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Abstract

Interconnection networks (INs) provide concurrent communication between processing
elements in parallel machines. A single crossbar can be used for this purpose but it is
difficult to fabricate in large dimensions, and so it is common to use a multi-stage IN
(MIN) which is itself constructed by linking a number of crossbars together. For all
MIN protocols this causes contention for internal links as well as destination links.
Moreover, when the network traffic becomes concentrated on one particular destination
address, the effect of the hot-spot propagates back over all shared internal links causing
throughput to drop sharply. This fundamental design problem is investigated for the
circuit switching protocol in which partial paths are held. For this protocol, the
switching network is a passive resource and so queueing networks which include them
do not have product-form solutions. However, under mild approximating
assumptions, hierarchical decomposition techniques may be applied to obtain a flow-
equivalent server for a parallel bank of devices transmitting through a switching
network. Validation of this model with respect to simulation indicates a high degree of
accuracy. Simulation models of MINs with more complex protocols are also described.
In particular, a novel circuit switching protocol specifically for optical networks is
proposed and this gives better performance than the more basic protocols.



Acknowledgements

First and foremost, I would like to thank my supervisor Peter Harrison who, through
his careful guidance, sound advice and encouragement has sustained me throughout my
research and made this thesis possible. I am also indebted to all past and present
members of the Functional Programming Group at Imperial College for providing such
an interesting and stimulating environment to work in. In particular, I owe special
thanks to the head of the group, John Darlington, for his support and encouragement.
Many thanks are also due to Graham Cope of British Telecom for the many fruitful
discussions about network modelling.

Finally, I would like to thank my wife, Hina, who has been very supportive and
understanding throughout the course, and my parents to whom I dedicate this thesis.

The research was conducted under both the Flagship Project (Alvey/SERC) and the
Performance Modelling of Parallel Architectures Project (SERC).



Contents

It O U IO e ettt iveeeeenerococsosncncncncnnnssseacsasssassssssssssesccsssnnanns 9

Chapter 1: Survey of Switching Networks and Modelling

TeChNiQUES. . oiiiierrieieeteerieteecesasssnssesssosssssnsssssnsons 12
1.1 Interconnection Networks for Parallel Processing Systems............... 13
1.1.1 Introduction to Parallel Computer Systems ..........cocevevvennene. 13
1.1.2 Interconnection Networks for Multiprocessors..................... 15
1.2 Multi-stage Interconnection Networks.........ccceveiiiiiiiiiiiiiiiniiinan, 18
1.2.1 Topology of Multi-stage Interconnection Networks ............... 18
1.2.2 Banyan NetWorKS ....ccoueiuiiiiiieiiieiiiiiieiiiiiiiiniiiinenaanns 18
1.2.3 Delta NetWOorks ...coueeineinereiiieiiiiiiiieiieiieiiiieieiiennenene. 20
1.2.4 Fault Tolerant MINS ....cccoiiiuiiiiiiiiiiiiiiiiiieiiieeieneene, 24
1.2.5 Operational Characteristics of Switching Networks................ 24
1.3 Models Of MINS.....cociiiiiiiiiiiiiiiiiiiiiiiii i 25
1.3.1 Blocking in MINS ....ouiiiiiiiiiiiiiiiiirieiieeieieieicereaeneenes 25
1.3.2 Synchronous MIN Models........c.cccceiviiiiiiiiiiiiiiiininnn.. 26
Synchronous CrossSbars........ceeeeerereneineenneieiiiieenennenaens 26
Synchronous, Circuit-switched MINS.......ccccoiiiiiiiiiiiiiinnn. 27
Synchronous, Packet-switched MINS.......cccceviiiiieiieininnnens 28

1.3.3 Asynchronous Multi-stage Interconnection Network
MOGEIS. .. et 28
Asynchronous, Packet-switched MINS.......cccooviviiiiiiinnnnnne. 29
Asynchronous, Circuit-switched MINS .........ocoviiiiiininne.. 29
1.4 Modelling Circuit-Switched Networks ......c.ccvveiiiiiieiiiiiiiiiiennen.. 29
1.4.1 Markov Model of Circuit-switched Networks...................... 30
1.4.2  Limiting RegIMEeS...ccceuuiiiiuiniiiiaiiieiiriiiiieiieiceveneeennen 31
1.4.3 Erlang's Fixed-Point Approximation ..........ccccvcvviviiiininane. 31
1.4.4 Circuit-switched MIN Model using Erlang's Fixed-Point......... 32

Chapter 2: Representation of Interconnection Networks in

Queueing ModelS.....cvvvirereieneeceosscscsssecssssnsssossssnes 33
2.1 Flow Equivalent Server for the Interconnection Network................. 34
2.2 Underlying Markov PrOCESS .....cuiuiiuiiiiiiiieeeieeieeneeeeeieeeeanennans 35
2.3 Underlying Birth and Death Process.........ccccvviiiiiiiiiniiiininnennnns 38
2.4 Virtual Bank of Infinite SEIVers .........coiviiiiiiiiiiiiiiiiiiiiiiiinaans 42
Chapter 3: Models of a Uniform Crossbar Switch......ccoviiiiieienennnn 46
3.1 Markov Model for a Full Crossbar.........c.ccoiiiiiiiiiiiiiiiiiiiiiinninn. 47
3.2 Markov Model for a Uniform Crossbar ..........ccoeeevieiieneininiinnnnn.. 49
3.2.1 Transition Probabilities.........ccevevuiiiiiiiiiiiniiniiiniiininann.. 49
3.2.2 Global Balance EQUAtiONS ......cueviirinriineeneiaieeieeeenieieenennes 50
3.2.3 Constrained Markov ProCess .......c.cuvveeeneeinineninenenienennns 51
3.2.4 ExactResultfora2 by 2 Crossbar.........c.cccooevviiiiininnnnn.. 52



Contents 6

3.3 Probability Model for a Uniform Crossbar..........cccecceviiiiiiniuinnnns
3.4 Throughput Function for a Uniform Crossbar............ccccccevvenunnne.
3.5 Static Probabilities for a Uniform Crossbar...........c..coooviiiiiinn.

Chapter 4: Models of the Non-uniform Crossbar Switch..................

4.1 Markov Model for a Biased Crossbar.......ccceceveireeiiniiiiiienieenenns
4.1.1 Transition Probabilities c..oeeieriiiiieeieiiiiiieiiiiieiiaieieeannns
Notation for Transition ProbabilitieS......covvviiiiiiiiiiiiiinnnnnen.

Transition Probability Functions ...........cocoviiiiiiiiiin,

4.1.2 Global Balance EQUations..........cccocvviiiiiiiiiniiiiiiiin...
4.1.3 Derivation of the Birth-Death Process .....ccovevviiiiiiiiiiiiiinnnn.
4.1.4 ConStrained PrOCESS .uuuueereeeieeeeniriersreeeeeseeceeseesssnnnsessns

4.2 Approximate Probability Model for a Non-uniform Crossbar ............

4.2.1 Static Probabilities for a Non-uniform Crossbar ...................
4.2.2 Transformed Static Probabilities.......ccociiiiiininiiiniiiiiniennens

4.3 Non-uniform Routing with Different Pin Release Times..................

4.3.1 Constrained ProCess .....ccevevuieueiiiieieiiuiiieiieiininnieiinennenss
4.3.2 Analysisof a2 by 2 Crossbar.......cccccoiviiiiiiiiiiin
4.3.3 Output Pin Utilisation in a Biased Crossbar........c...ccecevueune.

Chapter 5: Uniform Delta NetwoOrkS..cccocereereecerececessrcrsesosasasees

5.1 Exact Analysis of Delta Networks........ccoooviininiiiiiiiiniiiiinnnnnen.

S5.1.1  DefinitionsS...ccciiuieeuieniiiniiiiiiiiiiii e

5.1.2 A Crossbar in Equilibrium .......ccccooiiiiiiiiiiiiiiiii .

5.1.3 A Delta Network in Equilibrium..........c.coooiiiiiiiiiiiiie.

- 5.2 Analysis of Delta-2 Networks .....coueieiiiiiiieiiiiiiiiniiinuiinenan.
5.2.1 The Exponential Assumption and the Arriving Observer

PrOPeItY i

5.2.2 A 2by 2 Crossbar in Equilibrium.............coooiiiiii,

5.2.3 Recursive Analysis of Delta-2 Networks........coeveeiiiennennene.

5.2.4 Saturated Delta Networks .......ocovevuiiiiiiiiiiiiiiiiiin.

5.3 Approximate Analysis of General Delta Networks...........coveeueinenne.

5.3.1 Definitions and ASSUMPLIONS ....ceuiueeniineeneinueineinereeneneanes
5.3.2 Recursive Analysis of General Delta Networks ....................
5.3.3 Saturated Delta Networks ......ccocvviiieiiiiiiiiiiiiiiiiiiiiiin

Chapter 6: Hot-spot Contention in Delta Networks........covveeeeieesnnens

6.1 TerminOlOZY ....cueuinuiiiiiiiii it aeaeaes
6.2 ReaChability . o.uuuuiniiiitit it ee e eeeeaeeaes

6.3 Non-uniform Traffic Model......uuriiiiiiiiiiiiiiiiiiiii i iiiriieeanes

6.3.1 Network Routing Probabilities .........cceveveeiuiieiniineniiieninens
6.3.2 Switch Routing Probabiliti€s..........ccceueruuiuiierraiiirnvnreneens
6.3.3 Relation between Network and Switch Routing

Probabilities. .....ccoveiiniiii e

6.5 Exact Analysis of Biased Delta Networks.......ccovvviviiniiiiiiiienenanen.

6.5.1 D I NI OMNS . e iineiriee it eeeeeeneeneeeaeeancssnesansancansasancasances
6.5.2 Biased Crossbhars. ...uuuueieeeieetit it iiie ittt ineaaaearaaannnnns



Contents 7
6.5.3 Biased Delta Networks ......ccoovevvuiiiiiiiiiiiiiiiiiiiiiiiinnnn, 106
6.6 Analysis of Biased Delta-2 Networks......cccevvvuiiiiniiiiiiiiinennnnnn. 107
6.6.1 Simplifying ASSUmptions ........ccccoeviviiriimiiiiiiiiiiiiiinenn., 107
6.6.2 Biased 2 by 2 Crossbars......cccccvreiiiiiiininniniiiiiiinninn, 108
6.6.3 Recursive Analysis of Biased Delta-2 Networks................... 109
6.7 Approximate Analysis of Biased Delta Networks..................oeeiee. 111
6.7.1 Definitions and ASSUMPLONS ....uviviiiiiiiireiiiiiiiiiiiienn.. 111
6.7.2 Approximate Recursive AnalysiS........ccoeveviiiiiiiiiiiiinnnnn. 112
6.8 Fixed-point Equation for Release Time Ratios..........cccouveennnnnee. 113
6.8.1 Fixed-point Equation..........ccoeviiiiiiieiiiniiiiiiniiniininnnnnn., 114
6.8.2 Iterative Method .....c.ovieiiiiiiiiiiiiiiiiiiiiniiniiiiae 115
Chapter 7: Towards a better Protocol for Switching Networks........... 117
7.1 Circuit Switching Protocols.......cceeeiieiiiiiiiiiiiiiiiiiiiiiiiiiiinnnn, 118
7.2 The Delta Network TOPOIOZY....cccvviiiiiiiiiiiiiiiiiiiiiiiiiinininne, 119
I Y330 (54 0o 1 - O P PP PPTPPPPRPIN 120
Adjacent Input Address.....c.oeevniiieiiiiiiiiiiiiiiiiiiii 120
Clashing of Two Paths ..o, 121
7.3 The Combined Release-Hold Protocol.........cccoccvieeieieerciiiiinnnnns 121
7.4 Choosing the Final Releasing Stage.......cccccccviiiiiiiiiiiivieninnnnnnnn. 123
7.5 Unblocking Time of Blocked Tasks .........cooeeiiiiiiiiiiiiiiiiiiii, 124
7.5.1 Worst Case AnalysiS......c.ccoeviiiiiiininiiiiiiiiiiiiiiiiiiiinnann.. 125
7.5.2 Average Case Analysis ......coooveviiiiiiiiiiiniiiiiiiiiiiiiin, 126
7.5.3 Saturated NetWOTKS ....oueiniiniiiiiiiiniiiiiiiiiiiiiiiiiiiiaae, 127
7.6 Implementation of the Release-Hold Protocol ................oooiiiiin, 127
Chapter 8: Validation and Numerical ResultS.....ccccoiiieiieiiirnnanennes 129
8.1 Standard Traffic Schemes........ccoveiiiiiiiiiiiiiiiiiiiiiiiiii, 130
8.2 Validation of the Analytical MIN Models.........ccccovniiiininnnin 131
8.2.1 Validation of Model A against Simulation...............ccooeevenie. 131
8.2.2 Validation of Analytical Model B..........covvviiiiiiiiiiinnin. 133
8.3 Numerical Results of the Analytical MIN Models........cc.cocevveennne. 134
8.3.1 16-way Interconnection Networks.......c.ccovevuiiiiiiiiiiineinnns 134
8.3.2 Delta Networks with @ HOt-Spot........cccocveviiiiiiiiianininnne. 135
8.4 Simulation Results for the NSD Release-Hold Protocol................... 137
8.4.1 NSD Protocol with Standard Traffic Schemes..........ccccevuuee. 137
8.4.2 Varying the Last Releasing Stage......ccccccceriiiiiiiiiiniiiniinnns 140
Chapter 9: Conclusion and Future Work......cccvvviiiiieniniiiiincsnenenes 142
Appendix A: Exact Analysis of a 2-stage Delta-2 Network.......ccceeeeet 148
Al State SPACE..ciiiiiiiiiiiiiiie e e e e ean s 148
ALl DefinitionS .. ..cuitiiiiiiitiiiiieii i e et eeeeeenneas 148
A.1.2  Symmetric States......ccceviiieriieiiieinreeiiniiieierereeenene 149
A.13 Aggregated States....oceviiiiiieiiiiiiiiiiiiiiiiii et eneaaans 150
A2 MarkoV PrOCESS . ueiue et itiiiitiieeeireaeienianeneaaaaarasaaeeaanacnnn 150
A.2.1 Balance EQUAtIONS .....coiiiuiiiiiiiiiiiiiiiieiiiiiiieenneeeennens 151
A.2.2 Steady State Distribution.........cccvviiiiiiieniiiiieiiierenieeenaenn. 151



Contents 8

A.2.3 Derived Distributions......ccoovvieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiae. 152

A.3 Analysis of an Arriving ObSEIver........ccieiiiiiiiiiiiieniiiniiannenes 154

PN T (0151510 1 DU U PP PPPP 154

A.3.2 State seen by an Arriving Observer.........coocvviiiiiiiiiiinnn, 155

A4 Summary of Results.......cocoiiiiiiiiiiiiiiiiniii 156
Appendix B: Exact Results for a 2 by 2 Crossbar........cernenne. 158
LS I B 15351 1111 (o) o P PPN 158

B.2 Two by Two Crossbar Results......ccccoovviiiiiiiiiiiiiiininniinnninnnnn. 158
Appendix C: Conversion of Decimals into Rationals ........c.coovvuennee. 160

References 162

List of Illustrations

Figure 1.1 IN with a StatiCc TOPOlOgY....ccevviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieae 15
Figure 1.2 IN with a Dynamic TOPOIOZY....c.coevviiiiiiiiiiiiiiiiiiiiiiiiiieeene, 16
Figure 1.3 The 4-way crossbar switCh.....cccoccoiririiiiiiiiiiiiiiniiiiiiini, 18
Figure 1.4 The SW Banyan StrucCture.......cccccccccoeiiiiiimmiiii.. 21
Figure 1.5 Labelling a Bidelta Network .......cocoovviiiiiiiiiiiiiiiiiiiiiii, 22
Figure 1.6 Delta Network Topologies .......coceviviiniiiiiiiiiiiiiiiiiiiiiins 24
Figure 1.7 An Example of a Circuit-switched Network ...........ccooovviiiiiii 31
Figure 2.1 The Short-circuited Sub-network defining the FES Rate....................... 37
Figure 2.2 VBIS Servers with an Interconnection Network ..........cccovoviiiiiiiiinn.. 44
Figure 3.1 The Full Crossbar. ... ..cciiiiiiiiiiiiiiiiiiiiiiniiiiiiiiiiiiiiieii i aes 49
Figure 4.1 State of a Biased Crossbar ........coevuvviiiiiiiiiniiiiiiiiiiiiiniiin, 61
Figure 5.1 Pin Utilisations in ab by a Crossbar..........cccocvvviiiiiiiiiiininnnn. 81
Figure 5.2 Recursive Structure of s-stage Delta-2 Networks .........cooiiiiiiiiii, 85
Figure 6.1 Pin Classes in a 8-way Delta-2 Network ........ccovviiiiiiiiiiiiiiiiiiiinn, 98
Figure 6.2 Decode Tree of Topmost Network Input........ocoooiiiiiiiiiiiiii, 101
Figure 7.1 Pin Addresses in a Delta Network......ccccovivimmmiiiiiiiiiniiniiiiiinnnnnnnnn. 121
Figure 7.2 Task States in the NSD Release-Hold Protocol..........cccovueiivinnnninnn 124
Figure 7.3 Fan-in Fan-out Structure of the Delta Network...........cocoooiiiiiii. 127
Figure 8.1 A Performance Comparison of 16-way Networks ..........coceeveiiiiinininns 136
Figure 8.2 Graph of Throughput vs Hot-spot Routing Probability ........................ 137
Figure A.1 Symmetric States in a 2-stage Network .........cocvviiiiiiiiiiiiiiniiin.. 150
Figure A.2 Pin Utilisations in a 2-stage network ............cocveviiiiiiiiiiiininininnan. 157

List of Tables

Table 7.1  Unblocking Times for Blocked Tasks.......ccccovvrvmreiiiinnniciiiinininnnn 128
Table 8.1 Saturated, Uniform Delta Network ResSultS....cccceveeiiiiiieinieniiiieeneeenen. 132
Table 8.2 Saturated, Non-uniform Delta Network ResultS........cooviviiiiiiiiiiiiinnnnn. 133
Table 8.3 Non-saturated, Uniform Delta Network Results........c.cooviiiiiiiiiinnnnnnn. 133
Table 8.4 Non-saturated, Non-uniform Delta Network ResultS .....ccocvvvviiiiiinnnnnn 133
Table 8.5 Throughput Results for Models Aand B ..........cooeiiiiiiiiiiiiiiiiininne. 134
Table 8.6 Saturated 2-stage Network Results .......ooevuiiiiiiiiiiiniiiniieiiininnenann, 139
Table 8.7 Non-saturated 2-stage Network Results .........cooviiiiiiiiiiiiiiiiiinnan.. 139
Table 8.8 Saturated 6-stage Network Results ... ...ooo.viiiiiiiiiiiiiiiiiiiiiiiiiiinnnn, 139
Table 8.9 Non-saturated 6-stage Network Results .........ccoooviiiiiiiiiiiiiiiiii, 140

Table 8.10 Effect of the Last Releasing Stage .......ccvvueiiiiiiiiiiiiiiiiiiiiiiiiieaennes 141



Introduction

The complexity of large-scale parallel computer architectures is such that their effective
design requires guidance from some form of predictive modelling prior to construction,
and analytical models based on queueing network analysis provide a powerful tool for
this purpose. In many parallel machines, for example ALICE [DaRe81, HaRe86],
interconnection networks (INs) are required by data transmission devices (DMA
processors) to provide concurrent communication between the many processing and
memory elements. It is normally necessary for any element of one type to be able to
communicate with any of the other type, e.g. each processor must have access to any
memory. In principle, the interconnection can be provided by a crossbar switch in
which the contention for destination addresses is relatively easy to model as a
degradation of the transmission service rates. However, in practice, large crossbars
cannot be fabricated cost-effectively and a multi-stage interconnection network (MIN) is
normally used, comprising a number of stages of parallel banks of small crossbars.
This provides the required connectivity, but the sharing of internal links by different
paths across the network introduces extra contention.

Typically, the memory modules in parallel machines are not uniformly utilised by the
processing elements (PEs). For example, a data structure that is frequently accessed by
all the PEs may be stored entirely in one part of the distributed memory. Even if such
cases are avoided, the use of shared locks have a similar effect. When the network
traffic becomes concentrated on one particular destination link, the effect of this hoz-
spot propagates back over all shared internal links, thereby adversely affecting tasks
which are not requesting the hot-spot. Consequently, the network throughput drops
sharply for all MIN protocols.

There are two basic transmission protocols which require entirely different model types
- circuit switching and packet switching. In the case of circuit switching, the network is
modelled as a passive resource in a queueing network; in order to operate a data-
transmission server must hold a path comprising internal links and crossbars at each
stage through to the destination addressed by the task at the front of its queue. A
passive resource (such as a set of links across the network) is one that must be held by
a task in order to permit some associated active resource (such as a data transmission
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device) to provide service to that task, executing units of applied workload at its
particular service rate; a more common example is computer memory. In the case of
packet switching, such paths need not be held throughout a message's transmission,
and buffered internal crossbars can be modelled as conventional servers since their
transmission times are non-negligible because of the intelligence required to provide the
buffering. However, similar problems arise if the buffers become exhausted and
cannot be reasonably assumed infinite. Assuming infinite buffers, if the departure
processes from the output pins of each stage can be determined in terms of the stage's
arrival processes, the arrival processes to the next stage can be derived by simply
permuting the outputs according to the interconnection topology. Shuffle-exchange is
therefore a particularly convenient representation of this topology, since the permutation
is then the same between every pair of stages, [Si85]. Certain approximations
regarding the internal arrival processes at successive stages simplify the analysis,
providing an efficient algorithm, and such an analysis is given by Mitra and Cieslak
[MiCi87]. An analysis of a packet-switched crossbar in discrete time is given in
[PoHa88] and an approximate analysis of a buffered MIN with non-uniform routing is
given in [GaHu88].

However, we consider the alternative protocol - circuit switching - in which the
interconnection network is a passive resource, providing no direct service in the sense
of advancing tasks holding network links towards their completion. Our approach to
this problem relies on the recursive structure of the MINs we consider which is in
contrast to analogous research reported by Kelly [Ke86] on telephone networks. In
either case, we could in principle consider all routes through the network individually
and solve the associated Markov process directly to obtain the Erlang loss formula -
assuming, that is, that partial paths are not held but released on a collision, resulting in
lost transmissions. Because of the large number of routes, such a direct solution is
computationally intractable. Kelly's analysis relies on the network behaving as if the
steady state probabilities that each link is blocked were independent. This property is
shown to hold asymptotically as link capacities and network traffic approach infinity
jointly so that the traffic offered per link remains constant. In fact the approximation is
very accurate for telephone networks because of the large capacity links and large
number of nodes. Our analysis differs from this in that links have small capacities (viz.
one) and also that partial paths are held during path building. Moreover, partly as a
result of the former difference, there is a strong dependence between individual links
which do not behave remotely as if they were independent, and it is our recursive
analysis which captures this dependence in a simple way. In this sense, our analysis
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addresses the opposite end of the spectrum of switching networks and their control
protocols.

In the first chapter, we survey some of the switching networks commonly used in
multiprocessor systems, describe their operational characteristics, and discuss the
problems encountered in modelling such networks. Our general approach to modelling
a queueing sub-network that represents a collection of DMA servers together with a
circuit-switched MIN is presented in Chapter 2. First we apply decomposition
techniques to obtain the service rate of a flow equivalent server (FES) by determining
the throughput of the short-circuited sub-network as a function of its population,
according to the method of [CHW75]. This throughput is obtained by defining a
simple Markov process, under appropriate assumptions, in which some function, p,,
for throughput is assumed to be known when the number of active input pins, n, is
known - i.e. the number of DMA servers currently wishing to transmit. By considering
a Markov process in Chapter 3, we derive an expression for y, when the
interconnection network is a full crossbar switch with uniform routing. The uniform
crossbar model is extended in Chapter 4 so that non-uniform traffic patterns can be
investigated. In Chapters 5 and 6, we describe respectively, analytical models of
uniform and non-uniform delta networks by exploiting their recursive structure and
using crossbar models as the base case. A novel switching protocol for MIN is
modelled in Chapter 7 and the degree of degradation introduced by such networks on
the DMA servers' throughput is illustrated by numerical predictions in Chapter §. Our
conclusions and suggestions for future work are laid out in the final chapter.
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Switching networks have long been of interest to telephone engineers, computer
communication network designers and, more recently, architects of parallel processing
systems. This chapter describes various types of interconnection networks for parallel
machines. For large-scale parallel computer systems, multi-stage interconnection
networks (MINs) appear to provide the most cost-effective solution. The structure of
the most well-known MINs is described in some detail before the results of selected
MIN models with various operational characteristics are presented. The final section of
the chapter describes a modelling technique for circuit-switched networks. However,
for MINSs, this approach is impractical because the underlying assumptions are not
valid. Nevertheless, we include it as an example of a general modelling technique
which is very accurate for many large circuit-switched networks.

1.1 Interconnection Networks for Parallel Processing Systems

At the heart of any parallel processing system lies some form of interconnection
network (IN) which provides interprocessor communication. We present a popular
classification scheme for computing systems and describe various types of INs
associated with parallel systems. This brief introduction to parallel systems attempts to
show the importance of IN design and to outline some of the choices available.

1.1.1 Introduction to Parallel Computer Systems

Parallel computer architectures may be classified according to the number of
instructions and data streams that are accepted at the same time. In this classification,
due to Flynn [F166], there are four categories: SISD (Single Instruction stream, Single
Data stream), SIMD (Single Instruction stream, Multiple Data stream), MISD (Multiple
Instruction stream, Single Data stream), and MIMD (Multiple Instruction stream,
Multiple Data stream). Traditional uniprocessor systems are SISD machines and many
current systems exploit pipelining techniques to increase execution speed by
overlapping execution of instructions. SIMD machines or array processors have a
number of data streams which can be simultaneously read by a number of processors
when a single instruction is issued by the control unit. Each processor has a tag which
can be set to inhibit reading of the next data item so that selected processors may be
turned on depending on the program being executed. For certain applications, SIMD
machines are significantly faster than uniprocessors. Examples of SIMD machines
include the Massively Parallel Processor (MPP) [Po85] and Illiac IV [Bo72]. The third
category, MISD, is only of theoretical interest and has been dubbed as impractical by
many computer architects since it is unnatural for different instructions to
simultaneously act on the same data. In a MIMD architecture, there are a number of
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processors, each with its own instruction stream and data stream. The processors
behave independently until one processor needs to communicate or cooperate with
another. The interprocessor communication is provided by some kind of IN.

Parallel architectures can also be classified according to the structure or topology of the
IN. An IN is said to have a static topology if links between processors are static, i.e.
cannot be reconfigured to connect to another processor. The structure of the IN is
normally some regular pattern, the simplest example being the 1-D linear array. More
interesting static topologies include 2-D structures like the ring, star, tree, near-
neighbour mesh, and systolic array. Many of these INs provide the optimal structure
for mapping certain application program structures onto real processors. Although this
gives orders of magnitude speed-ups in specific application areas such as image
processing, matrix multiplication, LU decomposition (for solving simultaneous linear
equations), the fixed IN structure is not always appropriate in general. Thus another
important requirement of an IN topology is the ability to simulate other structures. For
this reason, higher dimensional structures such as the hypercube have also become
popular. Thinking machines Inc.'s Connection machine [Hi85] is a well-known
example of a SIMD architecture with a hypercube structure. The class of homogeneous
parallel computer architectures with a large number of processing elements (PEs) and a
static topology is shown in Figure 1.1 where processors are labelled P and memories
are labelled M. These parallel architectures are sometimes also called multicomputers.

PE

Figure 1.1 IN with a Static Topology

In contrast, the class of homogeneous parallel computer architectures with a large
number of PEs and memory modules (MM) and a dynamic IN topology is shown in
Figure 1.2. The dynamic IN can make connections from any PE to any MM and, in
principle, no MM is favoured by any PE. An example of this type of MIMD computer
is the NYU Ultracomputer [Go83].
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55 &

Figure 1.2 IN with a Dynamic Topology

Generally in multiprocessing systems, the processors can communicate and cooperate at
different levels in solving a given problem, i.e. by sending messages or by sharing
memory. It is generally agreed that for interprocessor communication, message passing
is slower than sharing memory. If there is relatively little processor interaction via
shared memory the parallel system is said to be loosely coupled. Thus in loosely
coupled multiprocessors, the processors have large local memories from which most of
its instructions and data are obtained and communication between processors is
achieved by sending messages across an IN. In this case, full connectivity is not
essential as the processors spend little time communicating with each other and an IN
with a static topology is suitable.

Parallel systems are said to be tightly coupled if there is a lot of processor interaction via
shared memory. Thus in tightly coupled multiprocessors, the processors communicate
through shared main memory and the IN provides full connectivity between processors
and memory. Usually a small local memory or cache is attached to each processor to
improve overall performance. Essentially, the speed of the machine is restricted by the
memory bandwidth and hence the IN topology. An IN with a dynamic topology is
most suitable. ALICE [HaRe86] is an example of a tightly coupled multiprocessor
system that is designed to execute functional programming languages [FiHa88].

1.1.2 Interconnection Networks for Multiprocessors

Both static and dynamic IN topologies can be used for interprocessor communication in
multiprocessors. Here we present some dynamic INs specifically for shared-memory
multiprocessors. In these architectures the sharing of main memory naturally causes
contention and so the IN design must be efficient, otherwise the processors spend most
of their ime communicating and doing little real work. We assess the relative merits of
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each type of IN and conclude that the multi-stage IN appears to provide the most cost-
effective means of implementing interprocessor communication for large-scale shared-
memory multiprocessors.

Shared-memory multiprocessor systems require some kind of switch to connect their
processing elements and memory modules, and being a unique shared resource in the
parallel machine, the switch is a potential source of contention. The simplest type of
switch for this purpose is the common bus which connects to every element. However,
the bus derives its simplicity at the expense of increased complexity in each component
that it connects. For example, bus request and receive pins are needed by each element,
together with several others for control and synchronisation, and non-trivial logic is
necessary to implement the bus's protocol. This increases the overall cost of a large-
scale multiprocessor and, moreover, each additional processor that is added to the bus
is faced with more contention and so delivers a diminishing increment in performance.

