Telecommunications Call Processing

on a Linear Processor Array
David Knox

A THESIS
submitted to the School of Graduate Studies and Research
in Partial Fulfillment of the Requirements
for the Degree of
MASTER OF APPLIED SCIENCE
in

Electrical Engineering

Ottawa-Carleton Institute of Electrical Engineering
Department of Electrical and Computer Engineering
Faculty of Engineering
University of Ottawa
OTTAWA, ONTARIO KIN 6N5

© David Knox, 1996



National Lib
Bl o

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibtiographic Services Branch  des services bibliographiques

395 Weliingtun Street
Ottawa, Ontang
K1A QN4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis,
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellington
Otiawa (Ontana)

Your e Vorre rélerence

Our e Notre rélérence

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliothéque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése
de quelque maniére et sous
quelque forme que ce soit pour
metire des exemplaires de cette
these a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protege sa
these. Ni la these ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation. '

ISBN 0-612-19976-2

Canada



=x| UNIVERSITE D'OTTAWA
UNIVERSITY OF OTTAWA



Acknowledgements

I'would like to thank my supervisor, Dr. Sethuraman Panchanathan. for his advice and both
Richard Cowper and Jules Meunier for their financia! support. I would also like to thank Brian
Baker. Terry Newell. Zaihua Luan. Dale Stribeau and J.W.J. (Bill) Williams for information and
technical discussions.  Finally, 1 would like to thank my lamily for their patience and

encouragement throughout this work.

iv



Abstract

New telephone features and their increasingly complex interactions with one another require
hetter performance from Telecommunication Switching systems.  Since call processing is the
most computationally expensive task in a switch, multi-processor systems are being considered
lor the call processing cores of many commercial switch architectures. In this thesis. the design
criteria for such a call processing system have been generated and analyzed. A new approach. the
heterogencous linear pipelined array is proposed and compared with a common load sharing

architecture,

The Tincar pipelined array has been simulated using a detailed Verilog Hardware Description
Language model, to further verify its suitability for call processing applications. Several fixed
assignment schemes and three simple heuristic assignment schemes have been simulated and the
resulting throughput and processor utilizations has been studied. A semi-static approach has been
tested, where an optimal schedule is determined based on the relative quantities of calls in specific
states. The performance of the array for the call processing task is shown, for a variety of cases,
to be dependent on the degree of load balancing which can be achieved in the array and the extent
to which processing bottlenecks can be avoided. The results for the semi-static schedules are

significantly better than for the fixed schemes.

Performance is shown to be limited if there are significant delays between contiguous sequences
of sub-tasks. The mechanism used to reject load is important and has a fundamental linmiting
ctlect on system throughput. Different offered loads have been simulated and the linear pipelined
array performance is stable under overload conditions. The results of the analysis indicate that a
heterogenous linear array can be used effectively for the call processing application and also
exhibits good scaleability. The detailed simulations used here are an effective approach for the
analysis of the underlying causes for events and provide a representative architectural model of

the system, which can be adapted and refined as further experiments are performed.
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Chapter 1

Introduction

The complexity of a telephone call is increasing with the advent of new features [1,2,3,4]) and, as
a result, the processing power of telephone switch cores must also increase to handle such calls
[5]. Since the Call Processing portion of the switch software occupies most of the CPU (60% 1o

85%) in a single-processor core system [6], it is the Call Processing design that is most critical to

overall switch performance.

To meet increasing call processing requirements, telephone switch manufacturers are now
considering parallel processing solutions for Call Processing architectures. Paralle! processor
architectures allow individual processor complexity to decrease, which often reduces cost and
increases the reliability of the final system. Equally, these architectures allow existing powerful
and expensive processors to work as part of a yet more powerful team of processors. Different
multi-processor core architectures are possible, so it is necessary to understand the basic evolution

of the telephone switch before attempting new designs.

1.1 A Brief History of Switch Architectures

A digital telephone switch is typically divided into a peripheral processing unit and a core
processing unit [5, 7, 8]. The peripheral processing unit handles the local processing
requirements associated with a call, while the core processing unit co-ordinates the establishment,
maintenance and termination of all calls. This centralized core architecture has been used in

telephone switches for the last twenty-five years [7] and is still being used in designs today.

Other work examining distributed or tightly-coupled architectures also appears promising [I, 9

? 3

10, 11, 12, 13], but these architectures require significant changes o be made in the design and



organization of the switch software. This software is large and complex and has been optimized

extensively; making the re-writing and re-testing of it an expensive and impractical option. For

this reason, the work described here assumes a centralized core architecture, which allows re-use

of a large portion of the existing code.

Although the basic switch design has remained constant, the architecture of the core processing

unit itself has changed considerably over the past 25 years to satisfy demands for greater

reliability, real-time performance and improved services [14, 15]

(1)

(2)

(3)

(4

In the earliest digital implementations, a single processor was used to replace the old
relay-based analog swilching core [7]. These new digital systems were smaller, more

powerful and more reliable than their mechanical counterparts.

Redundant processors were added to the switching core to improve reliability. The current
specification for telephone switch availability in North America can be broadly stated as

no more than 1 hour of downtime in a forty year period [16].

More processors were added to the ‘edges’ or periphery of the switch to reduce the load on
the central core and to maintain the real-time response of the system. The LSSGR standard
[16] states that no more than 20% of calls should experience a delay exceeding 3 seconds

during the High Day Busy Hour traffic period.

More powerful processors were developed for the core, to take advantage of the progress
in VLST technology (i.e. increased density and speed) and advances in MiCroprocessor
design (e.g. the development of sophisticated caching and pipelining techniques). These
new processors allowed switch cores to handle more telephone calls. A large switching
office controls about 100,000 sending and receiving terminals (telephone sets), of which

about 10,000 can be active simultaneously [17].

[§8



(5} Multiprocessor techniques were used to replace the active-standby core architectures.
These multi-processor architectures ranged from centralized shared-memory and load-
sharing architectures to distributed multi-computer configurations.  However, most
commercial Call Processing systems continued to use a centralized approach because of
the challenge associated with synchronization and the increased real-time complexity of
the software for a distributed system [18]. Also. the relatively slow growth in memory
speed, when compared with the increased speeds of the processors limited the number of
tightly-coupled shared-memory systems [19]. For example, the Northern Telecom DMS.
the Alcatel E10, the Siemens EWS and the Ericsson AKE 10 switches all use 21 centralized

core architecture.

Table 1.1 shows the major multi-processor Call Processing systems which have been developed

for commercial use.

The architectures of most commercial switches have evolved in a similar scquence and are now at
the rmulti-processor stage. However, with the introduction of more advanced services there is an
increase in the signalling required between the terminal and the switch during the call, as well as

during the setup of the call [S]. Table 1.2 defines some newer services, which are now being

offered.

These advanced services also interact with each other [47], further burdening the centrul core.
For example, if customer A calls customer B, who is already on the phone, the Call Processing
software must search its database to determine if B has subscribed to the ‘Call Waiting® service.
If so, a Call Waiting signal is sent to B to indicate that a new call is coming in. By ‘flashing’ the
switch-hook, B can alternate between A and the original conversation. If B does not have the Call
Waiting service, A receives a busy tone. However, if A subscribes to the ‘Ring Again’ service, the

central office generates a call between A and B as soon as B finishes the current conversation.

Since a phone can call any other phone, the software process controlling a phone can interact with

any other process controlling any other phone. These types of interactions cause application



Deployment

Manufacturer Maodel . Architecture Description
Period
Alcatel E10 (and 1983-1996 Functionally distributed and loosely-coupled
System [2) architecture. Call Processing functions are spread
across networked subsystems, with load sharing
amongst the processors within a subsystem. [20, 21,
22]

AT&T 5ESS 1982-1996 Distributed Call Processing architecture with clusters

(Lucent) of active-standby processors and peripheral modules
[23, 24]

Siemens EWS-D DE3 1984-1996 Centralized architecture (dual processor: active-
standby) with peripheral processing. The switch can
be used in a more distributed configuration for large
applications [25]

Northern DMS-100 1979-1996 Centralized architecture (dual processor; active-

Telecom standby) with peripheral processing {26, 27, 28]

Ericsson AKEI10 and 1980-1990 Centralized architecture (dual processor active-

AXEI3 and 1980- standby) with peripheral processing [29, 30]
1996

NEC NEAX61K [979-1996 Tightly-coupled Multi-processors [31, 32, 33]

FUJITSU FETEX-150 = { 1980-1996 Load-sharing multiprocessor (tightly coupled) [34, 35]

NTT D70 1981-1996 Function sharing and Load-sharing multiprocessor
(tightly coupled) [36, 37, 38, 39]

Rockwell/ 580 DSS 1977-1990 Functionally distributed and loosely-coupled

Wescom hierarchical multiprocessors [11, 40)

GTE GTD-5 EAX 1979-1990 Centralized architecture (dual processor; active-
standby) with peripheral processing (dual processor;
also active-standby) {41, 42]

GEC Mark II 1973-1980 Centralized architecture [43]

Multiprocessor

HITACHI HDX10 1980-1996 Hybrid System with load sharing possible in the
centralized and peripheral portions of the switch [44,
45]

ITT TCS-5 1977-1983 Load-sharing multiprocessor (tightly coupled) [9]

British System X 1981-1992 Microprocessor modules interconnected in a ring;

Telecom small-scale shared memory systems possible [8].

Phillips TCP36 1978-1984 Centralized architecture with peripheral processing

with shared memory and some functional distribution
[46]

Table 1.1 Multiprocessor Approaches to Commercial Call Processing Systems




Service/ Feature Name

Description of Feature

Call Waiting (and Call
Waiting Deluxe)

accepting another incoming call cven though there is another
call already in progress and then being able to multiplex between
these two distinct calls

Ring Again

the ability to automatically re-try a busy number

Conferencing

more than two participants permitted in a multi-way
conversation

Caller Identification
Delivery

display of the caller’s number or name on the receiver's
telephone set and related services; these services require a
handset with display capability

Calling ID Delivery
Blocking

prevent delivery of a subscriber’s ID by another subscriber with
Caller Identification

Calling ID Delivery/Call
Waiting

display of the 1D of incoming calls which have been put on hold
as well as the currently active call (see above for the definition of
the Call Waiting service)

Calling Name Delivery

association of a telephone number with a subscriber's name and
the display of that name

Calling Number Delivery

display of the caller’s number

Anonymous Call Rejection

ability to prevent the reception of calls that do not have a name or
number associated with them (e.g. subscribers that have Calling
ID Delivery Blocking, for example)

Ring Control

customized rings for multi-party lines or multi-number lines with
the same physical wire access

Visual Message Waiting
Indication

visual indication that phone messages have been received
(usually for a Telco-provided answering service or voice-mail)

Call Forwarding (Call
Forwarding Don't answer,
Call Forwarding on Busy)

autornatic inittation of a call to another number or voice-nil
service if the subscriber does not respond or cannot respond

Automatic Callback/ Last
Call Return

allows initiation of an outgoing call to the same subseriber that
last placed an incoming call (e.g. for cases when a subscriber
‘just missed’ picking up on time)

Automatic Recall

allows subscribers to scroll through the set of the last few calls
which have been received

ISDN data services

For a detailed description of these services, sec [48]

Higher bandwidth services

For a detailed description of these services, sec [13]and [}]

Table 1.2 Non-POTS telephone services

complexity to multiply, since each telephony feature can require quite different messages and

signals between the sender and receiver [2]. Indeed, with the introduction of mobile users [12], a



call may initiate on a particular switch and may migrate (0 a different switch (or switches) during

the progress of the call.

To speed up the overall Call Processing operation and increase the system capacity for Call
handling, advances in intcrconnect topologies must be used. Although single processor
technology has also seen improvements, Call Processing applications cannot take advantage of all
of these advances. For example, increased conditional branching in the code caused by feature
interactions detracts from the use of instruction pipelining/caching. ALU pipelines are not cost-
effective either, since data processing is minimized in most Call Processing applications. A third
improvement, instruction/data caching, yields little speedup if there is limited instruction and data
‘locality’ (i.e. instructions or data are distributed widely across many pages of memory). This is
common for Call Processing software which must co-ordinate complex features and their

interactions.

1.2 Qutline of the Thesis

Although several parallel architectures have been developed (Table 1.1) the architectures of most
current commercial systems are not described in any detail in the literature. A more general study
is attempted here, using Verilog simulations to model the behaviour of a Call Processing core on a

new parallel architecture - the linear pipelined array.

Chapter 2 describes the Call Processing problem in detail. Chapter 3 describes parallel processor
architectures suitable for Call Processing, and derives the general criteria necessary to evaluate
the architectures. In subsequent chapters (4 and 5), one of these architectures, the linear pipelined
array, is analyzed and then simulated to determine its suitability for Call Processing applications.
The results of the analysis, discussed in Chapter 6, indicate that a heterogenous linear array can be
used effectively for Call Processing applications and exhibits reasonable scaleability. Finally,

conclusions and future work are described in Chapter 7.



1.3 Main Contributions

The main contributions of this thesis are:

* A review of the multi-processor architectures used for telecommunications call processing

is summarized in Section 1.1,

* Detailed design criteria and requirements are generated for a telecommunications call

processing system in Chapter 2 and Section 2.3.1.

* Comparison of three most promising architectures is made for call processing based on these

design criteria in Section 4.1,

*A new scheme for Call Processing is proposed using a Lincar Pipclined Array of

heterogeneous processors (Chapter 4),

* Detailed simulations of this new approach are performed which demonstrate that:

- dynamically selected schedules (based on information about Job states) have better

performance than staiic schedules,

- mid-call delays, like those associated with user interaction, during processing can reduce

performance significantly,

- the architecture cannot scale to a large number of processors because of the requirement
of maintaining balanced loads across processors, so parallel pipelines are necded for large

systems.



Chapter 2

Call Processing

This chapter describes the Call Processing algorithm and discusses the models used for
implementation. The basic requirements and design criteria for a Call Processing architecture are

also presented and are used to evaluate the architectures discussed in subsequent chapters.

2.1 General Description

The basic function of Call Processing hardware and software is to establish a connection between
two cnlities; a transmitting terminal (transmitter) and a receiving terminal (receiver). The
transmitter and receiver are typically a telephone or modem. For long-distance calls which
traverse more than one switch, intermediate switches behave like terminals themselves,

originating and terminating connections to an adjacent switch,

In a circuit-switched network, the connection is a hard physical path, such as a dedicated wire set
up to carry traffic between the terminals for the duration of the call or message. In contrast, newer
fast packet-switched networks also permit logical connections, where data is split up into blocks
and routed using ‘labels’ which contain address information for either the sender or the receiver.
The discussion of Call Processing in subsequent chapters pertains mostly to circuit-switched
telephone networks, but many of the concepts and operations discussed are also relevant to these

newer packet-switched networks.

The basic steps associated with Call Processing for a POTS (Plain Old Telephone Service) cail

are described in the following paragraphs and illustrated in Fig, 2.1:

(1) Incoming call detection: The Call Processor detects the initiation of a call from the

sender. In a telephone network, this involves detecting the ‘off-hook’ signal from the
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(3)

(6)

(7)

(8)

sender.

Digit reception: The signalling scheme used by the sender is determined and the digits are

collected.

Digit translation: The collected digits are analyzed and used to determine the correct
receiver.
Routing: The sender and the receiver are determined and the best available path through

the network is selected,

Connection: The appropriate hardware and software are provisioned to set up the selected

path.

Receiver notification: The receiver is informed that the sender has initiated a call (e.g.
ringing). Some feedback to this effect is also conveyed to the sender (e.g. audible

ringback tone).

Receiver acknowledgment detection: The Call Processor waits for a response from the
receiver (e.g. off-hook signal) and then logs the time of the “start” of the call, for billing

purposes.

Disconnect detection: The Call Processor waits for either the sender or the receiver 1o
disconnect (¢.g. on-hook signal in a telephone network) and then logs the time of the “end”
of the call, for billing purposes. The established path 1s removed and both the sender and

the receiver are returned to the idle state.

Note that this basic model is complicated by the introduction of more advanced scrvices and

different types and mixes of services as described in Chapter 1. Once these new services are

introduced, state changes in a call may cause state changes in other calls which arc in progress.
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* Receiver Acknowledge
DISCONNECT DETECTION
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\ Figure 2.1 Basic Call Processing State Machine
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2.2 The Call Processing Algorithm

The basic Call Processing state machine can be further broken down [49, 50] and modelled as

scparale sequences of actions for both the calling party and the called party. These are termed the

Originating and Terminating half-call models, respectively, and are described in Appendix A.
24 = g

The Originating helf-call model responds to a call origination request and sets up a path (for
signalling and transmission of data} to be added into a service switching point (typically a
switch). The Terminating Basic Call model handles the setup for a path to be dropped out of a

service switching point. By modelling a call as two halves, the processing associated with the

calling party and the called party can be treated independently.
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For a given call, there can be multiple service switching points which have to be connected
properly in series to make the desired connection between network users. In this case, cach
switch along the route maintains origination and termination halt-cal models. Although some
information needs to be exchanged between the two models during cal setup. this functional de-

coupling simplifies the Call Processing software and has been adopted by most switch vendors.

These models are the basis for the simulations deseribed in Chapter 5.

2.3 Requirements

The fundamental requirement of a Call Processing architecture is that it niust support an efticient
implementation of the half-call models described above. A good description of the general
requirements for a Telecommunications Call Processing System is given in {51 - 65]. Other

requirements for a Call Processing architecture are:

(R1)The architecture should be scaleable, allowing different numbers of users or mixes of
traffic type to be accommodated by adding more processors. As more processors ire

added, the overall processing power of the system should scale proportionately,

(R2)The system should perform well under overload conditions. This results in the following

sub-requirements:

* Under overload conditions, some delays in dial tone 1o the user are allowed, but no other
delays may occur. Once a call is accepted, a minimum level of service must be
maintained. This is especially true under overload conditions, where demand excecds the

Call Processing capacity.

* The rejection of call attempts should be “fair” under overload conditions, for both calling
and called parties. That is, users should have an equal probability of receiving initial

service.

(R3)The system should be fault-tolerant [8, 66, 67]. This results in the following sub-

requirements:

11



* Single faults in any of the components (e.g. processors, memory, communication links,
c.t.c.) should be tolerated, without degrading performance beyond the system

specifications [16].

* Error conditions should be handled ‘gracefully’ without requiring manual intervention or

degrading the overall reliability of the switch.

* The Call Processing architecture should be repairable in operation without disruption of

service. Software should also be upgradeable when the system is in service.
(R4)The system should be reliable. This results in the following sub-requirements:

* All persistent requests for service must eventually be honoured.

* The probability of call connection should be high (high system availability).

* The probability of call cutoff should be low. Single failures in the Call Processing system
should not result in significant loss of service to more than 100 users. This qualifies as an
‘incident’, which must be reported to the FCC authority as an outage within 24 hours of

occurrence.

(R5)The architecture should perform well and overall Call Processing capacity should be
maximized. This is usually measured in terms of the number of calls, but the complexity
of a given call is increasing more rapidly than the number of calls in the current North
American market [5]. Thus, a more reasonable measure includes both the quantity and the

type of calls being processed.

» The response time to the user (e.g. dial tone) should be less than 3 seconds [16], as there
is evidence that users give up or dial without waiting for dial tone after this time [15].
This user behaviour can escalate an overloaded switch condition rapidly, because of the

processing required to support the increased number of call attempts by frustrated users

12



[55]. There is a ‘hysteresis’ effect for system recovery. such that the system will only
recover once the total of the offered load and the customer re-tries is equal to the total Call

Processing capacity of the system [63].

* The overhead associated with Call Processing tasks should be minimized (c.g.
scheduling; storage of call states during lulls in activity) since the Call Processing task is

characterized by large real-time gaps in between bursts of processing.

* The amount of processing wasted on calls which are not going to be completed should be

minimized. This means that:
(A} Calls in progress should not be dropped in favour of newer calls,

(B) Calls which have already used a substantial amount of systein Tesources should be

completed; this avoids many of the ‘thrashing’ failure scenarios and
(C) Newer calls should be favoured over misdialled calls.

(R6)The architecture should support varying degrees of user interaction efficiently during the
processing of a call. This user interaction can be for user service or service option

selection/termination, or user signalling (required during specific services).

(R7)The software should be hardware-independent and modular. The introduction of new
features and processor platforms should not increase the complexity of the software
architecture. It is assumed that all architectures are software-intensive; specialized
hardware architectures are not practical, because of the frequent changes in

telecommunication switch features and their interactions {47].

2.3.1 Comparison Criteria

The following criteria are used in Chapter 4.1 to evaluate the three different architecture Lypes

described in Chapter 3. These criteria are derived from the requirements listed in Section 2.3;

13



* Scaleability: The ability of the architecture size to be varied to accommodate different

problem sizes.
* Performance: The throughput and response time for calls, especially under overload
conditions.

* Software Complexity: The modularity and maintainability of the software blocks.

* System Reliability and availability: The likelihood of system failures and the ability of the

system to tolerate these failures, if they occur.

* Support for User Interaction: The ability to support variable delays associated with the

gathering of user data during the processing of a call.

2.4 Summary

In this chapter, the basic Call Processing functions have been described and the design
requirements for a Telecommunications Call Processing system have been given. These
requirements have been grouped together into the design criteria which are used to evaluate

different Call Processing architectures in later chapters.
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Chapter 3

Review of Multiprocessor Architectures for Call Processing

This chapter describes several multi-processor architectures which have been used for Call
Processing and gives the relative advantages and disadvantages of each. The architectures differ

in one or more of the following:
* interconnection topology,
* messaging method,

* assignment of program modules/sub-calls” to processors (fixed or variable[68]).

3.1 Linear Pipelined Arrays

A linear pipelined array consists of an array of processors, each with its own local memory (Fig.
3.1). Each processor has one upstream and one downstream neighbour, with the exception of the
first processor and the last processor in the array which have only a downstream and an upstream
neighbour, respectively. The processors in the array can be identical (homogenous architecture)
or not (heterogenous architecture). Simple point-to-point bidirectional links connect processing
units to their immediate neighbours. This interconnection topology minimizes the complexity of
the hardware and the required supporting software, although it reduces the flexibility of the

communications structure.

Messaging between adjacent processors is simple and direct, but messaging between non-adjacent
processors requires a ‘pass-through’ mechanism. For example, to broadcast a message 0 #

downstream processors, n-/ ‘pass-through’ operations are required in addition to the reception of

* The terms ‘module’ and ‘sub-call” are used interchangeably here.
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the message at n sites. This makes the implementation of algorithms requiring communication
between many processors, such as broadcasting, less suitable for the linear pipelined array
becuuse of the lost execution time during the ‘pass-through’ of messages. Memory may be shared
between processors, but this reduces processor independence and introduces performance

bottlenecks.

The linear pipelined array is a centralized architectural approach for Call Processing. The
operation of a processor in the array is highly dependent on the operation of upstream processors
in the array. However, it is possible to organize the array in different ways to execute the Call

Processing function:
* processors can handle the same stage of different calls,
» processors can handle different stages of different calls.

The first organization is intuitively the most suitable for the linear array and is developed and

analyzed further in subsequent chapters.

/

~

Communications link

Processor

4 o < I
-5 - < L

\ Figure 3.1 Linear Pipeline Array Architecture )
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3.2 Load Sharing and Functional Partitioning

The Load Sharing architecture (Fig. 3.2) consists of a “pool” of processors which are all connected
to a common demultiplexor (load distribution source) and multiplexor (ouput collation
mechanism). The multiplexor and demultiplexor may be processors themselves, or may be

implemented using shared memory [69].

~ ¢ ™
=l

Demultiplexor

3

Communications links \\
A7 [ hd I
Processors T E E_i T
X
Multiplexor
v

\ Figure 3.2 Load Sharing Architecture -/

)

In the Load Sharing architecture, each processor executes all of the program modules for the Call
Processing function, so messaging between processors is unnecessary for the processing of a
single call. The processors in the architecture are usually assumed to be identical for analytical
simplicity [70, 71], making the architecture homogenous. There is no specialization assumed in

such architectures; each processor performs the entire Call Processing task.

A functionally partitioned architecture has the same basic structure as the load sharing
architecture, but has no restrictions on processor homogeneity. Each Processor is allocated work

by the demultiplexor for which it is the most suited. For example, the Ericsson switch



architecture can use specialized processors for different Call Processing features [29, 30]. In a
functionally partitioned architecture, the processors can be connected in different ways, but the

assignment of work to processors is still fixed.

3.3 Distributed Architectures

A distributed architecture uses decentralized processors, each with their own local memory,
connecled through networks which perform the message and data routing functions. By
distributing the network call contro! function, an ‘Intelligent Network’ is constructed [7, 72].
Here, Call Processing is no longer concentrated at the local switch, but is distributed throughout
the network. With this approach, switching systems can operate in conjunction with a variety of

other network databases and systems, making a variety of new services possible.

4 ~

PR

{(, }E_, Processor
e

ommunications links
= (part of a network)

-]

\ Figure 3.3 Distributed Architecture -/

The complexity of the distributed architecture and the difficulties of managing distributed

nctworks make implementation harder than for more centralized architectures like the Linear
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Array and Load Sharing architectures. Performance estimation and Engincering is also more
difficult.  The most successful distributed architecture is the AT&T SESS switch. Here,

performance is guaranteed by providing excessive switch processing capacily, rather than by

attempting to solve the efficiency issues associated with such a distributed system.

3.4 Summary
In this chapter, three different multiprocessor architectures for Cail Processing have been

introduced:
* Linear Pipelined Array - a novel approach.
* Load Sharing architecture - a common approach.
* Distributed architecture - another promising approach.

All of these architectures can be used for Telecommunications Call Processing. Using the design

criteria from Section 2, an evaluation and analysis of the three different architectures for Call

Processing is performed in Section 4.
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Chapter 4

The Linear Processing Array

In the previous chapter, the lincar pipelined array was shown to have some characteristics which
made it suitable for the Call Processing application. From Table [.1, it can be seen that this
approach has not yet been used by any of the main switch vendors; the Load Sharing architecture
is a much more common multi-processor approach to Call Processing. Therefore, the linear
pipclined array is now evaluated and compared with the Load Sharing architecture for
implementation of the Call Processing application, based on the criteria generated in Section
2.3.1. The objective of the comparison is to determine whether the novel approach of using a

Linear Array for Call Processing is justified or not.

4.1 Architecture Comparison

The relative advantages of all of the architectures described in the previous chapters are
summarized in Table 4.1. The architectures become more flexible towards the right side of the
table, However, this flexibility is at the expense of increased complexity, which makes analysis
and prediction of performance more difficult. It can be seen that the Linear Array is one of the

. . »
simpler architectures to analyze .

* 1t is also interesting to note that communications speed, which is defined as the average rate
(after protocol delays and message transmission and reception) at which messages can be sent and
received between adjacent processing units has not increased at the same rate as processing speed
in multiprocessor systems [19]. Therefore, an architecture like the linear array, which attempts to
minimize interconnections and the accompanying messaging, is expected to perform well with
current processor technology.



Linear Pipelined
Array

Load Sharing/
Functionally
Partitioned

Distributed

¢ Simple Interconnect
v/ Scheduling problem
has a known solution
(73]

¢ Response time is
predictuble because of
tightly-coupled nature
® Execution
bottlenecks may occur,

v Centralized/simple
communication with
low overhead

¢’ Response time is
quite predictable

v Stable under
overload conditions
® Difficult to take
advantage of

v Good for ‘remote’
features. where only local
mlormation is required

® Network
communications
bottlenccks may occur

® Difficult to take
advantage of processor
specialization without

Performance || causing processors to | processor INCUIring inler-processor
starve for input specialization delays
+ Stable under without incurring %X Difficult to predict/
overload conditions inter-processor delays | guarantee delays and thus
X Memory service quality
bottlenecks and ® Unpredictable lor
deadlocks may occur | overtoad conditions,
because of
communications nctwork
blocking
Scaleability || ¥ Limited scaleability | ¢ Good scaleability v Good scaleability
® Tightly-coupled v Uniform and v Software size limited at
and specialized or relatively each site
. restrictive software conventional v’ Uniform and relatively
Software ) . N
; Software convention! Software
Complexity % C lex asvnchr .
omplex asynchronous
inter-processor
communication
S v’ Average; linear ® Sharing of v Excellent.
Re lfcfZ:'?:Iy y jmterconnegtion lends memory is_ the
o g itself to a ring-style reliability issue
Availabiliry . . g
protection mechanism
v Average; accessing | v/ Good; requires a v’ Excellent; Processors
user data requires a multiplexing/ are responsible for a
User. complete pass through | demultiplexing particular set of users and
Interaction

the array

mechanism for user
data

the data collection for
those users

Table 4.1 Comparison of different Multiprocessor Approaches to Call Processing
a. Current technology and protocols exist for efficient and fast switching of tralfic between elements which
are connected in a linear fashion [74]. To protect against the Joss of functionality in a particular processor,
it is necessary to duplicate capabilities between neighbouring processors (at worst, doubling the number of
processors in the array for full sparing of each processor {functionality at a neighbouring site).
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Distributed architecture applications often require specialized software which has a very high
initial cost [75]. Existing switching software has been designed to process calls for large and
complex hierarchical switching networks [76] and the re-use of this software is a requirement for
many manufacturers. Even if a software redesign is possible, another challenge for distributed
architectures is to deploy hardware and software which can still be used as new features are
conceived and deployed. If this is not done, the introduction of new services requires costly and
complex network upgrades and re-testing. The distributed approach is included here for
completeness, since it has been used in some commercial Call Processing systems [24, 77, 78],

but is, however, not examined further because of these significant disadvantages.

