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Performance Evaluation of Multiple Pracessor 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 computer
module will include the equivalent of today’s mini-computer with some memory. Connecting
many computer-modules together will probably be a cost-eifective way to build high
performance computer systems. This thesis investigates and contrasts the performance of
two multiple computer-module structures: a multiprocessor with shared memory and a local
computer network in which ail 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-l
multiple processor applications. To investigate the problems and potential of these
computer-module structures, an multiple processor system -- Cm# -- has been built at
Carnegie-Mellon University. Firmware changes enatle 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 multiproc'essor structure formed the basis of a detailed performance
investigation of the initial, ten processor, Cmt system. This investigation showed the
possibility of efficiently 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
characteristics that make an application suitable for the multiprocessor structure, and into
algorithm decomposition issues.

Several multiprocessor performance models ware 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 details and sequences of actions on the Cms buses. Validation of the queuing network
model against the measurements of cne to eight computer-raodules Cms, showed that it
accurately predicts the observed performance, and is efficient and straightforward to use.
The model was then used to extrapolate performance for systems with 50 processors, faster
ﬁrocessors, and faster buses - to explore the viability of the Cms structure in much larger
and more powerful configurations. Some theoretical aspects and proofs of efficient
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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 praocesses. The potential performance gain, by utilizing several
processors, is already known for multiprocessors - but to date has not been seriously
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 accurately, 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 advantages cf using the shared address space in
multiprocessors is shown. The d.esign space attributes that mainly affect performance of local
network siructures are described. The possibility of forming an optimal match between
application programs and multiple processor structures is examined.
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l. Introduction

1.1 Goals and Definitions

The goal of this thesis is to analyze and evaluate key performence issues in the use of
multiple processor-memcry pairs in the multiprocessor structure/local computer network
structure space. A practical methodology and several techniques and tools were developed and
applied to the performance investigation of these structures. These tools facilitate the
inyvestigation of each alternative structure by itself. However our main interest was to
compare and evaluate the performance improvement that results from main memory sharing
(in multiprocessors) with the network message communication protocol. The research vehicles
included experiments and measurements of benchimark programs on the two multiple
processor structures, and models that were developed, validated and applied in the

performance investigation.

Technological trends in the semiconductor (LSI, VLSI) and micro-processor develcpment, in
the last few years, are clearly leading foward the production of a “Computer on a Chip". In
the near future such a module will include the equivalent of today’s minicomputer and some
memory on a single LSI chip. Such a structure will Le termed a Computer-Module. To
investigate thé problems and potential of computer module structures, an multiple
Micro-Computer-Module structure -- Cm# -- has been built at Carnegie-Mellon university
[Fuller 77a). Firmware changes enable the emulation of both an efficient multiprocessor and

a computer network.

Multiple processor systems, those that belong to the Muitiple Instruction, Multiple Data
stream (MIMD) category [Flynn 72], span a wide spectrum of structures with varying degrees
of decentralization. This spectrum ranges all the way from loosely coupled and
geographically distributed computer networks (e.g. the Arpanet), through tightly coupled
(local) computer network (e.g. the Ethernet), and finally multiprocessor and multiple arithmetic
unit processor computer systems. Figure 1.l illustrates 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). Cms configured as a multiprocessor is shown as the shaded area.

Our interest is in the differential in performance between multiprocessors and local
computer networks. Two main characteristics that distinguish multiprocessors from computer
networks are the mechanism to share data (and control) structures and the communication
rate (bits/sec) between proce-e- 5. Computer networks are characterized by interprocess
message transfers as the data control communication mechanism, while in multiprocessors
communication is achieved by <haring the primary memory hetween all processors.
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Communication rate is the other main factor. Informal definition puts the local computer
network as that part of the distributed computer spectrum between 0.1 MBPS (communication
rate in Mega Bits Per Second) to 10 MBPS! - While remote computer networks and
multiprocessors are on either side of local networks in the spectrum.

1.2 Methedology

To accomplish the goals of the thesis the performance of both multipie computer-module
multiprocessors and local networks was investigated using measurements of benchmark
programs on actual systems and using performance medels.

Due to the almost total lack of information and experience on such structures a practical

methodology had to be devised. The methodology that was used involved the following:

- 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. performance parameters upon which the performance evaluation was based)
were coilected. The Cms system connected as a multiprocessor system was used
for this investigation.

- Practical methods and tools were developed to enable exploring the performance
of the multiprocessor system in greater depth (while changing system
parameters) than could be done in the actual Cm# system. Analytic and
simulation performance models were used. This involved precofs of some
theoretical models and of efficient computational algorithms using a somewhat
different viewpoint than, and extension to, the work of others. The derivation of
these models included a trade-off between simplicity of the models and accuracy
of the results. b

- The performance models were validated using the results of the measurements
on Cmx*. For some of the models such a detailed validation had never been done
before, and thus advantages and limitations of the models were discovered. An
example of applying this models to the investigation of different extensions of
the Cmt multiprocessor computer system are presented.

- Constructing and validating the multiprocessor computer models and exploring
the performance issues enabled us to compare the multiprocessor structure to
the local computer network structure. There is surprisingly little knowledge, or
even research activity, regarding performance issues for the latter structure,
i.e. using the local network as a vehicle for gainning performance by
implementing cooperating parallel processes communicating by messages. The

‘Motca!fo [Melcaife 76) hao oboorved thal the communication rate/disfance beiweon precossors produst ic a good
moasuro of the slate of the art and thal the current stats of the art is sbout 1.0 Gigameter-bite/cecond.

e T ———— ———— gy - -
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Cm* system was used as an emuiation 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 software
support routine to handle the message communication protocols. Two benchmark
application prograrms, that were previousiy measured on the Cm# multiprocessor
structure, were adapted tc the network envirocnment and their performance was
measured and compared to the multiprccessor performance. Several other
issues concerning performance on a network structure were investigated.

1.3 Research Vehicles

1.3.1 CMx = The Computer-module Computer system

1.3.1.1 Cm* as a multiprocessor system

The distinguishing characteristic of multiprocessors is that all the processors in the
structure share primary memory. The concept of multiprocessors is not new; the Burroughs
D825 (1962), Bendix G-21 (1963), GE645 (1969), and 1BM 360G/65 (1969) provide early
examples. In these muitiprocessors conventional, relatively expensive, ceniral processors
were used, making it uneconomical to have more than a few processors. More recently,
multiprocessors using minicomputers have been implement«: [Heart 73][Wulf 72}, with as
many as 14 - 16 processors in a single computer system. General surveys of
multiprocessor’s taxonomies and structures are given in [Flynn 72], [Baer 73}, [Enslow 77a],
[Jensen 77], [Fuller 78]}, [Swan 78).

The structure of the Cmt multiprocessor system grew from economic, performance,
reliability and modularity considerations. Multiple processor structures with hundreds, and
even thousands, processing elements were envisioned. A detailed description of Cm#* and the
design issues involved is given in [Fuller 77a), (Fuller 77b), [Fuller 78], [Jones 78], and a
short description is repeated here.

The structure of Cms is depicted in Fig. 1.2. The fundamental unit of Cm# is a computer
module (Cm). Each Cm consists of a processing element (an DEC LSI-11 microprocessor), local
memory, input/output devices, and a local switch (Slocal) which provides a simple interface
between the Cm and the rest of the system. The primary memory of the system consists
exclusively of the local memory of the Cm's.

A processor may directly reference any location in main memory. The Slocal uses simple
mapping tables to decide on a reference-by-reference basis whether the physical address
being referenced to is in the local memory. If it is, the Slocal perform 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 mapping controller (Kmap). The Kmap’s, which comprise a distributed processor/memory
switch, communicate with each other and the Slocal’'s of the cystem to perform non local
references for processors. The fact that a memory reference is non-local is completely
transparent to the processor. While the reference is being performed by the Kmap and
Slocal’s, the processor waits just as if the reference was local. The duration of this wait
varies strongly with the distance the reference must travel to reach the addressed memory,
but is is fundamental to the multiprocessor Cmsx that the addressing mcchanism at the
processor level be exactly the same no matter where the physical memory being located.

