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Performance Evaluation of Multip le Processor Systems
ABSTRACT

Technological trends in semiconductor and micro-processor development are clearly leading

towards the production of a “computer on a chip”. In the near future such a co rzp uter
module will include the equivalent of today’s mini-computer with some memory. Connecting
many computer-modules together will probably be a c ost-ef fec t ive way to build high
performance computer systems. This thesis investigates and co ntrasts the performance of
two multiple computer-modu le structures: a multiprocessor with shared memory and a local
computer network in which all communication is via messages. Results are derived both from
running benchmark applications and from performance models.

Very little knowledge and experience has been gained on the performance of actu:!
multiple processor applications. To investigate the problems and potential of these
computer-module structures , an multiple processor system -— Cms -- has been built at
Carnegie-Mellon University. Firmware changes enable the emulation of both an efficient
multiprocessor and a local computer network. Experiments were conducted on both types of
structures to obtain performance information. Our practical methodology includes

measurement of performance parameters using a set of benchmark application programs
executing on Cm*, and performance models that were derived and validated - using the
measurement results - and then applied for the performance investigation.

Measurements of the multiprocessor structure formed the basis of a detailed performance
investigation of the initial, ten processor , Cm: system. This investigation showed the
possibility of efficientl y solving several types of problems using a multiprocessor. The
various performance measures obtained -

, 
in particular , the relative access frequencies to

various memory patterns e.g. code, global data etc. - gave insight into the important
characterist ics that make an application suitable for the multiprocessor structure , and into
algorithm decomposition issues.

Several multiprocessor performance models were developed; their merits and deficiencies
were explored. The main model is a queuing network model, with several classes of
customers. Using classes of customers has allowed the more accurate modelling of many of
the detaik and sequences of actions on the Cm: buses. Validation of the queuing network
model against the measurements of one to eight computer -r~odules Cm:, showed that it
accurately predic ts the observed performance , and is efficient end strai ghtforward to use.
The model was then useØ to extrapolate performance for systems with 50 processors , faster
processors , and faster buses - to explore the viability of the Cm: structure in much larger
and more powerful configurations. Some theoret ical aspects and proofs of ef f icient
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computational algorithms , that were used in the model development , are also presented.

This work is a pioneer attempt to use the potential concurrency of a local computer
network to achieve performance gains for applications that require close cooperation
between several concurrent processes. The potential performance gain, by utilizing several
processors , is already known for multiprocessors — but to date has not been seriousl y
investigated for the local network structure. The detailed measurements provide the main
performance parameters that were used to construct an analytic queuing network
performance model. The model was shown to represent , quite accurate ly, the performance of
an application running on a local network structure. The relative performance , and

performance issues , involved in comparing the multiprocessor performance to the local
network performance , are discussed and the advantag es of using the shared address space ii
multiprocessors is shown. The design space attributes that mainly affect performance of local
network structures are descr ibed. The possibility of forming an optimal match between
app lication programs and multi ple processor structures is examined.
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1. tntroductio n

1.1 Goals and Definitions

The goat of th ts thesis is to ana l yze and evo.Luate key performa n ce issues in the use of
muLtiple processo r- metncry pairs ttt the mulu processor str ucture/Lo cal computer network
structure space. A pr a ct ical methodology and severa l techni ques and toots were developed and
a p p lied to the performa nce i,westL~ation of these structures. These toots fac ilitate the
irwestigat ion of  each altern ative structure by itself . However our main interest was to
compare and evalua te the performance improvement that result s fro m main memory sharing
(in m ultiproc essors) with the network message communicat ion prot ocoL The research vehicles
included exp eriments and measurements of benchmark programs on the two multip le

processor structures , and models that were t’euet,ped , validated and applied in the
p erformance investigation.

Technological trends in the semiconductor (LSI, VLSI) and micro-processor development , in
the last few years , are clearly leading toward the production of a “Computer on a Chip”. In
the near future such a module will include the equivaient of today ’s minicomputer and some
memory on a single LSI chip. Such a structure will ~e termed a Computer-Module. To
investiga te the problems and potential of computer module structures , an multiple
Micro-Computer-Module structure -- Cm: -- has been built at Carnogie-M2Ilon university

[Fuller 77a). Firmware changes enable the emulation of both an efficient multiprocessor and
a computer netv,ork.

Multiple pr ocessor systems , those that belong t o the Multiple Instruction, Multiple Data
stream (MJMD) category [Flynn 72), span a wide spectrum of structures wi th vary ing degrees

of decentralization. This spect rum ranges all the way from loosely coupled and
geographically distributed computer networks (e.g. the Arpa net), through ti ghtly coupled
(local) computer network (e.g. the Ethernet), and finall y multipr ocessor and multi ple arithmetic

unit processor computer systems. Figure 1.1 illust rates the range of the degree of coupling
for these structures (which has been defined in [Fuller 78) as the worst case access time to

shared data) . Cm* confi gured as a multipr ocessor is shown as the shaded area.

Our interest is in the differential in performance between mult iprocessors and local

computer networks. Two main characteristics that distinguish multi pr ocessors from computer
networks are the mechanism to share data (and control) structures and the communication

ra te (bits/sec) between proce .e ~~. Computer networks are char acterized by interpro cess
message transfers as the data control communication mechanism , while in multiprocessors
communicat ion is achieved by ~. iaring the primary memory betwee n all processors.
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Communica tion rate is the other main factor. Informal definition puts the local computer
network as that part of the distributed computer spectrum betwqen 0.1 MBPS (communication
ra te in Mega Bits Per Second) to 10 MBPS 1 - While remote computer networks and
mult iprocessors are on either side of local networks in the spectrum.

1.2 Methodology
To accomplish the goals of the thesis the performance of both multiple computer-module

multipr ocessors and local networks was investigated using measu~rr~er,~s of benchmark
programs on actual systems and using performance models.

Due to the almost total lack of information and experience on such structures a practica l
methodology had to be devised. The methodology that was used involved the follow ir~ :

— A set of scientific oriented benchmark programs was written as the workload
model to exercise the different structures. These programs were from different
application areas and were used to stress the different aspects of the
architecture on which they were executing.

— Detailed measurements were made and various performance measures
(i.e. perf ormance p? rameters upon which the performance evaluation was based)
were c ollected. The Cm: system connected as a multiprocessor system was used
for this investigation.

- Practical methods and tools were developed to enable exploring the performa nce
of the multipr ocessor system in greater depth (while changing system
parameters) than could be done in the actual Cm: system. Analytic and
simulation perf ormance models were used. This involved proofs of some
theoretical models and of eff icient computational algorithms using a somewhat
different viewpoint than, and ex tension to , the work of others. The derivation of
these models included a trade-off between simp licity of the models and accuracy
of the results.

— The performance models were validated using the results of the measurements
on Cm:. For some of the m odels such a detailed validation had never been done
before , and thus advantages and limitati ons of the models we re discovered. An
examp le of applying this models to the investi gation of different extensions of
the Cm: multi processor computer system are presented.

— Constructing and validating the multiprocessor computer models and exp loring
the perf ormance issues enabled us to compare the multiprocessor structure to
the local c omputer network structure. There is surpris ingly ‘ itt le knowledge , or
even research activity, regarding performance issues for the latter structure ,
i.e. using the local network as a vehicle for gainning perfo rmance by
implementing cooperating paralle l processes communicating by messages. The

Met c alf e (Metc& f . 76) has o bcarv ed Iha~ the com’r +j nicat er. ra ’o/ c~ ~t .nce bet w eo n proc o esor.  pro th .,:t is a goo d
measur e of th , stat.  o f the a r t  ai~d that the ~urr.n t s t a te of t he art I. • bov t 1.0 G t s m,ter .bi ta /5 ,con ’d .
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Cm: system was used as an emutation of a local computer network , using
microcode in the central control processor in the structure to emulate the
hardware network mechanisms (i.e. serial line + bus interface unit) and sof tware
support routine to handle the message communication protocols. Two benchmark
app licati on programs , tha t were previousi y measured on the Cm: multiprocess or
structure , were adapted to the network environment and their performanc e was
measured and compared t o the multiprocessor performa nce. Several other
issues concerning performance on a ne twork structure were investigated.

1.3 Research Vehicles

1.3.1 CM* - The Computor-module Computer system

1.3.1.1 Cm* as a multiprocessor system

The distinguishing characteristic of multiprocessors is that all the processors in the
s tructure share primary memory. The concept of multi processors is not nev/ ; the Burroughs
0825 (1962), Bendix G-21 (1963), GE645 (1969) , and IBM 360/65 (1969) provide early
examples. In these multiprocessors conventional , relatively expensive , central pr ocessors
were use d, m aking it uneconomica l to have more than a few processors. More recently,
multi pr ocessors using minicomputers have been implement’. .1 ~t-4eart 73),[Wu lf 72), wi t h as

;nany as 14 - 16 processors in a single computer system. General surveys of
multiprocessor ’s taxonomies and structures are given in [Flynn 72), [Baer 73), [Erislow 77a],
[Jensen 77), [Fuller 78), [Swan 78].

The s tructure of the Cm: multiprocessor system grew from economic , performance ,
reliability and modularity considerations. Multi ple processor structures wi th hundreds, ard
even thousands , pr ocessing elements were envisioned. A detailed description of Cm: and the
design issues involved is given in [Fuller 77a), [Fu!ler 77b), [Fuller 78), [Jones 78), and a

short description is repeated here.

The structure of Cm: is depicted in Fig. 1.2. The fundamental unit of Cm: is a computer
module (Cm). Each Cm consists of a processing e!ement (an DEC LSI-1 1 microprocessor ) , local
memory, input/output devices , and a local switch (Sloca l) which provides a simp le interface
between the Cm and the rest of the system. The primary memory of the system cons ists
exc lusive ly of the local memory of the Cm’s.

A processor may directly reference any location in main memory. The Slocal uses simple
mapp ing tables to decide on a reference-by-refe rence basis whether the physical address
being referenced to is in the local memory. If it is , the Slocat perf orm a simple mapping
function and the reference proceed very quickly. If it is not , the Slocal passes the reference
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to a mapp ing controller (Kmap). The Kmap ’s, which comprise a distributed processor/ memory
swi tch, communica te with each other and the Slocal’s of the Lystem to perfor ,~, non local
references for pr ocessors. The fact that a memory reference is non-local is comp le t ely

transparent to the processor. While the reference is being performed by the Krnap and
Slocal’ s, the processor waits just as if the reference was local. The duration of this wait
varies strongly with the dis tance the reference must travel to reach the addressed memory,
but is is fundame ntal to the mult iprocessor Cm: that the addressing mechanism at the
processor level be exactly the same no matter where the physical memory being located.

The notion of a ck~ ter was also introduced. A shared communication path , consisting of a
Kmap and a paralle l Map Bus, connects several Cm’s. However , a sing le Map Bus would not
have sufficient bandwidth to service many Cm’s; furthermore , the presence of a sing le

inter—communication channel would pose a reliability hazard. Thus the Cm’s are grouped in
clusters conta inning from one to fourteen modules. References between a processor in a
cluster and a nonlocal memory in the same cluster involve only the Kmap and Map Bus of the
c luster, while inter-cluster references involve also the Kmaps in the two clusters and
inter-c luster buses that connect the Kmaps.

The Kmap’s of Cm: are microprogrammed processors. A Kmap ’s primary function is to
process the external memory references of the modules in its cluster , communicat ing with the
Slocal’s of the cluster and the Kmap ’s of other clusters. The Kmap ’s micr oprogram define the
address translation mechanism and thus the virtual memory architecture of the Cm: system.
The use of 2048-word writab le control store within the Kmap ’s has allowed imp lementations
of different architectures. The version of the Krnap’s microcode used in the multi processor
Cm: experiments was a simple versi on, written to provide the minimum needed for
iriterprocessor communication and memory sharing. Under this simp le microcode each
processor is permitted t o map any of its sixteen virtual pages onto any 2048-word physical

page in the multiclus ter system. The total size of this microcode is 505 80-bit
microinstructions.

Figure 1.3 shows the sequence of transact ior . that occur on the Map Bus during the
processing of an external memory reference. The ‘irst transac tion on the Map Bus is init ,ated
by the Slocal of the source Cm when it recognizes that the processor has made an external
memory reference. The Kmap accepts the processor address from the Slocal , perf orm the
vir tual to physical address translation , and sends the physical address. which includes the
number of tne destination Cm, out on the Map Bus. Assuming that the reference is a simple
read, the destination Cm accep ts the address, reads the indicated word from its local memory,
and then, in the third and final Map Bus transaction , returns the data directly to the source
Cm. Figure 1,4 shows the sequence of operations for an inter-cluster reference. Two Kmaps
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and the interc luster bus is now involved in the transferring of the packet between the
clusters. To the processors and memories within the cluster the memory reference seems the
same as for an intra—cluster reference.

In addition to the concurrency afforded in the mapping mechanism by having m ultiple
c lusters , the Kmap is partitioned into three units that allow pipelining of the communication
mechanism within a cluster; a mapping processor (Pmap) is responsible for address translation
and directs the actions of the two other components; a Map Bus coatro ller (Kbus) is master of
all the tra nsactions of the asynchronous Map Bus and schedules activities for execution in the
the Pmap; the third component (Linc) is responsible for shipping and receiving intercluster
messages on the two interciuster buses to which each Kmap may connect. The three
components are relativel y independent and communicate via shared memory and a set of
hardware queues.

The initial Cm: system contained ten Cm’s w ith 28 Kwords of memory each, which were
configured into up to three clusters (three Kmaps were available). The next generation Cm:
system is currently being built and wiH include 50 Cm’s and five Kmaps.

1.3,1.2 Cm* as a local computor network system

The central switching element in the cluster , the Kmap, has a comp lete control over the
processors and memories in the cluster. This was utilized for the emulation of a loca!
computer network structu re , whic h we have termed Cm-Net. A detailed description of
Cm-Net is given in chapter 4, and only the main features are presented here.

Figure 1.5 shows the PMS level diagram of Cm-Net; the virtual local computer rietworl;

structure and the way it was implemented on the actual , one c lus t er , Cm:. The local computer
netw ork structure is a collection of processing modules which are interconnected via
transport mechanism corn ,nunication channe L For inter-processor communications the
processors (P) in the processing modules prepare a message in their local memory (M). A

cont roller , or port , in the sending site is responsible for retrieving the message from memory
and transmitting it out into the channel, and for copying the message into the local memory in

the receiving site. The messages are beeing transferred in packets of up to 256 words.

On the actua l Cm: system most of the port functions and the t ransport mechanism channel
were emulated by microprogramming the Kmap. This emulation is made so that the one

cluster Cm: system, as shown in figure 1.5 (a), is seen by the user as the local network

struc ture in figure 1.5 (b). This emulat ion required an addition of about 220 microinstruct ions
to the initialization microprogram in the Kmap. The emulation used a DMA mechanism for a

word by word transfer of the packet from one processor ’s memory to the other , without
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interfering with the processor ’s work.

A process interface software support package was written to simulate a simp le network

operating system. The package is a collection of application independent routines that supply
the necessary functions that the application program might request , in an efficient manner.
These functions include initialization of the network , interrupt handling, message buffers
initialization and handling, sending and receipt of messages , timing arid s tat i s t ics , acknowledge
mechanisms handling, etc. This package is replicated in each of the processing modules in the
structure and executed by the pr ocessors in those modules.

1.3.2 Performance Models

Definitions [Svobodova 76]:

— A performance model is a sufficientl y detailed abstraction of a system containing
only the suff ic 2nt variables and relations needed for the performance
evaluation. It is derived by analysis of a functional model for a speci f ic model of
workload.

— Functional model: D~scribes how the system operates. Defines the system such
that it can be anal yzed mathematically or studied empirically.

- Work load model: Represents system workload in a form required by the
perf ormance model - a controllable , repr oducible environment.

— Performanc e measures: Set of predetermined parameters upon which the
perf ormance eva luation will be based (like throughput , utilizati on etc.) .

The functional models that were constructed for the two multi ple processor structures ,
were mainl y at the PMS level of the structure. It is important to mode! the structural
perf ormance at this level for the system architect , the operating system builder , as well as

for many potential users that need to know and utilize the hardware structure. Var ious
models were constructed; The main technique used was the analytic queuing network
technique, with several classes of customers.

The measurements resul ts of a set of benchmark application programs , described in

chapters two and four , constitut e the workload model. Chapters three and four contain the
description of the performance models that were constructed.

1.4 Synopci~ of the Thesia
Chapter 2 includes the detailed discussion of the benchmark programs used arid the

measuremen ts that were conducted on the Cms system connected as a multiprocessor
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structure. The main results arc given in numerous tables arid graphs.

Cap ter 3 contains the derivation of the various performance models used, their validation
results and discussion of their respective merits. An examp le of applying these models for
t he investigation of performance issues in a multiprocessor struct ure is clso included.

Chapter 4 tnclude~ a discussion of local networ cs , a detailed descri ption of the emulation of
Cm: as a local networ l~, the protocols used, the benchmarks pr ograms and their adaptation to
a netw ork environment , the main measurement resul ts , the performance model developed and
its main paramete r~.., and a discussion of the merits of the structures investi gated.

Chap ter 5 concludes th is thesis. It re- s t ate s the main res ults and indicates future research
t opics in the area of multiple computer stru cture s .

The appendices contain summaries of the theoretical work and various proofs that were
constructed during the derivation of the performance models.
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2. Measuromont and Evaluation of a Multiprocos~or System

2.1 Introduction

Multipr ocessor structures are just errerg ir.g; re latively little kno’.vle dge arid experience , and

prac ticall y no quantitative measurement results ex ist for these structures. In particular the
perf ormance evaluation of multi ple c omputer-mod u cs , i.e. pairs of process ors and memories ,
demands specif ic performance measures (e.g. reference rate to code , data etc.). This chapt ’~r
describes the result of applying the oniy practical method avai lable to us at the present time
- measuring the performance of the multiprocessor Cm: executi ng a set of benchmark
programs.

Three programs from differe nt app licati on areas were used as the research vehicle to
obtain these needed experience and measured data. This col~ection of programs wa: chosen
as repreresentative of the major portion of the processing dor~ for many scientific oriented
app licati c:~s. The programs differ enough to stress different aspects of the architecture
(e.g. they exhibit different synchronization mechanisms , grain of parallelism, instruction ~et

usage etc.).

These app licati ons are ’:

— Asynchronous iterative rr~ethcJs for solution of Part ial Differential Equations
(PDE’s).

- Sorting (Quick Sort).

- Set Partitioning Integer Programming.

The main objectives of perf orming these measurem ents were:

1. Show the possibility of solving efficiently several problems on Cm: like
structures (and in genera ! in a muUiprocessor envir onment) and thus the viab iiity
of such an architecture.

2. Obtain various performance measures to be used in the derivation and validation
of computer-module performa nce models (which are discussed in Chapter 3) or
f or comparisons to other multiple processor structures (e.g. the computer
netw ork in Chapter 4).

3. Identify performance bottlenecks in the initial Cm: - 10 processor - hardware
sys tem that will provide some insight and help in tuning and ccnstruct ing such
syste m s in the future.

t Tw o et h o , ep pl ic atio ne t hat wor e ox .euled on Cm. ire Harpy ,peoch r oc o ~~i t ;o i~ sys tem , run~~r~ o~ lb. St a ,o~op.PstIn~ oy.to m, end A ltol 68 run tun e syst e m They ir. desc rib ~•~ in (Fi~I,.r 7fl. ~J ones 78), LH bc.ad 78] Har py a
also d iscuau. d in sec t io n 43 .
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4. Provide some quantitative criteria to estimate decompositions of future
applications for Cm: like structures into parallel tasks (both for the user and
operating system design) arid help to define classes of problems best suited I or
such a structure.

5. Show that a performance evaluation of a multiprocessor structure can be made
using simple tools and techniques.

2.2 Techniques

2.2.1 M.asur.m•nt Techniques

Th. measurements were made using both specially designed hardware and standard
measuring equipment. Each Map Bus was attached to a Map Bus Monitor - a control panel
plus specially designed logic which allowed a particular address or data value passing to and
from a given computer-module to be disp layed selectively and be counted. For example , the

reference rate to a particular memo ry page could be counted.

A standard Log ic Analyzer and counter were connected to the (map micro-instruction
address lines and were used to monitor the Kmap micro-operations and determine what
fraction of the Kmap time was spent in it’ s different operations.

2.2.2 Proble m Decomposition Issues -

Not much experience had been gained in the actual decompos ition of problems into parallel
tasks. The deco mposition issue is not well understood yet and is currently a very active
research area. For example , some of the last results (those that are mostl y connected to the
research at Carnegie-Mello n Univ .) include theoretical analysis of para Uel algorithms (Kung
76]. Operating system design for multiprocessors [Wu lt 74] , [Jones 78). Design aid tools
used for algo rithm decomposition (Peterson 77), (Brantley 77). Programming languages

design to ass ist the user in exploiting the parallelism (e.g. Algol 68, Concurrent Pascal ) or
even detect automaticall y the parallelism in the program written in a high level language and
uti lize the multi ple processor structur . to gain performance (Hibbard 78). Some s imple
techn iques that were used arid proved to be effective (from the limited experience gained in
decomposi ng t hese large grain , inherently parallel , app lications ), and some experie nce results
ar• listed below:

1. Use of master /slave relationsh ips between processes , where the master serves
as the user interface process in the beginning arid controls the other processes
(slaves ). The master also part ici pates in th. task as any other process during
execution. Finall y, the mast er outputs th. task resu lts when th . work is don .
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2. Use of a shared data structure as a pool from which all processes fetch the next
task to be executed (when finished with their current task).

3. Partitioning a job into many small subtasks (a rule of thumb, probably a very
loose one, used in the Integer Programming problem was ten times the number
of processors) to be put in that shared data structure , thus minimizing the effect
of distribution in subtask execution time and processors timing differences.

4. By exercizing care in the design and implementation of the application programs,
and by using the relatively fast synchronization mechanisms supported by the
Kmap - synchronization did not impose a severe performance degradation factor .

5. For the sake of debugging ease, it is very helpful to implement the program such
that it may also be solved by only one (the master) process (which is of course
very helpful for un -processor comparisons).

6. For the relatively complex applications implemented, the amount of inherent ,
large grain , parallelism was surprisingly high.

2.3 The Benchmarks
This section contains a description of the thr e. application programs that were

implemented on the multiprocesso r Cm:. For each program a descript ion of the probi.rn, the
methods used to solve the problem , the implementation details and timi ng measurements - are
given. Summary of the main results and their implications are given in the following section.

2.3.1 Numerical Application — Partial Differential Equations

2.3.1.1 The Problem

An example of an Asynchronous Iterative Method is the solution to Dirich iet’ s problem of
Laplace’s Partial Differential Equation (POE) by the method of Finite Differences.

Tb. program solves the POE: ~2,, 
~
2
~j—

~
. + —~~ 

- 0

on a rectangular grid of size M x N, where only the value s at the oute r edges of the grid
are given.

Tb. Finite Difference method transforms the problem into a set of linear equations: A~ —

~~, wh.re x is an MN vector of all the points in th. grid , A is an MN x MN sparse matrix and ~
is an MN vector derived from th. bou ndary cond itions. This sit of linear equat ions is derived
from the new approximate values of the points (in each iteration ) by averaging the values of
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the four adjacent neighbors of each point. The solution to this POE is required in many
application areas (e.g., Electra-Magnetic field, Hydrodynamics). Other POE problems can be
similarl y solved using this method.

More details about Asynchronous Iterative Methods and their applications can be found in
(Baudet 77, Baudet 78].

2.3.1.2 The Methods

Baudet (Baudet 78] gave a survey and developed several new methods for solving the
above prob lem . Four of these methods were implemented arid measu red on Cm:. In all the
methods , the computation is initially decomposed into P processes where P is equal to the
number of processors available. . Each process (and processor ) it erates on a fixed subset f
MN/P components out of the total MN components. The four methods are briefly discussed
below:

— Method 0: Jacob i’s Method , in this method each processor retr ieves its
particular subset of the data from the global vector , ~~, at the beginning of each
iteration. New values are computed for the elements of ~ and then compared
with their previous values. The elements are stored back into the global vector ,
~,, for other processors to use. This store operation is protected by a critical
section. The processor then checks the error vector (computed by differencing
the old and new values of the ~ vector). If the error vector is smaller than the
pre—specified limit , the processor notifies the other processors that it has
finished. If all of the other processors have fin ished their work the computation
is complete. Otherwise the pr essor blocks awaiting the completion of the
iteration by all the other processors before starting the next iteration.

- Method 1: Asynchronous Jacobi Method (~fl~ 
This method is the same as the

Jacobi method (Method 0) except that each processor does not wait for the other
processors to finish before start ing on the next iteration.

— ~ç~~od 2: Asy nchronous Gauss Seidel Method (AGS). This method is similar to
AJ method (Method 1) except the processor uses the new va lues computed in its
subs et as soon as they are available (not the values known at the beginning of
the iteration as in the previous two methods ).

— Method 4: Purely Asynchronous Method (~~ 
This method computes a new

value of each compo nent using the most recent values of all com ponents by
reading them directly from the global vector , ~~, and writing the updated values
directly back to the global vector (without any critical sections or
synchronizat ion ). This last method is clearl y the most efficient. It also uses less
memory than the other methods. It uses critica l sections rarely to inform the
master process that the work has been finish ed. Theoretically almost linea r
speed up can be achie ved with this method.

More discussion of the above methods arid experimental results o.i C.mmp (using floating
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point) can be found in (Baudet 1978]. Fixed point, single precision computation was used in

the Cmi implementation.

Some features of this problem:

— Extensive use of integer arithmetic operations.

— Four different methods w ith different synchronization requirements.

— Almost linear speed up can be expected.

2.3.1.3 Tb. Impl.m.ntation

The grid size ’ was chosen to be 21 x 24 points, i.e., a linear system of 504 elements. The
boundary conditions were chosen to be all zeroes and the grid points initialized to one. The
error bound was chosen to be 0.1 in all the following experiments. One processor, the

mostir processor , initializes and starts the other sLwii processors , and prints the results
when all have finished. Note that the m aster participates in the computation like any other
(s lo.u.) processor. All the global variables are kept in the master processor ’s local memory
area. Synchronization and mapping are achieved by using the simple Kmap micro-code.

2.3.1.4 The M.asur.mints

The timing measurements and speed up factors for various memory reference patterns are
given in Figures 2.1 to 2.8 and in Table 2.1. Th. table shows the timing results for six
different memory patterns executed by a single proces,sor:

— All local - all the memory references are directed from the processor to its local
memory in the Cm.

- All mapped - all the memory references are mapped to the Kmap and returned to
the Cm’s local memory.

— Only code mapped - only the memory references to the application’s code are
mapped via the Kmap (the rest are directly sent to the local memory).

— Only stack mapped - only the memory references to the processor ’s stack area
are mapped via the Kmap.