The key criteria of Performance and Scaleability are now refined and used to make a more
detailed comparison between the proposed Linear Array approach and the more ubiquitous Load
Sharing approach. The motivation for most multi-processor architecture study is the reduction in
the execution time of programs. For the purposes of this work, the program execution time is the

time required to:
* load the relevant call context data into memory,
» execute the stored instructions for the call state and
* store the resulting changes in the call context data.
The execution time is affected by:
* the processing speed of each processing unit.
* the memory access and 1/0 speed between the processing unit and its peripherals.
* the messaging speed between processing units.
* overhead associated with any of the above, including interrupt service routine overhead.

For a Call Processing application, the most significant effect of reduced program execution time is
the increase in call throughput (or number of calls which can be handled in a given period of

time). To balance the study of performance, it is also necessary to consider the cost of the system.
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Assuming that processor cost is inversely proportional to processor instruction execution time, a

cost factor is defined as the inverse of the sum of execution times for all of the software modules

that make up a call summed over all processors. Therefore, the following sections use throughput

as the main comparison criteria for different architectures.

4.1.1 Notation

The remainder of this chapter uses the following definitions adapted from the work of Bokhari ef

al. 179, 80, 81] on the performance analysis of linear arrays. A ‘sub-chain’ is delined to be a

contiguous sequence of program modules. which will be assigned to a single processor

{processors are numbered {rom | to p):

R

(p)

execution time of module ¢ (numbered from | to m)

communication time between module 7 and module i+/ (cyand ¢, are the

communication times with the outside world for module 1 and m

)

respectively.

load on processor p if a subset of the m modules, sub-chain s...r, is
assigned to it. This is referred to as the weight of sub-chain p (the subchain

assigned to processor p).
Q = zl W.+C +¢
p.s.t =5 i L §—1

load on a processor if all , modules arc assigned to it.

m
W = Qp.l,m_ Zi = 1Wi + C()+ Cm

a vector of length n that specifies the particular sub-chains of modules
assigned to each processor, specifying the ‘handover’ points of the
subchains for each processor. Processor p is defined to have the sub-chain

T(p-1) + 1 to T(p) assigned to it, with T(0)=0. This is also called a partition.
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botileneck processor/ sub-chain:

for a given 7(p) the bottleneck processor is the processor/ sub-chain with

weight:

max {8, o1y s Ly

w(m(p)weight of a partition = weight of its bottleneck processor. The optimal

partition is the T(p) for which the weight @(t(p)) is minimum.

4.1.2 Throughput

Consider a system of processors, whose task is to process Call Processing jobs, where each call
requires i modules of software. The objective is to maximize the call throughput (the number of

calls processed in a given time) for a given number of processors.

Specifically, consider a heterogenous linear pipelined array and the commeon homogenous Load
Sharing architecture discussed in Chapter 3. Other than the bottleneck associated with job
distribution to the processors and output collation. the Load Sharing architecture scales well.
Scheduling of identical Call Processing jobs can be performed using a simple round-robin
strategy. The performance of a linear pipelined array which is constrained to be constructed of the
same homogenous processing elements, wil always be worse or at most equal to that of a Load
Sharing architecture made up of the same processors, because of the increased messaging needed

between processors in the array. This is shown as tollows:

The maximum throughput for the pipeline architecture is given by:

1
@(T(p))

throughput (calls/time unit) =

The maximum throughput for the load sharing architecture, assuming there are no bottlenecks at



the multiplexor and demultiplexor, is given by:

throughput (calls/time unit) = n x throughput for a single processor

For the pipelined architecture to achieve a higher throughput than the load sharing architecture,
the pipeline must have a maximum (bottleneck) program module execution time which is smaller

than the average execution time for the Load Sharing architecture.
Theorem I: The throughput for the Load Sharing Architecture will always equal or exceed that of

the pipeline if the same number and type of processors are used for both. The proot is simple and

is as follows:

Proof:
1
ThrouahPUtpipc]inc - w{T(p))
Throughput -

Shared Memory =
R z Tow.ote. te
1i=1 1 0 mn

Show that, for any given set of wy's,

We n l

m — o(1(p))
Z.i = ]Wi+C0+cm

\"

Expanding terms and re-arranging, this reduces to:

m .
\ >Zi= (Wi HCg e,
AT p-+lt(pd = n

mo e e
21:1 i 0 m
+ —
n

max , {Q

n

{(p)
*p {Zi =p-n i) Feypte 132

By definition, pipeline partitions are non-overlapping and include all m modules. Also, the
communications costs associated with module | and module m, which are ¢g and ¢, respeclively,

must be included. The minimum value for the maximum of a series of numbers is equal to the



mcan of that series (occurs when all numbers are equal to the mean). Therefore, the minimum
value of the left side of the inequality can be no smaller than:

n m-2
2 Vi €0F Cm*Ce(2) T Comet) +Zp <388 ey~ 1)
n

which, even for Ca(iy with a value of zero, will always be greater than or equal to:

However, if the processors are allowed to differ, the architecture is heterogenous and the
throughput of the linear array may exceed that of the Load Sharing architecture. Since the
processors in the linear array do not process all of the modules that make up a call, the throughput
of the linear array will be better than that of the load sharing architecture, whenever the reciprocal
of the maximum delay, taken over all stages in the linear array, is greater than the average of the

throughputs for all of the processors in the Load Sharing architecture.

A simple numerical examnple is usefu! to show how sensitive the pipeline throughput can be to
changes in the bottleneck module performance. Assume three different processor types (types A,
8 and C) are used to create a 5-processor array, which must run 5 program modules. Let the
processor/module execution time array, W;; be as shown in Fig. 4.1. Each entry in the array gives
the execution time of program module { on processor j. For example, the fourth module takes 15
time units to execute on the second and third processors, which are both of type B. Bold face is
used to show which executions are preferred and italics are used to show the bottleneck
assignment. If a 5-processor pipeline with an optimal schedule is constructed, the throughput is

limited by the first processor, giving a best case of 1/13 (0.077) jobs per time unit.

Throughput for a S-processor Load Sharing architecture is optimized using all of type A
processors, giving a throughput of 5/59 (0.085) Jobs per time unit, which out-performs the linear
array. In fact, in this tirst example, load sharing using any processor type results in equal or better

performance than with the linear array (Table 4.2).
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Processor Type

A BB CC

13 15 15 17 17
9 8 8 1313
129 9 1313
171515 9 9

Processor
{(column index, j)

| 8 1717 8 sj

Module
(row index, 1)

& Figure 41 Example 1: Processor/module Execution time array

/

Load Load Load L(i” ea;"A ”;5‘0 ’
Processor type Sharing | Sharing | Sharing made with
Type A Type B Type C Types: A, B,
B, C C)
Throughput 559 | s/64 | 5/60 NE
Throughput ratio (relative to the Linear Array) 1.10 1.02 1.08 =]

Table 4.2 Example 1: Relative Throughput Comparison for a Load Sharing Architecture

Now adjust entry wy ; to be equal to 9, resulting in the new processor/module execution time

array, W ;, as shown in Fig. 4.3 and the relative Load Sharing throughput is as shown in Table

4.3. With this change, the throughput of the pipeline always exceeds that of the three possible

homogenous Load Sharing architectures (Table 4.3).

Linear Array
. (made with
Processor type Type A BypeB | Type C all three
Types)
Throughput 5/55 5/64 5/60 1/9
Throughput ratio (relative to the Linear Array) 0.82 0.70 0.75 =]

Table 4.3 Example 2: Relative Throughput Comparison for a Load Sharing Architecture
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Processor Type

9 1515 17 17
Wii=| 9 8 81313| Module

i j . .
12 9 9 13 13 (row index, i)

171515 9 9
83 1717 8 8

Processor
(column index, j)

\ Figure 4.2 Example 2: Processor/module Execution time array /

These examples illustrate the possible benefits of using a linear array, but also highlight the
sensitivity of the linear array to changes in the processing time of the bottleneck program module.
A major factor in this processing time is the cost of inter-module communications. In general, if
this cost is high, the Load Sharing architecture will out-perform the linear array. The opposite is
true for high inter-job or inter-Call costs, because in this case the multiplexing/demultiplexing
requirements (Fig. 3.2) are a bottleneck for the Load Sharing architecture. Although the linear
array is not fully interconnected, only certain communication paths are precluded, making it a
better choice. The processors closest to the ends of the array have the greatest communication
distance between themselves and other processors; communication between these processors is

blocked most often by other communication paths.

4.1.3 Cost
Table 4.4 shows the cost factors for the three processor types of Section 4.1.2. A load Sharing

architecture constructed solely of Type A processors would have a cost factor of 1/295 (compared
with a linear array cost factor of 1/307). Improving the throughput of the architecture should

come at a cost which is proportional.



Processor Type

Total Sum of module Execution Times

Cost factor for Five
Processors

A 1349+12+17+8=59 1/(5%59)=1/295
B 154+8+9+15+17=64 1/(5%64)=1/320
C 17+13+134+9+8=60

1/(5%60)=1/300

Table 4.4 Cost Factors for the Three Processor Types of Example 1

Table 4.2 shows the cost factors (and also the throughput factors) for the three possible
hornogenous Load Sharing architectures and the linear array for example 1. The homogenous
Load Sharing architecture, with type B processors, has superior performance and cost factors to

those of the best possible pipelined linear array for the specified processor/module exccution time

array. Indeed, for all processor types, the throughput increase is economical in the sense thac the

relative cost factor is not as high as the relative throughput factor,

Load | Load | Load | LinearArray
. ) P (made with
Processor type Sharing | Sharing | Sharing
Types: A, B, B,
Type A TypeB | Type C
C C)
Throughput 5/59 5/64 5/60 1/13
Cost factor 1/295 17320 1/300 1/307
Throughput ratio (relative to the Linear 1.10 1.02 1.08 =]
Array)
Cost factor ratio (relative to the Linear 1.04 0.96 1.02 =i
Array)

Table 4.5 Example 1: Throughput/ Cost factor comparison for a Load Sharing Architecture

For example 2, the cost factors are shown in Table 4.4. The cost is higher than a linear array,
except for the case of a Load Sharing architecture constructed solely with processors of type B.
However, the throughput is worse in this case than for the linear array. In general, the throughput

decrease of the Load Sharing architecture is not offset by a corresponding cost decrease (Tabic

4.3).
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Processor Type Total Sum of module Execution Times Co.vtgc;gic;; Sj; (;”S Five
A 94+9+1241748=55 1/(5%59=1/275
B 15+849+15+17=64 1/(5%64)=1/320
C J 17+134+1349+8=60 1/(5*%60)=1/300

Table 4.6 Cost Factors for the Three Processor Types of Example 2

Linear Array
Processor type Type A Type B Type C (’Z?;ﬁgzh
Types)
Throughput 5/55 5/64 5/60 1/9
Cost factor 17275 1/320 1/300 1/303
Throughput ratio (relative to the Linear Array) 0.82 0.70 0.75 =1
| Cost factor ratio (relative to the Linear Array) 1.10 0.95 1.01 =1

Table 4.7 Example 2: Throughput/ Cost factor comparison for a Load Sharing Architecture

4.1.4 Scaleability

The ability to decrease overall execution time by adding more processing units is a fundamental
attribute of a multi-processor system and is termed the scaleability of the system. If performance
does not improve proportionately as more processors are added, the architecture is limited to
certain sizes of problems. In practice, proportional (linear) speedup, as processors are added to a

system, is seldom achieved and all architectures have a scaling limit [82, 19].

The linear array does not scale as well or as casily as the Load Sharing architecture. This can be
seen by continuing the example. If more processors are added, Fig. 4.3, the linear array
throughput remains fixed at 1/9 jobs per time unit and adding more processors only increases

system cost.

To solve this problem, a pass-through mechanism which allows load to be shared within the array

can be used [83]. In this scheme, the same program modules can be executed on different
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processors to allow the load to be distributed more evenly; various scheduling schemes tor this

are examined in Section 6.1,
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Figure 4.3 Example 3: Processor/module Execution time array (p=5,6,7,8,9,10)

Alternatively, multiple pipelines can be used [84, 85]. If multiple pipelines arc used (Fig. 4.4) for
groups of consecutive program modules (partitions), the different tasks do not interfere with each
other. This is similar to the ‘pipeline farm’ proposed in [86] or the ‘partitionable/parallel pipeline’
proposed in [87]. Unfortunately, there is the same performance bottlencck as with the load

sharing architecture discussed in Section 3.2 since a multiplexor and a demultiplexor are required.

Judicious introduction of extra delays can increase pipeline throughput [88, 89, 90]. Processors
are added to provide a processing capacity ‘buffer’ which can be used as a reserve for
unpredictable changes in the workload intensity or sub-call mix, which is typical for Telephone
switches [76]. Note that this is not the same effect as the introduction of static delays to improve

the basic throughput of a pipeline which has a fixed reservation table [32].

Performance may be improved by subsequent addition of processors, even though there are more
processors than program modules. Obviously, processor skipping is required for this case. The

scheduling decision of which processor to leave idle can be dynamic, where different processors
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\ Figure 4.4 Multi-pipeline architecture )

are left idle at different times (based on user partition mix ratio or workload characteristics). El-
Amaway et al. propose a scheme which uses a series of pipeline reservation tables to be

determined using an algorithm which is provably correct [91].

Shin ez al. propose a scheme for reserving a fraction of execution time on a processor to guarantee
execution of periodic tasks and maximize the probability of execution of aperiodic tasks [90].
Smirni ef al. show that processors should be added to maximize the residual capacity of the array
[88]. That is, the processors should be added so as to provide a ‘buffer’ of processing capacity
which can be used as a reserve for unpredictable changes in the workload intensity or sub-call

mix. Idle processors can be justified when:

* applications do not have good speedup characteristics (Call Processing speedup can be

limited by the need for access to large, centralized databases).

* when the systern utilization is medium to high (this is true for most Call Processing

systems).
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* when the job arrival rate is highly variable (this is also true for most Call Processing

systems).
* when the system size is large (not the case for most current Call Processing cores.)

* when the workload is multi-class (this is the trend as the number of call types increase:

however, only one call type has been simulated here).

Since most of these are characteristics of the Call Processing problem, idle processors may he
useful in improving scaleability. The throughput of the two architectures, for one to ten
processors, has been graphed in Fig. 4.5. The Linear array throughput advances in sicps at
processor counts where the bottleneck assignments change because the load can be redistributed
evenly again. Throughput can remain constant as a processor is added because of a processing
bottleneck within the array. The Linear Array does not scale as smoothly as the Load sharing

architecture, whose throughput in the ideal case scales linearly as new processors are added.
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Figure 4.5 Throughput and Cost Factor Scaling for Load Sharing and

\ Linear Array /

Even if processors are added, performance will not improve, unless the delay associated with the

bottleneck operation can be reduced. This can be done using a more specialized processor or by
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dividing the task into smaller sub-tasks. The second approach is less applicable to Call
Processing applications, since the largest delays are associated with the access to centralized data
(c.g. routing, customer billing and service/call authorization; see Appendix A for more details).
New services and new service interactions complicate the situation further and can increase the

number of accesses to the busy central databases.

Distributed databases are an alternative and could allow more efficient access by multiple

processors, However, the user databases remain centralized for several reasons:

* Telecommunication switch architectures have typically been based around a single processor

and re-designing customer databases is time-consuming and costly.

* Newer services can be initiated on a per-call basis and require more interaction with each
other. As this trend continues, or develops in unanticipated ways, keeping distributed copies

of the database consistent gets harder.

* Geographical and network boundaries as well as economies of scale all act to further

centralize the storage of customer data.

* Telco service providers want to maintain tight control over the database for security and

economic reasons.

The database centralization constraint limits the scaleability of multi-processor architectures for
Call Processing applications. Thus, database access contributes heavily to Amdah!’s fraction
(which is the fraction of work that must be run sequentially [19]). Therefore, to increase
performance of the Call Processing architectures, the biggest improvements are achieved by
reducing the processing times associated with the time-consuming access to the central databases

mentioned above.

In the linear array, a specialized processor or group of processors can be assigned to the database
access function. In the homogenous Load Sharing architecture, all processing elements compete

equally for access. The resuiting demand is ‘bursty’ and is not automatically regulated as it is
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with the linear array. The effect on the Load Sharing architecture is to increase the delays

experienced by users.

The Linear Pipelined Array looks very promising. It allows specialization and implements the
Call Processing application efficiently, because of the inherent bottlenecks in the application
described earlier. The interconnection topology is also very efficient and suitable for the majority
of calls which have to be processed. More detailed work is now required to determine the limits
on performance of the Linear Array for a Call Processing application. Processor specialization is
required for this architecture to perform well [92]. The remainder of this work assumes that
processor specializations (or small ‘processor clusters’) are used to handle any processor-

intensive operations.

4.2 Summary

In this chapter, a new architecture for Call Processing has been described - the Linear Pipelined
Array. Using the design criteria generated in Section 2, each architecture described in Section 3
has been evaluated and compared. The throughput of the Linear Pipelined Array and the Load
Sharing architecture have been compared in detail. Processor specialization has been shown to be
justified, which results in a heterogenous architecture. A cost factor has been introduced, for
normalization purposes, which allows fairer comparison between different heterogenous

architectures.

The Linear array does not scale as well as the Load Sharing architecture, but adding extra
processor delay stages to the array or using multiple arrays can both increase throughput. Since
the need for a centralized database limits the scaleability of the Call Processing application, itself,
the Linear Pipelined Array is a promising approach for a Call Processing implementation and is

worthy of more detailed investigation. This investigation is the subject of subsequent chapters.
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Chapter 5

Call Processing Simulation for the Linear Pipelined Array

This chapter describes the simulations performed to evaluate the suitability of a linear pipelined
array for a Call Processing implementation. The structure of the model is given, followed by the
input and output parameters which are varied and observed, respectively. For this work, the key

performance criteria are [16}:
* latency (time to process a single call).
* throughput (number of calls processed per second).

* response time (e.g. dial tone delay, digit collection, routing and connection) to users.

3.1 Processor Assignment and Scheduling

To evaluate the linear array, it is necessary to study the assignment of program modules to
processors and the scheduling of these modules for execution to guarantee that deadlines are met.
Many of the scheduling issues associated with this problem are discussed in [68] and a
comprehensive taxonomy of scheduling methods is presented in [93]. Stankovic ef al. have

examined some of the constraints imposed when developing schedules to meet hard ‘real-time’

deadlines {70].

For a pipelined linear array, load balancing amongst the stages is important [82]. The maximum
throughput is limited by the delay of the slowest stage in the array. There is some research that
shows that the judicious introduction of extra delay can make workloads smoother and increase
pipeline throughput [89]. Extra processors can be used for multi-processor load-balancing
techniques [88]. The scheduling decision of which processor to leave idle can be dynamic, where

different processors are left idle at different times {(based on call arrival workload characteristics).
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An alternative to leaving processors idle is to create extra pipelines which use them more

efficiently [85, 86, §71.

Bottlenecks in performance mean that very different assignments will perform at the same level it
they share a bottleneck assignment. Sigalov et al. state that a dynamic programming approach is

required to find a solution for more than three processors [94].

For the case where the number of processors is less than the number of modules, Igbal er al. have
proposed an algorithm of polynomial complexity for scheduling chain-like tasks onto 2 lincar
array of homogenous processors [79]. This has been further speeded up by Nicol et ai. [95].
Stone applied Network flow algorithms, originally described by Ford er al. [97], to derive an
optimal polynomial solution to the general two-processor assignment problem [96]. Finally, Lee
et al. have extended Stone’s approach to derive the optimal static assignment of a distributed
program of any structure onto a linear array [73]; this is useful for future Call Processing services

with unanticipated precedence relationships and requirements [98, 99].
As with most scheduling-related problems the following questions are important [68]:
* Can the problem be solved in polynomial time (or is it NP-hard or NP-complete)?

* If the problem is in the NP class, is there a heuristic approach which yields adequate or near-

optimal performance for the application (e.g. Call Processing)?

« I a heuristic approach is adopted, can it be shown to be close enough to optimal for all or for

a large enough set of input loading conditions and system states?

* Does the scheduling heuristic scale well with different numbers of processors? For the Call
Processing application, this corresponds to whether switches of different sizes can be built
and/or how many users a given size of architecture can support for a variety of realistic

loading conditions.
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5.2 Model Description (Verilog Code Structure and Organization)

Two simulation methods have been used in previous work for the modelling of a multi-processor
system. The first and most common is the event-driven approach [100, 101, 102, 103], in which
the events are typically different stages of program execution. The second approach is to model
the execution of the program directly, by representing the hardware as constraints placed upon
program execution [104]. The results of the trace-driven approach are then directly comparable
with trace data taken from real program execution. In this work, the event-driven approach has
been selected because of its flexibility and because the trace-driven approach involves the use of
data which is specific to a single telecommunication switching system and extrapolation from this

data is difficult.

Verilog [105] is an event-driven [106] simulation language used to describe ASIC, PCB or
system-level hardware at a behavioural level. Verilog has stochastic capabilities which allow
random events to be generated with specific statistical properties, as well as queue management
and queue statistics-gathering functions. These are useful for the stochastic modelling of call
arrivals and user behaviour and for the pipeline array model, itself, where events are queued at the

input to each processor. Verilog has been used for the simulations presented here.

The basic Verilog structural entity is a module, which has a defined interface and content and can
be instantiated (instances created of the module) multiple times, hierarchically if required. Each
module supports procedural tasks and functions which exist only within the context of that
module. Two procedures with the same name cannot be executed simultaneously within a
module. Rather, subsequent calls to a procedure supercede previous calls, over-writing internal

variables in the task.

In this simulation, modules are used whenever there is an identifiable hardware element to be
modelled. Tasks and functions are used for distinct procedures within a module. The simulation
token is a single call, which is labelled with a Call/Job ID number. This number is used as an

index to call-specific data structures (e.g. the call state variable).
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The simulation modules (a representative 3-processor system is shown in Fig. 5.1 are:

*fop: top is a single top-level module which contains instantiations of all of the processor
modules and all of the tasks associated with the generation of traffic, the collection of traffic
statistics and the production of data out of the sinwlation. This is accomplished as follows:

- generate: Simulation tokens are generated and labelled with an iD number. These
tokens are scheduled to appear at the input of the first processor in the array al random
times. Note that simultaneous calls are separated by an artificial delay of t time unit.
which is an acceptable limitation since the calls are queued at the first processor anyway

before being processed.

- Staristics: Simulation (okens emerging from the Jast processor are examined (o
determine if processing has been completed or not. If not, the token is re-scheduled 1o
appear at the input of the first processor at a random time. If processing s complete,
various data are logged for the call and the ID number is recycled back into a queue of

IDs. Once 1000 calls have been processed, the processors are lushed clean of jobs ready

for the next simulation run, if required.

- outpur_results: Prior to job Rushing, the results for the run are displayed as printed

output (which is post-processed later into a graphical form).

* proc: proc: is a module containing the queues, buses and logtcal elements used to model a
processor. This module instantiates a single version of the scheduler module (sce below).

The inputs accepted into proc are:

- job IDs transmitted from the ‘upstream’ processor,
- a control signal (sig) to indicate when a job ID is valid,

- a ready signal to indicate that a downstream processor is capable of accepting output

from this processor module. A simple ‘stop and wait’ protocol is used for flow control.
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The outputs produced are:

- job IDs of the processed calls (driven from the scheduler),
- a control signal (sig) to indicate when a job ID is valid,

- a ready signal 1o indicate to an ‘upstream’ processor that this processor is capable of

accepting input.

» scheduler: This is a module containing a logical task (process_or_not) which decides
whether to process (or pass through) the sub-calls/program modules of each call and when to
remave input data from the queue. The scheduler also contains a CPU task which
implements an atomic delay operation to simulate the execution of instructions. The inputs
accepted into the scheduler module are:

- job IDs received on request from an input gueue in the proc module,
- acontrol signal (rx_g_empty) to indicate whether this queue is empty or not.

The outputs produced are:

- job IDs of processed items,

- a control signal (job_out_flag) which indicates job ID validity, once the processing time

for the sub-call/program module has elapsed.

The complete Verilog implementation of the simulation is given in Appendix A. To illustrate how
the simulation works, the processing of a single Call/Job ID is described in the following

paragraphs (refer to Fig. 5.1):

(1) A Call is represented by a unique job ID, x, and is generated in generate.v using a

particular random generation function (e.g. exponential [53]).

(2) The Call is held until the queue in the first processor of the array (processor 0) is able to
accept the call. Other calls can be generated during this holding time. The Lost Calls

Cleared (LCC) assumption* has been used here. So, if processor 0 is not ready, the token
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is destroyed. If processor O is ready, the job ID is queued there. The process state variable

1s initialized to the starting state value and the following variables are reset appropriately:

(A) birth time,

* The ‘Lost Calls-Cleared’ (LCC) mode! assumes that users give up and try again later (when the
switch is less busy) if they are not served. This is a reasonable assumption for real traffic [55] and
is used here. Calls which find the system too busy disappear with zero holding time. The re-trials

do not, therefore, change the pattern of call arrivals. This traffic modelling assumption is used in
all countries, besides North America, which uses the ‘Lost Calls-Held’ (LCH) assumption [55].

In the LCH model, users who do not get dial tone soon enough or who have misdialled, are often

assumed to re-dial immediately, rather than waiting for a large time before re-trying. Thus, a busy

switch gets busier as more time is wasted handling calls which are going to be abandoned and

attemnpted again. There is disagreement as to the validity of this model [107].
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(3)

4)

(7

(8

&)

(B} totai delay time associated with waiting for user input and responses,
(C) total processing time.

Once the scheduler in processor 0 detects the new job, it removes job x from the first-come
first-served FIFO queue for processing. The ID number, x, is used as the index to look up
the job state (currently at the initial value). The process_or_not task decides whether to
process the call or not. This decision is made after considering such factors as (see

Chapter 6):
(A) the local queue size,

(B) the call state probabilities (relative ratios of calls in particular states; this can be

determined from local or global information),
(C) the suitability of the processor for processing the particular call state.

If processing is required, the CPU task blocks itself active for the appropriate amount of

time, before updating the job state variable for the call.
If no processing is required, the job state variable is not altered and there is no delay.
The job is sent into the queue of the next processor in the array.

The architecture is engineered not to drop calls once they have been accepted by the first
processor. Therefore, the case where subsequent processors are unable to accept the call is
avoided by making the queues in the proc modules large enough. Process steps (3) to (6)
are repeated until processing is completed, a user break is encountered, or the end of the

processor array is reached.

If processing is not completed or a user break is encountered, the code in statistics.v
schedules the job to wake up again after a delay determined by a particular random

number generation function (e.g. exponential), which is call state-dependent.

If processing has been completed, the job ID is returned to the ‘pool’ of job IDs and
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various data is recorded for the call such as:
(A) total processing time,
(B) total delay associated with waiting for a user responsc or input,

(C) total system overhead associated with the processing of the call (calculited as the

total duration of the call minus the user and processing delays).

(10) At the scheduled time, the job ID which requires further processing ‘wakes up' with the
old job state and is scheduled for processing on the array again. This ‘old’ job competes
with the ‘new’ jobs for processing time on the array, which proceeds as before (step (2)

and on).

5.3 Call Characteristics

The simulation uses the originating call model (Appendix A.1), which has ten sub-call states.
These sub-calls may be combined into a smaller number of sub-calls for ease of implementation,
but this has not been done here. The amount of time required to execute each individual sub-cull

for different processor types depends on the system state and call mixes as well as on the basic

hardware and software capabilities.

Reasonable estimates of sub-call work times are made using an average of the call work times
given in [108]. The DMS-100 system uses the Motorola 68000 series of processors and {108]
gives work times for a variety of call mixes. Average values can be calculated for a mid-range
processor and a typical call mix and these are given in Table 5.1, yielding an average work time of

less than half a millisecond per call on any of the five processors.

