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ABSTRACT 

Dynamic bandwidth allocation plays an important role in integrated services networks. 

In integrated services networks, different types of traffic coexist. To serve these different 

types of traffic satisfactorily, hybrid switching is commonly used. In this thesis, dynamic 

bandwidth allocation is studied to provide satisfactory hybrid switching performance. 

Specifically, we will study how to allocate bandwidths for continuous bit rate (CBR) 

traffic served by circuit switching and variable bit rate traffic (VBR) served by packet 

switching. The performance measure is based on the the blocking probability of CBR 

traffic and the time delay of VBR traffic. Therefore, the objective of the dynamic band

width allocation is to maintain balance between blocking probability and delay under var

ious traffic conditions. To accomplish this, the dynamic bandwidth allocation algorithms 

consists of traffic intensity estimation, traffic performance prediction, and performance 

optimization. An event driven simulation is written to demonstrate the algorithm for 

various traffic scenarios. 
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CHAPTER 1 

Introduction 

1.1 General Background 

In the last few years, advances in the fields of computer communications and infor

mation technology and needs to transfer information of various kinds have led to active 

research and development of integrated digital networks. One famous example is the In

tegrated Services Digital Network (ISDN) [14], which has several standardized interfaces 

to carry different kinds of traffic such as voice telephony, data communications, telex, 

videotex, home telemetry, remote control, etc. 

This notion of integrated networks has brought to the forefront a multitude of issues 

which require extensive research and development. Of particular interest is the perfor

mance and cost effectiveness of integrated voice and data services in a single network. In 

the past, since different traffic has different characteristics, network protocols and archi

tectures have been designed differently according to the traffic. For example, telephone 

networks use circuit-switching for voice traffic, and data networks use packet switching for 

data traffic. Although these different networks can optimize traffic performance for their 

individual traffic, they are subject to performance, connectivity and compatability prob

lems when carrying other types of traffic. Therefore, one important objective of designing 
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an integrated network is to optimize the overall performance. In general, performance is 

determined by the switching method used to set up a connection in a network. There are 

two main switching methods: circuit-switching and packet-switching. These switching 

methods will be reviewed in Chapter 2. A good network therefore can combine the two 

switching methods appropriately for the various types of traffic. 

1.2 Problem Statement and Research Objectives 

As mentioned earlier, different data traffic has different characteristics. These digital 

bitstreams can be specifically classified into two traffic types: (1) continuous bit rate 

(CBR) traffic and (2) variable bit rate (VBR). CBR traffic has a constant bit clock and 

a continuous bit stream input to a network. Voice and video are two examples of this 

type. On the other hand, bursty traffic or VBR comes to the network in bursts of bits. 

For example, data generated by computers and terminals, are of this kind. 

In order to support these two classes of traffic in a single shared medium, this thesis 

considers a hybrid-switching approach. In this hybrid-switching approach, a portion of 

the network bandwidth is reserved for CBR traffic, switched by circuit-switching and the 

rest of the bandwidth is for bursty traffic which is switched by packet-switching. To 

optimize the overall performance, the amount of bandwidth allocated to each kind of 

traffic should be appropriately adapted according to the traffic loads. For example, the 

portion of the bandwidth unused by the circuit-switched traffic can be reallocated to the 

packet-switched traffic, and vice. 

This bandwidth adaptation has been studied before [8, 5, 10, 12]. 
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In this thesis, bandwidth allocation is adapted to minimize both the blocking probabil

ity for CBR traffic and transmission delay for bursty traffic. Bandwidth allocation will be 

updated at regular intervals of time when necessary. One key element in this bandwidth 

adaptation is traffic estimations of the two types of traffic. 

1.2.1 The Approach 

The study and the results discussed in this thesis are based on a slotted-ring [2] net

work. In this network, time is divided into slots. There are two kinds of slots: isochronous 

or CBR traffic slots, and non-isochronous or VBR traffic slots. Therefore, bandwidth 

adaptation is through updating the allocation of the two types of slots. To evaluate the 

performance of adaptation, event-driven simulation is used, where different traffic condi

tions are considered. A criterion will be suggested for allocating the bandwidth in order 

to minimize both the call blocking probability for CBR traffic and packet transmission 

delay for VBR traffic. 

1.2.2 Thesis Organization 

The rest of this thesis is organized in four chapters. Chapter 2 reviews previous work 

on hybrid-switching and discusses various switching and multiplexing techniques. The 

hybrid-switching protocol based on slotted-ring and the optimization criterion will be 

detailed. Chapter 3 describes in detail the simulation model and various procedures 

involved. Chapter 4 presents the results from various input traffic conditions. At the end, 

Chapter 5 summarizes the study and suggests future work. 
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CHAPTER 2 

Integration of Circuit/Packet Switching 

2.1 Introduction 

In this chapter, we will first review circuit and packet switching techniques. Histor

ically, these techniques were designed and optimized for different types of traffic. As 

discussed in Chapter 1, there are two main types of traffic: Continuous Bit Rate (CBR) 

traffic and Various Bit Rate (VBR) traffic. To carry both of these types of traffic, hybrid-

switching techniques have been proposed. These proposed techniques will be described 

before we discuss dynamic bandwidth allocation in the next chapter. 

2.2 Traffic Access and Switching 

In a communication network, user traffic generally needs to be first sent to the network 

and then switched to the destination. The protocol that describes how traffic is sent to the 

network is called the Medium Access Protocol, and a switching technique used determines 

how traffic is switched. 
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2.2.1 Medium Access 

There are two main types of medium access protocols: statistical multiplexing and 

deterministic multiplexing. In statistical multiplexing, traffic is sent to the network on 

the "availability" basis. That is, traffic can be sent only when the network is available. For 

example, in Carrier Sense Multiple Access with Collision Detection (CSMA/CD), traffic 

cannot be sent to the network if a carrier is sensed. As another example, in token-passing, 

traffic cannot be sent to the network unless the access node holds the token. 

In deterministic multiplexing, a call is setup before the transmission so that the traffic 

can be sent to the network at predetermined times or frequency bands. In Time Division 

Multiple Access (TDMA) and Time Division Multiplexing (TDM), traffic is sent to the 

network through reserved time slots. In Frequency Division Multiple Access (FDMA), 

traffic is sent over predetermined frequency channels. 

TDM and TDMA are very similar, in terms of the time frame structure, where there 

are a certain number of slots in each frame. One key difference is that in TDMA time 

slots are asynchronous or of different phases and frequencies. Due to a fact that nodal 

distances and delays are large in some networks such as satellite networks, phase and fre

quency synchronization is not possible. Therefore, time slots are separated by guard times 

and each traffic burst has some preamble bits for synchronization. Another important 

difference between TDM and TDMA is that in TDMA there is a central control node that 

transmits a reference burst to define the frame and force a measure of synchronization 

among nodes. 
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These statistical and deterministic multiplexing techniques have their counterparts in 

switching. In general, statistical multiplexing is used together with packet switching, and 

deterministic multiplexing is used with circuit switching. This relationship will become 

clear in the following discussion. 