In order to accommodate more processors without increasing contention, the common
bus can be extended by using multiple common buses. Multiple bus INs are simple yet
fault tolerant and suitable for all algorithms. If there are N processors and M memories
a B-bus IN has cost which varies as O(B(NV+M)). Despite the inherent disadvantages
of the common bus, multiple bus INs are good for medium-scale parallel systems
because the number of buses can be increased until reasonable performance is attained.

At the other end of the spectrum, the switch might be a full crossbar which provides
parallel communication between any number of distinct pairs of processors connected
through it. For example, a crossbar may have two types of links — one for processors
and the other for memory elements — and a way of dynamically connecting any pair of
the two types. This allows parallel access to the shared memory provided that there are
no memory conflicts, i.e. two or more processors attempting to access the same
memory module.

An axb crossbar can switch any of its a input pins to any of its b output pins on the
appropriate clock cycle, so that the only contention possible is for the destination
processors, i.e. is internal in the switch for the output pins. We therefore have the
configuration shown below in Figure 1.3 whena=b=4.
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any-to-any, 4-way
internal connection

destination
processors

source
processors

Figure 1.3 The 4-way crossbar switch

Each additional processor that is added to the crossbar requires a new parallel link to
each of the output pins. Thus for a Nx¥N or N-way crossbar the complexity and cost
grow as O(NV2) and the very large crossbars required for large-scale multiprocessors
would become hopelessly complex and expensive. Moreover, large crossbars are
physically infeasible to construct using contemporary electronic devices.

We can interconnect a matrix of crossbars to form a multi-stage interconnection network
(MIN) which has a number of levels (or stages) such that the output pins of crossbars
in one stage are connected to the input pins of crossbars in the next stage. This
provides the same connectivity as a full crossbar (any input pin can be dynamically
connected to any output pin if there is a free path) but introduces contention for internal
links (path conflicts) on top of the memory conflicts. The cost of an N-way MIN
grows almost linearly, O(VlogN), compared with O(V2) for the equivalent crossbar.
There are several types of MINs, many with similar structure and properties, but here
we will consider banyan networks which are also called blocking networks because of
their path conflicts. However, there are also MINs like the Benes network [Be65] in
which all permutations can be realised by re-arranging some of the existing
connections. The Clos network [C153] is nonblocking without requiring any
rearranging. Both the Benes and Clos networks require more complex control than
banyans and are therefore unsuitable for large-scale multiprocessors.

A single stage or recirculating IN is so called because requests circulate over a single
stage of crossbars until they reach their destination output port. Although complexity is
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only O(N) for an Nx¥ single stage IN, the disadvantages of low bandwidth and little
fault tolerance make them unsuitable in practice.

1.2 Multi-stage Interconnection Networks

MINs provide a cost-effective means of implementing a full connection from processors
to memory with higher performance than the common bus and lower cost than the
equivalent full crossbar. Many types of MINs have been proposed and we consider a
sub-class of the banyan network, called a delta network. More recently, banyan
networks have been extended in various ways to improve fault tolerance.

The purpose of this section is to introduce various kinds of MINs: banyan, delta and
fault tolerant networks in particular, and discuss some of the design issues. The types
of MINs considered are by no means exhaustive but are presented here merely to
indicate broadly the most important classes.

1.2.1 Topology of Multi-stage Interconnection Networks

A MIN consists of a number of switching elements connected together via
communication links to form a network. We may interpret each switching element as a
node (or vertex) and each link as an edge (or arc). Ignoring the network input and
output pins, the MIN topology may be defined as a directed graph with a number of
input nodes (i.e. bases or nodes with no incident edges), a number of output nodes (i.e.
apexes or nodes with no outgoing edges) and internal nodes (i.e. nodes with at least
one incident edge and at least one outgoing edge). For an internal node A representing
an axb crossbar, we write indegree(A)=a and outdegree(A)=b.

Suppose a link connects two crossbars A and B, then the corresponding edge in the
graph has two labels: the first one corresponding to the output pin number of A and the
second to the input pin number of B. The edges are directed in the graph representation
for convenience only, and actual links may be bi-directional. For each graph G
representing a particular MIN, there is a reverse graph GR which is formed by
reversing all the edges and swapping the input and output nodes.

1.2.2 Banyan Networks

A banyan network, named after a type of Indian fig tree with a similar structure, is a
MIN with a unique path from each input pin to each output pin. This criterion implies
that the network has a tree-like fan-in and fan-out structure; a formal definition of
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banyan networks in terms of graph theory is given by Goke and Lipovski, [GoLi73].
A banyan network is said to be layered if its switches can be arranged as a number of
distinct stages. A layered banyan comprising J stages of crossbars in which outputs of
one stage connect directly to the inputs of the next stage, is called a J-level banyan.
There are two main types of J-level banyans: regular banyans and irregular banyans.
Irregular banyans connect any N inputs to M outputs through J stages of crossbars
where the ith stage employs ¢; n;xm; crossbars. Since no crossbar pin is left
unconnected, the number of outputs from one stage have to be the same as the number
of inputs to the next stage, i.e.

Cim; = Ciy1Ni+] (i=12,..J-1)
i-1 J .
so that: ci=IImj IInk (i =12,...J)
j=1 7 k=i+l

Thus N =nixci =nixnax...ny  and M = cyxmy=mixmaX..my

Regular banyans are constructed from a single type of basic crossbar switch (i.e. for
i=2,3,....J: nj=n1 and m;=mj) and examples of specific structures include CC banyans
and SW banyans which are defined in [GoLi73].

In this section we consider SW banyans which can be defined recursively as follows
for networks with 2x2 crossbars (the definition can be generalised easily to networks
constructed from axb crossbars with a,b>2):

(i) A one-stage network, Iy, is the single 2x2 crossbar

(i) An s-stage network, I, (s>0) has 25 inputs and outputs, i.e. 25-1 switches
in each stage, and is constructed by connecting a head stage of 25-! switches
to the right of 2 tail networks of (s—1) stages according to the partial shuffle
topology shown in Figure 1.4. The ith switch in stage s takes its top input
and bottom input from the ith pin of the upper sub-network and the ith pin
of the lower sub-network, respectively. This property of the topology is
particularly useful in obtaining the recurrence formulae in Chapters 4 and 5.
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} 22 switches

} 22 switches

Figure 1.4 The SW Banyan Structure
1.2.3 Delta Networks

A well-known example of a regular banyan network is the delta network defined by
Patel, [Pa81]. The definition of delta networks includes the additional property that
routing in the network is digit-controlled, i.e. the choice of which output pin to select at
a particular crossbar in the network can be determined by a single digit in the destination
address of the packet. A rectangular delta network is constructed from b-way crossbars
with the same number of input pins as output pins and is often called a delta-b network.
There are a number of different ways of connecting the outputs of one stage of
crossbars to the inputs of the next so as to obtain the desired connectivity. The
corresponding permutation functions define the network's topology. All these
topologies have been shown to be equivalent by Wu and Feng, [WuFe80]. Each
topology can be obtained from any other by permuting the switches in each stage of the
network and so all have the same performance characteristics, such as equilibrium
throughput.

In general, the path from a given input node to some output node can be described by a
path descriptor which is a string of digits where each digit indicates the output pin
number of some intermediate switch. If this path descriptor is independent of the input
node then we could associate it with the output node address and no longer require to
store path descriptors at each input node. In delta networks, this independence of
source node is maintained for all nodes and usually the address or the reversed address
of the output node is the path descriptor. Hence messages can be routed through the
network by consuming the destination address string from one end.

It is useful to have this delta property in the reverse direction as well as the forwards
direction because messages sent in one direction need acknowledgements in the other



Survey of Switching Networks and Modelling Techniques 21

direction. Thus a delta network with the self-routing property in both directions is
called a bidelta network. In graph terms, a delta network G is a bidelta network if GR
represents a delta network.

Each node A in a bidelta network is now associated with two types of path descriptors:
forward (fpd(A)) describing the normal routing from an input node and backward
(bpd(A)) describing the reverse route from an output node to node A. The way in
which node A is labelled using fpd(A) and bpd(A) determines the topology of the
network. Each descriptor can be reversed and the two descriptors can be concatenated
in two ways. Hence there are eight possible topologies given the operators reverse ( R)
and concatenation (<>):

fpd(A)<>bpd(A) which gives the baseline network (Figure 1.6(a))
bpd(A)<>fpd(A) which gives the reverse baseline network (Figure 1.6(b))
fpdR(A)<>bpd(A) which gives the flip network (Figure 1.6(c))
bpdR(A)<>fpd(A) which gives the omega network (Figure 1.6(d))
fpd(A)<>bpdR(A) which gives the modified data manipulator (Figure 1.6(e))
bpd(A)<>fpdR(A) which gives the indirect binary cube (Figure 1.6(f))
fpdR(A)<>bpdR(A4) and bpdR(4)<>fpdR(A) which remain nameless
(Figures 1.6(g) and 1.6(h) respectively)

Suppose an edge labelled (a,b) connects node A in stage j to node B in stage j+1 with
labels o,00,...,07-1 and By,B2,...,07-1 in a J-stage network. In any of these

topologies: -
fpd(B) = fpd(A)<>[a] and bpd(A) = bpd(B)<>[b].

Node A Node B
(a,b)
oy, @, ., %y By, B2v....., B
Stage j Stage j+1

Figure 1.5 Labelling a Bidelta Network
Consider the baseline network (i.e. nodes labelled by fpd(A)<>bpd(A)) so that

fpd(A) = 1,02,...,@j.1 and bpd(A) = @}, Q®j+1,...,0J-1
and likewise fpd(B) = B1,B2.....5j and bpd(B) = Bj+1.Bjs2,....BI-1.
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From the first equality fpd(B) = fpd(4)<>[a] we have: f; = ¢; (1<is/-1)and fj=a
and from bpd(A) = bpd(B)<>[b] we have: B; = 04.1 (j+1<i</-1) and 0.1 = b.

Thus any node with label o,00,...,0¢7.2,b in stage j (j=1,2,...,J-1) connects to nodes
in stage j+1 with labels a,02,.0.1,4,0;,..,07.1 where ae {0,1,...,outdegree(4)}.

Connections for other topologies follow using a similar argument based on forward and
backward path descriptors. It can be shown (as in [WuFe80]) that the baseline, reverse
baseline, flip, omega, modified data manipulator, indirect binary cube and the

remaining two topologies are isomorphic.

01

10

11

01

00 00
01 01
10 10

10

00 00
>< 01 01
10 10

<

11

11

11

(a) fpd(4)<>bpd(A)

<

11 11

(b) bpd(A)<>fpd(A)

(Reverse Baseline)

(Baseline)
00 00 00
01 01 01
10 10 10
11 11 11
(c) fpdR(A)<>bpd(A)
(Flip)

00 00 00
01 01 01
10 10 10
11 1 11
(d) bpdR(A)<>fpd(A)

(Omega)
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00 00 00 00 00 00
01 01 01 01 01 01
10 10 10 10 10 10

/\\>/ /\//\

11 11 11 11 11 11

(e) fpd(A)<>bpdR(A4) () bpd(A)<>fpdR(A)
(Indirect Binary Cube) (Modified Data Manipulator)
00 00 00 00 00 00

01 01 01 o1 01 01

10 10 10 10 10 10

11 11 11 11 11 i1

(g) fpdR(A)<>bpdR(A) (h) bpdR(A)<>fpdR(4)

Figure 1.6 Delta Network Topologies

Notice that the mirror image topology is formed by swapping the fpd and the bpd, and
that the topologies labelled with fpdR (i.e. a reversed forward path descriptor) require
the destination address to be consumed from the least significant bit whereas in the
other four topologies the address is consumed from the other (most significant) end.

In the remaining chapters, we will be using the following simplified terminology for
MIN topologies. The baseline and reverse baseline networks have a partial shuffle
topology. The flip and omega networks have a perfect shuffle topology. The modified
data manipulator and indirect binary cube have a n-cube topology. We will be primarily
concerned with the partial shuffle topology.
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1.2.4 Fault Tolerant MINs

As more and more parallel processing projects were constructed using banyan-type
networks it soon became apparent that some form of fault tolerance was needed. There
have been several studies to classify fault tolerant MINs [AAS87]. Rather than attempt
to compare all types of fault tolerant MINs, and assess the degree of fault tolerance with
respect to some fault tolerance model, we briefly describe a small selection of MINs to
highlight the sort of extensions that can be made to delta networks.

A simple extension to the delta network is to add an extra stage of switches. This then
gives multiple paths between input and output nodes so that single faults on one path
may be overcome by choosing an alternative route. In addition to providing fault
tolerance, multipath MINs give better throughput than unique path MINs because
requests that get blocked can try another path. The BBN Butterfly network [ReTh86] is
an example of an extra stage MIN.

An r-replicated, d-dilated MIN is a switching network which comprises r basic MINs
connected to a stage of crossbars and has each link increased in capacity by a factor d.
As well as this simple extension to the unique path MIN there have been some more
complex extensions aimed at improved throughputs and fault tolerance but with minimal
additional cost. For example, Augmented Shuffle Exchange Networks (ASENs)
[KuRe87] are MINSs in which the crossbars have auxiliary input and output pins that
allow intra-stage connections. These auxiliary links form loops within stages so that
blocked requests may be redirected via another crossbar in the sam. stage.

1.2.5 Operational Characteristics of Switching Networks

MINs are distinguished by three main operational characteristics: control, timing and
switching protocol. Typically, MINs have decentralised control with implicit digit-
controlled routing as in delta networks. However, timing characteristics depend on the
type of parallel machine that uses the MIN. For SIMD machines, the MIN is normally
used in synchronous mode whereas in MIMD machines the MIN is used in
asynchronous mode. As mentioned in the Introduction, there are two main types of
switching protocols - circuit switching and packet switching — as well as hybrid
protocols. In circuit switching, a complete path has to be established across the
network before data can be transferred from the input buffer to the destination buffer.
In the process of setting up this path there may be a required link already in use which
causes the path to be blocked. The partial path already established may then be held
until the link becomes free or may be released whereupon the source processor may
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have to retry after some appropriately chosen time. In a packet-switched MIN, there are
buffers at each crossbar switch and packets of data are transferred from one buffer to
the next in a single hop fashion. This protocol incurs higher transfer delays than circuit
switching but introduces greater potential for parallelism and higher throughput.
Hybrid protocols can also be used in buffered MINs in which packets can by-pass
many buffers by forming circuits across any number of stages when possible.

In the ALICE machine, the interconnection is provided by a 64-way delta-4 network.
This network operates in asynchronous mode with a circuit switching protocol in which
partial paths are held. Similar protocols have been proposed for a new generation of
INs constructed from optical crossbar switches [JO86] which can be fabricated with
larger dimensions than electronic crossbars and so deliver higher throughput. At
present, switching times in optical switches are non-negligible in contrast to the
corresponding electronic devices and so it is preferable to hold a partial path rather than
release the links when a request is blocked.

1.3 Models of MINs

Models of MINs with various operational characteristics have been presented in the
literature. Here we briefly describe a selection of these models classified by the timing
philosophy: synchronous or asynchronous mode of operation. We further classify
these categories by the switching mode: packet or circuit switching and explain why
asynchronous, circuit-switched MINs are harder to model than MINs with other
operational characteristics. Each of the modelling techniques we consider has to
overcome the problem of blocking in MINs, i.e. requests being blocked because of
unavailable shared resources (links). We find that different types of blocking are
involved in MINs with different operational characteristics and so different modelling
techniques are sometimes required for each type.

1.3.1 Blocking in MINs

Three types of blocking have been identified for general queueing networks: transfer,
service and rejection blocking. An approximate algorithm based on Mean Value
Analysis (MVA) has been developed in [Ak87] which solves queueing networks with
all three types of blocking involved. The maximum entropy approach can also be used
to solve such networks [KoXe88). Transfer blocking occurs at server i when a task
completes its service and wishes to join server j but is unable to do so because queue j
is full. Service blocking occurs at server i when a task is denied service at i because it
wishes next to join server j which is running at full capacity or not available. Rejection
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blocking occurs when a task at server i completes but can not go to queue j which is full
and so instead rejoins queue i for another service.

One type of blocking is present in each type of operation mode for a given MIN. A
form of rejection blocking where rejected tasks receive no service is present in many
models of synchronous MINs. In asynchronous, packet-switched MINs with finite
capacity buffers there is transfer blocking. Similar approximations as in [Ak87] can be
applied here because the MIN is basically a queueing network with blocking. Service
blocking occurs in the DMA (Direct Memory Access) servers attached to the inputs to
the asynchronous, circuit-switched MIN because the data transfer (i.e. DMA service)
cannot take place until a complete path across the MIN is established. Furthermore, all
links in the path across the MIN need to be held at the same time and since the links are
shared resources, we have the problem of simultaneous resource possession [Wh85].

1.3.2 Synchronous MIN Models

Over the past ten years numerous synchronous MIN models have been proposed
primarily as a result of interest in SIMD computers. Much of this work involves the
permutation capability of MINs, i.e. the number of total, 1-1 functions mapping input
ports to output ports that can be realised by the MIN without path conflicts. Other work
in this area has concentrated on determining the effective bandwidth of the MIN when
requests arrive at an input with a given probability at the beginning of the time slice.
Here we present an overview of [Pa81] which considers a synchronous circuit-
switched network and the results of [Je83] which considers a synchronous packet-
switched network. '

We start by considering a model of an nxb crossbar operating in synchronous mode.
Bhandarkar, [Bh75], presents a discrete Markov chain model in which the state
(k1,k2,....kp) with Zk;=n represents the number of requests at each output pin. At the
beginning of a cycle all free inputs request any output with equal probability. If at the
end of a cycle there are k non-empty queues, then k requests need re-assigning because
after the first request in each queue is served it effectively recycles to join again. By
adding the recycled requests one by one to the queues, the terminal states can be
determined and hence the transition probability matrix and steady state probabilities can
be calculated. However, this is computationally complex and difficult to extend to
arbitrary memory selection probabilities.
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The complexity of the above Markov model can be reduced by assuming that all
blocked requests in a given cycle, retry independently on the next cycle. This
assumption has come to be known as Strecker’s approximation [St70]. Let p be the
probability of sending a request in a particular cycle (which is the same for all inputs).
Thus the probability that the uppermost output is not connected via any of the n inputs

n
is [1 - % ] . Since all outputs are identical, the bandwidth (B) or expected number of

busy output portS and the probability of acceptance (P4) is given by, respectively:
n
B=b[1-[1—%H and Py = B

The error is about six to eight percent for b/n>0.75 when p=1. The closed form
solution is widely used despite its underestimation of bandwidth at low request rates (p)
and overestimation for higher p.

In [YPD82] the rate p is increased to take account of the rejected requests that are
resubmitted. The new rate p’is given by:

D S
P = TPi(1-1/p)

This overestimates the bandwidth because it assumes that the queued requests are
distributed uniformly over the outputs. By restricting the uniformity of the distribution,
the model is refined to give very accurate results.

A queueing system approach assuming binomially distributed arrivals to the crossbar is
investigated in [BaSm76]. This is asymtotically exact as either n and/or b tend to
infinity but also give fairly accurate results for small values of n and b.

nch ircuit-switched MIN

Consider a J-stage delta network constructed from axb crossbars. The following
analysis of synchronous circuit-switched delta networks can be found in [Pa81]. Ina
delta network with uniform request patterns, the transmission rate of requests from each
output in a given stage is the same. Thus we only need to consider one switch of each
stage where the rate of requests at a switch output is a function of the rate of requests at
the switch input. Let p; (0</<J) be the rate of requests at an output pin of a crossbar in
stage j and p( be the rate of requests at each input port of the network. Applying
Strecker's approximation to a crossbar in stage j we have:
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forj=1,2,...,.], pj = |:1 —_ ( - Ejéll)a] and B=blpj

In [KrSn83], an asymptotic expression for p;y (with a=b) is derived which approximates

to:
2%
P1= 07 +2bIpg

The analysis of [Pa81] is extended to include favourite memory references in [Bh85].

Synchronous, Packet-switched MINg

The model in [Pa81] also applies to synchronous packet-switched delta networks
provided that switches are unbuffered and packets are generated at the beginning of
each cycle. The other models presented here can be classified by the size of the buffers
used at each node: single, finite or infinite buffers.

The first paper on modelling buffered packed-switched MINs is by Dias and Jump,
[DiJu81] which considers single buffers at each input pin. The switch is modelled
using petri-nets and results in complicated expressions. Jenq, [Je83], has a similar
analysis but without using petri-nets. Kruskal and Snir, [KrSn83], present a model for
a MIN with infinite-sized buffers which implies that there is no blocking and the request
rate p is the same at all stages in the steady state. More recently, there have been papers
concerning finite buffered MINs, e.g. [HaJu87] and the analysis has been extended to
include non-uniform routing [KiGa88].

1.3.3 Asynchronous Multi-stage Interconnection Network Models

Models of asynchronous MINs have been sparse in the literature. However, in recent
years there has been considerable interest in developing such models mainly because of
developments in two distinct areas: MIMD parallel computer architectures and
communication networks. The need to design novel parallel architectures has
encouraged the development of new modelling techniques and new applications for
more established ones. In particular, the MINSs in shared-memory architectures need to
be modelled to aid the design process. The other impetus for modelling asynchronous
MINs has come from the new integrated services digital communications network in
which MINs provide a switching function for data packets.
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Asynchronous, Packet-switched MINs

Here, we briefly describe the analysis reported by Mitra and Cieslak, [MiCi87], which
assumes that buffers at links have infinite capacity. This assumption removes the
problem of blocking and effectively makes the MIN a complex queueing network.
Much of this complexity can be reduced because there is no feedback (i.e. no task can
ever return after leaving a node) and each node in a particular stage has statistically
identical behaviour. Thus, the analysis considers only one crossbar in each stage and
approximates the superposition of arrival processes and the splitting of the departure
processes by stationary renewal processes described by the traffic descriptors: the
traffic intensity and the coefficient of variation of queueing time at the node. Assuming
that the sources at the first stage are Poisson, the link queues are M/G/1 and so the
Pollaczek-Khinchine formula gives the mean delay and other well-known results give
the coefficient of variation of the departing process. In other stages the queues are
GI/GI/1 and so further approximations need to be made. Finally, an expression for the
mean time from source to destination is derived. The problem of blocking in
asynchronous MINs with finite buffer capacity has been difficult to solve. An MVA
algorithm for blocking in general queueing networks is reported in [Ak88] and this is
extended for MINs in [JiBh88].

Asynchronous, Circuit-switched MINs

We will be considering asynchronous, circuit-switched MINs in the following chapters.
Here we note that the problem of blocking still remains in this case and that it is further
compounded by simultaneous resource possession. Similar problems arise in
modelling telephone networks and in the next section we shall see that an elegant
modelling technique has been developed for this case.

1.4 Modelling Circuit-Switched Networks

The modelling of large circuit-switched networks has long been of interest to telephone
engineers, designers of large computer communication networks and more recently
architects of parallel computers. Here we summarise some of the work presented by
Kelly, [Ke86], and attempt to apply the results in MINs. We start by considering a
Markov model for general circuit-switched networks which is exact but computationally
impractical for large networks. However, in limiting cases links behave as if they were
independent and this leads to Erlang's fixed-point approximation which is
computationally tractable and gives very accurate results. We apply this approximation



Survey of Switching Networks and Modelling Techniques 30

to MINs below and discuss why the technique does not work well for this type of
network.

1.4.1 Markov Model of Circuit-switched Networks

As an example, consider the following network in Figure 1.7.

G
Figure 1.7 An Example of a Circuit-switched Network

In general the network may have an arbitrary topology. Suppose that there are J links
labelled j=1,2,....J with link j comprising C Y circuits. A call on route r simultaneously
holds Ajre {0,1} circuits from link j. (More generally, a call may use more than one
circuit from a link but here we will only consider the simpler case to simplify the
notation.) Thus route r can be identified by {j | Aj=1} and the set of routes R is a
subset of the power set of {1,2,..../}. Calls requesting route r arrive as an independent
Poisson process with rate vy and are lost if a required link has no free circuits.
Successful calls on route r hold all links je r for a random period of time with unit
mean.
Let  n,be the number of calls in progress on route 7,

n = (n, | re R) describe the state of the network,

C=(Cjlj=1.2,..J)and A = (Ajr | j=1,2,....J; reR)
The state space of the network can then be expressed by S (C)={neZ$ | An<C}

If m(n) is the steady state probability of the process being in state n, the detailed balance

equations are:
m(n)v, = (n(") (n,+1) where n, n(Ne S(C)

and n(") is the vector n with n, incremented by one.

These equations are satisfied by (See [BHJ48] or [Ke79]):
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reR neS(C) reR

The steady state probability of acceptance of a call on route r is given by:

_ G(C)
2 m(n) = CC-Aey

neS(C-Aey)
where e S(C) is the unit vector describing just one call or route r.
These simple forms of equations may appear at first to give the complete solution.
However, the number of routes can grow exponentially with the number of nodes J
(since IRI<2/). So the normalising constant is only computable for small networks.

1.4.2 Limiting Regimes

Suppose the capacities C; and offered traffic vy are increased together such that the
ratios Cj/ vy are kept fixed. It has been shown in [Ke86] that in the limit, parameters
Bje [0,1) associated with link j emerge such that the probability of losing a call on route
r is given by:

Ly=1-TI(1-B))

JETr

Thus in the limit, it appears as if links block independently, link j blocking with
probability Bj.

For star networks, where all calls pass through the central node, it has been shown in
[KeZi85] that in the limit when the number of nodes approaches infinity, the same
result holds. These limiting regimes suggest that links behave as if they block
independently when link capacities are high and/or when the number of nodes is large.

1.4.3 Erlang's Fixed-Point Approximation

Suppose a link of capacity C is offered Poisson traffic with rate v and is held for some
random time with mean one. This forms a M/G/C/C queue and in the steady state the
probability that a call is lost is the same as the probability that all circuits are busy since
Poisson arrivals "see" the link in equilibrium. This probability can be determined from
Erlang's Loss formula: |

c -

vC
E(v,0) =TT 710:1

n=0

The throughput of this link is U(1-E(v,C)).
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In the network we make the assumptions that before traffic vy is offered to link j, it is
thinned by a factor 1-E;, ie r—{j} (where E; is the blocking probability for link #) and all
thinnings are independent. Thus it can be shown that:

E; =E(Y Ajor [[(1-E),C))  where E(0,1)
reR ier-(j}

This is Erlang's fixed-point equation and in [Ke86] it is shown that the fixed-point
exists and is unique for fixed routing. For dynamic routing, where alternative routes
are attempted when the first route is unavailable, there may be more than one fixed-
point. The work in [KeZi85] indicates that for more complex networks Erlang's fixed-
point approximation gives more accurate results.

1.4.4 Circuit-switched MIN Model using Erlang's Fixed-Point

Consider an s-stage delta-b network as an open network with arrival rate v per input pin
and uniform routing across all output pins. There are &S routes from each input pin, all
of length s+1 links and all links have unit capacity. Since blocking is uniform across all
stages (since partial paths are released) let the link blocking probability be B. The
arrival rate per route is v/b* and is thinned by a factor (1-B)S. Thus Erlang's fixed-
point equation is B = E(1(1-B)S,1) and hence throughput is bS1(1-B)S*+1. This looks
suspect because the first equation is independent of the degree of the crossbars in the
delta network, but depends only on the number of stages. For small networks (e.g. 3-
stage delta-2 network) the exact state space probabilities of the Markov model can be
determined. Cope, [Co87], shows that the Erlang model for a MIN gives unacceptably
large errors in throughput compared to the exact model.

The inadequacy of Erlang's fixed-point approximation for MINs indicates that the links
do not block as if they were independent. From the limiting regimes (Section 1.4.2),
we can see that Erlang's model for MINs is inappropriate because MINs have unit
capacity links and small number of links per node. Cope, [Co87], extends the Erlang
model to other fixed-point methods that achieve more accurate results.

Note that all these models deal with networks which release partial paths whereas the
main body of the thesis will be concerned with holding partial paths.
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Queueing networks provide a powerful tool for modelling computer and communication
systems. In the cases of parallel computer architectures and INs (connecting processing
elements to shared memory modules) queueing models are crucial to the design

process. However, the IN is a passive resource in that links in it need to be held by
active resources for them to provide their service. Thus queueing network models of
the parallel machines have blocking and this rules out the possibility of obtaining an
exact product-form solution.

We consider a circuit-switched delta network in which partially established paths are
held. Assuming that the remaining components of the parallel machine are easy to
model, the queueing network model of the entire machine will have service blocking at
servers attached to the IN. Even without blocking this queueing network may have a
large number of servers which may preclude an efficient solution. Hence, we need to
apply aggregation techniques which replace a collection of servers by a single server.
Bearing this in mind, we extend these techniques so that INs can be represented in a
queueing network.

2.1 Flow Equivalent Server for the Interconnection Network

Consider a M server queueing network whose state is described by n=(ng,n1,...,np-1)
where 720 (i=0,1,...,M~1) is the queue length at server i. In the steady state we can
equate the flow into state z with the flow out of state p to obtain the global balance
equations. In product-form networks, these equations can be partitioned into local
balance equations. If there exist steady state probabilities which satisfy these equations
then the network is said to have the local balance property. In such networks, the
queues may be considered in isolation and the steady state probabilities of the entire
network will be a product of the steady state probabilities of each queue (up to a
normalising constant).

In a locally balanced queueing network, it is a standard result [CHW75] that any sub-
network can be replaced by a flow equivalent server (FES). The service rate of the FES
with queue length & is equal to the throughput of the short-circuited sub-network with
population N. This result is an application of Norton's theorem from electrical circuit
theory. In general, it cannot be applied to queueing networks which do not have the
local balance property. However, in many such cases when it is applied it gives a good
approximation [Co77].
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We apply Norton's theorem to sub-networks which comprise a bank of direct memory
access (DMA) servers together with some circuit-switched IN, the remainder of the
enclosing network satisfying the local balance property. Service blocking at the DMA
servers implies that this decomposition is not exact but at least it isolates the problem.
Under appropriate assumptions, the behaviour of the short-circuited sub-network can
be represented by a stationary Markov process. For each valid population of this closed
system, we find its throughput and hence FES-rate by solving the balance equations of
this process.