To model the processor specialization, which is desired for the simulation, adjustments up and
down around these means have been made for each of the ten sub-call states, to indicate that
specific processors are more suitable for particular states. The degree of variation used depends
on the variation which was observed when the processor type or the call mix was varied. The

values have been rounded to the nearest 10 ps.
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Module | O ] 2 3 4 5 6 7 8 9 Total
Processor (us)
0 100 1 30 | 30 | 60 | 20 | 40 | 20 | 50 | 30 | 40 420
| 90 | S0 | 40 | 50 | 50 { 30 | 20 | 40 | 20 | 70 461
2 100 70 { 30 | 30 | 30 | 40 | 30 { 50 | 40 | 50 470
3 20 1 90 | 40 | 60 | 20 { 50 | 50 | 50 { 40 | 20 440
4 30 | 30 | S0 | 50 | 30 | 20 | 20 | 50 | 40 | 90 410
Maximum Ideal Throughput (no communications) =
(I/maximum processor delay) = 1/(40x1 O'6+9O><10“6) calls/s

Table 5.1 Standard Processor/Module Execution Time Array (in us)

Various internal processor parameters have also been approximated. These are:

* Compress and Decompress delay: Calls are assumed to be represented as a data structure
which is stored in memory in a compact form. The condensed data structure needs to be
unpacked prior to the execution of the constituent sub-calls. A value of 5 s is used for the

. . *
simulation runs .

* Transmit and Receive messaging delay: The Linear array processors communicate using a
messaging mechanism. These delays are the time required to send and receive a message,

respectively. A value of 5 us is used for the messaging delays.

* Retrieve delay: This is the delay associated with de-queuing a message from the queue of
received messages. This delay is independent of the receive message delay and models the
time to move data into working memory. A value of 5 us has been assumed for this

parameter.

* 5 ps is the time taken to execute 100 memory accesses with 50 ns (current DRAM access cycle
time) required for each access. If more memory accesses or additional processor operations are
required, memory cycle times need to be reduced (faster memory technology or interleaving
techniques). Similarly, if fewer accesses/operations are required, slower memory technology can
be used. This modelling assumption has been made for the estimation of other delays which are
highly dependent on the exact implementation requirements.
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* Interrupt Service Routine Passthrough delay: An cfficient mechanism to detect that the end
of processing has been reached is assumed (i.e. this passthrough mechanism could exist in
the Interrupt Service routine of the processor [83]). A value of 5 us is assumed for this

delay.

* Scheduler passthrough: If the end of processing has not been reached, the scheduler must
determine whether processing is appropriate or not for the particular sub-call. 11 it is not, u
penalty delay of 5 s is incurred, which is the delay associated with detecting that processing

has been completed.

* Scheduler execution time: To simplify comparison, the scheduler is assumed 10 execute in
zero time regardless of the complexity of method used. This is an acceptable assumption,
since efficient scheduling algorithms have been implemented on a multi-processor pipeline

in [109] based on the network flow algorithms originally proposed in [97].

5.4 Scheduling Strategies

There are several methods for the assignment of sub-call tasks to processors [68, 70, 93]
Scheduling can be either static or dynamic. Most classical scheduling theory deals with static
scheduling. Here, a complete knowledge of the set of tasks to be executed and the constraints on
execution are known (e.g. computation times, precedence constraints, deadlines). Dynamic
scheduling has the same complete knowledge of sub-call tasks, but new tasks can arrive, which
were unknown when the schedule was derived. Therefore, the dynamic schedule changes over

time and cannot be pre-computed [70].

5.4.1 Basic Theory

The simplest possible scheduling strategy is to try all possible assignments of modules (o
processors and then choose the assignment that gives the greatest throughput. Generaling all
possible assignments of program modules/ sub-calls to processors can be achieved in ©(nm log n)

operations, where m is the number of modules and n is the number of processors [79). This has
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been further improved, using a dynamic programming algorithm, to @(nm) by Olstad ef af. [110],
The problem of gencrating all possible assignments of m=10 distinct modules to n=5 Processors is
identical to the problem of generating all possible distinct arrangements of five addends which

sum exactly to ten. For example, the set {1,2,2,1,4} means:
* the first module (module 1) is assigned to processor 1,
» modules 2 and 3 are assigned to processor 2,
* modules 4 and 3 are assigned to processor 3,
» module 6 is assigned to processor 4 and
* the last four modules (modules 7, 8, 9 and 10) are assigned to processor 5.

Zero values, if permitted, correspond to processors which are not assigned any work. The number
of arrangements of n objects, of which there are x; things of the i kind is given by the

multinomial coefficient [111]:

( n J _ n!
Tyt x lox 1. L x|
Xy Xg Xq oo oo X Xp b bexg xk.

For Table 5.2, the multinomial coefficients are:

5 )=5><4><3= 30
2 2 1 2
)
5 J= SX4_ 20
L3 L 1

If processor *skipping’ is not allowed, then Table 5.2 gives all of the 126 possible arrangements of

the 7 possible feasible sets of five non-zero addends which add up to 10 (m=10, n=5 case).
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| Addends ||, o 5 5, 12223 11,233 | 11,224 | L1134 | 111250 1.1.1.1.6
Index counter

I 22222 23122 23113 24112 14113 15112 16111
2 22132 32131 22141 3141 21151 11161
3 21322 31321 21421 31411 20511 I1atl
4 21232 31231 21241 14131 15121 6l
5 22321 3231t 22411 41311 51211 [1H16
6 23212 23131 24121 11431 11521

7 23221 31312 41212 43111 52111

8 32212 12331 12421 41113 SH1z

Q 32122 33112 42112 13411 12511

10 12322 31123 41122 41131 51121

It 32221 13312 12412 11134 11125

12 31222 31132 41221 11143 11152

i3 12223 11332 11422 11314 {1215

14 [2232 33211 42211 13114 [2115

15 22213 32113 11224 13141 12151

16 21223 11233 11242 31114 21115

17 13222 12313 12214 34111 25111

18 22312 12133 12142 [1413 11512

19 22231 13123 12124 14311 15211

20 22123 13132 21214 11341 11251

21 31213 21142

22 13231 14122

23 33121 12241

24 13213 21124

25 21133 14221

26 11323 22114

27 13321 14212

28 23311 42121

29 21331 21412

30 21313 24211

Table 5.2 Possible Assignments (without skipping) for ten modules on five processors

If processor ‘skipping’ is allowed, the number of ways a sum to m=10 can be constructed in n=5
digits increases from 7 to 30 (zero digits allowed) and the number of distinct arrangements
increases from 126 to 1001. Table 5.3 shows the 30 possible sets of 5-digit addends that sum to

10. Shaded entries in the table contain no zeroes and their arrangements have already been listed
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fully in Table 5.2.

Digis | Mumber of Digiss | et
0000a 5 01333 20
00055 10 00127 60
00046 20 01234 120
00037 20 01225 60
00334 30 12223 20
00028 20 00118 30
00244 30 01144 30
00235 60 01135 60
00226 30 01126 60
02233 30 11233 30
02224 20 11224 30
22222 1 01117 20
00019 20 11134 20
00145 60 11125 20
00136 60 1116 5

Table 5.3 Numbers of Arrangements for the assignments of 10 modules to five processors

A static assignment strategy based on only local information has the advantage that it does not
require large amounts of communications between the processors or between processors and a
centralized scheduler, but it does not adapt well to new call arrival patterns. Dynamic re-
arrangement strategies are adaptive [85, 86], but increase the complexity of the system

significantly.

5.4.2 Scheduling based on Call Mix

The optimal schedule for the pipelined array (as already explained) is the schedule which
minimizes the maximum sub-cail execution time over all processors, as the job mix varies. For
changing switch services or changing service mixes, it is difficult to fix an optimal order of the
itnear pipelined array, since the best schedule at a given time depends on the ‘mix’ of sub-calls.

Strategies which choose the best order for the average job mix must be used instead. Thus, a job
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miX ratio is established and is used to weight the delays for specific modules being exccuted on

particular processors.

Mathematically, let Qi be the entries in an execution time matrix. where cach entry gives the

execution time of module j on processor i. Then. O is given as follows:

OL1 y Otlz ......... alm
a = 0(.21 0C22 ......... m
ni 0LnZ """"" Oan

Let Y; be the relative frequency (analogous to the probability over a large time period) ot the sub-
call and note that the sub-call belongs to a particular partition, 8y, where there are j partitions. A
partition is a set of sub-calls which can be scheduled atomically. For example, a convenient
partition is at a break for user input. Then, the entries o can be weighted by the probability of the
partition, which can be estimated by ;- Itis possible to derive an ‘optimal’ schedule based on the

recent job history using the new weighted execution time entries, o, where o is given as:

......... e
Ylan q{20‘12 Y.l Im i
o= | T1%y Yo%y v ¥Yi%m |; with 27i=1
.................................... i=1
ViO | Vol o e yJanmJ

This strategy does not react well during periuds of extreme or intense change in the job mix, but it
serves as an interesting benchmark. Two alternatives are simulated, using pre-calculated
schedules determined for combinations of partitions, derived from the weighted execution time

matrix, o’;
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* Locally derived counts of partition occurrence are used to ‘look up’ the appropriate optimal
schedule. That is, a queue of the most recent 100 partitions is maintained at each processor
and the ‘ncarest’ pre-calculated ratio to the measured ratio is used. The corresponding pre-

calculated optimal schedule for it is then applied.

* The head-end processor alone determines the schedule. This processor communicates its
schedule down the array and all other processors adopt the selected assignment. This
mcthod has the advantage of being the most responsive to changes in job mix (no delays for
data to propagate {rom upstream processors) as well as not requiring sophisticated co-
ordination amongst the processors to ensure that schedules in each of the processors are

consistent.

5.4.3 Heuristic Rules for Scheduling

Deriving the criteria for optimal schedules (such as minimize the maximum execution time) is
analogous to a searching problem in the NP-hard domain. The general assignment problem for
more than two processors in a linear array is shown to be NP-hard in [112]. Although an
exhaustive search of solution spaces was used in the simulation, these ‘brute force’ techniques are
not feasible for large numbers of program modules and/or processors. Various other searching
techniques have been proposed in the literature for searching on a linear array [83, 113] and it

may be possible to adapt these to decrease the searching time.

Often, however, heuristic rules are used to decrease the size of the large problem search space. A
good heuristic prunes the complete search space down to a manageable size without discarding
too many high-quality solutions and does so in a reasonable amount of time [114]. The result
may not be absolutely the best but should be ‘close enough’. To evaluate a heuristic, the

following approaches can be used:

* relative comparisons of different heuristic rules are made (this is the main approach taken in

this work).
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» relative evaluations of heuristic rules in comparison with the optimal solution are used (thes

approach is used for the smaller examples in this work).

*a wide variety of input conditions are used to establish the limits of performance for the
heuristic. Note that few heuristics handle a wide varicty of problem spaces gracelully and a
range of input conditions are used for the examples in this work,

The heuristic rules used in the simulations are:

* Process if better than average at processing the particular module, otherwise default o

another possible assignment.

* Process if better than average, otherwise pass-through if the worst processor for given

module (or use a default assignment failing that).

* Process if better than average, otherwise pass-through if the worst or next-to-worst.

* Process if the best and pass-through if the worst.

5.5 Ordering of Processors in the Linear Array

Since each call flows through the processors in order from the first processor to the last, the first
processors usually perform the first sub-calls and the later processors perform the later sub-calls.
The placement of each processor in the array, therefore, affects the performance of (he array. By
varying the order of the processors, it is possible to generate more productive assignments, For
example, a more optimal ordering of the same five processors discussed in Section 5.3 is given in

Table 5.1 (the same processor labels are used in both tables).

In both cases, the shaded portion of the table gives the critical path for execution. Simulation
results for both of these orderings are given in Chapter 6. Note that, for a large variety of call
types, it is difficult to determine a time-invariant universally optimal processor ordering.

Therefore, a ‘close-to-optimal’ processor ordering has been used in the simulations.
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Module | 0 1 2 3 4 5 6 7 8 9 Tota
Processor 1
(1s)
30 30 50 50 30 20 20 50 40 90 || 410
100 70 30 30 30 40 30 50 40 50 470
160 | 30 30 60 20 | 40 20 50 30 40 || 420
90 50 40 50 50 30 20 40 20 70 | 461
20 90 40 60 20 50 50 50 40 20 | 440
Maximum Ideal Throughput = (1/maximum processor delay) = 1/60x107° calls/s

Wji— O]

Table 5.4 Optimaly ordered Standard Processor/Module Execution Time Array (in us)

5.6 Network Loading Conditions

Telecommunication switches are engineered for high-day busy-hour traffic (HDBH) conditions
(51). That s, a switch is deployed with enough capacity to handle the required number of lines
with the required performance during the busiest calling period. Excess load is rejected during
these periods in a controlled fashion using an overload-handling mechanism [107, 115, 116, 117,
I18]. During these busy periods, the queue of jobs waiting to be processed is close to its

maximum size and new calls are rejected (no dial tone supplied to the user).

The switching network traffic changes with the season, month, week, day and hour [51], hence the
Call Processing architecture must be able to handle different loading conditions and different

types of loading statistics. The two basic load types are:

(1) uniform distribution for delays between calls, which would occur if the input call rate was
being limited into the architecture. Loading rates are varied to simulate different calling
periods. The architecture starts to overload when the interval between jobs is about 500
Hs, using the processor delays and call timings given in the previous chapter. Since most
telephone switches are engineered for the heaviest load condition, the majority of the
simulation work and performance comparison work has been performed at higher offered
loading levels than one call every 500 ps. In this way, more significant comparisons can

be made, since a faster architecture will not starve for work. Intervals of 500 s, 300 us,



100 s, 50 ps and 25 1s have been used,

(2) exponential distribution for delays between calls is used, which assumes independently
generated calls and no throttling mechanism. Independent cull arrivals is 2 valid
assumption for a large telephone network [541. Simulations are performed  with

exponential distributions having means of 100 s, 50 s and 25 ps.

3.7 User Delays

As telephone services change, the nature of the user interaction can vary. The effect of adding
user delays into the processing of calls is simulated and compared with the contiguous and un-

interrupted processing case.

At the second and sixth state in the ten-state originating call state machine, there are potentially
large delays associated with the authorization of the origination attempt and the authorization of
call setup, since these require access to (possibly external) datubascs. Theretore, calls are passed
through and out of the array once these states are reached. These user delays are modelled usin g
an exponentially distributed random variable with a mean of 50 ps; individual user delays will be
on the order of seconds. As stated earlier, a peripheral/core architecture has been assumed and
this delay is the assumed response back from the peripheral to the core. Because of the
memoryless property of the exponential distribution, this is a reasonable simplification (which

reduces array sizes in the simulation),

5.8 Scaleability of the Linear Array

Simulations with 5 and 8 processors were performed. The processor ordering shown in Table S.1
was used for the 5-processor architecture. To derive an 8-processor archilecture, an extra three
processors were added to the array at the end, which were identical to the first three processors in
the original 5-processor array. That, is the 8-processor ordering is: 0,1,2,3,4,0,1,2, with a 5-
processor ordering of: 0,1,2,3,4. Adding more than n=10 processors mtroduces idle processors

and has not been simulated here.
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5.9 Output Parameters

The {ollowing parameters derived from the simulations are examined for each of the trials:
* latency of a single call (mean and variance),
» mean CPU utilizations of all processors in the array for 1000 processed calls,

* standard deviation of the CPU utilizations of all processors in the array for 1000 processed

calls,
* mean CPU utilizations for each processor for 1000 processed calls,
* overall throughput rate for the 1000 processed cails,
* response times for individual calls,
* number of rejected calls.

The standard deviation of the mean throughput is calculated in the simulations as [119]:

2 xim0?
n-1

X

(n-1)

Bk

- ’\/(n——l)_n- (n-1)

wheje:
* x; = total elapsed CPU utilization time for the i call,
* n = 1000 = total number of calls

The mean and the standard deviation of the system throughput give a good statistical description
of the efficiency and stability of the system. By also examining the utilization of each processor,

the performance bottleneck trends can be observed. A good indication of switch service ‘quality’
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can also be obtained by examining the response times for individual calls for representative

simulation cases and by looking at the statistics for rejected calls.

5.10 Summary

In this chapter, the simulation of the Linear Pipelined array for a Call Processing application has
been described fully. The modelling assumptions made and the detailed organization of the
simulation have been described. The input variables to be adjusted and the output parameters (o

be measured have also been described.

A theoretical discussion and analysis of the Linear Pipelined array performance has been given

for the following arcas:
* Scheduling approaches.
* Network loading effects.
* Processor ordering effects.
* User Delays and their effect
* Scaleability issues.

The expectations for the simulation results have been stated. This theory provides the simulation

plan, whose results are presented in Section 6.
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Chapter 6

Performance Analysis

This chapter presents the results of the simulation experiments. In each subsection, the
simulations are described, the results are presented in graphs or in a table and the data is analyzed
and interpreted. A clear description of experimental organization and accurate presentation of
results can be found in [120] and many of the suggestions in this reference have been used in this

thesis. The simulations are organized into the following categories:
* Effects of Assignment/scheduling strategies of sub-calls onto processors,
» Effects of presence or absence of a delay for user input,

* Effects of changes in the input traffic conditions: changes in the statistical distribution and/or

frequency of new call attempts,

« Effects of increasing the number of processors.

6.1 Assignment/ Scheduling Strategies

The standard 5-processor architecture to process 10 modules has been simulated with different
assignment schemes. In each of the simulations, a total of 1000 calls were processed for each test
case. This is adequate to stabilize the architecture so that the CPU utilization means no longer
change significantly. For all of these different schemes, an input traffic rate of one new call every
30 ps has been used. This ensures that the performance is limited by the architecture rather than
by the supply of new call requests. User delays have been assumed (Section 5.7) to keep the

stmulations representative of the Call Processing application.
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6.1.1 Scheme Descriptions

The following assignment schemes have been examined:

(1

(2)

(3)

4

&)

All 126 possible assignments (listed in Section 5.4.1) which do not permit processor
skipping, but which could complete processing of all of the 10 sub-calis/modules in

single pass through the array (termed ‘non-skipping assignments’) are simulated”.

If a processor is ‘better than average’ at processing a given module, the module is
processed, otherwise one of the 126 possible non-skipping assignments described above is
used. All of these assignment cases are simulated (heuristic 1). “Better than Average’
means that the processor has an execution time for a given module which is lower than the

mean execution time for that module, taken over all processors in the array.

If the processor is the fastest processor for a given module, the module is processed. If the
processor is the slowest processor for a given module, the module is passed through
without processing. If neither of these cases are true, one of the 126 possible non-skipping

assignments is used. All of these assignment cases are simulated (heuristic 2).

All 10018 possible assignments (listed in Section 5.4.1) which can complete processing of
all of the 10 modules in a single pass through the array (termed ‘skipping assignments’)
are simulated. Note that any of the processors are allowed to be skipped for these

assignments.

If the processor is better than average at processing a given module, the module is
processed. Otherwise, one of the 1001 possible skipping assignments is used. All of thesc

assignment cases are simulated (heuristic 1A).

* Calls are not typically processed in a single pass, because of user delays which are encountered
between modules (see Section 5.7).

§ Because of the single-pass restriction on generated schedules, these do not represent all of the
possible assignments of ten modules to 5 processors; there are 510=9,765,625 of these and they

have not all been simulated because of inadequate simulation resources and time constraints.
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(6) If the queue size exceeds a threshold value, modules are passed through without

(7)

processing, otherwise processing is performed according to one of the 126 possible non-

skipping assignments. All of these assignment cases are simulated (Fig. 6.11).

The call mix ratio is estimated using the relative number of calls in each of the possible
user partitions at any time during the simulation and is used to select the fastest
assignment (see Section 5.4.2). Here, processors are allowed to be skipped, with the
restriction that each user partition must be processed in a single pass through the array.
Two call mix ratio estimation strategies are used, but both are based on counting the
number of calls currently in each user partition (see Section 5.4.2). They differ in the way
that the calls in each partition are counted; for both schemes, 126 runs of 1000 calls are

simulated:

(A) Counts are maintained in each processor and used only in that processor (Fig. 6.12).
This means that different processors can have differing views of the current call mix
daring the simulation and can select different assignments from each other. However, in

general, the assignments will be the same and all modules will get processed.

(B) Counts are maintained in the headend processor and this single estimate is used by all
other processors (Fig. 6.13). This means that all processors have identical views of the
current call mix during the simulation and use the same assignment, changing these
assignments synchronously. This avoids the problem of inconsistent assignments, but

requires broadcasting of scheduling information.

6.1.2 Results

For assignment scheme (1), the mean and standard deviation of the throughput is shown in Fig.
6.1 along with the processor CPU utilizations. The results are ordered along the x axis in terms of
increasing mean throughput and then in the order of decreasing variance for assignments with the
sume mean throughput. These results are also tabulated in Appendix C. In general, as processor

utilization becomes more evenly balanced across the array, the mean throughput increases and the
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variance of the mean throughput decreases {better and more predictable performance achicved it

the load is balanced).

The overlay or cumulative sum of the individual CPU utifizations is also shown in Fig. 6.1,
correlates very well with the mean throughput.  Note that the total of all of the processor CPU
utilizations in the array is shown as the upper boundary of the top darkly shaded portion. The
throughput variance depends mostly on queueing delays in the array and increases if Processors
are congested. When congestion occurs, queues upstream of congested processors increase in

size and the latency for each call increases.

The throughput means and throughput standard deviations for 1000 calls processed  with
assignment scheme (1) are shown in Fig. 6.2 and Fig. 6.3. A rejection threshold of 70 and 30
calls for the input queue size are used for these figures, respectively. Once the input queue size
equals the threshold value, newly generated calls are rejected.  The effect of deereasing the

threshold point at which load is refused into any processor s shown by comparing these (wo

figures.

As the threshold value is decreased from 150 to 30, the throughput variance decreases by an order
of magnitude and the queue sizes at each processor also decrease. Because of the increased
competition for queue space between new calls and recirculating old cails, both latency and
queueing delay uncertainty increase. The mean throughput also increases marginally for all
assignments; this is because processors seldom have to wait for work from backlogged upstream

neighbours,

The bottlenecks in the architecture during a simulation run can be seen clearly by looking al the
CPU utilizations. For the simulation run shown in Fig. 6.3, more detailed examinations of the
CPU utilizations for the best and worst non-skipping assignment cases are given in Fig. 6.4 and
Fig. 6.5, respectively. From the two detailed CPU utilization graphs, it can be scen that the
throughput of processor 4 limits the overall mean throughput of the array for both the best and the

WwOrst cases.
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As can be seen from Table 5.1, | 1,2,3,2,2} is theoretically the best assignment (see Section 5.4
for an explanation of the notation) since it represents the partition with the smallest possible
o(t(p)}. However, in reality, the assignment { 1,2,2,3,2} has a mean throughput of 2660 calls per
second which is about 5% higher than the throughput of 2535 calls per second for the assignment
{1,2,3,2,2); see Fig. 6.5. This is due to processor 3 being used more efficiently, which prevents

processor 4 from being overloaded as often.

Since processor 4 is the bottleneck processor in the array, as shown in Section 5.3, any overload
on this processor causes more flow control back through the array and increased rejection of new
cails at processor 0, thus decreasing throughput. This is shown in the graph of Fig. 6.4, which
gives a more detailed view of cumulative CPU utilizations over all processors, combined with a
display of the cumulative throughput rate for the entire array during the simulation run in Fig. 6.3
for {1,2,3,2,2} and {1,2,2,3,2). The theoretical and actual best-case runs are marked (A) and (B),

respectively.

However, although {1,2,2,3,2} gives better measured throughput, the theoretically best case
assignment {1,2,3,2,2} results in processor CPU utilization percentages which are the closest to
each other (i.e. have the lowest standard deviation) during a simulation run. This can be-seen by
examining Fig. 6.6, which shows the standard deviations of the 5 processor utilizations for each
assignment vector, ordered in terms of increasing overall mean throughput. The theoretically best
case assignment has a standard deviation for the processor CPU utilizations of 2.9%, while the

measured best case standard deviation is 8.7%.

Theoretically, the worst case assignment is given by {6,1,1,1,1}, since this yields the highest
possible bottleneck execution time and the largest possible value for w(t(p)). However, the
assignment {5,1,1,1,2} has a mean throughput which is about 11% lower (1750 calls per second
as opposed to 1935 calls per second; see Fig. 6.5). This is due to processor 4 gating the processed
call output from the array. This causes rejection of new calls at processor 0 because of the flow

control mechanism used,
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The graph of Fig. 6.5 shows the theoretical {6,1,LLL,1} and actwal {5,1.1,1.2] worst-cuse
simulation runs of Fig. 6.3, which are marked as (A) and (B), respectively. Comparing the
processor CPU utilizations in Fig. 6.5 with those of Fig. 6.4, the severe load imbalances which
degrade throughput performance are clearly illustrated. Processor 0 is the initial bottleneck and is
then, in turn, prevented from accepting new calls by downstream processors which arc

completing the processing of the calls accepted during the initial bottleneck period of processor 0.

This cycle continues throughout the simulation, periodically, with the bottleneck point alternaling
between processor 0 and the remaining processors in the array. The performance for the very
worst case is degraded by processor 4, which extends the period where the remaining processors
in the array (other than processor 0) are the bottleneck. As beflore, the processor utilization
standard deviations correlate well with theory and differ from each other by the largest amount
(Fig. 6.5) for the theoretically worst case assignment given by {6,1,1,1,1}. The processor CPU
utilization standard deviation for the theoretically worst case assignment {6,1,1,1,] }is 21.4% as

opposed to the actual worst case assignment {5,1,1,1,2} which has a standard deviation of 18.6%.

The first heuristic (heuristic 1) which has been simulated is given by:

Heuristic 1

if (*better than average’ at processing the given module) then
process

else
use one of the 126 assignments (where processors cannot be skipped)
/* this is the default non-skipping static assi gnment */

Fig. 6.7 shows the throughput mean and throughput standard deviation for heuristic 1. This
heuristic has better mean throughput than any of the non-skipping assignments shown in Fig. 6.2,
which has the same queue threshold of 70 calls. With the processor execution time matrix chosen
for these simulations, the heuristic reduces to a static assignmént for most of the simulation runs

and the non-skipping assignment default is seldom executed. This can be seen clearly by
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examining the CPU utilizations for each of the cases, which are all similar and show similar

bottienecks in the earlier processors of the array as before.

Heuristic 1 always performs much better (average of 600 to 1200 calls ver second higher) than the
previous schemes because it does not attempt to complete processing in a single pass. Since user
delays are required at the second and sixth modules, assignments which have this as a requirement
are sub-optimal; the assignments generated by heuristic 1 do not have this restriction and are

better as a result.
A second heuristic (heuristic 2} is obtained by modifying heuristic 1 as follows:

Heuristic 2

i (better than average at processing the given module) then process
clse
if (the worst processor for processing the given module) then
pass through without processing
else
use one of the 126 assignments (where processors cannot be skipped)
/* this is the default non-skipping static assignment */

Fig. 6.8 shows the throughput mean and throughput standard deviation for heuristic 2. The results
for this heuristic are still better than the default non-skipping assignments shown in Fig. 6.3,
which has the same queue threshold value of 30, but the scheme has poorer throughput
performance than heuristic 1. The main reason for this is the over-utilization of processor 1 (and
sometimes processor 2). Processor 3 is under-utilized as a result; this can be seen in the lower

portion of Fig. 6.8.

If an assignment is generated which requires processing to be completed in a single pass, but
which allows processors to be skipped, better system throughput is anticipated. This does not
occur as can be seen by comparing Fig. 6.9 with Fig. 6.3. Mean throughput is only marginally
inferior for the worst cases and only marginally superior for the best cases. The standard

deviations for throughput are also very similar. The results indicate that skipping of processors in



a static assignment, all else being equal, does not improve performance significantly i
restriction of single-pass processing is placed on the assignment.

A similar heuristic to heuristic | (heuristic IA) has been simulated using all of the default
assignments which allow processor skipping and is given by:

Heuristic 1A

if (better than average at processing the given medule) then proccés
else
if (the worst processor for processing the given module) then
pass through without processing
else
use one of the 100! assignments (where processors can be skipped)
/* this is the default skipping static assignment */ |

The results (Fig. 6.10) are very similar to those already obtained with heuristic 1 (Fig. 6.7). with
the maximum mean throughput decreasing marginally. As in Fig. 6.3, the smaller queucing

threshold used in the simulation of Fig. 6.10 decreases the variance in the mean throughpu.

In some of the previous experiments, queueing bottlenecks affect the system performance. If the
size of the queue in each processor is used as a criteria of whether to process ot not, performance
can be improved further. Fig. 6,11 shows an increase in the throughput mean relative to the non-
skipping default case (the horizontal axis here is now only a simulation index, not an assignment
vector). Comparing with Fig. 6.2, which is the default non-skipping case with the same queucing
threshold, the throughput variance is generally lower and the CPU utilizations are more evenly

balanced.