The notion of a cluster was also introduced. A shared communication path, consisting of a
Kmap and a parailel Map Bus, connects several Cm’s. However, a single Map Bus would not
have sufficient bandwidth to service many Cm’s; furthermore, the presence of a single
inter-communication channel would pose a reliability hazard. Thus the Cm’s are grouped in
clusters containning from one to fourteen modules. References between a processor in a
cluster and a nonlocal memory in the same cluster invoive only the Kmap and Map Bus of the
cluster, while inter-cluster references involve also the Kmaps in the two clusters and
inter-cluster 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, communicating with the
Slocal’s of the cluster and the Kmap’s of other clusters. The Kmap's microprogram define the
address translation mechanism and thus the virtual memory architecture of the Cm* system.
The use of 2043-word writable control store within the Kmap's has allowed implementations
of different architectures. The version of the Kmap’s microcode used in the multiprocessor
Cmx experiments was a simple version, written to provide the minimum needed for
interprocessor communication and memory sharing. Under this simple microcode each
processor is permitted to map any of its sixteen virtual pages onto any 2043-word physical
page in the multicluster system. The total size of this microcode is 505 80-bit
microinstructions.

Figure 1.3 shows the sequence of transactiors that occur on the Map Bus during the |
processing of an external memory reference. The ‘irst transaction on the Map Bus is initiated
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, perform the
virtual to physical address translation, and sends the physical address. which inciudes the
number of the destination Cm, out on the Map Bus. Assuming that the reference is a simple
read, the destination Cm accepts 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 intercluster 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 multiple
clusters, 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 controller (Kbus) is master of
all the transactions 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 intercluster buses to which each Kmap may connect. The three
components are relatively independent and communicate via shared memory and a set of

hardware queues.

" The initial Cm# system contained ten Cm's with 28 Kwords of memory each, which were
configured into up to three clusters (three Kmaps were available). The next generation Cmx
system is currently being built and will include 50 Cm’s and five Kmaps.

1.3.1.2 Cm#% as a local cemputor rietwori systam

The central switching element in the cluster, the Kmap, has a complete control over the
processors and raemories in the cluster. This was utilized for the emuiation of a local
computer network structure, which 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 network
structure and the way it was implemented on the actual, one cluster, Cm#. The lccal computer
network structure is a collection of processing modules which are interconnected via
transport mechanism communication channel. For inter-processor communications the
processors (P) in the processing modules prepare a message in their local memory (M). A
controller, 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 actual Cm* system most of the port functions and the transport mechanism channel
were emulated by microprogramming the Kmap. This emulation is made so that the one
cluster Cms system, as shown in figure 1.5 (a), is seen by the user as the local network
structure in figure 1.5 (b). Thls emulation required an addition of about 220 microinstructions
to the initialization microprogram in the Kmap. The eraulation used a DMA mechanism for a
word by word transfer of the packet from one processor's merory 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 simple 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 and statistics, acknowledge
mechanisms’ handling, etc. This package is replicated in each of the processing modules in the
structure and executed by the processors in those modules.

1.3.2 Parformance Modsls
Definitions [Svobodova 76]:

- A performance model is a sufficiently detailed abstraction of a system containing
only the sufficient variables and relations needed for the performance
evaluation. It is derived by analysis of a functional model for a specific model of
workload.

- Functional madel: Describes how the syster operates. Dzfines the system such
that it can be analyzed mathematically or studied empirically.

- Workload rmocdel: Represents system workload in a form required by the
performance model - a controllable, reproducible environment.

- Performance measures: Set of predetermined parameters upon which the
performance evaiuation will be based (like throughput, utilization etc.).

The functional models that were constructed for the two multiple processor structures,
were mainly at the PMS level of the structure. It is important to model the structural
performance 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. Various
models were constructed; The main technique used was the analytic queuing network
technique, with several classes of customers.

The measurements results of a set of benchmark application programs, described in
chapters two and four, constitute the workload model. Chapters three and four contain the
description of the performance models that were constructed.

1.4 Synopcis of the Thesis

Chapter 2 includes the detailed discussion of the benchmark programs used and the
measurements that were conducted on the Cms* system connected as a multiprocessor
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structure. The main results are given in numerous tables and graphs.

Capter 3 contains the derivation of the various performance models used, their validation
results and discussion of their respective merits. An example of applying these models for

the investigation of performance issues in a multiprocessor structure is clso included.

Chapter 4 includes a discussion of local networks, a detailed descripiion of the emulation of
Cm# as a local network, the protocols used, the benchmarks programs and their adaptation to
a network environment, the main measurement resuits, the performance model developed and

its main parameters, and a discussion of the merits of the structures investigated.

Chapter 5 concludes this thesis. It re-ctates the main results and indicates future research

topics in the area of multiple computer structures.

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. Measurement and Evaluation of a Multiprocessor System

2.1 Introduction

Multiprocessor structures are just emerging; relatively little knowledge and experience, and
practically no quantitative measurement results exist for these structures. In particular the
performance evaluation of muitiple computer-modules, i.e. pairs of processors and memories,
demands specific performance measures (e.g. reference rate to ccde, data etc.). This chaptar
describes the result of applying the only practical method availzable to us at the present time
- measuring the peirformance of the multiprocessor Cm# executing a set of benchmark

programs.

Three programs from different application areas were used as the research vehicle to
obtain thece needed experience and measured data. This coilection of programs was chosen
as repreresentative of the major porticn of the processing done for many scientific oriented
applicaticns. The programs differ enough to stress different aspects of the architecture
(e.g. they exhipit different synchronization mechanisms, grain of parallelism, instruction cet
usage efc.).

These applications arel:
- Asynchronous iterative methcils for solution of Partial Differential Equations
(PDE’s).

- Sorting (Quick Sort).

- Set Partitioning Integer Programming.

The main objectives of performing these measurements were:

1. Show the possibility of solving efficiently several problems on Cmx like
structures (and in general in a muitiprocessor environment) and thus the viabiiity
of such an architecture.

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

3. Identify performance bottlenecks in the initial Cms - 10 processor - hardware
systerm that will provide some insight and heip in tuning and censtrucling such
systems in the future.

Hwo ofher opplications thal were oxoculed on Cme are Harpy epeoch rocognition systam, running on the Staros
operating aystom, and Algol 68 run limo system They ere described in [Fulier 77), [Jonas 78), {Hbcard 78] Harpy is
slso discuceed in section 4.3

_ad
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4. Provide some gquantitative criteria to estimate decompositions of future
applications for Cms like structures into parallel tasks (both for the user and
operating system design) and help to define classes of problems best suited for
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 Measurement Techniques

The 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 vaiue passing to and
from a given computer-module to be displayed selectively and be counted. For example, the
reference rate to a particular memory page could be counted.

A standard Logic Analyzer and counter were connected to the Kmap micro-instruction
address lines and were used to monifcr the Kmap micro-operations and determine what
fraction of the Kmap time was spent in it's different operations.

2.2.2 Problem Decomposition Issues

Not much experience had been gained in the actual decomposition of problems into parallel
tasks. The decomposition issue is not well understood yet and is currently a very active
research area. For example, some of the last results (those that are mostly connected to the
research at Carnegie-Mellon Univ.) include theoretical analysis of paraliel algorithms [Kung
76 Operating system design for multiprocessors [Wulf 74}, [Jones 78] Design aid tools
used for algorithm decomposition [Peterson 77), [Brantley 77] Programming languages
design to assist the user in exploiting the parallelism (e.g. Algol 68, Concurrent Pascal) or
even detect automatically the parallelism in the program written in a high level language and
utilize the multiple processor structure to gain performance (Hibbard 78] Some simple
techniques that were used and proved to be effective (from the limited experience gained in
decomposing these large grain, inherently parallel, applications), and some experience resuits
are listed below:

1. Use of master/slave relationships between processes, where the master serves
as the user interface process in the beginning and controls the other processes

(slaves). The master also participates in the task as any other process during
execution, Finally, the master outputs the task results when the work is done.
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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 uni-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 three application programs that were
implemented on the muitiprocessor Cms. For each program a description of the problem, the
methods used to solve the problem, the implementation details and timing 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

23.1.1 The Problem

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

The program solves the PDE: 32 32
+

" oy

(=]

=0

Nic
L

on a rectangular grid of size M x N, where only the values at the outer edges of the grid
are given.