— Only Loca l variables mapped - only the memory references to the variables
which are local to a prqc ess (those that are not shared between processes ) are
mapped via the (map.

— Only global variables mapped - only the memory references that are shared
between cooperating processes are mapped via the Kmap.
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Tab le 2.1: POE. Memory Ref erence Patterns (usin2 
~~~ Q~

Execution times (in seconds) in various memory reference patterns and percentage of time
it takes to execute the task compared to the time to execute it when all memory references
are local to the same memory in that Cm.

Method ~

Memory reference pattern Execution time S Loca l execution time

A l l  Loca l 362 188

A l l  Map ped 364 263.5

Only Code flapped 835.5 231

Only Stack Mapped 423 116

Only Loca l Var i ab là s Mapped 485 112

Only Globa l Var i ables Mapped 378 104.5

Method I

Memory Re ference Pattern Execution Time S Loca l execution time

A ll Loca l 355.5 180

Al l  Mapped ~948 267

On ly Code Mapped 820 231

Onl y Stack Mapped 413 116

Only Loca l Var i ables flapped 339 112

Only Globa l Var i ables Mapp ed 370 184
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Method Z

Memor y Re ference Pattern Execution Time S Loca l execution time

A l l  Loca l 181 188

Al l  flapped 478 264

On ly Code Mapped 417 230

Onl y Stack Mapped 218 116

Only Loca l Var i ables Mapped 203.5 112

Only Globa l Var i ables Mapped 188 104

Method ~

Memory Re ference Pattern Execution Time S Local execution time

Al t  Loca l 165.5 108

All Ma pped 433 261.5

Only Code Mapped 382 231

Only Stack Mapped .196 118.5

Onl y Loca l Var i ables Mapped 176.5 187

Only Globa l Var i able , flapped 173 104.5  

- - _ _ _ _ _ _ _ _
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2.3.2 Sorting - Quick Sort

2.3.2.1 The Problem

This problem is the decomposition of the well known Quicksort algorithm (Singleton 69) into
asynchronous parallel processes. The median for each sort pass was chosen as the median of
the first , middle and last elements in the sub list. In all the following implementa tions, each

pro cess is assigned to its own processor (Hence the process and processor may be used
interchangeable here).

During a pass , each processor partitions its set of elements into two subsets: Elements
larger than the median of the original set and elements smaller than the median. The
processor then pushes the address and size of the smaller of the two subsets onto a stack
shared by all the processors. Making the smaller subset available to the other processors
tends to put more work onto the shared stack in order to keep as many proce ssors as
possible , busy. A pro cessor further partitions the remaining (larger ) subset. When the
remaining subset canno t be partitioned further , the processor selects the next available
subset from the shared stack.

Very simple assumptions about the algorithm (simiia r assumpt ions leading to T — c N Log N
for sorting using the sequential algorithm ) give a theoretical sorting time of:

T — c N { (K-M)/P + 2(1 - (j /2)M) )

Where:

- N — * of elements to sort ,

- K — Log2 N,

— c — constant ,

— P — a of processors ,

- M a  Log 2

If the number of processors is much smaller than the number of Items to be sorted , almost
linear speed-up can be achieved. The performanced degrades considerably when the number
of processors is large (uymptotical ly to a constant speed of T — c Log N/2). S.. Stone
(Stone 71] for a description of sorting methods that speed up as N/log N for large numbers
Of processors.
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2.3.2.2 The Impl.m.ntati on

One pro cessor , the ,no.,t.r pro cessor , initializes and starts the other processor s. It makes
the first partition and prints the results when the sort is complete. The master also

participates in the sort like any other (sLave) processor.

The stack 1 the vector of .lement s to be sorted , and th. global variables are kept in the
local memory of the master processor. All the experiments sort 18,000 elements, where each
element is a 16 bit (2’s complement ) value.

Some features of this problem:

— Extensive access to the shared data vector (which causes data contention).

- Extensive use of logical operations.

— Almost linear speed up when the number of elements in the data part is orders
of magnitude larger than the number of processors.

2.3.2.3 Th. M.asur .m.nts

The timing measurements and speed up factors for various memory reference pattern s are
given in Figures 2.9, 2.10 and Table 2.2.

]able 2.2. Quicksort. Iviempry R~ierenc. Patterns (usin2 g~j  Q~~
Execution times (in seconds) in various memory reference patterns and percentage of time

it takes to execute the task compared to the time to execute it when all memory references
are local to the same memory in that Cm.

Memory Reference Pattern Execution t ime  S loca l •xecut ion time

A l l  Loca l 25.54 188

A l l  Mapped 70.0 274

Onl y Code h apped 58.4 229

Onl y Stack flepped 38.3 118.5

Onl y Local Var i ables Mapped . 28.3 111

Onl y Globa l Var i ables Mapped 31.2 122
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2.3.3 Searching - Set Partitioning Int.g.r Programming

2.3.3.1 The Problem

The particular integer programming solution considered here is one of the most practical
methods. It is used, for example in airline crew scheduling (Balas 76].

This problem is typically solved with an enumeration algorithm , by searching (N-ary tree
search ) in a large , relatively sparse , binary matrix - typically on the order of hundreds by
tho usands - for a minimum cost solution.

Th. set partitioning problem is to solve:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Where:

- A — M x N binary matrix.

- — N vector

vector

As an example of this method, consider the airline crew scheduling problem. The rows of
the A matrix correspond to a set of flight legs (from city A to city B, in time T) to be covered
during a specified period and the columns of A correspond to a possible sequence of tours of
flight legs done by one crew , ç. is the vector of associated cost of each tour. A possible
solution includes a set of tours that satisf y all the fli ght legs (One and only one crew makes a
flight leg). We are looking for the solution with the lowest cost.

Some features of this program:

— ft uses binary data types , manipulates a large matrix while requiring a relatively
small address space.

- Extens ive use is made of both arithmetic and logic functions.

— There is a theoretica l possibility of nearly linear spied up.

2.3.3.2 Tb. Implementation

As in the previous applicati ons , one processor — the master - initializes , creates the array
according to user ’s specification and puts enough initial possib le search path solutions in a
global stack , from which all the proc essor s pick their work. The criteria was (arbitrarily

-~~~
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chosen ) to put more than 10 x P path solutions into the stack (where P — number of
processors ) - so that work will be more evenly distributed between the processors and all
will be occupied a large percentage of the time. -

To enhance pruning in the search, a global variable contains the cost of th. best solution
found so far by any of the processors - and all compare their current cost value to it and
begin to track back in the search whe n that global cost is lower.

23.3.3 Tb. Measurements

Five different cases where arbitrarily chosen as test cases.

— I J Seed Density Number of Solutions

Case 1 18 188 1 0.1 3

Case 2 10 100 2 0.1 5

Case 3 10 100 3 0.1 5

Case 4 58 588 1 8.2 0

Case S 17 68 1. 0.1 1

Where:

- I number of rows in the A matrix

- J — number of columns in the A matrix

- Seed —Initial seed number for a random number generator to generate the matrix

— Density —Density (ratio of ones and zeroes) in the array

— Number of Solutions — number of different solutions found by one processor

The timing , speed up factor and th. number of nodes examined for the 5 differ ent cases
are given in Figures 2.11 to 2.13 aid in Table 2.3. Note th, interesting fact that almost a
constant nun .... of nodes an examined while the number of processes participating in the
task varied. 

S - .  - - - -- -~
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Table 2.3: Integer P,’ogramming. Memory Reference Patterns (~~ ~~

- Execut ion times (in seconds ) in various memory reference patterns and percentage of time
it tak es to execute the task compared to the time to execute it when all memory references
are local to the same memory in that Cm. Three cases are presented here.

Q~Lti

Memory reference Pattern Execution Time S Loca l Execution Time

All Local 79.1 100

A l I Mapped 215.1 272

Only Code Flapped 176.8 223.5

Onl y Stack Mapped 113.9 143

Onl y Loca l Var i ables Mapped 85.8 188.5

Only Globa l Var i ables Mapped 81.1 
- 

102.5

Memory reference Pattern Execution Time S Loca l Execution Time

A l I Loca l 19.5 188

A l I Mapped 53.0 272

Only Code Mapped 43.6 223.5

On ly Stack Mapped 27.3 140

Onl y Local Var i ables Mapped 21.1 188.2

Only Globa l Var i ables Mapped 20.0 182.5

_ _ _ _ _ _ _  - 

. 5  

-

~~~~
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Memory reference Pattsrn Execution Time S Loca l Execution Time

A l l  Local 284.4 180

A l l  Mapped 546.1 267

On ly Code Flapped 455.5 223

Only Stack Mapped 277.4 136

Only Loca l Var i ables Mapped 217.5 106.5

On ly Globa l Var i ables Mapped 208.3 102 

S -~~~~~~~~~~~ - -~~~~~~~~~~~- - - - - -~~
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2.4 Summary of Measurement Results for a One Cluster System

This section summarizes the results of th. tables and figures presented in the previous
section. It shows the main interference and degradation effects of the one cluster system.

2.4.1 Access Times in the Cm* System

The following summarizes the results presented in Tables 2.1 to 2.3. The ratio figure given,
is the ratio of total execution time (for various memory reference patterns ) to the tota l
execution time when all memory references are to local memory.

— When all references are mapped , the ratio is between 2.6 and 2.75.

— When code is mapped and everything else is local , the ratio is between 2.2 and
2.3. Hence, it is very important for code to be in a Cm’s local memory.

— When the Cm’s stack is mapped, the ratio is between 1.16 and 1.185 for the POE
and QuickSort applications and 1.4 for the Integer Programming application. The
latter application consists of a large number of small routines, the execution of
which causes frequent stack accesses to perform the call/return sequence.

— When global data is mapped , the ratio ‘iaries between 1.02, when global data
accesses are infrequent , and 1.15 when accesses are relatively frequent. These
particular figures are encouraging since large shared data structures may be
located anywhere in the system without significant performance degradation.

- When own (local) data is mapped, the ratio is between 1.07 and 1.12.

These results show the importance of localizing code in the Cm’s local memory , while global
data can be put anywhere in the cluster without severe performance degradat ion.

2.4.2 Throughput of Cm* Buses and Components

This subsection shows the way interference effects can limit th. number of processors
which are effectively utilized in a one cluster structure.

— When all processors share both code and data from a single memory, the graphs
indicate that performance cannot be improved by using more than 3 or 4
processors. This limitation is caused by memory contention.

— Th. graphs showing Cm’s making rsiersnces which are mapped back to their
local memory ( Mapped to Self 1 indicate that the Kmap saturates when 6 or 7
proce ssors are simultaneously active in this mode.
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2.4.3 Hit and references ratios

The rate of mapped memory references from a Cm, for which ~U references were ma pped,
was measure d. The reference rates to Code, Stack, Own (local data to a process) and Global
data were also measured. The percentages of the total reference rate represented by the
above reference types are tabulated below. The measure ments were made using a
combination of the Map Bus Monitor and a frequency counter.

EQE
method 0 method 1 method 2 method 4

Code 80.8% 88% 88.5% 82%
Stack 10% 10% 10% 11.5%
Owns 6.8% 7% 7% 4%
Globals 2.5% 3% 2.5% 2.5%

Qu i ck sor t

Code 71%
Stack 12.5%
Owns 6.5%
Glob als 9.5% -

Integer programm i ng
— case 1 case 2 case 3 case 4 case 5

Code 71.3% 78.3% 71.1% 72.8% 71.5%
Stack 23% 24% 25.4% 22.3% 23.6%
Owns 4.75% 4.6% 4.15% 3.75% 3.85%
Globale 1.1% 1.1% 1.2% 1.1% 1.1%

The hit ratios (ratio of references to local memory to the total memory references - when
only global variab les are mapped) are therefore on the order of 97.5Z in the POE program ,
90.5Z in the Quicksort pro gram and 99Z in the Integer Programming program.

I,

2.4.4 UtilizatIon

2.4.4.1 System compo nents

Figures 2.14 to 2.17 show the different aspects of the system ’s component utilization while

running the POE programs. The Kmap ex.cutss a two micro-instruction loop (called the ‘~d1e
loop ) when ever there is no useful work for it to do (This is used to show the utilizat ion of

the (map). The Slocal busy loop is seven micro-instructions long and is used to show the
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amount of contention for Slocals and memories. This loop is executed when the Kmap tries to
access a memory but must wait because the Slocal is busy executing a previous reference. A
successful reference to an Slocal takes four micro-instructions.

The Kmap micro instruction time is about 157 nanosec.

It is interesting to note that the maximum Pmap utilization when the hit ratio is 0%, i.e. all
references are mapped back to the Cm, is only 35%. The rest of the time is spent in the idle
loop.

2.4.4.2 Number of Cm. supported by a Kmap

The measurements shown in Fig. 2.15 (all references mapped) show that, due to Kmap
contention , there is a degradation of about 107. in the time to execute a remote (mapped )
reference inside the cluster when about 400,000 references /sec. are made to the Kmap.

Consider , for examp le, the POE program. The average number of mapped references from
one Cm, when only global variables are mapped, is about 6,500 references /sec. This means
that the Kmap can support 400,000/6,500 or about 60 Cm’s with only 102 degradation in the
mapped reference time. With a 907. hit ratio (107. mapped references), as observed in the
Quicksort program , the Kmap can support about 20 processors with a 102 degradation in the
mapped reference time.

2.4.5 Total Local Memory References per Second and MIPS.

Based on the three programs measured, the local memory reference rate was as follows:

- POE -Time between successive memory references — 3.7 microseconds.
Reference rate — 270 KWo rds/Secori d.

— Quick Sort -Time between successive memory re~ 1.nces — 3.33 microseconds.
Reference rate — 300 KWord s/Seco nd .

— Integer Programming -Time betwen successive memory references — 351
microseconds. Reference rate — 285 KWords/Second.

The average number of memory references per instruction was measured to be:

- QUICKSORT - 1.75

- POE - 1.45

- INTEGER PROGRAMMING - 1.75
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For the HAPPY speech recognition system the referenc e rates are in the 1.85 - 1.9 range.
(See (Fuller 77b].)

These numbers are considerably lower than the corresponding numbers (2.1 to 2.3)

measured on a large sample (ab out 8 million instructions) of 20 Fortran, Cobol and operating
system programs (Marathe 77]. A possible explanation for this may be that the Cm*
app lications were compiled by a good optimizing compiler which effectively uses the general
purpose registers available , and thus minimizes accesses to memory.

The average number of memory references per instruction in the measured programs was
about 1.7. From this we get that the maximu m potential instruction rate of a Cm executing a
program in its local memory is on the order of 0.17 MIPS (Millions of Instructions Per
Second ). This may be extrapolated to 1.7 MIPS for a 10 processor system.

2.4.6 Memory Contention

As seen in Fig. 2.17 (Slocal busy loop count ) the time added to a reference by each Sloca l
busy loop count is about 2.26 microseconds (1.1 microseconds in the Pmap and 1.16
microseconds in the Kbus and Map bus).

2.4.6.1 POE

The number of busy loop references in the POE program increases from 0 to 4200 in

Method 0 and to 9600 in Method 4 - with 0 to 8 Cm’s all running local code (and shared
data ). This means that , as expected, the degradation due to memory contention in this high
hit ratio application is negligible. The memory contention adds only 0.51. - 17. to the
utilization of the Pmap. (The Pmap spends 21. - 31. of its time doing useful work, and sits in
its idle loop for the remaining 961. - 971 of the time.)

From the above results, the performance degradation due to memory contention (and hence
slower mapping) was calculated to be in the range: 0.11. to 0.251.

2.4.6.2 Quick Sort

This program is difficult to measure as it has a short execution time and changes its
demands upon the Kmap during execution. Taking peak Kmap activity with 8 processors (local

code ):

- Slocal busy ioop 100,000 counts (11.02 of Pmap time)

- Idle loop 2,500,000 counts (78.51 of Pmap time)
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— Useful mapping references 150,000 counts (10.51. of Pmap time)

From the above results, the performance degradati on due to memory contention was
calculated to be 2.71.. Map bus contention was ignored in the above calculations.

2.4.7 Fr.qu.ncy of Lock operations

The total number of lock operations per second ranged, in POE Method 0, from 10 in a 2
Cm system to 3,400 for the 8 Cm system. For Quick Sort the range is 1,500 - 14,000. These
are algorithm dependent numbers and do not have much influence on total execution time due
to the fast synchronization operation in the simple Kmap microcode.

2.4.8 Timing Delays

Tables 2.4 and 2.5 contain the detailed timing information concerning the various delays
that a memory reference sufferes when executing an intra-cluster or an inter-cluster memory
reference respectively. These timing delays are for a system without contention (i.e. when
the reference is the only one in the system ) and was obtained by a combination of direct
timing measurements and Kmap micro-code counts.

- 
I~ I~ 

2.4: Tirnin~ ~
j  ~~ Intra-Cluster jg~ j .~j

The following timing is for a intra cluster read request when there is no contention or the
Kmap .

Timing (in Mccc) :

— CPU avg. processing time (assum i ng 3.5 Msec cycle time ,
1.6 usec in the 11cm. bus) 1.9

— CPU to Kbue request time 0.9

— Kbus to Peep processing time 0.523

— Waiting in Kbus to Pm.p queue 8.3

— Processing time in Peap 0.628

— Waiting in Pmap tu Kbus queue 0.3

— Kbue to Slocal processing time 0.314

— DMA arbitration to get map bus 0.8
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— DMA memory access time 0.9

— Slocal to Kbus return request time 0.7

— Kbus to Slocal return request processing time 0.942

— Kbus to CPU return request 1.2

- TOTAL 9.407

Iikli 25:  Timinc gj j~ Inter-Cluster j~~~çj

The following timing is for an inter cluster read request when there is no contention.

Timing Un Msec):

— CPU avg. processing time (assum i ng 3.5 ~sec cyc le time ,
1.6 psec in the 11cm. bus) 1.9

— CPU to Kbusl request time 0.9

~~— Kbuel to Pmepl processing time 0.52

— Wa i t i ng  in Kbus l to Pmapl queue 0.3

— Processing t ime in Pmapl (Send req. ) 2.83

— IC bus busy t ime 1.8

— Fix (var ious reasons) Linc de l ay 0.9

— Linc to Kbusl de l ay 0.9

— Kbus2 processing (to Pmap2) 0.21

— Kbus2 to Pmap2 queue 0.3

— Pm.p2 Ic (receive) processing time 1.73

— Waiting in Pmap2 to Kbus2 queue 0.3

— Kbus2 to Slocal processing time 0.31
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— OIIA arbi t rat ion to get map bus 0.8

— DMA memory access time 8.9

— Slocal to Kbus2 return request t ime 0.7

— Kbus2 to Pmap2 return request processing time 8.52

— Kbue2 to Pmap2 queue 8.3

— Pmap2 IC send return req. 1.1

— IC bus busy time (return req.) 1.4

— Linc de l ay (var i ous reasons ) ~~~~ 8.9

— Linc to Kbuel de l ay 0.9

— Kbusl to Psapi proce ssing 8.21

— Kbusl to Peapi queue 0.3

— Psiapi processing (return req. ) 0.63

— Peepi to Kbusl queue 8.3

— Kbusl (return) processing 0.86

— Kbusl to CPU return request 1.2

- TOTAL 23.9

2.4.9 Some Useful Numbers 
-

Some rounded, useful numbers from this evaluation of Cms include:

— 1 Cm (i.e. single LSI-11 processor) - 0.17 MIPS

- Reference saturation rate of shared memory bus - 270 KWords/S.cond (3.7
microsec per reference).

- Reference saturation rate of Km.p (including the map bus) - 552 (Words/Second.

— Saturation of map bus transactions (Li read or Read-Modify-Wr ite between two
Cm’s needs three transactions and write requires two transactions) - 1.7
MWords/Second.

—
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2.5 Measurements of Inter Cluster (Linc) Communication

This section contains the measurement results while using the multicluster configuration of
the Cmi multiprocessor. Three clusters we re available during the period these experiments
were made.

2.5.1 Program Execution

Fig. 2.18 and 2.19 show the initial results from a multi-cluster Cms configuration (as shown
in Figure 1.2 of the introduction). The program used for that evaluation was the PDE program
(methods 0 and 1). The program was measured while using only two clusters with an equal
number of Cm’s in each.

Fig. 2.18 shows that , with alrr ost all the memory references local to each Cm (only globals
mapped either inter-cluster or intra-clustar depending on the location of the Cm in the
system) the increase in the execution time in using the Linc in a two cluster configuration
over executing with all Cm’s configured into the same cluster - is only 5.5 to 127..

Although the multi-cluster performance of Figure 2.18 is not much worse than the single

cluster configuration, it does raise the issue of when, if ever , it makes sense to use a
multictuster configuration. With only 10 Cm’s in the initial configuration we did not observe
any practical situation in which multi-cluster Cms configurations were superior to a single
cluster. However, it is obvious that in larger Cms systems a single Map bus and Kmap wilt
become a bottleneck.

Figure 2.19 shows a case, albeit an artificial one, in which a multi-cluster system is better
than a single cluster configuration. The figure shows the results with all memory references
within a cluster mapped back to the originating Cm and only globals shared across clusters.
Starting in four processors, a better execution time is achieved by using the Linc in a a two
cluster (2 Cm’s in each) configuration than by using a single - four Cm cluster; inc reasi~ig to
about 36Z speed-up gain with eight Cm’s part icipating.

This is due to the high contention (and saturation) of the Kmap in the one cluster (07. hit
ratio) configuration while in the two clusters case the work is divided between the two (maps
participating with only a small percentage of the references (globals) being executed via the
I inc (which does not degrade the overall execution time much). That simulates a case where,
In some special condition, using the Inter cluster bus can releave contention (and saturation )
ir a on cluster - many Cm’s - configuration.

A large Cms system is necessary to test the utiJity of muiticluster configurations running
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practical applications.

2.5.2 Contention

Fig. 2.20 and 2.2 1 show the results of executing a simple, one instruction loop (L: mov eL,
P7), test case through the Linc. The system was in a two cluster (eight and two Cm’s in each)
configuration, with all references initiated in the source (eight Cm’s) cluster reading fr om
memory in the other cluster.

Fig. 2.20 shows the reference rate change in the source cluster with increasing number of
processors participating. The Figure shows different memory access methods:

- sharing the same memory in the des tination clutter, or alternating between the
memories of two Cm’s.

— using a single Linc, or alternating between two Lincs (ports).

Fig. 2.21 shows the utilization of the source Pmap while executing the above cases.
Utili2ation was measured as the rate of Kmap Idle Loop execution.

• From these graphs a few observations and parameters can be deduced:
— The time to execute an inter-cluster reference (without contention in the system)

is 26.4 ~seconds.

— With only one processor executing, the source Pmap is busy only 13.27. of the
time - i.e about 3.5 Mseconds of the inter-cluster reference time is spend in the
source Pmap (the same as received from a theoretical calculation based on the
number of micro-instructions executed). Similar measurements of the destination
cluster shows it being busy 10.31 or about 2.7 ~seconds per reference.

— From Figure 2.20, we see that a single Linc has a bandwidth of about 200,000
references per second. When multi-Lincs are used, and now the source Pmap
becomes the bottleneck, we do not reach saturation using 8 Cm’s. Extrapolating
from the utilization of the Pmap in Figure 2.21 (and from the 3.5 micro second
execution time per reference of the source Pmap) the inter-cluster saturation
rate is estimated to be about 287,000 references/second.

- The anomalous behavior of some of the graphs in Fig. 2.20 and 2.21, when
severe contention occurs in the 7 to 8 Cm’s reg~on, is not well understood yet
and needs further investi gation.

• •~~ -~~~-
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2.6 Conclusion
In this chapter we have studied the performance of the Cms system using three

applications programs. Those programs were drawn from different application areas. A
number of conclusions may be drawn from the measurements presented here; the most
important are:

1. Average time between successive memory references (without any resource
contention) for the three levels of primary memory in Cms are: local memory
references — 3.5 Micro-seconds (basicall y a function of the processor (LSI-l 1)
used in the Computer Module). Iritra-Cluster references — 9.3 Micro-seconds
(includes the time to make the necessary mapp ing translation and the fetch from
a remote memory inside the cluster). Inter-Cluster references — 26.4
Micro—seconds (fetch from a memory in a remote cluster).

2. The potential instruction rate of a Cm executing a iypical program in its local
memory, is on the order of 0.17 MIPS (Million Instructions Per Second).

3. The ranges of the relative frequencies of memory references to code, stack, local
variables (owns), and global data (measured on the three application programs),
expressed as percentage of the total number of references , are: Code — 711 to
821. Stack — 101 to 257.. Local variables (owns) — 3.757. to 71.. Global data —1.11 to 9.51.

4. The difference in memory reference time , to the various memories in the memory
hierarchy, makes the system’s performance a function of the relative access
frequency to these memories. The measurements show that by localizing code,
stack and local variables (i.e., by replicating them in each participating
processor ’s local memory), the global shared data can be put anywhere in the
system without a significant degradation in the application’s executi on time. The
hit ratio (ratio between reference rate to local memory to total reference rate) is
907. to 997. in the above applications.

5. No single component is a performance bottleneck in the initial Cm* system.
Furthermore, the results show the potential for expanding the system without
causing a significant degradat on in s %tem performance (e.g., f or the measured
hit ratio, of the application progr”~ mentioned above , an estimate of 20 to 60
Computer Modules may be configured into one Cluster without degrading the
Intra-Cluster mapping time by more than 101).
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3. Performance Models For Multiprocessors

3.1 Introduction

In this chapter we present several performance models and their application to evaluate
the performance of Cm* like multiprocessor computer system.

The presentation of these models, starting from a simple, classical , one cluster U/U/i//N
queue model to a relatively complex , multicluster , queueing network model reflects their real
evolution in time and was driven by a need to reflect accurately the different aspects of the
architecture and determine the effect of various possible parameter changes to it.

Three main factors most strongly influence the performance , or degradation of
performance , of programs that utilize a multiprocessor architecture: the degradation due to
lack of full parallelism in the program itself, the degradation due to the hardware structure
and resource contention, and the degradation due to operating system interactions. The first
factor is the subject of active research; we have tried to give some practical insight into this
problem in Chapter 2 and in (Fuller 78]. The second factor (modelling the performance of the
structure) is the aim of this chapter. It is important to model the structural performance for
the system architect , as well as for many potential users that need to know and utilize the
hardware structure without intervening levels of system software. We do not yet have
enough data and experience t~ deal with the third factor seriously, though some initial
investigations are being done by others in the Cmi project (Jones 78].

The methodology used in the derivation of each new model was first to validate its
performance results to the actual system performance that was measured and reported in 

-

Chapter 2. We are fortunate to be able to compare theoretical and measured results. The
model was then contrasted against the other models available and its advantages and
limitations were explored - leading to the development of a new, better , model. The models
were, then, applied to investigate many interesting performance Issues.

