet$aces.h and defined in the extemal file, 

amsSatmnnsuppon.exc. Eq-25 is used to compute CLR. 

CLR = total,cells,discarded / (total_cells-sent + total_cellsscadiscarded) (Eq-2s) 

may refer to the AAL Iayer, or the ATM layer, or to aU applications. As invoduced 

in previous chapter, the AAL CTD is computed by Eq-23. To obtain CDV, the attribute, 

cornpoufid cetl, must be specified as disabled ("(Y') which aliows the model to invoke the 

Usage Parameter Control (UPC) function. In OPNET standard model, CDV is computed 

by Eq-26, where Si is the delay sample and n is the number of sarnples. 
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5.2 Simulation and performance analysis 

5.2.1 Model performance 

S d  d e l :  The experiwnt is organized based on two modcls: a srnail model and a 

large model. The small model is shom in Figure 42. Some attributes are specified in 

Table 11 (or otherwise use the default setting). 

Figure 42. Model wit h 30 nodes (sec-521 -1. n Lm). 

Table 11. Attribute specification. 
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Simulition 
set 

20 

Clkrrt 

Auto Assigned 
- 

1 .O 

Aandom 

Efwl (L), FtP (Ml 
Remte login (H) 
X windaws ( i l )  
Wdeo conferencing (M) 

Soww 

- 
AutoAssigm~d 
Email(15),ftp(lO) 
Remte  Min (25) 
x windows (20) 
Vide0 conferencing (5) 

Aîtribubs 

ATM QoS D Buffer Capacity 

Transport Address 

Srver Configuration Table 
(name and weight) 

Start time 

Suitch 

1000cdls 

Applicab'on server 

Application bad 
(L: low. M: medium. H: high) 

Simulation duration 1 -  



Figure 43. Statistics obtained from mode1 in Figure 42. 

Large model: The large model is shown in Figure 44. It is an extension of model 

sec-521-1.nt.m. It consists of 186 nodes, and 35 of them are switch nodes. Trafic sources 

and destinations are randomiy specifïed. 

Figure 44. Model with 186 nodes (sec-521-2.nt.m). 
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Figure 45. Statisücs obtained from model in Figure 44. 

Resuits: Figure 43 and Figure 45 show global statistics obtaiaed fiom simulatiag the two 

models. Results show that: (1) as we expected, the AAL end to end delay is much p a t e r  

than the AIU end to end delay in both cases; (2) the large model produces larger delays 

on both AAL and ATM layea; (3) CLR obtained fiom both simulations are zero, indicat- 

hg that no ceLis were discarded. These results brhg us some questions, and they wiil be 

answered in foilowing sections: Section 5.2.2 and Section 5.2.3. 

1. How large a model can be constructed which OPNET can handle? 

2. ls OPNET suitable for modeling and simulation of a network with an abnormal situation, 

for example, congestion? 

5.2.2 Simulations with respect to the limitations of OPNET 

In this section, models are developed for studying the Limitations of OPNET. When evalu- 

ating a CAD tool. usually iwo issues are concemed: memory requirements and processing 

tirne. The memory requirements usudy d e r  to both disk space and RAM. Theoretically, 

an OPNET model can include infinite levels and infiaite nodes on each Ievel, memory is 

allocated as needed and de-allocated when no longer needed [2L]. However, this ability is 
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limited by the computer system (the hi te  RAM) used for modeling and simulation. 

Experiments have shown that (1) at the model specification stage, the number of active 

sessions a e c t  the memory space and processing tirne, (2) at the simulation stage, two 

major factors: the model size and the simulation time affect those two issues. This section 

examines OPNET Limitations at the simulation stage. 

Simulations in te- of the mode1 size: The experiments are orgauized as foliows: by 

using top and 1s commands to obtain information about the process size and the model 

size, etc. firom modeling and simuiating a series of models which include the different 

number of nodes. Table 12 shows how to define the model size, what parameters to be col- 

Iected and the results. Figure 46 presents one of models (md-10) Listed in Table 12. When 

the number of nodes is 216, the simulation can not be completed, because of the lack of 

the swap space. According to a large number of experiments (most of them are not shown 

here), sometimes the process size can reach up to 800 Mbytes, usually in this kïnd of situ- 

ation. the fkee RAM space and fke swap space are just several thousand kilobytes. 