If care is taken to select the best fixed assignment for the current job mix, as deseribed in
assignment scheme (7A), the performance improves. The sct from which these optimal
assignments are selected is restricted to include only the non-skipping cases derived in Section
5.4.1. The selection is made based on local information (the co-ordinate axis is unly a simulation
index). From a comparison of the throughput means of Fig. 6.3 with Fig. 6.12, it can be seen that

optimal schedules are selected for most of the simulations of Fig. 6.12. Also, the variance

63



decreases by about (wo orders of magnitude and the CPU utilizations are more stable, indicating

better foud balancing,

Il the selection is made based on job mixes which are determined by the headend processor and
then relayed on to the other processors, as described in assignment scheme (7B), the performance
improves further. The worst performance shown in Fig. 6.13 is better than that shown in either
Fig. 6.3 or Fig. 6.11. The reason for this is that there are fewer cases where calls have modules
which are passed through by ali of the processors. This can happen, in the case of local decisions,
when processors make independent decisions as to the ‘best’ assignment, which are inconsistent
with cach other because they see different job mixes. Note that the variance in throughput is

lower and that CPU utilizations are higher, although load is still balanced well.

The overall results indicate that the best schedule varies with job mix and the loading of
individual processors. It is also clear that sub-optimal schedules are generated if all of the
modules are restricted to finish execution in a single pass through the array. Also, if this
restriction is made, processor skipping does not increase performance either. The heuristics used
in this chapter yielded more productive assignments, both because better use was made of the

specialized processors and because this restriction was relaxed.

So far, delays in processing at the second and sixth modules has been assumed, causing calls to be
returned back to the first processor of the array for processing after each delay period. The effect
on performance with the addition or removal of these lengthy delays during processing is

considered in the following section.
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6.2 User Delays

All of the simulations performed in Section 6.1 assume a user delay with a mean of 50 ps which is
cxponentially distributed.  If sub-calls are processed in a single pass through the array, without
requiring any uscr interaction, the effect of user delay can be examined independently of the
assignment scheme. All 126 possible assignments which do not permit processor skipping, but
which cun complete processing of all of the 10 sub-calls/modules in a single pass through the

array, are simulated without user delays (Fig. 6.14).

(Fig. 6.14) can be compared directly with (Fig. 6.2). Both have the same input traffic rate of one
new call being generated every 50 ps and the same threshold of 70 calls for each processor queue.
The removal of the user delay has the immediate effect of reducing the variance of the throughput.
This is because the queues in each processor are basically empty during the simulation. With user
delays, calls which still require processing have to compete with newly-initiated calls as well as
pussing through the queues of different processors several times. The extra queneing delays
increase the uncertainty associated with the processing of the sub-calls which are separated by

delays to acquire user data.

The mean system throughput increases to the theoretical limit for the processor execution time
array and the overheads assumed (see Section 5.3). The ‘steps’ in the graph of Fig. 6.14 are due
to changes in the bottleneck point in the array. The big step increase at assignment 55
corresponds to the onset of end-of-line blocking in the array because of processors 3 and 4, which

had previously been under-utilized.

In summary, user delays need to be modelled and have a large effect on call processing
performance. Performance of the schedules which complete processing in a single pass through

the array are dramatically improved if these user delays are removed.
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6.3 Network Loading Conditions

An input traffic ratc of one new call every 50 ps has been used- for most of the previous
simulations and it has been assumed that the architecture is the limiting factor. With traffic being
generated at this rate, therc are incoming calls which are being rejected (i.e. no diaf tone given),
To check the validity of this assumption, three simulations have been performed using non-

skipping assignments and exponential delays of 25ys, 50us and 100us between generated calls.

The throughput mean and throughput variance for all of these are shown in overlaid form in Fig.
0.15 and the actual assignments for each case are given in Table 6.1. The results for both mean
and variance are very close to each other, indicating that changing network load has minimal
effect at these high overload levels (compare also with Fig. 6.3). The reason for this is that the
same call rejection mechanism is used for all schemes, resulting in the same number of accepied

calls; the number of rejected calls is, however, increased.

The call generation rate is decreased to 300ps between generated calls in Fig. 6.16. The meun
throughput does not change, but the variance decreases to very low levels. Here, processing in
the array is still the performance-limiting factor, but the latency associated with queueing of the
calls has decreased substantially. If the call generation rate is decreased still further to 500us (Fig.
6.17), the throughput variance decreases to nothing. However, mean throughput also decreases

sinee performance is limited by the call arrival rate of 1/500 = 2000 calls per second.

In summary, varying the nctwork load has no effect, provided the simple flow control mechanism
is being uwsed. The LCC assumption means that rejected calls disappear. For the LCH

assumption, the network load can be expected to have more of an effect on the simulation results.
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. Worst assigmment labels Mid-range assignment labels Best assignment labels
expo expo expo ExXpo expo expo expo expo CXpo
25 50 100 25 30 100 25 30 100
32122 33112 AT 13141 KIESE! RIEIT I
11116 11116 11116 15121 21511 14122 11422 211337 23131
52111 51112 51121 23212 15211 15121 31321 11341 11432
61111 13114 51112 33112 23122 23212 22132 11332 12241
51112 11125 13114 21214 15121 21124 12151 21142 21133
51211 61111 61111 15211 21124 11512 21223 23271 22312
13114 11215 11215 33211 32113 32113 13321 13141 31321
11125 51121 11125 24112 15112 31212 21143 KTARY 23131
51121 51211 51211 24211 11611 23311 22123 3231 21412
11215 52111 42112 11611 14221 31123 21241 12241 22213
12115 12214 52111 21511 14311 24211 11332 21232 21313
41122 42112 12115 15112 11521 14221 21322 13123 11431
42211 41131 41131 25111 22123 31132 13213 3130 13213 |
12214 12115 41122 23221 31123 21511 21232 13312 231237
42112 42121 1134 14221 32131 31312 13312 13132 13321
42121 41113 41113 31123 22312 23122 24121 1332] 13123
21115 11314 41212 11521 31213 32131 22231 12112 21322
41113 41212 421721 14131 12511 11251 13222 21412 22132
43111 41122 41311 32131 32122 33211 12142 23131 12142
41311 23113 42211 11143 31231 11143 23131 21313 RERER)
41212 42211 41221 32212 32212 12511 22321 11323 2241
41221 11134 12214 23311 31312 32122 12313 21322 11332
41131 16111 43111 33121 11143 21151 13132 22321 12313
12124 41221 12124 31213 22213 33121 21421 13411 21232
16111 43111 11224 3123] 11251 12151 22222 21322 21421
23113 21115 22114 31312 3211 31141 13123 13213 11323
11224 12124 16111 22213 33121 11521 21322 22231 13222
11134 41311 21115 12511 21151 31231 21313 21331 13231
11314 34111 11314 31222 32221 22141 2133] 21421 21322
31114 11512 11161 31141 31222 31213 13411 21223 13132
23122 11224 15112 31411 31132 25111 12241 12223 13312
32113 23212 14113 22312 24121 31222 12223 22411 21331
34111 14131 14131 31132 23311 32221 12232 12133 21223
11512 14122 31114 11413 25111 24112 11323 11233 12223
11161 24112 33112 32311 24211 32311 11431 11431 22231
14122 31114 14212 21151 11242 24121 22411 12313 22321
22114 14113 11152 11341 13222 11341 1323] 13231 12133
14113 14212 15211 11251 11422 13141 11233 22222 12322
11152 11161 14311 22141 21241 21142 12412 12232 12232
21124 22114 21214 32271 11413 11242 12331 12322 12331
14311 11152 23113 21412 22141 13411 12133 12331 11233
14212 21214 11611 21133 22132 21241 12322 12412 12412
32122 33112 34111 11242 12151 11413 1242} 12421 12421

Table 6.1 Ordered Assignment Vectors for Different Call Generation Rates
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6.4 Scaleability Issues

Most of the simulation work has been performed with five processors.  However, as already
explained, it is a requirement that the architecture can be scaled to use more processors for
performance improvement or for the addition of new functions. Further simulations have been
performed using eight processors using the assignments which can be completed in a single pass
through the array with processor skipping (Fig. 6.18) and also without processor skipping (Fig.
6.21). The cight-processor architecture is made up of the same five processors in the same order
with duplicates of the first three processors at the end: this has been done to allow comparisons o

he made.

If processor skipping is allowed, the eight-processor architecture can perform betler (Fig. 6.18)
than the five-processor architecture (Fig. 6.9). The number of ways processing can be completec
in @ single pass increases from 1001 to 19.448. All of the assignments in the five-processor case
are included in those derived for the cight-processor case: the mean throughput range for five
processors is contained inside the result for eight processors, as expected. The eight-processor
array mean throughput is about 20% higher than that of the five-processor architecture, which is

poor/non-linear speedup.

The throughput variances of the two sizes of architecture are similar. Interestingly. the eight-
processor array has a lower throughput variance for the worst and best assignment cases, There is
better load balancing and more predictable delays because the queues are smaller in the eight-
processor case.  This can be seen by examining the CPU utilizations for the best and worst

assignments (127 of each) in Fig. 6.20 and Fig. 6.19, respeciively.

Scetion 4.1.4 noted that the throughput does not increase unless the bottleneck assignment
changes.  For the first 20 worst assignments, processor 4 is a bottleneck. Then, processor 3
becomes the gating stage. The big step increase in throughput variance (at assignment 69) is due
to the beginning ol program execution in processor 2 at the same time as processor 3, which

remains the bottleneck.



For the better assignments. there is an increase in the unitormity and balancing of the loads. In
general, heavy use 15 made of processors 1 and 2. Interestingly. processor O 1s always skipped:
effectively, it is dedicated to accepting input from the network. However, the very best case uses

only the last five processors, which corresponds to the assignment vector {0.0.0.1.2.2.3.2}. In
fact, this is a different ordering of the basic set of five processors used for most of the other
stmulations.  The bottleneck assignment depends on the particular processor/module execution
time array as predicted in Section 4.1. Therefore, different processor orderings have not been
explicitly investigated (see Section 5.5) to keep the results of different simulations as compitrable

as possible.

If processors cannot be skipped, there are only 36 ways of assigning 10 program modules to 8
processors. All of these cases have been simulated (Fig. 6.21) and the mean throughput proves,
although the best case is only about 5% higher than that of the five-processor simulation results
shown in Fig. 6.3, With these eight processors. the restriction oi not skipping processors clearly
improves load balancing over the CPUS, as can he seen from the CPU wtilizations.  Unlike the
five-processor case, mean throughput can be 30% higher il processors are skipped (compare Fig. )
6.21 with Fig. 6.18). The reason for this is that dilferent processor orderings of a more efficient

set of processors are possible, if skipping is allowed.
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6.5 Summary

In this chapter, the simulation results for the Linear Pipelined Array Call Processing
implementation have been described in detail.  The assignment/scheduling constraint which
restricts processing 1o be completed in a single pass through the array has been shown to limit
system throughput.  The presence of user delays also increased scheduling difficulty and
decreased system throughput. The use of job or system state information improved throughput
performance at the expense of increased scheduling complexity and increased communication

I'C(]LliI"CITICI]lS.

Variations in the network load had a limited effect on system throughput because of head-end
queue saturation. Overload control and input traffic flow control at the head-end processor also
limited system throughput. but the simple stop-and-wait algorithm used here works well. The
Linear Array had poor scaleability and cxhibited non-linear speedup as processors were added.
Although performance improved with more processors. this was due mostly to improved load

balancing across the array.
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Chapter 7

Conclusions and Future Work

Call processing for a telecommunications switching system is a computationally demanding task
which requires a multi-processor architecture to handle new telephone services and features. In
this thesis. the design criteria for such a system have been summarized from the rescarch and the
most promising architectures evaluated against them. The complexity of distributed systems

outweigh their performance advantages for the application.

A heterogeneous linear pipelined array has been proposed as a new type of call processing system
and is a simple alternative to the more common load sharing architecture. A detailed Comprrison
of the load sharing system and the linear array has been performed. The linear array has poorer
scaleability, but can make better use of processor specializations, especially il access 1o busy

centralized customer databases are required.

The linear array has been simulated extensively using the Verilog Hardware Description
Language. The mean and standard deviation of the throughput are an excellent indication of the
overall array performance. The individual CPU utilizations show the degree of load balancing in
the array during a simulation and can be used to explain changes in the throughput statistics for

different assignments of program modules to processors.

The effect of different assignments of program modules to processors has been presented. Poor
performance is observed if the generated schedules are restricted o those which can complete
processing in a single pass through the array. Better performance can be achieved using an

appropriate heuristic rule which is not as restrictive.
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If schedules are selected dynamically, based on the current';atio of calls in particular states,
performance can be optimized further. This scheduling decision is best made on a global basis by
the headend processor and is communicated down the array in the same direction as call
processing takes place, which simplifies the co-ordination of schedule updates in each of the
processors.  Also, a disadvantage of gencrating schedules locally is that schedules may not be
consistent with cach cther, causing processing of certain modules to be abandoned during these

periods of inconsistency.

The method used to reject or accept calls into the system affects throughput. A simple algorithm
which rejects input traffic when input queue sizes exceed a specific threshold has been used and
works well. This technique allows comparison between different scheduling policies, since the
architecture can adapt to process as many calls as possible, regardless of the scheduling policy
being tested. Smaller queue thresholds result in less statistical variation in the throughput because
It s less likely that processors are starved for input waiting behind congested upstream

PrOCessors.,

For optimum load balancing and performance, the best and worst assignments predicted by theory
correlate very well with the measured CPU utilization results. Discrepancies with the best and
worst cases for throughput are caused, however, by small imbalances in the delays through
different processor stages. Re-ordering the processors in the array may give better load balancing
and throughput, but is net practical in deployed systems.

Il load imbalances between processors in the array can be reduced, while allowing each processor
to perform its specialty function, throughput is maximized. The linear pipelined array scales well,

up to the point where the bottleneck assignment delay cannot be reduced further. Adding more

processors increases latency in the array without increasing throughput.

Delays tor user input, which are required for newer telephone services, degrade performance

substantially and complicate the task of deriving the optimal schedule. Switches are designed to
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be able to operate during the busiest period of operation. The linear array architeciure is robust 1o

changes mn offered traffic load and is verv stable under overload conditions.

A detailed simulation is an effective method to analyze the underlying causes for events. Further,
the models can be refined and adjusted on an ongoing basis to investigate specific arcas of
tnterest. These areas of interest can change based on unexpected simulation results and aare not
necessarily known at the simulation design and coding stages. Similarly. the high level of detail
all*ws individual calls to be tracked. which simplifies upgrading of the simulation code to

measure the effect of new call tvpes and/or call mixes.

7.1 Future Work

The linear pipelined array has been examined carcfully and a similar detailed treatment of the
load sharing architecture would be informative. Different call types and call mixes of call tvpes
can be simulated for the linear array. Although performance under overload conditions is the
most significant. performance for lighter loads could also be stwdied further. In particular,

different and more sophisticated input throttling mechanisms should be investigated.

The Lost Calls Cleared (LCC) assumption made in the simulaticns could be replaced with the
Lost Calls Held (LCH) assumption, which is used in the analyses of many North American
telephone switching systems. Given the importance of load balancing for the linear array and the
need to improve scaling performance, more work is required to verify the claims made in [88, 89]
about the addition of extra processing buffer stages. Alternatively, the use of multiple pipelines
and the task of interleaving their results could be studied as an interesting alternative to a full load
sharing architecture. Distributed systems and load sharing systems promise 1o have more
scaleable performance than the linear array. but are mainly limited by the requirement to access
centralized and busy customer databases. Therefore, high-performance distributed databuse

~ theory is an important area of iurther study.

A lot of work has been done in this thesis to mvestigate different scheduling schemes for the

array, but the problem is NP-hard. Paralle] Dynamic Interaction (PDI) is an inherently paralicl
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solution technique to this class of problems proposed recently [114, 121] and uses dynamic
interplay between simultaneously excéuting sub-problems. PDI represents an exciting deviation
from the more classical approaches [70, 68] and, therefore, seems like a promising approach
worthy of further research and more detailed simulation. The homogeneous linear piije].ined array
scheduling problem has been solved efficiently in the literature and the heterogeneous linear array

is a productive arca of continued research for a high-performance implementation of the call

processing function,.
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Appendix A

Basic Call Models

The following sections give a detailed description of the Originating and Terminating Basic Call
models taken from [49, 50]. Detailed state diagrams are given for each mode!, where states
represent essential operations required to establish. maintain and clear a channel. These states are
referred to in [49] as Points-In-Call (PICs).

Legal transitions between PICs are given. Events causing transitions between PICs, detected by
access processing (e.g. remote processors) or underlying Call Processing mechanisms in the core,
are also presented. The Basic Call Models also include Trigger Check Points, which are key
points where notification of events can be exported from Call Processing soltware. The Call
Processing software can also import information from other processors,  which  cun

influence/direct subsequent processing after the Trigger Check Point.

The Basic Call Models cover the following types of access:

* non-ISDN user [49]: this could be voice-based POTS or 56kbps rate-adapted data

* ISDN user (Class I or II) [48]: ISDN users are identified by a directory number/ call type or
by the actual physical interface

* Electronic Key Telephone Service (EKTS) [48]: group of ISDN Class I users (this group can
also include a single non-ISDN user)

* conventional trunk: A trunk is a connection between switching systems (as opposed 10 a
subscriber line). ‘Conventional’ describes public trunks which support traditional in-band
signalling or exchange access in-band signalling. Multi-frequency, dial pulse or Dual-Tone
Multi-frequency address signalling may also be supported.

* 887 trunk: Signalling on these trunks uses the Common Channel Signalling scheme
Signalling System number 7 protocol. This is a standardized protocol which allows switches
(from different vendors) to establish connections for POTS or ISDN calls {5].
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* private facility trunk: These are private dedicated trunks (e.g. tie trunk for dedicated tie line
calls leased by an organization)

The previous list illustrates that the Basic Call Models are directly applicable to a broad range of

applications. However, for the purposes of this document, the Basic Call Models described here

provide information pertaining only to non-ISDN users. Even so, reasonable comparison and

evaluation of different multi-processor implementations for Call Processing is still possible.
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A.1 Originating Basic Call Model

The Originating Basic Call Model (Fig. A.1) covers the three basic stages of Call Processing [44]
with corresponding PICs given for each:

-

*Call setup: NULL, AUTHORIZING ORIGINATION ATTEM PT. COLLECTING
INFORMATION, ANALYZING INFORMATION, SELECTING ROUTE,
AUTHORIZING CALL SETUP

* Stable Call: CALL PROCEEDING, WAITING FOR AN ANSWER. ACTIV]:

* Call Clearing: RELEASE PENDING
The following tables give summarized descriptions of each of the PICs. using the following table
headings:

* Action - A description of the Call Processing operation associated with the PIC

* Entry Event(s) - Event(s) causing the action to be initiated

* Exit Event(s) - Event(s) stgnifying completion of the action

* Exit Event(s) related to incomplete calls - Event(s) signifying the Call Processing associated

. . *
with incomplete calls

* Available Information - This is a list of available model information which is relevant to Call
Processing applications.

*For example, if disconnected or cleared events are received before a call is answered, they
would be classified as exit events related to incomplete calls. Otherwise, if they are
received afterwards, they are treated as Exit Events
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Action

No call exists. For a multi-party call with more than two parties, other calls may exist even if
one call has returned 1o IDLE

Entry Event(s)

Disconnection and clearing of a previous call, after cxcepion handling
(re)initiaiization

. OT sy sTenm

* Origination Attempt event - an indication of desire to place an outgoing call. the switch

Exit Event(s) receives an off-hook indication from an idle line.
» Calling Party Automatic Number Identification (AN - the charge number of the cathing parn
(information available in the switch).
* Calling Party 1D - the network address of the caliing party timformanon available in the switehy
. « Calling Party Bustness Group 1D - The Basic Business Group or multi-switch Business Group
A\'mlabfe ID of the calling party (information avatlable when the user is a member of a Business Group),
Information R . ] . " . . _
* Customer Class of Service - code that is used to identify all attributes o a tine that requine
distinctive call processing treatment
* Bearer Capability - assumed to be 3.1 kHz audio or 56 kbps for non-ISDN users (for o fine
dedicated to Public Switched Digital Service)
Table A.1 Null PIC
The switch verities the authority of the user o place the call with the given properiies (e,
Action restrictions) using the appropriate sereening procedures, Any glare situation detected is

e

i

resolved.

Entry Event(s)

Originating Attempt event

Exit Event(s)

* Originated Attlempt event - detected when the authority ta place an vutgoing call is veritied,

Exit Events * Originated Denied event - detected when the authority to place an outgoing call is denjed.
related to * Disconnected event - Calling party disconnects and the switch receives an on-hook signal {rom
Incomplete a caller following switch hook flash timing.
Calls
. Alfter detecting the Originated event, the switeh is assumed to have the same information as in
Available Table A.1. I the switch determines that the origination is denied, the cause of the failed
Information

authorization (e.g. Origination denied) is also known.

Table A.2 Authorizing Origination PIC
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Action

The switch collects initial information (e.g. service codes, prefixes and address information)
from the user. This information is collected according to a dialing template, Typically, the
switch sends an in-band prompt to the user (dial tone) atiaches a digit receiver collects digits and
applies timing. "

Entry Event(s)

Originated event

Exit Event(s)

= Information collected event - detected when the complete initial information from the caller is
available. If overlap sending procedures are being used. this occurs when the first six digits
have been collected.

« Feature Requested event - detected when a switch hook flash is entered in the special situation
where the user js initiating another (wo-party call in addition to an existing multi-party cali

+ Collect Timeout event - Complele initial information not received before i normal interdigit

Exit Events time expires
related to . : ot e . ¥ At ause of : .
+ Coliect Info failure - the switch is unable to collect the information because of 4 Jack of
Inco‘mplete resources (e.g. no available digit receivers)
Calls .
* Disconnect event,
After the switch determines that information collection is comnplete, the switch is assumed to
have (he same information as in Table A.1 as well as the following Collected Information:
* Access code (from a Business Group Dialing Plan; e.g. an access code ta the public network.
or a feature access code)
. . * Star Prefix Service Code (two-digit code following a *** or 11 prefix
<+ Available
‘Information * Prefix (Cg 14,0+, 014, 01 [+, 0-, 00')

= Carrier Access Code
* Coilected Address information

* Dialing plan of the address (could be International numbering plan, North American
numbering plan, or a private numbering plan)

Table A.3 Collecting Information PIC
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Action

The swite'. interprets and translates the collected information according to the specilied
numbering plan. The switch determines the:

* called party 1D,

* type of call {e.g. intra-LATA or Inter-Exchange Carricr) and

* Carrier.

For calls 10 lines which are not subtending the swiich, a route index is determined based on the
information available (¢.g. address) and the class of service of the line. This index is a pointer 1o
a list of trunk groups. For calls received from an Inter-Exchange Carrier, the called address is
screened to determine whether the first six digits of a ten-digit address or the first three digits of
a seven-digit address subtend the switch.

Entry Event(s)

Information Collecied event.

Information Analyzed event - occurs when a called party 1D, type of call and, when appropriate,
a route index and a carrier are determined. 1t should be noted that the availability ol a ealled

Exit Event(s) party ID docs not necessarily mean that the final address has been determined (c.g. mulii-line
hunt groups not searched yet or a Direclory Number has not been transtated into a physical line
termination.

Exit Events = Invalid Information event - collected information not valid
related to *» Disconnected cvent {see Table A.2 [or definition.
Incomplete
Calis
Afier the switch determines that information collection has been analyzed, the switch is assumed
1o have the same information as in Table A.1 as well as the following Analysis Results (of (he
collected information):
* Called Party ID
= Numbering Plan of the address
* Type of Call which indicates the type of operator assistance required
Available .
. « Carricer
Information

= Carrier Selection which is an indication of whether the carrier was obtained (rom a user of
from the network default carrier associated with the user

* Originating Line information (see Table A.3)

* Route Index/ Facility Restriction Level (FRL), which is an index 10 a route list of trunk groups
(if the call does not terminate on this switch). If the route index points to 4 single trunk group
and the trunk group is assigned an FRL, then the FRL is also known

Table A.4 Analyzing Information PIC
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Action

To select the cutgoing roule, the switch interprets the analysis results. This may involve:
» routing the call to a directory number on this switch,

= scarching an automatic fexible route list,

= selecting a private facility trunk group, or

+ searching multiple route indices supplied by an external piece of equipment.

For carrier calls, the circuit code is determined based on the user and the type of call. The

individual destination resource of resource group (e.g. a specific line of a multi-line hunt group)
is not selected. When the entry event is the route busy event from the Call Proceeding PIC (sce
Table A.7), depending on the location in the network where the route was busy, the switch wiil:

+ If the route is busy at this switch, the switch attempts 1o route the call via an alternate route. If
there are o alternate roules or they have all been tried, the Network Busy event is detected

« If the route is busy at another switch, an indication may be passed to this switch. A Network
Busy event is detected,

The switch may continue Lo collect information

Entry Event(s}

Information Analyzed event or Route Busy event reported from the Call Proceeding PIC (see
Table A.7).

Exit Event(s)

* Roulte selected - oceurs when the originating routing information for the call has been
identified

« Feature Requested cvent - (see Table AL7).

Exit Events
related to

Network Busy event or Disconnected event {see Table A.2). The Network Busy event occurs
when all the routes arc busy,

Incomplete
Calls
After the switch determines that the route has been selected, it is assumed that the following
information is available:
« idenlification information- see Table A.1,
« analysis Results- sce Table A.4. Also, additional route indices to route the call may be supplied
. [rom an external picce of equipment when the routes specified by the primary route index are
Available N . . b .
Information busy. The switch remembers which routes and/or carriers have been tried for the call.

« routing information- If the call is to an inter-exchange carrier, this will include the circuit code
information. If this call is an AFR call, this contains the list of routes and an indication of
which route 1o select next. Although the route index may point to a list of trunk groups to be
tried for the call, only information about the current route being tried will be sent to the
Authorizing Call Setup PIC (see Table A.6)

Table A.5 Selecting Route PIC
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Action

The switch verifies the authority of the calling party 1o place this particular call (e.g. checking
business group restrictions and (oll restrictions). The switch may continue to collect
information.

Entry Event(s}

Route Selected event

*

Exit Event(s)

» Call Setup Authorized (when the authority to place the call has been verified).
* Feature Requested event - (see Table A.3)

Exit Events * Authorization Denied event - occurs when authority to pace the call is not granted
related to * Disconnected event (sec Table A.3).
Incomplete
Calls
Alter the switch determines that the route has been selected, it is assumed that the following
information is available:
* identification information- see Table A.1,
* Analysis Results- see Table A.S. In this PIC, only the current route index and carrier heing
Availzble tricd are known
Information

* Routing information- This may contain the circuit code (transit network sclection parameter)
information and a route (from an Automatic Flexible Route list)

» Facility Restriction level (FRL)- This information may be avaitable for the originating line or
trunk and for the termination facility for calls to a private factlity trunk group that use FRLs
and is determined as part of the authorization procedures for this call.

Table A.6 Authorizing Call Setup PIC
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The switch sends an indication of desire to set up a call to the specified Called Party ID to the
terminating call portion. The information which may be passed to the terminating call portion
is: Calling party automatic number ID, Calling Party ID, Calling Party Business Group ID,

Action carrier, transit network sclection, Called Party ID, route index, and bearer capability. Other
information not used by the processing modeled by this PIC may also be passed to the
terminating cali portion. *
Entry Event(s) Call Setup Authorized cvent,

Exit Event(s)

* Route busy - delected if an indication of a Busy event specifying route busy is received from
the terminating call portion. In this case, the originating call portion returns to the Selecting
Route PIC.

+ Answered - occurs when an indication of a Connected event is received from the terminating
call portion.

* Call Delivered - occurs when an indication of a Call Accepted event is received {rom the
terminating call portion.

* Feawre Requested - corresponds 1o the user entering a switch hook flash.

Exit Events

* Busy reported event - occurs when an indication of a Busy event specifying user busy is
received from the terminating portion of the call (i.e. network- determined-user-busy or uses-
determined-user-busy). This event also occurs when an indication of a Call Rejected event
specifying user busy is received {rom the terminating portion of the call. If an indication of

reluted to busy is received {from the terminating portion of the call, busy tone is provided by the switch.
]"c“‘“‘pmc * Cleared event - occurs when an indication of a Call Rejected event from the terminating call
Calls portion and this indication does not specify user busy (see Table A.14). When a Call Rejected
indication is received, a tonc or announcement may be provided from the switch.