2.2.2 Circuit Switching 

In traditional circuit switching or in the very beginning telephone network, a physical 

circuit path is established between the sender and receiver for a given call. In a more 

general sense, circuit switching provides a deterministic fraction of a physical circuit for 

a given call. For example, in TDM, each T1 line (1.544 Mb/s) can provide 24 digital 

voice calls, which are multiplexed in the time domain as described earlier, and they are 

also switched in the time domain. This is called time slot interchange (TSI) in digital 

telephony. 

In addition to switching in the time domain, circuit switching also includes switching 

in the spatial domain and frequency domain. In the spatial domain, traffic is routed 

to a different physical path in a spatial circuit switch. In the frequency domain, the 

carrier frequency of the traffic is switched. Although switching can be done in different 

domains, their traffic transport characteristics are very similar since a fraction of the 

network resource (time slots, frequency bands, or physical lines) is reserved and switched 

deterministically for a given call in circuit switching. In this thesis, we will focus on the 

switching in the time domain or TDM. 
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In TDM, since each time slot has a fixed number of bits, it provides a fixed bit rate 

circuit for a given call. In addition, since the same time slot of each frame is used for 

the same call, there will be no random delay, congestion, and information loss during 

the transmission. Therefore, circuit switching is very efficient for switching CBR traffic. 

There is a major disadvantage of this circuit switching, however. Since a dedicated channel 

is reserved for a given call, the reserved channel can be inefficiently used if the sender 

becomes idle or does not send information. 

2.2.3 Packet Switching 

Because of the disadvantage of circuit switching mentioned earlier, packet switching has 

been used for bursty or VBR traffic. Different from circuit switching where channels are 

allocated on a reserved basis, packet switching dynamically allocates available bandwidths 

to bursty bit streams that vary in bit rate. To mix bits from different sources, information 

bits from each source are delivered in packets. In addition to the information bits, each 

packet contains call ID, source address, and destination address. 

Packets in packet switching are similar to time slots in TDM. However, packets are 

much larger in size. Another important difference is that packets are statistically switched 

in a packet switching network. In other words, similar to statistical multiplexing, packets 

are stored and forwarded to a downstream line when the line becomes available. Delay 

of packets waiting in the buffer is called the queuing delay, which is a random variable 

because of the statistical nature. 
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According to the way how packets of the same call are switched in a network, packet 

switching can be further classified into two types: datagram packet switching and virtual 

circuit packet switching. In datagram packet switching, packets of the same call are 

switched individually to the destination. Therefore, there is no guarantee that packets will 

arrive in order. On the other hand, virtual circuit packet switching requires a call setup 

so that all packets of the same call will be switched through the same path. Therefore, 

packets of the same call will always arrive in order. 

Since packets are generated only when there is information to send, packet switching 

is better than circuit switching for bursty traffic. However, to maintain a reliable link 

between the source and destination, packet switching requires traffic routing and conges

tion control. In addition, because of the bursty delay and possible packet loss when the 

network is overloaded, packet switching is not ideal for some other applications. 

2.3 Traffic Classifications 

From the above discussion, we see circuit switching and packet switching have quite 

different switching characteristics. Therefore, to know when these two switching tech

niques are more appropriate to use, this section discusses important traffic characteristics 

and traffic classifications. 

Important traffic characteristics include: 

• Transmission rate. For CBR traffic, this is simply the bit rate. For VBR traffic, 

this is the average number of bits per second transmitted. 
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• Transmission size or number of bits of a given call. This is an important character

istic in data communications. 

• Call duration. This is the average duration time for a call. 

• Delay requirement. Some traffic requires real time response such as voice, some 

traffic can have a long transmission delay such as e-mail. 

• Continuousness. As mentioned earlier, CBR traffic comes in continuous bits. How

ever, VBR traffic comes in bursts of bits. 

From these traffic characteristics, several important types of traffic are: 

Class I: • continuous traffic 

• long duration 

• small delay required 

• examples: voice and video communications 

Class II: • bursty traffic 

• small delay required 

• example: terminal and computer communications 

Class III: • bursty traffic 

• small delay not required 

• examples: file transfer and e-mail 

Class IV: • continuous traffic 
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• long duration 

• real time transmission not required 

• example: pay per view video 

Since Class I and II traffic requires real time transmission, circuit switching is used 

[11]. On other other hand, since Class III traffic is bursty and does not require real time 

transfer, packet switching becomes more efficient and appropriate. For Class IV traffic, 

since it is continuous but does not require real time transmission, either circuit or packet 

switching can be used. 

From the discussion, it becomes clear neither circuit switching nor packet switching 

is ideal for all types of traffic. Therefore, to match traffic characteristics of each type, 

hybrid switching becomes attractive, where both circuit switching and packet switching 

are integrated in the same network. There are two advantages from hybrid switching. 

First, since hybrid switching allows various types of traffic transmitted in the same net

work. the total transmission cost can be reduced. Second, since hybrid switching matches 

the traffic characteristics, better transport performance can be achieved. Because of the 

importance of hybrid switching, past work on hybrid switching will be reviewed in the 

rest of this chapter. More detailed discussion can be found in [3, 8, 11, 4]. 

2.4 Previous Work on Hybrid Switching 

As pointed out earlier, ISDN has been introduced to provide integrated services such as 

voice and data. In ISDN, however, voice and data are switched separately in the network. 
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In other words, two separate networks are used for CBR and VBR traffic. Therefore this 

level of integration is only at the access level and it is not truly hybrid switching. 

Cavello and Vena [11] have contributed important work on truly hybrid switching. 

They proposed a hybrid switching network called Slotted Envelope Network (SENET). 

Their work is motivated by their observation that traditional real time communication 

networks are designed for the peak load to guarantee given traffic transport requirements. 

Since the network is not in its peak load most of the time, unused capacity could be 

used for traffic which do not require real time transmission. Therefore, they proposed to 

divide time into frames, and each frame is divided into fixed number of time slots. This 

is very similar to TDM. The difference between TDM and the proposed hybrid switch

ing is that time slots in the proposed scheme are classified into two types: isochronous 

and non-isochronous slots. Isochronous slots are used for CBR traffic which is circuit 

switched. That is, traffic carried by these slots are managed on a reservation basis. Non-

isochronous slots are used for VBR traffic which is packet switched. That is, traffic carried 

by these slots are managed on a contention basis. The basic frame structure is illustrated 

in Fig. 2.1. For isochronous slots, the slot size is chosen in accordance with the transmis

sion rate of the CBR traffic. For example, for 64Kb/s PCM voice, the slot size will be 

64Kb/s-(Frame Size)/(Network Transmission Rate). 

In the earlier versions of SENET, the boundary dividing the two types of slots was 

fixed. This simple approach is not satisfactory if the traffic intensity of CBR and VBR 

traffic vary significantly. In other words, it will be likely that either VBR traffic suffers 
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large delay or CBR traffic faces a high blocking probability. To solve this problem, a 

movable boundary or dynamic bandwidth allocation scheme becomes necessary. 