The Finite Difference method transforms the problem into a set of linear equations: Ax =
b, where x is an MN vector of all the points in the grid, A is an MN x MN sparse matrix and b
is an MN vector derived from the boundary conditions. This set of linear equations is derived
from the new approximate values of the points (in each iteration) by averaging the values of

i
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the four adjacent neighbors of each point. The solution tc this PDE is required in many
application areas (e.g., Electro-Magnetic field, Hydrodynamics). Other PDE problems can be
similarly solved using this method.

More details about Asynchronous Iterative Methods and their applications ¢an be found in
[Baudet 77, Baudet 781

2.3.1.2 The Methods

Baudet [Baudet 78] gave a survey and developed several new methods for solving the
above problem. Four of these methods were implemented and measured on Cms. 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) iterates on a fixed subset >f
MN/P components out of the total MN components. The four methods are briefly discussed
below:

- Method Q: Jacobi’s Methad. In this method each processor retrieves its
particular subset of the data from the global vector, x, at the beginning of each
iteration. New values are computed for the elements of x and then compared
with their previous values. The elements are stored back into the global vector,
x, for other processors to use. This store operation is protected by a critical
section. The processor then cnecks the error vector (computed by differencing
the old and new values of the x 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 finished their work the computation
is complete. Otherwise the pr.\essor blacks awaiting the completion of the
iteration by all the other processors before starting the next iteration.

- Method 1: Asynchronous Jacobi Method (AJ). 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 starting on the next iteration.

Method 2: Asynchronous Gauss Seidel Method (AGS). This method is similar to
AJ method (Method 1) except the processor uses the new values computed in its
subset 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 (PA).  This method computes a new
value of each component using the most recent values of all components by
reading them directly from the global vector, x, and writing the updated values
directly back to the global vector (without any critical sections or
synchronization). This last method is clearly the most efficient. It also uses less
memory than the other methods. It uses critical sections rarely to inform the
master process that the work has been finished. Theorstically almost linear
speed up can be achieved with this method.

More discussion of the above methods and experimental results on C.mmp (using floating

24
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point) can be found in [Baudet 1978] Fixed point, single precision computation was used in
the Cm= implementation.

Some features of this problem:

- Extensive use of integer arithmetic operations.
- Four different methods with different synchronization requirements.

- Almost linear speed up can be expected.

2.3.1.3 The Implementation

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

2.3.1.4 The Measurements

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. The table shows the timing results for six
different memory patterns executed by a single processor:

- 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 Local variables mapped - only the memory references to the variables
which are local to a prqcess (those that are not shared between processes) are
mapped via the Kmap.

- Only global variables mapped - only the memory references that are shared
between cooperating processes are mapped via the Kmap.
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Jable 2.1: PDE, Memory Reference Patterns (using one Cm)

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 O

Memory reference pattern Execution time

All Local

All Mapped

Only Code Mapped

Onily Stack Mapped

Only Local Yariables Mapped

Only Global Variables Mapped

362
354
835.5
428
485
378

Method |

Memory Reference Pattern Execution Time

All Local

All Mapped

Only Code Mapped

Only Stack Mapped

Only Local Yariables Mapped

Only Global Variables Mapped

385.5

828
413
388
378

% Local execution time
1ee
263.5
231
116
112
184.5

% Local execution time
lee
267
231
116
112
184

—_— —
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Method 2
Memory Reference Pattern Execution Time % Local execution time
All Local 181 1e8
A'H Mapped 478 264
Only Code Mapped 417 238
Only Stack Mapped 218 116
Oniy Local Yariables Mapped 283.5 112
Only Global Yariables Mapped 188 184
Method 4
Memory Reference Pattern Execution Time % Local execution time
All Local 165.5 108
All Mapped 433 261.5
Only Code Mapped 382 231
Only Stack Mapped .186 . 118.5
Only Local Yariables ﬁapped 176.5 187
Oniy Global Variables Mapped 173 184.5
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2.3.2 Sorting = Quick Sort

23.2.1 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 sublist. In all the following implementations, each
process 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 processors as
possible, busy. A processor further partitions the remaining (larger) subset. When the
remaining subset cannot be partitioned further, the processor selects the next available
subset from the shared stack.

Very simple assumptions about the algorithm (similar assumptions leading to T = ¢ N Log N
for sorting using the sequential algorithm) give a theoretical sorting time of:

T =c N{(K-M/P + 21 - (1/2M) }
Where:
- N =  of elements to sort,
- K =Logy N,
- ¢ = constant,
~ P = » of processors,
-M=log P,

If the number of processors is much smaller than the number of items to be sorted, aimost
linear speed-up can be achieved. The performanced degrades considerably when the number
of processors is large (asymptotically to a constant speed of T = ¢ Log N/2). See 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 Implementation

One processor, the master processor, initializes and
the first partition and prints the results when the
participates in the sort like any other (slave) processor.

PROCESSOR SYSTEMS PAGE 25

starts the other processors. It makes
sort is complete. The master also

The stack, the vector of elements to be sorted, and the 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 The Measurements

The timing measurements and speed up factors for various memory reference patterns are

given in Figures 2.9, 2.10 and Table 2.2.

Jable 2.2. Quicksort, Memory Reference

Patterns (using one Cm)

Execution times (in seconds) in various memory reference patterns and percentage of time

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

Memory Reference Pattern Execution time

All Local 25.54
All Mapped ' 78.8
Only Code Mapped 68.4
Only Stack Mapped 38.3

Only Local Yariables Mapped . 28.3 .

Only Global Variables Mapped 31.2

xecute it when all memory references

% local execution time
108
274
229
118.5
111
122
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23.3 Searching - Set Partitioning Integer 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
thousands - for a minimum cost solution.

The set partitioning problem is to solve:
min {cx | Ax =g, X =0 or 1 for 0sjsN}
Where:

- A = M x N binary matrix.

- ¢ = N vector

-¢e = (l..1) M 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 dcne by one crew, ¢ is the vector of associated cost of each tour. A possible
solution includes a set of tours that satisfy all the flight 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:

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

- Extensive use is made of both arithmetic and logic functions.

- There is a theoretical possibility of nearly linear speed up.

2.3.3.2 The Implementation

As in the previous applications, one processor - the master - initializes, creates the array
according to user's specification and puts enough initial possible search path solutions in a
global stack, from which all the processors 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 the 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 when that global cost is lower.

2.3.3.3 The Measurements

Five different cases where arbitrarily chosen as test cases.

- I J Seed Density Number of Solutions
Case 1 18 188 1 8.1 3
Case 2 10 108 2 8.1 S
Case 3 18 108 3 8.1 S
Case 4 Sa Se8 1 8.2 8
Case S 17 68 1 8.1 1
Where:

= | = 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 the number of nodes examined for the 5 different cases
are given in Figures 2.11 to 2.13 and in Table 2.3. Note the interesting fact that almost a
constant num.. of nodes are examined while the number of processes participating in the
task varied.

e e D s
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Table 2.3: Integer Programming, Memory Reference Patterns (one Cm)

PAGE 29

 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. Three cases are presented here.

All Local

Al |l Mapped

Only Code Mapped

Only Stack Mapped

Only Local Variables Mapped

Oniy Global Yariables Mapped

Memory reference Pattern Execution Time

All Local

Al |l Mapped

Only Code Mapped

Only Stack Mapped

Only Local Variables Mapped

Only Global Yariables Mapped

Case |

Memory reference Pattern Execution Time

79.1
215.1
176.8
113.3
85.8
8l.1

Case 2

19.5

S3.8
43.6
27.3
21.1
28.8

% Local Execution Time

188
272
223.5
143
188.5
182.5

% Local Execution Time

188
272
223.5
148
188.2
182.5

alka

P S

L~ S =

—ad



PAGE 30 PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

Case 4
Memory reference Pattern Execution Time % Local Execution Time
All Local 2084.4 1ee
All Mapped S46.1 267
Only Code Mapped 455.5 223
Only Stack Mapped 277.4 136
Only Local Variables Mapped 217.5 186.S

Only Global VYariables Mapped 2088.3 182
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2.4 Summary of Measurement Results for a One Cluster System

This section summarizes the results of the 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 Cmx 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 total
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 PDE
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 varies 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 degradation.

2.4.2 Throughput of Cmx Buses and Components

This subsection shows the way interference effects can limit the 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.