The switching network is represented by a function which determines the effective
service rate of the bank of DMA devices when they compete for network paths. The
appropriate functions for full crossbar and delta networks are derived in Chapter 3 and
5 respectively; in the form of a recurrence relation that exploits the recursive structure of
the network in the latter case. In Section 2.3, we consider the limiting case in which
there is no degradation, i.e. every active input port of a network is always connected to
a destination. In this case, we obtain the well-known expression for the throughput of
a multiple server. Later in Chapter 3, we also derive a closed formula for FES-rate
when the switching network is a crossbar.

2.2 Underlying Markov Process

The flow equivalent server for b parallel DMA channels connected through an
interconnection network is defined by the short-circuited network shown in Figure 2.1
for populations N>1. The switching network may be a full crossbar or a delta network.
When N=1 the customer experiences no contention for links and so the throughput is
the same as the DMA service rate. The shaded box represents the switching network
which limits the number of active outputs, m, to some value between one and the
number of active inputs, n, according to its internal connection topology.

We make the following assumptions about this closed system with a circuit-switched
IN in which partial paths are held:

. All queues have a FCFS discipline.

. All tasks are of the same class, i.e. we do not distinguish between read and
write requests.

. The IN is used in one direction only, i.e. requests arrive only at DMA
servers and the network does not set up paths in the reverse direction.
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. Service time of DMA servers has negative exponential distribution with rate
1 when a connection is made, i.e. message lengths have this distribution.

. Path set up time and release times are negligible compared to service
durations, i.e. the path across the network or partial path to the first
blockage will be established instantly. In practice, this is a reasonable
assumption because the DMA service times are many orders of magnitude
higher that switching times in contemporary electronic switches.

. Recycling task chooses any of the b queues with equal probability.

For the present, we will not need to know the memory reference pattern of the tasks in
the network.

N tasks

[ ]
m active outputs

[

o] nactive inputs

Figure 2.1 The Short-circuited Sub-network defining the FES Rate

For this closed system, with population N>1, we define the following:
*  n=(ng,...,np_1) is a vector of queue lengths at the source servers (n;20,
i=0,1,...,b-1).
*  mis the corresponding number of active output pins.
. #(n) is the number of non-zero components of p; (we will use n to denote
#(n) where there is no confusion).

We also define the following random variables:

. N() in which the component N;(¢) denotes the number of tasks at server i
(i=0,1,...,b-1) at time r20.

. M(r) which denotes the number of active outputs at time 1=0.

Thus we define the following process:
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W) = (N@0OM) 120}
b1
with state space Q, ={@m! Zni =N, m=1,2,...,min(a,n)}

i=1
This is a non-null recurrent Markov process (with generators defined by appropriate
state transition probabilities) under the assumption that all servers have negative
exponentially distributed service times; this assumption can be relaxed for various
queueing disciplines in standard ways, as described by Baskett et al, [BCMP75].

We could now obtain the balance equations for the state space probabilities of W(z) in
the steady state by considering every possible state transition which may occur on a
service completion. Suppose a path from server i is released and the recycled task joins
server j. Then there are three types of free output port acquisitions:

(a) by task blocked on path from i,
(b) by next task in queue i, and

(c) by recycled task if queue j was empty.

In an s-stage IN, there may be up to s tasks blocked on the path from server i and so
there may be s type (a) acquisitions. At the same time, there may be two other
acquisitions, one of type (b) and the other of type (c). Altogether there may be up to
s+2 pin acquisitions on a single service completion. Thus, state transitions (n,m) to
(n'ym") can occur such that

m’'=m-1, m, m+1, m+2,..., m+s+1
This results in a large number of equations and the approach is impractical even in the
simple case of a full crossbar. Moreover, in a similar analysis of a delta network, the

state space {2, must be extended to represent every path and partial path established,
vastly increasing computational complexity.

The number of states of the process W(t) can be reduced considerably by aggregating
states which represent the same number of active input ports. The aggregation results
in the following process:

X = {(#Q@), M®) | 20}

with state space 2 ={@mm)n=1.2,..b; m=12,...,min(a,n) }

Next we will make assumptions about the arrangements of the N tasks on the n queues.
In the next chapter, we show that all such arrangements are equally likely in the case of
full crossbars.
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2.3 Underlying Birth and Death Process

Suppose the switching network can be represented by an expression vy, the expected
number of active outputs when there are n active inputs in the steady state. We assume
(approximately) that this relationship holds at all times. In the case of a direct
connection (no switching network) every active 'input’ will always be connected to an
'output’ and we have v,=n which does always hold exactly. We will also use u, =
Lpit to denote the effective service rate function of a bank of servers, each with rate f,
connected through such a network when n servers have non-empty queues. Thus it is
no longer necessary to include the number of active outputs in the state space, since we
can approximate this by v, when there are n active inputs. This approximate
aggregation then leads to the following process when the population of the short-
circuited sub-network is NV :

Y(r) = {N() | 120} with state space £y = {n| Zn; =N}

Let m(n) be the stationary probability of the process being in state ne £2y.

We now aggregate all states n with the same number of non-zero components and
consider the following integer-valued, stationary Markov process:

Z(t) = {#(N() | 20} with state space £2, = {n| 1<n<min(b,N)}
This process describes the number of active inputs to the switching network at time ¢
and has stationary probability p, for ne £, i.e. p, is the steady state probability that n
input pins are active. The aggregate state n therefore represents the subset of states
Sn = {n | #(n)=n, Zn;=N} of the process Y(t), where the sets S, form a partition of .
In fact, for a given n, each state in S, has the same steady state probability with respect
to the process Y(¢), i.e. each arrangement of customers in any 7 non-empty queues is
equally likely. This follows because the generators of the Markov process Y() depend
only on n and not directly on the component values n;. The balance equations for Z(r)
then follow immediately by expressing 7(z) in terms of p, for each ne £2y. Of course a
stronger result holds in a simple Markovian queueing network (with no switching
network) when the visitation rate to service rate ratio is the same for all servers, namely
that all states are equi-probable (cf. the multiple server result discussed below).

n!

We define the combinatorial function (binomial coefficient), C, by #C,, = m

and use the following elementary combinatorial results:

. n .
i nC,= ;n—lcm_l for integers n=2m>0.

(i) 7Cpy=n1"1Cp_1 +"1C), for integers n2m>0.
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(i) The number of ways of arranging n balls in m urns is #*m-1C, _,.
Suppose there are n+m—1 items in a line, then the result follows since every

choice of m-1 items (each as a partition) creates m containers (urns) with a
total of n remaining items (balls).

(iv) The number of ways of arranging n balls in m non-empty urns is *~1C,,_;.
This follows from (iii) since there is at least one ball in each of the m urns
and so the result is the same as the number of ways of arranging n—m balls
in m umns (m having already been accounted for).

m
Thus we deduce from (iv) that for n2m, » MC"-1Cy_y = m+n-1C,,_; since if n
k=1

balls are arranged in m ums, they must occupy k£ non-empty urns for some & (1<k<m)
and there are ™C}, ways of selecting & urns from m. This result follows formally from

Lemma 3.1 in the next chapter.

Now by analysing process Z(¢) in the steady state and using the above combinatorial
results we obtain the following theorem:

THEOREM 2.1

Consider a b-input IN with effective service rate function y, in a cyclic network
comprising a parallel bank of DMA servers with population N. Under the assumption
that all arrangements of customers on n# non-empty queues are equally likely, the

throughput is given by:—
b
TN) = Y HnPn (2.1)
n=1
n-1
pu TTH{(B-HV-))
here = & 2.2)
! o Hnln-1)12 (
b
n-1 ' _
M 'H1{ (b-NWN=))}

d -1 = = 2.3
an P1 D2 (2.3)
n =

PROOF

State transitions of the process Z(¢) can only occur on completion of service by a task
which then recycles to join one of the b queues. Thus there are only two possible types
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of state transitions: n—n+1 and n+1—n (1<n<b) since transitions g—pn’ of the process
Y(r) with #(n)=#(n") do not cause a change of state in Z(f). For the first type of
transition to be possible, the completing task must depart from a queue in which there is
at least one other task (length > 1), and must then join one of the b—n empty queues.
Let g;; be the probability that the state changes from i to j on a service completion.

Since states (of Y(¢)) with the same number of non-empty queues are equi-probable, the
transition n—n+1 occurs with probability g n+1 given by:—-

Qnn+l = (b;n) Pr(queue length at a given active input > 1 when # are active)

(b—n) # arrangements of N—1 tasks in n non-empty queues
B b  # arrangements of N tasks in n non-empty queues

N-2
_ (b;") N-lgn_i by standard combinatorial results as above
n—

(b—n) (N-n)
b (N-1)

(2.4)

Conversely, for the second type of transition, the completing task must leave from a
queue in which there are no other tasks and must then join one of the n non-empty
queues. The transition n+1—n therefore has probability gn+1 » given by:—

n . .. .
Qn+ln = 5 Pr(queue length at a given active input = 1 when n+1 are active)

# arrangements of N—1 tasks in n non-empty queues
# arrangements of N tasks in n+1 non-empty queues

n
B b

nN2c, n2
b ¥, - BWD

(2.5)

Now from (2.4) and (2.5), given that the effective service rate function of the switching
network is i, we have the following balance equations for the process Z(¢) with
n=1,2,...,b-1:

UnDp (b-n)(N-n) = Un+1Pn+1 n2 (2.6)

Solving this for p, gives (2.2),with normalising constant given by (2.3). The

expression for the throughput T(NV) follows from this distribution and the effective
service rate function. []
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When the effective service rate function 4y, is a simple expression, it is not necessary to
compute the distribution p, directly to obtain the throughput T(V) by Theorem 2.1. In
such cases an expression for throughput may be obtained by the following theorem:

THEOREM 2.2

Consider a b-input IN with effective service rate function yp, in a closed system of a
parallel bank of DMA servers with population N. Under the assumption that all
arrangements of customers on # non-empty queues are equally likely, the throughput is

given by:—
bN

T(N) = ponTHD) (2.7)
where H@) = t—”sﬁ (2.8)

n=1
and ¢, is given by the following recurrence formula and boundary condition,
respectively:—

(b-n)N-n)ty = n2tn4q n=12,...,.b-1 (2.9)
b

and St = 1 (2.10)
n=1

PROOF

Substituting 1, = 4pp in the balance equations (2.6) and the normalising condition for
DPn We obtain the recurrence formula (2.9) and the boundary condition, (2.10). We can
solve this by defining the generating function

G@) = Y, tnz" (t, = O for n>b) 2.11)

n=1
¥4
o , c 1 . _ (Gw
G(2) has first derivative G'z) = Y, ntpz"~! andin fact H(z) = | ——du
n=l O

We now have T(N)= G(1) and we can rewrite the recurrence formula (2.9) as
Nb(ty/n) — (N+b)ty + nty + tye1 — (n+ Dty = 0

Multiplying by z” and summing yields
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i
o

NbH(z) - (N+b)G(2) + 2G'(2) + 1 (G(z)-112) - G'(2) + 11

]
(=

i.e. (1-2)G'(z) + N+b-z"1)G(z) - NbH(2)

Thus, setting z=1, we obtain the required expression for the throughput T(N). ]

In Theorem 2.2, H(1) is derived from the boundary condition (2.10) which depends on
the specific form of u, given by the characteristics of the switching network.

In the simplest exact case where we have direct connection (no switching network),
b

Unp=npt and the boundary condition (2.10) becomes Z In_ 1,1e. HQ1) = 4,
n
n=1 H
giving the well-known 'multiple server' formula for T(NV) = b—+bNi—T M derived by a

number of authors, e.g. [HaFi86]. There is a similarity between the expression for
T(N) when there is a direct connection and the expression for u,, when there is a full
crossbar (given in the next chapter). In fact, the two expressions can be unified by the
substitution, N=n. As we will see shortly, this is to be expected because both
expressions can be derived by purely probabilistic arguments which use the fact that
each arrangement of tasks over a fixed number of non-empty queues occurs with equal
probability in the steady state.

2.4 Virtual Bank of Infinite Servers

In parallel computer architectures, the processors may be idle for some time waiting for
communication and so they are usually multiprogrammed to increase utilisation, i.e. one
real processor (agent) behaves like a number of virtual processors. This is particularly
important in architectures with relatively small grain parallelism such as ALICE. In
many cases the agents are synchronised with some other agent across the network. For
example, in the ALICE machine a virtual agent sends a request to a packet pool agent
(memory module) for more work and awaits a reply. Hence, for any new arrival (the
reply), there has to be an idle virtual agent that initiated the task even though the actual
agent may be busy. Such agents are effectively infinite servers.
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b banks

of virtual
servers

Ntasks

Figure 2.2 VBIS Servers with an Interconnection Network

Suppose the b DMA servers connected to the MIN in Figure 2.2 are multiprogrammed
as v virtual agents and form a virtual bank of infinite servers (VBIS). The short-
circuited sub-network with population N<bv can be analysed by a similar approach to
that adopted in Section 2.3. Now the analysis of process Z(f) (assuming the effective
service rate function is 4,) leads to Theorem 2.3. First we require the following

combinatorial results:

Let R(N,M,v) be the number of ways of distributing N balls on M urns under the v-
occupancy restriction (i.e. maximum of v balls per urn). It is shown in [GaCh87],

M
RINMv) = 3 (~1) MC; N+M=j0w =10y (2.12)
J=0

Let A(M,N,v) be the number of ways of distributing N balls on M non-empty urns
under the v-occupancy restriction. So A(N,M,v) = R(N-M ,M,v-1) since one ball is
fixed in each of the M non-empty queues (thereby reducing the number of vacant slots
in each queue by one) and the remaining balls are arranged on top. Thus,

M
ANV,ny) = Y, (-1 MCiN=v-1Cy (2.13)
Jj=0
THEOREM 2.3

Consider a b-input IN with effective service rate function y, in a cyclic network
comprising a parallel bank of DMA servers with multiprogramming level v and total
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population N. Under the assumption that all arrangements of customers on n non-
empty queues (banks of virtual servers) are equally likely, the throughput is given by:—

b
TWN) = > Lnpn N=1,2,...,bv (2.14)
n=1
n-1
where Pn=Dp1 2] —(lm n=1,2,....b (2.15)
Hn ] Kr+1)(1-Kr))
r=

p1 normalises these probabilities

sm =7 ) J%}’(_‘Nl”_:%’l)- 2.16), (2.17)

PROOF

First we observe that ) is the steady state probability that a particular server has a
singleton queue when n servers are busy. To see this, note that the numerator for
expression (2.17) is the number of ways of arranging N-1 tasks on n—1 non-empty
queues; one task being chosen to be in the singleton queue. The denominator is the
number of ways of arranging N tasks on n non-empty queues. Hence, (2.17) follows
from (2.13).

Similarly, &n) is the steady state probability that a recycling task joins an idle server
when n are busy. Any idle virtual agent (or slot) is chosen by an arrival since each
configuration of N customers is equally likely. The numerator for expression (2.16) is
the number of empty slots on idle servers (i.e. (b—n)v ) and the denominator is the total
number of empty slots (i.e. bv-N+1) seen by an arrival.

Pn is the steady state probability that the process Z(?) is in state n, i.e. has n active
inputs. Equating the flow from state n to state n+1 with the reverse transition we obtain
the following balance equations:

tnpp (1=Km)&Xn) = ppe1ppe1 KntD)(1-&n+1))  n=12,....b-1

which are satisfied by (2.15).
The expression for throughput (2.14) directly follows from (2.15). ]

The analysis of a VBIS server without a MIN has been presented in [HaFi86] in which
they derive a simple recurrence for the expected number of busy servers in the parallel
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bank when there are N customers in the queues. In our approach, the throughput for
this special case can be obtained by Theorem 2.3 with u,=nu.

The results of the early part of this chapter forms the basis of much work later in the
thesis. In the following chapters, we will consider different types of interconnection
networks (such as crossbars, delta networks, etc. ) in the closed system with parallel
DMA servers. We begin in the next chapter with an analysis of the uniform crossbar.
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Since the crossbar forms the basis of the MIN analysis in later chapters it is important to
model it as accurately as possible. The crossbar model also gives us an upper bound
for the throughput of the equivalent MIN. This chapter describes a number of Markov
models and probability models of full crossbars under a uniform traffic model. The
Markov models provide the exact analysis with respect to certain assumptions whereas
the probability models are derived more intuitively but are more computationally
tractable. Our primary interest in this chapter is to derive expressions for the
throughput of a uniform crossbar in a closed system with a fixed population. This
allows comparisons between crossbars and delta networks providing the same
connectivity. Furthermore, we derive expressions for the throughput conditional on the
number of active inputs. These expressions can be used not only in the birth and death
process in the previous chapter but also as the base case for analysing uniform delta
networks in Chapter 5.

3.1 Markov Model for a Full Crossbar

In this chapter we consider a closed system with population N comprising a bxa
crossbar connecting b DMA servers to a output ports (as in Figure 3.1). This is the
special case of Section 2.2 where the IN is a crossbar and we make exactly the same
assumptions here. The closed system is effectively a conventional queueing network
but with service blocking at the DMA servers. Tasks at the head of the DMA queues
are simultaneously in an output port queue. When a task reaches the head of the output
port queue the DMA service begins and lasts for a random time interval with negative
exponential distribution and mean 1/y. Without loss of generality we let u=1.

Let N;(¢) be the random variable which describes the number of tasks at DMA server i at
time ¢ and M(r) be the random variable which describes the number of tasks queued on
output port j at time ¢.

Now consider the process V() = {N(1),M(¢) | 20} with state space given by:

b-1 a-1
Q= {(a.m)! (niZO,i=O,1,...,b—-l),gon,:N, (mj20,/=0,1,...,a-1), gom,:#(n_) }.
I J=
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n active
inputs
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Figure 3.1 The Full Crossbar
Notation

We will be using the following notation in this and subsequent chapters:

. The components of a vector describing queue lengths are labelled starting at
zero so that they correspond with the pin numbers of the crossbar.

. The number of non-zero components in a vector z is denoted by #(n).
+  nidenotes the vector g with component i incremented by one.
. nj denotes the vector p with component j decreased by one.

. we will use the following abbreviations where there is no confusion:
n=#(n), m=#(m) and g=my.

For the uniform crossbar, each DMA server is chosen by a recycled task with equal
probability (1/b) and each output port is also chosen with equal probability (1/a). By
symmetry when m outputs are active, any of the 4C,, arrangements is equally likely.
Furthermore, if # inputs and m outputs are active then any of the "~1Cy,_; arrangements
of n tasks on the m non-empty queues is equally likely (see Section 3.2.2). Hence we
only need to consider the number of active outputs m rather than the output queue
lengths m in the full state space.

Later, in the next chapter, we consider the non-uniform crossbar in which one DMA
server is chosen with probability @ and each of the other output ports is chosen with
probability (1-w)/(a-1). In this case, each arrangement of active outputs is not always
equally likely but for a given value of the number of tasks g at the special output port,
the arrangements of the other n—q tasks on the m (if g=0) or m-1 (if g>0) non-empty
queues is equally likely. Hence we include m and q in the state space.
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We could also consider an alternative process for a crossbar with the following state
space:

b-1
Q' = {(a.d | (n;20,i=0,1,...,b-1), _&nFN, di=0,1,...,a-1 if n;>0,
4

di=undefined if n;=0}

where d; describes the destination of the head task in DMA queue i. Note that unlike
state space €2y, {2’ holds explicit information about the dynamic connections in the
crossbar and this complicates the expressions for the transition rates. On a service
completion at output port j any DMA i with d;=j may have completed. Since
information about the connections is not present in {2, any one of the n active DMA
servers may have completed (with appropriate probability). The sets £2, and (2’ are
related by

mj= number of d; such that d;=j, i=0,1,...,b-1.

Hence the number of active outputs m=#(m) is a long expression. This in turn gives
long expressions for the state transition rates if we consider the process with state space
{2 and so we consider process V(r) with state space 2.

3.2 Markov Model for a Uniform Crossbar.

In this section we consider process W(r) with state space £2,, as in Section 2.2 but for

the case when the switching network is a full crossbar. For a bxb crossbar, this work
can be found in [Ha87]. Here we extend this work to the bxa crossbar case and state

some of the main results.

3.2.1 Transition Probabilities

Suppose server i completes and the recycled task joins server j (0<i j<b-1), then we
can distinguish three types of transitions when the number of active inputs n: increases
by one, decreases by one, and remains the same. Correspondingly, we have three
domains for (i)):

D(6) = {ij | n>0, nj=1,1<i#j<b}

D(¢) = {ij | ni=0, nj>1,1<i#j<b}

D(y) = {ij | n>0, ni>1,1<i,j<byolij | n=0, nj=1,1<ij<b}U{i il nj=1,1<i<b}
Transitions are of the form (z!;,m") — (z,m) where m'= m—2,m~1,m,m+1 and so we
define the following:

Ok(n,m) is the transition rate from (n,m) to (n+1,m+k-2), k=1,2,3,4
dr(n,m) is the transition rate from (n,m) to (n—1,m+k-2), k=1,2
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Yi(n,m) is the transition rate from (n,m) to (nn+k-2), k=1,2,3

where for n>1 and n=1, m=1 respectively

61(n,m) = m(m-1)3 / n(n-1)a2 0

6(n,m) = m{(n—-m)m2+(m-1)(m~1)(a-m+1)} / n(n-1)a2 la

&(n,m) = m(a—m){(n-m)(Cm+1)+(m-1)(a-m+1)} / n(n-1)a2 (@&-fa
04(n,m) = m(a—m)(a-m-1)(n-m) / n(n-1)a2 0

o1(n,m) = m@m-1) / n(n-1) undefined

¢ (n,m) = m(n—-m) [ n(n-1) undefined
w1(n,m) = m(m-1)2 / n(n-1)a 0

va(n,m) = m{m(n—m)+(m~1)(a-m+1)} / n(n-1)a 1

w3(n,m) = m(n—-m)(a-m) / n(n—1)a 0 (3.1

The factor m/n in all the transition rate functions is the probability that server i is
connected to an active output.

3.2.2 Global Balance Equations

By analysing process W(¢) for a uniform bxa crossbar, we obtain the following
theorem.

THEOREM 3.1

The steady state probabilities P(n,m) of process W(r) with state space €2, are given by:
P(p,m)m = -;- 2 {P(ni;,m+1)61(n~1,m+1) + P(ni;,m)62(n—1,m)
@) X
+ P(ﬁij,m-1)93(n—l,m—1) + P(ni;,m+2)64(n—1,m+2) }
{P(@m+1)p1(n+1,m+1) + P(nim)dp(n+1,m)}
i) eD®

>
> (P m+1)yi(nm+1) + P(aijm)wa(n,m) + P(aim-1)y3(n,m-1))
@) eXy

+

(3.2)
PROOF By analysis of assumed Markov process W(z). ]

The factor 1/b in the above balance equations is the probability that the recycled task
joins server j=0,1,...,b-1.

Since the transition rate functions are independent of i and j (they only depend on n and
m), we can reduce the state space of process W(r) to obtain process X(f) with state
space £ = {(n,m) | n=1,2,...,b and m=1,2,...,min(n,a)} and steady state probabilities
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P(n,m). In equilibrium if all arrangements of N tasks on n non-empty queues are
equally likely then the following equation must hold:

P(am) = o)

W where n=#(n) (3.3)

By substituting this expression for P(n,m) in Theorem 3.1 we obtain the following
corollary.

CORQOLLARY 1 TO THEOREM 3.1

The steady state probabilities P(n,m) of process X(t) with state space {2 satisfy the
following balance equations:

P(nm)m(N-1)b =
(n-1)(N-n+1) {P(n—-1,m+1)01(n—1,m+1) + P(n—1,m)6G(n~1,m)
+ P(n-1,m-1)83(n-1,m~1) + P(n—-1,m+2)04(n—1,m+2) }
+ n2(n+1) {P(n+1,m+1)¢1(n+1,m+1) + P(n+1,m)¢p(n+1,m)}
+ n{n(N-n)+(b-n+1)(n-1)} { P(nm+1) y1(n,m+1)
+ P(n,m)ya(n,m) + P(n,m-1)y3(n,m~1)}
(3.4)

PROOF By analysis of process X(z) or by substitution of equation (3.3) in Theorem
3.1.0

3.2.3 Constrained Markov Process

Suppose the transitions of process X(f) were constrained in such a way that the number
of active inputs n remains the same. This constrained process represents an open
model with 7 infinite queues at the crossbar inputs. When n=b, this corresponds to a
closed model with infinite population and so will give an upper bound on the
throughput. This approximate approach is particularly useful as it gives a simple
solution to the steady state probabilities:

COROLLARY 2 TO THEOREM 3.1

The steady state probabilities of the constrained process X(f) with n=1,2,...,b active
inputs is given by

~1
P(miny =—m=1Cm

a+n-1C,

m=1,2,...,min(n,a) (3.5)
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PROOF

For the constrained process, only the third summation of balance equations in Theorem
3.1 is required since n is fixed, and so we obtain:
P(minym = P(m+1ln)yy(n,m+1) + P(min)ya(nm) + P(m-1ln)y3(n,m-1)
(3.6)
This is satisfied by (3.5) and later we show that the probabilities do sum to one

(3.13).0

3.2.4 Exact Result for a 2 by 2 Crossbar

In the case of a 2x2 crossbar switch, b=g=2, with N>1, the values of the transition rate
functions are 8(1,1)=683(1,1)=1/2, ¢1(2,2)=1, ¢2(2,1)=1/2, y1(2,2)=1/2, y»(1,1)=1,
v (2,1)=1/4, y2(2,2)=1/2, y3(2,1)=1/4, and the (dependent) equations of Corollary 1

to Theorem 3.1 become:

(N-DP(1,1) = 2P(2,2) + P(2,1)
2N-1)P(2,1) = (N-DP(1,1) + 2(2N-3)P(2,2)
22N-1)P(2,2) = (N-1)P(1,1) + (2N-3)P(2,1) (3.7)

These equations have normalised solution:

4 2(N-1) (N=1)
PLD =y PRD=GNy  PQO=grep O

AN
GN+D)

Thus throughput is always less than 4/3, and approaches this value as N—oo. This is
as expected for a full 2x2 crossbar with both of its inputs active. For finite N, there is

giving a throughput TV) = 1.P(1,1) + 1.P(2,1) + 2.P(2,2) = (3.9)

always a non-zero probability that an input is inactive, giving lower throughput.

3.3 Probability Model for a Uniform Crossbar

Rather than the Markov model representing the dynamic behaviour of the crossbar, the
probability model described here uses the properties of the crossbar in equilibrium and
simple combinatorial arguments to determine steady state probabilities. The purpose of
this section is to derive an expression for the effective service rate function for a bxa
crossbar (i.e. the throughput conditional on the number of active outputs). From this,
the overall throughput function can be determined using Theorem 2.2.
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For a bxa crossbar, let the random variables N, M denote respectively, the number of
active inputs and the number of active outputs. We define the following steady state
probability: ppmin = Pr(M=m | N=n). Now by symmetry, all valid arrangements of the
n requests on a queues are equally likely in equilibrium. Hence, to find the probability
that m of those n requests will be successful we need to find the number of
arrangements of n requests on m non-empty queues and divide by the total number of
arrangements. The number of arrangements can be determined by urn model results

- and simple combinatorial arguments as in the previous chapter. This gives the
following result:

-1 a
Pin =B m=12,...,min(n,a) (3.10)
n

This expression agrees with the stationary probability (3.5) for the constrained Markov
process X(f) with n active inputs. Hence the following results will be valid for both the
probability model and the constrained process.

Now we wish to derive the throughput of the crossbar given the number of active
inputs. First we will require the following lemma and corollary which can also be
found in [Kn68] and [HaPa87]:

LEMMA 3.1
n
Forn>1,0<h<X-n+l, D "1C, 1 XCppp = "X-1Cx (3.11)
k=1
PROOF

For n=1, the left hand side, lhs = XCj, = XCx_j, = rhs, the right hand side if 0 < A < X.

Now assume inductively that the result is true for / <n <N. Then,
N+1 N

SNC, 1 XChupy = X, (V1G4 +N-1C,_ ) XCpppoy +XChyin +XCy
=1 =2
N
= > (N1, 1 XChp + N-1C4_1XCronr)
=1

(we have replaced the dummy summation variable, k, by k+1 in the first sum, and
extended each summation domain to include the two loose terms.)

Therefore, using the inductive hypothesis twice, for 0 < h+1 < X-N+1 and
0<h<X-N+1l,i.e.for 0 < h<X-N, '
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lhs = N+X—1CX_h_1 + N+X—1Cx_h

= M, 0O

COROLLARY

For n21, X21, 0ShsX—n, Y, "-1Cp_y XCpyp.(kth) = XX+n=2Cx 4 | (3.12)
k=1

n

PROOF

n

Since XCpyp.(k+h) =X X-1Cpppq, Ths = X .Y 71C,_ X-1C,py = ths by the

k=1
lemma. []
) min(n,a) n+a-1¢C 1
Now by Lemma 3.1 with h=1 and X=a, 3 pmin = =2 =1 (3.13)

=1 a+n-1C n

By the corollary (3.12) with A=0 and X=q, the expected number of active outputs when
there are n active inputs is given by:—

min(n,a) ‘“‘"‘2Ca 1 an
2 Pminn = a — =
ot a+n—1ca_1 (a+n-1)

Since each DMA server has rate 4, the degraded service rate function is given by:—

an
Ky = (—m_—n—_ﬁ,u n=1,2,....b (3.14)

3.4 Throughput Function for a Uniform Crossbar

Now that we have a simple expression for 1, in the case of a uniform crossbar, we can
use Theorem 2.2 to obtain a simple expression for the throughput T(N).

COROLLARY TO THEOREM 2.2

For a closed system with population N, consisting of b parallel DMA servers
transmitting across a bxa crossbar network the throughput is given by:—

_ abN
™) = @GBDN + (@D (3.15)
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PROOF
For a bxa crossbar network, we obtained in the previous section an expression for y,
(3.14). Substituting this in the boundary condition (2.10) gives:

G(1) + (a-1)H(1) = ap.
Substituting T(N) = G(1) and using (2.7) in Theorem 2.2 we obtain

N
{2+ @D }HQ) = ay

which gives the required expression for throughput. (]

Since a and b are interchangeable in (3.15), the corollary shows that a bxa crossbar has
exactly the same throughput as an axb crossbar. As an example, consider the extreme
cases of a bx1 and 1xb crossbar. In the first case, the throughput is y because there is
only one output and the other case has the same throughput because there is only one
input. For more general cases, the result is not so obvious.