CIRCUIT 

SWITCHED 

PACKET 

SNITCHED 

CIRCUIT 

SWITCHED 

PACKET 

SWITCHED 

CIRCUIT 

SWITCHED 

PACKET 

5WITCHE0 

• TINS DIVISION NDLTIPLD • 

FRAM 

Isochconout Slots Non-isochronou* Slots 

CSV - CIRCUIT SWITCHED VOICE SLOT 
CSD - CIRCUIT SWITCHED DAT* SLOT 
PSM - PACKET SNITCHED SICAllK WSSACE SLOT 

PSD - PACXET SWITCHED OATA SUIT 

Figure 2.1: Hybrid Switching Channel structure 

Study of the network behavior under the movable boundary scheme is an important 

and interesting topic. Recently [7] had evaluated one such scheme and suggested a the 

bounds of mean system size and delay. Compared to the network behavior under the 

fixed boundary scheme, the behavior under the movable boundary scheme is more com

plex to analyze. In the fixed boundary scheme, the two circuit and the packet switching 
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subsystems are essentially separated. Therefore, they can be analyzed separately. How

ever. in the movable boundary scheme, the two subsystems interact through the movable 

boundary. Therefore, the traffic performance of one subsystem will be affected by the 

other subsystem. Therefore, a good boundary moving algorithm is important to main

tain satisfactory performance for both subsystems. 

2.5 Hybrid Switching over a Slotted Ring 

In order to choose a network for us to study traffic performance under the movable 

boundary scheme, a hybrid switching scheme similar to scheme described in a recent paper 

by Liu and Messerschimitt [2] is considered. They proposed a hybrid switching scheme 

which is based on a slotted ring protocol [6]. A slotted ring (Figure 2.2) is a closed 

loop linking a number of stations. One of the stations acts as a central controller which 

generates frames consisting of "slots". These slots are used for carrying information. A 

station with data to transmit will look for an available slot. This available slot will be 

marked "unavailable" after it is loaded with the data. As the slot travels around the 

ring, its destination address is examined by each station until it reaches the destination. 

The destination station then down loads the data carried by the slot and marks the slot 

"available". 

Hybrid switching is achieved by classifying the slots into two types: isochronous and 

non-isochronous slots (Figure 2.2). As explained in the previous sections, the isochronous 

slots are used for serving CBR traffic and are circuit switched. The non-isochronous slots 

are used for serving VBR traffic and are packet switched. These slots could be re-classified 
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dynamically based on the input intensities of the VBR and CBR traffic. This dynamic 

allocation scheme will be explained in detail in the next chapter. 
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Figure 2.2: Slotted ring and integrated time 
frame 
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CHAPTER 3 

Dynamic Bandwidth Allocation in Hybrid Switching 

3.1 Introduction 

As mentioned in chapter "2, efficient bandwidth management is a key in hybrid switch

ing. There are two basic ways for bandwidth management: static bandwidth allocation 

and dynamic bandwidth allocation. In the static scheme, a predefined portion of the 

network capacity is reserved for the transmission of CBR traffic, and the rest is for VBR 

traffic. Most earlier versions of hybrid switching schemes use this basic scheme. One 

major disadvantage of this scheme is that the the bandwidth is not adapted to the traffic 

changes. As a result, traffic performance will become worse as the traffic intensity of 

either type of traffic increases. Therefore, to overcome this, the dynamic scheme is used, 

where bandwidth allocation is adapted according to the variations of the input traffic 

intensities. 

One basic requirement for the dynamic bandwidth allocation is to prevent bandwidth 

monopolization by either type of traffic. In the past, most dynamic allocation schemes 

gave priority to CBR traffic such as voice over VBR traffic. This led to bandwidth 

monopolization by CBR traffic when its intensity becomes high. 
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In this thesis, a new approach is proposed wherein an optimization criterion is used 

to determine the bandwidth allocation between CBR and VBR traffic. The case that 

we will consider is to give equal importance to both traffic. This prevents bandwidth 

monopolization by either type of traffic. To understand the dynamic performance of this 

new approach, computer simulation is used. In this chapter, we first discuss our new 

approach and then describe in detail the simulation. Results from the simulation will be 

discussed in the next chapter. 

3.2 Movable Boundary and Bandwidth Allocation Principle 

The allocation principle considered in this thesis is based on two performance param

eters: the blocking probability for CBR traffic and the queueing delay for VBR traffic. 

As mentioned in the previous chapter, the performance of CBR traffic is characterized 

by the percentage of blocked calls known as the blocking probability. Under the classical 

Markovian framework, Erlang has shown that if the arrival of calls (customers) to a mul

tiplexer (service facility) form a Poisson process with parameter A, and the service times 

of the calls are exponentially distributed with parameter fi, then the blocking probability 

VB of the multiplexer is given by 

r B _ . _  ( A / H ) m / m l  

££o (W/« 

where m denotes the number of circuit switched channels available at the multiplexer. 

This formula, also popularly known as Erlang's Loss formula, can be applied to measure 

the blocking probability of CBR traffic when served by m slots in a slotted-ring network. 
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For VBR traffic, its performance is determined by the queuing delay of packets buffered 

in the queue. This performance depends on the VBR traffic intensity and the available 

bandwidth. In general, a larger bandwidth is needed for a higher traffic intensity to 

maintain the same queuing delay. Different from the blocking probability, there is no 

simple expression that relates the queuing delay and the traffic intensity. To perform 

dynamic bandwidth allocation in the simulation, the queuing delay performance is first 

characterized at the steady state. That is, queuing delay is obtained as a function of the 

traffic intensity at a given allocated bandwidth. Figure 3.1 shows the steady state delays 

obtained by running the simulation for long enough time under various combinations of 

slot allocations and intensities. This information used to determine how much bandwidth 

should be allocated according to the VBR traffic intensity estimated. 

From these performance parameters, bandwidth will be allocated to satisfy both types 

of traffic if possible. The algorithm to implement the bandwidth allocation is detailed in 

the following sections. 

3.3 Target Network Model For Simulation 

To study the dynamic bandwidth allocation in hybrid switching, we choose the slotted-

ring as discussed in the previous chapter. Here time is divided into frames and each frame 

is subdivided into a number of time slots. These time slots are once again divided into 

Isochronous and Non-isochronous slots. Circuit switching (CBR) traffic is served by the 

Isochronous slots and packet switching (VBR) traffic is served by the Non-isochronous 
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Figure 3.1: Steady State Delay Vs Input Intensity 



29 

slots. The total number of slots in a frame is fixed. All the nodes on the network are 

logically linked up to form a ring. 

Basically, each node in the above network is modeled as queuing system. In the 

modeled queuing system, input traffic includes both CBR traffic and VBR traffic. The 

service facility includes both Isochronous and Non-isochronous time slots. When the 

CBR traffic comes, a call request is performed to find an available Isochronous time slot. 

Similarly, when VBR traffic comes, it is serviced by Non-isochronous slots. 

Using the above model for each node, the network is simulated with adaptive band

width allocation. Following sections detail this dynamic hybrid switching network simu

lation. 