- The graphs showing Cm’'s making rererences which are mapped back to their

local memory ("Mapped to Self") indicate that the Kmap saturates when 6 or 7
processors 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 all references were mapped,
was measured. 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 measurements were made using a
combination of the Map Bus Monitor and a frequency counter.

POE

method 8 method 1 method 2 method &
Code © 80.8% 80% 82.5% 82%
Stack 108% 18% 10% 11.5%
Ouns 6.8% 7% 7% 4%
Globals 2.5% 3% 2.5% 2.5%
Quick sort
Code 71%
Stack 12.5%
Ouns 6.5%
Globals 9.5%

nteger programming

- case 1 case 2 case 3 case 4 - case S
Code 71.3% 78.3% 71.1% 72.8% 71.5%
Stack 23% 26% 25.4% 22.3% 23.6%
Ouns 4.,75% 4.6% 4.15% 3.75% 3.85%
Globals 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 variables are mapped) are therefore on the order of 97.57 in the PDE program,
90.57 in the Quicksort program and 997 in the Integer Programming program.

2.4.4 Utilization

2.4.4.] System components

Figures 2.14 to 2.17 show the different aspects of the system’s component utilization while
running the POE programs. The Kmap executes a two micro-instruction loop (called the “idle
loop”®) whenever there is no useful work for it to do (This is used to show the utilization of
the Kmap). 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 07, i.e. all
references are mapped back to the Cm, is only 35%Z The rest of the time is spent in the idle
loop.

2.4.4.2 Number of Cms 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 example, the PDE 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 107 degradation in the
mapped reference time. With a 907 hit ratio (10%Z mapped references), as observed in the
Quicksort program, the Kmap can support about 20 processors with a 107 degradation in the
mapped reference time.

2.4.5 Total Local Memory References pc.r Second and MIPS.
Based on the three programs measured, the local memory reference rate was as follows:

- PDE -Time between successive memory references = 3.7 microseconds.
Reference rate = 270 KWords/Second.

- Quick Sort -Time between successive memory reigtences = 3.33 microseconds.
Reference rate = 300 KWords/Second.

- 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 - 1.76 '
- POE - 1.45
- INTEGER PROGRAMMING - 1.75
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For the HARPY speech recognition system the reference 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 (about 8 million instructions) of 20 Fortr;n, Cobol and operating
system programs (Marathe 77] A possible explanation for this may be that the Cms
applications 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 maximum 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 Slocal
busy loop count is about 2.26 microseconds (1.1 microseconds in the Pmap and 1.16
microseconds in the Kbus and Map bus).

2.46.]1 PDE

The number of busy loop references in the PDE program increases from O to 4200 in
Method O 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 057 - 17 to the
utilization of the Pmap. (The Pmap spends 27 - 37 of its time doing useful work, and sits in
its idle loop for the remaining 967 - 977 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: 0.17 to 0.257%

2.4.6.2 Quick Sort

This program is difficuit 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 loop 100,000 counts (11.0% of Pmap time)

- Idle loop 2,500,000 counts (78.5% of Pmap time)

—
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- Useful mapping references 150,000 counts (10.57 of Pmap time)

From the above results, the performance degradation due to memory contention was
calculated to be 2.77. Map bus contention was ignored in the above calculations.

2.A.7 Frequency of Lock operations

The total number of lock operations per second ranged, in PDE 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.

Iable 2.4: Timing of an ntra-Clyster Reference

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

Timing (in usec):

- CPU avg. processing time (assuming 3.5 usec cycle time,

1.6 usec in the Mem. bus) cmeeesecccccmceccen——— 1.8
- CPU to Kbus request time - 8.9
-~ Kbus to Pmap processing time ----- -- 8.523
- Waiting in Kbus to Pmap queue 8.3
- Processing time in Pmap ===ccceemccmcccccmccmcacccccccaaaax 8.628
- Waiting in Pmap tu Kbus queue - 8.3
- Kbus to Slocal processing time 8.314

DMA arbitration to get map bus - -- 8.8
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OMA memory access time 8.9
Slocal to Kbus return request time ----- 8.7
Kbus to Slocal return request processing time ---—===eeee--- 8.3942
Kbus to CPU return request 1.2
TOTAL -- 9.487

Table 2.5: Timing of an [nter-Cluster Reference

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

Timing (in u;ec):

CPU avg. processing time (assuming 3.5 usec cycle time,

1.6 pusec in the Mem. bus) -

CPU to Kbusl request time

Kbusl to Pmapl processing time

Waiting in Kbusl to Pmapl queue
Processing time in Pmapl (Send req.)

IC bus busy time ---

Fix (various reasons) Linc delay

Linc to Kbusl delay -- we

Kbus2 processing (to Pmap2)

Kbus2 to Pmap2 queue --

Pmap2 Ic (receive) processing time

Waiting in Pmap2 to Kbus2 queue --

Kbus2 to Slocal processing time --

1.8
8.3
8.52
a.3
2.83
1.8
8.3
e.s
8.21
8.3
1.73
8.3
8.31
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- DMA arbitration to get map bus . 8.8
- DMA memory access time -- 8.9
- Slocal to Kbus2 return request time -- 8.7
- Kbus2 to Pmap2 return request processing time =—=-eeceeeeee 8.52
- Kbus2 to Pmap2 queue 8.3
- Pmap2 IC send return req. - £1.3
- IC bus busy time (return req.) 1.4
- Linc delay (various reasons) 8.3
- Linc to Kbusl delay -- 8.9
- Kbusl to Pmapl processing ‘ 8.21
- Kbusl to Pmapl queue 8.3
- Pmapl processing (return req.) 8.63
- Pmapl to Kbusl queue - 8.3
- Kbusl (return) processing 8.84
- Kbusl to CPU return request - 1.2
- TOTAL --- 23.8

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/Second (3.7
microsec per reference).

- Reference saturation rate of Kmap (including the map bus) - 552 KWords/Second.
- Saturation of map bus transactions (i.e read or Read-Modify-Write 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 Cm= multiprocessor. Three clusters were 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 O 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 aimost all the memory references local to each Cm (only globals
mapped either inter-cluster or intra-cluster 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
multicluster 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 Cm#s systems a single Map bus and Kmap will
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 resuits 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; increasing to
about 367 speed-up gain with eight Cm’s participating.

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 Kmaps
participating with only a small percentage of the references (globals) being executed via the
Linc (which does not degrade the overail execution time much). That simulates a case where,
in some special condition, using the Inter cluster bus can releave contention (and saturation)
ir a one cluster ~ many Cm’s ~ configuration,

A large Cms system is necessary to lest the utility of multicluster configurations running

e SN

-4
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practical applications.

2.5.2 Contention

Fig. 2.20 and 2.2]1 show the resuits of executing a simple, one instruction loop (L: mov sL,
R7), 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 from
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 destination clus<ter, 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.
Utilization was measured as the tate 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 pseconds.

- With only one processor executing, the source Pmap is busy only 13.27 of the
time - i.e about 3.5 useconds 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 10.37% or about 2.7 useconds 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 saturaticn
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 region, is not well understood yet
and needs further investigation.
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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 Cm# are: local memory
references = 3.5 Micro-seconds (basically a function of the processor (LSI-11)
used in the Computer Moduie). Intra-Cluster references = 9.3 Micro-seconds
(includes the time to make the necessary mapping translation and the fetch from
a remote memory inside the cluster). Inter-Ciuster references = 26.4
Micro-seconds (fetch from a memory in a remote cluster).

. The potential instruction rate of a Cm executing a "typical® program in its local

memory, is on the order of 0.17 MIPS (Million Instructions Per Second).

. 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 = 717 to
827. Stack = 107 to 257. Local variables (owns) = 3.757% to 77. GClobal data =
1.17% to 9.57.

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 execution time. The
hit ratio (ratio between reference rate to local memory to total reference rate) is
907 to 997 in the above applications.

No single component is a performance bottleneck in the initial Cms system.
Furthermore, the results show the potential for expanding the system without
causing a significant degradation in s/stem performance (e.g., for the measured
hit ratio, of the application progr>ms mentioned above, an estimate of 20 to 60
Computer Modules may be configured into one Cluster without degrading the
Intra-Cluster mapping time by rmore than 107).

—ad
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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 Cms like multiprocessor computer system.