Sbr of output - (w-1 
450,526 



Figure 46, Model with 180 nodes (md-1 O). 

Figure 47. Results about rnodel size. 
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Figure 47 presenis the experiment results wiih respect to the mode1 size. Basicaiiy. an 

increase in the model size causes an hcruise in the process size, pmessing time, the disk 

space of the model 6ie and the statistic output file. 

Simulations in terms of the simulation duration: When using OPNET for modeling, 

simulation and performance analysis, the disk space is not more crucial than RAM. But 

when the output vector ole reaches a certain s k ,  there is a difficulty to open OPNET win- 

dows to view statistics, because runnhg OPNET needs to have sufncient RAM to aiiocate 

a data 6ie into the Analysis Tool. Table 13 ïiiustrates the simulation @ormance with dif- 

ferent simulation duration. 

Table 13- Simulation with different simulation time. 

Figure 48. Resuits about simulation time. 

Figure 48 presents the experiment results with respect to the simulation duration. In this 

a ......... --.- .................... . . . . . . . .  ....-...-. 

f .-.. ...;---..-A.. i @) ~imuiation . duration - output . file site . . .  ....-P. 
. . 
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expriment, md-I in the previous section is used. The results show that although the pro- 

cess size remains the same. the pmessing t h e  and the size of  the output vector fiie 

increase dramatically when increasing the simulation tirne. Statistics related to the simula- 

tion duration are shown in Figure 49 and Figure 50. 

Figure 49. Simulation with 300 seconds (s,300, md-s-1 .nt.m) 

Figure 50. Simulation with 1800 seconds (s-1800, m d s l  .nt.m). 

Results: There exist two issues which are in conflict in the course of modehg networks 

for trafiïc management purpose. On the one hand, the model shouid be built to fit the com- 

puter ability; on the other hand. t&e purpose of the model is for tmf3ic management. For 
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example, obtaining CLR and investigating congestion require a huge number of trafic 

sources. One solution to ease this problem is to run simuiation by the script language. By 

closing the OPNET windows at least 13Mbytes RAM can be released. 

5.2.3 Congestion related simulations 

Congestion is a dynarnic problem and the imbalance of the nehvork t r a c  is the main rea- 

son for this problem [IL ][18]. Since irafnc of ail clients were defined with randomly cho- 

sen destinations, there was no congestion in the previous simulations. Figure 43 and 

Figure 45 show that CLR is zero and throughput is the same as the actuai trafnc load even 

for the large model (Figure 44), that is. every packet is delivered successfully. If an imbal- 

ance situation can be created, there is a possibility that congestion cm occur. 

These section investigates congestion under thne problems: (1) malriog an imbaiance sit- 

uation by specwing a solo subnet to communicate with aii other subnets; (2) decreasing 

the buffer size of the switch; and (3) making trafnc more bursty. 

Making an imbalance: The following simulations use the same model (sec-521-2.nt.m, 

Figure 44) to examine the congestion pmblem. The ciifference is that in this experiment, 

a i i  clients are specified to send the packets to a single destination subnet. 

The statistics obtained from this experiment are shown in Figure 5 1. Statistics show that 

the ATM end to end delay (10-~) and CDV ( 1 0 ~ ~ )  are greatly increased with the hbalance 

situation as compared with Figure 45 (10.~ and 10-" , respectively). CLR, the delay and 

the delay variation on AAL stili remah simifar. The thmughput and the actual load are 

almost the same. 
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oGlobal Application Actual Load Cpackets) (x10001 
O G l o b a l  Application Throughgut Cpackets) Cx10001 

Figure 51 . Statistics regarding an imbafance situation. 

Decreashg b d e r  size: In this experiment, the buffer sïze of switches was decreased 

from lûûû (the default value) to 100 ceus. Two cases are considered- 

Case 1: Only decrease the btûfer size. Figure 52 represent the simulation results of this 

case. The simutation resuits are similar to the results in previous section. 

Case 2: In addition to the decrease of the buffer size, an irnbalance situation is also cre- 

ated. Figure 53 and Figure 54 represent the simulation resuits of this case. Statistics in 

Figure 53 show that CLR is no longer zero in addition to the increase of the ATM delay 

and CDV ( los3 and 10-'). 
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Figure 52. Statistics obtained when decreasing buffer ske. 