In Section 3.2 the three one cluster Cms models are described and compared. First, a
short description of a one Cm* cluster, discrete time simulation is given. The basic U/M/l//N,
one cluster , analytic queueing model is presented next. The effect of replacing the main
exponential server by a deterministic serve-, U/O/l//N, is then explored. For validation , a
comparison of the three models with the actual system is given in the end of that section.
Appendices 1 and 2 contain the equations that were used to solve this MID/i//N model. In
Appendix 1 the detailed derivation of the Imbedded Markov chain solution, that we’ve derived
for that model, are given. In Appendix 2 we show the main results o~ tairted by Jaiswal
(Jaiswal 1968], which used the Supplementary Variables approach to solve that model.
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In Section 3.3 we describe and discuss the most complex, and useful, analytic model - a
queueing network with classes of customers. There have been many publications on this
subject in the last few years. 8a~kground and references to the main results are given. The
evolution of this particular model from a simple one cluster model to a relatively complex
multicluster model, is described. The computational algorithm, used to solve this model, is

presented here -(and we prove its correctness in Appendix 3). This model is then validated
against the actual system and compared to the other models. Appendix 4 gives the algorit hm
used in the simple, one cluster queueing network model. Appendix 5 contains a list of
programs that execute the various performance models.

In Section 3.4 the results of applying that model to explore many interesting performance
issues are given , along with a discussion of the main conclusions. Section 3.5 summarizes this
chapter.

3.2 One Cluster Models

3.2.1 Simulation Model

Analytic and simulation models are the two main performance modelling tools available to
analyze computer performance. A discrete time, one cluster Cms, simulation model was
writ ten by Brown [Brown 76]. This simulation model was modified arid used as one of the
models applied.1

Although this is quite a detailed model of the one cluster system, it suffers from the basic
flaw of simulation that the results are not exact , and the simulation should run for a relativel y
long time in order to guarantee tight confidence levels for the results.

The time resolution of the simulation, and thus the accuracy, has a direct influence on its
run time. e.g. changing the time resolution step from 100 nsec to 10 nsec increased the
simulation time of a one cluster , 24 Cm’s system from about 2 minut es to 20 minutes of KL1O
CPU time - to acheive the same confidence levels on the results. Unlike simulation models,
the precision of results is usually not an issue in analytic model s. The accuracy of the
model’s representation of the actual system is usually the only concern.

The simulation model has some very important attributes , like the possibilities to
Incorporate ‘blocking” in a node and Inter-dependenc. between nodes (issues that will be
discussed later) — which are not yet possible in a queueing network model. But the relatively

Thi. pvo~,am i. wri tten in the Sail ~~~~~~
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long run time preclude its adequacy for the more complex multi-cluster structure and exact
analytic models were next considered. See Fishman (Fishman 1973) for general discussion of
discrete time simulation models. . 

-

3.2.2 N/U/i//N Queue Analytic Model

The first analytic model was the classical U/U/ i//N Central Server Machine Repairman
Model’ (Poisson arrival, Poisson server , one server , FCFS discipline, N customers). The
machines are the Cm’s in the Cms single cluster and the ‘repairman’ is the Kbus (which is
known to be the bottleneck in the system in many cases).

4
N TERMINALS

~~~~~~~~~
The solution to this model is well known (e.g. (Kleinrock 75)) and will not be repeated here.

Using Kleinrock’s notation:

— arrival rate frQm each terminal.

— service rate of the Poisson server.

N - number of terminals.

P0 — probability of idle server.

- avera ge number of customers in the server.

Observing that from the balance equation:
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Throughput — (N - ~
))

~ — (1 - P0) ~

we can find P from: P — N - ( 1  - P0) ~&/)~

which require only the value of P0 (and not the whole queue length distribution), where P0
is received, as in Kleinrock, by:

II N K 
______P ~ ~ ( 1 /)

0 I (N—K ) ’L K O

A program was written to solve the U/U/i//N equations. The mean service time demand
from the server is the parameter that can be changed externally (some other parameters may
be changed internally). Fig 3.1 gives an example of the program output. IDLE - is tt~
percentage of time the server has no work to do. MAPS - gives the total memory accesses in
the system in Million Accesses Per Second. As was stated before, this model is further

discussed and is validated in the next section.

3.2.3 M/D/ i //N - Deterministic Server Model

A deterministic server (constant service time) was next considered as a modification to the
previous one Cms cluster model.

It was known that in many cases the (bus is the bottleneck in the system. The Kbus has a
deterministic service time distribution and it was that effect that we wanted to explore.

Jaiswal (Jaiswal 68] showed the derivation of a U/C/i//N (general distribution) model
using the Supplementary Variables technique. His main results and the derivation for the
M/D/1//N are given in Appendix 2, and were used to evaluate this model by an APL program.

A more straightforward way to construct the M/D/I//N model was to use the Imbedded
Markov chain approach (see [Kleinrock 75] for general discussion of this method). Because
we could riot find a solution to the U/C/i//N (or the MID/i//N) models in the literature, we
have derived it in Appendix 1.1

The result of applying this model, comparing it to the actua l system and the two others
mode ls described so far , are given in the following sub-section.

th. 1sm API. pro~r.m this sohition wss c.i,~p.r.d arid wsu found t. be identical to the Supplementary
Variables •oluti.n, as caps . lid
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ENTER IIERN SERVICE TINE FOR K. IAPs
1.78

N 1 Ctl—S 2 C~l—S 4 Cfl—S 8 Cu —S 12 Cn—S 16 CN—S 24 Cfl—S
IDLE MRPS IDLE NRPS IDLE NRPS IDLE IIRPS IDLE NAPS IDLE NAPS IDLE NAPS

flu Ratio

9.81 .995 .2818 .998 .5620 .980 j .1239 .960 2.2475 .949 3.3709 .928 4. 4941 .880 6.739 5
0.02 .990 .2764 .980 .5528 .961 1.1054 .921 2.2098 .882 3.3132 .843 4.4154 .764 6.6156
9.05 .977 .2636 .953 .5269 .906 1.0525 .513 2.0993 .721 3.1385 .629 4.1675 .450 6. 1778
9.10 .956 .2446 .913 .4883 .827 .9725 .658 1.9236 .495 2.8395 .342 3.6954 .104 5.8354
0.15 .939 .2282 .879 .4547 .759 .9016 .530 1.7593 .323 2.5340 .157 3.1564 .811 3.7053
0.20 .924 .2139 .849 .4253 .701 .8387 .428 1.6876 .294 2.2363 .964 2.6302 .891 2.8865
9.25 .910 .2012 .822 .3992 .652 .7827 .346 1.4694 .126 1.9635 .825 2.1916 .800 2.2470
9.30 .899 .1980 .799 .3761 .609 .7329 .282 1.3450 .978 1.7262 .810 1.8542 .800 1.8726
8.35 .888 .1799 .779 .3554 .571 .6882 .231 1.2348 .849 1.5262 .904 1.5984 .000 1.6051
0.48 .878 .1789 .760 .3368 .539 .6482 .191 1.1357 .932 1.3600 .802 1.4018 .080 1.4045
0.45 .870 .1627 .744 .3288 .510 .6121 .168 1.8487 .021 1.2222 .001 1.2473 .000 1.2484
8.58 .862 .1553 .729 .3067 .484 .5794 .135 .3718 .91% 1.1075 .800 1.1230 .eoo 1.1236
0.60 .848 .1423 .703 .2782 ~442 .S229 .899 .8435 .007 .9296 .000 .9362 .000 .9363
8.70 .836 .1313 .681 .2558 .407 .4758 .875 .7421 .084 .7993 .008 .8025 .800 .8025
8.89 .826 .1219 .663 .2367 .379 .4361 .959 .6607 .002 .7005 .009 .7022 .888 .7022
0.90 .818 .1137 .647 .2202 .356 .4822 .048 .5944 .002 .6232 .008 .6242 .808 .6242
1.90 .819 .1066 .634 .2058 .336 .3730 .948 .5396 .901 .5612 .000 .5618 .000 .5618

MAPS — Million Accesses Per Second

FIG 3.1: OUTPUT RESULTS OF AN Mill/i//N MOOEL
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3.2.4 Comparing and Validating the Three , One Cm* Cluster , Models

Fig. 3.2 shows the the throughput results of the three models discussed so far , together
wi th the measurement results of the actual system (taken from fig. 2.14, using the POE
benchmark) for the case when all the references are mapped through the Kmap back to the

same Cm. As expected , the results of the simulat ion and the deterministic (M/D/ i//N) models
are very close to the actual measurements , while the results of the M/M/1//N model are
slightly lower.

Price (Price 76] investigated the effect  of the central server service time distribution on

the performance of the models (this effect is shown again in Appendix 2). He showed that a
deterministic serv ice t ime gives the upper bound on the server utilization of all possible
server distributions, and therefore throughput - as is *own on the graph.

From this validation one can conclude that the models give very accurate estimation of the
actual system behavior for both the low arid high traffic level cases (for the Kbus as a
bottleneck in the system case). The U/M/ l//N model give somewhat more pessimistic results
than the actual system for the intermediate load case (about eight percent in the worst case),
while the two other models are in the two percent error in the whole range.

There are many deficiencies to all these models, the most important of which are:

a. Inability to represent a multi-cluster structure by the analytic models and impracticality

of using a simulation model. -

b. For the analytic models , inability to evaluate the structure for the cases where there are
more than one clear bottleneck in the system, or the bottleneck is not known a priori.

c. The analytic models are not detailed enough to enable the evaluation of different
parameter changes (which are not represented in the model). For example , modelling the
sharing of some of the references to one common memory module is riot possible.

These limitations led to the investigation arid development of the more promising queueing

network models, that are discussed in the next section.
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3.3 Queueing Network Models with Classes of Customers

3.3.1 Back ground

The theory of queueing networks has received increasing attention in the last few years.
The main contributions to this development are surveyed in this section. The theory of
networks of exponential queues was first developed by .Jacksor i (Jackson 63). Closed
(i.e. with N — constant number of custom..rs), exp onential, queueing networks were later
explored by Gordon and Newell (Gordon 67]. T , showed the product form of the solution:

P(S 1, 
~2’ ‘ 5M~ 

— (1/C) F1(S1) F2(S2) - FM(SM)

Where P(S 1 ... SM) is the probability that the network is in state S
~ 

_. SM (i.e. there are S~
customers in queue i) arid F1(S~) is a function of only the type of the i server and the state S~
of this queue. See Appendix 3 for details.

C is tt e normalization constant and is given by:

1/C — F1(S 1) 
~~
. FM(SM) 

M
over all possible states S 1 .. SM I 2.. S~

. N — constant and S~ ~ 0 for all i.
i—O

The main difficulty in solving closed queueing networks is to compute this normalization
constant C. Note that the summation is taken over all 

~~~~~~~~ 
possible system states (S 1

— 

~~~ 
Buzeri (Buzen 73) developed computatio nally efficient algorithms for determining the

normalization constant C and other statistics (for exponent ial servers). Similar algorithms
were independently developed by Reiser arid Kobayashi (Reiser 73].

Baskett , Chandy, Muntz and Palacios (BCMP model) [Baskett 75] made a significant
contr ibution by extending these. results to networks with multiple classes of customers and
servers with four types of scheduling disciplines. Three of the four may have almost general
service time distribution (Coxian - i.e. any distribution with rational Laplace transform ). They
also proved that the product form of the solution still holds in all these cases.

The solution of the normalization constant C, the marg inal queue distribution and other
statistics is even more complicated in the case of queueing network with multiple classes of
customers. The straightforward solution of summing up all the possible states is practically
impossible, as the number of states grows factorially in the number of customers arid number
of service centers.

There are three computational algorithms suggested in the literature. Muntz and •Wong
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(Uuntz 74] proposed a computational al gorithm to compute these statistics that were used in
the first , one Cms cluster , queueing network models that we constructed and was found to be
easy to apply arid understand, but not easy to expand a,id not efficient for the more complex ,
multiple classes, queueing network model (see the algorithm details in Appendix 4).

Reiser and Kobayashi (Reiser 75), [Reiser 76] developed efficient algorithms for the
solution of open, closed and mixed queueing networks (i.e. they allow external arrival and
departures from the network). They used a generating functions and convolution theory to
prove the correctness of the algorithms. These algorithms were also used in the QNET4
(analytic model program) and the RESQ programs at IBM ((Sauer 76] and (Sauer 77)) - that

allow the user to specif y and evaluate queueing networks in a unif ied way and solve them by
analytic (QNET 4) or simulation techniques. Unfortunately, their derivation and proofs are
very difficult to comprehend, follow or modify.

We decided to follow the generating functions approach given by Williams arid Bhandiwad
(WB model) (Williams 76]. This was also suggested in a survey by Gelenbe and Muritz

(Gelenbe 76] in which they wrote about this technique it provides an ordinary and unifi ed
approach to the probLem ”.

The analysis in the W B model was not detailed or general enough to apply direc tly to the
multi-cluster Cms system model. In the next sub-section and Appendix 3 we have developed

the required algorithms. They were found to be similar to those developed by Reiser (Reiser
76) but, hopefully, considerably easier to understand.

For general survey of queueing networks see (Baskett 75), (Gelenbe 76), (Kleinrock 75],
(Reiser 75), (Reiser 76), (Candy 77]. Some validation results of applying this method t o the
investigation of performance issues begin to appear (see (Lipsky 77), [Bose 76), [Giammo 76])
but they all  appl y to multiprogrammed , single CPU - multiple I/O channels computer sy~Yems ,
and their level of detail and results were consequently not applicable to our study.

3.3.2 Evolution of Cm* Queueing Networks Models

In this sub-section the evolution of the queueing network models from a simple , one

cluster , model to a relativel y complex multi-cluster model is described. The main deficiencies
of each model are stated. We have tried to keep the models as simple as possible arid

introduced more complexity only in cases where they seemed essential to obtain more
accurate predictions. The first model is descr i bed in detail in order to stress the main points
and decisions that were taken.
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3,3.2.1 Simple, one cluster model

The f irs t, simplif ied, model of the one cluster Crns system is given below:

p .1,1,2, 
TYPE 3

P2,1,3,1 — 1

ci i. i ( ci.., i
P3,1;2,2 — 1

2 ‘~ TYPE 2Kbii.P2,2;4,2 — 
ci.., ~ ~...ci. ,, 2

P4,2;2,3 1 
4 3

~2,3;i,l — 1 
TYPE 3 MEl~t ci... 2 Pm.p TYPE 1

Simple, One Cms Cluster Model

No tat ion:

N - Number of customers (Cm’s)

M - Number of service centers — 4

R - Number of classes of customers — 3

Pi,k;j,h — Probability that a customer of class k in node i will next visit node j as class h.

ni,,. - Number of customers of class r in node i.

By examining this simple model the main advantages of the queueing network technique
become apparent. This includes the possibility to simulate movements of tokens (memory
references in the Cms case) from one node t o the other , with a probability assigned to each
possible move, the possibility of tokens to visit each node several times each time requesting
a different service time from the server - thus allowing the use of this analytic modelling
technique to model a detailed description of the system, which is almost as detailed as a
detailed simulation of the system can be (the limitations of this analytic model compared to
simulation model are discussed later).

From the four possible server types (see (Baskett 75] or Appendix 3), the types chosen
for the nodes in the model are:

(a) service center 1 - We assumed an exponential (M) service time distribution between
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external memory references, with mean inter-refere nce time of A (the exponential assumption
was not validated on the actual system). Type 3 - Infinite server (number of servers equal
to the Number of Cm’s) was chosen as the type of this node, i.e. one node represent all the
CPU’s in the system.

(b) Service center 2 - The requirement of a rational Laplace transform preclude the use of
a deterministic server as the Kbus is ( F(S) e SfM ). From the two possibilities Type 2
(Processor Sharing) or Type 4 (LCFS Preemptive Resume) - Type 2 is more adequate.

Note: There is a possibility to approximate a deterministic server by connecting several
nodes in series (the “Methods of Stages ”). This add to the comp lexity and was not used in
the models.

(c) Service center 3 — Again a determin istic service station can’t be used to represent the
Pmap, and Type 1 - exponential server with FCFS discip line was used.

(d) Service center 4 - By ignoring contenti on in the memories (in thi s first model) a Type 3
(Infinite Server) was used to represent the memory delay, and the exponential service time
distribution represent the spread of the DMA waiting time of the external reference.

Note: in all these models the mean DMA waiting time (which is competing for the memory
cycle with the loca1 Cm request) was modelled as a linear function dependent on the local Cm
hit ratio. See the model listing for details.

The total number of states in this network model (given that there are L = 6 possible
states rip n2,1~ n22, n2,3, n3, n4 ) is give~i by:

Nu~iber of states ~ (~
) (

~
)

N — 4 gives 126 possible states

N — 16 gives 20344 possible states

N — 50 gives 2118760 possible states

This shows the combinatorial way the number of states grows with the number of
customers in the closed queueing network, which makes it difficult , even for such a simple

model, to solve it directly by explicitly summing up all the possible states.

The algorithm to solve this model is a modif ication t o the algorithm proposed by Muntz and

Wong (Muntz 74] and is given in Appendix 4. The val idation results are given in the end of
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this section.

3.3.2.2 Model with sharing of memory module

Another node was added to the model to represent the effect of memory sharing
interference (processors reference one shared memory module with probability a and
“private ” module - without interference - with probability 1 - a ).

P1,1;2,1 — 1

— 1 TYPE 3
CPU

P3,1;2,2 - 1 
1

P2,2~4,2 - 1 - a 
~~~~~~~~~~~~~~~ 2

— a 
~~/

~4,2;2,3 - 
~_(1I r ~~~

1 TYPE 1 
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 

TYPE 1

TYPE 3

First model with Memory Sharing

The solution of this model was similar to the solution of the prevtous model, with the
addition of the new node. The simple change to the previous model shows the ease of
making changes in the queueirig network technique. Surprisingly, when we tried to validate
the results Of this model, they were f ound to be with higher values than the measured ones
in the saturation region of the graph (in the case when all references where mapped to one
shared memory module in the system). Tnvestigation showed that this is a result of another
difficult y of the queueing network technique - namely, that interdependence and blocking are
not allowed in a node.

This is illustrated in the following case. Assume that a memory reference (token) is now in
the Kbus (node 2) and would next move to the shared memory module. Iri the actual system ,
if another reference has already occup ied this memory module the request will wait in the
Kbus for the memory to become free and then w ill move to that module (with all the pertinent
communication deiays along this route). Only upon its return through the Kbus to the
requested CPU can another w a i t i n g  request sta rt moving in the same route.

- -a
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Iri the model, however , blocking of a reference as a result of a limited access to a
subsystem - while servicing other requests by the Kbus, is not allowed.

In this shared model case , the reason for the inaccurate results lies in the fact that in this

model tokens move immediatel y and queue at the shared memory module server (node 5)
without blocking by the Kbus. The throughput of this node ri saturation is higher than that
of the system in saturation as the communication (Kbus and waiting de lays) are done in
parallel (in node 2) with the memory (node 5) servicing other requests - thus resulting in
hi gher throug hput .

Increasing the service time of the shared memory module to include the communicatio ns

delay resulted in ,accurate resul ts when the system was light l y loaded (accounting twice for
the bus commu nica~ion delays). As a compromise the model was modified so that shared
references bypassed the Kbus and move directly from the Pmap (server 3) to the shared
module (server 5), the service time of node 5 was changed to include the communication
delays plus the DMA read time. The model used is then:

TYPE 3
P1,3~2,1 — 1 

~/ 
P1~,J

P2,13,1 1 3/ 3 (  )
I’

P3,1;2,2 - 1 - a f 1 2( Kbus} 
~
‘N1

p3,55,2 a

P2,2;4,2 — I TYPE 1 3~\ )2
’ 

~~~~~~~ TYPE 1

P4,2;2,3 — 1 ~~~ (P?~V~I.) TYPE 3 T~
P5,2~1,3 1

~2,3;l,3 — 1

Second, One Cluster, Shared Memory Model

An APL program solves this model using the algorithm discussed in Appendix 4. The
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validation results are presented in the end of this section.

3.3.3 Multi-Cluster Cm* Network Model

3.3.3.1 Tb. model

A model of a Cms Multi-Cluster structure, with up to five clusters and variable number of
Cm’s, was constructed. The model is shown in FIg. 3.3.

The five cluster network model is composed of 27 nodes.

Nodes 1,12,17,22,27 are CPU’s (Type 3 servers).

Nodes 2,10,15,20,25 represent the Kbuses and are of Type 2 (P.S.) as a result of the
different service rates for the different job classes.

Nodes 3,9,14,19,24 are the Pmap’s servers of Type 3, as above.

Nodes 4,11,16,21,26 represent the private memory modules of each Cm. They are of Type

3 to represent the (almost ) lack of contention when randomly accessing the private memories.

Node 5 represent a shared memory module (e.g. where global data base or synchronization

primitives reside). Server of Type I was used.

Nodes 6,8,13,18,23 represent the fixed delay ass ociated with an i~.’er-clus ter request
(i.e. Linc delays and request of the Kbus). Servers of Type 3 (no queue) were used.

Node 7 represents the delay associated w ith the inter-cluster bus transaction. It is a

server of Type 2 (and riot t~ pe 1) because of the diffe rent service time requests for the

different classe s.

The two figures (Fig. 3.3 and Fig 3.4 ) show the flow of memory requests from the CPU’s
In cluster I and cluster 2, respectively. In Appendix 3 the notation of “global” and “local”
classes was introduced. In Fig. 3.3 the flow of tokens of “global” class 1 - i.e. requests from

server number 1 is seen. As an example we will follow the flow of these tokens (similar
flows occur from the other cluster).

The read memory reference from node 1 leave this nnde (a~ “local” class 1) and request
the Kbus. After Kbus delay they move (still as “local” class 1) to receive mapping service at
the Pmap. From there they chose one of three possible routes :

(a) With probability a they move, as class 2, and queue at the shared memory moc 4ule (5),

following the memory access and bus delays they return to the CPU’s (class 2).
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(b) With probability (1 - a ) $ they receive inter-cluster packet assembly service at the
Pmap (3) and then move, as “local” class 4, to node 6 that represent the Linc delays, then
receive service by node 7 (still as class 4) that represent the inter-cluster Liric bus. From
there with equal probabilities move to one of the other clusters in the system.

Assuming that the token is moving to cluster 2 (as “local” class 8) he encounters the fixed
Linc and inter-cluster delays in node 8, move as “local” class 8 to the Kbus (node 10) and the
Pmap (node 9) to receive another mapping function. Return to the Kbus delay (node 10) as
“local” class 3 and then continue to node 11 that simulate the memory access. Return as
“local” class 5 to the Kbus delay (10) and the Pmap (9) which construct another inter-cluster
return packet and send it (class 5) to the inter-cluster fix linc delay node (8), from there to
inter—cluster bus (7) and then as “local” class 9 back to the fix delay in the first cluster (6),

Kbus delay (2) and then extracting the read data at the Pmap (node 3) arid back as “local ”
ciass 7 to the Kbus (2) arid back to the CPU’s (node I).

Cc) With probability (1 — a ) (1 - $ ) the token moves to the Kbus (2) as “local” class 2
access the private memory (4), return as c lass 4 to the Kbus (2) delay and return to the
CPU’s as “local” class 4.

Similar trans fers are being made from the other clusters (other “global” classes). See for
example Fig. 3.4 for “global” class 2.

3.3.3.2 The parameters of the model -

The parameters one can change externally in the models are:

(a) HITR — The miss ratio (i.e. 1 — Hit Ratio) of the Cpu’s in each cluster.

(b) ~ 
- Ratio of references to the shared module (in cluster 1) to the total number of

ex ternal references (i.e. those that are not local to the Cm).

Cc) fi — Ratio of inter-cluster references to the total external references (which are not for
the shared module).

Cd) m,n,o,p,r — Number of processors in each cluster.

Ce) CL - Number of clusters

(0 Scale - A scaling factor to eliminate overflow or underi low in the computatioi.

(g) Mu’s — All the different service time requests of the different servers.
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3.3.3.3 Storage considerations

As explained in Appendix 3 the algorithm requires a matrix of the size: (m+1)~(n+l)~(o+l).

~(p+1)(r+1), where m,n,o,p,r, are the number of Cm’s in each cluster (number of customers in
the “global” classes).

The constrain of the APL program of the PDPIO-KLIO (that was used for the solution) is
maximum user’s size of 1281< words. For the matrix double precision, floating point
calculations were used, that set a maximum matrix size of less than 64000 elements. This
limits the maximum system size to 4 clusters with 14 Cm’s or 5 clusters with 7 Cm’s in each.

The calculation time also grows rapidly with the number of “global” job classes (see
Appendix 3). This also restrict the system size that could be modelled. The maximum size
modelled was a system with 4 clusters and 12 Cm’s in each (5 clusters with 7 Cm’s in each
were also experimented).

3.3.4 Validation of Queueing Networks Models

In this sub-section we try to validate predictions of the models by comparing all the
relevant graphs in chapter 2 with the queueing network results.

3.3.4.1 Qu.ueing network model validation for on. cluster

Validation of the queueing network technique by comparing it to the measured and

simulation results is given in Fig. 3.5 and Fig. 3.6 . Fig. 3.5 is similar to Fig 3.2, with the
addition of the queueing network graph. This is done for the case where all the memory
references are mapped back to the same Cm. This result shows that in this case , where the
bottleneck is the Kbus (with the Deterministic service time distribution) the results of the
queueing ne twork are almost identical to those of the M/M/ 1//N, (which is anticipated given
the exponen tial nature of the Kbus queue that was discussed before), and lower than the
actual measurement - again by about SZ. This effect was discussed in Section 3.2. -

In Fig. 3.6 the results of the queueing network are compared to the actua l measurement
and the simulation results for the case when all the memory references are mapped back to
the same shared module. Here the service time distribution of the bottleneck server (the
shared memory module) is more random due to the interference from the local processor that
accesses the same memory module. The queueing network results are very similar to the
actual system measurement results , while the simulation results are somewhat higher
(probably a result of a not accurate calibration of the simulation model).
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- 3.3.4.2 Queueing network model validation for multi-clusters

Fig. 3.7 compares the queueing network to the measured data for the case of two Cm*

clusters when all the references are from one cluster to memory module in the other cluster.

The error is only in the 3-47. range.

In Fig. 3.8 we have tried to verify an exper iment that was reported in Chapter 2 (Fig.

2.19) in which it was shown that for the extreme case when all the references are mapped,

the saturat ion in the <bus is dominant , and t wo clusters with equal number of Cm’s in eac h

(and 2.57. of the references mapped to one global module in one of the clusters) performed

better than a one cluster with the same number of Cm’s as the sum in the two clusters.

In the figure it can be seen that starting with 3 - “ Cm’s, the total number of references,

in the two clusters case , is clearly higher than that of the one cluster , t hus verif ying the

measured results. ,

The conclusion of all these validation data is that a single queueing network model with

classes of customers captured the main factors in the actual structure , as was verified by all

the different val~ciation cases that we were able to test .

- ... — - -— - — — - - 
. — - -
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3.4 Investigation of Performance Issues Using the Queueing Network Technique
In this section we report the results of applying the queueing network model to the

investigation of many interesting performance issues that we wanted to explore in a Cms like
archi tecture. Based on the measurements reported in Chapter 2 the performance issues
were mainly investigated for lhe following parame ters:

- Ha Ratio: 90~ to 957. range.

— Shore Ratio (to shared memory module): 07. and 1007..

3.4.1 Performance of th. Actual One Cm* Cluster

In this sub—section the performance limits of the actual , one cluster , Cms system are
invest iga t ed, and the strong effect of the hit ratio and share rat io- on the system’s
performance is shown.

3.4.1.1 Saturation and th. significance of the Hit Ratio to local memory

Fig. 3.9 shows the family of curves of the total throughput of the system (measured in
millions of memory references per second) as a function of the number of Cm’s in the sys t em

and of the hit ratio - ratio of the number of accesses to the Cm’s local memory per second to
the total number of references per second.

Fig. 3.10 is a similar graph where the Y axis was changed to represent the number of
equivalent Cm’s wi th hit ratio of one - i.e. of Cm’s that only access their local memory. This
could be easily done as it was measured in Chapter 2 that a processor accessing only local
code access it’s local memory, in the average, once every 3.5 micro-second.

In these two graphs the memory interference between Cm’s accessing shared memory
modules, is neglected. Only the DMA interference effect was counted for (as discussed
before). The shared memory module effect is shown in the next paragraph.

From these graphs a few observations can be made:

— Saturation of a cluster: As a saturation point in the graph we have arbitrarily chosen the
point where the addition of one Cm returns only half of the Cm’s max imum performance
capability. A sketch of these points is shown as th. dot-dash curve in Fig. 3.10. That curve
shows that for the current system the saturat ion (due to the Kbus bottleneck) is in the 20 —

25 Cm’s region for hit ratio of 901. , in the 40 Cm’s area for hit ratio of 95Z, and much larger
for higher hit ratios. That shows that for a typical application a one Cm* cluster could have
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been built with more Cm’s without much performance loss

— The hit ratio has a very strong effect on the system ’s performance , e.g. 5 percent
change in the hit ratio from 90Z to 95Z roughly doubles the perf ormance in the saturation
region. That emphasizes the importance of localizing the program in the Cm’s local memory.
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3.4.1.2 The significance of the share memory ratio

FIg. 3.11 and Fig. 3.12 show the model’s performance prediction of the actual , one Cm*
cluster with different share m emory ratio ’s, and hi: ratio’s of 957. and 907. respectivel y.

The share memory ratio (a in the network model) is the ratio of the number of nonlocal
references to a shared memory module (node 5 in the queueing network model) to the total
number of ex ternal (non-local) references per second. This represents , for example ,
references to a memory module were _globala data to all the Cm’s resides.

Although these graphs are only approximations of the real system behavior they show the
limiting effect of the shared memory module. For relatively high share ratios approaching 0.5
(i.e. approxima tely 50Z of all the external references are to one memor y module) the shared
memory module becomes the system’s perf ormance bottleneck which limits the throughput.
These graphs show the significance of trying to minimize memory interference in a shared
memory module by clever algorithms that minimize shared data or by spreading the shared
area over several memory modules to minimize interference.



PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 75

40 -.

U

4,

~~~36

lU Alpha:O
0
4,
.0
E

Alpha a 0.5

28

24 .