The presentation of these models, starting from a simple, classical, one cluster M/M/1//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 to deal with the third factor seriously, though some initial
investigations are being done by others in the Cm# project (Jones 78]

The methodology used in the derivation of each new model was first to validate its
performance results to the actqal 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 Cms cluster, discrete time simulation is given. The basic M/M/1//N,
one cluster, analytic queueing model is presented next. The effect of replacing the main
exponential server by a deterministic server, M/D/1//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 | and 2 contain the equations that were used to solve this M/D/1//N model. In
Appendix | 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 obtained 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. Background 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 algorithm
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
written by Brown [Brown 76] This simulation model was modified and used as one of the
models applied.

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 relatively
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 minutes to 20 minutes of KL10
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 modeis. 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-dependence between nodes (issues that will be
discussed later) - which are not yet possible in a queueing network model. But the relatively

Lrnie program is written in the Sail language.
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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 M/M/1//N Queue Analytic Model

The first analytic model was the classical M/M/1//N Central Server "Machine Repairman
Model™ (Poisson arrival, Poisson server, one server, FCFS discipline, N customers). The
machines are the Cm’s in the Cm# single cluster and the "repairman” is the Kbus (which is
known to be the bottleneck in the system in many cases).

N TERMINALS

SERVER

The solution to this model is well known (e.g. [Kleinrock 75]) and will not be repeated here.
Using Kleinrock’s notation:

A - arrival rafe from each terminal.

u - service rate of the Poisson server.

N - number of terminals.

Pg - probability of idle server.

P - average number of customers in the server.

Observing that from the balance equation:
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Throughput = (N - P) A = (1 = Po) »
we can find P from: P=N-(1 - Po) u/A

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

. K . N
Py = KEO V" - 07

A program was written to solve the M/M/1//N equations. The mean service time demand
from the server is the parameter that can be changed externaily (scme other parameters may
be changed internally). Fig 3.1 gives an example of the program output. IDLE - is tr=
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/1//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 Kbus 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 M/G/1//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/1//N model was to use the Imbedded
Markov chain approach (see [Kleinrock 75] for general discussion of this method). Because
we could not find a solution to the M/G/1//N (or the M/D/1//N) models in the literature, we
have derived it in Appendix R

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

lU-im the same APL program this solution was compared end was found to be identical to the Supplementery
Varisbles solution, ss expected
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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
with the measurement results of the actual system (taken from fig. 2.14, using the PDE
benchmark) for the case when all the references are mapped through the Kmap back to the
same Cm. As expected, the resuits of the simulation and the deterministic (M/D/1//N) models
are very close to the actual measurements, while the resuits 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 service time gives the upper bound on the server utilization of all possible
server distributions, and therefore throughput - as is shown 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 and high traffic level cases (for the Kbus as a
bottleneck in the system case). The M/M/1//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 muiti-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, modeliling the
sharing of some of the references to one common memory module is not possible.

These limitations led to the investigation and 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 Background

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 Jackson [Jackson 63) Closed
(i.e. with N = constant number of customcrs), exponential, queueing networks were later
explored by Gordon and Newell [Gordon 67] T '/ showed the product form of the solution:

P(Sl. SZ’ senee SM) - (I/C) Fl(Sl) FZ(SZ) - FM(SM)

Where P(S| ... Sy is the probability that the network is in state S| .. Sy (i.e. there are S;
customers in queue i) and Fi(S;) is a function of only the type of the i server and the state §;
of this queue. See Appendix 3 for details.

C is the normalization constant and is given by:

1/C = 2 F(S)) - FAS\) p

o
over all possible states S| .. Sy | Z' Si' N = constant and S; 2 O for all i.

i=0
The main difficulty in solving closed queueing networks is to compute this normalization
M+N-1
M-1
- Spy)- Buzen [Buzen 73] developed computationally efficient aigorithms for determining the

constant C. Note that the summation is taken over all possible system states (S;
normalization constant C and other statistics (for exponential servers). Similar algorithms
were independently developed by Reiser and Kobayashi [Reiser 73]

Baskett, Chandy, Muntz and Palacios (BCMP model) [Baskett 75] made a significant
contribution 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 marginal 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 and number
of service centers.

There are three computational algorithms suggested in the literature. Muntz and Wong

i il PO S
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[Muntz 74] proposed a computational algorithm to compute these statistics that were used in
the first, one Cms cluster, queueing netwaork madels that we constructed and was found to be
easy to apply and understand, but not easy to expand and 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 specify and evaluate queueing networks in a unified 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 and Bhandiwad
(WB model) [Williams 76] This was also suggested in a survey by Gelenbe and Muntz
[Gelenbe 76] in which they wrote about this technique "it provides an ordinary and unified
approach to the problem".

The analysis in the WB model was not detailed or general enough to apply directly to the
multi-cluster Cm#* 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, hepefully, considerably easier to understand.

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

3.3.2 Evolution of Cmx Queueing Networks Models

In this sub-section the evolution of the queueing network models from a simple, one
cluster, model to a relatively 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 and
introduced more complexity only in cases where they seemed essential to obtain more
accurate predictions. The first model is described 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 first, simplified, model of the one cluster Cms system is given below:

Pi1;21 =1

TYPE 3
P2,1;3,1 = |

P3,1;2,2 = |
92’2;4'2 -1 class 3

P42;23 =1

TYPE 3 class 2 @ TYPE |
P2,3;1,1 =1

Simple, One Cms Cluster Model

Notation:

N - Number of customers (Cm’s)

M - Number of service centers = 4

R - Number of classes of customersl- 3

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

-

A
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_external memory references, with mean inter-reference time of X (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 S/¥ ). 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 complexity and was not used in
the models.

(c) Service center 3 - Again a deterministic service station can’t be used to represent the
Pmap, and Type | - exponential server with FCFS discipline was used.

(d) Service center 4 - By ignoring contention in the memories (in this first medel) 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 memary
cycle with the local 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 ny, n2,1» N2, 12,3 "3 N4 ) is given by:
o (-1 _ (sw)
Number of states L-1> 5
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 modification to the algorithm proposed by Muntz and
Wong [Muntz 74] and is given in Appendix 4. The validation resuits are given in the end of

-4
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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 ).

P2 ¢!
P2,1;3,1 = 1
P3,1;2,2 = 1
P2,202=1-a
P2,25,2 = @
Pa2;23 "= 1
P5,2;2,3 = |

P223;1,3 = 1

First model with Memory Sharing

The solution of this model was similar to the solution of the previous model, with the
addition of the new node. The simple change to the previous model shows the ease of
making changes in the queueing network technique. Surprisingly, when we tried to validate
the resuits of this model, they were found 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 cne
shared memory module in the system). Investigation showed that this is a result of another
difficulty 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. In the actual system,
if another reference has already occupied this memory module the request will wait in the
Kbus for the memory to become free and then will 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 waiting request start moving in the same route.
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In 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 immediately and queue at the shared memory module server (node 5)
without blocking by the Kbus. The throughput of this node in saturation is higher than that
of the system in saturation as the communication (Kbus and waiting delays) are done in
parallel (in node 2) with the memory (node 5) servicing other requests - thus resulting in

higher throughput.

Increasing the service time of the shared memory module to include the communications
delay resulted in ‘naccurate results when the system was lightly loaded (accounting twice for
the bus communicalicn 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:

P1,3;2,1 = 1
P2,13,1 = 1
P31;2,2 " l-a
P355,:2 = @
P2,2;42 = 1 TYPE 1
Pa2;23 = 1

Ps,2;1,3 = 1

P23;1,3 "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 Cmx%x Network Model

3.3.3.1 The 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 Flg. 3.3.

The five cluster network model is composed of 27 nodes.
Nodes !,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 (aimost) 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 1 was used.

Nodes 6,8,13,18,23 represent the fixed delay associated with an inter-cluster request
(i.e. Linc delays and request of the Kbus). Servers of Type 3 (no queue) were used.

Node 7 represents the delay associated with the inter-cluster bus transaction. It is a
server of Type 2 (and not type 1) because of the different service time requests for the

different classes.

The two figures (Fig. 3.3 and Fig 3.4 ) show the flow of memory requests from the CPU’s
in cluster 1 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 | 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 | leave this node (as “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 « they move, as class 2, and queue at the shared memory module (5),
following the memory access and bus delays they return to the CPU's (class 2).

w
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(b) With probability (1 - « ) 8 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 Linc 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 cr.mtinué 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) and back as "local”
class 7 to the Kbus (2) and back to the CPU's (node 1).