Figure 53. Statistics obtained from reduced buffer size plus the imbalance case. 
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O G l o b a l  Application Actual Load (packets) (~1000) 
o G l o b a l  Application Throughput (packets 1 ( ~ 1 0 0 0 )  

Figure 54. Throughput for lem bMer size plus imbalance case. 

Specifyiog t r a c  more bursty: According to Table 10, 

arrivals of X Wmdows and Remote Login include 

increases the application trafic loads of X Wmdows 

lady, two cases are considered. 

the 

and 

Figure 39 and Figure 40, traffic 

burst periods. This experiment 

Remote Login two times. Simi- 

Case 1: Oniy double the application t d l i c  loads of X Wmdows and Remote Login. 

Figure 55 and Figure 56 represent the simulation results of this case. Results show that the 

AAL and ATM delay increase, CLR and KIM CDV cemain on the same level. 

I t i r  (sac) 

Figure 55. Statistics regarding to doubling bursty traffic. 
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figure 56. Throughput when doubling bursîy traffic. 
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Figure 57. Simulation results of the worst case: 3 problems happen together. 

Case 2: In addition to doubling the application aaffic loads of X Wmdows and Remote 

Login, the buffer size is also decreased and an imbalance situation is also created. 
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Figure 57 represents the simulation results of this case. 

Resuits: Simulation results show that congestion takes place. Fiitly, CLR is no longer 

zero (Figure 53 and Figure 57); secondiy, the throughput is srnalier than the t d i c  actuai 

load (Figure 56); and tbirdly, the delay on both AAL and AIU layers increases dramati- 

caiiy. Aiso, Figure 57 represents the resuits of the worst case. 

5.3 Conclusions 

As mentioned earlier in the chapter, the congestion problem is a global issue and a 

dynamic problem which is difncult to solve. The purpose of this chapter is to use OPNET 

to design and simulaie ATM network models to investigate the congestion problem since 

OPNET has an ability to sirnulate communication protocols and networks. According to a 

series of simulations done in this chapter, some results iiiustrating congestion are pre- 

sented. 

1. Standard client-server models are suitable for this kùid of modeling purpose, because 

applications provided by these models can generate CBR, VBR and bursty traffic. 

2. Theoreticaily, OPNET is unlimited. However, its ability is limited by the cornputer 

used. Comparing to the simulation duration, the model size is more crucial, because 

increasing the model size causes both disk space and RAM to increase, whiie increas- 

ing the simulation time oniy requires more disk space. 

3. Generally speakhg, OPNET is a suitable tool for modeling and simulation of ATM 

networks under both normal and abnormal conditions since problems, such as conges- 

tion, can be created by specifjhg mode! attributes. 
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ID this thesis, a number of ATM network models for haffic management have been devel- 

oped. Severai grwps of simulations were designed to investigate network performance 

and OPNET limitations. Because the focus of the thesis is developing models for traffic 

management and congestion which is always a potential problem in high-speed networks, 

a simulation set exclusively for the congestion problem was designed and simulated. 

Results from a series of simulations provided usefid information for investigating what 

causes congestion, which parameters intluence it most signincantly, as well as if OPNET 

is suitable for this kind of purpose modeling. Genedy speaking, OPNET is a suitable 

tool for modeling and simulation of ATM networks in both normal and abnomal condi- 

tions since the problem conditions, such as congestion, can be created by specifying 

model attributes. 

OPNET was found to be a useful tool in the modeling, simulation and analysis of ATM 

networks because OPNET provides a wide variety of standard models, a well developed 

Graphic User Interface (GUI) and convenient mechanisms for data coilecting and perfor- 

mance analysis. However, its ability is Wted  by the computer used. Results show that 

the model size (the number of nodes) is the key parameter in the simulation with respect 
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to the limitations of OPNET. 

Also, an PilU network model comecthg with Ethemet LANs has been designed and sim- 

ulated. This model represents a general idea of using OPNET to develop protocols, inter- 

faces and communication networks, as well as basic concerns of using OPNET to evaluate 

model performance. 

In addition, a hardware CA implementation for generating random distributions for ATM 

trafnc sources &as been desigwd, simulated and compared with three other schemes. The 

simulation results show that the hardware implementation designed in this thesis is effi- 

cient and fast. 