» Disconnected event - an indication of clearing is passed to the terminating call portion
After the switch determines that the call has been delivered, it is assumed that the switch has the
following information:

Available * identification information (see Table A.1)

Information

* Analysis Results (sce Table A.6)

* Routing Information - this may contain the circuit code (as described by a transit network
sclection parameler) or a private facility trunk group

Table A.7 Call Proceeding PIC




The switch waits for the terminating party to answer, At this point, the caller receives inband

Action audible ringing (from the terminating switch). An indication of call progress may be received
from the terminating call portion.
Entry Event(s) Call Delivered event
* Answered - occurs when an indication of a Connected event is received from the terminating
portion of the call. Answered event occurs, the treatment applied is the same as that in (Table
Exit Event(s) AT
* Featurc Requested (see Table A.7).
* Disconnected (sce Table A.7)
Exit Events | . goy Reported (sce Table A.7)
related to o . o . . .
Incomplete * Cleared - occurs when an indication of Cail Rejectied not specifying user busy is received from
Calls the terminating call portion or when an indication of a Ringing timeout event is reccived from
the terminating call portion (sec Table A.15)
When the switch is in this PIC, the switch has the following information:
* identification information (see Table A.1)
vailable .
Availa . * Analysis Results (see Table A.5)
Information
* Routing [nformation - this may contain the circuit code (as described by a transit network
selection parameter) or a private facility trunk group
Table A.8 Waiting for an Answer PIC
. Connection established between calling party and called party (sce Table A.7). Call supervision
Action is being provided
* Answered event
E 1 IR
ntry Event(s) i | Called Party Reconnected event (see Table A. 1)
* Disconnected event (sec Table A.7)
» Feature Requested event (see Table A.7)
* Cleared event - occurs when an indication that the called parly disconnected is received. For
Exit Event(s) an intra-switch call, the switch receives an on-hook indication from the terminating line (and
the switch has provided switch hook flash timing). The indication of Cleared passed 10 the
originating call portion indicates timed release disconnect when timing is to be done and
release when timing is not done. The Cleared event may also result from crror situations,
When the switch is in the ACTIVE PIC, the originating basic call model should have (he
following information:
* Class of Service (see Table A.1)
. * Cailing Party Automatic Number Identification
Available ) 5 Y
Information * Calling Party 1D

* Calling Party Business Group 1D
* Bearer Capability (sceTable A.1)
» Calling Party’s Terminal Service Profile (sec Tablc A.1)

Table A.9 Active PIC
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The connection is left intact and appropriate timing may be started, depending on the indication
received, the access type and the position of the switch in the connection. If the terminating call

Action portion sends an indication that the terminating party has gone off-hook, the ACTIVE PIC
should be restored. If the originating party disconnects, the call is cleared without further delay.
Entry Event(s) Cleared event indicating timed release disconnect or release .

Exit Event(s)

+ Feature Requested event (sce Table A.7)
* Disconnected cvent (see Table A.7)

* Called Party Reconnected event - occurs when the terminating call portion sends an indication
that the terminating party has gone off-hook.

* Release Timeout event - occurs when the timed release disconnect timer expires (at this
switch).

Available
Information

The information available in this PIC is the same as in Table A9,

Table A.10 Release Pending PIC
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A.2 Terminating Basic Call Model

The Terminating Basic Call Model (Fig. A.2) covers three basic stages of Call Processing
(corresponding PICs given for each):

-

*Call setup: NULL, AUTHORIZING TERMINATION, HUNTING FACILITY,
PRESENTING CALL

* Stable Call: ALERTING, ACTIVE
* Call Clearing: RELEASE PENDING

The following tables give detailed descriptions of each of the PICs in (Fig. A.2) using the same
table format as was used earlier.

Action The line is idle (i.e. no call exists) and the switch provides supervision on the line.

Disconnection and clearing of a previous call, after exception handling, or system

Entry Event(s) {re}initialization.

* Termination Attempt - oceurs when an indicaticn . s desire to deliver = sall is received from

Exit Event(s) the originating portion of the cail,

» Calling Party Automatic Number Identification (ANI) - the charge number of the calling party
{(information available in the switch).

« Calling Party 1D - the network address of the calling party (information available in the switeh)

» Calling Party Business Group 1D - The Basic Fusiness Group or multi-switch Business Group
ID of the calling party (information available when the user is a member of a Busincss Group).

» Carrier - indicates whether a call should be routed over BellCore Cliert Company facilitics, a
private network/facility or to a specific Inter-exchange Carrier/ International Carrier. It is
passed from the originating portion of the call

Available
Information

* Circuit Code - information from the originating portion of the call about which of the Inter-
exchange/ International camier facilities to select for routing the call.

* Originating Line Information - information from the originating portion of the call 1o do with
the class of service of the originating user.

* Bearer Capability - information passed from the originating portion of the call.

Table A.11 Null PIC
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Action

The switch verifies the authority 1o route this call to the terminating access (e.e. cheek business
group restrictions, restricted incoming access 1o line, or bearer capability compatibility)

Entry Event(s)

Termination Attempt event

Call Presented event

Exit Event(s) :
Exit Events . fl‘ermi-nalion Denied event - occurs when the authority to route this call to the terminating user
related to is denied.
Incomplete * Cleared event - occurs when an indication of clearing is received from the OTEZINAON pOrtion
Calls of the call.
. Itis assumed that the switch has the same information available for the werminating call portion
Avanlab!e after the Call Presented event is detected as it does when the Termination Attempt event is
Information detected.
Table A.12 Authorizing Termination PIC
Acti The busy/idie status of the terminating access is determined. I the line is already involved with
ction

an existing call, the line is treated as network-determined user busy.

Entry Event(s)

Call Presented event or a re-attempt in Presenting Call,

* Facility Found event - occurs when the terminating access ts not busy (i.c. an idle Lacility could

Exit Event(s) be found or a position in a queue is available).
= Busy event - occurs when the terminating access is busy (no idle facility can be found or no
position in a queue is available). the Busy event may also be detected as 4 result of an analog
Exit Events line being out of order, marked as busy by a customer make-busy key, or as a result of certain
related to maintenance actions. Note that when Busy is passed to the originating call portion, the
Incomplete terminating Basic call Model goes away. If a terminating feature acts on the Busy event and
Calls changes the event (e.g. Call Waiting feature, the event will not get passed to the Originating
Basic call Model.
* Cleared event (see Table A.12)
When the Facility Found event is detected, it is assumed that the switch has the following
available information:
* identification information (see Table A.1 1)
Available * Facility Group - For calls routed out of this switch, this identifies the Trunk Group (private or
In foima:ltion public) that has been selected to route call on. This may also identify the Multi-Line Hunt

Group for lines terminating on the switch.

* Facility Group Member - For calls routed out of this switch, this identifies the ‘Trunk Group
(private or public) that has been sclected to route call on. This may also identify the hunt-
terminal within the Multi-Line Hunt Group for lines terminating on the switch.

Table A.13 Hunting Facility PIC
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Action

The switch informs the terminating access of the call. The switch seizes the terminating line and
applies power ringing. The line may or may not be part of a Mutlti-Line-Hunt-Group (or
MLHG-I)

Entry Event(s)

Facility Found event

Exit Event(s)

* Call Accepted event - the switch provides power ringing 1o the terminating line. An indication
of the event is passed to the originating portion of the cail.

* Connected cvent - occurs when the switch receives an indication that the terminating party has
gone off-hook.

Exit Events
related to

« Call Rejected event - oceurs when an expected response is not received. An indication of the
event is passed to the originating portion of the call.

Incomplete = Call Cleared cvent.
Calls
« identification information (sce Table A.1 1)
Available * Facility Group information (see Table A.13)
Information . . . .
* Information regarding the call connection - c.g. astatement that the cal! type is non-ISDN.
Table A.14 Presenting Call PIC
The switch alerts the terminating resource and waits for the lerminating party to answer. the
Action ringing timer is started if the lerminating party subscribes o the timer. A call progress indication

and any received information is passed to the originating call portion.

Entry Event(s)

Call Accepted cvent.

Exit Event(s)

* Feature Requested event (see Table AT

= Connected event - occurs when the call is answered by the terminating party. An indication of
Connected event is passed to the originating portion of the call.

Exit Events
related to
Incomplete
Calls

* Ringing Timeout event - detected when the terminating party does not answer before the
switch-based ringing timer expires

* Call Rejected event - passed (o the originating call portion

* Cleared event - passed to the originating call portion

Available
Information

It is assumed that the switch has the same information available as it had after the “Call
Accepled” event was detected. Updated information on the call may be reccived in the Call
Progress Message.

Table A.15 Alerting PIC

119




Action Connection established between cailing and terminating party. Call supervision is provided.
« Connecied event
Entry Event(s
vy © |, Called Party Reconnected event (see Table A. 17
= Feature Requested event (see Table AT .
Exit Event(s) * Disconnected event - this results from the switch receiving an on-hook biclication
* Cleared event
* Bearer Capability (see Table AL11)
= Called Party 1D
Available » Called Party Busincss Group 1D
Information L
+ Facility Group (sce Table A.13)
= Facility Group member (see Table A.13)
Table A.16 Active PIC
"The connection is left intact and the appropriate timing may be started, depending on the aceess
type and the position of the switch in the connection. If the lerminating party gocs off-hook
Action before the timer expires, the ACTIVE PIC is restored and an indication of this is passed 1o the

originating call portion. If the originating party disconnects, the call is cleared without fusther
delay.

Entry Event(s)

Disconnected event

* Release Timeout event - occurs when the release timer expires (at this swilch), An indication
of the Release Timeout event is passed 10 Lhe originating call portion.

Exit Event(s) || * Called Party Reconnected event - occurs when the terminating party goces off-hook. An
indication of the Called Party Reconnccted event is passed (o the originating call portion,
* Cleared cvent
. Itis assumed that the switch has the same information as shown in Tahle A.16.
Available
Information

Table A.17 Release Pending P1C
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Appendix B

Verilog Code

This Appendix contains the code used for the experiments described in earlier sections of the
document (sec section 5.2 on page 38). The hierarchy for the tasks, functions and modules in the

simulation is shown with text indentation in (Fig. B.1).



module (proc), instance {s)]
module (scheduler). instance (s)
task {processing)
function {current_module)
task (process_or_not)
task (CPU)
task (delays_setun)

module (proc), instance (p1)
miodule (scheduler), instance (s)
task (processing)
function (current_module)
task (process_or_not)
task (CPU))
task (delays_sctup)

module (proc), instance (p2)
module {scheduler), instance {s}
task (processing)
function (current_moduic)
task (process_or_not)
task (CPU)
task (delays_sctup)

maodule (proc), instance (p3)
madule (scheduler), instance (s)
task (processing)
function (current_module)
task (process_or_not)
task (CPU)
Lask (delays_sctup)

module (proc), instance (p4)
module (scheduler), instance (s)
task (processing)
function (current_maodule)
task (process_or_not)
task (CPW)
task (delays_setup)

task (gencrate_mapping_cases)
task (check_feasible)

task (assign_partition)
function {gei_size)
function (min)

function (factorial)

task (get_job_id)

task {check_g_all)

task (check_q)

function (current_module)
function (get_bit_id)

task {override_gen)

task (output_results)

task {gather_CPU_stats)

Figure B.1 Simulation Model Hierarchy

J
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B.1 top.v

I topv */
“include “defs v

module topt};
‘include “vars.v”

proc #0 pO (ready_1100,id_in.sig_in,id_to1,sig_Oto,sys_ready);
proc #1 pl (ready_2to Lid_olsig_Oolid_To2.sig_lio2 ready_l100);
proc #2 p2 (ready_3102,id_tto2,sig_Ho2,id_2103,stg_2to3,ready_2tol):
proc #3 n3 tready, 4103.0d_2103,sig_2103,id_3104,sig_3tod,ready_3102);
proc #4 p4 Geady_lastid  3t04,sig_Nod.id_out,sig_out,ready_dio3);

“include “setup.v"

initial

begin

epach_count=0;

Iast_total_jobs=0,

for (i=0; i<="p-1; i=i+1)
begin
busy_count[ij=();
last_busy _timelil=Stime:
end

end

always # ctk_period_div2
begin
clk = ~¢lk:
epoch_vouni=epoch_count+];
if (epoch_count=="¢poch_width)
begin
epoch_count=0;
-> idle_epoch;
end
end

always @(idle_epoch)

begin

gather_CPU_stats;

if {total_jobs<"toral_jobs) output_results(" TRUE);

for (i=0; i<="p-1; i=i+1})
begin
busy_count|ij=0;
last_busy_time[i]=$time;
end

last_total_jobs=total_jobs:

end

abways @(negedge p0.5s.CPUold) busy_count[0]=busy_couni[0]+Stime-last_busy_time[0]:
always @(posedge p0.s.CPUold) last_busy._time[0]=$time:
always @{negedge pl.s.CPUold) busy_count[1j=busy_count[1]+$time-last_busy_time[ 13:
abways @(posedge pl.s.CPUold) last_busy,_time[1]=Stime;
always @(negedge p2.5.CPUKoI) busy_count{2]=busy_count[2]+$time-last_busy_time[2];
always @(posedge p2.s. CPURol) last_busy_time[2]=5time;
always @(negedge p3.s.CPUhold) busy_count[3}=busy_count[3]+S$time-last_busy_time[3];
always @(posedge p3.s.CPULold) last_busy_time[3]=S$time;
always @(negedgpe pd.s.CPUhold) busy_coum[4]=busy_coum[4]+$limc-lusl_busy_lime[4]:
abways @(posedge pd.s.CPUold) lasi_busy_time[d]=Stime;

“include “generate v



“inglude “statistics.v™

“include “override_gen_task,v”
“include “output_results_task.v"
“include “gather_CPU_stals_task.v™”
endmodule // top

“include “proc.v*”
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B.2 defs.v

1* defs.v */

“tisnescale 1ms/lus
*define searchid 99999
“define silent "TRUE
/1 define silent "FALSE
“define towal_jobs 1000
“define total_runs 127

/* Global definitions for various simulation parameters */

“definc p 8 4/ number of processars in the pipeline
“dehine p_bits 4 / 1g base2 of sbove

“define m 10 / number of modules in the program
“define m_bits 4 /1 1g base2 of above.

“define mix_codes 10000
“define infinity 999999999
{1 *define pfactorial 120
“define placiorial 40320
“define 1g2pfactorial 16

“define mixine [0
“define mixsun 120
“define [g2ine 8

JHK

“define j 31 M number of jobs in the simulation
“define j_bits 5/ Iy base2 of above

*

“define j 2047 A number of jobs in the simmulation

“defing j_hits 114/ Ig base2 of above

“define delay_bits 8/ number of bits o store delay bits

“define user_delay_bits 12 // number of bits to store max user delay

“defing user, vector “m'b(0001 00GH0/ boolean to force exit from pipeline

“define user_seed 23

“define proc_delay_bits 12 # number of hits to store max processor delay

“define rx_q_size 150 // max number of eatries in incoming message queuc

“define rx_g_threshold 30 / maximum tolerated number of messages in incoming message queue
“define ready_q_size 100 /{ max nunber of entries in message queue of jobs from user
“define TRUE 1'bl

“define FALSE 1'b0 e

“define forwards 1'bl s =
“define backwards 1°b0

“define sigdee 1000000000

“define FIFO 1

“define LIFO 2

“define OK

“define q_empty 3

“define g_length |

“define idle_count_theeshold 204 number of time units 10 mark an *idle’ epoch
“define epoch_width “clk_period_div2*2/ duration of time for calculating idle titne
" define epoach_width 100/ duration of time for calculating idle time

“define dialwone_mean 3000

“define max_retry 32000

“define traflic_seed 27

# *define traffic_mean 2000

“define traffic_mean 100

“define user_q_td “p+d

“define owput_g_id "p+5

“define job_q_id p+6

“define seq_g_id "p+7

“define override_q_id “p+8

“define working_g_id (“override_q_id+1)



“define working2_gq_id (override_q_id+2)
“define topi00_q_id (override_q_id+3)
“define max_topl00_q_size 100

“define mix_assign_q_id (Coverride_q_id+4)
“define mix_assign_q_size 1000

# insert other queucs here, since there are multiple ids for the assign ones
{/ which start at 100 and go on 10 1004+m
“define assign_q_id (Covemide_q_id+100)
“define jobmix_q_id (assign_q_id+100)
“define jobmix_q_size 50

“define clk_period_div2 100

/7 define compress_delay 40

“define compress_delay 5

I define decompress_delay 40

“define decompress_delay 5

f define tx_msg_delay 40

“define tx_msg delay 5

I define x_msg_delay 40

“define rx_msg_delay 5

/Fdefine retricve_delay 40

“define retrieve_delay 5

/" define ISR_passthrough 20

“define 1SR_passthrough 5

Ir defing scheduler_passihrough 40
“define scheduler_passthrough 5

“define max_delay 32766

“define inter_proc, OH |

N
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B.3 vars.v

f* vars,v */

wire [7j_bits-1:0]id_Otol;
wire ["j_bits-1:0Jid_1102;
wire [j_bits-1:07id_2103;
wire [*j_bits-1:0]id_3104,;
wire [j_bits-1:0]id_4to5;
wire ["j_bits-1:0]id_5t06;
wiee [*j_bils-1:0]id_6to7;
wire ["j_bits-1:0]id_Tto8,
wire | j_bits-1:0)id_out;

wire sig_Otal, sig_ 1102, sig_2to3, sig_3tod, sig_4to3, sig_out;
wire sig_Sta6, sig 6107, sig_Tto8;

wire ready_ 1100, ready_2tol, ready_3102, ready_4to3, ready_ Stod;
wire ready_6105, ready_7to6, ready_8to7;
wire sys_ready,

reg ready _lust;
reg |7 _bits- 1:0]latched _id_out;

rep ctk:

reg clkstat:

rep clk2;

reg [Tm-1:0]temp;
integer i, J;

reg ["pobits+3:0)teimpvard

tirne temp2, rempd;

time last_time;

integer temp 1, sta_val, stai_code, stat_siat;
reg {"m_bits:0]prog_module;

eventrafiic_generatel, traffic_generate2;
event idle_epoch:

integer sced_traffic;

integer next_packet;

integer mean, seed, seed1:

integer delay, seq_status, job_status, user_status, user_status2, job_id;
integer CPU_sced:

integer j_var, j_varl, j_var2, j_var3, u_var, user_id_out;

regl” j_bits:0)job_var,

integer gen_status;

reg [ bits-1:0fid_in;
reg sig_int
reg [Mi_bits- 1:0]jobdex;

reg |'i-1:0)_g_id:

reg [ j_hits:0]j_qdex:

teg [71-1:0]s_g_id:

reg " 1:0)o_q_id:

reg M- 0Ju_g_id;

reg {Cp* - 1:0]system_g_id:

reg J630bitth_time[0:§- 112/ creation time of job
g m- L0)processing_state[0:7f-11:



/f wacking of which modules have been procesed for cach job;

{7 bit set if already processed

reg [‘m-1:0]override[0: p- 11,/ override booleans for each proc.

integer override_seed;

reg [("m_bits**p)-1:0] override_id:

reg overmide_repeat;

reg ['m-1:0Juser_ip_reqd; / user input boeleans for each module.

reg [J:0lwakeup: /1 bit set in bit position corresponding to job id
/7if job_id is being activated into pipeline again

reg [j_bits- [:0]twakeup;

reg kick_me;

reg ['j-1:0]passthrough; 4 bit set if job in corresponding bit position is
/ not 1o be processed further in the array

reg ["j_bits-1:0]round_robin; / round_robin scheduling of new jobs (seed)

/1 bit set if a moedule must be processed
reg ["user_delay_bits-1:0)user_delay_avel0:" m- E 12/ different siatistics for cach module

integer all_delay_specific [0:(p* m)-1]; // processor-specific module delays
integer temp_all_delay_specific [0:( p* m)-1]; #/ processor-specific module delays
integer all_orderings_delay_specific [0:C p* m* plactorial)-1]: // processor-specific module delays

reg {31:0Juser_delay_seed(0:"m-1]; {1 different statistics for each module
reg {("proc_delay_bits-1+ p_bits):0proc_delay[0:}-11; # cumulative processing delay (onkv)
reg [ user_delay_bits-1+"m_bits):0)user_delay[0:7§-1]; # cumulative user delay (only)

time busy_count[p-1:0]:
time last_busy_time[ p-1:0;
integer epoch_count:
ineger user_retry:

integer diallone _seed;
integer wniform_seed;

time generated_jobs. totzl_jobs, total_ruas, total_OH, total_proe, total_user;
time last_time_out:

time first_joh_time:

time ast_total_jobs:

integer procdex;

integer (2, t3, 14, t6;

reg [Cm_bits*("m+1))-1:0]codes[0: max_codes];
integer codesdex:

integer minimum;

reg [("m_bils-13:0] index [:"m];

time globalvar:

time bestdelay;
time worstdelay;
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B.4 setup.v

1* setup.v %/

tnitial
begin
jobdex=0; job_var=0; job_status=0: job_id=0);
cedesdex=(}; globalvar=0;
seed_tralfic="traffic_sced;
wakeup=0;
kick_me=0;
round_robin=0;
uniform_seed=1;
override_sced=3;
dialtone _seed=34560;
CPU_sced=23;
user_retry=0; total_OH=0; total_proc=0; total_user=0:
gencrated_jobs=0; total_jobs=0; total_runs=0;
user_ip_reqd="user_vector;
wady_kast="TRUE;
oulput_results(" FALSE);

$q_initialize( job_q_id, FIFO," j+ i job_status);
$q_initialize(seq_q_id," FIFO,"j+1 job_status);

Sy_initializeC output_q_id,"FIFO," j+1,job_staas):

$q_initialize( user_q_id,” FIFO, j+ | job_siaws);

&q_initialize( override_q_id." FIFO, tatal_runs+1,job_status);
Sq_inttializeC mix_asstgn, q_id,"FIFO, mix_assign_g_size.job_staws):

for (i=0; i<="m-1: i=i+1)

begin
Se_initialize("assign_g_id+," FIFO, pfactorial job_status);
end

$q_initintize( working_q_id."FIFQ, p+1 job_status);
$q_initinlize('working2_q_id.'FIFO," p+1 job_status):
$q_initialize( 1op100_g_id," LIFO, 100,job_status);

bestdelay="iniinity:
worstdelay="infinity;

clk=0;
clk2=0;
override_gen{override_id);
Srendmemh(“fuser,_delay_ave” user_delay_ave);
for (i=0; i<="m-1; i=i+1)

begin

user_delay_sced[i]="user_seed+i;

end
Sdisplay (“Input files read™):
Bdisplay(“setup.v:DATAMEANSVARS user_ip_reqd=%b" user_ip_reqd):
generate_mapping_cases;

" sctup_delay_combinations;
end

# inelude “setup_schedules_task.v™

“include “genernte_mapping_cases_task.v"
H Minclude “setup_delay_combinations_task,v™
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B.5 generate_mapping_cases task

task generate_mapping_cases:

reg ['m_bits-1:0lending{0: m+1}:
reg ["'m_bits-1:0]index]0:"'m):
integer 1, k, count, last_i, minimum;
integer q_size.temp,templ.dex:

reg [('m**p)-1:0] assignment;

reg [Cm* ig2inc)-1:0] job_ratio:
reg new_partition;

reg ["m_bits-1:0Inum_partitions:
reg ['m_bits-1:0)partition_size;

reg {"m_bits-1:0]size_count;

reg ['m-1:0Juser_vector_copy;

reg ['m_bits-1:0]pari_size{0: ' m-1]:
reg {"m_bits-1:0)part_end[0:"m-1];
time david;

begin // task

USCT_Vector_copy="user_veclor:

num_partitions=0;
partition_size=ge1_size(user_vector_copy,0," forwards);
new_partition="TRUE:

# reset 10 min( m," p) at stan of each panitien
# and then partition_sizef2, partition_size/3.....
A unul next pastition reached

for (i=0ii< mui=i+1)
begin
iftuser_vector_copy[i]==1 lli==("m-1))
begin
if (new_partition=="TRUE} ending{il=min{partition_size,” p); # previons digit was a one
¢lse ending[i}=pantition_size/size_count; // previous digit was a zero
partition_size=get_size(user_vector_copy,i, backwards):
part_size(num_partitions]=partition_size;
part_end[num_partitions)=i;
num_partitions=num_partitions+1;
new_partition="TRUE; // indicate that this digit is | for next time
end
else
begin
if {(new_partition="TRUE) # first zero after a one
begin
partition_size=get_size(user_vector_copy.i, forwards):
endingfij=min(partition_size,"p);
size_count=2;
new_partition="FALSE;
end
else / zero after a zero
begin
ending[i]=partition_size/size_count;
size_count=size_count+1;
end
end
end

david=0;
for (index[0]=0; index[0l<=ending[0]: iﬁdcx[O}:index[O]H)

begin
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for (index] 1)=0; index| [ [<=ending{ 1 [, index] 1 J=index[1}+1)
bepin '

for {index[2]=0; index|2pe=ending(2]: index[2]=index|2)+1}
begin

for (index{3}=0: index(3|<=ending[3]; index[3]=index[3]+1)
begin

for {index(4]=0; index[4]<=¢ndingl4); index{4)=index[4]+1})
begin

for (index[5]=(); index[5]<=cnding]5); index[S}=index]5)+1)
begin

for ndex[6]=0; index|6]<=ending{6]; index[6]=index[6)+1)
begin

for (index]7])=0: index[T]<=ending(7]; index[7]=index[7]+1)
bezin

for (index[8}=0; indext8}<=cndingi8}; index[8)=index[8]+1)
begin

for (index|"m-1)=0); index[*m-1]<=cnding[ m-1]; index["m-1]=index[*m-1]+1)
begin
duvid=david+1;
il (david>= 3660} $stop;
if (david% Hi==0) Sdisplay("+ david=%0d" david);
if (david>366() Sdisplay(“+ david=%04" david);
cheek _feasible(num_partitions);
end /fm
el /9
cnd /8
end A7
end /6
end M 5
end /4
end /3
el /2
ead /7 1

i

setup_delay_combinations (aum_partitions);
- combinations_task(num_partitions);

Sq_exnm(“|nix_:uisign_q_id,‘q_lcnglh,q_sizc.lemp):
Sdisplay(“%0d jub ratios produced”q_size):
for (i=0; i<q_sizeii=i+1)

begin

$q_remove( mix_assign_q_id.dex,temp,templ);
$q_add(’ mix_assign_g_id.dex.tlemp tcmpl ),
Joh_ratio=calculate_cost.mix_ratiofdex]:

nssignmcnl:cn]culmc_cost.mix_ass'tgnmcm[dex];
Swrite("RATIO “);

Tor (j=0; jenuwm_panitions;j=j+1)
begin
Swrite("%Ud ' job_ratio[ 1g2inc-1:0] );
job_ratio=job_ratio>>"1g2inc:
end
Sdisplay(™):
ead

end / task

endtask
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B.6 check_feasible task

task check_feasible;

#f Check combinations of assignment counts of consecutive modules in partition
{1 which are assigned to processors meet the following constraints;

/- more module ‘runs’ than number of processors is not possible

1 - modules that are in a partition must al! be assigned

tnput ["m_bits-1:0]num_partitions;

reg var

reg [*p_bits- [:0]nonzero_count[0: p-13;

reg [ m_bits™("m+1))-1:0] value[0:"m-1]; // m partitions of m+1 integer counts (cach m_bits max)
integer nonzero:

reg [ _bits*("m+1))-1:0) temp: /

integer i,j.k.sum,med_dex;

reg [(m_bits-1:0)local_index;

reg ["m_bits-1:0]local _part_size;

reg feasible;

reg tenminate;

begin /f task

3=0; mod_dex=(;
feasible="TRUE;

while ¢ (jenum_partittons) && (feasible=="TRUE) } // for cach pariition

begin

sum=(}; i=0: nonzero=0; werminate="FALSE:

locu]_pun_sizc:gcncr:ucymupping_cnscs.p:m_sizcl_i];

while ((i<local_part_size) && terminate=="FALSE}
begin
Iocal_indcx:gcncmle_mupping_cascs.indcx[mod,_d-.:x]:
sum=sum+{{i+1)*local_index);

{f tocal _index gives the number of occurtences of the aumber i+ {i.e. index[4]=2 means there are two 575)
if {local_index!=0() nenzero=nonzero+local_index:
if (sunr>local_part_size Il nonzera>"p)
#f sum exceeds number of nodules in partition or more modules than Processors
begin
sum=0;
terminate="TRUE;
i Sdisplay(“check_feasible: value is impossible™;
end
else
begin
i=i+l;
mod_dex=mod_dex+1; -
End k.
end // while i

if (sum==local_part_size)

# feasible if 1otal number of digits is equal to the number of modules in the partition
begin -
feasible="TRUE:

i Sdisplay(“check_feasible: value still feasthle™);
nonzero_count[jl=nonzero;
i=j+l
end

elsg

begin
it Sdisplay(“check_feasible: value not feasible™);
feasible="FALSE;
end
end // while j
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il (feasible=="TRUE)
begin )
# Sdisplay(“check_feasible: value feasible; proceeding with next check™);
mod_dex=0;
{or (i=0; i<num_partitions; i=i+1)
begin
value[ij="p-nonzero_count{i]; # number of unassigned processors
for (j=0; jegenerate_mapping_cases.part_size(i]; j=j+1)
begin
/1 compile indices for partition (giving number of occurrences of digit 7
temp=generate_mapping_cases.index{mod_dex}<<((j+1)* m_bits);
value[i]=vatue[i} | temp;
mod_dex=mod_dex+1;
end
cnd

assign_partition(num_partitions);
end

end Mask

enditask
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B.7 assign_partition task

task assign_parition:
input {"m_bits-1:0Jnum_partitions;

reg [Cp* m_bits)-1:0]penmutationf0:(" pfactorial* m)- 1}

reg {("p* m_bits)-1:0]temp_perm;

reg [("p**m_bits)-1:0]resulr;