3.4 The Simulation Description 

The network under consideration consists of n  nodes connected as a logical ring, and 

each of these nodes generates both CBR traffic and VBR traffic. Each time frame is 

divided into n slots, out of which, initially m slots are allocated to CBR traffic and 

(n — m) slots to VBR traffic. But as the simulation progresses this slots allocations values 

change dynamically. 

The functional flowchart of the main control algorithm for the event driven simulation 

is shown in Fig. 3.2. The simulation can be broadly divided into four main functional 

modules: 

1. Event generation, 

2. Event processing, 
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3. Traffic estimation. 

4. Bandwidth adaptation. 

Fig. 3.2 shows how these modules are related in the simulation. 

The event generation module is responsible for the generation and scheduling the main 

events of the network simulation. The events are randomly generated and stored in a 

queue according to their event time (first happen first out). Possible events include: 

1. Arrival of a circuit switched Call, 

2. Arrival of a packet switched Packet, 

3. Release of the circuit switched Call. 

In the simulation, the arrival processes of CBR and VBR are both cissumed to be Poisson, 

and the service time or departure process for CBR traffic is assumed to be exponential. 

The departure process or the slot holding time depends on the source and destination 

address in the ring. An uniform random destination address is assumed. 

The event processing module is to process the three kinds of events described above. 

Detailed discussion can be found in Appendix A. In essence, as slots travel along the 

ring, they are processed at each node and then moved to the next node. For CBR or 

isochronous slots, once a slot is used, it is held until the end of the call. This provides 

a pseudo-synchronous virtual path through the network similar to a circuit-connected 

channel. If a call request comes and no Isochronous slots are available, the call is blocked. 

For VBR or Non-isochronous slots, each slot is used to carry one VBR packet stored in a 

queue. 
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To allocate appropriate slots for the traffic, traffic intensities need to be estimated for 

both CBR and VBR traffic. For CBR traffic, the Erlang formula is used to estimate 

the blocking probability from the measured input intensity. For VBR traffic, after the 

input intensity is measured, the queuing delay can be estimated by comparing the value 

characterized from the steady state system at the measured input intensity. The traffic 

estimation will be detailed in the next subsection. 

From the estimated traffic intensities, bandwidths are reallocated to have a balance 

performance. In the simulation, a single node is used to perform bandwidth reallocation. 

In otherwords, the task of collecting empty slots and converting them from one type to 

other is done in one single node. 

3.4.1 Estimation of Input Traffic Intensities 

As mentioned earlier, one of the keys in dynamic bandwidth allocation is the traffic 

intensity estimation to allocate the bandwidth properly. Since traffic intensities vary 

dynamically, the intensity of each type of traffic has to be constantly estimated. 

To estimate the traffic, a time window scheme is used in the simulation. We determine 

the time taken for "n" number of arrivals. The accuracy of the traffic estimation depends 

on the size of "n" and how fast the traffic varies within a window. If the traffic intensity 

of a subsystem changes rapidly, then it is necessary to choose a small "n" to estimate the 

traffic. On the other hand, if the traffic intensity varies very slowly, then a larger "n" 

should be used. In the simulation, CBR traffic is assumed to vary slower compared to 

VBR traffic. That is, the call input rate of CBR traffic varies slowly compared to the 
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packet arrival rate. Thus the time window to estimate the CBR traffic was chosen to be 

large compared to the time window used to estimate the VBR traffic intensity. 

The input intensity is given by: 

T n arrivals 
Input intensity = — — - :—-

Time taken for n arrivals 

The time windows were setup in a way that each time window has an overlap of 25% of 

the previous time window. This use of 25% overlap is to obtain a smooth change in the 

estimated intensity values. 

Once the intensities were accurately estimated, the blocking probability (VB) and 

queuing delay (TV) can be computed as explained in the previous section. The bandwidth 

reallocation is to reassign the number of slots so that a joint performance of the two types 

of traffic is maximized. 

3.4.2 Algorithm for Dynamic Bandwidth Allocation 

Since the objective of dynamic bandwidth allocation is to maximize the traffic perfor

mance all the time when traffic intensities vary, it is important to first formulate what is 

the joint traffic performance when both CBR and VBR traffic are considered. As show in 

Fig.3.3, there are four regions in the performance consideration. These four regions are 

partitioned by the two performance limits: one for CBR and and one for VBR. Specifi

cally, we assume a blocking probability limit for CBR traffic, below which its performance 

is acceptable, and we also assume a transmission delay limit for VBR traffic, below which 

its performance is acceptable. 
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If both limits are satisfied, the system is in region 1 and there is no need to adapt the 

network bandwidth. If the system is in regions 2 and 3, one of the limits is not satisfied. 

Therefore, the number of slots need to be increased for the traffic whose limit is not 

satisfied. This change is to move the system to region 1. Here we determine the number 

of slots required by the system above its limit to bring down to its limit. However, if 

the change of slots cannot move the system from region 2 or 3 to region 1, an optimum 

criterion is used to reassign the numbers of slots. 

The optimum rule is to minimize the following value: 

f ( T D , P B )  =  a ( T D )  +  b ( B P )  (3.1) 

Here TD and BP are the normalized values of the current time delay ( T V )  and blocking 

probability (BV). Here we have assumed that a blocking probability of 0.001 is as impor

tant as a transmission delay of 1 msec and so we choose them as our normalizing factors. 

Hence, here 

T V  B V  
T D  = and B P  =  

1 msec 0.001 

The minimization of Equation (3.1) is done as follows. From the current traffic inten

sities estimated, we sequentially increase the slots allocated to CBR traffic from 1 to 49 

slots. This at the same time reduces the slots allocated to the VBR traffic from 49 to 1. 

For each combination of this slot allocation, we determine the time delay and the blocking 

probability as explained in the previous sections. We then determine which slot allocation 

combination would give the minimum value of Equation (3.1). This combination is the 

optimum slot allocation to the CBR and VBR traffic. 
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Coefficients a  and b  can be further used to adjust the relative weight of each subsystem. 

In our simulation we have assumed a and b to be equal to unity, thus giving equal weight 

to both the VBR and CBR traffic. 

If the system is in region 4 and if the blocking probability of the CBR subsystem and 

the time delay of the VBR subsystem are more than twice the maximum performance 

degradation limits, then we simply allocate equal number of slots to each subsystem and 

wait for the input traffic intensities to fall. 

BlodnDg frobabiiity 

Maximum Performance Deterioration 
Limit of Circuc Switched subsystem 

Figure 3.3: Performance status of the system 

To implement the above description, the dynamic bandwidth allocation algorithm 

consists of the following steps: 

1. Estimate the current traffic intensity of each subsystem. 
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2. Determine the current blocking probability V B  and time delay T V  of the circuit 

switched and packet switched subsystems respectively. 

3. Determine how many slots are required by each subsystem to maintain them within 

their respective performance limits. 

4. Determine what region the system is currently in. If it is found to be in region 4, 

allocate slots according to the optimal criterion. 

5. If the system is in region 2 or 3. reduce the number of slots allocated to one sub

system to the number determined in Step 3 and reallocate them to the other. More 

specifically, reduce the slots (bandwidth) of the subsystem that is currently be

low the performance limit and allocate them to the subsystem that is beyond its 

performance limit. 