6.2 Contributions 

These are the contributions of this thesis: 

1. A model of an ATM network with Ethernet has been developed and simulated. Since 

this model is built based on a real network, it provides an evidence that OPNET is suit- 

able tool for a simulation study of KïM networks. 

2. Models of client-server networks have been developed and simulated. These models 

are used to examine OPNET limitations and investigate congestion in AIU networks. 

Simulation results prove that: 

OPNET is a suitable tool for modeling and simulation of ATM networks under both normal 

traffic and abnormal traffÏc (e.g., congestion) conditions, since problems can be created by 

specifying model attributes and rnodifying parameters. 

Three factors can cause congestion: imbalance traffic load, insufficient buffer size and 

bu rsty traffic. 
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3. A hardware implementation with 1-D LHCA to gewrate random distributions for 

ATM irafnc has been designed and simuiated. This novel CA architecture is used in 

ATM t r a c  modehg research, and the design proposed here is efficient according to 

the simulation tesults. 

6.3 Future work 

The following issues can be M e r  studied in the hture: 

Modifying associated process models to impiement congestion control funetions other than 

those implemented in standard models, examining the mode! performance- 

Modifying açsociated process models to generate the user designed traffk sources, or mak- 

ing the data of traffic amivals obtained from real networks available in the OPNET models. 

Constructing a tiue Intemet, evaluating its performance. 

Changing structures or parameters of some components of the network, investigating the 

nehnroric dependability- 
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APPEND~X 1: EXPANSION OF DETERMINANTS OF THE 
CERTAIN FORM 

The determinant which has the fom: Mo = 

can be found recunively as foiîows: 
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Since, = a d n  + Mn+I = a,, 

Mn = 1. M,+I =O. 

Example (Figure 11): 

M 6 = I , M 7 = 0  

M 5 = a a 6 + M 7 = k  

M ~ = ~ ~ ~ M c , + M ~ = À ~ . + ~ = A ~ + I  

M3 = Q & ¶ ~ + M ~ =  k(x2+ ~ ) + ; h - = h ~ + h + h = k ~  

M 2 = a 3 $ f 3 + M 4 =  ~ ~ + h ~ + l = k ~ + k ~ + l  

Ml  = Q ~ ~ M ~ + M ~ = A ( ~ . ~ + À Z + I ) +  h 3 = k 5 +  b 

Mo = q l M I  + M 2 = f i +  l ) ( X S  + X) + k4 + h2 + 1  

= x 6 + ) c S + h 4 + 1 + 1  

Because the addition above is the modulo-2 sum. h + h = 0, h2 +h2 = O. etc. 
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APPENDIX 11: GENERAL DATA FILES 

OPNET uses general data Mes to represent muting tables, address mappiag tables, etc., 

and uses environment nles to defme parameters for mode1 simulation and pefiormance 

analysis which have to be done ahead. 

VP configuration M e :  A VP conûguration table contains static VP liok definitions. 

These definitions set the characteristics of each VPC on each of the VP links for the dua- 

tion of the simulation. These characteristics include the data rate and supported QoS class 

of VPCs. Table 14 is a VP conftguration table designed for the mode1 in Figure 27. 

Table 14. VP configuration table (my-vp-config-gdf). 

Environment fdes: Most parameters are attributes which c m  either be specified at the 

modeling stage or specified as prornoted at the modeling stage and then debed later in the 

environment files before simulation. There are four environment files defined for simulat- 

h g  the mode1 in Figure 27. These environment files dehed parameters refening to the 

packet sue and application sWend time. Table 15 lis& the defmed parameters briefly. 

Table 15. Environment files for defining parameters. 

Environmont 
file8 

attlgktef 

alI2jktef 

attl-iime.ef 

' aü2-0me.ef 
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P.tkot 
sizo h g 8  
1 

1OOO 
- 
- 

, 
S M t i n n  

NSû,.,,N59 NgO NI00 ,.., Ni08 NI10 
- - 
- - 
O,.-.,9 >Io0 Il,.-,17 ~ 1 6 0  

O, ..., 9 O Il,.-.,17 11 

End tinte 
NlC&,Nla 

12, ..., 18 

12..-.,18 

N5û,.,,N59 
- 
- 
1,...,10 

1, ..., 10 

mwi 

>Io0 

1 