(c) With probability (1 - @ ) (1 - 8 ) the token moves to the Kbus (2) as "local” class 2
access the private memory (4), return as class 4 to the Kbus (2) delay and return to the
CPU’s as "local” class 4. )

Similar transfers 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 ¢pu’s in each cluster.

(b) f - Ratio of references to the shared module (in cluster 1) to the total number of
external references (i.e. those that are not local to the Cm).

(c) B - Ratio of inter-cluster references to the total external references (which are not for
the shared module).

(d) m,n,0,p,y - Number of processors in each cluster.
(e) CL - Number of clusters
(f) Scale - A scaling factor to eliminate overflow or underflow in the computation.

(g) MU’s - Ail the different service time requests of the different servers.
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3.3.3.3 Storage considaerations

As explained in Appendix 3 the algorithm requires a matrix of the size: (m+1)-(n+1)-(o+1}.
(p+1)-(r+1), where m,n,0,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 PDP10-KL10 (that was used for the solution) is
maximum user's size of 128K 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 Queueing network model validation for one 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 network are almost identical to those of the M/M/1//N, (which is anticipated given
the exponential nature of the Kbus queue that was discussed before), and lower than the
actual measurement - again by about 87. This effect was discussed in Section 3.2.

In Fig. 3.6 the results of the queueing network are compared to the actual 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 resuits 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 Cms=
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 experiment 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 saturation in the Kbus is dominant, and two clusters with equal number of Cm's in each
(and 257 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, thus verifying 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 validation cases that we were able to test.

e ——— RO
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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
architecture. Based on the measurements reported in Chapter 2 the performance issues
were mainly investigated for the following parameters:

- Hit Ratio: 907 to 957 range.

- Share Ratio (to shared memory module): 07 and 1007

3.4.1 Performance of the Actual One Cmx Cluster

In this sub-section the performance limits of the af:tual, one cluster, Cms system are
investigated, and the strong effect of the hit ratio and share ratio- on the system’s
performance is shown.

3.4.1.1 Saturation and the 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 system
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 with 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 maximum performance
capability. A sketch of these points is shown as the dot-dash curve in Fig. 3.10. That curve
shows that for the current system the saturation (due to the Kbus bottlieneck) is in the 20 -
25 Cm’s region for hit ratio of 907 , in the 40 Cm's area for hit ratio of 957, and much larger
for higher hit ratios. That shows that for a typical application a one Cms cluster could have

~ad
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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 907 to 957 roughly doubles the performance in the saturation
region. That emphasizes the importance of localizing the program in the Cm’s local memory.

B .
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3.4.1.2 The significance of the share memory ratio

Flg. 3.11 and Fig. 3.12 show the model’s performance prediction of the actual, one Cms
cluster with different share memory ratio’s, and hit ratio’s of 957 and 907 respectively.

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 external (non-local) references per second. This represents, for example,
references to a memory module were "global® data to ail 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. approximately 507 of all the external references are to one memory module) the shared
memory module becomes the system’s performance 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.
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3.4.2 Performance of One Cmx Cluster = Changing System Parameters

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 context 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 registers,
in which the necessary computation for this operation is done. A context is released only
upon completion of the operation. We wanted to explore the influence on performance of
changing N - the maximum number of contexts available (which is part of the Pmap
implementation cost).

By trying to do so we encountered again the same queueing network deficiencies -
inability to block access to a subsystem and not allowing inter-dependence between nodes.
These deficiencies inhibit the incorporation of contexts in the Kmap. Note that we have to
block the access to the Kmap if N contexts are currently been used, and a contex: busy state
has to be remembered and not assigned again while the reference is moving to another node
in the system without releasing the contezt. We employed two techniques to overcome the
problem:

(a) Instead of blocking the access to the Kmap we allow, as a crude approximation, any
number of customers to access the Kmap sirf.taneously - but recorded in the experiments
the probability that more than N contexts are busy. This can be done as we are able to
calculate, in the queueing network technique, the queue length distribution in various nodes.

g ®

Figures 3.13, 3.14 and 3.15 show the probabilities results for the curfent 8 contezts, for 7
contexts (which was chosen as a possibility of reserving one context in the curent
implementation for some special error condition) and for four contexts. As can be seen from
the figures, eight and seven confexts give very low probabilities of missing a context for the
maximum cluster size of 14 Cm’s, even for hit ratio in the 857 range (which explains why we
had not experimented with more than eight contexts). Four contexts seems too few (more
than 107 probability of a missing context for 907 hit ratio and more than 307 for the 857 hit
ratio).

(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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system’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 system), while with four contexts
we might suffer 157 to 207 degradation in the system’s throughput for hit ratio of 807 and

large (more than 16 Cms) one cluster system.




Requiring More Than 8 Contexts (Percentage)

PERFORMANCE .EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 79

100.0 N + %

Hit Ratio = 0,

95.0
90.0f Hit Ratio = 0.8
85.0
80.0}
75.0-
70.0} Hit Ratio = 0.85
65.0-
60.0
§5.0
50.0
45.0
40.0}
356.0 it Ratio = 0.8
30.0
25.0
20.0
15.0

10.0

§.0 Hit Ratio = 0.95

.04 — - 4 Hit Ratio = Q.975
: 10 12 14 16 18 20 22 24 26 28 30 32
Number of Processors (one Cluster)

Fig. 3.13: Network Model, Requirement for more than 8 Contexts




R
>
o
m
3

'PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

100~ ’ + ¥

951 Hit Ratio = 0

Hit Ratio = 0.8
Ratio = 0.85

85}
80}
75+
70r Hit ratio = .9

65}

60}

Requiring more than 7 Contexts (percentage)

55¢
50
45}
40}
354
30}
25+
20}
156}

10}
Hit ratio = 0.95

. Hit Ratio = 0.675
o - - S n A A Yy
6 : 10 1 14 6 18 20 22 24 26 28 30 32

Number of Processors (one cluster)
Fig. 3.14: Network Model, Requirement for more than 7 Contexts




Requiring more than 4 Contexts ( percentage)

PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 81

100~ ) . ” %

Hit Ratio = 0

901 Hit ratio = 0.8

851 Hit Ratio = 0.85
80}-
75k Hit Ratio = 0.9
70}
65}

60}

50¢+

454+

40}

35

T

30}

25t Hit Ratio = 0.95

20+

10}

Hit Ratio = 0.975

10 12 14 16 18 20 22 24 26 28 30 32
Number of Processors (one ccluster)

Fig. 3.15: Network Model, Requirement for more than 4 Contexts



PAGE 82 PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

S
N
H
1

Number of EqulvalentA cm'

N
o
T

*infinite® contexts

. —— — ——

e — ————

16+

12 Two Contexts

One Context

Hit Ratio = 0.9

o A L A L A 1 A L A A r L J

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

Fig. 3.16: Simulation Model - Effect of # of Contexts on Performance

e




Number of Equivalent Cm’s

PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 83

44 -

36}

32}

28t

24t

oot e — ——— —
e o i S S

20+

16}

12}

Hit Ratio = 0.95

o 1 1 1 n' 1 A i i A 'I 1 i J

0 4 8 12 16 20 24 28 32 36 40 44 48 62
Number of Cm's

Fig. 3.17: Simulation Model - Effect of # of Contexts on Parformance




g
PAGE 84 PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS
0 12~
_E
O
o
c
L
o
.§ "Infinite” contexts
E =
w70} --_x-----f"‘x ------- et pintons -
Q Eight Contexts
.
v
Q
E
D
= Four Contexts
e omaallle e e i R e o ot o e e x
8
6 Two Contoxts
R L S SR e I i i s Sy i ot X

One Context

Hit Ratio = 0.8

1 1 " A

o 1 L 1 A 1 A A
0 4 8 12 16 20 24 28 32 36 40 44 48 652
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 faster Processors and memories

As an alternative to the LSI-11 processors used in the current Cms configuration we
wanted to investigate the effect of using faster processors and memories, but retain 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-11 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 resuits with share ratio = 0 and hit ratio of 907 and 957. As expected
the asymptotic throughput saturation of the curves (due to the use of the same Kbus) are
identical, but faster processors and memories resuited in a throughpe! saturation with fewer
Cms. E.g.in the 12 Cm’s range and a hit ratio of 907, the faster processor gave about 607
increase in throughput while the'three times faster Pc-Mem pair gave about a 957 increase in
throughput. For a hit ratio of 957 the results are an increase of about 807 and 1607 in
tﬁroughput, 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 607 higher than the regular curve (but
still 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 OMA access, as
explained 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 result, even without changing any of the other components of the system.