For a 2x2 crossbar (3.15) becomes T(N) = _?%/1\:/._1_ MU which agrees with our more

rigorously derived expression (3.9). Hence our simpler analysis of IN throughput
using process Z(¢) and effective service rate function y, is exact with respect to the
more precise analysis in Section 3.2 for a 2x2 crossbar.

In the case of a multi-stage delta network, the expression for u, is given by a recurrence
formula (as we will see in the following chapters), and so a compact expression for
throughput would appear impossible to derive. We have obtained our numerical
predictions (see Chapter 8) of throughput T(N) in this case from the degraded rates y,
by directly computing the set of probabilities p, (using (2.2) and (2.3)) and hence T(N)
from (2.1), from Theorem 2.1.

3.5 Static Probabilities for a Uniform Crossbar

Consider a uniform bxa crossbar represented by process X(#) with state space 2, (as in
Section 3.2). Suppose we constrain the process so that n=1,2,...,b remains fixed and
consider the embedded Markov chain of X(rf). We make the further assumption that
when the crossbar state changes the next state can be any one in the state space with a
probability that is a function of the next state only. In effect, we have a zeroth order
stochastic process in that the next state is independent of the current state as well as all
previous states. With this gross simplification of the process we can readily derive the
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steady state probabilities which we call static probabilities. They can be derived by

considering all the possible transitions from an arbitrary state.

We will require the following lemma.
LEMMA 3.2

For n2>1, k=0,1,...,n-1

k
z (ri=j) = S(nk)
1

r =
2<ri<n, i=12,... .k
ricrivy, i=1,2,... k-1
where

r is an integer vector with distinct elements

S(n0) =1
S(n,k)y = S(n-1,k) + (n—k) S(n—-1,k-1) k=1,2,..
S(nn-1)=1

PROOF

We prove this lemma by case analysis on £=0,1,...,n~1.
Case k=0: Empty product is one by definition, so S(n,0)=1

n ’l—l
Case k=1: S(n,1) = Z(rrl): 2r1= n(nz—l)
r=2 ri=1

.,n—2

(This is an optional base case which reduces the number of recursive calls when k=1.)

Case k=1,2,...,n—2: As all elements of r are distinct and sorted in increasing order, we

can separate it as follows.

zl_kl (rj=J) =2 ﬁ (ri=))  + Zl_k[ (ri=))
r s r i1 r j=1

2<rign, i=1,2,....k  2<ri<n-1, i=1,2,... k 2<riEn-1, i=1,2,... k-1
r=n
S(n,k) = S(n-1,k) + (n=k) S(n—1,k=1)

Case k=n-1: Since all elements of r are distinct and sorted, for this case r=(2,3,...,n)

n—-1
and S(n,n~1) = H (r=) = 1 m
j=1
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THEOREM 3.2

The static probability that m outputs are active in a uniform bxa crossbar with n active
inputs is given by:

P (min) = a! S(n,n-m)

a(a-m)! n=12....b; m=1,2,...,min(n.a)

PROOF

Since the static probabilities correspond to a zeroth order process, its short term
behaviour is identical to its long term behaviour. Thus the static probability of the
process being in state m is the probability that the initial state is m. The latter
probability can be determined by the arriving sequence of n requests as follows.

Consider n requests arriving in sequence and choosing any given output pin with
probability 1/a. The i*" request in the sequence is given a label i=1,2,...,n which we
call the request number. Let k=n—m be the number of blocked requests. We can
describe the blocking by the vector r = (r1,r2,...,rk) which represent the request
numbers that are blocked, i.e. rj is the request number of the j*h request to be blocked.
Request number zero is never blocked as all output pins are free on its arrival.

Now the probability that the blocking is r is given by:

ri—2 r>-3 n—(k+1)
ad | ol | T e | (22 ai
= (2| [T (=) -
i=1 i=r1—1 i=rk
k n—(k+1)
= an_l (r]—.]) (a—l)
Jj=1 i=1
n-m

al )
a™(a—m)! H(rj— /)
J=1

Hence the probability that m outputs are active is given by summing these probabilities
over all blockings 7 that give rise to m active outputs:

Paminy = —2— Y H" o)

a(a-m)!
@mt 411

2<r<n,i=1,2,...,n-m

ri<risvl, i=1,2,...,n-m-1
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_ al S(n,n-m)
= __—_a"(a—m)! by Lemma 3.2 ]

Static probabilities actually relate to a synchronous crossbar in which n tasks arrive
simultaneously at the beginning of a cycle and request any output with equal
probability. Although they are not directly useful for the asynchronous protocol which
we consider, they will prove useful in the analysis of non-uniform crossbars in the
following chapter.
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So far we have only considered a crossbar with uniform routing to its output pins.
However, in a shared-memory multiprocessor where the crossbar provides the
interconnection between processors and memories, the memory references are not
always uniform. Here, we analyse a particular memory reference pattern for a bxa
crossbar in which the top output pin (numbered zero) is chosen with some given
probability and all the other pins are chosen with equal probability. The purpose of the
first part of this chapter is to provide an exact analysis of a bxa crossbar with this
reference pattern using a Markov model. Later in the chapter, we also present some
approximate models of biased crossbars.

4.1 Markov Model for a Biased Crossbar

As before we consider a bxa crossbar in a closed system with population N (as shown
in Figure 4.1). The b DMA servers have service times which are negative
exponentially distributed with rate ¢ when connected to an output port. In general, the
routing probability to each of the a outputs is arbitrary in a non-uniform crossbar. In a
biased crossbar any new arrival chooses the top pin with probability @ and each other
output pin with probability (1-w)/(a-1).

q requests
i)
nl .
nactive [~ m active
inputs outputs
M1
L

Population, N

Figure 4.1 State of a Biased Crossbar

We can model a general non-uniform crossbar by the process V(¢) with state space £2,
given in Section 3.1. However, for a biased crossbar, output pins 1 to a—1 have
identical properties such as equilibrium queue length distribution. So we consider the
following process:

W) = {(N(D), #(M (1)), Mo(®)) | 20} which has state space €2, given by:



Models of the Non-uniform Crossbar Switch 61

Q= {@mg)! gnFN, [ (g=0, 1<m<min(a-1,n))
4

or (1£g€n—1, 2€m<min(a,n—q+1)) or (g=n, m=1) ] }

The uniform crossbar is a special case of the biased crossbar in two ways. Of course
when w=1/a, the biased crossbar has equal routing to all its outputs as in the uniform
crossbar. The Markov process describing the biased crossbar is still more complicated
because of the extra parameter q in the statc space. We can eliminate this parameter by
considering the bxa crossbar with @=0. This implies g=0 and so the process describes
a bx(a-1) uniform crossbar.

4.1.1 Transition Probabilities

On a service completion at DMA i (i=0,1,...,b-1), three types of output pin
acquisitions can simultaneously occur:

Event A : The freed output pin is acquired by a task in the remaining queues (previously
blocked on that output)

Event B : A free output pin is acquired by the next task at DMA i (given that there is
one)

Event C : A free output pin is acquired by the recycled task (given that it joins an idle
Server)

Although these events occur instantaneously, they are ordered A, B, C as we would
expect in the physical crossbar. Suppose the recycled task joins server j, then we have
the following micro-transitions which make up the transition from the initial state
(mm,q):

(wmq) = (@mA,qA) > (m®,q98) — (,m©,q©) - (wim',q)
DMA i completes EventA Event B Event C

where m(X) is the number of active outputs prior to event X € {4,8,C}
and ¢®) is the number of tasks queued on pin O prior to event Xe {4,B,C)
Note that:
m(A4) = m~-1 (i.e. on completion there is one less output)
and  g{) = g with probability (m-1)/m (i.e. if a non-top pin releases, i#0)
= g—1 with probability 1/m (i.e. if the top pin releases, i=0, g>0)
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Suppose output pin 0 is freed, then Pr(A) = 0 if g=1 and Pr(4) = 1 if g>1
Suppose another output pin is freed (1 to a-1),
then Pr(Remaining queues do not require the freed pin | g=1,2,...,n-2)

number of arrangements of (n—qg)—1 tasks on (m—1)—1 non-empty queues
number of arrangements of n—q tasks on m—1 non-empty queues
_ n—q—2cm_3
- n~q-1C,, >
m—2
n—q—1

by combinatorial arguments (Section 2.3)

Hence we have the following probabilities for the event A when a non-top pin is freed:
n-m

Pr(4) =27 if g=0
Pr(4) = %’_il*—l if g=1,2,....n-2
Pr(4) =0 if g=n-1

For the other two events we have the following probabilities:

—(m(B)—
Pr(B) = wé_)_ll if gB)=¢(0), ¢®)>0
_m(B
Pr(B) =2 ’Z( ) if g®=¢(0)=0
Pr(B) =1 if gB=0, gO)=1
Pr(B) =0 if gB)=g(O)-1, ¢B)>1
Likewise,
Pr(C) = a—(m;C)—l) if q(C)=q " q(c)>0
Pr(C) = a~rZ(C) if q(C)zq'=0
Pr(C) = if g(0=0, g'=1
Pr(C) =0 if gO=q"-1, ¢(O>1

Notation for Transition Probabilities

The pair (ij) corresponds to a customer leaving pin i and joining pin j. We define the
following domains for (i,j) when the crossbar is in state (z,m,q):
D(¢) = {ij| n=0, nj>1,1<i=j<b)
D(y) = {ij | n>0, nj>1,1<i,j<bYo{iy | =0, nj=1,1<ij<b}U{i,i| nj=1,1<i<b}
D(6) = {ij | n>0, nj=1,1<i#j<b}
which correspond respectively to n decreasing by one, n remaining the same and n
increasing by one after the transition. The transition probabilities in the given domains
for (i /) are denoted by: -

Ok (nm,q) : (n,m,q) = (n—-1,m+k-2,q+1-2) if (i,))e D(¢)
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Vei(n,m,q) : (n,m,q) = (nm+k-2,4+1-2) if (iy)e D(y)
Ok, i(nm,q) : (n.m,q) = (n+1,m+k=2,q+I-2) if (ij)e D(6)
where &,/ € {1,2,3,4)

We further subdivide the transition probabilities according to a condition regarding the
parameter q.

Yhk,i(n,m,q) : for g=0

On k. i(mim,q) : for g=1,2,...,n given the top output pin is freed

op i, i(nm,q) : for g=1,2,...,n-2 given a non-top output pin is freed

Bhx i(n,m,q) : for g=n—1, n>2 given a non-top output pin is freed
where he {1,2,3} indicates the effect of the transition on the parameter n: n—n+h-2.
The subscripts A,k,! correspond to the transition (n,m,q) = (n+h-2,m+k-2,q+1-2)
For brevity, we omit the parameter list when the state is (n,m,q) and there is no
confusion from the context in which it appears.

Let o(m,q) be the probability that the top output pin is released when a server completes
in state (n,m,q) for arbitrary p. For the biased crossbar described here o(m,q) = 1/m if
q@>0 and O otherwise. Later in Section 4.3, we will consider a more general biased
crossbar.

Also we define the function nﬁ(q)=1 if a<q<b and 0 otherwise.
For clarity, we abbreviate n‘;(q) to Na(g).

Transition ili nction

When (ij)e D(¢) only event A is possible.

k,1(n,m,q) = NO(DN i+ 0. PN (@) 01 k1 +(1-0(m, @) n'{"z(q)al,k,1+nn_1(q)ﬁ1,k,z}

where £, [ € {1,2},

m—1 n-m
N12=7-71 N22=7-1

0121 =1if g=2,3,...,n, 611,01 =1if ¢g=1,

m—2 —g—m+1
x1,12= n_q_l’ a122= %&

Bii1z2=1
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When (i,j))e D(y) event A and either event B or event C can occur.
-2
Wk, 1(1,m,q) =N0(Q) P2 41+ Om. )N} (@) B2k +(1~0Tm, @) (1] ()02 e 1+ n-1(@) B2 k1)

where k, l € {1,2,3},
(1~w)(m-1)2
212= DD !
1- .
n22= M_(Tg)_l)-{(m-l)(a—m)ﬂn—m)m} if n22 =((-w)if n=1

1- )
PR32 = (,,_(f)(cz)_T)(n—m)(a—m—l) if n>2

(m-1)
n—1

f n>2

n23= if n22 = @if n=1

axXn—m)
n—-1

1- —1)
52,1,1‘—‘(——%)%—2 if g=1

1-w)(m-1) 1-w)(a-m) .
Bro1= 5 it g=23, =£-%)_%l) if g=1

Y33 = if n=22

03,1= (L{i;l_(_‘l_’)_’l‘l if g=2,3,...,n

D22=0

(1-w)(m-2)2

(n—¢-D(a-1)

022 = __gl_—_c_o)__{ (n—g-m+1)(m-1)+(m-2)(a-m+1)}
e (n—g-1)(a-1)

1-
0332 = (n—(g—_lglz!:ﬁ(”—q—m“)(a_m)
a(m=2) _ i(n—g-m+1)
AT TR

Bor2=1-0, fri3=w

0,12=

®13=

When (i,j))e D(6) events A, B and C can occur.
O 1(n1m,9) =N0(Q) V3 41+ O, DN} (@) 83+ (1-0m ) (T} @) 1+ -1 (@B 1)

where k, [ € {1,2,3,4},
(1-w)3(m-1)3
(n=1)(a-1)2
—)2

Y322 = Zﬁf(%)):l—)-f{ (n—m)m2+m(m-1)(@-m)+(m—1)2(a-m)}

(1-w)*(a-m-1)
B32= D@12
_ (1-@)2(n-m)(a-m~1)(a-m-2)
- (n-1)(a-1)2"

B12=

(n—-m)(m+1)+(n—m)m+(m-1)(a-m)}

34,2
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1-w)(2m-1
73,2,3=w( 62_(1”1 )

_ aX1-w)(2a-2m-1)
Y3,33= 1
Y324 = 0?2
_(=Xm-)?
R11= 12 if g=1
_ (1—w)%(m-1)2
o (a)?

—)2(g— _
e ((Z—rln))Z(zm D if g=2,3,....,n

33,1

Biap= (1-w)%(a-m)(a-m-1)
AL (@12

522 = 201~V 832 = 20(1-0)F

83,23 = w*

_ (1-0)2(m-2)%
" (n—g-1)(a-1)?
(1-w)?
(n—g-1)(a-1)2

(1-w)2(a-m)(2m-1) .
= @17 if g=1
(1-w)2(a-m)(@a-m-1) .

= (@12 ifg=1

03,.2,1 if g=2,3,...,n

if g=2,3,...,n

*3,1,2

0322 = (n—q-m+1)(m—1)2

+ (m=1)(m=2)(@-m+1)+(m-2)2(a-m+1)}

(1-w)*(a-m)
(n—g-1)(a-1)?
(1-w)2(n—q—m+1)(a—m)(@a-m-1)

332 = (n—g-m+1)m+(n—q-m+1)(m=1)+(m-2)(@-m+1)}

4= (n—a-D(a-12
_ 20(1-0)(m-2)2
%313 = g D@D
2aeX1-
0323 = (7%?%?){ (n—q-m+1)(m-1)+(m-2)(a-m+1)}
2a(1-
0333 = (—n'_qaxfl)%zl—)(n—q-mﬂ)(a—m)
_ X (m-2) _ A (n-g-m+1)
3,1,4 = nq-1 0324 = T
1-0)2 1-)2(a-2
P oz 020D
B313 = @2, B323 = 2aX1-w)

4.1.2 Global Balance Equations

By analysing the process W'(¢) for a biased bxa crossbar with routing probability @ to
pin zero, we obtain the following theorem.
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THEOREM 4.1

The steady state probabilities P(z,m,q) for a biased bxa crossbar described by the
process W'(z) with state space £2,-is given by the following balance equations:

P(a,m,q)m =
1 Z 2 2 i
5GirT) (Ic§1 lg'l (m+2-k) P(n}j,m+2-k,q+2-1) Pp ((n+1,m+2—k,q+2-1)}
@) D@
3 3 ,
+ —bl— {X Y (m+2-k) P(ntjm+2—k,q+2-1) yi i(n,m+2—k,q+2~1)}
n k=1 =1
() ey
1 4 4 .
+ (¥ 3 (m+2-k) P(0}jm+2-k,q+2-1) O i(n—1,m+2—k,q+2-1)}
b(n-1) I=y=|
@) eX9
PROOF

These balance equations follow from the transition probabilities given above in Section
4.1.1. The factor 1/b is the probability that the recycled task joins server j and 1/n’
factor (where n'=#(a"j)) is the probability that server i completes given that there are n’
active servers. [J ’

Again we observe that the transition rates do not depend on the exact value of (i /) but
only on the domain to which (i,j) belongs. Thus we can partition the state space €2,
such that each partition has the same #(n). This now gives the process X'(r) with state
space given by:

-Qx' = {(n,m,(I) I n=1’29'--1min(brN)’ [ (q=0’ lmsmin(a_lyn))
or (1£g<n-1, 2<m<min(a,n—q+1)) or (g=n, m=1) ] }

By the same argument in Section 3.2.2, each state in a given partition is equally likely
to occur. So if P(n,m,q) is the steady state probability for the process X'(¢) we have:

_Pmqg)

P(am,q) =5 C.LbC, where n=#(n)
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COROLLARY 1 TO THEOREM 4.1

For the process X'(r) with state space £2* which represents a biased bxa crossbar
(routing probability @ to the top pin), the steady state probabilities P(n,m,q) are given
by:

P(n,m,q)m =
2 2
& z‘_‘ (m+2—k) P(n+1,m+2—k,q+2-I) § [(n+1,m+2—k,q+2-I)
b(N-1) k=lé1 m m q+2—t) P n+lm q

3.3
. [n(N—n)Z((?v—_nSI)(n—l)] Z 2(m+2—k) P(n,m+2—k,q+2-1) yr i(n,m+2—k,q+2-1)

k=1 I=1

4 _4
N=n+1)(b=n+1
( ";(13(_1)”* LYY a2k P(n-lums2-k.g42-1) O s(n—1,m+2k,g+2-])

k=1 I=1

PROOF

By substituting the above equation for P(n,m,q) in the balance equations of Theorem
4.1 each summation on the rhs sums to a constant w.r.t. i and j. Hence we can replace
the summation signs by the size of the summation domains in each given state
(nf,m’,q") for any m’ and q'.

First, let E1(n) be the expected number of singleton queues at the n active inputs when
there are N tasks altogether.
Ei(n) = n Pr(an active server i has a singleton queue)

number of arrangements of N—1 tasks on n—1 non-empty queues
number of arrangements of N tasks on n non-empty queues

N-2¢C, 5 _ n(n—1)

N-lc,_, N-1

Now for a state with n=#(n) active inputs the size of the summation domains are

n

derived as follows:
D) = {ij!n=0, nj>1,1<i%j<bh)

Do)
D(y)

(n-Er(m)(b-n) = —n(le-)ﬁH)

(ij | n>0, nj>1,1<i,j<b) Ui | n;=0, nj=1,1<i,j<b)
U{i,i | ni=1,1<i<b)

]

DYl = (n-E1(nm))n + E1(n)(b-n) + E1(n)
= Reg(n(N-n)y+(b-n+1)(n-1))

D(O) = {ij! n>0, nj=1,1<i%j<b)
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n(n—1)2
D@ = B = K

The result follows by substituting these domain sizes (after appropriate adjustment to n
depending on the transition type) into the balance equations of Theorem 4.1. ]

4.1.3 Derivation of the Birth-Death Process

We apply the following probability generating function to the balance equations of
process X'(#):

Gnq) = ZP(n,m,q)y’" with first derivative Gp o' (y) = 2/7: P(n,m,q)ym-1
m=1 m=1

aHn(}’;z)

Hp(,2) = 3,Gng»)29 and Hy'(y,2) =
= Jy

When y=z=1, all higher order partial derivatives cancel out and for n=2,3,...,b we
obtain:

(N-n+1)(b—-n+1)Hp-1'(1,1)

= (=1)2{2Gn n-1(1)+Gn,n(1)-Gp,n-1'(1)~Gp,n'(V)+Hz'(1,1)}

But g=n-1 implies m=2, so G, p-1'(1) = 2Gp p-1(1)
and g=n implies m=1, so Gp »'(1) = Gpn(1).

Hence the equation becomes:
(N-n+1)(b-n+1)Hp_1'(1,1) = (n-1)2H,'(1,1) n=2,3,...,b

This is exactly the same recurrence as (2.9) with 1, = yppp = Hp'(1,1) but we do not
have the corresponding boundary condition (2.10).

H,'(1,1) = i 2.0 mP(n,m,q) = P(n) i i mP(m,q | n)
m=1 g0 m=1 ¢=0

b

and the throughput is given by T(V) = 2 Hpy'(1,1).

n=1
Our analysis of the simple birth-death process Z(#) in Chapter 2 appears to be exact in
the case of a biased crossbar. There must be a function y, which can be used with
Theorem 2.1 or 2.2 to give exact throughput results (from the boundary condition).
However, the presence of fourth order partial derivatives in the generating function
balance equations means that complex analysis methods are hard to apply. For the bxa
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uniform crossbar, we hoped to solve the generating function and derive the boundary
condition:
f an
_D_ = I emm—

= 1 where y, |
n=1
By expanding the generating function explicitly it is possible to show that this is true
for a 2x2 crossbar, but for larger crossbars this approach is impractical.

4.1.4 Consirained Process

If the process X'(¢) is constrained in such a way that the number of active inputs remain
fixed then we have b simpler processes to consider n=1,2,...,b. The n=b case
represents a saturated crossbar (N=e<) with infinite queues at all inputs. Likewise, each
constrained process represents an open model of the crossbar with » infinite queues at
its inputs.

COROLLARY 2 TO THEOREM 4.1

The steady state probabilities P(m,q | n) for the process X'(¢) constrained to keep
n=1,2,...,b fixed is given by:

3 3
P(m,q | n)m = Z Z (m+2-k) P(m+2-k,q+2-1| n) yy i(n,m+2—k,q+2-1)
k=1 I=1

PROOF

Since n is fixed, only the middle summation in Theorem 4.1 is non-zero. The
probability that an active server i completes is 1/n and the recycled task joins server j
with probability 1/a (as it always joins one of the # non-empty queues). Since
ID(y)l=n? (as there are no singleton queues), the coefficient to the summation is one
and the above result follows. [J

Unlike the uniform crossbar case, there appears to be no compact solution for the
probabilities in general. In the next section we develop an approximate method to
derive closed form probabilities for a biased crossbar.

4.2 Approximate Probability Model for a Non-uniform Crossbar

Since a compact solution for the constrained process of a biased crossbar was difficult
to obtain, we present an approximate probability model instead. The approach uses the
properties of the uniform crossbar in equilibrium (Section 3.5) to derive results for the



Models of the Non-uniform Crossbar Switch 70

non-uniform case. Thus, the results are exact when the biased crossbar has w=1/a and
very accurate when it is almost uniform (w close to 1/a). We start by considering the
static probabilities of the non-uniform crossbar.

4.2.1 Static Probabilities for a Non-uniform Crossbar

We can analyse the biased crossbar in a similar way to Section 3.5 by extending the
state space to £ and considering the zeroth order Markov chain for the constrained
process X'(z). Alternatively, we can make use of the results for the uniform crossbar
and extend them to the biased case. We adopt the latter method and obtain the
following theorem.

THEOREM 4.2

The static probability that m outputs are active and g of the n tasks request the top pin in
a biased bxa crossbar with top pin routing probability wis given by:

Pa(m.q | n) ="Cq aA(1-0)"4 P4_1(m-17}(q) | n—q)

(n=1,2,...,b),
(g=0, 1<m<min(a-1,n)) or (1<g<n-1, 2<m<min(a,n—q+1)) or (q=n, m=1)
where P,(m| n) is the static probability for the uniform crossbar.

PROOF

Since a—1 outputs are uniform, we can use Theorem 4.2 probabilities and incorporate
the following:

» probability aA that g of the n tasks select the top pin;
» probability (1-w)"—9 that the remaining requests select other outputs;

» the number of ways "C, that ¢ pin zero requests are chosen from the n requests.

Given that the static probabilities for the uniform crossbar sum to one, the above
probabilities also sum to one since the coefficients are from the binomial expansion of

(o+(1-0)™. O
4.2.2 Transformed Static Probabilities

So far in this analysis we have ignored state holding times and assumed that all state
transitions are independent of the initial state. These omissions can be corrected by
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multiplying the static probabilities for a uniform crossbar by a state dependent factor
Rp (with Ry=1) and re-normalising the new transformed probabilities by E(R). We
already know the steady state probabilities of the constrained process X(¢) for a uniform
crossbar and so we can use this to determine the factors R,,. Using (3.5) we obtain:

n-1 a
Paim| m) s = —BELCA =12, min(n.0)
n

~ Substituting in Theorem 3.2, we have:

n-—lcm_l

I S T Cm
ER®) = Zn-aﬂ Cn and Ry, = m! S(n,n—m)

m=1,2,...,min(n,a)
We onjecture that the factors R, are the same for both the uniform and biased crossbar

and not dependent on q. This is clearly approximate but should give accurate results
when w is close to 1/a. The intuitive argument that leads to this postulate is as follows:

. The mean state holding time for both the uniform and non-uniform crossbar
is the same when there are m active outputs.

. The non-uniformity in routing is accounted for in the static probabilities by
the factor aA(1-w)*4.

. The transitions have a similar form in both the biased and uniform crossbar

The ransformed static probabilities for a biased bxa crossbar with top pin routing
probability wis given by:

nC, A(1-w)*4

* n . n—lcm—-l
Pg*(m,qln) = E*R) Pa—l(m‘nl(Q) | n—q)

m! S(n,n—-m)

where E*(R) is the normalising constant.

The conditional throughput function is then given by:

n n-m+l 4
Hp = Z m Pg*(m,q | n)
m=1 ¢

4.3 Non-uniform Routing with Different Pin Release Times

So far we have assumed that the holding time for all crossbar output pins has the
identical negative exponential distribution with rate yt. However, there are cases (such

as the hot-spot analysis in Chapter 6) where certain output pins may have different
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mean holding times (release times). Here we consider the case in which all pins but the
top output pin of the crossbar have the same release time. All holding times are still
negative exponential and the crossbar is biased so that p is the top pin routing
probability. The actual values of the release times are not required to model this
crossbar — only their ratio. Let the top output pin have a release time of one and all
other pins a release time of r so that r is the release time ratio.

4.3.1 Constrained Process

We consider the embedded Markov chain of the process X'(z) for a biased bxa

crossbar. Since state holding times are not relevant to the Markov chain, this makes the
analysis easier but the release times are required to calculate o(m,q): the probability that

the top pin is released when a transition occurs.

release rate of top pin 1 r

total release rate = T#n-0)Jr = rem=1

For ¢>0, o(m,q) =
and om,0) =0

From the stationary Markov chain probabilities P(C)(m,q | n), the stationary Markov
process probabilities P(m,q | n) can be determined by multiplying by the release time.

Pimgln) o %P(C)(m,qi n) if ¢=0

< 1 PO(mq!n) if >0

This analysis leads to the following theorem:
THEOREM 4.3

For a biased bxa crossbar with top pin routing probability p and release time ratio r, the
steady state constrained probabilities P(m,q | n) for the process X'(#) with state space
{2 are given by the following balance equations:

'—:—P(m,Ol n) =

(1-p)m
a1

(a-m)(1-p)
a1

m+1 (1-p)m?
+ ~ P(m+1,01 n)m

+ L:—P(m,O I n) (7_(;;—(’;)_5 {(m-1)(a-m)+(n-m)m}

P(m+1,11n)

+ P(m,11n)

(1-p)(n—m+1)(a-m)
(n—1)(a-1)

+ mT-_lP(m—l,Ol n
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For ¢>0,
r+m—1
r

Pimgln) =

m 2, . (1-p)(m=1)2
T Pm+1.q1m) 1@ e DD

- ~1
+ T POm+1,g-11m) (1} 2(@-1) 2+ naci(@-1)

(1-p)(m-1)
a1
T @-p)
+Pomg | M@ + == Gy (- a-m+Dm=D+(m-2)(a-m+1)

+ P(m,q+1 1 n) m5(q+1)

+ Mn-1(q)(1-p)1}
-1 _ _
2 Pma-11m mote-D B2+ L pgug 11y o 2((1—1):05’:-(’,,%1ﬂ

(1-p)(a-m+1)
+ P(m-1,g-11n) my(g-1) ——7—=

m-1 ) (n—g-m+2)(a-m+1)
+=7 P(m-1,41n) 77'{ (@)(1-p) (n—g-1)(a-1)

+ -’r’—‘P(m—l,q—l I'n) no(q—l)P('n_,:f—rl)

PROOF

These balance equations can be derived from Corollary 2 of Theorem 4.1 by converting
to the embedded Markov chain balance equations; multiplying the coefficients of the
probabilities by the state release rates and substituting for o(m.q) in the transition
probabilities . O

4.3.2 Analysis of a 2 by 2 Crossbar
When a=b=2 in Theorem 4.3 we obtain the following.

COROLLARY TO THEOREM 4.3

For a 2x2 biased crossbar with top pin routing probability p and release time ratio r, the
steady state constrained probabilities P(m,q | n) are given by the following equations:

=1: (1-p)r P(1,111) =pP(1,011)
n=2: pP(1,012) =r(1-p) P(2,112)
r(1-p) P(1,212) =pP2,112)

(r(1=p)+p) P(2,112) =pP(1,012) + r(1-p) P(1,212)
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PROOF

By direct substitution into Theorem 4.3 and simplification. [

Note that all coefficients of the probabilities have factors p, r(1-p) or their sum. This
implies that we can replace these factors by:

W= __e_._ and -0 = _r(i-p_)_
pr(1-p) p+r(1-p)

without changing the steady state probabilities. Thus for every pair (p,r) of top pin
routing probability and release time ratio of a 2x2 crossbar there exists a unique top pin
routing probability @ in an equivalent crossbar with unit release time ratio which gives

the same steady state probabilities. This simplification is not possible for larger
crossbars, as can be seen from Theorem 4.3, because the factors p and r(1-p) do not

appear in all terms in the balance equations.