# maximum of m partition assignments Io p processors

# (m_bit values) and up to p factorial orderings for each panition
reg [{("m+1}1*" m_bits)}-1:0]value_temp;

reg ['m_bits-1:0]termp;

reg [Fm_bits-1:0]local_value; / single integer count (m_bits max)
reg ["lg2pfactoiial-1:0)pan_g_size]0: m-1];

integer digit, q_size, tempdex;

integer i,j,k,dex,partition.try;

integer temp temp2:
reg already_there;

begin // task

for (partition=0; partition<num_pantitions; parition=partition+1)
/1 for every partition, generate all possible arrangements of p processors (p factorial of them)
begin
tor (index{0]=0; index[0]< p; index[0)=index[0]+1)
begin
for (index[1]=0; index]1]< p-1; index[ 1 ]=index[1]+1)
besin
for (index]2}=0: index[2< p-2; index[2)=index[2])+1)
begin
for (index[31=0: index(3]< p-3: index]3]=index|3}+1)
begin
for (index[4]=0; index{4]< p-4; index[4]=index|[43+1)
begin // set up global assignment table for partition
for (index[5]=0: index[5]< p-5; indexfSI=index[5]+1)
begin // set up global ussignment table for partition
for {index[6)=0; index[6}< p-6: index[6]=index[6]+1)
begin // set up global assignment 1able for partition
for (index[7]=0; index[7]< p-7; index[7}=index[7]+1}
begin // set up global assignment table for partition
for (i=0: j<=generate_mapping_cases.part_size[paition];i=i+1)
#f Tor numbers of program modules in partition
/f largest non-zero integer count is less than the partition size
begin
value_temp=check_feasible.valuefpanition];
value_temp=value_temp>>{"m_bits*);
local value=value_temp[ m_bits-1:0];
# (m+1) m_bits values for each assignment of modules in the panition 10 p processors
$q_exam( working_q_id,'q_length,q_size,temp1);
if (q_size!=0 && i==0) $display("Error: g_size =%0d and not empty”,q_size),
while (local_value > Q)
// add appropriate quantities of digit i 10 queue
begin
$q_add( working_q_id,i,lempl temp2);
Sdisplay(“assign panition: added %0d to working queue (local_value=%0d4)" i.iocal valuu).
local_value=local _value-1;
end )
end / for 1 e
/f now have queue which contains the numbus of consecutive modules in the partition to be
resuli=0;
$q_exam(*working_q_id,"q_length.q_size,lempl);
if (q_size '="p) Sdisplay("Etror: q_size =%0d and not equal to p™ g _size);
f ussigned over p processors; note that the sum of the p items in the queue is equal 1o the partition size

I
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for (digit=0); digit<”p; digit=digit+1) :
i geaerale appropriate orderdng of p digits bascd on index
begin
Sq._examn( working_yg_id,"q_length,g_size templ);
for (dex={); dex<q_size,dex=dex+1)
begin
3q_remove{" working_q_id.try.temmpl temp2);
1 Sdisplay(“assign_partition: removed item %0d from queue (maybe to be put back)” try);
if (dex = indexfdigit])
/index gives the number of the item in the queve
begin .
## not selected; put back to end of queue to retain relative order
$q_add(" working_q_id.try,temp] temp2);
end
clse
begin
J selected; concatenate (o resull
result=(result<<’m_bits) | try{*m_bits-1:Q]: // compile register of results
end
end / for dex loop
$e_exam(working_q_id,"q_length.g_sizetempl):
end /f for digit loop
Sq_exam("working_q_id,"q_length,q_size,templ);

already_there="FALSE; // initialize search termination variable
dex=1;
Sg_exam(Tassign_q_id+partivion.” q_length.q_sizeempl);
while (dex<=q_size && already_there=="FALSE) # check if item in tnain queue already
begin
$q_remove( assign_q_id+patition,tempdex.temp | Jdemp2)
i (pernustation[ (" plactorial *partition }+empdex} == result)
begin
already_there="TRUE;
end
5q_add{ assign_g_id+pantition,lempdex,temp Laemp2); /# add old ilem back 10 queue, regardless
dexsdex+];
end / while dex fcop
il {dex==i{g_size+1) && already_there=="FALSE)
begin
il item is not in the queve already and the whole queue has been searched, add it 1o the queue
it Bdisplay(“assign_partition: >>> adding item id=%0d (value=%h) to assign queue %0d™,q_size.cesult,partition):
$q_exam( assign_q_id+partition.’q_length.q_sizetempl);
$q_add("assign_q_id+partition,q_size lempl lemp2);
permutation|  pfacterial*partition)+q_size] = result;
end #if (dex..,
end /7
eud # 6
end /1§
end # 4
end /3
end /2
end 1
cad /0 :
Sq_exam(Cassign_q_id+pantition,’ q_length,g_sizedempl);
part_q_size[patition)=q_size:

1 only need lg2(p?) bits 10 store a maximum queue size variabie of p!
end # partition

end Mask
endtask
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B.8 setup_delay_cominations task

task setup_delay_combinations;
tnput " m_bits-1:0lnum_panitions:

integer i,j.k: .
integer procdex try.count, q_size;

reg [(p_bits* p)-1:0]proc_ordering [0: max_top 100_g_size-1]:

reg [(*p_bits* p)-1:0lternp_ordering:

reg ["p_bits-1:0]p_order[0:"p-11;

integer order f0°p-1];

f reg [(mn* p)-1:0] assignment_last:

buegin / task
Sre:ldmcmh(“fdc]ay_spcciﬁc“.lop.icmp_.al[_dr:lay_spcciﬁc):
count=();
for (urder{0j=0: order[0]<1; order[0]=order[0]+1}
begin
for (order[1]=0: order[1]<]; order( H)=order[1]+1)
begin
for (order[2]=0: ordert2]<1; order[2]=order[2]+1}
begin
for {order[31=0; order{3}<i; order]3]=order[3]+1)
begin
for (order[4)=0; arder|4]<l; order[4]=order[4]+1)
begin
for (i=(, i< p: i=i+ 1)
begin
Su_addC working2_g_id.dlempl _temp2};
end

M Sdisplay(™):
fer (procdes=0: procdex<p: procdex=procdex+1)
begin
Sq_exam( working2_q_id."q_length.g_size lempi):
for (3=0: j<q_size: j=j+1)
begin
$q_remove( working?_q_id drydempl temp2);
if (j = orderprocdex})
begin
$q_add("working2_q_idtryfempi,temp?);
end
else
begin
for (k=0; k<" m; k=k+ 1)
begin
lop.all_delay,_speciﬁc{procdcx“m+k]=mp.u:mp~a!I_dclay_spcciﬁc[try"m+k]:

top.all_orderings_delay_specific[(count** p* m)+(procdex™ mprk]=top.emp_all_delay_specificltry* mak};
end # fork

end
end // forj
end // lor procdex

Sdisplay(™):

Sdisplay("%0h %0h %0h %0h %0h 9%0h S0h %0h S0h AT,
top.all_delay_specific[(* m+0],
top.all_detay_specific[0* m+1],
top.all_delay_specific[0* m+2],
op.all_delay_specific[0* m+3}],
top.all_delay_specific[0* m+4],
top.all_delay_specific[0* m+35],
top.all_delay_specific[0* m+6),
top.atl_delay_specific[0* m+7],
top.all_delay_specific[0* m+8),
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top.all_delay_specific[0** m+9));

$display(“%0h %0h %0h %0h %0h %0h %0h %0h

top.all_dclay_specific[1* m+0),
top.all_delay_specific[!* m+!],
top.all_delay_specific[1* m+2],
top.all_delay_specific[1* m+3],
top.atl_delay_specific[1* m+4],
top.all_delay_specific[1 **m+5],
top.all_delay_specificf [*” m+6],
top.all_delay_specific] 1" m+7],
top.all_delay_specific[]** m+8],
top.atl_delay_specific[1* m+9]);

Sdisplay(“%0Gh %0h %0h %0h %0h %0k %0h %0h %0h %0h™,

top.all_delay_specificf2* m+0],
top.all_delay_specific[2% m+1],
top.all_delay_speeific[2% m+2],
top.all_delay_specific[2* m+3),
top.all_delay_specific[2* m+4],
top.all_delay_specificf2* m+5],
top.all_delay_specific[2* m+6),
wop.all_delay_specific[2* m+7},
top.all_detay_specific]2* m+8],
top.all_delay_specific[2% m+9));

Sdisplay("%0h %0h %0h %0h %0h %0h %0h %0h %0k FHOh™,

top.all_delay_specific[3* m+0],
top.all_delay_specific[3* m+1},
topall_delay_specific}3* m+2],
top.all_delay_specific[3* m+3],
top.all_delay_specific]3* m+4],
top.afl_delay_specific[3* m+5].
topalb_delay_specific]3* m+6),
topal_delay_specifie[3* 47,
tupall_delay_specific|3* ni+8],
wp.all_delay_specific[3* m+9));

Sdisplay(“%0h %0h %0h %0h %0h %0k %00 %0h %0k 90h™,

topall_delay_specific[4* m+0),
top.all_delay_specific[4* m+1),
topaall_delay_specific[4* m+2],
top.all_delay_specific[4* m+3],
top.all_delay_specific[4* m+4],
top.all_delay_specific]4* m+5),
top.abl_delay_specificf4* m+6],
top.all _delay_specific[4* m+7],
top.all_delay_specific[4* m+8],
top.all_delay_specific[4* m+93);

Sdisplay(“%0h %0h %0h %0h %0h %0h %0h %0h S60h %0h"

top.all _delay_specific[$*" m+0],
top.all_delay_specific[5* m+1),
top.all_delay_specifie(5* m+2),
top.atl_delay_specific[5* m+3],
top.all_debay_specific[5* m+4],
top.all_delay_specific] 5* m+5],
top.all_delay_specific[5* m+6),
top.all_delay_specific[5*° m+7],
top.dl_delay_specific[5* m+8].
top.all_delay_specific[5* m+9]);

$display(“%0h S60h %0h %0h %0h 0k 50h %0h %0h GO,

op.all_delay_specificf6* m+0],
top.alk_delay_specific[6* m+1],
topatl_delay_specific]6* m+2),
top.all_delay_specific[6* ni+3),
top.all_delay_specific[6% m+4},
topaadl_delay _specific[6*" m+5],
top.all_delay_specific{6* m+6),
top.all_delay_specific[6™ m+7],
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top.all_delay_specific[6* m+8],
top.all_delay_specificl6* m+9]);
Sdisplay("%0h %0h %0h S0h %0h %0h %0h %0h %0k GeOh™,
top-all_delay_specific[7* m+0},
top.all_delay_specific[7* m+1].
top.all_delay_specific[7* m+2],
top.all_delay_specific[7* m+3],
top.all_delay_specific[7* m+4],
top.all_delay_specifie{7* m+5],
top.all_delay_specificf7** m+6),
top.all_delay_specific[7* m+7],
top.all_delay_specific[7* m+8].
top.all_delay_specific[7*+ m+9]):

/l generate_mapping_cascs;
$display(“delay_combs: count=550d" count);
1 combinations_task(num_partitions.count):
Jjob_mixes(num_partitiens.count);
counl=count+1;
end / order[4]
end // order([3}
end // order{2)
end // order| 1]
cnd / orderi0)
end / sk

endiask
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B.9 job mixes task

task job_mixes;

input ['m_bits-1:0Jnum_partitions;
input [31:0} count;

integer i,j.k:

integer sum;

integer index[0:"m-1];
integer ending{0:"m-1};
integer partdex;
reg all_nonzero;

begin // task

for (i=0; i< in; i=i+1)
begin
if {i<num_partitions) ending[i]=1;
else endinglil=0;

Sdisplay(“ending| %0d)=%04" i ending[i]);
end

i

for (index[0]=0; index[0)<=cnding[0]* mixsuin; index|0]=index[0]+ mixinc)
bepin

for (index| 11=0; index{ 1 j<=ending] [1* mixsum; index[ P=index| 1]+ mixine)
begin

for Gindex|2)=0; index[ 2 j<=cnding[2]* mixsum; index{2|=index|2 |+ mixine)
hepin

for (index{3[=0; indcn[J]<=cndi\1t'g[3]='“mixsum: indexf3)=index| 33+ mixine)
begin

for (index[4]=0: index[4|<=ending[4}* mixsum: index[4]=index[4]+ mixinc)
begin

for (index{5}=0 index[5]<=ending[5]* mixsum; index[S]=index[ 5]+ mixine)
begin

Tor (index[6]=0; index{6]<=cnding[6]*" 1nixsum; index[6)=index[6)+ mixinc)
begin

for (index[7]=0; index[7]<=cnding[7]* mixsum; index[7|=index[ 7]+ mixine)
begin

for (index[8]=0 index[8)<=cnding[8]** mixsum; index|8]=index| 8]+ mixinc)
begin

for {index{9]=0; index[9]<=ending[9]* mixsum: index[9]=index[9]+ mixinc)
begin
sum=0;
all_nonzero="TRUE;
for (i=0; i<num_partitions; i=i+1}
begin
sum=sem+index(ij;

if {indexiil==0) ali_nonzero="FALSE;
end

if (suni=="mixsum && all_nonzero=="TRUE && index[0]=10 && index[1]=20 && index]|2]==70}
if (sum=="mixsum Il (index[0}==30 && index[1]==30 && index[2]==30))
il {(sum=="mixsum)
begin
Sdisplay(""}
Sdisplay("%0d %0d %0d™ index[0].index[ 1].index[2]);
for (k=0; k<" pik=k+1)
begin
partdex=0;
for (i=0; i< mzi=i+1)
begin
if (generate_mapping._cases.part_end[partdex]<i)
hegin
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pandex=partdex—+1:

end
I Sdisplay(module=%0d partdex=%0d and indexfpandex]=%0d" i.partdex.indexipartdex ]k
top.a]]_dr:lay_spcciﬁc[k*‘m+i]=(indcx[partdcx}*1op.lcmp_nlI_dclay_.qpcciﬁc[k“m+i])."mi.\csum;
end // fori
end // fork

Sdisplay(*“%0h 9%0h %0h %0h %0h %0h %0h %0h %0h S%0h",
top.all_delay_specific[0* m+0],

top.ali_delay_specific[0* m+1).
top.all_delay_specific[0* m+2],
top.all_delay_specific[0* m+3],
top.all_delay_specific[0* m+4],
top.ati_delay_specific[0* m+5),
top.all_delay_specific[0*" m+6],
top.all_delay_specific[0* m+7],
top.all_delay_specific[0* m+§].
top.all_delay_specific[0* m+9));

Sdisplay(“%0h %0h %0h %Ch %0h %0h %0h %0h So0h SOh”,
top.all_delay_specific{ 1 *" m+0],

top.all_delay_specific[}* m+1].

top.atl_delay_specific[1* m+2].

top.all_delay_specific[ 1 * m+3],

top.ali_delay_specific[1* m+4].

top.all_delay_specific[1 ¥ m+35),

top.all_delay_specific] 1 * m+6},

top.all_delay_specific[1* m #7].

top.all_delay_specific[| * m+§].

top.all_delay_speeific[ 1% m+9)):

Sdisplay("%0h %0h %0h %Ch %0h %0h %0h %0h %0h S0n™,
top.all_delay_specitic| 2% m+0],

top.all_delay_speetfic[2# m+1).
top.atl_delay_spectfic{ 24 m+2],
top.all_delay_specific{2* m+3],

top.all_delay_specific[2* m+4],
top.al!_delay_specific[2* m+5).
top.all_delay_specific[2* m+6),

top.all _delay_specific[2* m+7),
top.atl_delay_specific[2* m+8].
top.all_delay_specifie[2* m+9]);

Sdisplay("%0h %20h %0h %0h %0h 9%0h %0h %0h %0h %Oh”,
wp.all_delay_specific[3* m+0],
top.atl_delay_specific{3* m+1],
top.all_delay_specific[3* m+2],

top.all_delay_specific[3* m+3],
top.all_delay_specific[3* m+4],
top.all_delay_specific[3* m+35),
top.all_delay_specific[3* m+6],
top.all_delay_specific{3* m+7}.
top.all_delay_specific[3* m+8],

top.all_delay_specific[3* m+9]):

$display(*%0h %0Ch %0h %0h %0h 950h %0h %0h %0h %0h",
top.all_delay_specific[4% m+0],
top.all_delay_specific[4¥ m+1],
top.all_delay_specific{4* m+2],
top.ail_delay_specific]4* m+3),
top.all_delay_specific{4* m+4],

top.all_delay_specific[4* m+5].

top.alt_delay_specific[4* m+6],
tep.all_delay_specific[4* m+7].
top.all_detay_specific[4* m+8],
lop.all_delay_specific[4* m+9]):

Sdisplay("%0h %0h %0h %0h %0h %0h %0h %0h %0h %0h™,
top.all_delay_specific[5* m+0],
top.all_delay_specific[5* m+13,
top.all_delay_specific[5* m+2].
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top.alt_debry _specific]57 m+3],
wop.all delay_specific[ 5% m+4],
top.all_delay_specific 54 m+5],
top.all_delay_specific[5* m+6],
topall_delay_specific[37 m+7],
top.adl_delay_specific[ 57 m+8].
1op.all_delay_specific| 5% m+9));
Sdisplay(~Felth %0h %0h %0h %0h %0h %0h %0h %ih GOH™,
top.all _delay_specific[6* m+0],
top.all_delay_specificl6* m-+1].
top.all_delay_specific[6* m+2],
1op.all_delay _specific[6* m+3].
topadl_delay_specific[6* m+4],
tup.abl_delay_specific[6* m+35].
1op.ab_delay_specificl6* m+6].
tap.all_delay_specific[6% m+7].
top.all_delay_specilic[6% m+8],
1op.alf_delay_specific[6*” m+9]):
$display("50h %0h %0h %0h %0h %0h %Ch %0h %0h %N,
1op.all_debay_specific[7* m+0),
topadl _defuy_specific] 7* m+1 ).
top.all_delay_specific[ 7% m+2],
p.all_delay_specifie[7* m+3],
topall _delay_specific[7* m+4),
top.adl_delay _specific] 7* m+5].
top.abl_delay_specific[7* m+6],
tap.all_delay_specific|7* m+7],
top.all_delay_specifie] 7¥ m+8],
topall _delay specific] 74 m+9§);
combhimstions_task{num_partiions,count};
chd & sum==tnixsum
eid #{or Y
el 4 for 8
end /f {oc 7
end # for 6
end # for 5
end /f for 4
end / for 3
end A for 2
ead / for |
end ¥ for O
end / task
endiask
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B.10 combinations_task task

task combinations_task:
/ having determined all possible assignements (which were checked
/I alveady as feasible) for each partition,
# now geacrate all possible combinations of these assignments
input ["m_bits-1:0Inem_partitions:
input [31:0]procorder;

integer partition_for_module['m-1:0];
integer i.j.k.dex,mod.proc,pan:
reg ["lz2pfactorial-{:0lending [0 m-13;
# allows flexible number of partitions in nested for loops
reg [Cp* m_bits)-1:00abue;
/ a value for a single assignment of consccutive modules to processors
reg [Cm* p)-1:0hn_assign; / p rows of module assigminents;
/| if assigned, 0 if not
reg [“mn_bits-1:0temp; / sample of value for a single processor
reg ['m-1:0Jtemp; # sample of value for a single processor
integer index [0:"m-1):/ indices for these nested for loops
reg [Tm_bits-1:0] proc_OH[0: p-17:

begin MMask to generate atl possible combinations of schedule permutation

H set wp a module_to_panition[Q..m-1] map
ff te. for every module. the partition index is stored
dex=();
lor (i=0; i< m; i=i+1)
begin
if {generate_mapping_cases.part_end|dex])<i)
i module tn a new partidon from the old one
begin
dex=dex+1;
# Tabel for partition incremented; partition boundary crossed
end
partition_for_module[i]=dex;
/f set up array with partition corresponding to the module index
I Sdisplay{“tnodule %0d in partition %0d”.i,partition_for_module[t]);
end / for i

for {i=lt<=" m;i=i+1)

begin

if {i<=num_partitions)
begin
ending[i-1]=assign_partition.part_¢_sizefi-1]-1;
end

clse
begin
ending[i-1]=0:
/ less partitions than modules {m partitions of 1 in worst case)
end

i Sdisplay(“end of pantition %0d s %0d",i-1,ending[i- 1]y
end

/i nested for Joops for each partition...0 to .pan_g_size[pantition].
for (index[0]=0: index[0)<=cading{0}; index[0]=index]0]+1) # for partition O orderings
hegin
for (index|[1]=0: index{!}<=ending[1]; index{1}=index[1]+1) # for punition | ordesings
hegin
for (index{2]={) index[2]<=ending[2}; index[2]=index|2]+1) # for partition 2 orderings
begin

for (index[3]=0: index[3]<=ending[3}: index[3]=index[3]+1) # for partition 3 orderings
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begin : . .
for (jndex}d]=0; index|4}<=ending[4]; index|4]=index([4)+1) / for pastition 4 orderings
hegm
for tindex(5]=0; index]5]e=ending[5]. index[5]=index| 5]+ } // for partition 5 orderings
hegin
for (mdexi6]=0; index[6j<=cnding[6}; index[6)=index{6]+1) # for partition 6 orderings
begin
for (index[7]=0; index[T)<=ending] 7]; index[7}=index[7]+1} /f for partition 7 orderings
begin
for (index|8}=0; index{8]<=ending(8]: index{8]=index[8)+1) # for partition § orderings
begin
for (index[9]=0; index|%]<=ending|9]; index[9]=index{9]+1) # for partition 9 orderings
begin
mod=0;
m_assign=(}
for (i=0;i<" pa=t+ ] ) proc_OHI[i]=0:
while Oned<"m) // for exch of the modules in an ordering
begin
prog={:
pant=partition_for_module[maod); # update partition variable
7 value contains the numbers of consecutive modules 1o be assigned 1o processors
va!uc:;lssignﬁp;u1ilimchrnmmliotl((‘pfuctoriul*pun}+indcx[pm'{_l 17 value for single partition
while (proc<’p) :
begin
temp=vialue>>(proc* m_biis):
# conseeutive niodules processed on a single proc count
if (temp> 1} proc_OH{proc)=prac_OM{proc]+winp-1.
while {lemp > 0) / for consecutive modules on a single processor
begin
m_assign] m#* proc+modi=1:
temp=temp-1; 4 decrement consecutive modules count
nmod=mad+1; / increment module index
end
proc=proc+1:
end // while proc
end // while mod

caleulute_cost(m_assign,” FALSE, procorder,num_partitions):

{1 1ask 1o caleulate minimum mmaximum delay and total cost
# for particular assignment (also keeps top 100 history)
end ffm-1
end /8
e /7
end /6
end /5
end /4
end /73
end /12
e /71
end /(b

calcutate_costim _issign, TRUE. procorder.num_pactitions);
end Hask

endtusk / combinations_ task



'B.11' calculate_cost task

task cajculate_cost;

input [("m* p)-1:0] assignment;
input fast:

input [31:0]procorder;

input [*m_bits-1:0]num_partitions;

integer ij.k;

reg [Cm* p)-1:0] temp;

integer delay[0:( p* m)-1];

reg terminate;

integer proc, mod, lempl, temp2:

integer dex, worstdex, newdex, q_size, q_size2;

/ integer count,procdex,try;

reg [99:0]check;

time totalsum, maxprocsum, old_size;

titne procsum[Q: p-1];

time size[):" max_topl00_q_size-1];

time holding[0: max_topl00_q_stze-11;

reg [ m*p)-1:0Jtop 1 00_assignmientsf0: max_top1 00_g_size-1];
reg [31:0]proc_ordering [0 max_top 100_q_size-1];

reg [63:Cisum_toal{0:" max_top00_qg_size-1]:

# reg [Cp_bits® p)-1:01temp_ordering;
H reg |"p_bits-1:0]p_order[0: p-1);
Hineger order 107 p-1]):

reg 1O m= p)-1:0) teinp_assigriment;
reg 1 p_bits-1:0] assigned |05 m-1]:

reg [ m* lg2ine)- 10fmix_ratie]0: mix_assign_y_stze-1];
reg | lg2ine- 10 ratia_temp:

reg [ m* p)- L:0mix_assignment|0; mkx_assign_g_size-1];

begin // task
for (order[0]=0; order[0}< p; order[0]=order[O]+1)

begin
for (order{ 1]=0; orderf 1)< p-1: order[ 1 }zorder{ 1 ]+1
begin
for (ordert2}=0; order[2]< p-2; ordee[2|=order( 2]+1)
begin
for (order{3]=0; order[3]< p-3: order|3]=order[3]+1)
begin
for {order[4)=0: order(4)<"p-4; order{4]=order[4]+1)
begin

if (assignment_last!=assignment) Sdisplay(“assignment=%h last=%0b" assignment,last):
assignment_last=assignment;

for (i=0; i<"p; i=i+1)
begin
Sq_add(*working? _q_id,itempl.temp2);
end
i Sdisplay(™).
for (procdex=0; procdex< p: procdex=procdex+1)
begin
5q_exam("working2_q_id,"y_lengih.q_sizetempl);
for (j=0; j<q_size: j=i+1)
begin
Sg_removeC working2_q_id,try,templtemp2);
if (§ = erder[procdex))

bugin
Sy_add( working2_q_id.tey.temp | temp2);
end
else
begin
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p_order| procdes ) =try;
end
end # for §
end / for procdex

terminales="FALSE,

tortalsum={);

proc=();

while (proc<’p && terminate~='FALSE}

i

bepin
mod=l};
procsum|proc]=0;
while(mod<"m && procsum{proc]<=top.worstdelay)
begin
if Cassignmentproc® t+moed)==1)
begin

procsum|procj=procsum| proc]+top.all_delay_specific[{p_order|proc]** m)+mod];
procsum[proc]=procsum[proc]+top.all delay_specific[(proc* m)+mod}+(" inter_proc_OH*(" i--num_partitions-

combinations_task.proc_OFH|proc])):

/"

#

#

i

end
mod=mod+1;
end

il tprocswin|prog>1op.aworsidelay)

clse

cid

terminate="TRUE;

begin
totatsum=toualsum+procsumiproc]:
prec=procd-1;

end

il (teennnue=="FALSE}
begin # lerninate FALSE
maxprocsum=0;
temp_ordering=t);
for {i=ly; i<"p; i=i+1}

hegin

if (procsumfi]>maxprocsuin} maxprocsum=procsum{i];
temp_vrdering=(tfemp_ordering<<"p_bits) | p_order]i};
end

if (maxprocsum<top.bestdelay)

begin

top.bestdelay=maxprocsum;

Sdisplay(“cale: found a better arrangement with max delay of %00 top.bestdelay);
end

$q_exam{Ttop 100_q_id."q_tength, q_sizetempl);
il (g size == "max_topl00_q, size)

clse

i=l);

begin

§q_remove("top 100, q_id,worstdex, lempl temp2);

_size=q_size-1;

newdex=worstdex;

Sdisplay(“eale: g full with worstdex=%0d (which hus been removed ¥ worstdex);
#f remoeve worst item 1o be replaced by new ane

erud

begin

newdex=q_size:

Sdisplay(cale: g not full and adding dex=%0d" 4 _size):
end

while (i<q_size && terminate=="FALSE)

begin
Sy remove top E0_g_id.dex templ aemp2):
Sdisplay{“cale; removing dex=%0d for ¢xaminmion i=%0d".dex.i);
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holding[i]=dex; . .

if (maxprecsum > size[dex] I} (maxprocsum=s=size[dex] && tatalsum > sum_totat{dex]y)
begin
Sq_add(‘lopIOO_q_,id.dcx.lempI,tcmpZ);
Sq_udd(‘topIOD_q_id,m:wdex,(cmpl,tclnp?_);
size[newdex}=maxprocsum;
proc_crdering[newdex]=procorder;
sum_total[newdex]=totalsum;
op100_assignments[newdex]=assignmens;
terminate="TRUE:
end

imitl;

end

if {ferminate=="FALSE)

begin /7 item is the best yet add it in 151 position

$q_add("10p106_g_id.newdex temp L temp2);

Vi Sdisplay(“cale: adding newdex=%0d and its the best yet" newdex);
size[newdex}=maxprocsum;
proc_ordering[newdex j=procorder;
sum_total{newdex)=totalsum;
lop100_ussignmcms[ncwdcx]=ussigmncm:
end

else
begin
i=i-l:
{1 when inserting, added hack an extra item already
end
while (1 >0)
begin
i=i-1;
# add item back to LIFO queue
Sq_addC1op10t_q_id.holding[i]aemp 1 temp2y:

/i Sdisplay(“cale: i=% 0 added back old dex=%0d with 4 size of G 0h™ L holding| iLsize | holding[1)));

end

end #/ main termsinate FALSE

Sq_exam(1opl 00_g_id, "q_length, qsizetemply;

if (q_size == “max_topl{0_g_size)
begin
$g_remove(top 1 00_q_id.worstdex teinp L temp2y;
$0_add("top100_g_id,worsidex templ 1o mp2);
top,worstdelay=size{worstdex];
# worstdelay stays at infinity until  full
end

end /7 4
end /13
end /2

cend /]
end /0

if (last=="TRUE)
begin
/o check=0);
for (i=0:i<y_sizesi=i+1)
begin
Bg_remove(top! 00_g_id.dexaempl femp2),
holding[i]=dex:
il (i>="max_10p100_q_stwe-10) Sdisplay("TOP 100; (%0d) dex=%0d size="0h vector=%h procorder=%id total = %A g nize-
i.dex.sizc[dcx].lopl()O_assignmcnts[dex].proc__orduring[dcx},sum_wmlldcx})‘.
lemp_assignment=top100_assignments(dex];
for (=0: j<"pi j=j+1)
begin
{or (k=€; k<" mik=k+1)
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begin
if(lcmp_assignmcnlﬁ“m+k]$l }
assignedik]=j;
end
end
if (i>="max_top100_g_sizc-10}
begin
if (i=="max_top!00_qg_size-1)
begin
Sdisplay (“{RESRES:%0d %0d %0d: %0d %0d %0d %0d %0d %0d %0d %0d %0d %0d",
job_mixes.index[0f,
job_mixes.index{1],
job_mixes.index[2],
assigned{0],assigned(1].assigred[2].assigned]3],
assigned{4].assigned[5],assigned[6],assigned| 7],
asstgned[8).assigned[9]):
$q_exam("mix_assign_q_id,'q_length.q_size2,lemp3);
mix_assigninent{q_size2]=top100_assignments[dex];
mix_ratio[q_size2)=0;
for (k=0:k<oum_partitions:k=k+])
hegin
ratio_temp= job_ mixes.index[K]:
mix_ratio[q_size2]J=(mix_ratio{q_size2)<<"1g2inc) | ratio_temp;
end
Sdisplay{“RESRES cale: mix_ratio[90d]=%0h
mix_assignement | %0d)=%h" (_size2mix_ratio[q_size2).q_size2, mix_assignment[q_sizc2]);
Sq_add("mix_assign _q_id.g_size2.templ 1emp2);
end
else
begin
Sdisplay ((RES:%0d :0d %0d: %0d %04 %04 Se0d S%0d %0d - §:0d 9:40d %0d S0d™.
Job_mixes.index[0],
Job_mixes.index| 1],
Jub_mixes.index]2),
assignedf0].assigned| 1].assigned[2) assigned|3),
assigned[4),assigned|5).assigned [6].assigned| 7],
assigned[8),assigned|91).
end
end
end
top.worstdelay="infinity; top.bestdelay="infinity:
end /il last

end /f task

endtask // 1ask
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B.12 get_size function

function [ 'm_bits:0]gel_size;
input [*m-1:0)user_vector;
input [*m_bits- 1:0]start;
input direction;

reg ['m_bits:QJresult;

reg ['m:0temp;

reg [{(" m+1)**'m_bits)- }:0]ending;

# reset to min('m,”p) at start of each partition
# and then partition_size/2, partition_size/3.....
# until next partition reached

reg [(Cm+1)* m_bits)-1:0)index;

begin
result=); // count terminating 1
[emp=user_vecior:
temp=temp<<l;
termpl ml=1; f guaranteed end of partition in tast bit
temp(Q)=1;
if (direction=="{orwards) start=start+1; #/ skip over
while (temp{stan}==0) # count as long as 0's encountered from specified start
begin
result=result+1:
if (direction=="forwards) temp=temps>>1;
if (direction=="backwards) lemp=temp<<|;
end
/1 Sdisplay{“final result=4%0d" resulty:
ge_size=result:
end
endfunction
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B.13 min function

function [ m _bits+ p_bits)-1:0]min;
input [“m_bis- 1:0]partition_size;
input |"p_bits-1:(processor_count;

reg [Cm_bits+'p_bits)-1:0]result;
begin
if (partition_size<=processor_count) result=partition_size:
clse result=processor_count;
H Bdisplay(“min: in=%40d and %0d and owt=%04", partition_size, processor_count.resutty;
min=result;
end
endfunction
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B.14 generate.v

/* generate.v */

tnitial
begin
#100 -> traffic_generael:
j—q_id=0:
end

always @traffic_generate2
begin
-> traftic_generatel:
end

always @iraffic_generatel
begin
next_packet = $dist_cxponential(seed_traffic, *traffic_mean).
#next_packet

fl #2200

il #400

i1 4600

fi #3800

i #1600

o #1100

# genere next packet at a randem time later

begin
-> traffic_generate2;
end

if (sys_ready == "TRUE && total_jobs < “total_jobs)
begin / system ready
Sq_remove( job_qg_id, jeb_id. j_var, job_stats):
if (job_status == "q_empty) / need to gencrate new job id
begin
il ("silent == "FALSE) $display{“generate.v: Creating niew job_id Sbh at time %h’ jobdex, $time);
wakeup[jobdex}="TRUE:
processing_state[jobdex}=0;
temp3=3time-temp2;
i Sdisplay(“generate.v: @ @ @ @@ job %h at time %h: %h delta” jobdex, $time, temp3y:
temp2=3time;
Jobdex=jobdex+1;
if (jobdex=="j)
begin
Sdisplay (“generate.v: ERROR - more than %d job ids required”.” iy,
Sfinish;
end
end
else /1 job tn job_id quere
begin
i Sdispluy(“generate.v: Using recycled job id=%h at time %h” job_id Stime);
wakeupljob_id]="TRUE;
i check_g(job_g id);
processing_state[job_id]=0;
end ‘
end
else // system not ready or “total_jobs processed
begin
if {total_jobs >= “total_jobs}
begin
if (total_jobs=="total_jobs && “silent= FALSE} Sdisplay("genermte.v: Stopped generating jobs at %0d (%0d generaled)” Stime,
generated_jobs):
end
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clse

begin
if (silent == "FALSE)Sdisplay(“gencratev: @@ G RRROQO O R @ @@ @ @@ Offered load not accepted at time %h™, Stime):
end

end
end

abways @ (wakeup or posedge kick_ime)
begin
I twikeup=get_bit_id(wakeup):
# Sdisplayt“generate.v: wakeup=%0h (first bit set =%0d) at time %0d™, wakeup, twakeup, Stime);
get_job_id(wakeup, round_robin, j_var2y;
/ function gets ca.liest bit set and returns its bit location .
i stherwise returns “j+1
iF(_var2 '="j+1)
hegin )
/1 generate packet with joh_id of j_var2
. passthrough|j_var2]="FALSE,
# Sdisplay(*“generate.v: passthrough bit % reset at time %0d”,j_var2, $time);
if (3q_fubl( seq_g_id,seq_status))
begin
i Sdisplay ("yenerate.v: @ @ @ @ @sequencing queve full™);
end
else
begin
twakeup=get_bit_id(wakeup);
i Sdisplay(“generate.v: (0) wakeup=%0h (first bit set=%0d) j_var2=%0d and seq_status=%0d at time $%0d”, wakeup. twakeup.
jvarl, seq_status, $time); .
$q_add("seq_q_id,j_var2, j_varseq_statos);
wakeup[j_var2]=0:
#/ initiates always block until all 0's in wakeup
end

ulways #1 clk2 = ~cik2:

always @ (posedge clk2)

begin

Sq_exam(seq_q_id, 1. j_var3, gen_status);

while (j_vard '=0)
begin
#1 sig_in="FALSE;
$q_remove(*seq_q_id, job_id. j_varl, gen_status):
Sq_exam( seq_q_id, |, j_var3, gen_status);
id_insjob_id;
#1 sig_in="TRUE:

if (processing_statcfjob_id] == O
begin
if (generated _jobs==0) first_job_time=Stime;
if (j_q_id{id_in]==0)
begin
generated_jobs=generated_jobs+1;
jq.id[id_in}=1:
end
il silent=="FALSE)Sdisplay(“gencrate, v: (({(Sending job %0d into system at time %0d", id_in, $time);
birth_time[job_id]=Stime;
user_delay[job_id]=0;
proc_delayfjob_id]=0;
end
end
if (wakeup!=0)
begin
kick_me="FALSE:
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#1 kick_me="TRUE:
end
end

H{%% always @ (posedge sig_in) Sdisplay(“generate.v:Sig_in=%b and id_in=%h at time Ged™ sig_in, id_in, $time);

“inclede “ger_job_id_task v
“include “check _q_taskv"™
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B.15 get_job_id_task task

M get_job_id_task.v %/
task get_job_id;

# finds “next’ bit which is set and then returns an index of the bit
# using o round_robin strategy. IF no bit set, function returns
Mo value of "j+l

input ["j:0]word:

inout |"j_bits-F:0]round_robin;

output [*j_bits:0|result;

reg | i_bits-1:0]round_robin;
reg [*j_bits:0]result;

begin / 1ask

{1 Sdisplay("get_job_id_task.v: input word=%b and round_robin=%h" . word, round_robin);
result=(round_robin}%( j+1}); #/ make sure round_robin in range
if {(word|result] == “FALSE)
begin
result=(result+ 1) % j+1);
while {{word[result} == "FALSE) && (result '= round_robin( j+1)))
begin
/" Sdisplay(“get_job_td_task.viword=%b and result=9%d", word, result);
i $display (“get_job_id_task.v: (1) result=%h" result):
result=(result+1 )% j+1):
14 Sdisplay (“get_job_id_task.v: {2) result=%h" result):
Vi Sdisplay(“word[result]=%b resull=%h round_robin/("j+1)=%h" word[result],result,round_robin%(j+1)):
end
il {(result == round_robin%( j+ 1)) result="j+[;
end
reund _robin=(round_robin+[}%(" j+1);
1 Sdisplay (“get_job_id_task.v: result=%h and round_robin=%h" result, round_robin);
cnd // task
endtask
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B.16 check_gq_all task

/* check_qg_task.v */
task check_g_all;

integer i, j. g_var. q_status;
integer g_l[0:"p-11;

begin // task check_q_all

for (j=0; j<="p-1; j=j+1)
begin

$q_examj, 1. q_var, q_status);

q_l[j}=q_var,
end
end / task check_g_all

endtask
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B.17 check_q task

task check_g;
input ['p_bits+3:0]¢_id:

reg |- LiOtemp;

reg [C* 7 p)-1:00all_jubs;

integer i, ¢_var, ¢j_status, num_bits_set;
infeger teinp, tempid;

begin/! check_g task

if (y_id=="override_q_id) top.override_repent= FALSE;
$Sq_exam(q_id, 1. q_var, ¢_status);

if (y_var =0}

i

else

i

begin

for (i=(); ie=q_var-1; i=i+])

hegin
Sq_remove(g_idempid, wemp2, g_status):
if (q_td =="job_q_id}

begin
Sdisplay(“check_q_tusk.v: Job_id_q has job id $60d at time 90d"™ tempid, $time);
e
else il (¢g_id == "seq_q_ith)
begin
fdisplay(“check_g_task.v: Seq_id_g has job id %04 at time %0d” tempid, $time);
cend
else it (g _id == "oulput_g_id)
begin
$display(“check_q_task.v: Output_id_g has job id %0d at time %" tempid. Stime);
end
else if (g_id =="override_qg_id)
begin

if(top.override_id==tempid) top.override_repeat="TRUE:
Sdisplay(“check_g_tusk.v: Override_id_g has job id 9%0d at time e0d” tempid. Stime);

end
¢lse /il a processor
begin
Sdisplay(“check_q_task.v: Proc %0d has job id %0d at time %0d" q_id.tempid, Stime);
end
$q_add(g_id, tempid, temp?, _status);
end
end
begin

Sdisplay (“check_q_task.v: Quene empty™);

end

end  / check g task
endiask/ check_g
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B.18 statistics.v

I statistics.v */

initial
begin
sead [=1234;
prog_module=123;
latched_id_owt=0;
end

always @ (posedge sig_out)
begin

i1 Sdisplay(siatistics.v: id_out=%0d and passthrough[%0d]=5%0d at time %04 R _out,id_owt, passthrough[id_wut |, $tite);
if (passihrough(id_ouwt] == "FALSE)

begin
i Sdisplay (“statistics.v: @@ @@ @ No pracessing performed for job $60d at time 504" id_out, $tine):
i Sdisplay(“statistics.v:  No  processing  performed:  id_our=5%0d  and passthrough %04 )=%0d w0 tine GO0 id_outid_out,
passthrough[id_out],$time);
end
prog_module=current_module{processing_state[id_outj);
i Sdisplay(“statistics.v: id_out=%0d processing_state%60d [=%0b prog_module=ih] aiul
uscr_dclay_uvc[%Od]=%Od".id_0ut,id_oul.proccssing_stmc[id_out].prog_modulc.prog_mudulc.uscr_dc!uy__:Wc[pmgﬂmmlulc|):
# Sdisplay(“statistics.v: (x) id_ow=%0d and prog_module=%0d" id_out. prog_module;
' il {prog_module < *m)# not end of processing
begin
i Sdisplay(“statistics.v: (0.0} id_out=%0d and prog_module=5u0d",id_out, prog_madule);
if {prog_module==0}
begin
wakeup[id_out]<= TRUE;
it Sq_add(" output_qg_id,id_out,delay.job_staus):
i check_g( output_q_id):
end
else
begin
mean=user_delay_ave[prog_module[:
sced = user_delay_seedIprog_module);
delay = Sdist_exponential{seed], mean);
i delay = mean;
user_delay_scedprog_module)= seed(;
" Sdisplay(“statistics.v: (0) wakeup job %0d and prog_module=%0d with delay %0d i time %007id_ow, prog module,

delay, Stime);
user_delay[id_out)=user_delay[id_out]+delay/ cumulative sum recorded

I Sdisplay{“statistics.v: user_delay[ %0d)=%0d",id_out, user_delay[id_out]):
" twakeup=get_bit_id(wakeup);
" Sdisplay (“statistics.v: wakeup=%0h (first bit sei=%0d", wakeup, twakeup);
wakeup[id_out} <= #delay “TRUE;
end

end //if not end of processing yet
eise // destroy token and gather statistics; processing ended

begin

if {$q_full("job_q_id.job_status))
begin
Sdisplay (“statistics.v: Job 1D queue full™);
end

else
begin

j*

check_g(0):
check_g(1);
check_q(2);
check_q(3):
check_q(4);
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check_g(S)
=
total_jobs = ttal_johs+1;
user_delay[id_out], tial_user, proc_delay[id_out], totai_proc, Stimc-hinh_limc[id_nul]-uscr_dc[ay[id_oui]-prnc_dc!ayfid_ou[]. total _OH);
tetad_user=total_user+user_delaylid_out);
total_procsiotal _proe+proc_delay[id_ouot];
mlul_Ofi::olnl_()H+Sli::lc-hinh_timc[idﬁoutl-usur_dcIuy[id_out}-pruc_dc[ay[id_oul]:
check_g_all;
Sy udd( job_y_id,id_out,Stime job_status);
J_q_id{id_out]=0;
H check ¢ job_g_id);
if (total_jobs == "total _jobs)
begin // end of u run
gather_CPU_stats;
output_results(' FALSE);
$display(“statistics.v:(override] D=%0h) %0d jobs in time %0d (ELAPS*PROCAR**20=%0d)" averride_id,
total_jobs, $ttme-lirsy_job_time, {(lotal_proe* ($time-first_job_time)»»20) ),
i Bdisplay(“statistics.v:  #### OH*thrupui=7%0d for Overide 1D=%0h" (total_proc*(Stime-first_job_time)»>20),
averride_id},
Sdisplay(“statisties. v:(overridet D=%0h) OH=%0d:Proc=%0d; User=%0d" .override_id,  1otal_OH, toal_proc,
total_user):
for (procdex=0; procdex<="p-1; procdex=procdex+1)
begin
$q_exam{proceex,2,12,12);
Sy_exam(procdex,3,13,12);
$q_cxam(procdex.4.14.12);
$q_exam(procdex,6.46.12);
Sdisplay(“statistics.v: %0d avg int_arriv=50d; maxlen=%0d; short_wait=%0d: avg_wail=%0d" procdex.t2. 13,
i, 16},
end
if (total_runs=="total_runs)
begin
Slinish;
end
end #end ofarun

if (total_jobs <= (generated_jobs) && total_jobs»= “total_jobs)
begin // flushing
Lgdex=get_bit_id(j_q_id);
output_resnlts(" FALSE);
end  /f flushing

i {total_jobs==gencrated_jobs)
begin # Nush complete
total_runs=total _runs+1;
totat_jobs=0: generated_jobs=0;
J_y_id=0;
total _OH=0; total _user=0; wial_proc=0;
for (i=0; i<"p; i=t+1)
bepin
last_busy_time[i)=$time;
busy_count}i]=(0);
end
for (i=0; i< my; i=i+ 1)
begin
user_delay _seed|il=" user_sced+i:
end
last_totaé_jobhs=0;
epoch_count=()
output_resultsC FALSE);
override_repein="TRUE;
while (override_repeat=="TRUE)
begin
override_gen(override_id):
cheek_q(override_q_id):
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end
Sq_add("override_q_id.overmde_id Stime job_status):

Sdisplay(™):

Sdisplay (“statistics.v: Starting run S60d with override=5G0h at time S0d" total_runs, overeide_id, $time);
i Sdisplay(“statistics.v: override_id=%0h at time %04 override_id, $time);

end / flush complere
1 check_g("job_q_id):

end // job queue not full
end // destroy token and gather statistics
i end / else for no processing performed this time round
end / posedge sig_out

“thclude “current_module_Munction. v
“include “get _bit_id_function,v”
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B.19 current_module_function function

* currem_miodule_Tunciion.y */
function {"m_bits:0)eurrent _imodude:/f returns Yast unprocessed module
input |- LGjmodule _word:

reg [Tm-10]result;
reg | m-tetp;

begin
i Sdisplaycurrent_tmodule_function.vimodule_word="%h", module_word};
resuli=(),
termp=module_word;
while (templi}) 4/ count as long as 1's encountered
hegin

result=resuli+1:
temp=temps>1.;

i Sdisplay(“current_nodule_function. viteinp=%d and result=%d" temp, result);
end
i Sdisplay C'earreni_module: result=9%h" result);
current_module=result;
eid
endfunction
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B.20 get_bit_id_function function

/> set_bit_id_function,v */
function [*j_bits:0Tget_bit_id:// returns last unprocessed module
input (*j-1:0lmedule_word:

reg [j_bits:0]result;
reg [j-1:0ftemp:

begin

resuli=0;

temp=module_word;

while (terpi0]==0 & & (result<="j-1)) # count as long as s encountered and end of string not reached
begin
result=result+ |
emp=iemp=>1:
end

get_bit_id=resull;

end

endfunction
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B.21 override_gen_task task

1* override_gen_task.v */
task override_gen,
ouwtput [(: m_bits* p}-1 Jeountid;

ineeper inodufedex, procdex;
integer seed:

integer proc;

reg ["m-1:0ftoverride;

regl m_bits-1:0] count[(:"p-11
reg[{m_bits* p)-i:0] countid:
rep al_leasi_one_vount zero:

begin// override_pen_task
at_least_one_count_zero="TRUE,
while (a_least_one _couni_zero == "TRUE)
begin
ab_least_one_count_zero= FALSE;
lar (procdex=0; procdex < °p; procdex=procdex+1)
hegin
count|procdex|={);
end

for (moduledex=0; moduledex <" m: modutedex=tnoduledex+1)
begin
seed= tup.override_seed;
proc=3dist_uniform(sced (), p-1);
top.overtide_sced=sced;
count|proc]=count[proc]+I;
end

lor {procdex=0; procdex < "p; procdex=procdex+1)
begin
i (count[procdex]==0) ar_least_one_count_zero="TRUE:
end
end /f while
moduledex=0;
countid=0;
for {procdex=0; procdex < "p; procdex=procdex+1)
begin
toverride=0;
it Sdisplay(“override_gen_task.v: (1) countid=%hb and count]%60d}=%0d" countid, procdex, count[procdex]);
countid=(vountide< m_bits) | count{procdex];
I Sdisplay(“override_gen_task.v: (2} countid=%b and count{%0d]=%0d" countid, procdex, count{procdex]);
while{count| procdex] =0)
hegin
toverridefmodoledex] =1°b1;
moduledex = moduledex+1;
count[procdex]=count |procdex]-1;
end
if {"silent=="FALSE)Sdisplay (“override_gen,v: RES override=%b" toverride);
top.override]procdexJ=toverride;
end
end M overnide_gen_tusk

cndtask
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B.22 output_results_task task

/™ output_results_task.v */
task output_results;
input display_on:

time last_time_called;

reg last_display_on;

integer count,i;

time CPU[O: p-1};

time CPU_SUMSQ[0:"p-11:
time CPU_SUM[(:"p-1];
time THRU;

time THRU_SUMSQ;

time THRU_SUM:

begin
{1 Sdisplay(“output_results_task.v: time=%0d and display_on=%0b and Tast_display._on=%{b" Stime. display _on, last_display_ond;
if {fast_display_on=="FALSE && display_on=="TRUE)
begin
count=(:
for(i=0; i<™p; i=i+1}
begin
CPU_SUMIi)=0;
CPU_SUMSQ[i]=0;
end
THRU_SUM=0;
THRU_SUMSQ=0:
Sdisplay (* IDitime;CPUGCPUL,CPUZ;CPUR:CPU4:jobs/delta™:
end

if(display_on=="TRUE && (S!imc—lust__limc_cullcd)=(‘cpoch_widlh*'clk_pcriod_din))
begin
for(i=0; i< p: i=i+ 1)
begin
CPU[i]=(100* sigdec*top.busy_coun[i]/(Stime-last_time_called));
CPU_SUMIi]=CPU_SUM][i}+CPU[i]:
CPU_SUMSQ[i]=CPU_SUMSQ[i]+Snoi(Simr(CPU[i])l‘sigdcc"‘Silor(Cl’U[i])f‘sigdcc);
{1 Sdisplay("CPU_SUM)|[%0d])=%0r and CPU_SUMSQ[%0d]=%01".i. $iter( CPU_SUM[i )" sigdec.i, Sitor(CPU_SUMSQL)) )
end
THRU=‘sigdcc*(tolal_jobs-last_total_jobs)*‘clk_peﬁod_divz*‘cpoch_width{(&?:imc-lusl_timcwcullcd);
THRU_SUM=THRU_SUM+THRU;
THRU_SUMSQ=THRU_SUMSQ+Srl0i(Sitor{THRU)/‘sigdcc"‘Sitor(THRU)FSigdcc);
Sdisplay (“"DATA:%0h;%0d: %3 11:%3.11,%3. 1 £,9%3. R %31 (%311, top.override_id, $tirue,
Sitor(CPU[O])f‘sigdcc,Silor(CPU[1])I‘sigdec.Silor(CPU[’.’])!‘sigdcc.Simr(CPU[}])/‘sigdcc..‘;‘ilor(CPUH])fsigdcc.$itur(TI1I{U}!'sigdcc}:
count=count+1;
end

if (last_display_on==TRUE && display_on=x' FALSE})

begin

Bdisplay(“MEANS: %0 %00 %31 1,%3. 1 £%3. §0%3. 16%3. 0 5:%3. 1 6%, 15,%3. 93, 1, top.override_id, Stime,
Simr(CPU_SUM[O})/counU‘sigdec,Silor(CPU_SUM[l])Icount/‘sigdcc.Silor(CPU_SUM[2i)lcounll‘sigdcc.Silor(CPU__SUM[3])quumf‘xigdcc,
Sitor{CPU_SUM([4]}count/ sigdec, Sitor(CPU_SUM(5]¥countf sigder, Sitor(CPU_SUMI 6} count? sigde, Bitor(CPU_SUM|7 eount/ sigdec,
Sitor(THRU_SUM)/countsigdec);

Bdisplay("VARS;%0h;%0d:%3.1£,%3. 1 1:%3. 1 £:%3. 11;9%3. 1 [;%3. | %3, 1 F:%3. 11", top.override_id, $tirne,
(Sitor(CPU_SUMSQ[O])(count- 1)3-(Sitor(CPU_SUM([O]V sigdec*$itor(CPU_SUM|0))/ sigdec)countf{caunt-1),
(Sitor(CPU_SUMSQ[ 1 ])(count-1))-(Sitor(CPU_S UM 1))/ sigdec* $itor{CPU_SUM[ 1])/ sigdec)count/{count-1),
(Sitor(CPU_SUMSQ{2])(count- l))-(Si!or(CPU_SUM[2])/‘sigdcc"Silor(CPU_SUM[2])fsigdcc).'cuuntf(counl—I).
(Sitor{CPU_SUMSQ{3))/{count-1})-(Sitor(CPU_SUM[3})y/ sigdec*Sitor(CPU_SUM[3])/ sigdec Yeount/(count-
1),(Sitor{ CPU_SUMSQ(4])/{count- 1)}-(Sitor{CPU_SUM[4])/ sigdec*$itor{CPU_SUMI4])/ sigdecycountf{count-1),
(Sitor(CPU_SUMSQ([5]){count- l))-(Sitor(CPU_SUM[51)/‘sigdec“Sitor(CPU,_SUM[5])fsigduc)n’count](counl- i},
($i(or(CPU_SUMSQ[6])/(coLmt—l))-(Sitor(CFU_SUM[6})fsigdec"Sitor(CPU_SUM{()])/‘sigdcc)}couml(cuum-I )
{Sitor{CPU_SUMSQ[71)/(count-1))-(Sitor( CPU_SUM{7])/ sigdec*Sitor{ C PU_SUM[ 7))/ sigdec)count/{count-1} );
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Swrite(“ %01, (Sitor( THRU_SUMSQ)/{count-1)3-(Sitor{ THRU_SUM)’ sigdec*Sitor( THRU_SUM)" sigdec)count/(count-1) ):
end

Tust_time_called=%time;
last_display_on=display,_on;

end

endiask
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B.23 gather_CPU_stats task

/* gather_CPU_stats_task.v */
task gather_CPU_stats;

integer i;

begin

if{p0.s.CPUhold=="TRUE)
begin
mp.husy_coum[()]:top.busy_coun:[0]+Slimc-top.l&ct_busy__limcluj:
top.last_busy_time[{]=Stime;
end

ifipt.s.CPUhold=="TRUE)
begin ]
top.busy_count[1]=top.busy_count] | 1+Stime-top.tast_busy_time[1];
top.last_busy_timef 1}1=Stime:
end

if(p2.s.CPUhold=="TRUE}
begin
1op.busy_count[2]=top.busy_coun1[2}+Stime-top.last_busy_time[2]:
top.last_busy_timef21=Stime;
end

if(p3.s.CPUhold=="TRUE)
begin
tap.busy_count[3]=top.busy_coum[3}+Stime-top.Jasi_busy_time[3];
top.last_busy_time[3]=Stime;
el

if(p4.s.CPUhold=="TRUE}
begin
lop.busy_count[4]=top.busy_count[4]+Stime-top.last_busy_time[4]:
top.last_busy_time[4]=%time;
end

end

endtask
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B.24 proc.v

1* proc.v ¥/
module prociproc_rcady_in job_id_in, new_joub_n, job_id_out, job_out,proc_ready_out);

input pro¢_ready_in:

input |75, bits-1:0]job_id_in:
input snew_jab_in;

owpot [*j_bits.]:0]job_id_out;
output job_out;

outpul proc_ready _out:

integer gsizel, temp?;

integer (qsize2. 1empd;

integer gsized, wmph;

micger rx_stius, length, rx_job_td, user_var:
integer rx_¢|_id;

inteper idle_time;

e elk;

reg rx g dirival;
reg new_id_{ag,
reg rx_teady;

ey proc_ready_oul;

reg [ bits- :(retrieve;
rUg rX_y eIty

wite [T hits-1:0job _id_out;
wire foly, vut;

imeger delay_nnn - [0 m-1];
integer deliy_max [0 m-13;
nleger delay_speciflic 100 m-tf:

integer delay_generse [07m-1];

integer wll_delay_min  [0:7p* m)-1];
integer all_delay_max [0 p* m)-11:
integer all_delay_specitic [0:Cp* m}-1]:

paraeter | p_bits-1:Mproc_id=1;  # pacumeter id for this processor (over-ridden on instantiasion)
scheduler #(proc_id) s (retrieve job_id_out job, out,rx_g_empty);