20.

Alpha a

16. 
-

12-

8 -
Hit Ratio = 0.95

4 .

0 I I I I I I I I I

0 4 8 12 16 20 24 28 32 36 40 44 48 52
Number of Cm ’s (one cluster )

Fig. 3.11: Network Model, One Cluster, Effect of Share Ratio

___________ - - - - - - - S -~~~~~ -



PAGE 78 PERFORMANCE EVALUATION OF MULTiPLE PROCESSOR SYSTEMS

,22.
E
U

‘~20. AIphaaO

016. /
/
‘ 

Alpha a

E

16.

74 .

12.

10.
AIpha~ I

8.  

.

Hit Ratio ~ 0.9
6 .

4 .  -

2 .

0 I I I I I I I I

0 4 8 12 16 20 24 28 32 36 40 44 48 52
- Number of Cm’s (one cluster)

Fig. 3.12: Network Model, On. Cluster , Effect of Share Ratio



PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 77

3.4.2 Performance of One Cm* Cluster - Changing System Param~tor;

In this sub—section the impact of various system parameters changes on the performance is
investigated. Some of these changes are the result of possible potential modification to the
system and the others try to explore the architecture limitations and sensitivity to changes.

3.4.2.1 Changing the number of contexts

In (Swan 77b) the notion of the Kmap co ntext was introduced and described in some detail.
One context , out of a possible eight , is assigned to each mapped (i.e. non local) operation by
the Pmap. Each context has a set of Pmap general purpose and subroutine linkage reg isters ,
in which the necessary computation for this operation is done. A context is released only
upon comp let ion of the operation. We wanted to explore the influence on performance of
chang ing N - the maximum number of contexts available (which is part of the Pmap
impleme ntation cost).

By trying to do so we encountered again the same queueing network deficiencies -

inability to block access to a subsystem arid not allowing inter-dependence between nodes.
These deficiencies inhibit the incorporation of contexts in the Kmap. Not e that we have to
block the access to the Krnap if N contexts are currently been used, and a context busy s tate
has to be remembered and not assigned again while the reference is moving to another node
in the system without releasing the context. We employed two techniques to overcome the
problem:

(a) Instead of blocking the access to the Krnap we allow, as a crude approximati on, any

number of customers to access the Kmap sir# taneously - but recorded in the experiments
the probability that more than N contexts are busy. This can be done as we are able to
ca lculate , in the queueing network technique, the queue length distribution in various nodes.

-1~~
’

Figures 3.13, 3.14 and 3.15 show the probabilities results for the current 8 contexts , for 7
contexts (whi ch was chosen as a possibility of reserving one context in the cixrer.t

implementation for some special error condition) and for four contexts. As can be seen from
the figures, eight and seven contexts give very low probabilities of missing a context for the
max imum cluster size of 14 Cm’s, even for hit ratio i t-i the 857. range (which explains why we
hdd not experimen ted with more than eight contexts ). Four contexts seems too few (more
than IOZ probability of a missing context for 907. hit ratio and more than 30Z for the 85Z hit
rat io).

(b) To obtain more accurate results we had to resort to the simulation modet and check the
influence of context sizes on the system’s throughput. Figures 3.16, 3.17 and 3.18 show the
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sys tem’s throughput results with one to infinite ” number of contexts and hit ratio ’s of 807.,
907. and 957.,.respectively. The results show that more than eight contexts would not add to
the system performance (even for a large, one cluster , Cms sys tem), while w ith four contexts
we m ight suffer 157. to 20Z degradation in the system’s throughput for hit ratio of 807. arid

large (more than 16 Cms) one cluster system.



PERFORMANCE-EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 79

100.0 . / t 
—41 

/ Hit Ratie :9/ /
.! 95.o .
4~

~~~~~ ::: 

Hit Ratio a 0.5

~ 80.0

~ 75.0 .
41

~ 70.0 . 
Nd Ratio a 0.85

0
65.0 .

bi

. 60.0 .

(I

~ 55.0 .

50.0 .

45.0 .

40.0 .

35.0 . it Ratio z

30.0 . -

25.0

20.0 -

15.0 -

10.0 .

5
1 • 14 76 ~~ 20 

~~~~~~~~~~~~~~~~~~~~~~~~~~

Numb.r of Processors (on. Cluster)
Fig. 3.13: Network Mod.1, R.quir .m.at for more than 8 Cont.xts



PAGE 80 
- 

PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

~~‘. 100~41
Oi
41

- Hit Ratio = 0I,
Hit Ratio 0.8

:: 
Ratio a 0.85

~ 75-
41
.
~~~

~ 
70 .  - -Hit ratio .9

65

~~~ 60 .

55 .

60 .

45 -

40 -

35.

30.

25-

20.

15.

10.
Hit ratio a 0.95

5 .
a 0.975

6 10 12 14 1*6 18 20 22 24 26 28 30 32
Numb•r of Processors (on. cluster)

Fig. 3.14: N•twork Mod.!, R.qu!r.m.nt for mor. then 7 Context s



PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 81

._,, 100 -. +— ~a._
41

41 Cl95.  Hit R at i oa o T
‘IU
~ Hit ratio a 0.8 

-

85 Hit Ratio a 0.85

0

- 

Hit Ratio~~O.

25 . Hit Ratio ‘ 0.95

/
20.

15. 
S

10.

Hit Ratio a 0.975

0 I —, 1 S — . ~~t_ I & I

- 10 12 14 16 18 20 22 24 26 28 30 32
Number of Processors (on. cclust.r)

Fig. 3.15: Network Mode! Requirement for more then 4 Contexts



PAGE 82 PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

E(I)

9nfin,t. contexts 
fl~~~~~~~~~~~~~ gnt Lontex ts

~ 20 .
j”$.ven Contexts

41
.0

Foes Contexts

.—
- — . —.— .- , - — .— . — . — .

I

16. .
,

/

I

/

12 . Two Contexts 

x -~~ K K

x

8

On. Context

4

Hit Ratio • 0.9

0 a I I I I I I

0 4 8 12 16 20 24 28 32 36 40 44 48 52
Number of Cm’s (on. cluster)

Fig. 3.16: SImulation Mode! - Effect of # of Contexts on P.rfoirmanc.



PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 83

~~44.

14° - /
(bold) ‘Infinit e ’ Contexts

‘U /
036 -a(deeMs) Eight Context
.0
E -

I

32 -
/

/

/

I Foit Contexts
2 8 -

/

/

/

/

/

24 - Two Cont.xts

—a.

One Context

12 -

8 .
Hit Ratio = 0.95

4 .

I I I I I I I I I I I

0 4 8 12 16 20 24 28 32 36 40 44 48 52
Number of Cm’s

FIg. 3.17: SImulation Model - Effect of U of Contexts on Performanc.



PAGE 84 PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

4~12.
E- c i
•~1
41
41

‘Infinde’ contexts

‘U K
0 Eight Contexts
‘I.
41 -

.0
E

Fou Contexts

F
8 .

/

F

6 - Two Contoxts

4 .

On. Ccnt•xt

2 .  Hit Ratio 0.8

0 I I I I I I I

0 4 8 12 16 20 24 28 32 36 40 44 48 52
Number of Cm’s

Fig. 3.18: Simulation Model, Effect of # of Contexts on Performance



PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 85

- 
3.4.2.2 Using fas ter Processors arid memories

As an alternative to the LSI-11 processors used in the current Cms confi guration we
wanted to investigate the effect of using fas ter processors and memories , but re tain same
Kbus and Pmap speeds. Fig. 3.19 and 3.20 show the results of comparing the current
processor (regular processor in the figure) with processors three times faster (X 3 processor
in the figure) - using the same memory and somewhat faster LSI—1 1 bus (due to faster
processor clock), and comparing with a pair of processor and memory which are three time
faster (Pc-Mem X3 curves).

Fig. 3.19 shows the results with share ratio — 0 arid hit ratio of 907. and 952. As expected
the asymptotic throughput saturation of the curves (due to the use of the same Kbus) are
identical, but faster processors and memories resulted i i  a throughpL saturation with fewer
Cms. E.g. in the 12 Cm ’s range and a hit ratio of 901., the faster processor gave about 60%
increase in throughput while the three times faster Pc-Mem pair gave about a 95% increase j r-i
throughput. For a hit ratio of 95% the results are an increase of about 807. and 1602 in
throughput, respectively.

Fig. 3.20 is similar for share ratio of 1 (i.e. all external references are to a one memory
module). Here we see the effect of using faster memories (Pc-Mem. pair X3 curve), the

asymptotic throughput saturation of which is about 60% higher than the regular curve (but
st ill due to the sharing of the memory module). The faster processor asymptotic saturation is
slightly lower than that of the regular processor due to the inaccuracy in the computation of
the memory interference (the local processor interfering with the external DMA access, as

exp lained before).

From these figures we can see the potential that still exist in the current system for using
faster processors and memories in a single cluster. A significant increase in performance
would resul t, even wi thout changing any of the other components of the system.

I’
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3.4.2.3 Changing th. map bus

We evaluated the effect of changes in the Map bus (and Kbus) on the system’s
performance. As before , hit ratio of 907. and 957. and share ratio of 0 and 1, were used. In
Fig. 3.21 and 3.22 we show tI~e results of eliminating the Kbus and ~<bus to Pmap delays,
while using the same arbitration time (i.e. time to get the bus) but with a short - 150 nsec.
map bus transaction time. We assumed constant delays and neglected the increase in Map
bus transaction with increasing number of processors. We assumed placements of all the
Cm’s physica lly closed together with a short Map bus interconnection, and el imination of the
Kbus. While the results are not impressive in the 12 - 14 Cm’s region, they are significantly
better for a larger one cluster system, both for share ratio of 0 and 1, result ing in a much
higher saturation throughput. These results are even more impressive when the arbitration
time to get the Map bus was cut down to 225 nsec. (from the current 700 - 900 nsec), as is
shown in figures 3.23 and 3.24.

These figures show that if a new Cm* system will be considered, with many Cm’s per

cluster, effort and care should be given to the design of the Map bus and it’s arbi t rat ion logic

— since they have a st rong influence on the system performance.

I— -  —- -
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3.4.2.4 Changing Kmap clock rates

In this paragrap h the effect of changing the main clock that determines the cycle time of
the Kbus and the Pmap, is evaluated. This evaluation was motivated by possible need to slow
down the Pmap clock to accommodate larger memory I.C’s and the possible use of a faster
Kbus in the current configuration.

Fig 3.25, 3.26, 3.27 and 3.28 show the throughput results , as before for hit ratios of 90%

and 95% and share ratio of 0 and 1. The five curves show the throughput results of the
current system (Kbus cycle time of about 104 nsec. and Pmap cycle time of 157 nsec.)
compared to the following clock rates:

(a) Kbus - 100 nsec, Pmap - 200 nsec.

(b) Kbus - 90 nsec., Pmap - 180 nsec.

(c) Kbus - 80 nsec., Pmap - 160 nsec.

(d) Kbus - 80 nsec., Pmap - 80 nsec. (currently not a possible change).

The results show clearly the sensitivity of the throughput performance to changes in the
Kbus clock. For share ratio of 0 (i.e. no memory interference) the saturat ion curve is about
107. higher for each 10 nsec (about 107.) decrease in Kbus clock rate (this is expected
knowing that the Kbus is the system’s bottleneck in this case). The results are insensitive to
changes in the Pmap clock - which generally is not a bottleneck in a one cluster system (not
considering here special Pmap operations and inter-cluste r references ) . Similar observations
were reported in Chapter 2. The throughput is less sensitive to changes in clock rates in the
case of share ratio of 100% - when the memory module is the system ’s bottleneck.

These results , show again that the Kbus clock should be tuned to be as low as possible if a
larger , one Cms cluster , is considered. Changes in the Pmap clock are insignificant.

S -~~~
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3.4.2.5 High performance system

Fi gures 3.29 and 3.30 show the perform~nce of a high performance system that we can

foresee - one cluster inc .. porating all possible improvements, three times faster processors

-and memories , fas t Map bus arbitration , 150 nsec. Map bus transaction , and e l im inat i on of  the

- 
central Pmap (assuming some extra logic in the Cm’s and operating systems functions to
acc ount for the Pmap operations). As these graphs illustrate we can ‘oresee a large margin

- 
between the current design and the (crude) theoretical limit of performance for a new design
— roughly a performance improvement of four to six times.

0
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3.4.3 Performance of a Multi-Cluster System

In this sub—section we present the results of evaluating a multi—cluster Cm: system, using

the model given in Chapter 3. Here the third layer in the Cms-lilce memory hierarchy
structure — the inter-cluster communication is considered for the f irst time.

The main performance issues considered were: optimal distribution of Cm’s between
clusters to achieve maximum perf ormance, eff ect of using faster processors on the
multi-cluster system performance , and the effect on performance of replacing the parallel
inter—cluster bus by a serial line.

3.4.3.1 Comparing one clu~t.r to multi-cluster system

The question considered here is the issue of optimal distribution of an application program
in the system. Given a parallel application program, the parameters of which are known, we

want to find an optimal way to assi gn Cm’s in a multi-cluster configuration to get the
max imum performance out of the system.

The answer to this question is not trivial - as a one cluster system with many Cm’s might
suffer contention of the central mapping resource , while dividing the application program
across many clusters (with tess Cm’s in each) will cause increased inter-cluster communication
rate demands f or the relatively slow inter-cluster resources , and thus lower performance.

As explained in Section 3.3 the parameters of the model were: The hit rat io, the s hare

ratio (Alpha) - to a single memory module in one clus ter in •he system , and inter-clu..rter ratio
(Beta) - i.e. ratio of the remaining external memory references that are referencing a memory
in another cluster. In all these experiments we used, again , hit r a tios of 907. and 957., and
s hare ratio of 0 and 1. We assumed homogeneous distribution of Cm’s in the clusters - e.g. for
a 48 Cm’s system we have compared a one cluster - 48 Cm’s system to 2 clusters - 24 Cm’s
and 4 clusters - 12 Cm’s in each systems. Here, again , we didn’t consider the increase in
communication time with increased number c ’ Cm’s - and assumed constant bus times.

Figures 3.31 and 3.32 show the potential to increase the performance by using several
clusters. This shows the limit of performance gain in the multi-cluster case when we assumed
a negligible inter-cluster communication (mul i cluster ratio and share ratio of 0). The figures
show the higher performance of a of multi-cluster over a single cluster - simply a result of
the interference in the central Map bus and Kbus in the one cluster , many Cm ’s case.
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The next two figures: 3.33 and 3.34 describe a more realistic situation. Here we assumed
that the global data is distributed between the clusters. The figures compare the results with
share ratio of 0 and 0.5 (i.e 507. to one memory module in Cluster 1) - while the other
external references are homogenrously dis tributed between the clusters (muLti-cluster ratio
— Beta of 0.5 for 2 clusters and 0.75 for 4 cluster system).

For share ratio of 0 the results show that even for a large system the one Cm: cluster
performed better than any multi-cluster configurat ion due to the increased delay and
saturation of the inter-cluster resources. With share ratio of 507. the 2 cluster system
performed better than a one cluster system, when many Cm’s where considered (more than

30 Cm’s with 907. hit ratio). This is, mainly, the result of higher throughput from the first

cluster of the two where larger percentage of references are intra-cluster to the shared
memory module, and the global shared resource is not as loaded as in a one cluster - many
Cm’s system. -

In figures 3.35 and 3.36 we tried to see the effect of using three times faster processors.
As assumed faster processors caused the one Cluster system to experience saturation faster ,
but the inter-cluster resources were also saturated , in the multi—cluster case , and the one
cluster system stilt performed better .

To keep the model simple we did not use the second inter-cluster bus that exists in the
ac tual Cm: system. W~ do not anticipate, however, much impr ovement by incorporating this
Link as the Pmap server is almost as busy as the inter-cluster bus in serving an inter-cluster
refer ence.

From a mere performance point of view (neglecting importan t considerations like:
modularit y, reliability, availabili ty, ease of building an operating system , electrical limitations ,
etc.) we see that multi-cluster systems do not prove to be better (and is usually w orse) than
a large, one clus ter , system w ith homogeneous distribution of global data across clusters. As
figures 3.3 1 and 3.32 suggested, the only way to get more performance out of a multi-cluster
sys tem is to carefull y divide the application task between the clusters such that the clusters
will be almost independent of each other and inter-cluster references are kept to a minimum
(less than 51. of all the references ).

Figure 3.37 shows the results of an experiment whe re a 48 cm’s system was considered.
A single c luster and four clusters syste ms were compared, while executing app licat on
programs with hit ratios in the range of 807. to 1007.. The varying parameter was , aga in ,
Beta - the ratio of the number of inter-cluster references to the total number of nonlocal
references fr om the Cmi. The results show that a one cluster , 48 Cms, sys tem (the bold
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curve) has better performance than a four cluster system with inter-cluster ratios of 507. or
higher. This means that only with a good partition of the application program in the four
cluster case - such that more than 507. of all the external references are internal within the
cluster — can a four cluster system be superior to a single, 48 Cms, cluster. Similar
experiments can be made for other configurati ons.

Given the electrical limitations of the current system it is, nevertheless , encouraging to
verify that in many applica tions, with relatively low hit ratio , the multi-cluster system gives

reasonably good performance.
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3.4.3.2 Changing inter-cluster bus rates

Figures 3.38 and 3.39 show the result of replacing the parallel inter-cluster bus between
two cluster by a single serial line. We assumed the same bus arbitration overhead as in the
current system. For a word transfer we assumed a protocol similar to the one used in
Mil-’Std-1553A (multiplex Data bus) - which use a 20 bit , synchronous, Manchester Bi-Phase
encoded packet to send a 16 bit word (overhead of 3 bits Sync and 1 bit parity).

As seen in the figures slower rates , with up to 10 Mbits/second cannot compete with the
parallel inter-cluster bus. Even for 10 Mbits/second bus rates the inter-cluster bus saturates
with about 7 and 11 Cm’s in each cluster - for hit ratio of 902 and 952, respectively.

_ _ _ _ _
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3.4.4 Cache Memories

An alternative to the program locality requirement, which enforces the rep lication of
code, is to use cache memories in all the Cm’s - thus avoiding the neea of replication and
allowing the program to reside anywhere in the cluster , or even anywhere in the system.
The program will eventually migrate to the cache of the appropriate processor that use it
(i.e. partial replication will be automatically made in the cache).

The cache speed, compared to the primary memory speed, is not the main factor in the
performance. Cache rate compatible with the local memory rate seems to be adequate in
terms of cost , performance and complexity, and will be assumed in this study.

The size of the cache and the cache organization, for POP 11 type architecture , w~s
studied by Strecker (Strecker 76) and Mudge (Mudge 77). The reader is referred to their
work for general discussion on cache and its main parameters.

Strecker used an address tracing simulator, along with several test programs, to determine
the parameters of the cache. The main results are given in the following table below (from
(Mudge 77)).

Cache s ize (words H Set size I Cache hit rat io  (reads)

256 I I I 8.7
612 I 1 I 0.75
612 I 2 I 0.82
1024 I 1 I 8.87
1024 I 2 I 8.53
2848 I 2 I 

- 
8.93

From the simulation results the cache size for the POP 11/60 was chosen to be of 1024
words, set size of 1, block size (number of words transferred from main memory) of 1, cache
organization of “set assoc iative 5 (and not “fully associative 5 which is still too expensive), and

an anticip~ted cac he read hit ratio of 0.87.

These results are quite compatible with what we could assume based on the dat a we have
from the several benchmark programs, that were executed on Cms. These programs took
about 1i’OO ~u 3100, 16 bits words for the code (including different utility routines) and
variables which were local to the Cm’s (own ’s in Bliss programming language notation), large
portions of which are rarely used.

in order to estimate the performance of a Cms system with different cache sizes, we have

translated the cache read hit ratio into system hit ratio i.e. total percentage of references
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that do not require intra or inter-cluster reference. We’ve assumed the existence of a
mechanism to differentiate between code and data private to the Cm - which can migrate into
the cache, and “global” data structures that may be updated by another Cm’.

Some consideration should be given to the write problem. Assuming the use of “write
through” (i.e. writing both to the cache and the primary memory) than the (about) 10% writes
in the system can make a significant difference in performance. We have measured that the
total references to the stack and local variables areas account for about 15% to 25% of all
references (we ’ll assume an average of 20%) and they also account for large percentage of
the total writes in the system. The possibilit y of assigning storage areas local to each Cm for
this purpose, improves the system performance as is seen in the table below.

Some other fact~.~rs were not considered here. They include the I/O and context swap in

the Cm that require invalidation of the data in the cache. Another factor , that appears in
complex applications that use large number of code segments , is the need for overlaying
these segments in the local Cm memory. Overlay causes degradation in the performance.
This prc~blem may be overcome by suitably large cache and segment invalidation mechanism.
This problem is connected with the known “small address space ” problem and will not be
discussed here.

From the table given by Mudge, and information above, the following table was
constructed. It shows the percentage of miss ratio due to various parameters: Cache size
and set size, miss ratio due to reads, miss ratio due to writes (with local buffer - owns — plus
stack local to the Cm or remote - in another Cm’s memory..), miss ratio due to “global” data
(including the writes to the global” data) and the sum of the miss ratio’s - i.e. the total
percentage of references which are external to the Cm-Cache unit.

~This, in f act , may be don . quif. •asit y by ,.in~ • m.ch.ri,,m •~milar to tM windew (meppin~) rqi.t.rs vied new ,
with oni bit pi, rs1ist • r (s.~m.r~l) to allow the vu of th. c.ch..

- -
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Cache size/ Iread m is s lw r i tes— owns+stack I “G loba ls ” miss  I Total  system
set s ize  I ra t io  l loca l  iri l remote lratio (inc luding l miss ra t io

Ithe Cm I I wr i tes )

256 / 1 I 22.5% I 8% I 5% I 27.6%
266 / 1 I 26.1% I 8% I 6% I 39.1%
256 / I I 21% I 0% I 18% I 31%
256 / 1 I 25% 1 6.7% I 10% I 41.7%

512 / 1. I 18.8% 1 8% I 5% I 23.8%
512 / 1 I 21.7% I 8% I 5% I 34 .7%
512 / 1 I 17.5% I 8% I 18% I 27.5%
512 / 1 I 28.8% I 6.7% I 18% I 37 6%

1824 / 1 I 9.8% I 8% I 5% I 14.8%
1024 / 1 I 11.3% I 8% I 5% I 24 .3%
1824 / 1 I 9.1% I 8% I 18% I 19.1%
1824 / 1 I 10.8% I 6.7% I 18% I 27.5%

1824 / 2 I 5.3% I 8% I 6% I 18.3%
or 2 0 4 8 / 1

1224 / 2 I 6.1% I 8% I 5% I 19.1%
or 2 8 4 8 / 1
1824 / 2 I 4.9% I 8% I 18% I 14.9%

or 2848 / 1.
1024 / 2 I 5.8% I 6.7% I 18% I 22.5%

or 2 8 4 8 / 1
F

The results of the table are shown in Fig. 3.40 and the best results (with cache size of
2048 words and local variables local to the Cm) are plotted against the current system
configuration results in Fig. 3.41.

From these results we can conclude that a cache of size 2048 words is a possible
alternative to current configuration, trading of f some performance f or memory space (which is
saved by avoiding code replications), for ease of storage management and time savings (by
avoiding the need to load each Cm with it’s local code), and by avoiding the need for
overlaying code segments in the Cm’s local memory as mentioned before.
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3.4.5 Input/Output Performance Aspect;

In this sub-section some input/output aspects of the architecture were investigated. There
is no input/Output bound application on Cm* and thus no measured results. The foll owing
model estimates the I/O traffic impact on performance for some simp le configurations. Two
aspects were considerod: The degradation in system ’s perf ormance in the presence of I/O
traffic , and changes in I/O traff ic rate for various changes in system’s configurat ions and
parameters.