6. Before reallocating the slots, pre-determine what region the system would be in if 

the slots were actually reallocated under the current traffic intensities. If the system 

is found to move into region 4, or is found to move from region 2 to 3 or from 3 to 

2, use the optimum allocation criterion to determine the new slot allocations and 

reallocate. If the system is found to move into region 1 from region 2 or 3, reallocate 

the slots as determined in step 5. 

A flow chart that includes these steps is shown in (Fig. 3.4), and the procedure is called 

the Slot-Allocator procedure. The reallocation procedure is performed at one designated 

node in the simulation. 
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Figure 3.4: Flowchart for procedure Slot Allocator 
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3.4.3 Performance Pre-estimation Before Reallocation 

In step 6 of the algorithm discussed above, we mentioned that the system status was 

pre-determined before reallocation. This is an important feature of our dynamic allocation 

scheme. If we did not pre-determine what state the system would be in upon reallocation, 

increasing the number of slots allocated to one subsystem could have an adverse effect 

on the performance the other system. Since the total number of slots available is fixed, 

increasing the time slots allocated to one subsystem would result in the reduction of time 

slots allocated to the other subsystem. This could cause the performance of the subsystem 

whose slots were reduced to deteriorate beyond its performance limit. 

Therefore, each time the Slot-Allocator procedure decides to increase the slots allocated 

to one subsystem, the theoretical value of the performance factor (the blocking probability 

or transmission delay) of the other subsystem under the new allocation is estimated. 

If this theoretical value was above 15% of the performance limit of that subsystem, 

then the slots were reallocated according to the optimum allocation criterion. This extra 

15% is to compensate the possibility of inaccuracy in traffic intensity estimate. 

3.4.4 Parameters assumed 

In this simulation we assume that the network consists of 50 nodes spanning 50 km 

and that each node generates both CBR and VBR traffic. In addition, each time frame 

is divided into 50 slots out of which we initially assigned 30 slots to the CBR traffic and 

20 to VBR traffic at the start of the simulation. The arrival processes of CBR and VBR 

traffic into the system are assumed to be Poisson at rates A3 and A&, respectively. The 
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call holding time or the departure process of CBR traffic is assumed to be exponentially 

distributed with a mean of /x-1 ( 180 seconds). The service time for VBR traffic is simply 

the transmission time required for a slot to travel from the source node to the destination 

node. The propagation delay between any two adjacent nodes is 25 ms and the slot 

length is also 25 ms. With these assumptions, the results and discussion of our study are 

presented in the next chapter. 
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CHAPTER 4 

Results and Discussion 

4.1 Introduction 

To demonstrate the bandwidth adaptation described in the previous chapter, this chap

ter discusses simulation of the slotted-ring hybrid switching network with four different 

input traffic patterns. For simplicity, both VBR and CBR traffic arriving at the system 

is assumed to be Poisson. To generate different traffic patterns, we use an Input-Rate-

Controller procedure in the simulation that dynamically varies the arrival rate of both 

VBR and CBR traffic. The departure process or call holding time for CBR traffic is 

assumed to be constant (3 minutes) and unchanged through the entire simulation. The 

departure process or the slot holding time of the VBR traffic depends on the source and 

destination addresses in the ring. A uniform random destination address is assumed in 

the simulation. 

To cover all possible traffic patterns, the four different traffic arrival patterns to be 

studied are: 

1. Falling CBR traffic intensity and rising VBR traffic intensity. 

2. Rising CBR traffic intensity and falling VBR traffic intensity. 
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3. Rising CBR and VBR traffic intensity. 

4. Falling CBR and VBR traffic intensity. 

These four input patterns are simulated and discussed in the following sections. We 

will examine the delay and blocking probability performance according to the optimum 

bandwidth allocation algorithm described previously. 

4.2 Falling CBR and Rising VBR 

In this section, we describe the behavior of the network under a traffic pattern where 

the CBR traffic intensity was initially very high and the VBR traffic intensity was very 

low. As the simulation proceeds, the intensity of the CBR traffic gradually decreases and 

that of the VBR traffic gradually increases. 

Since our algorithm for bandwidth allocation is dependent on the estimation of the 

input traffic intensities of the CBR and VBR traffic, an accurate estimation is impor

tant. As mentioned in the previous chapter, the estimation method is a simple time 

window scheme. Results from this estimation are shown in Figure 4.1, where the real and 

estimated traffic intensities of both CBR and VBR traffic are shown as a function the 

simulation time. The estimated traffic intensity values were of a 90% confidence level. 

The confidence interval is built around the estimated value of the intensity and is show 

in Figure 4.1.The confidence interval tests are explained in Appendix B. 

Figure 4.2 shows the blocking probability of the CBR traffic and the queuing delay 

(steady state and transient) of the VBR traffic as a function of the simulation time. The 

steady state value is the value obtained from the table shown in Appendix C, at the 
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Figure 4.1: Pattern 1: Real and Estimated Input Rate 
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current slot allocation and estimated traffic intensity. The transient curve is obtained 

dynamically from the delay average of the last 40 packet arrivals in the queue of each 

node. In the simulation, the maximum blocking probability limit of the CBR traffic is set 

at 0.0015 and the queuing delay limit of the VBR traffic is set at 4 msec. These limits 

determine if the performance (blocking probability or queuing delay) is acceptable or not. 

The initial number of time slots assigned to the CBR traffic is 30, and the initial number 

assigned to the VBR traffic is 20. Since the initial CBR traffic intensity is very high, we 

see that the initial blocking probability of the CBR traffic is very high (» 0.005). Also, 

since the initial VBR traffic intensity is very low, the time delay of the VBR subsystem 

is small and below 5 msec. 

At time point 0.35 (35,000 msecs), the Slot-Allocator procedure is triggered and it 

senses the high blocking probability (much higher than the maximum performance limit) 

of the CBR traffic. Therefore, it calculates the additional slots required to reduce the 

blocking probability. To prevent undesirable high queuing delay as a result of this, the 

system also performs pre-estimation to see if the time delay of the VBR traffic would 

rise beyond the delay limit according to the new allocation. The result from the pre-

estimation indicates that the delay will be higher than the maximum limit; therefore, the 

optimum criterion is used to find the acceptable slot allocation for both types of traffic. 

Figure 4.3 shows that at time point 0.4 (40,000 msecs) the number of slots assigned to 

CBR traffic is increased from 30 to 44 and that of the VBR traffic is reduced from 20 to 

6. 
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This change in slot allocation has an almost immediate effect on the performance of 

the system, and we can see this in Figure 4.2. After this change, at time 0.5 (50,000 msec) 

the blocking probability falls to 0.001 and the queuing delay of the VBR traffic increases 

to 6 msec. The 0.001 blocking probability is lower than the 0.0015 blocking probability 

limit. The reason is due to failing CBR traffic. Similarly, this delay increase of the VBR 

traffic is due to the slot reduction and increase in the arrival rate of the VBR traffic. 