4.3.3 Output Pin Utilisation in a Biased Crossbar

As with the uniform case, we consider the crossbar only at imes when there are a given
number of customers at the inputs. Hence we require the following conditional
probability distribution:

Wiz n,p,r) = Pr(Zj=z | I=n) i=0,1,...,a-1

which is the steady state probability that output pin i of the switch is in state z given the
following:

. There are n active inputs to this switch.
. The routing probability to the top switch output pin is p.

*  Therelease time for non-top output pins is r times that of the top output pin
of the switch.

We can derive expressions W; by analysing a closed embedded sub-chain of the
Markov process X'(¢) in which one state parameter, representing the number of active
inputs, is kept constant. The balance equations of this constrained process are given in
Theorem 4.3. The corresponding steady state probabilities lead to the following
theorem.
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THEOREM 4.4

For a constrained bxa crossbar with n=0,1,...,b active inputs, top pin routing
probability p, and release time ratio r, the probability that output pin i is active is given
by W;:

n
Wo(lln,pr)=1- z P(m,0ln)

m=1

for i=1,2,...,a-1
n
Willnpr) = a—i-l— ZmP(m,q In) + zP(m,O In) -1
m.,q m=1

where P(m,q | n) is given by Theorem 4.3.
PROOF

The first expression follows from the marginal probability that g>0, and the second
follows from the expected number of active output pins:

Z mP(m,q | n) = Wo(l!n,p,r)+ (a-1) Wi(11n,p,r) O

m,q

COROLLARY TO THEOREM 44

For a 2x2 crossbar with ne {0,1,2} active inputs, top pin routing probability p, and
release time ratio r, the probability that output pin i is active is given by W;:

Wi(110,0,r) =0
o}

Wo(lll,p,r) = ———o

p+(1-p)r
wi(lil,p,r) = _(_1___’)Z_

p+(1-p)r

2 _

W0(1|2,p,r) = p +p(1 p)r

pZ + p(1-p)r + (1-p)2r2

(1-p)r2 + p(1-p)r
p2 + p(1-p)r + (1-p)2r2

wi(l12,p,r) =
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PROOF

For n=1, the solution of the balance equations in the Corollary to Theorem 4.3 gives the
following:

PA111) = —-f—)=wo(1|1,p’r)

and PaoiD = <2 _wiinpn
p+(1-p)

For n=2, the solution to the balance equations in the same Corollary gives the

following: )
(1-p)?r
P(1012) =
( ) p? + p(1-p)r + (1-p)2r?
P(1212)= e
p? + p(1-p)r + (1-p)2r2
p(l-p)r
P2,112) =
&2 p? + p(1-p)r + (1-p)2r2
Thus by Theorem 4.4,

Wo(112,p,r) = P(1,212) + P(2,112)
W1(112,p,r) = P(1,012) + P(2,112) O
The analysis of crossbars with non-unit release time ratio will be particularly useful in

analysing hot-spots in delta-2 networks in Chapter 6. But first let us consider models
of delta networks without hot-spots.
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Thus far we have considered closed systems of DMA servers connected to a switching
network which is a simple crossbar. In this chapter, we extend this analysis to a delta
network with uniform routing to the output ports. Our aim is to derive an expression
for the conditional throughput of the delta network, i.e. throughput given the number of
active inputs. This expression describes the network characteristics and can be used to
determine throughput as a function of the closed system population (using Theorem
2.1) and hence the FES rate of the composite server.

By exploiting the recursive structure of the network we obtain a recurrence for the
conditional throughput of a J-stage delta network constructed from bxa crossbars. The
result holds for asynchronous, circuit-switched delta networks in which partial paths
are held (as in the ALICE machine). For this operational mode, we also determine an
upper bound on throughput of the network which is useful for comparison with the
throughput of models describing other protocols.

We begin with a general analysis of delta networks by applying Little's result [Li61],
and so initially require no assumptions about distributions of task service times, only
that the network is in stochastic equilibrium. In order to obtain a recursive solution,
however, we need to make certain approximating assumptions to determine the mean
queueing time for tasks arriving at the crossbars. These assumptions are very mild,
especially in the case of a saturated network, but only applicable to delta-2 networks.
In order to analyse more general networks, we require a further assumption, viz. that
the sub-networks in the delta network behave independently. This is a much coarser
approximation, although it becomes more accurate as the size of the sub-networks
increases.

5.1 Exact Analysis of Delta Networks

In this section we define some terminology for bxa crossbars and determine the output
pin utilisations in terms of the input pin utilisations (by using Little's result [Li61]). By
applying these results to crossbars in each stage, we can determine the network output
pin utilisations (and hence throughput) in terms of the network input pin utilisations.
However, two parameters for each crossbar in the network are unknown and need to be
estimated. This will be the subject of Section 5.2 for 2x2 crossbars, but for now we
require the following definitions.
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5.1.1 Definitions

Let the state of a bxa crossbar be the binary (b+a)-tuple (/0,/1,..../p-1; Uo,U1,....Ua-1)
describing the states (active or inactive) of its input pins Ig,/1,...,/p-1 and output pins
Uo,Uys...,Ug-1. In the steady state, we define the following:

. A pin's mean holding time (MHT) is the expected elapsed time between the
pin becoming active and the departure of the task holding it after its service
completion (i.e. the pin next becoming inactive, even if instantaneously).

. An active output pin's mean residual holding time (MRHT) is the expected
elapsed time between an arrival at the crossbar and the instant that the arrival
acquires that pin.

. The blocking probability, B;, for input pin i (i=0,1,...,b-1) is the steady
state probability that, at the instant a task arrives on that pin, the output pin it
requires is already held by a task currently holding another input pin.

5.1.2 A Crossbar in Equilibrium

LEMMA 5.1

For a bxa crossbar with output pins that

(a) are selected with the same probability by incoming traffic

(b) have the same MHT, m, and MRHT, d,

the probability that the top output pin is active is

b-1
-m T
P =3 m+B;d
i=)

where 7; is the utilisation of input pin i (i=0,1,...,b-1).
PROOF

Consider Figure 5.1 below.
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Figure 5.1 Pin Utilisations in a # by a Crossbar

Let the arrival rates (i.e. reciprocals of the mean inter-arrival times) on input pin i be 4;.
Applications of Little's result then yield:

Ag+A1+ ... + Ap-1
a

(i) For an output pin, p =[ ]m, since the probability that

the pin is active is the same as its mean queue length;
(i) Forinput pin i, m; = Aj(m+B;d), since the mean queueing time for a task is

the sum of the delay d in acquiring the output (which occurs with
probability B;) and the mean pin holding time m.

The result follows by eliminating the A;'s. []

5.1.3 A Delta Network in Equilibrium

The steady state probability that a given output pin in any stage of a delta network
satisfies a recurrence relation which can be derived by considering a single crossbar,
using Lemma 5.1, and the network's recursive structure.

Let m;, ds be the MHT and MRHT respectively for output pins at stage s in a uniform
delta network with J stages (1<s<J/). Thus my = dy = 1 if all servers have exponential
service times with parameter (. Let 35 be the blocking probability for an arrival on any
input pin at stage s. Then we have the following:

THEOREM 5.1

The equilibrium probability 7 that an output pin (of any crossbar) in stage s of a J-
stage delta network is active satisfies

_ b
a(1+B;0)
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where o = %— and m is the equilibrium probability that an input pin in stage 1 is
s

active.
PROOF

Any crossbar in stage s (s=1,2,...,J) satisfies the conditions of Lemma 5.1 since its

output pins are stochastically identical and clearly a steady state exists since the Markov
process representing the state of every pin in the network is Ergodic. []

5.2 Analysis of Delta-2 Networks

In order to proceed further in the analysis we will need to make some approximating
assumptions so that the blocking probabilities for new arrivals and mean residual

holding times can be determined. We restrict the analysis to delta-2 networks in which
case we believe the approximations are very mild. The 2x2 crossbar is analysed first so

that it can be used as the base case in the recursive analysis of the delta-2 network. This
leads to a recurrence for the conditional throughput function which can then be used in
the birth and death process of Chapter 2 to determine the throughput of the closed
system enclosing the network.

5.2.1 The Exponential Assumption and the Arriving Observer Property

First of all we define the arriving observer property: a 2x2 crossbar is said to possess
the arriving observer property (AOP) if the steady state probability that an input pin is
active at the instant a task arrives on the other input pin is equal to the equilibrium
(marginal) probability that the former input pin is active.

We make the following simplifying assumptions:

(i) For all pins in the network, MHT = MRHT, i.e. that mg = d;. This
assumption holds if a/l pin holding time distributions are exponential, which
is the case in the final stage of a network connected to exponential servers
but not true in general.

(i) The AOP holds for all crossbars in the network. So the probability that an
arrival at an input pin in stage s is blocked is the product of the probability
that the other crossbar input is active (i.e. 7;—1) and the conditional

probability that the new arrival selects the active output (i.e. 1/2).
Thus, B = 12‘7175—1
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Under these intuitively reasonable assumptions, the recurrence in Proposition 5.1
becomes solvable in closed form for the saturated, uniform case. In general, these
assumptions are both approximations in that they do not hold at every stage of the
network.

If we assume that all DMA servers have exponential service times, then all holding time
distributions are mixtures of Erlang distributions with the same parameter. Thus if
arrivals at any crossbar's input pin are random with respect to the holding times of the
other input pin, %S ':—SS < 1 since the mean residual service time for an Erlang-£

distribution with parameter 4 is -’52% In fact arrivals are not random and the MRHT is

much closer to the bound given by our approximation. This is because the service
completion that caused the arrival may have also just unblocked another task and so the
new arrival may be blocked at a pin which has just become active. In this case we have
ds=m;, but we may also have ds>m; if an arrival at one pin tends to occur more
frequently during longer intervals of activity of the other pin. Since the pin holding
time distribution seen by an arrival is not known, it is difficult to determine whether
dg<myg or dg>ms. However, the assumption that dg=m; certainly appears very
reasonable.

Intuitively, the AOP should not hold exactly, but should provide a good approximation.
In Appendix A we compare the approximate method with the exact solution for a two-
stage saturated, uniform network and show that the AOP does not hold by deriving
explicitly the steady state probability that an input pin is active at the instant a task
arrives on the other input pin of a crossbar in the final stage. However, the
approximating assumptions do turn out to be mild and yield extremely accurate results
compared with the exact solution in the two stage case and with simulations of larger
networks.

52.2 A 2 by 2 Crossbar in Equilibrium

COROLLARY TO LEMMA 5.1

Assuming that the AOP holds and that m = d in a crossbar with inputs that have
utilisations 7y and 71, the output pin utilisation p satisfies:
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PROOF

Since output pins are selected with equal probability and the AOP holds,
Bi=%m; (i=0,1). The result follows from Lemma 5.1 after substitution. []

For a crossbar with 7 = my = 71, e.g. one in which the input processes are the same for
each input pin, which has the AOP and m =4,

If further the crossbar is saturated (i.e t=1),p = %

5.2.3 Recursive Analysis of Delta-2 Networks

In this section we derive the throughput of a delta-2 network with uniform routing,
conditional on the number of active inputs to the network. For an s-stage delta-2
network (s21) we define the set Vg = {(ng,...,n2s.1) | nje {0,1}, 0<i<25} and the

following random variables:

(1) N e V; which represents the state of the input pins to the network (V;=0
means that input pin / is inactive and N;=1 means that it is active, i.e. the
DMA server connected to it is wishing to transmit).

(i) Ze Vg which represents the state of each network output pin.

We also define the function # for which #(V) is the number of non-zero components in
the vector V and the analogous function #; for which #1(V) is the number of non-zero
components in the first half of the vector V.

We will require the following probability distribution: Q(iln) = Pr(#1(N)=i | #(N)=n)
which is the probability that i active inputs are in the upper part of the s-stage network
(i.e. the first 25-1 pins) given that there are n active inputs altogether. By symmetry,
when there are » active inputs to the network, they are uniformly distributed over the 25
input pins. Since all arrangements of the n active inputs are equally likely:-

“Ci*Cpi

%, where k = 251 (5.1

Qiiln) =

We also define the following probability distribution:

Ton) = Pr(Zo=1!#N)=n)
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which represents the probability that the topmost output pin of the s-stage network is
active given that there are n active network inputs. This distribution can be defined by
using the recursive structure of the delta network with the partial shuffle topology.

active
pins

n-i
active
pins

Figure 5.2 Recursive Structure of s-stage Delta-2 Networks

Consider the rightmost, topmost switch in an s-stage network. This takes its inputs
from two separate (s—1)-stage sub-networks (Figure 5.2). When we condition on the
number of active inputs to each sub-network (their sum being #(¥)=n), the output pin
utilisation of either network can be found. Hence, we can determine the utilisation of
both the inputs to the rightmost, topmost crossbar by using the result obtained for the
next smaller networks in the recursion. The distribution of the state of the top output
pin then follows by considering a single crossbar and the results of the previous
sections. This gives the recurrence formula in the following theorem.

THEOREM 5.2

Under the assumptions that every crossbar in the network has the AOP and outputs
with MRHT = MHT, the output pin utilisation of a s-stage delta-2 network conditional
on the number of active inputs being n is given by the following:-

min(n,25-1)

Fors>l, Tyn) = 3, Qiln) U(Ty.1(i), Ty.q(n—i)) (5.2)
i=max(0,n-25-1)



Uniform Delta Networks 85

T1(0) =0, Ti(H=U@O,1, T12)=U(,1) (5.3)
where Uro,my) = —2— 4+ 2L
2+m  2+mp
PROOF

For an s-stage delta network (s>1) we define the following random variables (see
Figure 5.2):-

Z e (0,1} the state of output pin O of an s-stage network

Ip € {0,1,2,..25-1} the number of active inputs to the upper (s-1)-stage sub-
network

I1 € {0,1,2,..25-1} the number of active inputs to the lower (s-1)-stage sub-

network
n
Pr(Z=1, Ip+I1=n) = EPr(Z=1, Ip=i, [1=n-i)
i=0
n
= ZPr(I():i, I1=n-i) Pr(Z=11 Ip=i, I1=n-i)
=0
n
Pr(Z=1|Ig+I1=n) = ZPr([o=i, I=n-il Ig+1=n) Pr(Z=1 | Ip=i1, [1=n-i)
i=0

The recurrence (5.2) follows from the following substitutions:—
Ts(n) =Pr(Z=111Ip+I1=n)
Qi | n) = Pr(lp=i, I1=n-i| Ip+11=n)

U(T;.10), Ty.q(n-0)) = Pr(Z=1 | Ig=i, [1=n-i)

where U(my, 1) (the crossbar output pin utilisation when the crossbar inputs have
utilisations 7 and ;) is p in the Corollary to Lemma 5.1. []

COROLLARY 1 TO THEOREM 5.1

The expected number of active output pins conditional on 7 active inputs to a J-stage
network is given by:-
E(min) = 27 Tyn) (5.4)
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From the theorem and its corollary, the required conditional throughput function
Un=UE(min) can be used to solve the birth and death process defined in Chapter 2.

5.2.4 Saturated Delta Networks

The delta network becomes saturated when the queue lengths at each of its inputs grows
very large. This occurs as the number of customers in the closed system of DMA
servers and delta network approaches infinity.

COROLLARY 2 TO THEOREM 5.2

For a saturated delta-2 network, p;, the probability that the top pin in stage s is active is
given by the following:-
Ps = 533 (5.5)
and the expected number of active outputs in a J-stage network is given by:-
J+1
Eem12)) = 5 (5.6)

PROOF

Since all input pins to the network are active the recurrence in Theorem 5.2 simplifies
considerably in the absence of splitting probabilities Q(iln) since Q4(25-1125)=1 (from
(5.1)

Consider an s-stage delta network with all 25 inputs active. The (s-1)-stage sub-
networks are also saturated (see Figure 5.2) and so the recurrence (5.2) in Theorem 5.2
simplifies to give the following:-

2p;.
po= L where py =T
This recurrence has solution (5.5), and (5.6) follows from Corollary 1 of Theorem

5.2.0

For a 2-stage, saturated delta-2 network with p=1, we find p, =-;- using (5.5). Thus,

the throughput of the saturated network is 2. This compares with a figure of 22/7 for a
full crossbar network.

Although the recurrence (5.2) has only been simplified under these rather restricted
conditions, these are of course the conditions of greatest interest, viz. high loading.
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5.3 Approximate Analysis of General Delta Networks

In this final section on uniform delta networks, we present an approximate analysis of
delta networks of any dimension. The main approximation arises from the assumption
that sub-networks in the network behave independently. We briefly discuss this
approximation in the following sub-section before presenting the main recursive
analysis for the non-saturated and saturated cases.

5.3.1 Definitions and Assumptions

We consider delta networks with a partial shuffle topology, so an s-stage delta network
with bxa crossbars consists of b (s—1)-stage sub-networks (labelled 0,1,...,b-1 from

the top as in Figure 5.3). By symmetry, all these sub-networks have identical statistical
properties and so we only need to determine properties of one representative sub-
network (the one labelled O, for example) and the top crossbar in stage s.

For an s-stage delta network (s21) constructed using bxa crossbars, we define the
following set:

Vs(c) = {(no,....n¢es-1) | nje {0,1}, i=0,1,...,c5-1}
and the following random variables:

(i) N(s) e V(b) which represents the state of the input pins to the network
(Ni(s)=0 means that input pin i is inactive and Nj(s)=1 means that it is
active, i.e. the DMA server connected to it is wishing to transmit).

(i) Z(s) € Vs(a) which represents the state of each network output pin.

(i) Z(s,k) € Vs_1(a) which represents the state of the output pins of sub-
network £ in an s-stage network.

We also define the function # (k=0,1,...,b—1) which takes a single parameter of the

form N(s) and returns the number of non-zero components in the (k+1)1 partition of
the vector N(s) i.e. in the vector Nyps-1(5),....N(+1)p5-1-1(5).

We will require the following probability distribution:

Os((i0si15- - -»ib-1) | n) = Pr(#o(N(s))=i0,#1(N(s))=i1,.... #p-1 (N($))=ip—1 | #N)=n)

which is the probability that iy active inputs are in sub-network k (k=0,1,...,b-1) given
that there are n active inputs altogether. By symmetry, when there are n active inputs to
the network, they are uniformly distributed over the 5% input pins. Since all
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arrangements of the n active inputs are equally likely:—

b-1
[]Pe

bsc

-1 -1 -1,
0iln - b Ci PG Gy
§

bc,

n
We also define the following probability distribution:

Ts(zln) = PrZo(s)=z | #(N(s))=n)

which represents the probability that the topmost output pin of the s-stage network is in
state z given that there are n active inputs to the network.

In the approximate analysis we make the following assumptions:

. All pin holding times are exponentially distributed.

»  The input processes to each input pin of a crossbar are independent.

These assumptions are stronger than those given in the analysis of delta-2 networks. In
fact they imply both MRHT = MHT for all pins and that the AOP holds for crossbars.
The crucial assumption in this analysis is that sub-networks in the recursive definition
of delta network behave independently. This assumption is exact for synchronous
protocols but for the asynchronous protocols that we are concerned with, it does not
hold because downstream blocking affects both sub-networks. For example, if one
sub-network becomes heavily loaded, then tasks in some other sub-network are more
likely to be blocked further downstream thereby increasing the utilisation of that sub-
network's output pins.

5.3.2 Recursive Analysis of General Delta Networks

In this section we derive an approximate expression for the conditional throughput (1)
of a J-stage delta network constructed from bxa crossbars. We consider the decode
tree of the top output pin in this network since all outputs are identical. For the partial
shuffle topology, each (J-1)-stage sub-network is a delta network with identical
characteristics and so in the recursive step we only need consider sub-network 0.
Figure 5.3 shows the structure of the network being considered when there are 522
stages.
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Figure 5.3 Recursive analysis of s-stage delta network

Consider the rightmost, topmost switch in an s-stage delta network. This takes its
inputs from b separate (s—1)-stage sub-networks (Figure 5.3). When we condition on
the number of active inputs to each sub-network (their sum being #(N(s))=n), the sub-
networks are stochastically independent (by assumption). Hence, we can determine the
joint probability distribution of the states of the inputs to the rightmost, topmost
crossbar by using the result obtained for the next smaller networks in the recursion and
simple conditional probability arguments. The distribution of the state of the top output
pin then follows by considering a single crossbar and the conditional throughput results
of Chapter 3. This gives the recurrence formula in the following theorem.

THEOREM 5.3

Under the assumptions of Section 5.3.1, for an s-stage delta network constructed from
bxa crossbars with n active inputs, the probability that the top output port is in state

ze {0,1} is given by the following recurrence.

For s>1,n =0,1,....b%
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b-1
b-1
Tz 1n) = E 0si! ) E niet Y | oo
i X =0 k=0
b-1

2 ig=n
and forn=0,1, ....b
1
T101n) = a—f:n_—l and  Ty(1lm)= ——
PROOF

For the base case, we note that the throughput of a bxa crossbar is given by (3.14)
an
Hn = anlH

Since all output pins are equally utilised, the throughput of each pin is u,/a and so the

probability that the top pin is active is given by T

For an s-stage delta network (s>1) we define the following random variables (see
Figure 5.3):—

Z € {0,1} the state of output pin O of an s-stage network

N e {1,2,...,b5} the number of active inputs to the s-stage network

Ir € {0,1,2,...,b5-1} the number of active inputs to sub-network &

X € {0,1} the state of output pin 0 of sub-network k

Pr(Z,N)

i

D PrZN,LY)
LX

= D Pr@ZINLY Pr(V.LY)
LX

= D) PrZINLX) PrX IN,D Pr(V.D)
X

Given X, Z is independent of / and N. In fact, Z only depends on the number (and not
distribution) of active inputs to the topmost, rightmost crossbar, so

Pr(ZIN,LX) = Pr(Z 1 X) = Pr(Z | Xo+X1+...+Xp-1)
Given Iy, X is independent of N, [; (j#k), so

PrXIND =  Pr(Xollp) PrX(11y) ... Pr(Xpt | Ip1)
b-1 b1

PrZN) = E Pr(N,D) Pr(ZIZXk)H [Pr(XkI[k)}
k=0 k=0

LX
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Dividing by Pr(N), we have:

b-1 b-1
Pr(LIN) Epr(Zl %Xk) Ikl [Pr(Xkl Ik)}

X

Pr(Z IN)

The recurrence follows by appropriately identifying the random variables:

2=20(s), N=#(N(s)), I=#1(N(s)), Xx=Z0(s,k) for an s-stage delta network with a
partial shuffle topology. The recurrence holds for all delta network topologies since
they are all equivalent. []

COROLLARY 1 TO THEOREM 5.3

The expected number of active output pins conditional on n active inputs to a J-stage
delta network constructed using bxa crossbars is given by:—~

E(min) = a/ Ty(11n)
PROOF

Each one of the @’ outputs is equally utilised with utilisation T;(11 7).

From the theorem and its corollary, the required conditional throughput function
Un=UE(m | n) can be used to solve the birth and death process defined in Chapter 2.

5.3.3 Saturated Delta Networks

The saturated delta network (Section 5.2.4) can be interpreted as an open network of
servers connected to a delta network with a very large load. The throughput results of
this network are useful in two ways. First, it gives an approximate upper bound on
throughput for asynchronous, circuit-switched networks in which partial paths are
held. Thus, for saturated delta networks, this protocol can be directly compared with

other protocols. Secondly, the saturated throughput results provide a more efficient
way of finding u,,7 for a delta network with b/ inputs.
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LEMMA 5.2
Fort (0,1}, a21, b 21
b b B @) 1yl r r-1
a-1)! (=) 1
n;am GAn Cn#n (1P = Z’ BT =D " Z =t G IH(‘W)
#n—
PROOF
By expanding the left hand side (lhs) of the lemma
b
lhs = Z{aﬂz—-l Cnth {2( 1)i b-nC; t‘]
n=
Now the coefficient of ¢ in the lhs requires the coefficient of " in the binomial
expansion.
rs=3 v Y iy iy,

r—l n=1

bl 1yl
lh‘“':;l oAk ';(am-l)(n—n!(r—n)!

b r
bl (a-hl L et =D -
ths = & B-nla+r-DT -1 v n; atn (n_l)g(r_n)!j[.l(aﬂ) ~ ths

O

LEMMA 5.3

r r
Let F(a,r) = Z(—l)" rC kH (a+))
k=0 =0
2k

then for a2 1 and r 2 0 the function F(a,r) = r!
PROOF

The proof is by induction on r.

The lemma holds trivially for base case r=0 since F(a,0)=1.

For the inductive case consider the difference A = F(a,r+1) — F(a,r)

By substituting for the function F and isolating the last term of the first summation we
have: '
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14 r r
~1)k
A= (-1)r+1 [H (a+j)] + 2 (a—i%— [H (a+,)] [(a+r+1) +1C, - TCy]
=0 =0 =0
For k>0 and r>0, "+1Cy = "Cj_1 + "Cy, so by taking out the first term of the summation
we have:

r r r r 1

4=(-1 )r+I[H(aﬂ)}u(am{n(aﬁ)}z‘ CA T T |[@+r+1) rCrr@sn e
J=0 =l k=1 0 _

, r

r+l
A= (—1)’+1tH(a+j)J + (@+F(a) + % {I_ _(a-i-f)}
j=0 =0
r+1

r+l1
A= (a+r)F(a,y) + Z-—%_—;kgk-— [H(aﬂ)}
=0

kr
A= (a+r)F(ar) - C a1+)k. n lck {H(w;ﬂ)}
k=0

A= (a+r) F(ar)—aF(a+l,r)
Now assuming F(a,r) = r! for a21, then

—
=

F(a,r+1) = Flar)y + A
= r! + (a+r)r! —ar! by the inductive hypothesis
= (r+1)! O

THEOREM 5.4

Under the assumptions of Section 5.3.1, for a saturated delta network constructed from
bxa crossbars, the probability ¢; that an output pin at stage s is active is given by the

following:
b
=351
4 r-1
For 5>0, ts= E MOV Ry Z:
r=1 i=0

Thus for a J-stage network, the throughput T(es) = a/ t7 1 where . is the transfer rate
for servers connected to the network.

PROOF

Since all input pins to the network are active the recurrence of Theorem 5.3 simplifies
considerably in the absence of splitting probabilities Q,(i | n) since for all &,
ix=bs-1 which implies Q(i | b5)=1.
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Consider an s-stage delta network with all b5 inputs active. The (s—1)-stage sub-
networks are also saturated (see Figure 5.3) and so the recurrence in Theorem 5.2
simplifies to give the following:—

b1 b-1
T(11b5) = E Ti(1 Y x) ] | Te-1tme 1 657D
0

=0 L.
X k=

Suppose #(x)=n, i.e. n active inputs to the rightmost, topmost switch. By symmetry,
all bC,, arrangements of n active inputs are equally likely and each of these
arrangements corresponds to a unique binary vector x. So, instead of summing over x,

we can sum over # and introduce a factor C,,.
b

T(11b%) = E bCp T1(1 1 n) Ts_12(1 1 b5-1) T516-7(0 1 b5-1)

n=0
Letts=Ty(11b5),s011 = #—T and for s>1,
b
Iy = E ’ bc, a+’rlt—l ts_1" (1-t5_)bn
n=1
By Lemma 5.2,
r r—1
b! D! (=1)r+!
ty = (b—r)!(((zi;-)l)!((r-)l)! tet” Z (~1)n-1 r—lcn—ll_:[(a*'j)
r=1 n=1 j=0
j#n-1
By Lemma 5.3,
b
bl(a-1)!(-1)r+1
ts =

O-N1(@+r-1)1 ts-1"7 from which the result follows. ]
=1 : :

In the following chapter, we derive similar recurrence formulae for the case when the
output pins are non-uniformly selected, which allows us to investigate the effect of hot-
spots on performance.
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In the previous chapter we considered a delta network in which both the input ports and
output ports were uniformly utilised. However, in reality the use of memory modules
connected to the outputs may not be uniform. For example, if there is a shared lock or
a frequently accessed part of a data structure residing in a particular memory module,
then much of the traffic from the processing elements will be routed to this "hot"
memory. We can characterise this memory reference pattern in our traffic model by
assigning a routing probability to each memory module for all requests.

More generally, each processing element may have its own memory reference pattern,
i.e. a favoured set of memory modules that it frequently accesses. However, if work is
assigned randomly to processors and each processor has a large variety of work to do at
any time, then we would expect each processor to have an identical memory reference
pattern. The simplest non-uniform reference pattern is one in which there is a single
hot-spot at a given memory module and where the remaining memories are uniformly
utilised. In our analysis, we investigate the biased delta network which also includes
multiple hot-spots and collections of hot memory modules.

The overall purpose of this chapter is to determine the conditional throughput function
(up) for a delta network with a biased traffic pattern. This function can then be used in
Theorem 2.1 to determine the throughput function for the FES of the delta network.
Apart from the traffic model, the assumptions for this analysis are the same as that of
the uniform delta network analysis in the previous chapter.

We begin the analysis by defining some terminology. In particular, we group the
output pins together depending on their distance from the hot-spot and each group of
pins form a class. We derive reachability results (i.e. which output pins are reachable
from within the network) in terms of classes. The main outcome of this is that paths to
output pins of the same class have the same steady state probability of being blocked to
an arrival, i.e. have the same degree of contention. The reachability properties also
simplify the model for an arbitrary crossbar in the network. We recursively extend this
model to the biased delta network case and describe iteration schemes to determine
unknown variables in the model.

6.1 Terminology

In this section we describe some of the terms used in this chapter and extend the graph
terminology first used in Chapter 1. The terms refer to a J-stage delta network
constructed from bxa crossbars with a partial shuffle topology. A sequence of
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connected nodes and links between the network input ports and output ports is called a
path, and any contiguous portion of a path which begins at an input port is called a
partial path. The decode tree of a network output port comprises all paths to that pin.
Similarly, the decode tree of a network input port is composed of all paths originating
from that port. In our analysis, we will consider the decode tree of the topmost input
port, as shown by the shaded nodes in Figure 6.1.

Stage

Figure 6.1 Pin Classes in a 8-way Delta-2 Network

As before the pins in any stage of the network are numbered consecutively, starting at
zero for the top pin. However, for the decode tree of the top input port, we have an
additional numbering scheme (as shown in Figure 6.1). Each output pin in stage s
(s=1,2.....J) belongs to a class such that class O contains the pin numbered 0 and class
k (k=1,2,...,5) contains all pins numbered i (where i=ak-1 gk-141, .. gk-1). Thus
there are ak-ak-1 = (a—1)ak-1 class k (k=1,2,...,5) pins in stage s.