3.4.5.1 The 1/0 queueing network model

Fig. 3.42 show the queueing network model used to investigate the I/O questions. This
model is similar to the multi-cluster network model wit h the inclusion of node 28 in cluster 1
to represent the I/O source , and of global class 6 to represent the 1/0 traff ic flow in the
network. Note that global class 6 flow is similar to global class 1 flow (in figure 3.3) with
node 28 - I/O delay - replacing node 1 - CPU delay.

In this model three new parameters were added: MU28 - 1/0 inter reference delay,
ALPHIO - ratio of I/O reference rate to a shared memory module to the total 1/0 reference
rate , and BETAIO - ratio of inter-cluster I/O reference rate to tota l 1/0 reference rate.

We’ve used the model to investiga te the I/O effect on the system’s performance - we
assumed the system to perform some application task in parallel with the I/O traffic and
calculated the system performance with and without the 1/0 node, and the 1/0 rate was found

by calculating the throughput of node 28.
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3.4.5.2 1/0 p.rformance results

The two I/O inter-reference delays (,~28) used in the calculation of the I/O network were:

— 13 psec : representing a processor executing a t i gh t loop:

LOOP: MOV (Ri ).,., (R2)+
SOB Rø, LOOP

Transferring blocks of data (which were read from an 1/0 channei to a Cm’s memory) from
one Cm memory to another.

— 0.5 jas ec representing a possible , sophisticated , DMA channel which is connected directly
to the map bus and transfer 1/0 blocks to the Cm’s memories.

On. Cluster System

In Fig. 3.43 the effect of I/O traffic on the system ’s performance is shown for both of the
above cases and application hit ratios of 907. and 957. (ALPHIO and BETAIO — 0). We assumed

one Cm (or one DMA channel) engaged in 1/0 block, with an application executed in parallel.
As expected the 0.5 psec i~op demand more lime from the central (Map) resource and cause
more performance degradation. The overall performance degradation is~ relatively small -

maximum of about 87. (0.5 ~sec ioop and 25 - 30 Cm’s in the cluster). The I/O node has an
ef fec t of jus t adding one more Cm with low local hit ratio.

Fig. 3.44 show the system’s contention influence on the 1/0 tra ffic rate. We see that with
low system contention the maximum I/O rate of the DMA channel (0.5 ~sec loop) is about 3
times higher than the processor ’s (13 psec 1/0 loop) I/O rate. The DMA maximum rate is
about 150,000 words/sec. (75, 2K pages), and about 50,000 words/sec. (25 pages) can be
transferred by the processor (neglecting memory contention and I/O transfer overhead).
Higher degradation is experienced with lower system’s hit ratio and increased number of
Cm’s in the system.

These results are for one I/O channel only (DMA or processor loop). It is possible to use a
few I/O tra ffic block moves In parallel , e.g. in the Image Understanding preliminary evaluation
(Chansler 77] it was proposed that an 1/0 channel (from a Disk) will be connected to two
Cm’s and transfers will be done from a few other Cm’s in parallel. Memory contention
becomes a problem in that case , for examp le with four Cm’s executing 1/0 t ransfers in
parallel (using the processor loop and transferring I/O blocks to their local memory), the
maximum I/O rate was found to be only about 175,000 words per second due to a shared
memory contention in the Cm which is connected to the I/O channel.
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Note: Another (and better) way to implement the I/O transfer is to incorporate a block
move mechanism. In this mode the Kmap will be responsible for the move of blocks of data
from one Cm’s memory to the other. Such a mechanism was implemented for the computer
network emulation reported in the next chapter. Some changes in the queueing network I/O
model would have allowed us to investigate this subject. Due to schedule constraints this was
left for future investigations.

Two Cluster System

Fi g. 3.45 and 3.46 show the results of incorporating inter-cluster 1/0 t raffic in a two
cluster Cms system performing an app lication as described in Subsection 3.4.3 (5O~ of the
application external references are inter-cluster). All the I/O traffic was assumed to be
inter-cluster (BETAIO — 1) from one cluster (where the I/O channel reside) to the other
cluster. Here, aga in, the inter-reference I/O delay parameters were assumed to be 0.5 ~sec

and 13 psec, and all the inter-cluster transfers were of one word of data per transfer (and
not the possible five to seven words per transfer that theoretically exist In an inter-cluster
transfer).

The two bold curves in Fig. 3.45 are identical to those in figures 3.33 and 3.34 (two
clusters without I/O), while the 4 other curves show the degradation in the system’s
performance in the presence of I/O traffic. The degradation is even smaller than in the one
cluster case (maximum of 37. to 47.) .

Fig. 3.46 show the inter-cluster I/O rate. 20,000 - 30,000 words/sec. (10 - 15
pages/sec. - depending on the system’s parameters ) might be expected in the actual Cms
system using the processor loop, and between 25,000 to 45,000 words/sec. - if a DMA
channel was used. The results show that it is still possible to transfer I/O data blocks from
one cluster to the other with I/O rate of about factor of 2 slower (for the processor loop
transfer) or factor of 3 slower (DMA ) than in I he one cluster case.

Fig. 3.47 show the 1/0 rate of a few I/O channels executing the I/O block move. Here the
1/0 rate of one I/O channel (same as the dashed curves in Fig. 3.46) is compared to four I/O
channels. The inter-cluster saturation effect can be seen when the four channel’s I/O rate is
less than four times higher than the one I/O channel rate. The degradation effect of the
application (which is executed in parallel) is, again, significant. Similar curves can be done for
other confi gurations.
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3.4.6 Performance - Memory Tradeoff

Another aspect of Cms-Iike architecture , which we only briefly touched in Section 3.4 ( hit
rat io curves), is the trade-off between the system’s mem ory requ ir emen t and the system’s
performance. Although the aspects considered here are almost trivial, it is sti lt instructive to
visualize the localization factor of Cm* like architectures in some graphical form.

Performance / memory tradeoff is strongly dependent on the computation that is being
done. As an examp le Fig. 3.48 shows the results f or the Integer Programming application
which search a binary matrix (of maximum size of about 110,000 elements) for an optimal cost
solution (see Chapter 2 and Fuller 78) for details).

For this application the memory size and the relative reference rate to the various parts
are as fo llows:

Memory Reference Pattern Memory Size Rela t ive  Reference Rate

Stack + Owns 8 Kuords 27.5%
Code + Routines 2 Kwords 71.4%

Read onl y Globa l Data 7 Kuords l ’h
Read/Write Globa l Data 2 Kwords 0.1%

To generate the curves in Fig. 3.48 a program written by P. F’eiler was used, in which
we’ve incorporated the Kmap contention model as in the M/M/]//N model. In these programs
a private copy of the Owns (local variables ) and Stack area for each of the Cm’s was

assumed, and the system’s performance was estimated for the replicat ion of code and read
only global data in each of the Cm’s. The not replicated parts were assumed to be equally
distributed among the partici pating Cm’s and memory contention was therefore neglec ted.

The X axis shows the total system ’s memory size required to run the appiicatio n, while in
the V axis the system’s performance was estimated by the throughput - the sum of the

number of references per second executed by all the Cm’s (expressed in units of equivalent
number of Cm’s that execute the code only from their local code - i.e. with 1O0~ hit ratio) .

The bold curves show the memory size - throughput with varied number of Cm’s. Curve 1
connect the points for which only the stack plus owns are local and the rest is equally
distributed. Curve 2 show the results of replicating the application code, while curve 3
connect the points of adding a private copy of the read only global data in each Cm
(replicating all road only segments).
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The results show clear ly t he significance of localizing code. Curve I show the poor
performance of not localizing code (equivalent of only 2 to 3 local Cm’s for 6 or more actual
Cm’s in the system). The addition of private code cop ies caused a steep increase in the slope
of the bold curves (from curve 1 to curve 2, e.g. from point A to point B for the 6 Cms
cluster) - achieving a significant performance increase with very small memory increase. The
third part of the bold curves - from curve 2 to curve 3 (e.g. from point B to point C in the 6
Cms cluster) — is almost horizontal. This shows that replicating read only global data is
useless - causing increased memory size with neg li gible performance gain.

Similar curves can be generated for other applications. The parameters needed can be
either estimated or measured in a s ingle processor version of the application (as was done in
the Integer Programming case), and the best memory - oerformance application configuration
can be chosen. Although the application used here is somewhat extreme (only 1.IZ global
data reference ratio) it still show the main points in the memory size / performance tradeoff
- small increases in memory size for the most frequent used portions of the app iication
program return significant performance gain, while global data rep lication give, in most cases,
insignificant performance increase.
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3,5 Conckjsions

Several performance models and their application to the evaluation of Cms like
muUiprocessor architecture , were repor ted in this chapter. The practical methodology used
can be similarly applied to the performance evaluation of any other large computer system.

The chapter presented the evolution of different models, with an emphasis on the queueing
network analytic model. The detailed experiments that were conducted showed the
practicality and provided an important validation to this class of models which which was
rarely done before (and not for such a detailed model). Presentation and proofs (for the
original work) of the various algorithms used in the models were given in the appendices.

Using these ~mo. ’els we have investigated many interesting performance issues, which

include exploring the performance of a larger system and various modifications and
alternatives , some of which are now being considered. In particular we checked the
performance of a system with faster components , compared one cluster and multi-cluster
structures , investi gated the possibility of using cache memories , the impact of input/output
traffic on the system’s performance , and performance — memory size trade off s. We
commented on the implications of all these subjects in the appropriate sections. In Chapter 5
we have tabulated, summarized, and discussed the main results of this chapter.

The detailed results and many graphs included in the chapter give the designer of a new or

modified , Cm* like, architecture a quant itative data on the performa nce implications of various
aspects of the architecture , and hopefully provide any multiprocessor system’s architect with

some insight to the performance issues of such systems.
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4. Performance of Local Computer Networks

4.1 Introduction

In Chapter 1 we introduced the notion of the distributed processing spectrum and the local
computer network as part of that spectrum between the multiprocessor in one side and the
loosely coupled, and geographically distributed , computer network - on the other side.

There is an increasing research and grows of local networking in the last few years. The
list of existing local computer networks include the “Ethernet” at Xerox PARC (Metcalfe 76),
the Distributed Computer System (DCS) at the University of California , Irvine (Farber 75],
“Spider ” at Bell Labs. (Fraser 75], DCLN at Ohio State University [Liu 75), HXDP at Honeywell
[Jensen 78) and many others. Their main attributes are physical distribution of no more than
1000 m eters , up to 256 processing elements and communication rates of 1 to 3 Mega Bits Per
Second. The grows of the local networking use has brought standardization in the transport
mechanism and hardware protocols employed.

Local computer netviork research issues range from hardware topology and protocols to
network operating system and app lication programs decomposition and assignments. For
surveys and discussions of the main research issues see (Kimbelton 75), (Enslow 77],
(Gonzales 78], [Eckhouse 78). Our interest lies in the performance aspects of such a
structure 1. Scanning the literature one finds that performance of local computer networks is
one of the major issues , but there are no publications (to our best knowledge) on
implementing an application program on a local computer network for performance gain, or on

the requirements and performance issues involved. Performance investigation were made and
models were developed for the design of the network transport topology (loop, ring, star

etc.) and hardware protocol mechanisms (e.g in (Kleinrock 76), [Liu 77)) but they are of little
use for the investigation of the performance of an application program utilizing such a

• structure to achieve performance in a manner similar to the way a multi processor is used.

As part of the performance investigation in multiple processor systems we wanted to show
that a local computer network structu re is capable of achieving performance gain for certain
classes of applications. Although an accu rate and objective hardware cost comparisons
between multiprocessors and local computer networks are difficult to make and software
issues and ease of programming complicates it even further , it seems intuitively true that a
local network should cost less than a multi processor with the same number of processor —

memory pairs. This is a result of simpler interconnections in the network and the increased

1Loc .l netwo r ks hay, been used ef f ecti v e ly f or reas ons ot he r th an per for man ce. T. connect dedicafed f&mdsOn
processor , and t. rm inal, (e 

~ 
a front end processo r that con t ra ? , communicatio n With C main fr em.) and

mul t ipr e~ram mi n~ with r .so ur cs ,hsrin~ s it uation s Such cases are not conside red hers.
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role of interconnection costs in the total system cost , as a resul t of reduced integrated circuit
cost. Thus, the question of the more cost effective structure for the application becomes
more valid. We ‘tackle the performance comparison problem with the aid of hardware network

emulation, experiments with application programs, and performance models.

We have used Cmi to emulate the hardware of a canonical local computer network, that we
call Cm-Net. The objectives of the experiments with application programs were to enhance
the performance of the structure. Thus, the requirements for fast response suggested
implementing an efficient process interface software support package , with a low overhead, as

the only level of abstraction between the application program and the hardware structure —

eliminating the one or more operating system levels which are usually added to make the
user interaction with the structure easier , as shown in fi gure 4.1. One can envision that an
efficient , performance oriented, network operating system can be devised that will enable the
user to utilize the network structure efficiently without incurring excessive overhead, and
still allow him to implement his application in a convenient environment.

The chapter starts with a description of the way Cm-Ne t was emulated and a functional
description of the process interface software support package. A short descri ption of the two
applications that were implemented and the decomposition issues involved is discussed next.
The detailed experiments and measurements that were conducted are then presented. A
simple queueing network performance model was developed and its results were compared to
the measurement results and its possibilities and limitations are discussed. The model was
used to investigate a few performance issues.

—A
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4.2 Description of Cm-Net

4.2.1 Emulating a Local Computer Network Hardware Structure

4.2.1.1 Message format and the micro-code emulation program

The design of Cm-Net was influenced by the desi gn of some existin g local networks cited in
t he previous sec tion, and Cm-Net tries to capture their main attributes. The processing
elements (computer modules) in a network communicate via messages. The message format
that we have adopted (from observing the formats used in other networks) is as follows:

8 B i t s  8 B i t s

Word 1 Message source Message destination
Word 2 Message type Word count
Word 3 Sequence number (16 bits )
Word 4

Message data (16 bits )

Last word CRC — error detection code (16 bits )

The first word contains the source and destination process names; up to 256 processing
elements were assumed here. The second word contains the message type - which has been

agreed upon and shared between the cooperating processes, and the word count - number of
words in the message. Up to 256 words per packet are possible - longer messages  should

be divided into packets of this size. The third word is the (optional) message sequence
number which is used in one mode of the communication protocol , as exp lained later. Follows
the message data portion words , and the last word is a CRC error detection word which is
automatically appended to the end of the mess age in the sending site and checked in the

receiving site.

Figure 4.2 shows a PMS level diagram of both the actual and virtual hardware architecture
that we have used for the network implementation. The virtual network works as follows: A
process in a processor P constructs a message in its private memory M. A pointer to the
message is given to the virtual port which retrieves the message from memory and sends the
required number of words out into the transport mechanism channel when the latter is
ava ilable. A simple ECFS discipline was assumed here. The port at the destination process
has two hardware registers as pointers to two buffers in, its memory, capable of storing
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incoming messages of the maximum size. The process interface software support pack age

initializes these registers prior to execut ion. The port “listens to the traffic on the channel
and copies all message destined to it into one of the two buffers. Our design includes second
buffer to increase the probability of receiving consecutive messages when the support
program does not have sufficient time to load a new buffer following receipt of one message.
Both ports interrupt their processors when the sending or receiving operation is finished.

The design of the virtual port as a separate entity from the processor , capable of
autonomous sending and receiving of messages , was influenced from the trend to incorporate
more and better functionality into the hardware , again a consequence of the reduction in
hardware cost as seen in the design of the HXOP system (Jensen 78), thus freeing the
processor to cor~tinuc task execution.

Three other functions of the virtual port are the handling of the input and output message
queues (i.e. allocating buffers from the free buffer area , appending and retrieving messages
from queues etc.), the automatic handling of acknowledgements , and the (not implemented)
generation and checking of the CRC word.

In the actual Cmi system most of the port functions and the serial line transport channel
were emulate d in the Kmap. As described n chapter 1 the Kmap is a special purpose , 80 bits
wide microprogrammed controlled , processor. We have microprog rammed it so that the
arc hitecture of a one cluster Cmi system , as seen in figure 4.2 (a)1 is seen by the user as the
network architecture in figure 4.2 (b). This required an addition of about 220 words to the
initialization microprogram which was already wri tten for the multi pr ocessor architecture.
The Kmap serves as the virtual port of all the processors in the system and includes (in its

internal data storage ) the receiving buffer pointer reg isters which are initialized by the
processors.

The message transmission starts when a processor writes a pointer to the message to be

sent into a special location that is automat ically interpreted by the Kmap as a request for a

message transfer . The Kmap allocates a context to the message operat ion, checks if another
transfer is not in progress and store the request in an internal FCFS queue if another
transfer has already sta rted , frees the processor to continue operation, reads the f i rst  two

w ords (the message header) and check if a bulfer is available in one of the two buffer
pointer reg isters of the destination processor. The context in the Kmap then transfers “word
count” words from the buffer in the source processor ’s memory into the destination

processor ’s memory. The Kmap interrupts both the source and destination processors to
inf orm them on the completion of the message transfer , and then frees the context - ready
for a new message t ransfer. -
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If a buffer is not available in the destination site the Krnap wastes the same amount of
time, as if a message was in fact transferred in the bus, by reading the word from the source
message memory and writing it back into the same location. The Kmap interrupts only t he

source processor and sets a special flag in the source message first word to indicate that
case. The Kmap allows only one message transfer at any given time, these last two features
simulate the behavior of a real network.

Other features of the micro-code include the possibilities of setting a delay function
between successive word transfers , thus allowing simulation of variable i/O rates , and a

statist ics micro-package that counts the number of messages and words that were
transmitted. These last features are an advantage of the emulation , as such functions are
difficult to achieve in a real network.

To simplify implementation the buffer allocat ion, queues handling and acknowledge
mechanisms were done by the process interface software support package , i.e. part of the
virtual port function wore done at the expense of the processor time.

4.2.1.2 Timing measurements

Timing measurements were conducted to determine the time it takes for a message
transfer. It was found that the shortest packet possible (3 words ) takes about 85 psec and
each additional word takes about 12 ~isec (this was done in a period when the Kmap clock
was slowed down to 180 nsec, somewhat faster times should be expected for normal clock of
about 158 nsec). It was determined that this overhead consists of about 18 psec delay to
execute the (about) 100 micro-instructions in the Pmap necessary to complete one packet
transfer , 26 psec delay in the processor interrupt and muve instruction to res tart a new
transfer , and about 41 psec in Kbus operations and DMA accesses (9 Kbus and DMA
operat ions). For the word transfer about 9 ~&sec is spent in Kbus and memory reference

delays, and 3 psec in micro-instructions in the Pmap. These measurements show that the
maximum possible I/O rate of the emulated network is about 1.3 MBits/second.

4.2.2 The process Interfa ce Software Support Package

4.2.2.1 Th. functions

The process interface softwa re support package is a collection of app lication independent
routines and was intended to supply the necessary functions that the application program
mi ght request , in an efficient manner. The functions performed by the re’it ines include:

— Initialization - to construct a free buffer linked list and to detect all the available 
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processors in the network willing to participate in the task.

— Interrupt - to handle sending and receipt of messages.

- Linked list manipulation - to append, delete and retrieve messages from the
three doubly linked list ’s (where the received messages , messages to be
transmi tted and messages awaiting acknowledgements are being kept) in the
correct order that they were generated.

— Process interface — to allocate a buffer to a process , to enable a process to send
a message to a particular process or broadcast a message to all the participating
processes.

— Timing and statistics - collection and printing.

- Acknowledge mechanisms (to be explained later).

— Message decoding - to decode the incoming message type and call the
appropriate process routine that will handle the request.

This collection of routines and data structures requires about 1400 words. Buffer area
large enough for 18 packets (4600 words ) was used.

4.2.2.2 The acknowledge mechanisms and protocol

We wanted to ensure reliable message transfer as well as to investigate the effect of
acknowledge mechanisms on the local network ’s performance , and thus implemented two
acknowledge options: hardware (automatic ) acknowledge and softwar. support acknowledge
mechanisms.

The hardware acknowledge option follows the HX DP network where acknowledges and
retransmiss ions are the responsibility of the port. In the Cm-Net case the reason for
message loss is the lack of a buffer in the receiving site. This is detected by the Kmap which
set a fla g in the sending message first word. The process interface interrupt routine checks
this bit and retransmits if the flag bit is set , or discards the message if not. A real system
will require a more sophisticated hardware acknowledge mechanism to deal with other causes
of message loss. -

The software support acknowledge mechanism option is more elaborate and worth spec al
attention . Each message contains a unique sequence number and, in this mode, a specific
acknowledge message is to be sent back for each message that was received correctly. Each
processor assigns four memory locations for each (possible) other processor in the network
that he might communicate with. These words, and their functions1 are:

— “Last received” — Keep track of the last message received correctly from that
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processor , thus insuring the recei pt of messages in the correct order and
discarding any erroneous or replicated message.

— “Next send” - The sequence number to assign to the next message to be sent to
that specific processor.

“Received OK” - The sequence number of the last acknowledged message.

— “Old sent” - A copy of “next send” after a predetermined time delay interval.

The mechanism works as foilow .: each message that was sent is appended to a doubly
linked list to keep them in the order in which they were generated. For each acknowledge

received with the sequence number higher than the “received OK” number the link is
searched , and all messages with sequence number equal, or lower , than the one acknowledged
are discarded. The “receive OK” word is next updated, this solves the problem of lost
acknowledges. -

Using the real time clock mechanism, in each time interval (we arbitraril y chosed one tenth
of a second) the “old sent ” sequence number is compared to all the messages awaiting
acknowledges. All those with lower sequence number are retransmitted and the current
“next send” sequence number is copied into “old sent” to be used in the next time interval.
This mechanism ensures reliable communication protoco l between all processors participating
in the task.

4.2.2.3 Timing measurements

Measurements were made to determine the overhead encountered when using the process
interface software support package. For these experiments we have changed the application
program to transmit and/or receive messages in the highest rate possible and the statistics
package supplied the necessary parameters. The measurement results were:

— Sending a short message from the user environment (includes buffer allocation,
message generating and sending, and bL’ffer releasing): about 1.1 msec./packet.

- Receiving a message (includes buffer reallocation , message decoding, and buffer
releasing): about 0.7 msec./packet.

— Acknowledge (send or receive): about 0.6 msec/packet.
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4.3 Application Programs and Decomposition Issues

4.3.1 Goals

Two application programs were chosen as candidates for the performance evaluation of the
computer network. The goals that led to their choice were:

— To enable comparisons to the multiprocessor structure the applications should
have been implemented and measured on Cms configured as a multiprocessor .

— To show that local computer networks are capable of executing certain classes
of application programs efficiently, the applications should possess an a priori
promising properties (e.g. low communication demands).

— Somewhat contradictory to the previous goal we wa nted to see what appl ication
programs executes poorly on local networks in comparison with multi process or
execution.

— The application programs should differ enough to illustrate different performance
issues and aspects of local networking.

The two application programs chosen were the Integer Programming application and the
Harpy speech recognition system. Both were implemented and measured on Cms as a
multiprocessor and they seemed to be on the two extremes of the possible application
candidates; Integer Programming with low communication overhead and Harpy with comp lex

arid intense communicat ions demands.

In the problem decomposition the guideline was to t ry to first find the best decomposition
of the algorithm for the given structure and then experiment with some variations in the
decomposition.

4.3.2 Integer Programming Decomposition

A description of the Integer Programming application was given in chapter 2 and will not
be repeated here. Exactly the same algorithm was used in the network version. We again
used the master - slave relationship between the processes with the master as the one that
initializes the task , schedule the work done by the slaves and print resul ts. Recall that the
master participates in the task as any other process.

Two versions of the Integer Programming app lication were experimented with. In the first
version we tried to utilize the network structure to its full potential at the expense of
memory utilization. As before the matrix was created by the ma.ster process but in the
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beginning of the task execution the matrix , and the necessary global read only variables,
were sent and replicated in the private memory of all the processors that were to participate
in the task. The only communication during execution, later on, were requesL from the staves
for new assi gnments (new initial search paths), the master supplied new assi gnments , and the
best cost messages that were broadcasted from the process that found a new, better , solution
(to allow all the processes to prune their future tree search with the best cost function
available).

The second version illustrates the case where cost considerations limit the memory size of
each of the processing elements in the network such that it is not sufficient to hold all the
read only g lobal data. For ease of implementation a heterogeneous distribution of memory
size in the networ ’~ was assumed with the master process having sufficient memory (and
addressing capabilities ) to hold and directly access all the data needed for the application.
For this version we assumed that each s lave process is capable of holding one vector of the
matrix in any given time , and he must request a new vector from the mo.ster process
whenever he need.. it. The maximum matrix size was less than 8000 words for the Integer
application - one bit for each matrix element , but similar (not binary) matrix problems would
require excessive memory size if a copy in all the Cm’s is required. This is, in fact , another
example of the traditional cost/ performance issue.

Many o t her decomp osi t ion al t erna t ives that a f fe ct the perf ormance are poss ib le 1 inc luding

Implementation of more than one master (where each is responsible for part of the matrix),
equally dividing the matrix between all participating processors , etc. We felt that these two
imp lemented versions will be sufficient to clearly illustrate the important issues.

4.3.3 Harpy, Speech Recognition System

4.3.3.1 The application

Harpy is an speech recognition system developed for a uniprocessor at CMU (Lowerre 76)
and was later decomposed into a set of coooeratin g parallel processes and implemented on
C.mmp (ano ther multiprocessor at CMU) [Oleinick 78) . It was modified and implemented on
Cmi as a multiprocessor by P. Feiler ((Feiler 77), (Jones 78)).

The Harpy task Implemented on Cms (that was also implemented on the computer network)
is the desk calculator task (DESCAL) which has a vocabulary of 32 words. Speech sentences
are of the form “Alpha gets four times gamma”. The speech sentence (utterance), which takes
3 to 4 seconds, is digitized and preprocessed on a PDP-1O computer. The preprocessed data
is the input data for the Harpy program on Cmi which attempt to recognize the sentence.
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This input is composed of probabil i ty vectors that a segment of the u t to ran ce match a
possible phonic gesture of speech. The algorithm relies on a predefi ned netwo rk ri which

nodes are phonetic gestures and d i rected liri?.s are probab ilit ies that one r.oc~e fol lows
another. The reco gn it ion process is a heurist ic parallel search throug h the network. The
DESCA L network conta ins about 1000 nodes . The aver ag e branching factor in the network
was about /~ and the num ber of node ca rdda t es for each ~egi rent of speech was measured to
have a mean of nine, but a large vari a nce (e.g. 307. of the segment s , has less than 4
cand idates ) . The small number of candidat es limits the ef f ic iency of solving this applicat ion
wi th many proce sses in parallel . For more details on the al gorithm see the references cited
above.