The Slot-Allocator procedure is triggered once again after a fixed predetermined time 

(35000 msec). At this time, the system senses a high time delay and a low blocking 

probability. Once again through pre-estimation the system determines that allocating 

slots to VBR traffic to reduce its delay lower than the delay limit will at the same increase 

the blocking probability of the CBR traffic higher than its blocking probability limit. 

Therefore, the system again uses the optimal criterion to allocate slots. The number of 

slots allocated to VBR subsystem changes from 6 to 9 thus reducing the CBR slots from 

44 to 41. This change can be seen in Figure 4.3 at time point 0.75 (75,000 msec). Thus 

under the new optimum slot allocation the time delay falls to 4.5 msecs and the blocking 

probability increases to 0.0011. 

At time point 1.5 (150.000 msecs. Figure 4.2) , due to the falling CBR inputrate the 

blocking probability falls to 0.00025 (much below the limit) but the delay is still above 

the limit. Hence, the system allocates 7 more slots to VBR traffic. This brings down the 

delay to 3.5 msecs which is within the performance limit. 

From this point forward the blocking probability reduces to a very low value due the 

the falling CBR input rate but the time delay continues to increase due the the rising VBR 
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input rate. At time point 3.5 (370,000 msecs) the system again allocates and additional 

8 slots to VBR subsystem thus bring down the delay to less then 3 msecs. This change in 

slot allocation does not increase the blocking probability due to the low input intensity. 

Figure 4.4 shows the overall system behaviour. In this figure we can clearly see how 

the blocking probability and queuing delay behave with respect to one another as the 

simulation proceeds. Figure 4.5 shows the performance state diagram of the system. In 

this diagram, there are four regions partitioned by the two performance limits as explained 

in Chapter 3, Section 3.4.2. We can see from this figure how the system moves from one 

region to the other and finally settles down into region 1. At time point 0.1 (10,000 msecs) 

in the figure, the system is in region 3 where the blocking probability is very high and the 

time delay is below the delay limit. After new slot reallocation according to the optimal 

criterion at time 0.4, the system moves into region 1 at time point 0.5 (50,000 msecs). 

Here the blocking probability and the time delay are within their respective limits. After 

further slot reallocations the system moves into region 2 and then into region 1 again, 

where both blocking probability and time delay are below their respective limits. 

Simulation results under this traffic pattern have demonstrated that our dynamic band

width adaptation method can successfully maintain the traffic performance as traffic in

tensities vary. This is also true for another three traffic patterns discussed below. 
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4.3 Rising CBR and Falling VBR 

This section considers the case where the CBR traffic intensity is increasing and the 

VBR traffic is decreasing. Again, the traffic intensity is estimated by the time-window-

average mechanism. Figure 4.6 shows the estimated and real traffic intensities of the CBR 

and VBR traffics as a function of the simulation time. The initial CBR traffic intensity is 

0.0005 calls/msec, and that of the VBR traffic is 0.035 packets/msec. As the simulation 

proceeds, the input intensity of the CBR traffic gradually rises to 0.0035 and the VBR 

intensity falls to 0.014 packets/msec. The initial slot allocation to the CBR traffic is 30 

slots and 20 for the VBR traffic. 

Figure 4.7 shows the performance of the two types of traffic under the traffic pattern 

considered. From the figure we can see that the blocking probability is very sensitive to 

the changes in the input intensity and the slot allocation. Figure 4.8 shows how the slots 

have been reallocated according to the variations of the input intensities of the CBR and 

VBR traffic. The complete system behaviour is shown in Figure 4.9. 

Initially, both types of traffic are below their respective maximum performance limits. 

Therefore, there is no need to have slot reallocation. At time point 1.8 (180,000 msecs), 

the blocking probability rises above the permissible limit due to the increase in the input 

intensity of the CBR traffic. At this point, the CBR traffic is allocated an additional 3 

slots, thus bringing down the blocking probability. The input intensity of CBR traffic 

continues to increase so the system allocates 3 more slots to the CBR traffic at time 1.75. 

This slot increase for the CBR traffic continues till time point 3.5 (350,000 msecs). From 

this point, the queuing delay of the VBR traffic exceeds its performance limit due to the 
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decrease of its time slots. Therefore, the system switches to the optimum allocation mode 

in which the optimum number of slots allocated to each traffic depends on the current 

traffic intensity of each traffic. This can be seen from the time points 3.5 (350,000 msecs) 

to 4.5 (500,000 msecs) in Figure 4.9. During this time span, the slots allocation remains 

unchanged because the optimum allocation to each traffic also remains unchanged. At 

time point 4.5 a new optimum slot allocation value is determined and the VBR traffic is 

assigned an additional 2 slots bring the time delay down form 24 msecs to 6.9 msecs. 

The performance state plot of the system under this traffic pattern is shown in Figure 

4.10. Initially the system is in region 1 (time point 0.1). Since the input intensity of the 

CBR traffic is gradually increasing and since the number of slots initially allocated to 

the CBR traffic is small, the system moves into region 2 (time point 1.5). From region 

2 the system moves into region 4 due to optimum allocation. Now slot reallocation is 

performed to maintain the delay and blocking probability to have equal amount increase 

with respect to their normalization values. This can be clearly seen from Figure 4.10, 

where the trajectory in region 4 of the state diagram is in the 45 degree direction. At 

time point 4.5 (450,000 msecs) a new optimum value is determined. This change causes 

the time delay to fall to 7 msecs (time point 5.0, Figure 4.10). 

From the behavior of the system under this traffic pattern, we see that our adaptive 

dynamic bandwidth allocation scheme maintains the system in either region 1 or region 

4 thus preventing bandwidth monopolization by either traffic. 
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4.4 Rising CBR and VBR 

In the previous two sections, we described the system behavior under patterns which 

had one of the traffic intensities rising and the other falling. In this section we describe 

the behaviour of the system under a traffic pattern that both the CBR and VBR traffic 

intensities are continuously rising from a low initial value to a high final value. 

Under the earlier two traffic patterns, we notice that the slots were mostly allocated to 

the traffic that has the higher traffic input intensity. Under the traffic pattern where both 

the input traffic intensities are rising, we will expect that slots will be allocated according 

to the optimum allocation algorithm so that there will be no monopoly. 

Figure 4.11 shows the estimated and real input traffic intensities of the CBR and VBR 

traffic. The CBR traffic intensity rises from 0.001 to 0.0035 calls/msec, and the VBR 

traffic intensity rises from 0.01 to 0.03 packets/msec. From the figure, we can see that 

the estimated traffic pattern follows the real traffic pattern closely, and we found that 

the estimates were of a 90% confidence level. Figure 4.12 shows the performance of the 

CBR and VBR traffic. Since the initial intensities of the traffic are very low, the CBR 

and VBR traffics are both within their maximum performance limits. Initially, the CBR 

traffic is allocated 30 slots and 20 slots for the VBR traffic. The slot allocation remains 

unchanged up to time point 1.5 (150,000 msecs). 