This decode tree is obtained by recursively considering sub-network 0 in the definition
of the partial shuffle topology. Other sub-networks with the same number of stages
have similar characteristics and so have the same pin class labelling as sub-network 0.
Thus in stage s, all outputs belong to some class &k (k=0,1,...,s).

In the analysis of a single hot-spot, we choose network output port O as the hot-spot
and refer to the other outputs as cool ports or cool pins.
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6.2 Reachability

In this section we determine the class of network output pins that are reachable from a
arbitrary switch in the delta network. An output pin of class j is reachable from a class
k output pin in the previous stage if there exists a link from a class & pin to a switch
with a class j output pin. From Figure 6.1, we can see that pins of class k+1 are
reachable from class £20 pins in the previous stage. Suppose a task traverses a path
across the network, then from a non-zero pin the class of the selected output pin
increases by one over each stage. Thus starting at a pin of class k>0 with 7 remaining
stages, the task will reach class #+k pins. These reachability properties are described
more formally in the following lemma and proposition for a J-stage delta network
constructed from bxa crossbars with a partial shuffle topology. These properties have
been derived for delta-2 networks in [PaHa88].

LEMMA 6.1

An s-stage delta network constructed from bxa crossbars with a partial shuffle topology
(so that there are b (s—1)-stage sub-networks) has the following inter-stage reachability
properties:

. Only the class 0 and class 1 output pins are reachable from the class O (and
only from class 0) sub-network output pins.

. Only class k+1 (k=1,2,...,5-1) network output pins are reachable from
class £ (and only from class k) sub-network output pins.

PROOF

The class O pins of the (s—1)-stage sub-networks connect to the top switch in stage s,
so only class 0 and class 1 pins of the s-stage network are reachable from the class 0
(and only from class 0) pins of the sub-networks.

Consider the (a-1)ak-! class k (k=1,2,...,5) pins labelled i (i=ak—1,gk-1+1,.. .,ak—l)
in the (s—1)-stage sub-networks. Since switch i in stage s takes its inputs from output
pin i in stage s—1 and has outputs labelled ai,ai+1,...,a(i+1)-1, only pins numbered
j=a(ak-1),...,a(a%~1+1)-1 = ak,...,ak+1-1 are reachable from (and only from ) sub-
network pin of class k. In other words, only class k+1 pins in stage s are reachable
from class k (k=1,2,...,s~1) (and only from class k) pins in the sub-networks. []
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PROPOSITION 6.1

An s-stage sub-network (s=1,2,...,J) of a J-stage delta network constructed from bxa

crossbars with a partial shuffle topology has the following network reachability
properties:

. Only network output pins of class k=0,1,...,J—s are reachable from the
class O (and only from class 0) output pins of the sub-networks.

. Only network output pins of class J-s+k (k=1,2,...,s) are reachable from
class k (and only from class &) output pins of the sub-networks.

PROOF

The proof is by induction on the number of remaining stages r=/-s for a task at stage
s=JJ-1,...,1.

For the base case (¢=0), the proposition with s=/ is trivially true.

For the case r>0, let us assume the proposition holds for J—s=¢ remaining stages.

Now consider an arbitrary (s—1)-stage sub-network (i.e. #+1 remaining stages). By
Lemma 6.1, only stage s output pins of class 0 and 1 can be reached from class 0 (and
only from class 0) pins in the (s—1)-stage sub-networks. By the inductive hypothesis,
the s-stage class O pin (i.e. ¢ remaining stages) leads to network output pins of class
0,1,...,t and the s-stage class 1 pin leads to class z+1 network output pins. Hence class
0,1,...,24+1 network output pins can be reached from class O (and only from class 0)
pins in the (s—1)-stage sub-network.

Again by the Lemma 6.1, only stage s output pins of class j+1 (j=1,2,....,s~1) can be
reached from class j (and only from class j) pins in the (s—1)-stage sub-networks. By
the inductive hypothesis, the s-stage class j+1 pins (i.e. ¢ remaining stages) lead to class
t+(j+1) network output pins. Hence class (¢+1)+j network output pins can be reached

from class j (and only from class j) pins of the (s—1)-stage sub-networks.
Thus, the proposition holds for r+1 remaining stages and this completes the proof. [7]

6.3 Non-uniform Traffic Model

In this section we define a number of ways to describe the traffic that uses the delta
network. As mentioned at the start of the chapter, we assume that tasks are uniformly
distributed over the network inputs but the routing of tasks to the network outputs may
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be non-uniform. We characterise the traffic by specifying the routing probability to
each class of network output pin. This is called the biased traffic model and is a subset
of the full non-uniform traffic model which can also be used in the delta network model
(after a simple extension) presented in this chapter. The single hot-spot traffic model is
a special case of the biased traffic model in which the routing probability to output pins
of non-zero class is the same. Of course, the uniform traffic model is a special case of
all these non-uniform traffic models. These traffic models for the delta-2 network are
also described in [PaHa88].

6.3.1 Network Routing Probabilities

Since all network inputs are treated in the same way, we consider the decode tree of the
top network input. For a J-stage delta network constructed from bxa crossbars we
define pg (k=0,1,...,J) as the routing probability to a class k network output pin.

Figure 6.2 shows the decode tree of the topmost input of a delta-2 network.
Stage 1 2 3

Figure 6.2 Decode Tree of Topmost Network Input

Since all arriving tasks are routed to some network output and there are (a-1)a%-1
output pins of class k=1,2,....J we have the following normalising condition on the
routing probability vector p:

J
po + (a—l)z alpy = 1
k=1

For single hot-spot traffic py = 1—_319 k=1,2,....J

and for uniform traffic p = ‘—1,- k=1,2,....J
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6.3.2 Switch Routing Probabilities

An alternative way of specifying the traffic model is to define the switch routing
probabilities for an arbitrary switch in the network, i.e. the probability that a task
arriving at the switch inputs selects the top switch output. From Figure 6.2, it is easy
to see that only the top row of switches (shaded in the diagram) have non-uniform
switch routing probabilities. This is also the case for general delta networks because
the switch outputs of non-top switches lead to network outputs of the same class (from
Proposition 6.1) and so have the same switch routing probability (1/a). Thus the biased
traffic model can be described by a function a(s) which returns the switch routing
probability to the top switch output in stage s (s=1,2,...,J). For uniform traffic, the
function is a constant axXs)=1/a.

6.3.3 Relation between Network and Switch Routing Probabilities

Given a network routing probability vector p we can determine the switch routing
probabilities axs) by considering the reachability of network outputs from the switch
outputs. Consider the top switch in stage s and let t=/-s be the number of remaining
stages. It has been shown in Proposition 6.1 that from the top switch output (class 0),
network output pins of class 0,1,...,t are reachable and from the other switch outputs
(class 1) network output pins of class t+1 are reachable. Since there are (a—1)ak-! pins
of class k=1,2,....J we have :

routing probabilities from top switch output
routing probabilities from switch

axs)

{
po + (a—l)z ak-1 py
k=1

t+1

po + (a—l)z ak-1 py
k=1

Conversely, given the switch routing probabilities axs) we can determine the network
routing probability vector p by considering a task which is establishing a path to a
network pin of a certain class and using the forward path descriptor. For a path to the
top network output, the task has to choose the top switch output in all stages. Thus,

J
po = H axs)
s=1

For a path to a class k (k=1,2,...,J) network output pin, the task has to select the
following:
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J—k
. top switch output in the first J-k stages (i.e. with probability H axi) )
=i

. non-top pin in stage J-k+1 (i.e. with probability F—a’f‘{_—-i-lil)-)
. any given switch output in the remaining k-1 stages
(i.e with probability —— kl T)
l-axJ—k+1) B
Thus, [H oxi )] o kel

6.3.4 Induced Routing Probabilities

In a J-stage delta network, let #¢ be the utilisation of a network output pin of class k. If
the service rate of DMA servers is unity then # is also the throughput of the class & pin.
Now we can derive an expression for the network routing probabilities p from the
utilisation vector ¢, as follows. In the steady state, if a fraction of the total traffic is
routed to a particular output pin then the same fraction of the total throughput must flow
through that pin. Hence, the routing probabilities can be found from:

Lk

J
1o + (a—l)z ai-1 tj
=1

Thus these induced routing probabilities provide a useful check on the delta network
model since they have to match the network routing probabilities used to determine the
pin utilisations. In addition, they are used to derive an iterative solution in Section 6.8.

Pk =

6.4 Path Blocking Probabilities

For each link in a delta network there is an associated steady state probability that an
arriving task wishing to use that link will be blocked: this is called the link blocking
probability. Each path contains a set of links across the network and has a similarly
defined blocking probability. Two paths have the same blocking probability if all links
between corresponding stages have the same blocking probability. In general, there is a
strong dependence between these link blocking probabilities and so little can be said
about them using local information about nodes. However, we can identify links which
have the same blocking probability simply by looking at the structure of the network for
a given traffic pattern.
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In our analysis, we consider a biased traffic pattern, i.e. the task routing probabilities to
each class of network output pin can be different. Now suppose that when a task
arrives at a particular switching node it selects any switch output pin with equal
probability (because the routing probabilities to all possible destination addresses from
this node are the same); then the link blocking probability for any switch output link
will be identical. By applying this observation to appropriate nodes in the network, we
can show that paths to certain output pins have the same blocking probability despite the
non-uniform traffic pattern. This is formalised by the following proposition.

PROPOSITION 6.2

For an s-stage delta network constructed from bxa crossbars with a partial shuffle
topology and a biased traffic pattern, the path blocking probability is the same for all
paths to pins of the same class.

(Le. paths to (a—1)ak-! class k (k=1,2,...,s) pins have the same blocking probability.)

PROOF

For the base case (s=1), the network is a bxa crossbar. Since output pins i=1,2,...,a-1
are treated identically, paths to them have the same blocking probability.

For the multi-stage case (s>1), let us assume that the result holds for an (s—1)-stage
sub-network. Since all sub-networks are disjoint, the partial path blocking probabilities
to a pin of class k (k=1,2,...,5-1) in any sub-network are the same (by the inductive
hypothesis). By Lemma 6.1, we know that pins of class k in the sub-networks connect
via switches to output pins of class k+1 in stage s. Routing at these switches is
uniform because all reachable pins from the switch outputs belong to the same class.
Thus the s-stage switch outputs have the same link blocking probabilities and so path
blocking probabilities are the same for all pins within a certain class k+1=2,3,...,s.

Finally, we note that the class O pins in the sub-networks connect to s-stage switch 0 in
which tasks have uniform routing to class 1 output pins of stage s and so equal path
blocking probabilities. Thus the proposition holds for k=1 which completes the

proof. ]

The proposition shows that for general biased traffic, paths to output pins of the same
class experience the same degree of contention. In particular, this holds when the top
output pin is a traffic hot-spot and all other pins of the delta network are uniformly

utilised (i.e. a single hot-spot traffic pattern). Since class 0 is the hot-spot, we would
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expect tasks requesting it to experience different contention from tasks which request
other classes of output. Furthermore, the other classes of output each experience
different contention even thou gh they are uniformly utilised. The reason for this is
summarised by the following argument.

For a single hot-spot traffic pattern, all nodes in the decode tree of the top output pin
will be busier than in the uniformly utilised case, so we refer to it as the hot decode tree.
The degree of overlap with another output pin's decode tree will determine the extent of
the extra contention caused by the hot-spot. For example, customers destined for pin
number one (adjacent to the hot pin) suffer the greatest contention because pin one's
decode tree nodes are identical to the hot-pin's decode tree nodes. However, the
customers destined for the bottom output pin suffer less hot-spot contention because its
decode tree nodes only overlap the hot decode tree at the leaves (crossbars in stage
one). Consequently, in equilibrium, a greater proportion of the customers will build up
for pin number one than for the bottom pin. It is easy to see, by an argument analogous
to the one used to prove Proposition 6.2, that certain output pins have the same build up
of customers and that these pins can be grouped together to form pin classes.

If different classes of network output pins are reachable from a given switch in the
network then paths from the top switch output may have different blocking probabilities
to paths from the other switch outputs. Consequently, when the top and a non-top
switch output become active, the mean time taken for them to become inactive (possibly
instantaneously), which we call their release time, will be different. Hence modelling
the presence of a hot-spot differs from the uniform routing case in two important
aspects: the different routing probabilities and the different release times for outputs of a
given switch.

6.5 Exact Analysis of Biased Delta Networks

Little's result can be applied to pins in a biased delta network in the steady state (as with
the uniform case in Section 5.1). In this section, we begin by extending some of the
definitions given for the uniform network and then analyse a biased crossbar in
equilibrium. The crossbar results are then used to derive an expression that gives the
utilisation of each crossbar in the network. However, three parameters for each
crossbar in the network are unknown and so require estimation or iteration. This will
be the subject of Section 6.6. |
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6.5.1 Definitions

The following definitions for a bxa crossbar are extensions of those given in Section
5.1.1 for the uniform crossbar.

. The utilisation of input pin i of the crossbar is denoted by x;
(i=0,1,...,b-1).

. The release time ratio r is the ratio of the MHT of pin j
(for any j=1,2,...,a-1) and the MHT of pin 0.

. The blocking probability Bijj @@=0,1,...,b-1; j=0,1,...,a-1) is the steady
state probability that, at the instant a task arrives on input pin i, the output
pin it requires (pin j) is already held by some other task.

6.5.2 Biased Crossbars

LEMMA 6.2

For a biased bxa crossbar with output pins 0 and j (j=1,2,...,a~1) that have,

respectively:
1-
. selection probability p and %‘_Tp))

. MHT m and rm

«  MRHT dpand d;

the probability that output pin 0 is active is given by:
b-1

p=pm E o
— p(m+Biodp) + (1-p)(rm+Bj1d1)

4
and the probability that output pin j>0 is active is given by:

(-pr
@Dp"

PROOF

Let the arrival rate on input pin i be A; (i=0,1,...,6-1).
Applications of Little's result to pins then yield:
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(1) Forinputpin i
m; = Ai[p(m+Biodo) + (1-p)(rm+Bj1d1)]

(i) For output pin 0
p = p(Ag+Ar1+...+Ap-1)m

(iii) For any output pin j>0

(1-p)

q= i (A{)+11+. . .+/‘{b_1)7‘m

The first result follows from (i) and (ii), and the second from (ii) and (iii) [
6.5.3 Biased Delta Networks

For the decode tree of the top network input pin in a J-stage delta network constructed
from bxa crossbars we define the following terms:

Let g (s=1,2,...J; k=0,1,...,5) be the utilisation of a class k output pin in
stage s and my be the utilisation of the network input pins.

For non-uniform crossbars in stage s we define the following:
@ is the routing probability to pin O of the crossbar
rs is the release time ratio

Bsj is the blocking probability for an arrival which selects pin j
0s; is the ratio MRHT:MHT for output pin j

. For uniform crossbars in stage s we define the following:
B is the blocking probability for an arrival at the crossbar
ot is the MRHT:MHT for output pins

THEOREM 6.1

The equilibrium probability 7y (s=0,1,...,J; k=0,1,...,s) that an output pin of class &

in stage s of a J-stage network is active satisfies the following recurrence formulae:

50 = bwsms_10
ws(1+B500650) + (1-5)(rs+Bs1051)

1-awg)r
5,1 = (L% 0
(a-Dawy
for k=2,3,....5: Tk = b1 41

a(1+fs05)
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PROOF

Using class reachability properties (Lemma 6.1), we know that class 0 and 1 output
pins of stage s can be reached from class O pins of stage s—1. Since each input to the
top stage s crossbar has utilisation 751 0, the crossbar's output pin utilisation can be
determined from Lemma 6.2. Hence the first two recurrence must hold. Similarly
crossbars in stage s with class £>1 output pins take their inputs from class k-1 pins in
stage s—1 and so all inputs have utilisation 7;_) z-1. Since these crossbars are uniform,
the final recurrence follows from Lemma 5.1. ]

6.6 Analysis of Biased Delta-2 Networks

In this section we make some approximating assumptions so that blocking probabilities
and MRHT: can be determined. Initially we assume that all release time ratios are
known, but later we derive a fixed-point equation which they must satisfy (Section 6.8)
and describe a iterative scheme by which they can be determined.

We first analyse a biased 2x2 crossbar and then extend it recursively to biased delta-2
networks. This leads to a recurrence formula for the conditional throughput function
which can be used in the birth and death process of Chapter 2 to determine FES rate of
the delta-2 network in a closed system.

6.6.1 Simplifying Assumptions

As with the uniform case (Section 5.2.1), we make the following assumptions:

(i) For all pins in the network, MRHT=MHT, so a0 = 051 = 0ts = 1

(i) The AOP holds for all crossbars, so an arriving task "sees" the other input
pin in its equilibrium state. In particular, when an arrival at one input finds
the other input active, the probability that the latter input is connected to the
upper or lower output is the same as the steady state probability that it is
connected to the upper or lower output (respectively) conditional on only
one input being active.

Both of these assumptions are discussed in Section 5.2.1.
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6.6.2 Biased 2 by 2 Crossbars

COROLLARY TO LEMMA 6.2

Assuming that the non-uniform crossbar has the AOP and that the MRHT = MHT for
both output pins,

p= P(P+(1~P)r)[

™, m] and g =22
G(m)  G(mo) P

where for i=0,1: G(m) = (1+m)(p2+(1-p)2r2) + 2p(1-p)r
PROOF

Conditional on only the lower input being active, let P(T) be the probability that the task
in the crossbar is holding the upper output and let P({) be the probability that it is
holding the lower output.

Applying Little's result to the crossbar at times when only its lower input is active, is
equivalent to using Lemma 6.2 with 7p=0 and m1=1 (so that Bjp=B11=0). This gives:

peo P md o O
p+(1-p)r p+(1-p)r

where p' and ¢’ are the utilisations of the upper and lower output pins when only the

lower input pin is active. Suppose n(S) is the stationary probability that the crossbar is

in state S where S (defined in Section 5.1.1) represents the state of each crossbar pin.

Thus we have:

,_m0110) ,_7m0101)
70 1) LT
andso PN =p'= —L— and Pl)=¢'= -pr_
p+(1-p)r p+(1-p)r

Given that the AOP holds and that one input pin is active (by symmetry), a new arrival
on the other input sees the active input connected to the upper output with probability
P(T) and to the lower output with probability P(L). Thus we have the following

blocking probabilities:
Boo=m P(T) and  Bg1=m P),
Bio=m P(T) and By =m PW)

The result follows by substituting these blocking probabilities and dg=m, dy=rm in
Lemma 6.2. ]
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Let Up(my,m1,p,r) be the utilisation of output pin & of a crossbar with input utilisations
m and 7r1; upper pin routing probability p; and release time ratio . Thus
Uo(my, m1,p.7) =p and Uy(mo,m1,p,r) = q in the Corollary to Lemma 6.2. The result
here agrees with the Corollary to Theorem 4.4 in that:

Ur(1,1,p,r) = Wi(112,p,r) and Ur(0,1,p,r) = Wi(1 | 1,p,r)

6.6.3 Recursive Analysis of Biased Delta-2 Networks

In this sub-section, we derive the throughput of a delta network with non-uniform
routing, conditional on the number of active inputs to the network. Although the
approach presented here is applicable to full non-uniform routing in which all output
pins are selected with different probabilities, for simplicity, we only consider the biased
traffic model.

Given N and Z, as defined in Section 5.1, we now define the following probability
distributions:-

T;O(n) = Pr(Zo=11#®N)=n)
and for >0,

T®(n) = Pr(Z.=1 1 #)=n)

Tk)(n) is the probability that an output pin of class & is active in an s-stage network
with 7 active inputs and typically we use pin number 2k-1 as the representative pin for
all class k pins.

In this recursive analysis, we consider the decode tree of the top input pin of the
network. For the base case (s=1) of the recursion, the interconnection is a 2-way
crossbar with switch routing probability for the top switch output given by a(1). For
the s-stage case (s>1), the upper and lower (s-1)-stage sub-networks are separate so
that we can determine utilisations of the inputs to the rightmost crossbars by using the
result obtained for the smaller network in the recursion. This gives the recurrence
formulae in the following theorem.

THEOREM 6.2

Suppose there are ny active inputs to a J-stage delta network with a partial shuffle
topology. Assuming that every crossbar in the network has the AOP and outputs with
MRHT = MHT, the utilisation of a class k output pin in stage s is given by the
following recurrences. |
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for s=2,3,....J, k=0,1; n=1,2,...,ny,

min(n,25-1)

T®(n) = Q(iln) Up(T5.100), T5.1O(n—i), o(s), r(s,ny))
i=max(0,1-25-1)

for s=2,3,...,J; k=2,3,...,5; n=1,2,...,ny,

min(n,25-1)
Ts(k)(n) = z Q,(iln) UO(TS-1("‘1)(i)’ T, ®-D(n-i), 15’ 1)
i=max(0,n-25-1)
and for £=0,1 we have:- T1®(0) =0

T1®(1) = Ug(0, 1, ax1), r(1,ny))
T1(2) = Up(1, 1, ax1), r(1,ny))
where axs) is the switch routing probability
and r(s,ny) is the release time ratio for the top switch in stage s when there are n;
active network input pins.

PROOF

The proof is analogous to that of Theorem 5.2. In addition it uses Lemma 6.1, i.e. a
pin of class k in stage s is reachable from a pin of class &-1 only. ]

COROLLARY TO THEOREM 6.2

The expected number of active output pins conditional on ny active inputs to a J-stage
network is given by:-
E(miny) = T/ 21y T,V
(ming) = Ty (ny) + -1 Ty “(ny)

From the theorem and its corollary with ny = 1,2,..2/, the required conditional
throughput function 1, = wE(min) can be used to solve the birth and death process
defined in Chapter 2. This gives T(N), the throughput of the closed system for a given
population N. However, the release time ratios r(s,n;) are unknown in Theorem 6.2.
It now remains to obtain these ratios and this will be the subject of Section 6.8.

The delta-2 network model presented in this section does not generalise easily to
networks constructed from large crossbars mainly because, in general, the input
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processes at crossbar inputs are not independent. When there are more than two input
pins in a crossbar and we condition on an arrival at one of the inputs, the joint
probability distribution of the activity of the remaining inputs is required (to determine
the mean waiting time in Little's result). This joint distribution cannot be readily
determined from the input pin utilisations that we obtain recursively. Even if the joint
distribution can be determined, it is still difficult to calculate the mean waiting time of
the new arrival because the arrangements of the connections from the remaining inputs
to the output pins are required. Hence in the following section we adopt a different
approach to modelling general delta networks.

6.7 Approximate Analysis of Biased Delta Networks

In this section we derive an expression for the conditional throughput (1) of a J-stage
delta network constructed from bxa crossbars with the biased traffic pattern described
in Section 6.3. As before we consider the decode tree of the top network input since all
inputs have identical characteristics. From Chapter 4 we have models of all nodes in
the decode tree, so now we use them to build up a model for the entire delta network.

6.7.1 Definitions and Assumptions

We require the same definitions as in Section 5.1, viz. the random variables N(s), Z(s),
Z(s,k) and the probability distribution Qs(i | n). However, now we need to extend the
output pin state probability distribution to the following:

TsOz | n) Pr(Zo(s)=z | #(N(s5))=n)

Il

TsK)(z | n) Pr(Z  k-1(s)=z | #(N(s))=n) k=1,2,...,s

Ts®)(z | n) is the probability that the state of an output pin of class k is ze {0,1} in an s-
stage network with n active inputs. In the definition above, we use pin number a1 as
the representative pin for all class k=1,2,...,s pins.

In the approximate analysis we make the following assumptions:

. All pin holding times are exponentially distributed.

. The input processes to each input pin of a crossbar are independent.

The consequences of these assumptions (especially the latter) are discussed in Section
5.3.1 for the uniform case.
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6.7.2 Approximate Recursive Analysis

In this recursive analysis of a J-stage delta network, the base case is a bxa crossbar
with top switch output routing probability axX1) and some release time ratio r. For the s-
stage case (s=2,3,...,J), the (s—1)-stage sub-networks are disjoint and we assume that
they are independent. Hence we can determine the probability distribution of the states
of the inputs to the rightmost crossbars by using the result obtained for the smaller
network in the recursion and simple conditional probability arguments. The state of the
output pins of these crossbars can be determined using the biased crossbar model
described in the previous section. This gives the recurrence formulae in the following
theorem.

THEOREM 6.3

Suppose there are n; active inputs to a J-stage delta network constructed from bxa
crossbars with a biased traffic pattern. Under the assumptions of Section 6.7.1, the
conditional output state probabilities for a class & output pin of a s-stage sub-network
are given by T 0

Base case (s=1, k€ {0,1}) T1®)(z | n) = Wi(z ! n,a(1),r(1,ny))

5=2,3,....J; ke {0,1}

el b-1
Tz n) = E 041 1) E wie1 Y. s rsap | | 10t
k=0 k=0

sz-n
k=0

For s=2,3,...,J; k=2,3,...,§

b-1
TG n) = E Qi n) E Wo(z | Zxk, o[ ] retverin
k=0

Z ik=n

where Wy is defined in Section 4.3.3 and r(s,n;) is the release time ratio for the top
switch in stage s when there are ny active inputs to the J-stage network.
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PROOF

The proof is analogous to that of Theorem 5.3 but requires class reachability properties
and a biased crossbar model. From Lemma 6.1, class k€ {0,1} pins in stage s can be
reached from class O pins in the sub-networks (hence the superscripts in the first

recurrence). Likewise, class k (k=2,3,...,5) pins in stage s are reachable from class k—
1 pins in the sub-networks. []

The expected number of active output pins conditional on n; active inputs to a J-stage
delta network with a biased traffic model is given by:

J
E(nng) = TAO( 1 ny) + (a-1) Y, at=1TAO(1 | ny)
k=1

PROOF

All (a-1)ak-1 pins within a class & (k=1,2,...,J) have the same utilisation. The result
follows by summing the utilisation of each network output pin. []

Thus the conditional throughput function i, = u E(m | nj) can be determined from the
corollary and its theorem (given p is the DMA transfer rate). By substituting this into
the birth-death process of Chapter 2, we can determine T(N) (the throughput of the
closed system of DMA servers connected to a biased delta network).

However, in Theorem 6.3 the release time ratios r(s,ny) are unknown. In the next
section we develop an iterative scheme based on a fixed-point equation to determine
these ratios.

6.8 Fixed-point Equation for Release Time Ratios

In this section we describe a fixed-point approach by which the release time ratios can
be determined. Although only delta-2 networks are considered (so, in particular,
Theorem 6.2 will be invoked) the approach can be generalised easily to networks with
larger crossbars. First we define the following notation:

. Suppose there are ny active inputs to a J-stage delta network, so that the
release time ratios r(s,ny) can be abbreviated to r; for the topmost crossbar
in stage s (s=1,2,...,J), where rs>0.



Hot-spot Contention in Delta Networks 114

Let #; be the utilisation of a class & pin (k=0,1,...,/). From Theorem 6.2,
we have t = T/O(n)).

Let p (0<p<1) be the hot-spot routing probability that describes the network
traffic and py be the routing probability to a class & output pin, so that

1-p
=p and = —— (k=12,..
po=p Pk = 71 ( J)

Let axs), which we abbreviate to s, be the corresponding top stage s
switch routing probability function, where 0<as<1 (s=1,2,....J).

Let £ = (r1, r2,...,77), £ = (20, t1,.. .80, 2 = (PO, P1....,0J) and
@ = (01,@,..., Q)

6.8.1 Fixed-point Equation

We now derive a fixed-point equation for the pair (@,r) using the functions A, B and C

defined below. Each function takes a pair of vectors and returns a pair of vectors in

which the second component (r) is the same in both pairs. However, in function A, the
r influences the value of the first vector in the result.

Firstly, from Theorem 6.2, the utilisation vector is a function of the switch
routing probabilities and the release time ratios. Suppose F is this function

and define (,r) = A(@.r) = (F(Q.0).D).

Now ¢ induces a set of network routing probabilities since the proportion of
the total throughput flowing out of a pin in equilibrium must be equal to its
selection probability,

Ik

ie. Pr = - =[G, say.

to + 2 2J-1 t

1
Now let (p.r) = B(t.r) = (G(®, D.

The switch routing probability is a function of the network routing
probability, (Section 6.3.3):
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J-5

po+ D, 21p
k=1
ws = Jos+1 = [H(Q)]Sv SaY‘
po+ Y, 2k p
k=1
Now let (@,r) = C(p,r) = (H(p).r).

Thus we have the following fixed-point equation: (@,r) = A(B(C(@.r))). Although for
all (@.r), AB(C(@.r)) = (@',r) for some @', the choice of r determines @' and hence
the fixed-point pair.

We require fixed-points (@,r) of the above equation. Typically, @is given by the traffic
pattern and a guess is required for r. From the analysis, we know that /=1 because
complete paths suffer no further contention and DMA transfer rates are the same
regardless of the output pin. The proof of uniqueness of r with respect to the fixed-
point equation is not given here but we conjecture that r is unique because in the 2-stage
network different release time ratios in the first stage crossbar give output pin
utilisations that induce different switch routing probabilities. This means that both
cannot satisfy the fixed-point equation.

6.8.2 Iterative Method

Let r5{) be the approximation for r; after the ith iteration. As an initial guess, we choose
the following: rs(®=1 for s=1,2,...,J. This guess is exact when ny=1 and also for
uniform traffic. Furthermore, in all approximations to r we know that r/=1.

The switch routing probabilities which are induced when the model is parameterised by
release time ratios {9 are given by the following:

@D =first( ABC(@.LD))) where first(p,q))=p

The difference between the required and the observed switch routing probabilities can
be quantified as follows:
o5 ~ s
Ws

4y =

Now if ds@ is positive, then the utilisation of the upper pin is higher than expected and
so the release time ratio for the top switch in stage s needs to be increased. Thus we
use the following to update the value of r:

r+1) = r () [1 + DdD]
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where D (typically between 1 and 4) is a damping factor used to reduce the number of
iterations.

The stopping condition is | di() | < g, s=1,2,...,J for some pre-defined &.
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In the Introduction we noted that there are two main types of data transmission
protocols for MIN: circuit switching and packet switching. For both protocols, the
control aspect of the operational characteristics is normally described as being either
centralised (routing of messages determined by some global controller) or decentralised
(messages are self-routing). In this chapter we propose a different circuit switching
protocol which has partly centralised control. This novel protocol delivers better MIN
performance (albeit at the expense of some extra hardware) and is less susceptible to
hot-spot tree saturation.