4.3 . 3 . 2  T he mult iprocos~or and cemputar network decomp ositions

in the mult iprocessor v e rs icn .th e master process init a~i~~s th~ t~ si~ and sjn~hror. z~~ the

stave processors during the t ns~. execu t io n . This is dc ro in three steps for each scg r rc r t  of
speech (about 30-~ 0 segme nts per utterance ): Check of all the possibl e ns~ t nodes o( the
current candidates in the netwo rk (next s t at e ) ,  ne two rk ir.it ia i iz ~ t ion (in it ial i~ atic ,n) , and prune
of t r e  search results and save of the c~nd dates f or the r,e~ t seg ment (save state ) .

The ~v.iir~pt ion that rn.:n/ processns can part ic ipate in the tas~’. led to various
irru plernentat ion decisions. The rn~~ tcr doe not pa rt ic~~ to in the act ua l  ex ecut io n of the t ask

and thus was avai lable for f as t  sj nchrcn~~ t ion cf all th’~ ‘111C proces~.ors in eac h step. This
resu lted the decompos ition shown in fi gure 4.3 (a).

Other decis ions involved the g lob~1 read/write data str uctur e ., that mainl y conta in
informat ion about node proba bil i t ies a~d other node rela t ed int o rmat ion. Those data
struc tures were organized according to the node ’s nar res and thus the init ial iza t ~~n~ and
sav ing s teps involved init ial izat ion and search ing by all the sLave , of those (1000 e lemen ts )
data structure s looking for new information and saving the relevant ones. These decis ions
seems to lead to a good ciecomposi tion for a mul ti p r o c es s o rs  wi th man>’ processors as the
c ost of acces s ing global data is relativel y low.

For the computer networ k imp lementation of Harpy it was clear that the mult iprocessor
decomp osition has an ex t remel y high communication ra t e , unbearable in the netw ork

envir onment. To make a fa ir compari son between the two structures the algorithm should be
decomposed differentl y in a way best suited for the st ructure ’. The ac c ess rate to g lobal
data should be minimized and the read/wr i te  g10b31 data should be stored local to the process

1W. r~ak. a di~ t i i~ t ior~ he,. beiw sin an ,‘,~o, thm . th. d.ci. or~ and h.or i t i cs  v~~d lo ~~~~ th o pr*b,ni on a
ur~i p r r c n s a o ,  .nd the d.compos ihon of tha t .~~o,ithrn nt ~ pa~~IIe~ $ai~ s, W . tri ,d to h~.p I). •~~0, ii r~ ir~t .ct but
ch.n1.d th. dscompo.iti~n for th. n. two r k mpi.~ .nt.t~*ri.
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that need a direct access to it. Assembl y and de-assem bly of the message s by a process
would require more time than the processing t ime done on that data in the remote process
site. It was also intuitivel y clear that that the initialization and save phases , that involve
those read/wr i te data structures and performed by one processor , should be minimized and
done only on those nodes that were changed in the last phase. Synchronization opnrat ions

bet ween all processes in the network are even more costly operation than in a
mul tiprocessor environment and should be minimized.

The decomposition we have chosen to implement vias as fol lows: The read only data of the

searched speech network was replicated in all the s !ave processor s . The read/wri te ne twork
data and the acc ompanied data structures were kept in the ,naster processor rôemory area.
Some of those data structures were changed to enable processing (by the mo.~tcr) of onl y
those nodes that were changed , by the las t segmen t , thus cutting the processing time of
those phases considerably.

To reduce the synchron ization overhead , and reduce the processin g time even further , we

have pipelined the execution of the master’s save state portion of the al gorithrr s wi th that of

the stav e ’s next stat e . The master checks if the probabil ity of a node to become a new
candidate , that was calculated in the previous segment , is above some threshold limit and
immediatel y sends it to the slaves for further processing if the node is above that limit This

pipelining is i l lustrated in figure 4.3 (b).

The crit ical section of the decomposition (in which the master calcu lates the new threshold

function for the search pruning, based on the last supp lied information fro m the staves) is
unfortunatel y a necessary step, and was kep t as short as possible. A priori this was
considered to be the best decomposition of the Harpy algorithm for the local computer

netw ork , al though the limiting ef fect  that the master ’s execution times has on the ef f ic ~~nt use
of many slo.ves was realized.

4.3.3.3 The memory size requirements

The speech network information contained about 6300 words of read only data (which was
repl icated in all the staves) and about 3000 words of read/tur~te data (l~ept in the maste r ’s
process area). The preprocessed speech sentence required about 2500 words for each
sentence (the probability vectors ) . Thk is not needed fo r a live processing when the
segments come in succession from the pre-proces sor.

The master code is less than 2000 words , about 8000 words are needed for the various
read/write data structures manipulated by the master . The sku’e memory contains the £300
words of the speech networ k read only data , 650 words were sufficient for the slave’s code.
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Memory space was also needed in each processor for the process interface software support
package and about 1000 words for some I/O and library routines.

note: DESCAL is the smallest t~sk of the four existing Harpy tasks. Considering the largest
task (AIX O5) it has a vocabulary of about 1000 words , 14400 nodes, 41500 pointers between
the nodes in the network and a branching factor of 2.9 [Oleinick 78). These numbers lead to
a requirement of about 78000 words for the speech network and associated read only data.
We will comment about the implications of network size differences in the next section.
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4.4 Measurement Results of Cm-Net

4.4.! The Integer Programming Application on Cm-Net

In this subsection the results of the measurements are presented by various fi gur es. We

mention here the main conclusions from those measurements and will return to those results
for further discussion and explanations in connection with the performance mocel in section
4.5.

Figures 4.4 to 4.6 show the measurement results of comparing the execution times and
speed up factors of the Integer Programming problem solved both on CM-Net and
Cm-Mult i processor. The network execution time contained the initia lization time needed ft
rep licating the matr ix and the global read only data. The bold curves represent the execution
time of the five cases of the Integer Programming and the dashed curves show the
multiprocessor results. These results are extre me ly encourag ing. They show that for some
c lasses of applications with low communicatio n overhead , the network overhead is sti l l
neg li gible even for a modest I/O rate of about 1.3 Mbits/second. Notice the more than linear
speed up achieved in case I of f igu re 4.6.

Figure 4.7 shows that the acknowledge mechanism has also a negligible effec t in that case.
This results from the small number of messages (and therefore acknowledges ) that are being
transferred during execution.

The next two figures (4 .8 and 4.9) show an examp le of the resu lts collected by the

statist ics package - the total number of packets and words that were t ransferred during the
execution of case 1. The results show that the number of packets gr ows rapidly from one to
two processes , and continue to grow in a slower and almost linear rate later on. The addition
of the sec ond process causes many requests for new assignments (about half of the total
number) to be sen t between the stave and master processes. Adding more processes results
a modest grows in the message rate for initialization of the new processor and as a result of
the additional work that is tak ing from the master and done by the slaves. The number of
packets f or the so ftware support acknowledge mechanism is about twice the number of the
hardware mechanism, as ex pected.

The number of words in figure 4.9 grows almost lineari t y. This is explained by the task
initializat ion phase. The initia lization phase of replicating the matrix and the read onl y global
data contains only five packets with (almost ) the maximum number of words possible in each.
The messages that are being sent during execution are short (5 to 6 words each) and the
total word traf f ic size is dominated by the initial ization phase. The short acknow ledge 

----- --- -~ - --- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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messages add only 107. to 207. to the total number of words sent (while duplicating the
number of packets).

Figures 4.10 and 4.11 show the effect of the message transfer rate on the execution time
and the speed-up factor for case 1. The results show that this application is insensitive to
changes in the network I/O rate , and the rate could be reduced to about 50 Kbits/second
without affecting the performance much. Only ext femely slow network channel rate causes
severe performance degradation (again a result of the low t raffi c demand). It is interesting
to observe that with a slow link - 5 Kbits/second, and two processes the application program
speed-up is still almost linear.

Figures 4.12 to 4.15 show the measurement results of the second version of the Integer
Programming where the matrix is centralized and one vector at a time is transmitted to a
stave upon request. These results show -clearly the crucial and sensitive rote of the
performance/memory size tradeoff in the network environment. While cases I and 2 showed
a severe degradation, but still positive speed up factor with up to 3 or 4 processors , case 4
showed a considerable slow down. This phenomena is explained by the relativel y tong
execution time of a slave for each sparse vector received in tho6e cases , while the vector in
case 4 has much higher density and is immediate ly found to be contradicting to the solution,
caus ing a short execution time in the stave, and h igh message ra te. This, in turn, results in a
considerable degradation in the master ’s useful execution time (its time is spent in assembling
and sending of .the required vectors of the matrix) - thus stowing down the total execution
time.

Figures 4.14 and 4.15 show the measurement results of the total number of packets that
were sent during execution of this second version of the Integer Programming application.

These numbers we re compared (the dashed curves) to the measurements of twice the number
of nodes (the boLd curves) that were searched by the processors. Each node requires two
messages, one from the slave to the master and one from master t o stave. These results show
that with 5 to 6 slave processors in cases I and 2, the two curves intersect , i.e. we can’t
expect more performance speed-up gain by adding more processors (as is verified in fi gure

4.12). The number oi packets in case 4 show that performance speed-up cannot be expected
with more than three processors. Because the master saturates , as explained in the next
section, performance speed-up was not achieved at all.

The memory size saved by centralizing the matrix in the second version is about 750
words/processor in cases 1 and 2 and about 4000 words/processor in case 4.

.,
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4.4.2 The Harpy App lication on Cm-Not

Figures 4.16 to 4.18 show the results of the performance measurement of the Harpy -

speech recognitio n system on Cm-Net. Figure 4.16 compares the execution time of Harpy on
Cm-Net to the execution t ime on Cms as a multiprocessor ((Feiler 77)) for recognizing 3
different utterance s . A few intere sting phenomena are seen in this figure.

The computer network execution time with one skwe process is more than twice as good as
the corr i~sponding multiprocessor curve!. Given that the mas ter is dle most of the time in the
multi processor case and is used (the pipelined save state) in the network version , we
compared it to the two slaves results and sti ll find the execution time tc be ab out 307. better
in the netw ork case. This is exp lained by the considerable savings resulted from
reorganizing the da ta structures to check only the last changed nodes, as explained before.

The overhead in the master execution and the (stil l) high message rate caused a slow down
in the network execution for more than two staves , whiie the multi processor was s t i l l  able to
achieve perf ormance gain with six s lave processors. The limiting factor in the multiproces sor
execution time is due mainl y to the small number of candidates and low branching factor in
the desk calculator nctwork. This is a good example where different decompos itions of an
algorithm are suited to particular str uctures . We balieve that othnr decompos it ions will not
give considerabl y better (and probably worse ) performance results.

From these results we can conclude that app lications similar to Harpy, with high slave
message ra te , cannot perform well on local networks with large number of processors. The
large task , described in the previous sec tion, will pr obabl y have a considerable worse
perf ormance. This is due to the large memory size requ red for the read o~ty data ( re quires
different , less eff ic ient , dec omposition or extremel y large memory size in the structure) and
t he lower branching factor (2.9 instead of 4) - that furthe r red iccs the stave useful work
periods between message requests. We did not experiment with this task.

The master saturation effect and the message overhead, in the computer network case , are
even more pr onounced when the software support acknowledge mechanism was employed.
The performance degradation was about 352 to 452. This shows the advantage of using a
sop hist icated port , for such high communication rate app lications , that automatical l y deal with
acknowledge mechanisms.

Figure 4.1 7 shows the network’s channel I/O rate ef fect  on this application. Still the I/O
rate was not the dominant factor and could be slowed down by a factor of 10 (from the 1.3
Mbits/seco nd) without loss of performance. With lower 1/0 rates the performance degraded
considerably.
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Figure 4.18 presents the number of packets that were sent during the Harpy execution.
The rate was about hundred times higher than in Case 1 of the Integer Programming
application. Most of the packets are being sent when one stave is used (for getting the next
assignment, transfer of search results etc.). The linear grows, with increased number  o f

proc essors , is explained by the synchronization messages that are being sent to all the
participating processes in the end of each segment of the utterance.
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4.5 Performance Model of a Local Computer Network

4.5.1 Introduction

As mentioned in section 4.1 the performance models of computer networks , that were used
in the past , dealt with the design and evaluation of the network transport , its topology,
protocol and capacity. None of these models was able to approximate the performance
behavior of the applications (that ware described in the last sections) and thus they were not
useful for our purpose. In this section we develop a simple performance model that shows
the performance of an app lication which utilizes the local computer network to acheive
performance gain.

A recent paper by Kinney and Arnold (Kinney 78) was the only model somewhat similar to
our need. In their model they have assumed independent subtasks execu ting on a multiple
processor structure with a shared global bus. Each subtask requiring a cyclic processor
exe cution and bus usage. Their objective was to determine the processing power of SUCh a
sys tem, and used linear assumptions and a simp le queuing model to obtain upper limits on the
processing power and bus usage.

This model was not sufficient to represent the scheduling and message t ransfer
requirements of an application. Observing the measurement results we have derive~ nine
parameters that we believe dominate the local network performance. The nine parameters
are presented below. The first three are the parameters that mainly charac terize the local
network , while the last six mainly characterize the application. These paramete rs are:

1. Transport mechanism communication rate and port message overhead.

2. Acknowledge mechanism used.

3. Number of processors in the local netw ork.

4. The slave me an execution time between success ive requests (we assumed here
application programs that are characterized by a cyclic execution time followed
by a message to the master requesting required information).

5. The master mean response time to stave requests.

6. Message overhead in master and stave.

7. Wether the master participate in the task as a slave or not.

8. Number of inilialization packets and words for each addition of a siavo process.

9. Average number of words ’in the slav. and master messages.

S -~~~~



PAC E 168 PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

Approximation to these parameters might be derived either from simp le measurements
(using one slave processor ) or from estimation of the application behavior and code involved
in the different tasks.

This list of parameters is not sufficient to describe the application behavior thoroug hly, and

deliver only a gross est imation of the behavior of that class of app~icati ons. As commented in
chapter 1, modelling the exact behavior of of an algor ithm is a difficult task to do, and is not
general enough to genera lize from . For example , we assumed the perf ormance of the
app lication to be directly proport onal to the amount of processing ava~lable in the structure
to process the application , w hile in many cases the app lication does not possess that
property (e.g. does not have enough inherent parallelism to full y utilize the structure ) . We
assumed here that an approximation of the appUcation program behavior and of the local
network parameters , as given above , should be sufficient to give a first order apprcx imation
of the network performance and usage for accomp lishing the task.

4.5.2 The Performance Model

A simp le , three node, queueing network model wi th  four classes of customers was

developed to model the local computer network behavior .The model is shown in fi gure 4.19.

Following an execution time in the sLave a message request is transferred to the network
transport channel. Af ter  some delay (and acknowledge delay if applicable) it was queued to
receive service at the rrzaster node. The service time of this node includes the message

overhead time. A return message is sent back from the master , through the tra nsport
mec hanism (again with some delay), to the waiting processor.

The service times of the master , s lave and I/O trans port were derived based on the nine
parameters given above; That is , the network transport mean service time for message

requests of certain types was determined by the I/O rate , average message size , message
overhead, and acknowledge mechanism costs. The initialization phase was modelled by
incorporating a linear time model which calculates the initialization time in the beginning of
the execution.

Using the ef f ic ient  computation al gorithms described in appendix 3 (the same algorithms

that were used for the multi processor modeling) an APL program was wri t ten to ca lc i.j la te the
utilization of nodes 1 and 3. These utilization results whe re the basis for the network
performance predictions given below .

4.5.3 Comparing Model and Moasurom ent Results
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Try ing to validate the accuracy of the model , we made a series of experiments to measure
the nine network parameters for the two app lications , and to compare the predictions of the
model to the measurements given in section 4.4.

Figures 4.20 and 4.21 show the model prediction for two cases of the Integer Programming
application (case 1 and case 4)~ f or the two versicns of centra iizing and replicating the binary
ma trix. The model parameters were obtained by averaging the message traff ic rate that was
measured, and using the message timing delay given in section 4.2. Experiments with the
application program gave the necessary remained parameters — message size and initialization

information. The slave inter-request time for case 1 (replicated matr ix), was measured to be
slow - 500 rnsec., and was about 4.5 msec for the second version with the centr~iized matrix .
Case 4 had an inter-request times of 2.2 seconds and 1.1 msec respective l y.

The model results of those two figures have a similar behavior to the measurement result
curves (with worst case deviation of about 257. and t ypically much better than that). As

mentioned before tho model cannot predict anomalies and deficiencies in the algorithms and
assumed that the execution time degrades only as a factor of the processors idle time during
messages transfer. The model showed that centralizing the matrix caused the master process
to be the bott l eneck in the system with the meas Qrement cverhead time being responsible for
considerable utilization loss.

Figure 4.22 show the 1/0 rate influence on performance , as predicted by the model (dashed
curve) compared to the measurement result (bold curve). Here again we see that the model
has predicted a similar behavior to the measurements. The surprising pessimistic prediction

of the model mainly resul ts from the better than linear speed-up of case I of this application.
The model showed that the slow down with low 1/0 network rate and many processors is
mainly due to the initialization phase in the beginning of the execution.