PAGE 86

£y
A

40

36

32

Number of Equivalent Regular Cm's

28

24

20

16

12

PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

Pc-Mem Pair X 3, Hit Ratio = 0.95

x

3 Processor, Hit Ratio = 0.95

egular Processor, Hit Ratio = 0.95

Pc-Mem Pair X3,

Reguilar Processor, Hit Ratio = 0.9

Share Ratio (alpha) = 0

' 1 A 1 '

o
0]

Fig.3

12 16 20 24 28 32 36 40 44 48 52
Number of Cm's

4 8

.19: Network Model, 1 Cluster, Effect of Processor/Memory Speed




s
N N
H ®

quivalent Regular cm’

Numb'%r of E
Q

16

12

PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 87
Pc Mem Pair X 3, Hit Ratio = 0.85
Regular Processor, @ii ratio = 0.95
8 5 o
X 3 Processor, Hit Ratio = 0.85
Pc-Mem Pair X 3, Hit Ratio = 0.9
‘ A A A
v v v

Reguiar Processor, Hit Ratio = 0.8

1

A

X 3 Processor, Hit Ratio = 0.9

Share Ratio (alpha) = 1

. |

A

A

o
o

Fig.3.20: Network Model, 1 Cluster, Effect of Procassor/Memory Speed

_F

12

16

20

24 28

32

36

40

44 48 52
Number of Cm's



AD=A060 498 CARNEGIE=-MELLON UNIV PITTSBURGH PA DEPT OF COMPUTER ==ETC F/6 9/2
PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS.(U)
AUG 78 L RASKIN FUL620=73=C=0074
UNCLASSIFIED CMU=CS=T8=181




o)

“ 36
Rl

g i

%\:
(e}

2

N

I

o

s |l

2

MICROCOPY RESOLUTION TEST CHART

NATIONAL  BUREALL OF TANDARDS 1961 A




PAGE 88 PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

3.4.2.3 Changing the 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 O and 1, were used. In
Fig. 3.21 and 3.22 we show the results of eliminating the Kbus and Kbus 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 physically closed together with a short Map bus interconnection, and elimination 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, resulting 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 - 300 nsec), as is
shown in figures 3.23 and 3.24.

These figures show that if a new Cms 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 arbitration logic
- since they have a strong influence on the system performance.
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3.4.2.4 Changing Kmap clock rates

In this paragraph 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 resuits, as before for hit ratios of 907
and 957 and share ratio of O 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., P;nap - 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 O (i.e. no memory interference) the saturation 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 bottieneck 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-cluster 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 1007 - when the memory module is the system’s bottieneck.

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

an e
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3.4.2.5 High performance system

Figures 3.29 and 3.30 show the performance of a high performance system that we can
foresee - one cluster inc. porating all possible improvements: three times faster processors
‘and memories, fast Map bus arbitration, 150 nsec. Map bus transaction, and elimination of the
central Pmap (assuming some extra logic in the Cm’'s and operating systems functions to
account 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.
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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 Cms system, using
the model given in Chapter 3. Here the third layer in the Cms-like memory hierarchy
structure - the inter-cluster communication is considered for the first time.

The main performance issues considered were: optimal distribution of Cm’s between
clusters to achieve maximum performance, effect 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 cluster 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 assign Cm’s in a multi-cluster configuration to get the
maximum 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 less Cm's in each) will cause increased inter-cluster communication

rate demands for the relatively slow inter-cluster resources, and thus lower pertormance.

As explained in Section 3.3 the parameters of the model were: The hit ratio, the share
ratio (Alpha) - to a single memory module in one cluster in the system, and inter-cluster ratio
(Beta) - i.e. ratio of the remaining external memory references that are referencing a memcry
in another cluster. In all these experiments we used, again, hit ratios of 907 and 957, and
share ratio of O 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 didnt consider the increase in
communication time with increased number ¢‘ 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 (multi 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 O and 0.5 (i.e 507 to one memory module in Cluster 1) - while the other
external references are homogenecously distributed between the clusters (multi-cluster ratio
= Beta of 0.5 for 2 clusters and 0.75 for 4 cluster system).

For share ratio of O the results show that even for a large system the one Cms cluster
performed better than any multi-cluster configuration 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 still performed better.

To keep the model simple we did not use the second inter-cluster bus that exists in the
actual Cms system. W2 do not anticipate, however, much improvement by incorporating this
Link as the Pmap server is almost as busy as the inter-cluster bus in serving an inter-cluster

reference.

From a mere performance point of view (neglecting important considerations like:
modularity, reliability, availability, ease of building an operating system, electrical limitations,
etc.) we see that multi-cluster systems do not prove to be better (and is usually worse) than
a large, one cluster, system with homogeneous distribution of global data across clusters. As
figures 3.31 and 3.32 suggested, the only way to get more performance out of a multi-cluster
system is to carefully 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 57 of all the references).

Figure 3.37 shows the results of an experiment where a 48 cm’s system was considered.
A single cluster and four clusters systems were compared, while executing application
programs with hit ratios in the range of 807 to 1007. The varying parameter was, again,
Beta - the ratio of the number of inter-cluster references to the total number of nonlocal
references from the Cms. The results show that a one cluster, 48 Cms, system (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 configurations.

Given the electrical limitations of the current system it is, nevertheless, encouraging to
verify that in many applications, 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 907 and 957, respectively.
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3.4.4 Cache Memories

An alternative to the program “locality” requirement, which enforces the replication of
code, is to use cache memoaries in all the Cm’s - thus avoiding the need 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 io their
work for general discussion on cache and its main parameters.

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

Cache size (words)! Set size | Cache hit ratio (reads)

256 | 1 | 8.7

512° | 1 | 8.75
512 | 2 ] 8.82
10824 | 1 | 8.87
10824 | %, | 8.83
2848 i 2 | 8.83

From the simulation results the cache size for the PDP 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 associative” (and not "fully associative™ which is still too expensive), and
an anticipated cache read hit ratio of 0.87.

These results are quite compatible with what we could assume based on the data we have
from the several benchmark programs, thal were executed on Cms. These programs took
about 1700 tu 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 Cml,

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) 107 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 157 to 257 of all
references (we'll assume an average of 207) and they also account for large percentage of
the total writes in the system. The possibility of assigning storage areas local to each Cm for
this purpose, improves the system performance as is seen in the table below. y

Some other facturs were not considered here. They include the I/0 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 preblem 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 si'ze, 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 "globa!" 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.

’Thil, in fact, may be done quite easily by using 8 mechanism similar {o the "window" (mapping) registers used now,
with one bit per register (segment) to sllow the use of the cache. :
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Cache size/ lread misslurites- ouns+stack | “Globals" miss | Total system
set size | ratio llocal inl remote Iratio (including! miss ratio
| Ithe Cm | | writes) |
256 / 1 | 22.5% | 8% | 5% I 27.5%
256 /1 | 26.1% | 8% | S% { 39.1%
256 /1 I 21% I 8% | 18% I 31%
256 /1 | 25% | 6.7% | 18% I 61.7%
512 /1 | 18.84 | @% | 5% I 23.8%
12 /7 1 § 21.7% | 8% I 5% I 364.7%
o1 /. } 1 17.5% | @% | 10% 1 27.5%
512 / 1 | 28.84 | 6.74 | 18% I 37.5%
1824 / 1 ! 8.8 | 8% | 5% I 14.8%
1824 / 1 i 11.3% | 8% | 5% I 24.3%
1824 / 1 . 8.1% I 8% | 18% I 18.1%
1824 /7 1 1 18.8% | 6.74 | 18% I 27.5%
1824 / 2 I 5.3% | 8% | 5% I 18.3%
or 20848 / 1
1824 /7 2 |l 6.1% | 8% | 5% I 18.1%
or 2848 / 1
1824 7/ 2 I 4.94 | 8% | 18% I 14.39%
or 2848 / 1
1824 /7 2 I 5.8% | 6.7% | 10% I  22.5%
or 2848 / 1 #

- —— - — - — -~ - -~ - - - - - - - - - - - - - —— -

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 resuits 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 off some performance for 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 Aspects

In this sub-section some input/output aspects of the architecture were investigated. There
is no input/output bound appiication on Cm# and thus no measured results. The following
model estimates the 1/O traffic impact on performance for some simple configurations. Two
aspects were considered: The degradation in system’s performance in the presence of 1/C
traffic, and changes in 1/O traffic rate for various changes in system’s configurations and
parameters.