We begin the chapter by comparing two commonly used circuit switching protocols for
MIN:s, i.e. the holding and releasing of partial paths. After some preliminary
definitions about the structure of the delta network, we give an informal description of
the new protocol. Some heuristics which are required to determine certain parameters
in the protocol are considered using the analytical techniques developed in earlier
chapters. Finally, the implementation of the protocol is discussed together with other
issues such as fault tolerance and cost-effectiveness.

7.1 Circuit Switching Protocols

In this section we compare two types of circuit switching protocols; those in which
partially established paths are released and those in which they are held. We find that
an important factor in determining which protocol gives better performance is the delay
involved in switching a crossbar from one state to another. Typically, the crossbar
inputs are polled on a clock pulse and so a new arrival usually has to wait before it can
obtain a free output and a blocked arrival (i.e. blocked on some active output) keeps on
polling the output pin until it becomes available. (The clock is necessary to avoid
simultaneous access to the same output pin.) Thus we define the switching delay as the
time elapsed between an arrival at the crossbar input (requiring an inactive output) and
the point at which the free output pin is acquired.

First we consider the circuit switching protocol in which partial paths are released.
Assuming that messages are self-routing (so that there is decentralised control), this
protocol can be implemented using very simple hardware. Since partial paths are
released, tasks only hold shared resources (links) when a complete path across is
obtained (or during the process of path building or releasing). Thus other tasks cannot
become blocked by a path which is already blocked (unless it is also in the process of
building/releasing). However, all the work done in establishing a path to the blockage
is lost and this can be considerable if switching delays are high. The task then has to
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retry after some random time and the chosen retry rate is crucial to the task-based
performance measures. If the retry rate is too high, the link required will not have
changed state and so the next attempt is likely to fail. Even though this increases
network utilisation, the throughput may actually decrease because some other tasks may
be blocked by the re-attempt but, in the absence of the retrying task, would otherwise
have obtained a complete path. If, on the other hand, the retry rate is too low, a task
may be waiting at the inputs even though a complete path may have been available for
some time. In this case, the opportunity of a complete path may even be lost to some
other task. If the overtaking continues the overall response time of that task will
become unacceptably high. Thus provided that optimal retry rates are used and
switching delays are negligible, the releasing partial paths protocol for MINs should
give improved throughput.

The holding of partial paths in circuit-switched MINs can also be implemented using
simple hardware provided that messages are self-routing. For this protocol there is no
need to determine optimal retry rates since all blocked tasks hold all their acquired links.
The hold protocol is fairer than the release protocol in that overtaking is not possible in
any crossbar. This is so because tasks which are blocked in a crossbar by some other
task can be ordered according to their time of arrival, so that the first task that was
blocked acquires the output link as soon as it becomes available. Even though tasks
may be blocked by tasks which are themselves blocked, deadlock is avoided because
there is no circularity; a task can only be blocked by a task which is further ahead in the
network, so in the final stage there must be some active task (with a complete path) that
can unblock at least one of those tasks. The inherent drawback of this protocol is that
tasks which are blocked by another blocked task may otherwise be able to obtain a
complete path. This reduces throughput and makes the network more prone to hot-spot
tree saturation. However, when switching delays are large (compared to data
transmission times), it is preferable to hold partial paths.

7.2 The Delta Network Topology

The topology of the delta network is important in designing new protocols. Here we
only consider the partial shuffle topology, but since all delta topologies are equivalent,
there is no loss in generality. The recursive definition for this topology is useful in
determining various properties of the network, such as the stages in which two given
paths can clash. First we will require the following definitions.
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Definitions

Consider a J-stage delta network constructed from bxa crossbars with a partial shuffle
topology. The input pins are labelled consecutively from the top (starting at zero) in

base b and similarly for the output pins (in base a). Figure 7.1 shows the labelling in a
delta-2 network with 3 stages.

Stage 1 2 3
path(000,000) 000 1 3 000

T

path(010,001) 010
011

100 100
101 — 101
110 110
111 | 111

Figure 7.1 Pin Addresses in a Delta Network
We define the following sets:
. X(c) = {(xy_1XJ-25....x0) | xi=0,1,...,c; i=0,1,...,.J-1}.
. I=X(b) is the set of input addresses.
. U=X(a) is the set of output addresses.
. P=IxU is the set of all possible paths.
. $={0,1,...,J} is the set of link numbers.

. B={true, false} represents a boolean data type.

Adiacent Input A

Consider the following function: Adj : Ix/xS—B. Adj(x, y, s) is true if and only if s</
and paths originating from inputs x and y can first clash in stage s+1, i.e. the two
inputs are in adjacent s-stage sub-networks but in the same (s+1)-stage sub-network (in
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the recursive definition of a (s+1)-stage sub-network). For example consider Figure
7.1 in which the paths from inputs 000 and 010 first clash in stage 2.

Adj can be defined as follows:

Adj(x, v, s) = [Vi=J-1J=-2,....s+1: x;=y;] A [xsy;]
This follows because if two inputs are in the same s+1 stage sub-network, the network
backward path descriptor (bpd) to any crossbar (in stage s+1) in that sub-network has
to be the same. Hence the first J-s—1 digits of the input address strings have to be the
same in the partial shuffle topology. After reaching the (s+1)-stage sub-network, the
bpd must select different s-stage sub-networks to reach the x and y because there is no
possibility of a clash before stage s+1. This gives the condition xg2yj.

Clashing of Two Paths

Suppose there are just two tasks in the delta network requiring paths (i1,d1) and (i2,d?).
We require a function which returns the stage in which they clash, if they do interfere,
and zero otherwise. We let Clash:PxP—S be this function and define:

Clash((i1,d1),(i2,d2))
=s+1 if 35=0,1,...J-1[ Adj(i1,i2,5) A (first(s+1,dy)=first(s+1,d7))]
=0  otherwise

where first(k,@)=(ay_1,as_1,...,a;-k), i.e. the first k digits of the address g

This follows because for the two paths to first clash in stage s+1, the inputs must
belong to the same s+1 stage sub-network (i.e. Adj(i1,i2,5)) and the first s+1 digits of
the destination address have to be the same.

For example, for the two paths in Figure 7.1, Clash returns 2 because 000 and 001 are
in adjacent 1-stage sub-networks and the first two digits of the destination addresses are
the same.

7.3 The Combined Release-Hold Protocol

In the combined release-hold protocol, paths that are blocked in stages up to and
including some stage s* (the last releasing stage) are released. Any path blocked further
downstream is held. For a J-stage network we have s*=0,1,...,J. When s*=0, the
protocol is identical to holding partial paths and when s*=/ it is the same as releasing
partial paths. The value chosen for s* depends on the switching delays at each
crossbar. For high switching delays, s* is low so that all but possibly the shortest
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partial paths are held. Conversely, for low switching delays, s* is high so that all but
possibly the longest partial paths are released.

The combined release-hold protocol is a simple combination of the release and hold
protocols and so has decentralised control which is easy to implement in crossbars. It
has the advantages of both the release protocol (releasing shared resources, etc.) and the
hold protocol (time spent establishing a long path is not lost). However, it also has the
disadvantages of both, viz. optimal retry rates need to be determined and overtaking is
possible. Furthermore, the last releasing stage (s*) also needs to be determined. Many
of the disadvantages no longer apply when the method of releasing paths is enhanced.
This is the subject of the remaining part of this section.

All delta network protocols described so far have decentralised control since messages
are self-routing. In this section we relax the completely decentralised control of routing
by introducing central controllers which control admission of tasks into the network but
maintain the self-routing property thereafter. Each central controller is just a gatekeeper
which maintains information regarding the current tasks attempting to cross a particular
sub-network. Thus when there is a new arrival at a particular sub-network, the sub-
network controller will have enough information to determine whether the task will be
blocked in the s*-stage sub-network. In this case the task remains at the input and
waits for the conflicting task to complete. When that task completes and releases its
path, the controller can re-examine the 'blocked' tasks. The controller uses 'Adj' and
'Clash' to achieve this function.

The enhanced release-hold or Network State Descriptor (NSD) protocol requires extra
hardware to maintain the information required by the central controllers, but there are
many benefits. Firstly, there is no need to determine retry rates; the task does not
attempt to form a path that the controller knows is not available. The retry time for a
blocked path is, in some sense, optimal because a free path is guaranteed in the sub-
network as soon as it becomes available. Unlike the decentralised release protocol, this
protocol is fair in that the blocked tasks can be prioritised (in order of arrival time) by
the central controller. In the presence of high switching delays these advantages
become particularly important.

The state of tasks in the MIN with the NSD release-hold protocol can be described
(informally) by a state diagram (Figure 7.2). The nodes in the graph represent states
(of a task) and the arcs represent events. The network is open and arriving tasks start in
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the SOURCE node. The SINK node is special in that it represents the absorbing state
"transaction terminated".

more free links next link free

o/ Obtaining) all links
obtained

of queue and

* next link
Path to s* is free not free

more links
to release

( SINK }/ Releasin
Departure @‘ transfer complete

‘Figure 7.2 Task States in the NSD Release-Hold Protocol

When the switching delays are significant there may be timing problems caused by
using current network information to determine some future state. For fixed switching
delays, these problems can be readily solved because of the deterministic way in which
paths across the network are formed. For example, if a link is currently free but a task
has already been sent to acquire it, then the time at which it will actually be acquired can
be pre-determined. Thus any new tasks requiring that link have to be blocked
immediately by the controller. Similarly, suppose it is known that a task has completed
its transfer and is releasing a link in the future. Then a new task requiring the same link
may be dispatched if the link will be available by the time the new task gets there.

7.4 Choosing the Final Releasing Stage

The choice of the stage beyond which partial paths are held is important for both the
decentralised and enhanced versions of the combined release-hold protocol. A number
of factors influence this choice, especially switching delays and time intervals during
which links remain active. We assume that tasks incur a fixed delay d in acquiring or
releasing an output pin of a crossbar. The mean active time interval for a pin can be
approximated by using the delta network models of the previous chapters.
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For a J-stage MIN with the NSD protocol and low switching delays, s*=/ gives the
best performance, but this requires a central controller which holds information about
the entire network. Such a configuration may not be very cost-effective if the extra
hardware required to maintain the network information is expensive and a number of
smaller central controllers may deliver almost as good performance at a much lower
cost.

In the remaining part of this section we will consider a J-stage delta network with the
normal combined release-hold protocol. First we require some definitions.

Let U(s), the unblocking time in stage s, denote the mean time elapsed between an
arrival to a crossbar which finds the required output link active and the release of that
link so that the blocked task can acquire it. Suppose an arriving task in stage s finds the
required link active, releases the path acquired and retries after a random time with mean
Y. So, on average, the second attempt to acquire the link will occur 2sd+¥ units of time
after the first.

Thus it seems reasonable to release the partial path if U(s)>2sd+y. As s increases the
LHS of the inequality decreases (since there is less contention downstream) and the
RHS increases. Hence the last releasing stage can be given by:

s* =max [U(s) > 2sd+ 7] s=1,2,....J
$

The mean retry time can be made stage dependent, i.e. () is the mean retry time for a
task which was blocked in stage s. In this case we choose the following retry times:

ys) = U(s) — 2sd s=1,2,...,J

However, U(s) is unknown and so in the next section we describe an approximate
method to determine it.

7.5 Unblocking Time of Blocked Tasks

In this section we consider the unblocking time for tasks blocked in stage s of a delta-2
network with the circuit-switched partial paths held protocol and unit data transmission
times. An optimistic guess for the unblocking time would be Vs=1,2,....J: U(s)=1,
but this assumes that tasks only become blocked by active tasks (i.e. those with a
complete path) and this is only true in the final stage.
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Let R(s), the release time in stage s, denote the mean time elapsed between an output
pin in stage s becoming active and the time at which the task holding the pin releases it.
Thus R(/)=1, since data transmission times have unit mean.

We make the approximate assumption that arriving tasks which get blocked on an
output link of a crossbar, "see" the link as if it has just become active. This is the same
as assumption (i) in Section 5.2.1 and implies that U(s)=R(s).

7.5.1 Worst Case Analysis

In order to determine a pessimistic guess for R(s), we require the following definition
for maximally blocked tasks:

(i) A task experiences maximal blocking from the final stage if it is blocked in
the final stage.

(i) A task experiences maximal blocking from stage s (s=1,2,...,J-1) if it is
blocked in every stage k=s,5+1,..., /-1 by a task which is maximally
blocked in stage k+1 and blocked in the stage J.

PROPOSITION 7.1

A task which experiences maximal blocking from stage s (s=1,2,...,J) of a J-stage
delta-2 network with the holding protocol has total waiting time equal to 2/-5*1 DMA
service times (including its own).

PROOF

The proof is by induction on #=0,1,...,J-1 where ¢ is the number of remaining stages
after stage s, i.e. t=/—s (Figure 7.3).

For =0, the task is blocked in stage J and so has to wait for two service times: that of
the blocking task and its own service.

For >0, assume that the proposition holds for 7~1 remaining stages and consider the
task that is maximally blocked in stage s, i.e. with ¢ remaining stages. By the inductive
hypothesis, the blocking task is maximally blocked in stage s+1 and has total waiting
time equal to 2/-5 service times. When this task releases its path, the blocked task in
stage s becomes maximally blocked in stage s+1 and (again by the inductive
hypothesis) has to wait another 2/-S service times. Hence the total waiting time for the
blocked task is 2/-5 + 2/~5 = 2J-s+1 (since transit time between stages is negligible), as
required. []
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stage s
s—1 /
a t-stage
stages
s network
s—1 \_
stages
8 t-stage
network

Figure 7.3 Fan-in Fan-out Structure of the Delta Network

A pessimistic guess for the unblocking times is Vs=1,2,...J: U(s)=2/~5 which
assumes that the blocking task experiences maximal blocking. Thus the unblocking
times for a blocked task in stage s can range from 1 to 2/=5. For the release protocol
there is a possibility that the waiting time (of the task waiting for the link to be released)
goes beyond this range (because of unfair overtaking) but the probability of this
occurring is very low. For the hold protocol we can estimate the release time using the
proposition in the following section.

7.5.2 Average Case Analysis

PROPOSITION 7.2
Consider a uniform J-stage delta-2 network with the hold protocol. The mean response

time for tasks leaving stage s (s=0,1,...,J-1) is given by:

/1 . I .
R(s) =—=  where 7y s the utilisation of an output pin in stage s
s

PROOF

The proposition follows from Little's result, since the tasks leaving stage s enter a ¢-
stage sub-network (Figure 7.3) where t=/-s. The utilisation of each of the inputs to
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this sub-network is 7, so the mean number of tasks is 2!7; in equilibrium. The
throughput of the sub-network is 2/77. [

From Theorem 5.2 we can determine x5 for s=1,2,....J-1. For the saturated network
we have:

s =Ts(25) = s_~|2—'2' by Corollary 2 of Theorem 5.2
Then the proposition becomes R(s) = EJ-:-_%-

Recall the assumption that a task arriving in stage s and becoming blocked "sees" the
link as if it has just become active. This would be the case if the length of activity of
output pins has the exponential distribution. Under this assumption, the unblocking

time is given by U(s) = f—:%

7.5.3 Saturated Networks

Table 7.1 summarises the unblocking times of a task blocked in stage s (s=1,2,...,6) of
a 6-stage saturated delta-2 network.

Stage (s) Best Case Average Case Worst Case
Analysis Analysis Analysis
1 1 2.67 32
2 1 2.00 16
3 1 1.60 8
4 1 1.33 4
5 1 1.14 2
6 1 1.00 1

Table 7.1 Unblocking Times for Blocked Tasks

This shows that although the range of unblocking times is large, on average they are
relatively low. However, in the presence of a hot-spot, the unblocking times can be
potentially very high. The saturated network results also suggest that better throughput
will be obtained if the retry times are stage dependent.

7.6 Implementation of the Release-Hold Protocol

Special purpose hardware is required to implement the NSD release-hold protocol.
However, it can be an add-on performance booster or be integrated with the DMA
processors. In either case the sub-network controllers can be of various sizes. The
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largest one controls the entire network and gives the best throughput when switching
delays are low but also costs the most. The controller's function is quite
straightforward, i.e. admit tasks into the network if the path to stage s* is available, but
the way in which network information is stored and updated is more complex, and this
causes extra delay.

The controller holds all its information in the network state descriptor (NSD) which
maintains the destination addresses of all input addresses. For delta-2 networks this
requires s* bits per input address and larger switch sizes are easy to accommodate in
binary if they are some power of two. In order to allow parallel access to all destination
addresses, the NSD is held in some form of associative memory. When an event (such
as an arrival or departure of a task in the sub-network) occurs, s* parallel comparisons
are required to determine which tasks to block and which to allow into the network. A
departure event may cause up to s* arrivals (i.e. one task unblocked in each stage).

As an example consider a new arrival to the network. Each parallel comparison
considers the possibility of blocking in a particular stage s (s=1,2,...,s%). This can be
found from the definitions of the functions Clash and Adj. For there to be a clash
between two tasks, the corresponding paths must have destination addresses with a
common prefix (i.e first s bits need to be identical) and input addresses with a common
prefix (i.e. first J—s bits need to be identical). At the end of the s* sets of comparisons
the arriving task is allowed to enter the network if and only if there were no clashes
with the existing paths across the s* stages.

Simulation models of the NSD release-hold protocol have been developed using the
NSD to maintain network information. Numerical results from the simulation are
presented in the following chapter.
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Two different analytical models for delta networks have been presented in previous
chapters. We term the first one (in Sections 5.2 and 6.6) analytical model A and the
second one (in Sections 5.3 and 6.7) analytical model B. In deriving model A, we used
only mild assumptions whereas for model B, a much coarser independence assumption
was required and so some form of validation is necessary. We validate model A with
respect to a simulation model and find that both models give very similar results. We
then use model A to validate model B and find that model B gives higher throughput.
Furthermore, many models that have been presented in the previous chapters have no
closed-form solution and so we present some numerical results of these models also.
Finally, we present the simulation results of the delta network employing the combined
release-hold protocol of the previous chapter and see how it compares with more
common protocols. But first we define the types of traffic that use the delta network in
all models.

8.1 Standard Traffic Schemes

Four types of traffic models are considered:

» Saturated network with uniform traffic.
» Saturated network with a hot-spot.
» Non-saturated network with uniform traffic.

» Non-saturated network with a hot-spot.

Suppose there is a hot-spot at one of the outputs such that the routing probability (p) to
it is k times the routing probability to a cool pin. For a J-stage network the cool pin

1-p . . 1-
1 i.e we require p = ﬁk'

as the hot-spot routing probability.

routing probability is

Thus we take p = 2J—kl+k

Unless otherwise stated, we will use the following parameters:
. the hot-spot model considered is one in which the hot pin has routing

probability twice that of a cool pin, i.e. k=2.

. when the network with J stages is not saturated we take the population
N=2J, so that there is an average of one task at each input pin.
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. the data transmission times are assumed to be exponentially distributed with
unit mean.

These traffic models will be used as standards for the comparison of different network
protocols in the following sections.

8.2 Validation of the Analytical MIN Models

In this section we consider the results of the models of delta-2 networks presented in
Chapters 5 and 6. Model A is validated against a simulation model and model B is
validated against model A. All these models represent a closed system of parallel DMA
servers (Chapter 2) connected to a circuit-switched delta network in which partial paths
are held. The 2-stage delta-2 network is also validated against an exact model in
Appendix A. Once a complete path is established, it is held for a random time interval
which has a negative exponential distribution with unit mean.

8.2.1 Validation of Model A against Simulation

The throughput results of the validation are tabulated in Tables 8.1, 8.2, 8.3 and 8.4.
As can be seen from the first two tables, analytical model A is very accurate (less than
1% error) when the network is saturated. The relative errors are noticeably higher (up
to 2.9%) in the case of the non-saturated network because of the additional assumptions
required in modelling the closed system by the birth and death process (Chapter 3), i.e.
that all arrangements of customers on a given number of active inputs are equally likely.

No. of Analytical Simulation 95% Confidence Relative
Stages Model A Model Interval Error (%)
2 2.000 1.992 (1.952,2.032) 0.40
3 3.200 3.185 (3.143,3.228) 0.47
4 5.333 5.375 (5.313,5.437) -0.78
5 9.143 9.163 (9.101,9.225) -0.22
6 16.00 15.97 (15.85,16.08) 0.19

Table 8.1 Saturated, Uniform Delta Network Results
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No. of Hot-spot  Analytical  Simulation  95% Confidence Relative

Stages Probability Model A Model Interval Error (%)
2 - 0.400000 1.896 1.892 (1.866,1.917) 0.21
3 0.222222 3.055 3.057 (3.017,3.097) -0.07
4 0.117647 5.174 5.193 (5.115,5.271) -0.37
5 0.060606 8.996 8.989 (8.898,9.079) 0.08
6 0.030769 15.88 15.84 (15.71,15.97) 0.25

Table 8.2 Saturated, Non-uniform Delta Network Results

No. of Network  Analytical Simulation =~ 95% Confidence Relative

Stages Population Model A Model Interval Error (%)
2 4 1.612 1.644 (1.603,1.685) -1.9
3 8 2.548 2.543 (2.498,2.567) 0.20
4 16 4.283 4.227 (4.172,4.283) 1.3
5 32 7.460 7.248 (7.198,7.299) 2.9
6 64 13.28 12.98 (12.89,13.08) 2.3

Table 8.3 Non-saturated, Uniform Delta Network Results

No.of Network Hot-spot Analytical Simulation 95% Confidence Relative

Stages Population Probability Model A Model Interval Error (%)
2 4 0.400000 1.564 1.579 (1.559,1.598) -0.95
3 8 0.222222 2.479 2.485 (2.440,2.531) -0.24
4 16 0.117647 4.206 4.174  (4.104,4.244) 0.77
5 32 0.060606 7.385 7.216 (7.139,7.293) 2.3
6 64 0.030769 13.21 12.88 (12.77,12.99) 2.6

Table 8.4 Non-saturated, Non-uniform Delta Network Results

The confidence intervals were estimated from the simulation results by using the batch
means approach. Each sample run modelled 5000 units of time and 5 samples were
taken, giving a total simulation time of 25,000 units. For large networks, the whole
simulation run took over an hour to complete on a Sun 3 workstation. Notice that in the
saturated, uniform network with 2 stages, the simulator's 95% confidence limits do
include the exact result of 1.9993 derived in Appendix A, but that the analytical model
provides the more accurate estimate.
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8.2.2 Validation of Analytical Model B

Table 8.5 compares the throughput results for model B, i.e. the approximate delta
network model (Section 5.3) and model A. Delta networks with up to six stages are
considered with a variety of different traffic models. Under all types of traffic, the
approximate model gives a higher throughput and the relative errors increase with the
number of stages. The discrepancy between the two models is caused by the
independence assumption used in the approximate model which does not fully capture
the contention caused by blocked tasks further downstream and so gives higher
throughput results. Sub-networks in large networks have greater contention than the
same sized sub-networks in small networks and so the approximate model becomes less
accurate as the number of stages increases.

No. of Network Hot-spot Analytical Analytical Relative
Stages Population Probability Model A Model B Error(%)
2 saturated uniform 2.000 2.074 3.7
2 saturated 0.400000 1.896 1.954 3.1
2 4 uniform 1.612 1.662 3.1
2 4 0.400000 1.564 1.614 3.2
3 saturated uniform 3.200 3.431 7.2
3 saturated 0.222222 3.055 3.255 6.5
3 8 uniform 2.548 2.708 6.2
3 8 0.222222 2.479 2.640 6.5
4 saturated uniform 5.333 5.881 10.3
4 saturated 0.117647 5.174 5.687 9.9
4 16 uniform 4.283 4.673 9.1
4 16 0.117647 4.206 4.598 9.3
5 saturated uniform 9.143 10.32 12.9
5 saturated 0.060606 8.996 10.15 12.8
5 32 uniform 7.460 8.320 11.5
5 32 0.060606 7.385 8.249 11.7
6 saturated uniform 16.00 18.42 12.9
6 saturated 0.030769 15.88 18.28 15.1
6 64 uniform 13.28 15.10 13.7
6 64 0.030769 13.21 15.03 13.8

Table 8.5 Throughput Results for Models A and B
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8.3 Numerical Resuits of the Analytical MIN Models

8.3.1 16-way Interconnection Networks

The graph of throughput against the number of customers, N, for a closed system
compares four types of 16-way interconnections.

. The full 16-way crossbar with uniform routing (Chapter 3)
*  The 2-stage delta-4 network with uniform routing (model B in Chapter 5)
»  The 4-stage delta-2 network with uniform routing (model A in Chapter 5)

. The 4-stage delta-2 network with hot-spot routing probability 0.2 (model A
in Chapter 6)

As shown in Figure 8.1, the full crossbar gives the highest throughput and approaches
its asymptote closely only when N is large (greater than 100). The uniform delta-4
network is best of the other three networks and follows a similar path to the full
crossbar graph. The uniform delta-2 network, becomes saturated much faster (when N
is about 100) because tasks face more path conflicts on top of memory conflicts than the
delta-4 network since it has extra stages. In the presence of a hot-spot this network
gives even lower throughput and becomes saturated even faster as the hot pin's decode
tree saturates causing more path conflicts. The uniform interconnections only show
similar throughput when the population is very small (less than 5). This indicates that
even at Jow loads the blocking caused by path conflicts significantly reduces the
throughput of a delta network.
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Figure 8.1 A Performance Comparison of 16-way Networks

The graph clearly shows that as the degree of crossbars used in the network increases,
the throughput also increases for the same connectivity. This occurs simply because
there are fewer stages of contention when larger crossbars are used.

8.3.2 Delta Networks with a Hot-spot

Figure 8.2 shows the effect of hot-spot contention in a 16-way, 4-stage delta-2 network
connected to a bank of DMA servers in a closed system with various populations, N.
The graph of throughput against the routing probability displays the classic hot-spot
effect for populations N=8, 16 and the saturated case in which all input pins are always
active. This phenomenon is caused by the additional internal contention placed by the
hot-spot on other decode trees. For the saturated case, as p increases the throughput
reaches its peak when all the output pins are uniformly utilised (p=1/16), drops sharply
as more of the traffic is routed to the hot-spot, and then follows the curve 1/p very
closely, ultimately giving the throughput of a serial link, when p=1. In fact we can
easily show that the 1/p curve provides an upper bound for all protocols as follows.
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Figure 8.2 Graph of Throughput vs Hot-spot Routing Probability

Suppose the routing probability to network output pin i is p; and the probability that pin
i is active (i.e. pin i's throughput) is #;. Now since p; of the total throughput T(¥) is
routed to output pin i, we have t; = p;T(V) which implies T(N) < 1/p; for all i,

i.e. T(N) < 1/max(p;). Hence if p is the hot-spot routing probability T(N) <1/p.

When p is large, the throughput curves tend towards the curve 1/p, particularly for
large N, because the hot output pin is almost always active. These curves relate to a
circuit-switched network in which partial paths are held. When partial paths are
released and the server retries immediately, throughput increases and so would lie
somewhere between the curve 1/p and the corresponding curve shown in Figure 8.2;
1/p is still an upper bound by the same reasoning. In this idealised case, when there is
uniform routing (p=1/16), the throughput is 16 because all output pins are busy, so the
throughput would drop considerably faster if p increased slightly, thereby giving a
more dramatic hot-spot effect. Similarly, packet-switched networks would give an
even more drastic reduction in throughput for a slight increase in traffic to a particular
output.

For all of these protocols, in larger networks and with large &, the hot-spot effect is

more pronounced because the throughput is greater in the uniformly utilised case and
the throughput curve closely follows the 1/p curve as p increases past about 0.2.
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However, it may be unlikely that very high hot-spot routing probabilities are
encountered in practice, especially when there are a large number of output pins.

Further study is required to determine the sort of non-uniform traffic patterns that are
likely to occur in shared-memory multiprocessors and for how long they persist. All
multiprocessors which employ a unique path MIN suffer from the hot-spot effect but
the addition of enough redundant paths should alleviate the problem as well as improve
fault tolerance.

8.4 Simulation Results for the NSD Release-Hold Protocol

The results of the delta network simulator with the NSD release-hold protocol are
presented in Tables 8.6 to 8.9 for delta-2 networks with 4-way and 64-way
connectivity. This simulator requires two more parameters:

. the switching delay (d)

. the choice of the last releasing stage (LRS)

We present results for the case when there is zero switching delay (4=0, as before) and
when there is some significant delay, &0, as in optical networks. Currently, the
switching delay in optical networks is about one microsecond but the data transmission
speed is very high: over one gigabits per second. Thus the optical network is only
viable in cases where large blocks of data are transferred in one transmission, as in
image processing. We will assume that the mean packet length is 10,000 bits so that
d=0.1, the ratio of the actual switching delay and the mean transfer time.

8.4.1 NSD Protocol with Standard Traffic Schemes

In this section, the last releasing stage is taken to be zero (as for the all partial paths held
case) or the final stage (/) so that the full NSD release method is used.