Figure 4.23 shows the results for the Harpy application with severa l 1/0 rates. It is
encourag ing to see that the model was able to predict the performance behavior of such a
r : — n e x  a~~o r t ~ m with reasonable accuracy. The model give more optimistic results than

~~~~~ ~~~ ød as expected ) and the difference increases when more processes are participating
tl~ 

• . •  - as tl~e k4 ar~y (Cescat) algor ithm , with its small number of candidates per segment
P*P~~$ a~d ir-j il ~-ra.’c r.ng factor , cannot support many processes even in the

• a’ - e ’ -. o~ ‘~~rp~~~ ~ive inter-request time was 6 msec., and the master mean
• . .,.e .~’ to 4 . 5 “ sec
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4.5.4 Modal Predict ions

Gaining confidence in the model capabilities, we applied the model to investigate several
performance questions that we did not , or were not able, to measure. Figure 4.24 show the
model prediction of the local computer performance with up to 50 processors and several
communication rates. The parameters were those of Case 1 of the Integer Programming (with
replicated matrix). The graph show the saturation effect of the transport mechanism when
more processors are added. For this case the network was still capable of giving a
theoretical speed up of about 22 for 35 processors. Apply ing the same criteria as was
applied in the multiprocessor investigation (in chapter 3) of the 507. performance return
factor (i.e. adding a processor only if it returns SOZ of its maximum capability) estimated this
point to be about 28 processors in the 50 Mbits /secon d case , 22 processors for 1.~
Ubits/second, and 15 for 340 Kbits/second. The slow down is mainly due to the increasing
percentage of the initialization time (i.e. replicating the read only data) in the beginning of the
execution when more processors are added.

Figure 4.25 show the model prediction of the acknowledge mechanism. The acknowledge
message overhead in the case of many short messages (as is the case in the centralized
matrix case) show that an automatic acknowledge mechanism is a must in that case. The
acknowledge has a negiigibl3 effect in low message rates (some of this predicted points were
checked for validation and found to be better than the worst case mentioned before).

Figure 4.26 shows a comparison of the models results for the three versions of the Integer
Programming application — a one cluster , multiprocessor version (with matrix centralized) and
two local computer network versions (with matrix replicated and centralized, as discussed
before). The models predicted the performance of the two structures with up to 50
processors in each. The figure gives a clear presenta tion of the advantage achieved by
sharing the address space (in the multiprocessor case) with minimal overhead. Although the

Integer Programming application has an extremely low message communication rate (in the
matrix replication case) the 50 Cm’s, multiprocessor version had more than twice higher
performance than the best local computer network version, while requiring less memory
space. Matrix centra lization, in the local computer network case, require the same amount of
memory, but has a high message communication rate that saturates the master process almost
immediately.

Figure 4.27 shows another examp le of using the performance model for performance
prediction. Another aspect — the effect of different classes of applications with differing rate
of message transfers , is shown in this figure. The parameters used for the model where the
same as those for the integer Programming application while the 514v1 inter request message
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time and the transport mechanism communication rates were varied. A network of 10 sLave
processors and one master processor was assumed. The curves show a critical rate of
message transfer above which the performance degrades rap idly. This figure, together with
figure 4.24, form a three dimensional space with the perfor~iance in one axis, the message
rate and number of processors in the other two axes, and with surfaces of vary ing network
transport communication rates. Desired criteria for efficient operations of classes of
applications on a given structure, or the suitability of a proposed structure to solve an
application efficiently can be derived from such investigations.

The peculiar behavior of the curves in the high message rate region (region of
performance improvement with the towering of the network transport communication rates) is
explained by the partici pation of the master in the task. Lower transport rate (lower
message ra te from slaves) allows better utilization of the master to participate in the task.
Long initialization time in the beginning of the task, in the other hand, causes a lower
speed-up factor for very slow communication rates. The two coinciding curves — 1.3

Mbits/second and 10 Mbits/second show that the transport mechanism communication rate, in

that case, is not a limiting factor for rates above (about) 1 Mbits/second.
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4.6 Summary and Conclusions

In this chapter the performance of multiple computer-modules , connected as a local
computer network, were discussed and the main attributes which affect the performance
were investigated. In moving from constructing applications on multiprocessors , where alt
processes (and processors) share the same address space, to the use of local computer
networks with messages as the inter-process communications means, the emphasis has moved
from trying to maximize the hit ratio to the local memory into minimizing the message rate
between processes.

We have micr oprogrammed Cm* - the multiple processor structure - to act as a local
computer network, process interface software support package was built on top of this
structure to enable experimenting with application programs. Two application programs:
Integer Programming and Harpy - Speech Recognition system, were used to evaluate the
performance issues. The decomposition of the Integer Programming was similar to the
multiprocessor version (with the obvious chang~~ in message communication) and its
performance , with mat rix replicat ion, was excel lent. It was encouragi ig to observe the
existence of some classes of applications for which the message overhead is endurable.

The second version of the Integer Programming (centralizing the matrix in one module), as

well as the Harpy application, were examples for which the sharing of the address space gave
considerably better performance than the local computer network version. Zn the Harpy case

we showed that different decompositions of the algorithm , better su ited to the network
structure , are needed to utilize the structure efficiently. The effect of the transport
mechanism communication rate and the acknowledge mechanism were also explored.

Analyzing the the measurement results led to the development of a simple, three node,
queueing network model with four classes of customers. Nine parameters were the input to
the model, and by comparing the model to the measurement results, were shown to represent
with adequate accuracy the performance of the application programs on top of the local
computer network structure.

The model was used for the investigation of various performance issues which resulted in
be tt er unders t and ing of the important parameters that affect performance. Several
performance prediction investigations were done which illustrates that the performance is
mainly a four parameter, three dimensional, problem; With performance , number of
processors , and message rate between processors as the axes, and with surfaces of variable
tr ansport mechanism communication rates. Th. range of a suitable classes of applications for
a given structure , or a suitable structure for an application, can be determined from such
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investigations.

The decompos~tion versions of the Integer Programming illustrate the cost/performa ace (or
alternatively memory size/execution time) trade-off - that is more apparent in the local

computer network case , where the localization effect is even more pronounced than in the
multiprocessor case.

The limited experience gained from experimenting with the application programs suggests
that creating an application program, while emphasizing different requirements, was not
vas tly difficult than for a multiprocessor decomposi ion. The emphasize on low communication
rate is a restricting factor , but the simplicity of the synchronization and critica l section
mechanisms in the local computer network case (only one processor can access a certain
memory) alleviates the application implementation probiem. Debugging the applications was
found to be difficult , as a result of the autonomous processors and t he inabili ty to examine

the memory of various processors directly. Good debugging tools are needed here.

This chapter deals with possible performance of applications on top of a local computer
network structures and we regard it as a pioneer attempt to address this problem. We
believe that the performance model is a first step in that direction. Chapter 5 reiterates the
main results and elaborates on the main conclusions.



PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 183

5. Conclusions and Future Research Areas

5.1 Summary and Main Contributions of the Thesis

In this dissertation tI~e performance of multiple processor structures was studied. Multiple

processor structures span a wide spectrum of structures with varying degree of coupling.
Our interest lies in the performance of structures made out of computer-modules (i.e
processor-memory pairs) connected either as a multiprocessor , with sharing of a single

address space between all processors, or as local computer networks where explicit
messages are the communication means between the processes executing on the processors
in the structure.

Our results are based both on experiments and measurement of benchmark programs on
actual multiprocessor and local computer network structures, and on performance models that
were validated by the measurement results , and then applied for the prediction and analysis
of various performance issues. Due to the little knowledge and experience in building and
using multiple processor structures - we hope that this practical methodology and the
methods, tools, and measurements conducted will advance the state of the ar t of this subject.

A description of the methodology used, as well as a short description of Cm*, a multiple
micro computer-module structure , is given in chapter 1. Cms is a flexible research vehicle
that allows relatively easy emulation of various structures with varying parameters. We have
used it to emulate both multiprocessors and local computer networks. The performance
models, that were developed and used, were mainly at the PMS structure level. The

performance investigation at this level is only one of the three main facto rs that affect
performance of an application program on top of multiple processor structure; the other two

are the overhead due to operating system interactions, and the parallelism in the algorithm of
the application program itself. Both are subjects of an active research.

Four application programs, from different application areas, were used as the benchmark
workload model for the performance investigation of the two structures. They were:

— Numerical application - Asynchronous iterative methods for the solution of Partial
Differential Equations (POE’S).

— Sorting applicatior~ - Quicks~rt.

— Searching - Set Partitioning Integer Programming.

— Al, real time application - Harpy Speech Recognition System.

These applications were described in sections 2.3 and 4.3. A ser •s ~
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measurements were conducted to determine the performance of this set of applications on
Cms.

In chapter 2 the decompositions issues and the measurement results of the first three
applications on the multiprocessor structure , are given. The measurements were conducted
on the initial Cms system where up to eight computer-modules were available. The main
observation was the significance of the hit ratio - the ratio of the processor ’s reference rate
to its local memory to its total reference rate. The three level memory hierarchy in the

system: local memory, memory in the same cluster and memory module in another cluster
(with inter-reference times of about 3.5, 9.3 and 24 microseconds) make the system
performance a function of the relative access frequencies to these modules.

Another important aspect was the measurement of the relative frequencies of referencing
code, processor ’s stack area, local variables and globaL read onLy data. For the three
application programs the relative frequencies were about: Code - 707. to 807., Stack - 107. to
257., Local variables - 47. to 77., and Global Data - 17. to 10%. These figures show the
significant improvement due to localizing code (i.e. replicating in each of the processor ’s local
memory). The typically low reference rate to the shared global data means that these
(usually large) data structures can be placed, without replication, anywhere in the system
without excessive perf ormance loss.

Figure 5.1 shows the measurement results of the speed-up factor for these three
applications. While the Integer Programming and Partial Differential Equations applications
approached linear speed-up, the Quick Sort application showed considerable degradation in
performance. This is a result of not sufficient parallelism in the specific algorithm as more
Pc’s are added, as discussed in section 2.3, and not a limitation of the computer structure.

Quantitative measurement results of applications on multiprocessors are scarce. The main
contributions of this part of the thesis are: showing th. possibility of solving efficiently several
typ.s of problems on a multiprocessor (multi comput.r-modul.) structure, obtaining quantitative
measurement results and various performanc, measures to be used in the derivation and
validation of performanc, models (in particular the relativ, access frequency to various memory
patterns, i.. cod., stack etc.). Demonstrating th. possibility of using relatively simpt. techniques
to got meaningful p.rlormanc. results, and the insight Into problem decomposition issues
obtained.
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The measurement results and the performance measures collected allows the development
and validation of multiprocessor performance models. In chapter 3 the evolution of these
models is presented. Starting fr om a one cluster discrete time simulation model, through a
simple M/M/ 1//N queuing model (exponential server), M/D/i//N (deterministic server ) model,
and finally the more complex, multi-cluster , queuing network model with several classes of
customers. Appendices 1 to 4 contain some original theoretical derivations and proofs , as

well as some known results, that were used for the model development. In particular the

derivation of the M/D/i//N model using the Imbedded Markov Chain approach in appendix 1
and the (hopefully) clear derivations and proofs, using the generating function approach of
the efficient algorithms to solve the queuing network model, which are given in appendix 3,
are original contributions.

The validation graphs show the significance of modelling the bottleneck node efficiently.
The deterministic (M/D/i//N) model gave very accurate results for the one cluster system
where the deterministic Kbus server is the bottleneck component. The M/M/ 1//N and the
queuing network model (with Poisson assumptions) gave worst case deviations from the
measurement results of about 81. (with a much better typical results). The simple analytic
models where not detailed enough to represent the complexity of the structure and the
queuing network model, with classes of customers , was the main model used in the
investigation. Tnts model was found to be quite efficient and easy to apply, with many of the
good attributes of a simulation model (that were not previously achieveable in analytic
models) without some of the simulation’s limitations - long run times and inexactness of
results, i.e. that con fidenc. level intervals are part of the simulation results.

Although the queuing network model allows almost as detailed description as a simulation
model,~ it suffers from some deficiencies. The two main deficiencies are the inability to
represent a deterministic server (an approximation using the method of stages - Erlastg iasz
distribution ca~ be made but it adds to the complexity of the model and was not used) and
that interdependence and blocking of references in a node are not allowed.

The validation results showed that, at least in the multiprocessor performance model case ,
these deficiencies didn’t pos. a severe problem, and a single queuing m.~del with classes of
customers captured the main performanc. attributes of the real system. Such a detailed and
complex analysis and validation of the queuing network model, for the PMS level structure,
had not been done before.

The multi-cluster queuing network model developed was applied to the detailed
investigation of various performance issues. The details are given in chapter 3 and a
summary (in the same order as they are preunted in chapter 3) ii given In table 5.1.
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TABL E 5.1: SUMMARY Q~ 
MULTIPROCESSOR’S MODEL INVESTIGATIONS

This table contains a list of the main parameters that were investigated by the
performance model, their effect on performance of a large system, and an example, der ived
from the relevant figures in chapter 3, on the parameter ’s saturation values. For details see
the appropriate section in chapter 3.

PARAMETER CHECKED I MAIN ATTRIBUTES OF A LARGE I EXAMPLE OF SATURATION
I SYSTEM AND PERFORMANCE I (HIT RATIO 0.9, 50
I BOTTLENECK COMPONENT. I Cm s, UNLESS SPECIFIEO

I OTHERI.JISE).

Hit Ratio (to I Performance is very I 6% change from 0.9 to
l oca l memory). I sen sitive to changes. Hit 1 0.95 doubles the

I ratio should be maxim ized. I performance.
I Kbus is the bottleneck.

Share Rat io (to I High Share Ratio causes the I Share Ratio of 0.5
one memory module ) I shared memory to be the I causes 20% degradation

I performance bottleneck. I in performance .

Number of Kmap I 8 “contexts ” are abou t I 4 “con t ex ts ” cause
“contex ts ”. I right. (lore contexts I 20% degradation

I would not i ncrease I in performance.
I performance I

Faster processors I Give better performance up I Processor X3 faster ,
and memories. I to a limit when the Kbus I 12 Cms gives 62%

I saturates. I improvement in
I performance , processor
I —memory pair X3 faster
I gives 95% i mprovement.

Chang i ng (lap bus. I Eliminating the Kbus and I No Kbus - 90%
I short arbitration time in I i mprovement. Faster
I the bus i mproves performancel arbitration — 110%
I consi derably. I i mprovement.

Changing Kmap I Sensitive to changes in Kbus I 23% performance
clock. I clock (the bottleneck I improvement for 25% “

I component). Insensit ive to I Kbus clock decrease.
I changes in Poap clock.

High performance I Much higher performance can I (lore than S times
system (feet X3 I be achieved. I i mprovement in
Pc- memory, no I I performance is
Kmap , fast  I I possible.
arbitration ). I I

- - -. - — — —. - ~~~ . - - . .- - .
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TABLE 6.1 (CONTINUED)
PARAMETER CHECKED I MAIN ATTRIBUTES OF A LARGE I EXAMPLE OF SATURATION

I SYSTEM AND PERFORMANCE I (HIT RATIO - 0.9, 68
I BOTTLENECK COMPONENT. I Cm s, UNLESS SPECIFIED
I I OTHERWISE ) .

Compar i ng single I For random distr i bution of I One cluster has a
cluster to multi— I data . •a single cluster is I better performance
c lus ter  structure ,I better than a 4 cluster I than a 4 cluster , 58
check i ng memory I system (inter—cluster bus is I Cm system, by a factor
hierarchy. I the bottleneck ). better I of 1.3. For inter —

I decompositions wi th  lower I cluster ra t io  of 25%,
I in ter—cluster rates (less I 4 clusters are 2.3
I than SOS of all externa l I times better than for
I references for a 4 clusters I a random d is t r ibu t ion
I system) multiclusters are I (with inter—cluster
I better (the Kbus is not I ratio of 0.75).
I saturated). I

Chang i ng inter — I Relatively fast serial line I 2 clusters , 18 Mbi ts
cluster parallel I s t ill causes a considerable I per second serial
bus to serial I performance degradation. I line bus with inter-
line. I inter—cluster bus is the I cluster ratio of 0.5

I bottleneck. I causes more than 3
I times performance

I I degradation.

Cache memories. I Cache memor ies cause - I 2K cache causes about
I performance degradation I 35% performance
I compared to current system I degradation compared
I (higher total “miss ratio ”). I to current system.
I but is still feasible (in I
I particu l ar if faster cache I
I is used) and cut the total I
I required memory size.

Effect of one I/O I Small degradation of total I about 5% degradation
block transfer. I system performance. Large I in total system

I system slows the I/O rate I performance. 5 to S
I considerably. I times degradation in

I I/O rate with
I increased system size
I from 1 to 50 Cms.

Per formance/inemory l Very sensiti ve to code I 22 Cme, In teger
tradeoff. I l ocalizatio n. Relative l y I Prog. appHcationt

I insensitive to placement of I local izing code gives
I read only globa l data in the I abou t 8 times
I structure. I i mprovement. Globa l

I data localization
I I results in only 2.5%
I I im provement.
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These examples show the practicality and usefulness of the tools developed. The main
contributions of this part of the thesis are: the theoretical work involved in the development of
the models, the investigation and comparisons of several performance models and their relative
merits and deficiencies , the validation of tho queuing network model as a capable and efficient
performanco model, the ease and practicality of applying this model for th. investigation of many
performance issues (as seen in the various examples), and the insight that thes. performance
investigation examples give the architect of a multiple computer-module system on the effect of
performance modifications and changes on the total system’s performance.

The local computer network structure was investigated next. Firmware changes
(microprogramming of the Kmap processor in the structure) allowed emulation of a local
computer network structure (Cm-Net), that included stat istical package and enabled changes
in the network transport communication rate (that are difficult to obtain on a real network). A
process interface software support package was written to simulate a performance oriented
operating system supporting an application on top of a the local computer network structure.
Several protocol options (e.g. acknowledge mechanisms, broadcast) were supported by this
package.

Two application programs: Integer Programming and l4arpy where chosen as two extremes
in inter-process communication rates , and were modified to run on the local computer
network structure. The decomposition issues involved in that process are discussed in
section 4.3 - the emphasis was on minimizing the communication rate between processes and
replication of all the reed-onLy data in the processor’s local memory.

The performance result of the Integer Programming application, with matrix replication, was
excellent , while Harpy and a version of the Integer Programming with matrix centralized at
the master process local memor?y, had a relatively poor performance results - showing the
advantage of utilizing the large address space with low overhead, of the multiprocessor
structure , for this class of applications.

From the measurement results we were able to identify nine parameters as the main
factors that affect performance of an application using the local computer network structure
(e.g. slave process communication rates, network transport communication rate, message

overhead, etc.). Using these parameters as input a simple, three node, queuing network
analy tic model with four classes of customers was constructed. Validation experiments
showed that it represent the application and network structure behavior with adequate
accurai y. The model was used for the investigation of several local network performance
issues. These results are discussed is section 4.4 and a summary of the main points is given
in table 5.2.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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TABLE 5.2: SUMMARY QE THE LOCAL COMPUTER NETWORK MODEL INVESTIGATIONS

This table contains a list of the main parameters that were investigated by the local
network performance model, their effect on performance of a large system and an example,
derived from the relevant figures in chapter 4, on the parameter ’s saturat ion values. For
details see the appropriate section in chapter 4.

PARAMETER CHECKED I (lAIN ATTR IBUTES OF A LARGE I EXAMPLE OF SATURATION
I SYSTEM AND PERFORMANCE I (58 Cms , INTEGER PROC.
I BOTTLENECK COMPONENT. I APPLICATION , UNLESS
I I SPECIFIED OTHERL.JISE) .
I I

Network transpor t I sensi t ive to commun ications I 2.5 t imes improvement
communications I rate up to a saturation I for commun icat ion
rate. I point above wh i ch performanca l rate i ncrease from

I does not i mprove. I 8.18 to 1.3 Ilbits/sec.
I No improvement from
I 10 to 50 Mbits/ sec.

Acknow ledge I Not sens i t ive for low I 8 Cms , Central iz ing
mechan ism. I message rate. Sensit ive in 1 matr ix (hi gh

I high message ratee . I commun icat ions ra te) .
I Software overhead is the I 1.5 t imes better w i t h
I bottleneck. I “hardware” acknow l edge.

Compar i son to I Shar i ng address space with I Performance of
multiprocessors. I low overhead in I multiprocessor

I multiprocessors is I version is more than
I considerably better for large l twice better than the
I systems (even for low message l l oca l network version.
I rate applications ). Not
I i mportan t for small systems I
I with low commun i cations
I rates. Larger memory size I
I requiremen t in networks. I

Classes of I Optima l number of processors I For communications
applications I or network communicat ions I rate of 1.3 Ilbits/sec..
su i table for a I rate con be found for an I and 58% return
structure. I application. On the contrary,, l criteria (i.e. 50% of

I classes of su i table I the maximum capability
I applications can be I of the processor is
I determined for a g iven I ut i l izs .d) give tha t
I network structure. I 23 processors are the

I optimum number of
I processors.

-L
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The following two figures point to the main performance issues of the structure and are
therefore repeated here. Figure 5.2 shows the execution time of both the network and the
multiprocessor versions of the Harpy application. It is interesting to see the effect of the
tradeoffs involved in the decomposition process: In the multiprocessor the trend was toward
maximizing performance with a large number of processors participating in the task (and thus
the performance with small number of processors was not emphasized). We realized a priori
that in the large network version the performance would be poor and therefore tried to
maximize the absolute performance with a small number of processors , i.e. different
decompositions of the algorithm result in better performance in the different structures.

Figure 5.3 show the performance model predictions for tne Integer Programming
application (without considering the perbutations in the algorithms as mentioned before). The
degradation in performance in the network - matrix replicated case , with large number of
processors - is mainly due to the initialization time for the rep lication 6f the matrix and other
read only global data in all the processor ’s memories. The matrix centralized version suffers
from early saturation of the master process due to the high message rate.

These figures point to a few important performance aspects; The first , that multiprocessors
provide a saving in memory size requirement compared to a network - due to the possibility
of focalizing the read only data in one memory module withoi4t significant performance loss -

a~ is teen by comparing the multiprocessor results to the Integer Programming with matrix
centralized graph.

Second, and most important , is the observation that the performance of a focal computer
network is a multi-variable function, with three main variables that affect the performance 1

The message rate between processors, the network transport communications rate , and the
number of processors. One can envision the total system performance as a three dimensional
space problem with performance , number of processors and message rate as the three axes
and the transport mechan&sm communications rate as surfaces in that space. Figures in

section 4.5 show cuts through this three dimensional space surfaces.

Investigating this space led to the observations that classes of applications are able to
efficiently perform on a given structure , and that a structure can be designed to best suit an
application. Best suited require more variables to be considered, such as cost, ease of
programming, availability, etc., we assume that the implementor is able to consider these. By
fixing three of the four main variables , according to an application and the design
requirements, an optimal design can be carried out. An example of chosing optimal number of

Wi hay. as.wn.d hat th, velu. of lb. ~th.r pae.m.(.ra .r• •ith.r ,.l.tsv.ty constant in an spp hcati o n ov of .ss
st ~n.Vic.nc. in a typi cal ci...
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processors for an app lication is given in section 4.5.

The possibility of using efficiently the local computer network structure for certain types of
application programs , the main parameters and performance model that represent , quite
accuratoly, the performance of application running on top of a local computer network structure,
the relat ive performance , and performance issues1 involved in comparing multiprocessor; and
computer network structures , the examples of applying the model for performance investigations,
and the descrip tion of the design space - all these are a pioneer work in this area and are the
main contribut ions of this part of the thesis.

5.2 Directions for Future Research

As was iterated several times in this dissertation , there is very little information and real
system experience on performance of actual multiple processor systems, therefore a
numerous list of interesting future research directions can be made. We will mention just a
few important directions that have direct connection to the work reported here, but due to
lack of time, knowledge, or experience, were not treated in this dissertation.

Many of these directions interacts with each other and were, and are, under investigations.
These are:

1. Ease of programming - Due to decreasing hardware cost , increasing programming
cost, and added difficulty in programming a multip le processor structure - this
issue is an extremely important one. How can the hardware , software and
firmware assist the programmer by decreasing the complexity and cost of
fulfiling the task, without affecting the possible structure performance much.

2. Operating systems and programming languages - This is a particulari ly broad
subject with many implicat ions. For example; how can an operating system
manage the systems resources efficientl y, how can it utilize and enhance the
performance of structures like multiprocessor Cms or Cm-Net. How can the
operating system and programming languages assist the user by providing
special mechanisms , or even by an automatic detection , and utilization, of the
parallelism in the application and the structure , etc.

3. P.rtormance modelling - Here, again, many aspects can be addressed. The
queuing network model have some deficiencies and could not simulate some of
the structure features (e.g. blocking, deterministic server), more work had to be
done to enable more accurate modelling, probably using suitable approximations.
Modelling, of very large and complex structures is still somewhat difficult and
time consuming, good approximations techniques aro needed here. Some more
experimental work has to be done to determine the exact work distribution
characteristics of possible nodes in the structures (e.g. the infer-reference rate
from a processor). More accurate model for the local computer network
structure and more validation results of real application on real systems is in
need.
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4. Input/output aspects - The input/output aspects of the structures was only
scant ly touched. The benchmark workload, that we have used, was mainly made
of compute-bound applicat ions that did not explore that subj ect A detailed
investigation, involving both measurement and modelling, is ne-ede~ ~ cover this -

issue. The possible incorporation of various I/O devices in th~ systems (drums,
disks, CCD, bubble memories etc.) complicates this issue further.

5. Multi-programming - Using the multiple processor ~ ruC~ures in an
multiprogramming, multi user, environment has different aspects and demand
specific treatmen t.

6. Integrated modelling — Cost, reliability, availability, protection and application
model ling issues - All these are examples of important and difficult issues which
are part of the performance and cost/performance aspects. An integrated model,
probably at the PMS level for the structure , is necessary to enable an optimal
cost/ performance design.

7. Future Cm* system - This work touched on many aspects and effects of changes
in the current Cm* system. Based on these, and other , investigations the next
generation of a computer-module system can be designed.

8. Experience and validation 01 a large system - More work and experience of a real
applications utilizing a large multiple processor system (with many processing
elements) is needed to validate many performance assumptions. The currently
built 50 Cms Cm* system holds promises in that direction. The small addres~’.space problem should be also further investigated in that context.

9. Local networks - Performance issues of local networks where not addressed
before. We hope to see more research activit y in that area in the future.

_ _
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I. Appendix 1: ~mbedded Markov Chain Derivation for the
M/D/ i//N Queue

1.1 General

In this appendix the derivation of the M/D/1//N queue (Poisson arrivals, Deterministic
service time , 1 server , N customers) using a straightforward Imbedded Markov Chain
approach, is given. We were not able to find this derivation in the literature.

The results were found to be identical to those obtained by Jaiswal (JAISWAL 1968) using
the Supplementary Variable technique (see appendix 2).

N TERMINALS

1.2 Imbedded Markov Chain States and Transition Probabilities

The imbedded Martcov chain epochs will be th. service departure times, with the number of
customers in the service center (either queued or in service) as the Markov chain state
variables.

a. Derivation of A(n,i)

Assume: n — Number of arr ivals

— Number of custome rs in servics fo l low ing a departur e
(in beginn ing of new serv ice time ) .

— Arriva l rate of a source.

N - Total number of custom er s In the sjjstem.

— Deterministic serv ice rate of th. server.

..—..- ,--- ---- —
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Then: A(n,i) — Pr (n arrivals in arbitrary time t given i customers in serv ice) —

(N_ i) ~~~~~- e~~~ f~ ‘ ~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~ 

L_~~~~~~~~~~~~~~ 1

chose n out n arrivals (N- i-n) not arr ived
of (N-i) in t ime t in time t (remained
custome r s in source
a vailable

Given B(X) - service time distribution of the server , then

Pr(average number of arrivals in service time Ii customers in service )—

(1 - e’
~ ’5~ 

. e i
~~~~

X
~
( 

b(x) dx

For deterministic service time distribution b(X) — U(X-1/~ ) - where U — Delta function.

A(n,i) — Pr (n arrivals in time 1/ga i customers in service in the beginning of the service
time) —

cM_i) (1 - e~~ ”~ )~ ‘ e~~~~~~~~~~

Designating: p — ~/~& , we get

A(n,i)— (N_i) (1 — e~~)~

Where (m) — i

Given the above, the state transition probability diagram (from one markov state to the
other) is:

— ._— - -. - - —-  -
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E~ c~~~~~~~~~~~b
N-2 N-i

By observing the state diagram we can write:

_~~—_.‘ ( A ~~ 1 if i — 0

P(i,j)— Pr (going from state variable i to j ). c~ ~~~~~~~ if i ~ 0 A N > ~J+i— i � 0

0 otherwise

The state transition probability matrix is therefore:

0 N-2 N-i

0 A0 11 A 1 1  A2 1  !tN_ 2 , l AN _ I l

A 0 1  A 1 1  ~2 ,1 AN~ 2 , l

— 
A

0~~~ A 1 2  AN_3 1 2

0

N-i O 0 0 A O,N—1 l ,N — i

Notes: (a) P(0,j ) - probability of going from stats 0 to state j depends on an arrival. We
start to count the service time only following that arrival - which explains the subscript 1 in

the first row. The idle time before an arrival is taken into account In the (following)
correction action.

- - —— -. --— - — - -. - - - - —-- —
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(b) The last column (N-i) is, in fact , a resu lt of the conservation rule:

N- 2

A ~~~1 -  AL. j+l— i ,i
j— O

1.3 Solution of the Stationary Probabilities ps(p(O),..,p(n—1)) a p x IP

From the P matrix we receive a set of N tinaar equations with N variables p(k), K — 0,1,...,
N-i which give the limiting probability that a customer departure will leave behind K
customers in the service station.

One of the N equations is dependeit on the others, therefore we use the probability
conservation rule

N-i

i—C

The sat of linear equations (with the conservation equation as the last column) is:

I A 0 , 1 A 1 1  . . . A~—~ ,i 1

A0 1  A 1,1 AN...2 l I

0 A3 2  A N 3 2  1
( p ( O ) , p ( 1 ) , . . . , p ( N — 2 ) , 1) — ‘ 

—

• [ p ( O ) , p ( 1) , . . . , p ( N — 2 ) , p ( N — l ) } . 0 0 1

t o  0 A O ,N i  
1

Another way to write this set:
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ER matrix

A0 1 — l  A
1 1  AN— 2 , 1 ~

A 0 1 1 A 11— 1  
~N—2 , 1 ~

0 A A - i  1
[0 ,0,...,0,1) — p(O) ,p ( l ) , . . . , p ( M — 1) ) 0 ,2 1,2

0

1

0 0 A O N 2  1

If we invert the lP1 matrix —IP(1 then the solution is:

(0,0r..,O,1)1Pj~~ CP(0),P(1)r.P(~~1)]fl’1lPj 1 — p 1;  Where 1—Identity matrix.

Therefore p— (p(0),...p(N—i)) — last row of the inverse matrix (P(1.

1.4 Correction to the Idle Server Problem

The results of the Imbedded Markov chain give the correct limiting probabilities p(k) for
finding K customers in the server immediately following a departure, but not the correct
limiting probabilities in an arbitrary time t between departures. For example, p(N) following a
departure is 0, but there can be a time (and therefore a finite probability) to find N
customers in the system between departures. The M/D/i - or even M/G/1- results hold in
all times due to the infinite population and the constant average arrival rate independent of
the number in the server , which is not true in the finite population case.

Fortunately, in our case, the probability of finding the server idle is sufficient to calculate
the average number of customers in the server, and the required throughput, as we have
derived (using balance equation)-

(N_
~k) X — (l-

~~
) ~ — N - (1_p~)/p; where Pt — p ( idle)

To derive p1 — p(idlo) we observe that following a departure with only zero customers in
the server (all N are in the source) the probability of no arrivals is e~~, and the average time
to an arrival is 1/Np,.
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Thus we can derive p(idle) by the equation:

1

~‘id1e — 
P ( O) (j~~+J.) + (1-p(O))~

-1

L~~~~~~~ J L~~~~~~~J
p(k) p(0) p(k) ~ p(O)

— idle time in one average inter-departure time / average inter-departure time.

Or alternatively, we can directly interpret it as:

1
— 

p(0)~~—~ —1’idle I IP(0) j~—~ +;

— average idle time in one inter-departure time / average time between departures.

1.5 Conclusion

In this appendix the Imbedded Markov chain solution to the MID/I//N queue is derived.
These results were used (in chapter 3) to compare the throughput of a doterminist !c server
to a Poisson server in the multiprocessor model. The results were found to be identical to
those obtained by Jaiswal using another technique.

—~ —.—-——--- —.——- _ _ _ - _ — _ _ _ _ _ _ _ _
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II. Appendix 2: Supplementary Variables Solution to the
M/ D/ i//N Queue

11.1 General

In this appendix the solution to the M/D/ i//N queue, using the Supplementary Variables
technique, is given. The complete derivation is given in [JAISWAL 68].

11.2 Solution of the MIG/ 1//N Case

Notation: ~ — Probability tha t the server is idle.

or (1—i) — server u t i l i za t ion  (Pr. that the server
le busy).

b — mean busy per iod of the 8erver .

1/ia or r — mean service time.

1A — mean of the source processing time dietr ibution
(Po isson).

X — server processing time with density f (X ) and mean 1/j~ — v.

E(~
) — expected number of customers in the service station.

Using the notation above - the main results obtained by Jaiswal are:

E(b ) — — (i/a) 

N-i 

c M )  j f v — 1/~ <

i—0

U ~~( iX ~ i fm~~~~O
Where p~m) — 

~ i— i 1- S(i~ )

( — i  i f i n 0

and S(s) — E[e~
’
~~ ) — e~~~ f (X) dX

bthen U — 1. - — —

C

and finally E (&) N - U~
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11.3 Solution for Deterministic Distribution — D

For deterministic distribution f(X) — U(X- 1/a&) - where U is the Delta function. Therefore:

S(iX) — e~~X U(X-1/ga )dX —
m m-i ~ if 1
II _ j ~~J~ j A I

i—i i-e “~‘~~~~ 1—1 e

~~ (1/a) Nf(N~
1) •

~T~~
=
~~’ 

N

~

l

cN;1). ~~ (~& 
i)i—o i—o m 1

b
I I  —

— Ib +

and E(ii) N - . U — N -C A 1
+

11.4 Discussion

As was shown by Price (PRICE 76] a constant (deterministic) service time distribution gives
the upper bound for the server utilization (better than any other service time distribution).
This can be easily shown as follows:

From Jensen’s inequality E(g(x)] ~ g(E(x)] (see PARZEN 1960 P. 434) we receive:

S(s) E( e SX ] 
~ 

S E(% 3 ~,e ’S/I’ — Transform of deterministic function.

U~ is increasing with b (length of server busy period) and b is decreasing with #(m). •(m)
is increasing with S(s), Therefore - is decreasing with S(s).

is the minimum S(s) possible (for same i/s ), therefore constant service time gives
the upper bound on server utilization. q.e.d.

E(m) — N - U~ ~i/X. therefore E(m) - average number of customers in the server - is
minimized when 14 is maximized and is minimum for deterministic distribution server.
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Ill. Appendix 3: Efficient Algorithms , Using Generating Functio n
Approach, For Solving Closed Queuing Networks with Several
“Global” and “Local” Job Classes.

111.1 Introduction

In this appendix proofs are ‘given for the algorithms that were used in chapter 3 to
evaluate the performance of Cms-lik.e multiprocessor architecture. This work is an extension
to the work reported by Williams & Bhandiwad (Williams 76] that used a stra ightforward
Generating Function approach. This work rely on the results of Raskett et al. (Baskett 75]
(the BCMP theorem or model). See chapter 3 for general discussion of the queuing networks ,
In particular references to similar work done by others.

For type 2 P.S. (Processor Sharing) servers, Williams and Bhandiwad (W8 model) showed,
using a Generating Function approach, an algorithm to compute the normalization constant C
for the case of two “general” job classes (I.e. closed queueing network whore the sum of the
jobs in the first and second class is constant and equal to m and n respectively). They also
showed (a~ can be seei directly from the BCMP theorem) that the general equation for the
steady state probabilities with type 2 servers, is given by:

M 
(m~+n~)t  m~ n~Pr (1n1,n1;n2 1n2 ; ;m.M ,nM ) — (1/C) T m~~ •n~~ 

x

Where m~,n1 are the number of jobs of class 1 and 2 in server i, and M is the number of
nodes in the networks.