As the simulation proceeds, the intensities rise. Therefore, the CBR traffic blocking 

probability and the VBR traffic time delay gradually increase. At time 1.4, the blocking 

probability goes beyond the limit and the number of CBR slots is increased to reduce 

the blocking probability. This process repeats at time point 2.5 (250,000 msecs) (Figure 
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4.13). From this point (time point 2.5) onwards, traffic is allocated according to the the 

optimum allocation algorithm since both types of traffic pass their performance limits. 

The slot reallocation is performed to maintain the delay and blocking probability to have 

equal amount increase with respect to their normalization values. This can be clearly 

seen from Figure 4.15, where the trajectory in region 4 of the state diagram is in the 45 

degree direction. The slot reallocation due to the traffic and performance variations is 

shown in Figure 4.13. 

After time point 3.5 (350,000 msecs), the input intensities gradually fall to a low value. 

Therefore, the blocking probability and the time delay gradually also fall. This can be 

seen in Figure 4.12. At this time, both the blocking probability and delay are still above 

the maximum performance limits. 

4.5 Falling CBR and VBR 

In this section, we discuss the system behaviour under a traffic pattern in which both 

the CBR and VBR traffic intensities fall from a high initial value to a low final value. 

Figure 4.16 shows the real and estimated input traffic intensities of the CBR and VBR 

traffic as a function of the simulation time. The initial value of the CBR traffic intensity 

is 0.0035 Calls/msec, and the VBR traffic intensity is 0.035 packets/msec. 

Figures 4.17 and 4.18 show the performance and the slot allocation for the two types 

of traffic. The initial slot allocation to the CBR traffic is 30, and 20 for the VBR traffic. 

We notice that the initial blocking probability is very high due to the high input intensity, 
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Figure 4.11: Pattern 3: Real and Estimated Input Rate 
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whereas the time delay is below its limit (4 msec.). Although the input intensity of VBR 

traffic is high, the time delay is low due to high initial allocation of slots to VBR traffic. 

At time point 0.35 (35,000 msecs) in Figure 4.18, the Slot-Allocation procedure is 

triggered. With pre-estimation, the system determines that the time delay could rise 

beyond its limit if the system allocates more slots to CBR traffic. Hence, the system 

determines to use the optimum allocation algorithm. This results in a change of the 

number of CBR slots from 30 to 36. This change in slot allocation has an immediate 

effect on the performance of both types of the traffic. The blocking probability falls to a 

value just above its limit, and the time delay increases to around 6 msec, higher than the 

its maximum performance limit. 

At time point 1 (140,000 msecs) in Figure 4.17, the Slot-Allocator procedure is again 

triggered, a new optimum slot allocation is determined. Under the new optimum slot 

allocation the CBR slots are reduced from 36 to 34, and the VBR slots are increased from 

14 to 16. This change brings the VBR traffic delay down to 4 msec. After time point 1.5 

(150,000 msecs), both types of the traffic are under their performance limits and hence 

there is no change in the slot allocation afterwards. 

Figure 4.19 shows the overall system behaviour under this traffic pattern and Figure 

4.20 shows the system status. In this figure, we see the system is first in region 3 (time 

point 0.1) and then moves into region 4 (time point 0.4) under the optimal allocation. As 

the input intensities of both types of traffic fall, the system gradually moves into region 

1 (time points 1.4 to 5.0). 
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The system behaviour under this traffic pattern is once again demonstrated to be 

satisfactory according to the dynamic bandwidth allocation scheme. 
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CHAPTER 5 

Conclusions 

In this thesis, we have addressed the importance of efficient bandwidth allocation in 

integrated services, hybrid switching local area networks. We specifically addressed four 

scenarios where network traffic intensities dynamically change. In these scenarios, the 

dynamic bandwidth allocation algorithm presented is found to be successful in managing 

the network bandwidth to provide satisfactory performance at all times. The algorithm 

also ensures that there is no bandwidth monopolization by either traffic type. For future 

work, it would be interesting to investigate how this algorithm would behave under a 

priority scheme where CBR traffic is given more priority over VBR traffic. Furthermore, 

it would be interesting to apply the bandwidth allocation algorithm to an actual network 

compare the results with the simulation results. 
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APPENDIX A 

Detailed Simulation Description of the Main Events 

Section 4 of Chapter 3 has described the main blocks in the simulation for dynamic 

bandwidth allocation in hybrid switching. This appendix describes the important events 

that are processed in the simulation, which are: 

1. arrival of a circuit-switched call, 

2. arrival of a packet-switched packet, 

3. release of a circuit-switched call. 

The control flow charts for the above events are shown in Figures A.2, A.3, A.4, A.l, 

A.5. Each event triggers a special processing procedure and they are detailed as follows. 

A.l Event: Call Arrive 

At each node, when a call arrival event of CBR traffic is processed, the next call arrival 

will be generated according to the assumption that the interarrival times are exponentially 

distributed. Afterwards, the call counter is incremented for the arrival call. At this point, 

the arrival rate procedure, keeping track of all the arrivals falling within a pre-defined time 
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Figure A.5: Flowchart for procedure Call Release 

window is activated and the arrival is noted. The node then determines if an empty circuit-

slot is available for servicing the arrived call. If an empty isochronous slot is available, the 

slot is marked as full and the counter which keeps track of the available empty isochronous 

slots is decremented. When this is done, a call release event is scheduled according to 

the exponential distribution. If an empty circuit-slot is not available, the call is said to 

be blocked and the blocked-call counter is incremented and the blocking probability is 

recalculated. In the simulation, we assume that the traiRc intensities are uniform over all 

the nodes. Therefore, we can simply use traffic intensities estimated at a designated node 

for dyanmic bandwidth allocation. 
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A.2 Event: Packet Arrive 

At each node , when a packet arrival event is processed, packets are are added to 

the packet queue after noting the arrival time of each packet. The arrival rate of packet 

traffic is determined by means of activating the arrival rate procedure. At this point we 

determine if the slot reallocation procedure triggered earlier has completed reallocation. 

If the reallocation is not complete, we continue to reallocate slots. If the reallocation is 

complete we then move to the next step. 

At each node we determine if the slot currently available is a Non-isochronous slot. If 

the slot is an Isochronous type then the simulation simply progresses and if the slot is a 

Non-isochronous slot, then we determine if the slot is full or empty. 

If the slot is empty, then we determine if the queue at that node has one or more 

packets in it. If the queue is not empty we then reduce the queue length, set the slot-full 

flag and note the departure time of the packet from the queue. We then determine the 

queue delay of the packet and also the departure rate at that node. A random destination 

is determined for the departing packet. 

If the slot is full, then we determine if the current node is the destination of the 

packet in the slot. If it is not the destination then propagation delay timer of the slot 

is incremented and the simulation progresses. If it is the destination, then the slot is 

emptied, i.e., the slot-full flag is reset and the packets delivered counter is incremented. 

We then determine if the packet queue at the current node is empty or not. If the queue 

is not empty, then the queue length is reduced, slot-full flag is set, the time of departure 

of packet is noted, the propagation delay time of theslot is reset and the queue delay 
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of the packet is determined. The departure rate of the packet traffic at that node is 

also determined and then the simulation progresses. If the queue is empty then the slot 

propagation timer is reset and the empty packet slot is propogated to the next node. 