The results for two sizes of delta network are given (two stages and six stages) with
both uniform and hot-spot traffic patterns. The type of hot-spot is different for each
size: the 2-stage network has a hot-spot which is twice as likely to be selected as a cool
output pin. The same kind of traffic model for the 6-stage network did not significantly
affect the throughput results of the uniform model and so a more severe hot-spot (5
times as likely to be chosen as cool pins) is used.
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Hot-spot Switching LRS Throughput ~ 95% Confidence
Probability Delay (d) T(N) Interval

0.250000 0 0 1.976 (1.927, 2.024)
0.250000 0 2 2.094 (2.070, 2.117)
0.250000 0.1 0 1.599 (1.582, 1.617)
0.250000 0.1 2 1.664 (1.644, 1.684)
0.400000 0 0 1.892 (1.852, 1.933)
0.400000 0 2 1.994 (1.955, 2.033)
0.400000 0.1 0 1.526 (1.513, 1.539)
0.400000 0.1 2 1.573 (1.548, 1.598)

Table 8.6 Saturated 2-stage Network Results

Population = Hot-spot Switching LRS Throughput  95% Confidence

N Probability Delay (d) T(N) Interval

4 0.250000 0 0 1.618 (1.587, 1.649)
4 0.250000 0 2 1.632 (1.604, 1.660)
4 0.250000 0.1 0 1.264 (1.239, 1.290)
4 0.250000 0.1 2 1.268 (1.256, 1.281)
4 0.400000 0 0 1.581 (1.546, 1.616)
4 0.400000 0 2 1.587 (1.552, 1.622)
4 0.400000 0.1 0 1.233 (1.224, 1.242)
4 0.400000 0.1 2 1.239 (1.222, 1.255)

Table 8.7 Non-saturated 2-stage Network Results

Hot-spot Switching LRS Throughput  95% Confidence
Probability Delay (d) T(N) Interval

0.015625 0 0 15.93 (15.85, 16.01)
0.015625 0 6 22.13 (22.10, 22.16)
0.015625 0.1 0 11.03 (11.00, 11.06)
0.015625 0.1 6 13.20 (13.14, 13.26)
0.073529 0 0 12.54 (12.29, 12.81)
0.073529 0 6 13.65 (13.31, 14.00)
0.073529 0.1 0 9.579 (9.497, 9.662)
0.073529 0.1 6 8.113 (7.919, 8.307)

Table 8.8 Saturated 6-stage Network Results
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Population = Hot-spot Switching LRS Throughput  95% Confidence

N Probability  Delay (d) T(N) Interval

64 0.015625 0 0 12.92 (12.80, 13.04)
64 0.015625 0 6 15.60 (15.50, 15.70)
64 0.015625 0.1 0 8.674 (8.652, 8.696)
64 0.015625 0.1 6 9.413 (9.368, 9.458)
64 0.073529 0 0 11.18 (10.99, 11.37)
64 0.073529 0 6 12.90 (12.74, 13.05)
64 0.073529 0.1 0 7.938 (7.830, 8.045)
64 0.073529 0.1 6 7.823 (7.637, 8.009)

Table 8.9 Non-saturated 6-stage Network Results

Note that the throughput values given in the table are normalised by the data
transmission times and so they also give the mean number of active output pins. In
optical networks, the switching delays lower the normalised throughput, but each of the
active outputs have actual throughput of about one gigabits per second whereas in
electronic networks the throughput is between 10 to 100 megabits per second for each
active output.

We first consider saturated networks with no switching delay which deliver the highest
throughput. The results indicate that the full NSD release protocol (LRS=/) gives much
better throughput than the partial paths hold protocol (LRS=0). For example, there is a
6% increase in the uniform 2-stage and a 39% increase in the uniform 6-stage network.
It is reasonable to assume that the new protocol's benefits increase with the size of the
network. However, the performance improvements diminish in the presence of hot-
spots with the non-uniform 2-stage network giving a 5% increase and the non-uniform
6-stage network giving only a 9% increase in throughput. Note that the hot-spot is
more severe in the 6-stage case than in the 2-stage case, as explained earlier.

Let's now consider the effect of introducing a switching delay at each crossbar in a
saturated network. The results for the 2-stage network indicate that the full NSD
release protocol does improve throughput over the hold protocol but the improvement is
less than in the zero delay case; only a 4% increase for the uniform network. However,
itis the 6-stage network which gives the more surprising result because the complex
NSD protocol actually gives worse throughput than the simple hold protocol for hot-
spot traffic (up to a 15% drop in throughput although a 20% increase .in the uniform
network). The reason for this is discussed in Section 8.4.2.
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When the network population is large there is more possibility of blocking and since the
combined release-hold protocol attempts to reduce blocking, its benefits are much
reduced in low traffic conditions. For example, the non-saturated 2-stage network with
partial paths held gives less than 1% improvement in throughput over the full NSD
protocol. For the 6-stage case the improvement is about 21%. These results indicate
that large networks do benefit considerably by employing the NSD release-hold
protocol even when the population is relatively low (average of one task per input pin).

8.4.2 Varying the Last Releasing Stage

Table 8.10 shows the simulated throughput of a saturated 6-stage delta-2 network with
non-uniform routing (p=0.073529) and switching delay 0.1 units of time for all choices
of the last releasing stage (s*).

Last Releasing Stage ~ Throughput 95% Confidence Intervals
0 9.579 (9.497, 9.662)
1 9.543 (9.474, 9.612)
2 9.715 (9.567, 9.863)
3 9.965 (9.778, 10.15)
4 10.18 (10.05, 10.31)
5 9.934 (9.832, 10.04)
6 8.113 (7.919, 8.307)

Table 8.10 Effect of the Last Releasing Stage

First consider the difference in throughput from s*=0 and s*=6. This is caused by the
considerable switching delay incurred by a task in traversing the network when the path
is clear. In the NSD protocol a blocked task has to wait in the input queue and is only
allowed to enter the network when a complete path is available. So when the task is
unblocked it will experience a 0.6 unit delay (0.1 delay at each of the 6 stages) before it
can begin its service. However, in the hold protocol, the delay is much less because the
task is unblocked at some stage within the network. With such large switching delays,
it appears that the extra blocking caused by holding partial paths is a better option than
the extra delays involved in keeping tasks at the inputs.

As we increase the last releasing stage s*, we see from Table 8.10 that the throughput
dips at s*=1 and then increases, reaching a maximum at s*=4 and then decreases. The
decrease in throughput from s*=0 and s*=1 is expected for all traffic schemes with
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switching delays because when a task (blocked in the first stage) holds the partial path it
does not block any other paths (as the input queues are strictly first-in first-out and link
0 is not shared with any other task). The case s*=1 means that such tasks are not
allowed to enter the network and so when they are subsequently released, they incur an
extra 0.1 switching delay in crossing the first stage. Thus it is better to choose s*=0
because partial paths of unit length are then held. Of course, when there are zero
switching delays, both s*=0 and s*=1 give identical results. In fact, for all these
protocols, it is best to hold partial paths of unit length since no other tasks can be
blocked by them.

All this substantiates the importance of correctly parameterising the NSD release-hold
protocol depending on both the switching delay and the type of traffic. Furthermore,
the LRS should be chosen dynamically during network operation and so some set of
heuristics are required to make the decision depending on fixed parameters such as
“switching delays and varying parameters such as traffic conditions. Some of the
heuristics described in the previous chapter appear to provide a suitable basis for this

purpose.
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In recent years there has been a growing interest in MIN's of various types and MIN
models are required to compare their relative performance. Much of this interest
originates from the design of new parallel computer architectures which require some
form of switch to interconnect the processing elements. MINs also have other notable
applications, such as the switching function in communication networks. Thus the
design of the MIN is vitally important especially since it affects the entire system
performance. For example the MIN in a shared-memory multiprocessor forms the
major bottle-neck when all the processes are busy accessing memory and so it limits the
maximum throughput achievable in the entire system. Any model for a MIN with a
given set of operational characteristics will be useful in two ways: as a sub-model of the
entire system and in isolation as a means of assessing the relative performance of
different MINs and protocols. Bearing both these objectives in mind, we now outline
the overall conclusions of the thesis and make suggestions for future work in this area.

We have extended the FES aggregation method using Norton's result so that the IN and
associated servers in a queueing network model of the parallel system being modelled
can be replaced by a composite server. Using a simple birth-and-death process, the
problem of finding the FES service rate (as a function of the sub-network population)
was reduced to the sub-problem of finding the throughput as a function of the number
of active inputs (which we termed the conditional throughput). Thus the use of the
composite server allows easy integration of the MIN with the queueing model of the
entire system. This simplifies considerably the modelling of newly designed parallel
computers which incorporate large MINs.

Full crossbar networks are not feasible to construct in large dimensions using
contemporary electronic components (typically 8x8 is the maximum possible) but recent
advances in optical crossbars indicate that much larger crossbars may be constructed in
the future. Thus analytical models of crossbars will be required in preference to
simulation models as these may be too slow to produce accurate results. An exact
Markov model has been presented for an asynchronous crossbar with uniform routing.
This can be simplified so that the conditional throughput function can be readily
obtained. Using the birth-and-death process, a simple expression for the FES service
rate was derived for the asynchronous crossbar. In addition, the synchronous crossbar
was also analysed and Strecker's result [St70] was extended to include the probability
distribution of the number of active outputs (and not just the mean).

In general the traffic across the crossbar is not uniform: certain output pins may have
more requests than others. An exact analysis based on a Markov process appears to be
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too complex to derive any simple solutions but numerical evaluation from the balance
equations is possible. Simplification of the model leads to the recurrence relation of the
birth-and-death process encountered earlier and so validates both models to some extent
but the boundary conditions are difficult to obtain. Being a model with a two-
dimensional state space, reduction to a boundary value problem in complex analysis is
an obvious approach to pursue but since the state transition rates for this process are
state-dependent, such techniques are difficult to apply. However, an ad hoc
transformation method based on the synchronous crossbar with non-uniform routing
does allow us to obtain approximate results for the asynchronous crossbar.

The recursive structure of the delta network can be exploited to determine the
conditional throughput function required in the birth-and-death process. The base case
of the recursive analysis is a single crossbar and applications of Little's result yielded
the output pin utilisation in terms of the input pin utilisations. The recursive case also
requires the single crossbar results and so the entire network was modelled exactly
using the crossbar model. For the delta-2 network, we obtained throughput results
based upon some mild approximating assumptions. For delta networks with larger
switches, the same mild asSumptions are not applicable and a much coarser
independence assumption was used which appears to overestimate the throughput.

- Thus we can see the degradation in performance suffered by a MIN compared with the
equivalent full crossbar offering the same connectivity (if it were possible to fabricate
such a device).

A hot-spot at a destination pin of a MIN has a widespread effect on all tasks in the
network since traffic destined for other pins is hindered by the traffic to the hot-spot
(because of the shared internal links). Analysis of the topology of delta networks
shows that traffic to certain groups of output pins experience the same contention. The
topology also dictates the reachability properties in delta networks, i.e. the groups of
network output pins that are reachable from given pins in the network. These
properties are useful in determining the relationship between the two ways of specifying
non-uniform routing: global (routing to network output pins) and local (routing to
crossbar outputs). An exact analysis of non-uniform delta networks was presented
based upon applications of Little's result to pins of the crossbar. Similar assumptions
as for the uniform delta network model were required but the analysis is further
complicated by an unknown parameter, and a fixed-point equation was derived from
which it can be obtained iteratively. Thereby the now classic hot-spot effect was
modelled in asynchronous MINs with the circuit switching protocol.
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The circuit switching protocol has been used in telephone networks for many years and
more recently in switching networks of parallel computers. For this protocol there is a
choice of either holding or releasing partially established paths. The new combined
release-hold MIN protocol when appropriately parameterised has been shown to give
better performance and less hot-spot contention than the original options. However, the
new protocol's benefits can only be fully realised when extra hardware is used to
control admission of messages into the network. It is hoped that contents addressable
memory can be used for this purpose and the recursive structure of the network can be
exploited to produce a much improved MIN.

A number of extensions to the delta network have been proposed in the literature, and
typically they improve performance and achieve some degree of fault tolerance. The
simplest extension is the addition of extra stages which provide multiple paths between
a given source and destination. This provision means that some dynamic routing
strategy is needed to re-route a blocked task on one path to another path. Modelling a
multipath MIN with a given strategy becomes more complex but is close to Kelly's
work [Ke86] on telephone networks.

Currently, MINs are constructed using electronic components, but advances in optics
do allow the construction of large crossbars using optical technology [JO86]. The
optical crossbars can be cascaded to form an optical MIN and this opens up the
possibility of INs with extremely large dimensions. However, the switching delays in
optical crossbars is relatively large when compared to data transmission times. In this
case, the path building process is not instantaneous and so the analytical model has to
be extended so that there is a fixed delay at each of the stages. (The simulation model
already caters for this switching delay.)

In addition to new MIN designs, new protocols are being designed for existing MINS.
The circuit switching protocol considered (with partial paths held) is an important one,
being the simplest to fabricate and the one to be used in optical networks. However,
there are a number of other protocols that should be considered. The simplest of these
is infinitely buffered packet switching since there is no blocking. This protocol has
already been studied [MiCi87], but finitely buffered variants are more realistic. The
release protocol is a commonly used circuit switching protocol in which partial paths are
released and a pilot study based on fixed-point methods can be found in [Co87]. The
hybrid protocol is a combination of the circuit and packet switching protocols and is
being used in the Flagship machine [Wa87]. Modelling such a protocol analytically is
generally quite difficult because the two constituent protocols are normally modelled so



Conclusion and Future Work 146

differently. For much the same reasons, the combined release-hold protocol is also
hard to model analytically. In both cases simulation models have been used instead.

The hot-spot traffic model that we have developed relates to biased routing to groups of
output pins. A relatively simple extension is to consider full non-uniform routing to
output pins. In addition, certain destinations may be favoured by certain sources so
tasks at different input pins have a different set of routing probabilities to the outputs; a
variety of different traffic types use the MIN in a parallel machine. Much of this traffic
is for memory requests but there may be some special traffic generated by the operating
system, such as broadcast traffic or access to a shared lock. Besides this the traffic may
be altered by some load balancing algorithm which may also need to be modelled.
However, research should now focus on parallel programs that run on the machines
and the extent and type of non-uniformity of traffic that they generate. This would then
allow a more integrated approach to modelling parallel software and parallel hardware
that constitute parallel processing systems.
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Appendix A: Exact Analysis of a
2-stage Delta-2 Network

An exact analysis of the simplest delta-2 network is possible despite the large number of

states involved. Here we analyse a saturated two-stage delta-2 network in which

complete paths are held for a random time and all output pins are uniformly distributed.

The network uses the circuit switching protocol in which partial paths are held. We
make the following assumptions in the analysis:—

» switching times are zero, i.e. paths can be set up and released instantly

+ transfer times have negative exponential distribution with unit mean

A.1 State Space

A.1.1 Definitions

We define the state space for a saturated 2-stage delta network by the following set:
S ={ (si) 1i=1,2; 51j = 0,15 59j = 0,1,1¢ (k=0,1), 05j<3}

This forms a 2 by 4 matrix which describes the state of output pin j in stage i. s;=0
indicates that output pin j in stage i is inactive and s;=1 indicates that it is active. In
stage 2, the state of the active output pin sometimes needs to be extended to indicate
precisely which of the stage 1 crossbar pins is connected to it. This is achieved by
adding subscripts:

52j = 1 indicates that input pin & (of the crossbar) is holding network
output pin j, where k=0 implies that the upper crossbar input (output pin 0
or 1 in stage 1) is connected and k=1 implies that the lower crossbar input
(output pin 2 or 3 in stage 1) is connected.

Not all of these states are feasible because, for example, blocking in the first stage limits

the number of active outputs in the final stage.
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We assume without loss of generality that the servers have rate one and a(X) is the
steady state probability for state Xe S, i.e. the proportion of time in the long term that
the system spends in state X. We make the following abbreviations for the marginal
probabilities over an (n+1)-dimensional state space (here n=7):

m(xQ ... Xp) = Y, w0 ... yn)

yi€ {0,1,1} (x=*)
yi=x; otherwise

For clarity, we will optionally omit any trailing *'s.
A.1.2 Symmetric States

Many of the states in S are equivalent by the symmetry of the delta network. We will
consider the states which are equivalent to y,v (as shown in Figure A.1).

uo

1 Vo
1 \2
1 V2
1 V3

Figure A.1 Symmetric States in a 2-stage Network

By symmetry, we can define the following identities:

@O My =7a;vivovav3)=ml; vov1v3va) = Tl ; V1 Vo V3 V2)
which are obtained by swapping the output pins of crossbars in the final
stage: upper crossbar only, lower crossbar only, both crossbars,
respectively.

() ;) =m(up uz ug uy ; v) where v;'=v; if v; € (0,1}
vi=lhigifvi=lg
which is obtained by swapping the stage 1 crossbars and swapping the
inputs to each stage 2 crossbar.
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(i) 7 ; v) = m(uy uo u3 uz ; v2 v3 vo vi)
which is obtained by swapping stage 2 crossbars and swapping the outputs
of each crossbar in stage 1.

A.1.3 Aggregated States

Using the above symmetries, we can identify ten symmetry classes in the state space S.
We first partition the state space by the number of active outputs:

When there is one active output, we find that only one equivalence class exists:
So0={(1010;1000),..}, ISol=4

However, when there are two active outputs, six equivalence classes can be
distinguished:

$1={((1010;1100),...}, 1IS11=2
S2={(1001;1001),..}, 1S2l =8
S3={(1011;1p001),...}, IS31=16
S4={(1011;1;001),..}, IS4l=16
Ss={(1111;1900100),...}, ISst=8
S6={(1111;1001710),...}, IS¢l=38

When there are three active outputs, we identify two equivalence classes:
§S7={(1011;1101),...}, IS71=8

Sg=((1111;1011),...}, ISgi=4
Finally, when there are four active outputs, there is only one equivalence class:

So={(1111;1111D)]}, 1S9l =1

9
Hence there are 75 feasible states in S, which we represent by §' = E{)S i
i

A.2 Markov Process

Consider the process X = {X, | >0} with state space §' where X, is the state of the
network at time ¢.
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Under the assumption that complete paths are held for a negative exponential time
interval with unit mean, the renewal period has a negative exponential distribution with
mean 1, 1/2, 1/3, 1/4 depending on the number of active outputs being 1,2,3,4
respectively. Thus X is a non-null, recurrent Markov process since it has finite state
space and non-zero transition rates out of any state.

A.2.1 Balance Equations

Let p; (i=0,1,...,9) be the steady state probability that process X is in state S;. By
symmetry, the steady state probability of each state in S; can be determined by dividing
pi by IS;l. By considering all the possible state transitions, we can form the following
balance equations. For equations with p; on the LHS, the coefficient of p; on the RHS
is the transition rate from set §; to set S;.

1 1 1.1
PO = FP0+35P1+5P3 +5D4
1 1 1
py = FP0+3P1+5D7
2 = + L + 3
P2 = P2 T 3P4+ 5D7
1 1 1 1 1 1 1
2p3 = FPO+73P1+73p2+5p3+7pa+ps+ P71+ 5P8
1 1 11
2py = TIP3 t5pa+Dpe+ 71+ 508
1 1 1
2ps = 3P6+gDp3+7D8
1 11
2ps = g P3+3ps+7p8
1 1 1 1 1 1
3p7 = FPO+3P1+5p2+7P3+ P4 +D7+5DP8+2p9
1 1 1 .1 3
3pg = FP3+3P5+5D6+7P1+FP8 t DP9
1 1
dpy = gTP3 +gPT+FP8 + D9

A.2.2 Steady State Distribution

The probabilities p; can be determined by Gaussian elimination after replacing one of
the balance equations by the normalising equation. The exact probabilities (expressed
in fractions) were determined from the decimal results by using the decimal to fraction
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converter described in Appendix C and verified independently. Thereby, the following
distribution is obtained:

pbo = 2124/8719 = 0.2436
p1 = 790/8719 = 0.0906
p2 = 1048/8719 = 0.1202
D3 = 1608/8719 = 0.1844
P4 = 788/8719 = 0.0904
ps = 195/8719 = 0.0224
D6 = 210/8719 = 0.0241
p7 = 1308/8719 = 0.1500
P8 = 486/8719 = 0.0557
P9 = 162/8719 = 0.0186

Let M be the random variable describing the number of active outputs in the network
and P(m) be the steady state probability that M=m. Then P(m) has the following
distribution:

P(l) = Po =2124/8719
PR2) = DP1+p2+p3+pa+ps+pe = 4639/8719
P3) =  pr+pg = 1794/8719
P(4) = p9 = 162/8719
Thus the throughput is given by:
4
EGM)= ), mPm) = 2= ~ 1.9993
m=1

and so the utilisation of each stage 2 output pin m = %E(M) = —gﬁg

The approximate analysis gives a throughput of 2 which is very close to the exact result
and indicates that the approximations are very mild.

A.2.3 Derived Distributions

Knowledge of the steady state distribution of the delta network enables us to determine
the steady state behaviour of each of the crossbars. By symmetry, crossbars in the
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same stage have identical overall behaviour, so we only need to consider the topmost
crossbars. We start by considering the top crossbar in stage 2.

Crossbar in Stage 2

Let I be the random variable that describes the number of active inputs in the top
crossbar of stage 2. In the steady state we have the following distribution for I:

1 1 1457

Pr(/=0) = 3P0+ 5Pl =279 = 0.1671
1 1 1 2900

Pr(I=1) = P2+ %P3+ 3P4 +5D7 =2719 = (0.3326

1 1 1 1 1
Pr(l=2) = 3PO+3P1+73P3+3p4+ps+Ppe+ 3P+t Do

4362

= 0 = 0.5003

Let U be the random variable which describes the number of active outputs in the top
crossbar of stage 2. Then U and I have the following joint distribution:

0

oo

1 1 1 1 29
Pr(U=1,1=2) = 5po +5P3 +5p4+ps+p6+5p8 =g71g~ 0.3335

1 1 1 1454
Pr(U=2,I=2) = 5p1 +5p7+75P8 + D9 = 2779 = 0.1668

Hence Pr(U=2|I=2) = %45—;— % and Pr(U=111=2)= %—

These conditional probabilities agree with the exact results for crossbars in Appendix B
and thereby provide some validation for the calculations in this model.

Crossbar in Stage 1

Now consider the top crossbar in stage 1, which always has two active inputs because
the network is saturated. Let V be the random variable which describes the number of
active outputs in the top crossbar in stage 1. Then V has the following distribution:

1 1 1 5814
Pr(V=1) =po +p1 +p2 +5p3 + 3P4 +5P7 =779 = 0.6668
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Pr(V=2) = 23?5 = 0.3332

As expected the probabilities are not = and 3 (but almost) because MRHT#=MHT.

State of Output Pins of the First Stage

For the saturated 2-stage delta-2 network, we can determine the equilibrium
probabilities of the state of the output pins of the first stage. This distribution follows
from the overall steady state probabilities and the symmetry results (Section A.1.2).

1457

p 2 r1010)=m(0101) =%(p0+p1) = 575

, 524

p & R1001)=n(0110) = 2p = 75
g 2 m1110)=r110)=n(1011)=n(0111)

— l(p +p4+ ) - .&6_

=3 3+p4+p7 = %719

1053

roo 21l =pstP6tP8tPy = FII0

Thus we have 2p +2p' +4q +r = 1.

A.3 Analysis of an Arriving Observer

In this section, we determine the stationary probability that a crossbar's input pin is
active at the instant a task arrives on the other input pin. This can be determined by first
finding the proportion of time that the system spends in states, §' say, that can provide
an arrival to the upper (say) input pin, via a transition into an input state, s say. By the
Key Renewal Theorem [Ci75], the unnormalised equilibrium probability that the system
is in state s immediately after the arrival instant is the expected number of transitions
into state s in unit time, which can be determined from the equilibrium probabilities of
the states s' and the transition rates from s' to s. This is the approach taken by
[SeMi81] which considers the distribution of similar input (and output) states in
product-form queueing networks. More details can be found in {HaPag89].

A.3.1 Notation

We will no longer require the extended state space ', i.e. the subscript k£ in 1; will be
omitted when describing active pins. In addition, we define the following:
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. Let A = {seS'| s10=1} be the set of states that can exist immediately after

an arrival at the top input pin of the second stage, i.e. the set of arrival
states.

. For se A, let B(s) = {s'€S'| 3 a one-step transition s'—s}, i.e. the set of
before states.

Since we are considering a renewal process, the expected number of transitions into
state S€ A in unit time is

D = Z n(s") ps's
s'€ B(s)

where py's is the probability that a transition from state s' enters state s, conditional on
that transition being the result of a service completion at the server which can cause the
transition.

A.3.2 State seen by an Arriving Observer

The steady state probability that an arrival at the top input pin of the second stage finds
o)
the other input pin of the same (top) crossbar active is therefore —5- where

for k=0,1: k) = E D and @ = Z Dy = PO+ @)
s€EA SEA
s12=k

1) is the long term arrival rate on input pin 0 of the upper crossbar in the second stage
when the other input pin of that crossbar is active. By symmetry, this is a half of the
total long term rate of arrivals to the crossbar that result in a state with both input pins
active. In the steady state, this is the same as half the departure rate (i.e. throughput)

from the crossbar's output pins in states with both its input pins active. Since the
crossbar throughput is 3 conditional on both inputs being active (from the Corollary to

Lemma B.1), we have
D = L a(l*1%)

Similarly, @O is the total long term rate of arrivals to the same crossbar that result in
only the top input pin being active. In the steady state this is equal to the departure rate
from the state with the upper input pin active and the lower one inactive. Thus we have

PO =m1*0*)=m(1*01) for a saturated network
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1)
Now, if the AOP held, we would have %— = m(* *1%),

Using the distribution of first stage output pins (Section A.2.3):

D) 2(p+2g+r) _ 1454 ,
o 2prpEIgir =217 - 0.667279 to 6 decimal places.
5812

and m**1*)=p+p'+3qg+r = 710 = 0.666590 to 6 decimal places.

O

Hence the AOP does not hold exactly but does provide a very accurate approximation.

A.4 Summary of Results

Figure A.2 summarises the exact results for the saturated 2-stage network analysed in
the previous sections. We use the following terms:

. 71 and mp are the utilisations of outputs from stage 1 and stage 2
respectively

. ¢; is the ratio MRHT : MHT of output pins in stage i (i=1,2)

« [ is the blocking probability for an arrival in stage i (i=1,2)

By o By a,

Figure A.2 Pin Utilisations in a 2-stage network

The analysis gives the following exact results for the pin utilisations:
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_ 5812 q _ 4358
71 = 5719 an m = 3719

Using Theorem 5.1 for the exact analysis of delta networks (Section 5.1.3), we can use

the pin utilisations to derive ¢; and ;. For a 2-stage delta-2 network, Theorem 5.1

- 2 and m = i
1+B10 1+Bhon

Firstly, Bi= % and 1y = 1 because the network is saturated and o = 1 because path

becomes: m

holding times have negative exponential distribution. This leaves just two unknowns
which have the following solution:

o1 = 330%~ 1.0003 and Br = 5= 03336
Since the assumptions used in Section 5.2 for 2-stage delta-2 networks give aj=1 and

Bz=%- it is not surprising that we achieved very accurate results.



Appendix B: Exact Results for a 2
by 2 Crossbar

In this section we derive some exact results for a 2x2 crossbar in the steady state.

B.1 Definitions

As in Appendix A, the equilibrium state probabilities for a 22 crossbar are denoted by

o i1 5 uQ U1)
(ij,uxe {0,1); j,k=0,1)
We make the following abbreviations (similar to Appendix A) for the marginal
probabilities over an (n+1)-dimensional state space (here n=3):

TXQ <. Xp) = >, 0 ... Yn)

yi€ (0,1} (x=*)
yi=x; otherwise

Also we will optionally omit trailing *'s.
B.2 Two by Two Crossbar Results

LEMMA B.1

The steady state probabilities for a single crossbar with output pins selected with equal
probability may be written in terms of marginal probabilities as follows:

@ mM0101)=m0110)= 5m(01)
() M1001)=m1010)= 5(10)

©) 7t(1101)=7t(1110)=2—|”fi;_7r7‘t(1 1)

@ w111 1)=22—,’n”-.—;£;—.7r(1 1)

where m', d' are respectively the MHT and MRHT of each output pin, conditional on
both the crossbar's input pins being active.
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PROOF

Cases (a) and (b) follow by symmetry. For the other cases, we apply Little's result in
the steady state at times when both inputs are active, i.e. the total queue length is 2. Let
the throughput of each output pin be 7 (the same for each by hypothesis), and the steady

state probability that it is active, conditional on both inputs being active, be p'. Then
Applying Little's result to

(i) an output pin gives p' = tm'

(ii) to the whole switch gives 2 = 2t(m'+3 d')

_2m . m1101)
Thus p'==—— and since 1-p'= —————= the result (c) follows.
P =2m+d =D ©
Result (d) follows from p' =t L1 O +7A 11D

m(1 1)

COROLLARY TO LEMMA B.1

If the MHT = MRHT,
@al10D)=a1110)=ma(1111)=3ma(11)

(b) the throughput of the crossbar is 3 when both its inputs are active.
PROOF
Result (a) follows from d'=m' in Lemma B.1 and (b) follows from

conditional throughput = L [1101)+mM1110)+2n(1111)] O
n(l1)




Appendix C: Conversion of
Decimals into Rationals

The use of computers to solve numerical problems sometimes leads to inaccurate results
because of rounding errors even though the original problem may be solved exactly.
For example, many models require numerical solution of a set of simultaneous linear
equations and Gaussian elimination is often used to give a fast solution. However, the
results are invariably in decimal even though a simple rational result may exist. Here
we present a method for converting decimals into rationals which can also be used to
compute a sequence of approximating rationals.

Suppose xp<1 is the real which we want to convert to a rational number. If xg is
rational then it can be determined by the following recurrence

Xn =0 for some n

1 .
xj.1=~b-ﬂ_—xj where j=1,2,...,n; O<xj<1; aje {0,1,2,...}

For a given xg, gj (j=1,2,...,n) can be readily determined by taking the integer part of
the reciprocal:
aj =|_l/xj-1_] and  xj=l/xj.1 — gj (=1,2,...,n)

PROPOSITION C.1

Given sequence gj (j=1,2,...,n) generated by the rational xq, xo can be expressed as
follows:

where bp=1; by.1=an

bj = aj+1bj+1 + bj+2 j=n-2,n-3,...,0
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PROOF

Since x; is rational, let X (=0,1,...,n-1)
J

x,=0 so let 1,=0 and bp=1

A i _bi =
Then xj.1= s becomgs bl - abi (=1,2,...,n)
Thus t.1=b;j and  bj.1 = ajbj+ij
Eliminating #; gives bj.1 = ajbj + bj+1 (¢=1,2,...,n-1)

bj = aj+1bj+1 + bj+2  (=0,1,...,n-2)
Since xp=0, xp-1= al and so b,-1=a, as required.
n

By definition, xg = %and to=b1, which completes the proof. []

161

On some occasions, errors in computation of xg and the errors incurred in computing

the reciprocal make n very large. Hence the sequence should be cut short when xj, is

close to zero. In fact a sequence of rationals converging to xg can be generated by
truncating the sequence ay,a3,... appropriately.
The resulting sequence is ay ,az,...,am-2,Cm-1 for some m>1 such that

Cm-1 =am-1 ifx,n-l<0.5

=ap-1+1 otherwise
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