The modifications to their results, which are preserited in this appendix, are:

a. Showing that the same results hold for servers type 1 and 4 (in the BCMP theorem).

b. Introducing the “global ” and “local” job classes notion and proving that if there are
“local” job classes transitions in a “global” job class (i.e. jobs that belong to one “global” class
change their “local” class in a nods, but the total number of the “global” class jobs in the
closed network remains unchanged) we can replace the detailed enumeration of the indiv idual
“local” job classes terms in the algorithm by a singl, term , one equivalent “job”, with the sum
of the p’s (X’s in the WB notation ) as the equivalent load of th. server.

This result can also be used in the one “global” job class queueing case , and results in a
very significant saving in computation of relatively complex queueing networks. For example ,
in cases where each job (e.g. a job in multiprogrammed computsr or a memory request in an



PAGE 206 PERFORMANCE EVAUJAT1ON OF MULTIPLE PROCESSOR SYSTEMS

hierarchical memory structure) can change classes while traversing the network , and visit a
node several times as different ‘local” class (see for example the Cms queueing network in
chapter 3). This result is also given (without proof or reference) by Gelenbe and Muntz
(Gelen be 76).

c. The WB recursive algorithm is given only for the case of two job classes and does not
provide with the exact algorithm to initialize and apply the results. The detailed proof of the
algorithm for more than two “global” job classes is given.

d. Proving the algorithm for incorporating type 3 LS. node (Infinite servers) in the network
and showing the significant reduction in computation for this type of server;

Note: all the results presented here are for closed • queueing network with queue
independent service rates. Generalization to queue dependent servers can be done in similar
fashion (although they make the algorithms more cumbersome).

111.2 General Solution for Servers Type 1 and 4
The proof that the same general solution, as was given in the introduction, applies to

server types 1 and 4 is trivial - as all the three types has exactly the same equation for the
product form solution ([Baskett 75)), which implies that the same general steady state
solution holds.

111.3 Proof of the Algorithms for the Case of Several “Local” Job C’asses.

111.3.1 General

In this section we define the notion of “global” and “local” job classes for the type of

closed queueing network under investigation.

A “global” job class contains n jobs (n tokens) that traverse some, or all, the nodes in a

network. A “global” job has “local” job classes associated with it, and it can change its “local”
job class In a node to another local” job class — but still remain in the sante “global” job
class. The sum of the jobs (tokens) in that “global” class is constant and is equal to n. A

“global” job may visit the same node several times, each time as a different ‘local” class.
Each local” cl ass may have a different service requirement from the server (with the
exception of server type 1 as shown below ).

Given the restrictions st ated above, and the BCMP restrictions, we allow the following
service center types:

- ..
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a. Type 1 - FCFS discipline, negative exponential service time distribution. Alt jobs have
the same mean service time request from the server.

b. Type 2 - Processor Sharing (P.S.) discipline, Coxian (i.e. any distribution with a rational
Laplace transform ) service time distribution. Jobs may have different service time request.

c. Type 3 - Infinite Server (LS.). At least as many servers as the maximum number of jobs
in that service station. Coxian service time distribution. Jobs may have different service time
requests.

d. Type 4 - LCFS, Preemptive Resume discipline. CoxIan service time distribution. Jobs
may have different service time requests.

111.3.2 Proof of the “Equivalonce” of a One “Global” Job to Several “Local” Jobs in a Server

Notation (for one “global” job class - following partiall y WB and Muntz (Muntz 74]):

Let (S 1,52r..SM) be the state of the network with M servers, where s~ — (ni,1,...,nj,p) is the

state of service center i and ni,,. is the number of jobs of local” class r in server i; 1 ~ r ~
R. Lot Xi,r , 1 ~ I ~ 14 and I � r ~ R be the solution to the set of linear equations:

M R
— L 2~ 

Xj , k 1’j ,k ; i ,r ’ 1 � i � M~ 1 ~ r ~ R
J 1  k— I

Where Pj ,lc;i,r is the branching probability that a job of local class k, that finishes service at
server j, will seek service at server i as class r.

In (Baskett 753 it is shown that the equilibrium state probabilities have the product form
solution:

Pr 
~~~~~~~ 

— 1/C F1(s1) -. FM($M) and

~~ > 
\~ i ,r R

~~~~~~ iT _—L- ( _J~.E ) n , ’. ‘fl~ —i—- • 
~~~~~ For se rve r types 1,2 ,4

r 1  i , rY\,~ i ,rj  r I  ir ’.

F~~(s~ ) —

R ~
“i,r R

11 . ( ± i~~) — •IT 
~, 

. For server type 3

r l  ir~ i,r r 1  i,rt

Where 
~~~ 

— “i,r’ 
C is the normalization constant.

i,r r 1
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The normalization constant can be found by:

C j~, 
F 1(s 1) .... F~ (s~)

over all states S
i~ 

— 5~~~~ of the network.

a. For servers type 1,2 and 4 , with n total jobs and n1 ‘local” jobs in server I:

1 ‘l
C — L II ~ 

n it 
. 

fl . 
~~~~~~~~ 

.n. ~i l ~ ~~i~R)
over all possible i 1  \r different classes 

3 ,

states — n ~~~~ nj

— 
~~ ~~~ 

+ ~i,2 + +

over all possible states with n~ — n

The interpretation of these results al lows us to replace the summation over all the possible

different “local” states by one “equivalent ” job in the node, with the number of the jobs being

the sum of the different “local” jobs and with p1 the sum of the different p~ in the server

(node).

b. Similarly for server type 3:

F~~(s~ ) -i-cO I ~j ,r

r 1  1, r !~

— jj . ( ~~~ 

1 . iT (~~~~1+. .+P i ,R)

over all i J  all states 
i,r. all states i 1

states ~~~ — n ,r 
xi

i r

c. For several — L - “global” job classes:

for the case of several CL) “glob&” job classes , and a mixture of server types , the equation

to compute C becomes:
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R R

C a  If TI If F i (fl
~~ r :)

~~ If TI(’ L fl F~~(fl~~~
)all states i—I e 1  r 1  all states i”l e 1  11 states r 1

Ln~~~~
A ~~~~~~~

~~~~i
Where : A , B — constant number of jobs of “g lobal”  job classes 2. and L.

e — “g lobal ”  job class L ~ e ~ 1

— node (server) number 11 � I ~ 1

r — “ local”  job c lass  Re ~ r ~ 1

Denoting the results in a. and b. above by:

— ~ ~~1e 
+ + p~,R

e) 
~i

5, and F~*(sj) - + (Pt , i + ... +
respectivel y, we can see that C factors into:

fl T1~ 
F~* (s~)

al l  states such that  i 1  e 1

This result shows the significant saving ac~.eved by being able to replace the different
“local” job classes by an equivalent job, with parameters rep laced by the sum of the p’s of
the various “local” jobs that belong to th. same “global” class in the server , thus saving the
enumeration of all the possible different “local” jobs in the solution of the normalization
constant.

111.4 Generalization and Details of the WB Algorithm for the Case of Several
“Global” Job Classes

In this section the generalization and details of the W8 algorithm are given for the ease of
several “global” job classes, each (possibly) with several “local” jobs, and with four types of
servers (as in the BCUP theorem).

For 2 “global” job classes WB showed (using Generating Function approach> an algorithm to

-

~

---
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compute the normalization constant C, for server type 2 (P.S.), by using the recursive
formulae:

G1(j,k) — G1_ 1(j ,k) + 
~~ 

G1(j—l ,k) + 

~i,2 G1(j,tc— 1)

(4here: C - GM (L,N)

11 — number of nodes.

L — total number of jobs of class 1.

N — total  number of jobs of class 2.

x
p i ,p

p — “g lobal ”  job class

Unfortunately, in t ha t paper , they didn’t show the algorithm to initialize the G(j,lc) matrix,
how to treat the G(O,k) and G(j ,O) cases , and most important - how to generalize for the other
3 types of the BCMP servers and how to handle “local” job classes and more than two
“global” job classes. As the solutions for all these problems is needed to evaluate efficiently
the Multi — Cluster Cm* system, we ’ll investigate these problems in the two following
subsections.

111.4.1 Algorithm for Two “Global” Job Classei

The recursive formulae given before was derived using the Generating runction approach.
This method will be followed to derive alt the necessary initialization elements in the G matrix.
The treatment of servers type 1 and 4 is identica’ to that of server type 2 (This follows
immediately from the fact that the general F1(s~) equation for all these servers is identical).
Treatment of server type 3 is subsequently given. The general form of the G matrix:
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No. in \ Stage l 1 I 2 I $ i I I 11 I

each class \ I I I I I I

0,0 I I I I I I I
1.0 I I I I I I I

• I I I I I I $

L,0 I I I I I I $
8, 1 I I I I I I

• I I I I I 1 I

L,1 I I I I I I

• I I I I I I I

L,N I I I I I IG( L,N) —C l

The Generafli g Function for a server (node) of type 1,2,4 (with t,u as the generating
functions va: ables) is given by:

f~~(t~u) — ~~ (~~~1t + P~~2u)
h 

— 1 + (~~~1t + p12 u) + (p~~ 1t + P~~2u)
2 

+

h 0

— 1/(1 — ~1 1
t - ~~~2u)

The generating function for the network is given by g(t ,u), where:

gh (t , u) — f .(t ,u) and g(t ,u) gN (t ,u)
il 1

We will denote by Gj(j ,k) the coefficients of tJ ~
k in g~(t ,u). It is easy to see that C - GM(L,N)

is the coefficient of tL ~N in g~ (t,u) and is received by summing all the possible states of the
form:

M (m~+n~)~ m~
L 11 ~~~~~~ ~i 1

over all possible i 1

states Lmi — L
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which is identical to the definition of the normalization constant C.

The recursive algorithm for G1(j ,Ic) given above, is derived in WB using the algorithm:

gj (t ,u) — f 1(t,u)

g,(t ,u) — g~_1(t,u) f1(t,u) — g~~1(t ,u) 
1 — j ~

_ P
L 2 U

g1(t,u) — g1_ 1 (t,u) — 

‘~,1t 
~1(~~

) 
. 

p~,2u g1(t ,u)

and therefore the coeff icient of tj ~
k is given by:

G~(j,Ic) — G1 1 (j,k) + p,j G1(j —1 ,k) + 

~
j,2 G•(j,k—1)

111.4.2 Initialization

Special cases:

(a) G1(O,O)

G1(O,O) is the coefficient of t° u° in g1(t,u)— f 1(t,u)- (P1 1 t + 0 1 2
u)h

h— 1
therefore only h—O fulf ills this condition and G1(O,O) — 1.

(b) G1(j,k)

G1(j,k) is the coeffic ient of 0 uk in

+ p1 2~~~ 1/(1 - p 1 1 t + p1 2 u)
h— i

g1(t ,u) — 
~~~ ~ g1(t ,u) + 

~l,2 
U g1(t ,u)

and G 1(j,k) — p11 G1(j— 1,k) + P1,2 G1(j,lc— 1)

Which is received from the general recursive formulae by letting G0(j,k)—O.

Cc) G1(O,lc) and G1(j,O)

For G1(O,k), we observe again that in the general equation:

g1(t,u) — g,_1 (t,u) + 

~~ 
t g,(t,u) ‘~

j,2 u g,(t.u)

we are looking for the coefficients of t~ ~
k in g1(t ,u), This clearly can’t be achieved by the
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second term (which includes at leasi t ’ in all it’s components). Therefore:

G~
(O,k) — G~_ i (O,k) + 

~i,2 G~
(O,k-1).

It can be similarly shown that:

G1(j,O) — ~~~~~~ + pi
~ 

G1(j— 1 ,O)

i.e. for all j<O ( — -1) or k .cO (Ic — -1) we have to set G (j,k)—O in the algorithm.

We can, therefore, conclude that the general recursive algorithm holds if we initialize:

G1(O,O ) 1  , G0(j ,k ) O  and G1(j,k)’.O for all j<O or k<O.

111.4.3 Extension for Several “Global” Job Classes for Servers Type, 1,2 and 4

The proof here is derived similarly to that in the previous section. We’ll derive, as an

example, the algorithm for the case of four “global” job classes with m, n, 0, p jobs in each.
The correctness of this algorithm for an arbitrary number of “global” jobs follows
immediately.

The probability of the aggregate state of number of customers of each job class in each
server (m11n~,o1,p 1), can be shown (from the balance equations) to be:

Pr (m 1,n1,o1,p1; m21n21o2,p2; ... ., m
~~nM,oM,pM) —

M (m +n +o +p )~L i i i  m fl 0 p— (1 C) 
~~~~~~~~~~~~~~~~~~~ ~i,i ~i ,2 ~i ,3 ~i,4

-~~ H (m +n. +o +p ) t o
Where C — L ~~~~~~1~~~0~ t .P1) ~i,l 

pj,2 ~i,3 ~i,
1.

over all ~~~~~~~~~~~~~~~~~~ i—i

j~fl~ L° ~~o

~p i—p

and M — number of nodes as before.

The Generating function of the node:

f~ (t 1u ,v ,w) — 

~~~~ + ~~~2u + p~~ 3v + p~~4w) h 
—

h—i

1~1 — + P~~ 2u + p~~3
v + 

.-. - -
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Generating function for the network:

~~(t~u~v )w) — II f~ (t~u~v~w).
i—i

G(m,n,o,p) - The coefficient of tm u~ v° w~ is just C, sum of all the possible terms as given
above. The algorithm to compute G(m,n,o,p) is derived as follows:

gj(t,u,v,w) — I 1(t,u,v,w)

g1(t ,u,v,w) — gi._ i(t ,u,v,w) f
~
(t ,u,v,w) , and g~ (t ,u,v,w) — g(t,u,v,w)

g~ (t ,u,v ,w) g~_ 1(t ,u,v ,w) 
~ - ~~~~~~~ PL Z U + +

g,(t ,u,v,w) — g,...1(t ,u,v,w) +p~ t g1(t ,u,v,w) + p,,~ u g~(t ,u,v,w) + P1,3 v g,(t ,u,v,w) + Pj 4  w g~(t,u,
v,w)

Therefore the recursive algorithm for G~(j,k,I,q) is:

G1(j,k,I,q) — G1..1(j,k,l,q) + 

~11 G~(j — 1 ,k,l,q) + 

~~ 
G1(j ,k— 1,$,q) + P13 G1(j ,k,i’— l ,q) + p14 G1(j,k,l,

q-1)

W he r e O �j �m,O � k � n ,O~~l~~o,O~~q �p.

Matrix ~~~ ~~ operation couit: -

There are about L multiplications and additioos per step (L — number of “global” job
classes). It they alt visit each of the M noded in the network then the total number of
additions and multiplications is o(M L m n 0 p) (the exact number is M L (m+2) (n+2) (o+2)
(p+2) ). The matrix size is (m+2) (n+2) (o+2) (p+2).

Initialization:

In a similar way as in the previous section:

(a) G 1(O,O,O,O) — 1

(b) G1(j,k,I,q) • ~~~ G1(j —1 ,k,l,q) + p1,2 Gj (~.k— 1,l,q) + p1,3 G1(j ,$c,I—1 ,q) + p1,4 G1(j,k,l,q— 1)

(c) G~(O,k,I,q] — G~..1(O,k,l,q) + ‘,,2 G~(O.k—1 ,l,q) + 
~~~~~ 

G1(O,k,l— 1 ,q) + P114 G1(O,k,l,q—1)

and similarly for G1(j,O,I,q), G~(j,k,O,q) and G1(j,kJ,O).
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From the above we can conclude that the general recursive algorithm can be applied if we
Initialize G0(j,k,I,q) • 0 for all j ,k,I,q and G~(j ,k,I,q) — 0 far all j<O, k<O, <0, q<O

111.5 Proof of the Algorithm for Server Type 3 (I.S)

111.5.1 Solution of Two “Global” Job Classes

p
The form of the solution of F~ (s~) 

m ’
~ 

~~ leads to a server Generating
function of:

f .(t,u) = 1 + ~~ t 2  
+ 

(o~~ 1t ÷ P ~ 2u)
2 

+ — 

p~~~~t

h 0
The Generating function of the network is defined as before:

g~ (t,u) ~~ ~~~~~~ 
and g( t ,u) ~~~~(t~~u)

h 1

G1(j,k) is the coefficient of 0 ~k in g1(t,u). Clearly, the WB solution does not worR for this
type of server due to the different Generating function.

We notice that : 
0

~~
‘ 1 h

f~~(t~u) — L 1T (~~~1t + ~~~2u) —

h—O

(p 11t + ~~ 2u) (p
1 1

t) (P~,2u)
e

0

Therefore, the algorithm can be developed as follows:

g1(t,u) — f1(t,u)

g1(t ,u) — g1_j (t ,u) f 1(t ,u) — g1_ 1(t ,u) •(p1,1t) •(p1,1u)

If the first P nodes are chosen to be of type 3 we get:
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/P \ / F

~~ 
~~~~~~~ ( 

~~ ~~~~~~~ —

g~~(t ,u) e 1 / ‘~ i~~1 /

~~~/ P p

~ (~ L ~~~~ 
+ U L (Ph,2 )) 

~ 
.

f 1  \ h—i h—i /
and Gp(j ,k) - the coefficient of 0 ui” is therefore given by: 

-

(
~

_ Ph l )  •(
~ 

%~ 2)
C (J k)a  h—I h—i

P .

Which means that we can save a significant amount of computation by summing up the
“local” p’s for each “global” class and by solving directly for Gp(,,k) using the algorithm above
— thus skippir~g the first P-i iterations in the G matrix calculation; then continue, as before ,
with the general algorithm for the other M-P nodes.

111.5.2 Solution of Sevoral “Global” Job CIasse~ (For Server Type 3)

In a similar way to the previous subsection, it is easy to show that:

f~~(t ,u , v~ w) — (p~~1t + p~~2u + P~~ 3v +

h 0

• ~~~~~~~ 
+ Pi2 •u + P~ ,3

V + P~~,4
w)

and g1(t,u,v,w) — g~_1 (t,u,v,w) f1(t,u,v,w)

If the first P nodes are of type 3 we rece ive (the coefficients of ti ~~ v’ w~) :

(
~ 

Ph,l) .(
~ 

Ph ,2) 
k .(

‘:
~ Ph,3) ~~ )q

C (j, k,1,q) h 1  h—i h—I — 1
P j~ k ’. 1~ q ’.

- . --- —V- — -. ~~~~~~~ — ~0 
— - -. ~0
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111.5.3 Algorithm for the Evaluation of Queue Statistics of Serve r Type 3 J
For the Multiprocessor queueing network model, we are interested in deriving the queue

length distribution , mean queue length, and throughput for a type 3 node (the CPU’S). We
know that in the Cms queuing network model only one “global” job class exist In that node -

which makes the algorithm simpler.

To calculate that queue statistics we will add that type 3 node as the last node (M) i.e.:

g~ (t,u,v,w) — g~ ..1(t,u,v,w) I ~~t,u,v,w)

~ (p . t)h (only one “global” job in this server)
= L M

h— O

j

Therefore: G~ (J~k~l~q) — Gm_ i(j_h ,k,l,c) h~
h 0

and C can be directly derived as:
m h

(p  )
C = GM

(ln)n,O ,P) — GM _ I (m_ h ,n ,o ,p) h~
h 0

To calculate the mean queue length in this server:

k .Pr (nM k) .

k— O
To calculate the probability of finding Ic jobs in the server (Pr (nM—k)), we will use the

Generating function again. Defining hM(t,u,v,w):
k

hM (t ,u ,v ,w) — ~~_ 1 (t ,u ,v ,w) k~
The probability Pr(nM—k) is the coefficient of tm in hM(t,u,v,w) (sum of all terms with ~ in

last term divided by the normalization factor) therefore:

kC,, 1 (m-k,n) p
Pr ( k) — CM (m t n)
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— 
C _ 1 (m-k ,n) 

k 
~ - 

(in-k ,n)
and 

~M L’ GM (tn ,n) . k~ L G,~(m,n) (k-1)~k—i k—i £

From which the throughput can be easily calculated.

111.6 Summary: Algorithm for Four Cms Clusters (Four “Global” Classes).
Here the algorithm which was used to compute the normalization constant C and is

presented, for the case of four “global” job classes of size m,n,o,p, and S + 1 type 3 nodes
out of MAXN total nodes. S nodes type 3 are evaluated first , the (S+1) node is evaluated last.

(a) Define a matri x G~m,n,o,p); Set i 4- S. 0 
-

(b) Compute 
~S,r 

— L ~j,r’
i—I

1 < r < 4 (the “globar Job class) and 
~j ,r 

— 0 if “global” job class r does riot visit node j.

~~~ )i ., \ . 1  /S 1 ‘~ S 2’ ~~ 3’ ~~~~~ /(c) Compute: G,(j ,k,l,q) — 
~~~~~~~~ 

‘k~ ~~~~~~~

(d) While ((i~i+1) < MAXN ) do step (e)

(e) G1(j,k,l,q) — G~(j,k,l,q) + pj~ G~(j— 1,k,l,q) + 

~i,2 G1(j,k—1 ,l,q) + 
~i,3 G,(j,k,l— 1 ,q) + 

~i,4 G~(j,Ic,l,
q-l)

for all 0 ~ 
j ~ m, 0 ~ K ~ n, 0 ~ I ~ o, 0 ~ q � p, and G1(j, tc,l,q)—0 if (jcO or k<0, or 1<0, or

q<0).

(f) C — GM~~~~
m,n,o,p) . C~ (m h;n,o ,p) 

(P
~~~N 1)

h

h 0
(the last node is type 3 with only job class 1 visiting it).

(g) Q~ — ( 1/ C) ~~

h— i
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IV. Appendix 4: Muntz and Wo ng Algorithms for Closed
Queueing Networks

IV. 1 Introduction

In this appendix the algorithm proposed by Muritz and Wong (MUNTZ 743, is presented.
The ai;orithm was modified to include several classes of customers in a server (which is a

direct extension to Muntz and Wong results), and was used as the first computational
procedure to solve the one Cluster Cm* models presented in chapter 3 section 3.1. The
reader is referred to the original paper for details.

IV.2 The Queueing Network Algorithms

The algorithm presented was used to solve the four server queueing model of Para.
3.2.0.1 . The notation used are similar to those given by (MUNTZ 74].

The probability that the system is in state S • n1, n2 1, n2 2, n2,3~ n3, n4 (where fljj is the
probability of 1- avirig n customers of class j in node I, and n1 means that only one class of
customers visit this node) is given by:

P( S ) — (1/C) g1(n1) g2(n2 1 ri2,~ ri2,3) g3(n3) g4n4

Where g~(n~) depends on the server type (for details see (BASKETT 75] or the F~ functions
In appendix 3, which are equivalent to the g

~ 
functions). C is a normalization constant.

(a> Generate the g1(n1) ... g4(n 4) with N ~ n~ � 0 for the 4 service stations in the model,
where N is the number of customers in the closed queueing network.

— Note that for service station 2 (which has three classes of customers), n2 — fl
2,1 

+ fl 2,2 +

n2,3’ and we have to calculate an aggregate state of g2(n2) by using:

n2 n2_~

— g2 (i ,j , n2
.- L—j) ; g2 (O , O ,O) — 1; 0 � a2 � N

Lao .1—0

(b) let K — n1 + n2 , compute:

(K) ~~ g 1(n 1) .

for all possible n1 , n2 values 0 � n1 ~ K 0 ~ n2 ~ K; n1.n2 — K.

To compute we simply use :

—
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k

(K) g1(n 1)g 2 ( K-n 1); N � (n1+n2) K � 0
n1 0

sum in service stations 1 and 2.

and g2~
(0) — g1(O) e2~0~ —

(c) For i — 3,4 compute

g~*(K) ~ g j 1
*( j ) g j ( K_j ) ;  0 � K � N

j~0

(d)C_ 1/g4 *(N)

IV.3 Computation of Queue Length Distribution

We are interested in the queue length distribution in server 1 (the CPU’s in the models).
Making this server the last service center in the g1

5 calculation (i — 4) aUovis us to calculate
the QM(nM) (marginal probability that service center M has 

~M customers) from:

QM(n M) — C g~ _j t(N - riM) g~ (n~ ); N 
~ 

� 0

The throughput of the model can be easily calculated from the average number in server I
as was done in the previous models.

— 0 - —0 ..-~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..,-—— - -. ..— - -.- 
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V. Appendix 5: List of Performance Model Programs
This appendfx contains a list of the performance models programs used for the

multiprocessor and computer network investigations. The programs are listed in the same
order that they are presented in the thesis. They are available on the CMU PDP1O/A on
account X335LR20.

Program Description

NCMSTR.SAI - Discrete time simulation model (in subsection 3.2.1).

CMSIMU. - M/M/1//N Poisson server model (in subsection 3.2.2).

MD1.APL - M/D/lf/N deterministic server model (in subsection 3.2.3).

NET1.APL - One cluster queuing network model (paragrap hs 3.3.2.1, 3.3.2.2).

BIGNET.APL — Multi cluster queuing network model, first cluster (subsection 3.3.3).

SECCLS.APL - Multi cluster queuing network model, second cluster (subsection 3.3.3).

IONET.APL - Multi cluster queuing network system with I/O node. Predicting system
performance (subsection 3.4.5).

IONETI.APL - Multi cluster queuing network system with I/O node. Predicting I/O rate
(subsection 3.4.5).

IONET5.APL - Multi cluster queuing network system with several I/O block moves in parallel
(subsection 3.4.5).

NGRADA.FTN, CONTEN.FTN - Performance vs. memory size trade off (subsection 3.4.6).

NETWRK.APL - Local network queuing modal (section 4.5).

• 0 • __ 0~~~~~~~~

0~~~~~ - -~~~
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-

~ 
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_
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Technological trends in semiconductor and micro-processor development are clearly leading
towards the production of a “~omputer on a chi~”~ In the near future such a computer

modul.. will include the equivalent of today’s mini-computer with some memory. Connecting
many computer-modules together will probably be a cost-effective way to build high
performanc e computer systems. This thesis investigates and contrasts the performance of
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two multiple computer-modu le structure s : a mult i processor with shared memory and a local
co m puter network in which all communicati on is via messages. Results are derived both from
running benchmark applications and from performance models. -~~ ~~‘

Very little knowledge and experience has been gained on the -performance of actu - ’l
mult iple processor applications. To investigate the problems ~nd potentia l of these
computer-modu o structures , an mu!ti ple processor system -- Crr~ , -- has been built . ale’
Carnegie-Mellon Uruv.r~iti. Firmware changes enable the emula tion of both an efficient
multi processor and a local comput er network. Ex periments were conducted on both types of
st ruct ures to obtain performance information. Our practical methodology includes
measure,uent of performance parameters using a set of benchmark appl cat ion programs
executing on Cms, and performance models that were derived and validated - using the
measurement results - and then applied for the performance investigation.
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