A.3 Event: Call Release 

When this event comes, it means a CBR call is terminated. Therefore, the isochronous 

slot used for the call is released. This slot is marked as empty and the available isochronous 

slot counter is incremented. 
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APPENDIX B 

Confidence Interval Test 

In this section we describe how to build a 90% confidence interval for the estimation 

of input traffic intensity. As described earlier, a time window method is used to estimate 

the input arrival rates, where there is a fixed number (n = 40) of arrivals within each 

time window. 

Let Xi be the random variable representing one interarrival time. 

1) Since Xi is exponentially distributed, the PDF of Xi is 

f ( X i )  = Ae"A* 

where A = arrival rate, E[X,]=1/A and V a r ( X i )  =  1/A2 

2) We also define Yi = X,/n, and the PDF of Yi is 

f ( Y i )  =  A e " 1 *  

where A = nA 

3) We now define 

Z = ±Yi = ±* (B.D 
.=i «'=i 
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From basic probability theory, we have the PDF of Z \  

T n
Zn- i e - J z  

/(z) = <B'2> 

wher e  E [ Z ] =  n / A ,  Var(Z) = n / X 2  a n d  A  =  n X .  

4) In order for us to determine the 90 % confidence interval, we have to determine "a" 

and "b" such that, 

f ( n + a ) / X X l Z n ~ 1 e ~ X Z  -
/  _  7 *  d X  =  0.9 B.3) 
j (n- b ) / x  ( n  -  1 ) !  

This expression can be analytically integrated as: 

- e-^H + AZ + + =0.9 (B.4) 

Let U  = AZ, we have 

- e-"[l + V  + .... + = 0.9 (B.5) 

"a"and "b" are calculated as follows: 

PDF of U  is 

Un-\e-U 

^•l=ri5T (B'6)  

Given "a", we evaluate "b" such that f ( n  +  a )  =  f ( n  —  b )  (Eqn. (B.6)). We then check 

if "a" and "b" satisfy Eqn. (B.5). We repeat this step until we find "a" and "b" such 

that both the conditions are satisfied. 

From a,b computed and from Eqs. (B.l), (B.2), (B.3), we have 
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( n  -  b ) / J  < ^ 7 ^ ( n  +  a ) / X  

ih 

with 90% probability. This gives us the following 90% confidence interval: 

j n - b )  j  ( n  +  a )  

Z X i / n -  ~ T . X i l n  

Since A = nA, we have the final expression 

1 —  b / n  1 + a/n 

EX./n " " Z X i / n  

This is the expression used in calculating the confidence interval given X { ,  i  = 1 ,..n 

observed in a time window. 



APPENDIX C 

Steady State Performance of VBR Traffic 

In this section we present the steady state performance results of VBR traffic. 

Inputrate 
Packets/msec 

VBR Slots Inputrate 
Packets/msec 5 10 15 20 25 30 35 

0.005 5.727 4.326 3.375 2.444 1.727 1.109 0.033 
0.01 8.081 4.432 3.496 2.565 1.851 1.223 0.694 
0.015 80.542 4.927 3.530 2.692 2.021 1.104 0.702 
0.020 2311.283 5.769 3.691 2.701 1.995 1.381 0.788 
0.025 4220.405 8.946 4.121 2.847 2.097 1.311 0.868 
0.030 5494.760 43.862 4.359 3.130 2.124 1.416 0.867 
0.035 6325.717 483.202 5.592 3.378 2.325 1.592 0.854 
0.040 6948.650 1144.521 7.017 3.588 2.485 1.626 1.031 
0.045 7210.332 1701.845 21.497 4.507 2.728 1.693 1.089 

Table C.l: Queueing delay (msecs) as a function of traffic intensity and bandwidth 



84 

REFERENCES 

[1] Ming-Kang Liu, Messerschmitt, D.G., Hodges, D.A., Time Slot Switching for Inte
grated Services in Fiber Optic PBX/LAN IEEE Transactions on Communications, 
Vol. 37, NO 7, July 1989, pp. 685-693. 

[2] Ming-Kang Liu and Messerschmitt, D.G., Skew Time Slot Switching and Slotted-
Ring in a Metropolitan Area Network, Proceedings in IEEE INFOCOM 1988, pp. 
6B.3.1-6B.3.7. 

[3] Harry Rudin,Studies on the Integration of Circuit and Packet Switching, Proceedings 
IEEE ICC 1978, PP. 20.1.9. 

[4] Ross, M., Tabbot, A., and Waite, J., Design Approaches and Performance criteria 
for Integrated Voice and Data Switching, Proceedings IEEE., vol 65, Sept. 197. 

[5] Weinstein, C.J., Malpass, M.L. and Fisher, M.J., Data Traffic Performance of an 
Integrated Circuit- and Packet Switched Multiplex Structure, IEEE Transactions on 
Communications, Vol. COM-28, NO 6, June 1980, pp. 873-877. 

[6] King,J.B., Mitrani, I., Modeling a Slotted Ring Local Area Network , IEEE Transac
tions on Communications, Vol. C-36, NO 5, May 1987, pp. 555-561. 

[7] Zhang, Z. and Rubin, I., Bounds on the Mean System-size and Delay for a Movable-
Boundary Integrated Circuit and Packet Switched Communications Channel, 

[8] Gitman, I., Hsieh, W. and Occhiogrosso, B.J., Analysis and Design of Hybrid Switch
ing Networks, IEEE Transactions on Communications, Vol. COM-29,NO 9, Septem
ber 1981, pp. 1291-1300. 

[9] Gitman, I., Hsieh, W. and Occhiogrosso, B.J., Design of Hybrid Switching Networks 
for Voice and Data, Proceedings IEEE International Communications Conference, 
August 1978, pp. 20.1.1-20.1.9. 

[10] Fisher, M.J. and Harris, T.C., A Model for Evaluating the Performance of an In
tegrated Circuit- and Packet-Switched Multiplex Structure, IEEE Transactions on 
Communications, Vol. COM-24, NO 2, February 1976, pp. 195-202. 



85 

[11] Caviello, G. and Vena, P.A., Integration of circuit/packet switching in a SENET 
(Slotted Envelope NETwork) concept, in Proceedings of the National Telecommuni
cations Conference, December 1975, pp. 42-12-42-17. 

[12] Li, S.Q. and Mark, J.W., Performance of Voice/Data Integration on a TDM System, 
IEEE Transactions on Communications, Vol. COM-33, NO 12, December 1985, pp. 
1265-1273. 

[13] Rosner, R.D., Packet Switching and Circuit Switching: A Comparison, in Proceeding 
NTC 1975, pp. 42-1-42-7. 

[14] Tenenbaum, A., Computer Networks, Prentice-Hall: Englewood Cliffs NJ, 1987. 

[15] Lee, A.E. and Messerschmitt, D.G., Digital Communications, Kluwer Academic Pub
lishers: Norwell MA, 1988. 

[16] Bratley, P., Fox, L.B. and Scharge, L.E., A Guide to Simulation, Springer-Verlag: 
New York, 1987. 