* indtialization */
initial / initialization of variables
begin
i1 Sdisplay ("proc,viprocessor %d”, proc_id);
rx_g_id=proc_id;
So_witialize(rs_q_id, FIT0, rx_q_size.rx_stalus);
top.system_q_id[tproc_id* i)+ j- 1:proc_id*"j)=0;
re_g_empty="TRUE:
retricve=(;
clk=t);
idle_time=0);
ri_g_arrival="FALSE:
rx_temdy="TFALSE:
prog_ready_out="TRUE:
new_id_tlag="FALSE;
# set up adl of dita structures
defays_setupiproc_id):
end
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ffalways @ (top.proc)_net_ready) Sdisplay(“proc.v: proc_not_ready=%b at thine Seh” top.proc_not_ready, Stime):
alwilys #2 clk=-clk; / clock generator

atways @ (posedge new_job_in)// rx msg queue is independent of processor

begin / new itens added to queue
# Sdisplay(“proc.v: ThereO0™);
if (Sq_fulltsx_q_td.rx_status)) *
begin

Sq_examirx_q_id, 1, gsize3, temp6);
Sdisplay{“proc.v:@@ @ @ @Rx queue for processor %0d is full (%0d entries) at tume %0d", proc_id, qsize3, Stime);
end
else
hegin Jf rx queve s not full
/ add timestamped entry
it Csilent=="FALSE)Sdisplay ("proc.v:@ @New ilem (job %0d) in rx queve proc %0d time %400 job_id_in, proc_id, $time;
Sq_exam(rx_q_id, 1, gsizei, lemp2);
if {gsizel >="rx_q_threshold | proc_ready_in=="FALSE}
# reject load into system i1 more than a certain number of ilems in any queae
begin
proc_ready_out="FALSE;
if (peoc_ready. out==0 && "silent=="FALSE)Sdisplay(“proc.v: proc_ready_out=%0b in GOd at time % 00" proe_eady_out,
proc_id, Stime);
end
clse proc_ready_out="TRUE;
end
Sq_add(rs_g_id.job_id_in.Stime.rx_status);
lop.system_g_id{(proc_id*"j)+job_id_in|=1;
g emply="FALSE:
rx_g_arrivael="TALSE: # was #(
#1orx_g_mrival=" TRUE: # was #0
end

always @ (posedge new_id,_flag)/f scheduler requests a read from rx queue
begin
if (rx_ready=="FALSE}
begin
i Sdisplay{“proc.v:Scheduler %h requests a read lrom rx queue™ proc_id);

Sq_exam{rx_q_id, 1, gsize2, tempd);
tf {qsize? < “rx_q_threshold && proc_ready_in==<"TRUE)
# accept load into system at proe O once less than a ezrtain number of items in queue
begin
proc_ready_out="TKUE: ]
il (prec_ready_out==0) $display(*'proc.v: proc'_‘rcudy_oul=%b in %0d a1 time %0d™ proc_ready_owt, proc_id, $lime);
end
¢lse proc_rcady_cut="FALSE;

Sg_remove(rx_q_id, rx_job_id, user_var, rx _status);
il (rx_stalus=="q_cmpty)

begin

rx_q_empty="TRUE;

end

clse

hegin /1y not empty

i (rx_status == "0OK)
begin {1 ferched item from queue successully
top.system_g_id[(proc_id*" j}+rx_job_id]=0;
retrieve=rx_job_id;

i Sdisplay (“proc.v:btem %h(%h) ready for pickup from rx queue %d ot time %07k _job_id retricve, proc_id, Stime);

end

clse
begin . #f this should never happen
Sdisplay (“proc.yvi@ @« @@ Lrror in Rx queue %d™ proc_id);
end
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end /7 queue not empty clause
#0 rx_ready="TRUE;
wail('new_id_flag);
#) rx_ready="FALSE;
end M rx_ready=="TFALSE
else
hegin
Sdisplay(“proc.v: Sequencing Error™);
end
end / posedge new_id_in

“include “delays_setup_task,v"”
endimodule # end of proc module

“inelude "scheduler.v'
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B.25 delays_setup_task task

1* delays_setup_task.v */

task delays_setup:
input [ p_bits-1:0]proc_id; .

tntegeri, ju

integer min_delay[0:"'m-1];
integer most_min_delay[0:"'m-1];
integer max_delay[0: m-1);
integer most_max_delay{0: m-1];
integer temp_delay:

begin // delays_setup task
$readmemb (“fdelay_min”,proc.all_delay_min);
$readmemh (“fdelay_max”,proc.all_delay _max):
$readmemb (“fdelay _specific”. proc.all _delay_specific):
for (i=0: i<="m-1; i=j+1}
begin
maost_min_delay[1}=32767:
min_delay[1}=32767,
most_max_delay[i]=0;
max_delay[il=0;
proc.delay_minfi]=proc.all _dekay_min[{" m*proc_id)+i};
proc.delay_max[i]=proc.all_delay_max{( m*proc_id)+i|:

! proc.delay _min[1]=40; proc.delay_max(i]=0;

proc.delay_specificfi]=proc.all_delay_speeific[( m*proc_id) +i]:
H1 ( silent=="FALSE)Sdisplay{"delays_sctup_task.v: min%h]=%h and max|%h]=%h speclf|=h in
%h",i proc.delay_anin[il.i,proc.delay_max{il.i.proc.delay_specific[il,proc_id):
proc.deloy_generice[i]=0;
1 Sdisplay(  DATAMEANSVARS Delay for {processor %0d and module %0d) =%0h", proc_id.i.proc.delay_specificli| )
for (j=0; ja="p-1; j=j+1)
begin
proc.delay_genericlil=proc.delay_genericlil+proc.all_delay _specifici(C m* ],
Hif Csilent=="FALSE)Sdisplay{“delays_setup_task.v:  delay_generic{%h]=%h  delay_specific[%h]=%h"],  procdelay_generic]j.Cm* )+,
proc.all_delay_speeificlCm*j)+il)
temp_delay=proc.all_delay_specific[("m*j)+i]:
if (temp_delay >= max_deiay[ij}
begin
il (teinp_delay >= most_max_delay[i])
begin
max_dclay[il=most_max_delay[i].
most_max _delay[i]=temp_delay;

end

clse
begin
masx_delay[i]=temp_delay;
end

end

if (temp_delay <= min_delayli])

begin

i (temp_dcelay <= most_min_delayli])
begin
min_delay[ij=mast_min_delay|i];
mast_min_delay{t}=temp_delay;
end

else
begin

min_delay[(i]=temp_delay:
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end
end

entl
proc.delay_generic{i]=proc.deluy_gencric[il/ p;
proc.delay_minfi]=min_delayfi]-proc.delay_genericli];
proc.delay_max{i]=most_max_delay[i]-proc.delay_generic[i];

H Csilent==" FALSE)$display(“delays_setup_task.v: Final delay_generic{%h]=%h",i,proc.delay_genericfi]);

/1 Sdisplay (“defays_setup_task.v: proc=%0d" proc_id);

i1 Sdisplay (“delays_setup_task.v: max[%0d]=%0h most_tnax[%0d]=%0h min{ %:0d j=%0h
musl_min[%ﬂd]:%(}h".i.max_dclny{i],i.most._nmx_dc[ayli].i.tnin_dc[ny[i].i.mosl_min_dclny[i]);

1 Sdisplay(“deluys_setup_task.v: Final delay_generic[%0h]=%0h"i,proc.delay_genericlil);

i Rdisplay(delays_setup_task.v: delay_minf %0d1=%0d(dec) delay_max[%0d]=%0h" i proc.delay_min(i],iproc.delay_max[i]):

el
i Sdispluy(“deloys_seiup_task.v: delays (spec, min and max) have been initiatized for %h", proc_id);
ek A task
[HIT N
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B.26 scheduler.v

/* schedulery */
module scheduler (retrieve jeb_out,job_out_flag.rx_ = _empty);

input {"j_bits-1:0]retrieve;
output [*j_bits-1:0] job_out;
output job_out_flag:

input rx_q_empty;

reg [*j_bits-1:0]job_out:
reg job_out_flag;

reg CPUold,

reg clk;
reg more_processing_needed:
time idle, idle_count;

Hevent self_schedule;
/ reg rsell_schedule;
reg self_schedule:

integer staes, rx_g_length,i job_status:
time partcount[0°m-1]:

parameter [Tp_bits- 1:0|proc_id=1:

= Initindization */
tnitial
beain
W Sdisplay(“scheduler.v:Scheduter 0h initiadized ™. proc_id);
clk=0;
idle=0:
idle_count=(),
CPUhold="FALSE:
job_cut_flag="FALSE:
job_out=t}
seH_schedule="FALSE; //
for (i=0ii<” m:i=i+1) paricount[i]=0;
Sqminilinli:/_c('jobmix_qdid+pr0c_id.'FlFO.‘johmix_q__si;-.c.joh_smlux):
end

/¥ wait for an imerrupt froimn the queues */

I*

initial
begin
rself_schedule=0;
end

*/

always # clk_period_div2 clk=~clk;

i always @sell_schedule rself_schedule=-rself_schedule:
Malways @sell_schedule Sdisplay¢“scheduler.y: sell_schedule event in Sh at time 6, proc_id, Stime):

i always @ (proc.rs_q_arrival} Sdisplay(“schedulervirx_q_arrival in %h Hme 0", proc_id Stine).
H%% always @ (self_schedule) Sdisplay(“schedulervisell_schedule in %h st dime %h™ proc_id, Stine),

always @ (posedge seli_schedule)
hegin
i (proc.new_i¢_flag=="FALSE & & proc.rx_ready== FALSE)

hegin
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proc.new_id kg = TRUE;
wait {prog.rx_ready=="TRUL); // wait until message queue ready
if (rx_¢j_erpty == "FALSE)/ new job ready
bepin
i “retrieve_delay:
processing (retricve, proc_id, more_processing_needed);
if {mare_processing_needed=="TRUE)
begin// continue to process more modules
while {(more_processing_nceded=="TRUE)

begin
processing (retrieve, proc_id, more_processing_needed);
end
i top.passthrough[retrieve]="TRUE;
# Sdisplay(“scheduler.v: passthrough bit %h set at time %h” reirieve, Stime);

end
jub_out = retrieve;
job_out_llag = "FALSE/ transmit message out
idle_count=ih
il (CPUhold) Sdisplay (“scheduler.v: CPUNeld on at time %h™, Stime):
wait(!{CPUheld) #1 job_out_flag = *“TRUE;
top.system_g_id{{proc_id* j)+job_out]=0;
end
else
begin
H Sdisplioschedulerv:Self_schedule and both queues empty in Sed™ . proc_id);
idle_count = idle_count + I
i Gidle_count > “idle_count_threshold)
begin
idle=idle+1;
1 Csilent == " PALSE)Sdisplay(Uscheduler.vi @1die epoch in processar %0d and idle=%0h (wakeup=% Dh)" proe_id. ille, tapswakeupl:
idie_couni=);
eml
end
proc.new_id_flag="FALSE;
wail{proc.rx_ready=="FALSE),
self_schedule="FALSE;
end
clse
huegin
Sdisplayt schedulerv: Error sinulianeous events”);
el
end /7 always (main scheduler block)

always @ (posedge clk or posedge proc.ex_q_arival)/ null task counter
begin
self_schedule="TRUE:

i Sdisplay(setl_schedule=%b rx_ready=%b and new_id_Nag=%b" sell_schedule, proc.rx_ready, proc.new_id_flag):
end

“include "processing_taskov"

“include “CPU_task.v™

endinaduled scheduler

171



B.27 processing_task task

1* processing_task.v */

task processing;
input [*j_bits-1:0]job_id;
input [ p_bits-1:0]proc_id; .
output process_again;

reg process_again;

reg choose_to_process,
reg [Tm-1;0]state:

reg job_out_flag;

intcger seed, mean;
reg [Tm_bits:0] prog_module;
begind/ processing task

if (top.passthrough[job_il] == "FALSE)
begin
state = top.processing. state[joh_id):// get job state
prog_module = current_modute(state):/# get current module
process_or_not(proc_id, prog_module, choose_to_process):
it (chonse_to_process == "TRUE) / net finished and processing reqg'd
begin
if (prog_module==0)
begin
ff seed=job_id;
i mican="dialione_inean;
I il'(Sdisl__c.\'[)oncnli:ll{lup.di:llmnu__:‘ucu.‘di:ilmuc_l||c;u|)-::(Slimc-lup.lmirlh_limcl_inl: i)
begin

if {lop.user_retry <=" L _relry )
begin
Sdisplay(“processing_task.v: @ @ @@ @module 0 passthrougl for job_id=%0d" job_id);
top.passthrough[job_id}=" TRUE:
top.user_retry=lop.tser, retry+1;
end

else
begin
Sdisplay(“processing_task.v: Too many retries”):
Sfinish;
end

end

*/

end

if (top.passthroughfjob_id]=="FALSE)

begin

CPU(job_id,proc_id.prog_module siate// process waiting job

top.processing_state[job_id|=statew update job siate

process_again="TRUE;
I Csilent=="FALSE)Sdisplay(“processing_task.v: @ @++ Processing  job  %0d  module  %0d  in proc %Al ol
state=%b" job_id,prog_imodule, proc_id $time, lop.processing_stale[job_id]);

if (top.user_ip_reqd[prog_module] == "TRUE)

begin
top.passthrough|job_td]=" TR
end
end
end
else
begin

Tt i Od



# “scheduler_passthrough

process_aguin="FALSE; :
/1 Csilent=="FALSE)Sdisplay("processing_task.v: @ @>> Passing through job %0d module .0d in proc %0d m time% Ud™ job_td prog_module,
proe_td Stime); ’

end

end
.
else
begin
# T1SR_passthrough
process_apatn="FALSE;
H il Csilent=="FALSE} bdisplay(“processing_task v: @@ »>>> _ Quick passthrough of job %0d at %0d" job_id,proc_id);

cod

end processing task
endtiuskdf processing_task

“include "carrent_module_fanctivn v

“include “process_or_not_task.v”



B.28 process_or_not_task task

I* process_or_not_task.v =/

task process_or_not:
input " p_bits-1:0}proc_id:
input ["m_bits:0]prog_mudule; .
inout choose_to_process;

reg choose_to_process;
reg [‘m-1:0)everride:
integer delay_distance:
integer delay_max:
integer deluy_min;
integer q_size;

integer wemp;

integer random, i

begin/f process_or_not task
if (prog_module <= "m-1)

begin
" Sg_exam(proe_id, 1. q_size, temp);
1 il ( {g_size*8) »="rx_g_threshold)
it ("TRUE == "FALSE)
begin
choose_to_process="FALSE;
end
else
begin

delay_nun = proc.delay_minlprog_module],

delay_max = proc.delay_max| prog _module];

delay_distance = proc.delay_specific|prog_module] - procdelay_genetic[prog_nusdule};
ML silem=="FALSE)3display{"process__or_nol_task.v: delay_max=6d delay_min=%d" delay_naz, delay_min);
A1 Csilent=="FALSE)Sdisplay("process_or_not_fask.v: (peddjdetay_distanee=%0d  delay_specilic| 9%0d1=5%0d delay_geavricia0d]=% od-,
proc_id, delay_distance, prog_mndulc.proc.dcluywq)cciﬁc|prog_modulc]‘ prog_madule, proc.delay_generic] prog_moduie!);

if (delay_max >= delay_min)

' il CTRUE=="FALSE}
begin
" if (delay_distance <= delay_min}
if (delay_distance < 0)
begin

choose_ta_process=" TRUE:
if Csilent==" FALSE)Sdisplay("process_or_nol_task.v: dist<min TRUE");
if { "knox_debug =="TRUE)
Bdisplay(“process_or_noti: proc %0d chooses 1o procuss module SO0 proc_id,prog_module);

end
/ clse if (defay_distance »= delay_max)
else if (delay_distance > delay_max)
begin

choose_to_process="FALSE:
if{ "knox_debug == "TRUE )
Sdisplay("process_or_not1; proe %0d chooses NOT w process module 9e0d" proc_id.prog_module);
if(‘si[cm::‘FALSE)Sdispl:1_\'("proccssvnr_no(_msk.\': dist>max FALSE");

end
clse
begin
'ffl
r:1ndom=$dist_unifbrm(lup.unifm'm_sccd.U.E IN
i Sdisplay("choose_to_process_task.v: uniform variable = EOd” randoiny;
iftsandoin==1)
begin
choose_to_process="TRUE;

iF ("knox_debug == "TRUE )
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Sdisplay"process_or_not2: proc %40d chooses w process modute %0d" proc_id,prog_inodule);
) Sdisplay("process_or_not task.v: random TRUE");
end
else
begin
choose_to_process="FALSE:
i Thnax_dehug == "TRIUE }
Scwsplay("process_or_not2: proc %0d choases NOT to process module %0d" proc_id.prog_module);
it Sdisplay(“process_or_not_task.v: random FALSE");
end
*f
if toverride[prog_module) == "TRUE)
begin
choose_to_process="TRUE;
1 knoa_debug == VTRUE )
SdisplayCprocess_or_not3: proc %40d chooses to process module G 0d",proc_id,prog_module);
i Sdispluy("process_or_nol_task.v: everride TRUE"):
end

else
begin
choose_to_process= FALSE,
i knox_debug == "TRUE }
Sdisplay{"process_or_not3: proe %0d chooses NOT to process module Ye0d" proc_id.prog_mtodule):

I Sdisplay¢“process_or_not_task.v: override FALSE™:
end
end
end
clse M
begin

averride = tepaovertide|proc_id}k
1 toverride| prog_module] == "TRUIL)
begin
chuose_to_provess="TRUL;
il ( "knox_debug == "TRUE )

Sdisplay("process_or_notd: proc %0d chooses to process module Ge0d”, proc_id,prog_module):
i Sdisplay("process_or_not_task.v: override TRUE"),
end
elie
hegin

cheose_to_process=" FALSE:
il " knox_debug == "TRUE )
Sdisplay("process_or_notd: proe %0d chooses NOT to process module iy ".proc_id,prog_module);
1 Sdisplay("process_or_not_task.v: override FALSE"):
cad
end

procdelay_min[prog_module)=delay_min:
proc.delsy_maxiprog_module]=delay_max;

end 4 not too busy o process
end H (prog_modole <="m-1)
else chovse_to_process="FALSE: / last madule alpidy provessed
el process_or_not task

cinltask /7 process_oc_not sk



B.29 CPU task task

* CPU_task v */
task CPL;

i
/"

input [*j_bits-1:0}ch_id:

input ["p_bits- L:0]proc_id:
input [i_bits:0)prog_module;
inout ["m-1:0fprocessing_state;

reg [Cm-13.0}processing, state;

reg [(Cdelay_bis)* m)-1:0)delay_all_modules;
integer delay_specific:

integer delay_temp:

begind/ CPU sk
dclu)'__h.-|np:proc.dc]u_v_spcciﬁc]pmghnmdulcj:
dc]u);spcciﬁc:Sdis[_nonnal(lnp.CPU_sccd.dcla_chlnp,?.);
detay_specilic=delay,_temp;

Sdisplay("CPU _task.v: delay=%0d", detay_specific);
scheduler.CPURoId=TRUE:

#delay_specificf

top.proc_deiay[job_id]=top.proc_delay [iob_id]+delay_specific:

scheduler.CPUhold="FALSE;
processing_state=(processing_state<<l )M :

end M CPU task

endiask /7 CPU
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B.30 delay file

I* fdelay_specifict?
£ Module deluy ("detay_bits bits per module)
A 0203 040506 07 08 (9
64 E TE3C 1428 14 32 IE28/* proc 0 %/
SAJZIMIZAZIEES528 1446/ proc | *
6446 IETE IE28 1E32 2832 /* proc 2 %/
145A283C 1432323228 14/* prog 3 %/
WEIE 3232 1E 14 14 32 28 SA/* proc 4 +/
fOS04A6 LE TE LE28 1E28 28 32 /* proc 5 %/
3 TA2R3C 12 3232 32 1F 201/* proc 6 */
IR R 3232 1B IF $4 3228407 proe 7 7/
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B.31 user delay:ﬁle

/* fuser_delav_ave %/
31/ module 0 */
31 7% module 1 */
31 /% module 2 */
31 /* module 3/
31/ module 4 */
31 * module 5%/
317 moduie 6 */
31 /% module 7 */
31 /% module 8 */
21 2 module 9 %/
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Appendix C

Data from Simulation shown in Fig. 6.1

Assienment Proc 0 Proc 1 Proc 2 Proc 3 Proc 4 Standad o

Vzctor CPU CPU CPU CPU CPU Mean Dc‘vi'u‘inn
Util. Uil Util. Util. Uil. ‘

51112 493 6.4 53 53 2.8 1750 1975
11116 20.6 10.3 6.2 12.4 451 1750 768
41113 48.6 1.4 9.1 9 322 1790 2001
42112 473 17.8 5.4 9 233 1795 1974
52111 50.5 10.1 9] 73 16.4 1825 2337
21212 47.6 10.9 143 93 243 1863 043
41131 47.1 1.1 8.9 26.2 16.8 870 w00
12115 23.2 20.8 6.9 4.6 428 1910 XTI
51121 485 6.3 6.3 17.5 173 1930 a7
11125 20.6 10.3 6.3 16.7 429 1930 672
61111 56.6 4.4 99 8 17.4 1935 2296
14212 22.8 433 14.9 9.7 25.3 1940 1903
41122 46.6 T 8.8 19.7 25.4 1955 2119
32113 392 25.6 10.3 10.1 353 1960 1779
12214 21 195 13.5 113 39.2 1960 675
42121 46.4 17.6 6.3 17.8 17.7 1970 2288
11134 23 115 72 31.2 39.4 1970 947
21115 30 9.3 7 4.7 438 1975 806
51211 48.8 6.2 162 8.1 17.8 1980 2202
16111 21.1 527 99 8 17.% 1980 19%2
11215 21.7 10.9 12.7 42 435 1980 725
31123 39.9 13.1 7.8 23 35.8 1990 1958
14113 24 44.9 94 9.9 358 1990 1908
13114 21.3 30.7 6.7 1.1 9.8 1990 835
33211 39.2 329 16 8 17.9 1995 1965
14131 242 46 97 28.1 18 2000 1700
41221 46.7 11.1 15.5 18.3 18.2 2020 2276
11224 224 112 13.4 15.6 40.4 2020 657

Table C.1 Fig. 6.1 Simulation Data
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Assignment Proc Proc '} Proc 2 Proc 3 Proc 4 Standard

Vector CP.U CP.U CP.U CP.U CP_U Mean Deviation
Util Util. Util. Util. Uul.

15112 22.8 50.7 6.1 10.2 265 2035 1958 §
22114 28.4 20.4 6.8 11.3 40.7 2035 . 867 i
42211 46.8 174 16.7 8.3 184 2045 2321
32212 412 259 16.5 10.2 26.6 2045 1664
11314 215 10.8 20.2 1.2 40.9 2045 800
12124 22.1 20.2 6.8 16 41 2055 731
11611 22 | 463 8.2 18.6 2060 1530
11161 21.9 109 6.7 58 18.7 2070 1394
14122 22.6 443 9.4 20.8 269 2075 1673
33121 39.9 33 6.3 18.7 18.7 2080 1705
11152 228 11,4 7.3 50 27.1 2085 1754
41311 473 10.9 259 8.6 18.9 2095 2344
31213 40.3 13.2 18.5 10.5 37.7 2005 1840
43171 46.9 218 109 8.7 18.9 2105 2376
34111 40 37.8 10.5 8.4 19 2105 1790
15121 4.9 519 6.5 19.1 19.1 2120 2089
15211 229 51.6 17.1 8.3 19.] 2125 2042
11251 27.8 13.9 15.8 46.9 19.2 2130 1236
21214 29.5 9.5 142 1.8 426 2130 707
31114 36.4 1 6.6 11 429 2145 952
33112 39.1 31 7.3 11.6 28 2150 1786
31132 38.9 12.8 7.7 34.4 28 2155 1978
14311 23.1 438 26.5 8.6 19.4 2155 1695
11143 26.7 13.3 8 45.5 38.8 2155 1589
32311 41.3 26.3 27.8 8.7 19.5 2165 1673
21124 315 9.7 7.2 16.9 43.7 2190 795
23113 33.8 372 10.6 11.3 39.6 2200 1526
24121 37.7 45.5 6.7 19.9 199 2205 1636
31222 35 12.8 18 22.4 28.7 2210 1950
12511 274 24.1 42,7 8.9 20 2230 1819
21151 339 10 1.5 48.1 20.1 2230 1603
24112 32 44.4 6.9 11.4 29.1 2240 1632
22213 36.8 23.6 18.4 11.4 40.3 2240 1437
14221 23.7 43,7 16.2 20.2 20.2 2245 2098
21511 32 10.5 41.7 9.1 20.2 2250 1669
11521 26.6 13.3 414 20.3 20.2 2250 1482
22222 36.8 239 18.6 22.7 294 2255 1305
11413 271 13.6 36.4 11.6 40.8 2265 1363

Table C.1 Fig. 6.1 Simulation Data
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Assionment Proc 0 Proc ! Proc:'l Proc 3 Proc 4 Standurd

Vgctor CP.U CP.U CP.U CP_U ceu Mcan l;c;\’i'igigmll
Utl. Util. Bl Uul. Uik :

31312 327 13 263 122 95 7270 0T ]
21142 34.1 10.9 8.2 40.7 295 2270 . IS8
31321 41.4 13.6 26.5 20.5 20.5 2275 1745
3202] 41 25.9 17.6 20.3 203 2780 1659
25111 31.7 487 11.4 9.2 20.6 2290 1874
13231 325 40.7 20 32.3 20.8 2305 1736
13132 27 39.5 8.6 375 30 2303 7%
22141 37.4 23.7 7.9 453 20.8 2303 ke
3114 439 13.2 7.9 45.6 208 2310 t98
21322 37 1.5 28 232 301 2310 1328
23221 34.9 37 7.6 21 21 2330 1723
2124] 36.1 10.8 16.2 149 21 2330 1621
11512 29.2 14.6 416 1.7 30.4 2330 1602
11242 2 13.7 16.3 105 303 2330 1577
22312 36. 239 25.6 119 30.4 2335 ERETT
23212 34 35.6 7.9 122 30.4 2340 1655
32122 414 24, 93 23.9 30.5 2345 1629
13213 311 42 211 1.8 423 2350 15760
13123 29.2 40.8 8.7 26.5 423 2350 1183
24211 38 424 18.9 9.4 212 2355 1846
11431 27.9 13.9 35.6 33 21.2 2355 1746
3213} 40 25.5 10.2 33 21.2 2355 1624
23131 35.8 369 105 33.1 21.2 2355 1564
21223 38.1 12.3 18.1 26.9 424 2355 1430
21313 38.1 11.2 28.1 12.1 425 2360 1232
22231 38.1 24.9 19.4 33.1 21.3 2365 1379
11341 29.9 15 249 46.6 21.4 2375 1538
21331 34.7 11.1 27.7 33.4 21.5 2380 1459
12151 25.2 22.8 7.7 50.9 214 2380 1341
13312 31.3 40.7 276 11.9 3] 2385 1793
23122 36.3 35.7 10.2 243 3 2385 1616
21421 36.8 1.1 35.1 21.6 21.6 2400 1749
22411 38.1 24.8 38.5 9.6 21.6 2400 1667
22123 37.3 23.3 7.8 25.4 432 2400 1397
22132 375 23.3 7.8 37 31.3 2410 1519
11323 29.2 14.6 25.3 27.1 434 2410 1448
12223 29.8 25.8 16.3 26.7 43.5 2415 1425
31231 41.5 13.1 18.4 33.9 21.8 2420 1813

Table C.1 Fig. 6.1 Simulation Data
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Assignment I ProcO | Proc Proc 2 Proc :'% Proc 4 I i Standard :
Vector CP.U CP.U CP.U C.P.U C.P.U Mean “ Deviation
Util. Util. Uul. Liil. Liul [
23311 348 358 293 97 209 | 24 1794
12142 285 25.7 8.6 427 31.5 1i 2430 1538
13222 28.1 39.1 20 248 317 2440 1668
21133 38.2 11.4 8.6 123 432 || 2350 1456
12412 287 258 3 12,6 ity b 2455 1593
21232 346 106 15.9 383 321 2360 (535
12241 26.1 238 162 479 232 2270 | 1396
11233 29.5 148 17.9 33.6 46 1 2475 1377
13321 324 40.6 273 22.6 225 2503 | 2142
11332 391 115 254 393 26 W05 | 140
12313 273 252 28.7 142 152 2510 | 1239
13411 332 422 409 10.1 227 2520 2031
21412 36.3 10.3 336 13 328 2520 1365 i
31414 42.6 i2.8 38.1 i1 227 25725 2076
12322 297 26.6 293 25.3 33 2533 1383
12331 30.2 26.8 29 35.7 229 4 250 1353
13741 26.9 37.3 8 489 29 1 2545 ‘ 1744 i
12133 20 26 9 351 353 345 1216 :
R ERY 388 241 26.4 230 230 2575 | 1808
11422 287 14.3 35.5 26.3 339 2605 1594
12421 30.7 26.7 36 241 24 [ 2660 1754
12232 29.7 26.4 17.1 40.2 336 | 2660 1455

Table C.1 Fig. 6.1 Simulaticn Data