3.45.1 The 1/0 queueing network model

Fig. 3.42 show the queueing network model used to investigate the 1/O questions. This
model! is similar to the multi-cluster network model witk: the inclusion of node 28 in cluster 1
to represent the 1/0 source, and of global class 6 to represent the 1/0 traffic 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/0 delay - replacing node 1 - CPU delay.

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

We’ve used the model to investigate the 1/0 effect on the system's performance - we
assumed the system to perform some application task in paraliel with the [/O traffic and
calculated the system performance with and without the 1/0 node, and the 1/0 rate was found
by caélculating the throughput of node 28.
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3.4.5.2 [/0 performance resuits
The two 1/0 inter-reference delays (u28) used in the calculation of tHe 1/0 network were:

- 13 psec : representing a processor executing a tight loop:

LOOP: MOV (R1)+, (R2)+
S08 Re, LOOP

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

- 0.5 usec : representing a possible, sophisticated, DMA channel which is connected directly
to the map bus and transfer 1/0 blocks to the Cm's memories.

One Cluster System

In Fig. 3.43 the effect of 1/0 traffic on the system’s performance is shown for both of the
above cases and application hit ratios of 907 and 957 (ALPHIO and BETAIQ = 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 usec ioop demand more time from the central (Map) resource and cause
more performance degradation. The overall performance degradation is relatively small -~
maximum of about 87 (0.5 usec loop and 25 - 30 Cm’s in the cluster). The I/O node has an
effect of just adding one more Cm with low local hit ratio,

Fig. 3.44 show the system’s contention influence on the 1/0 traffic rate. We see that with
low system contention the maximum 1/O rate of the DMA channel (0.5 upsec loop) is about 3
times higher than the processor’s (13 usec 1/0O loop) 1/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 1/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 1/0 channel only (DMA or processor loop). It is possible to use a
few 1/0 traffic 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 example with four Cm's executing 1/0 transfers in
parallel (using the processor loop and iransferring 1/0O blocks to their local memory), the
maximum /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 1/0 channel.

oy
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Note: Another (and better) way to implement the 1/0 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 1/0
model would have allowed us to investigate this subject. Due to schedule constraints this was
left for future investigations.

Two Cluster System

Fig. 3.45 and 3.46 show the results of incorporating inter-cluster 1/0 traffic in a two
cluster Cm# system performing an application as described in Subsection 3.4.3 (507 of the
application external references are inter-cluster). All the 1/O traffic was assumed to be
inter-cluster (BETAIO = 1) from one cluster (where the 1/0 channel reside) to the other
cluster. Here, again, the inter-reference 1/Q delay parameters were assumed to be 0.5 usec
and 13 usec, 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 1/0), while the 4 other curves show the degradation in the system’s
performance in the presence of 1/0 traffic. The degradation is even smaller than in the one
cluster case (maximum of 37 to 47).

Fig. 3.46 show the inter-cluster 1/0 rate. 20,000 -~ 30,000 words/sec. (10 - 15
pages/sec. - depending on the system’s parameters) might be expected in the actual Cmx
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 1/O data blocks from
one cluster to the other with 1/0 rate of about factor of 2 slower (for the processor loop
transfer) or factor of 3 slower (DMA) than in the one cluster case.

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

Another aspect of Cm#-like architecture, which we only briefly touched in Section 3.4 (hit
ratio curves), is the trade-off between the system’s memory requirement and the system’s
performance. Although the aspects considered here are almost trivial, it is still instructive to
visualize the localization factor of Cms like architectures in some graphical form.

Performance / memory tradeoff is strongly dependent on the computation that is being
dore. As an example Fig. 3.48 shows the results for 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 follows:

Memory Reference Pattern [Memory Size Relative Reference Rate

- ———— ——— - — -~ - ————- -

Stack + Cuns 8 Kuords 27.5%

Code + Routines 2 Kuords 71.4%
Read only Global Data 7 Kuords 1%
Read/UWrite Global Data 2 Kuords 8.1%

To generate the curves in Fig. 3.48 a program written by P. Feiler was used, in which
we’'ve incOrpora'ted the Kmap contention model as in the M/M/1//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 replication 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 participating Cm’s and memory contention was therefore neglected.

The X axis shows the total system’s memory size required to run the appiication, while in
the Y 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 1007 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 read only segments).
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The results show clearly the significance of localizing code. Curve 1 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 copies caused a steep increase in the siope
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 negligible performance gain.

Similar curves can be generated for other applications. The parameters needed can be
either estimated or measured in a single 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 1.17 global
data reference ratio) it still show the main points in the memory size / performance tradeoff
- small increases in mémory size for the most frequent used portions of the application
program return significant performance gain, while global data replication give, in most cases,
insignificant performance increase.
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3.5 Conclusions

Several performance models and their application to the evaluation of Cmt like
muitiprocessor architecture, were reported 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 evoliution 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, investigated the possibility of using cache memories, the impact of input/output
traffic on the system’s performance, and performance - memory size trade offs. 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, Cmx like, architecture a quantitative data on the performance 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 meters, 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 network research issues range from hardware topology and protocols to
network operating system and application 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
structurel. Scanning the literature one finds that perfermance 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 mulliprocessor is used.

As part of the performance investigation in multiple processor systems we wanted to show
that a local computer network structure is capable of achieving performance gain for certain
classes of applications. Although an accurate 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 multiprocessor with the same number of processor -
memory pairs. This is a result of simpler interconnections in the network and the increased

YLocal networks have been used offectively for reasons other than performance. To connect dedicated function
processors and fterminals (eg. a fronl end processor that controls communication with & main frame) and
multiprogramming with resource sharing situations. Such cases are nol considered here.
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role of interconnection costs in the total system cost, as a result 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 Cms 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 figure 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-Net was emulated and a functional
description of the process interface software support package. A short description 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 performancé issues.
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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 design of some existing local networks cited in
the previous section, 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 Bits 8 Bits
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 o 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 explained 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 message 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
r;\essage 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
available. A simple FCFS 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 package
initializes these registers prior to execution. 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 HXDP system [Jensen 78], thus freeing the
processor to continue 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 Cms system most of the port functions and the serial line transport channel
were emulated in the Kmap. As described in chapter 1 the Kmap is a special purpose, 80 bits
wide microprogrammed controlled, processor. We have microprogrammed it so that the
architecture of a one cluster Cms system, as seen in figure 4.2 (a), 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 written for the multiprocessor 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 registers which are initialized by the
processors.

The message transmissicn starts when a processor writes a pointer to the message to be
sent into a special location that is automatically interpreted by the Kmap as a request for a
message transfer. The Kmap allocates a context to the message operation, checks if another
transfer is not in progress and store the request in an internal FCFS queue if another
transfer has already started, frees the processor fo continue cperation, reads the first two
words (the message header) and check if a buffer is available in one of the two buffer
pointer registers of the destination processor. The contexzt 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
inform them on the completion of the message transfer, and then frees the context - ready
for a new message transfer, ‘




PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 139

If a buffer is not available in the destination site the Kmap 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 the
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 1/0 rates, and a
statistics 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 allocation, queues handling and acknowledge
mechanisms were done by the process interface software support package, i.e. part of the
virtual port function were 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 usec (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 usec delay to
execute the (about) 100 micro-instructions in the Pmap necessary to complete one packet
transfer, 26 usec delay in the processor interrupt and move instruction to restart a new
transfer, and about 41 pusec in Kbus operations and DMA accesses (9 Kbus and DMA
operations). For the word transfer about 9 usec is spent in Kbus and memory reference
delays, and 3 usec in micro-instructions in the Pmap. These measurements show that the
maximum possible 1/0 rate of the emulated network is about 1.3 MBits/second.

4,2.2 The process Interface Software Support Package

4.2.2.1 The functions

The process interface software support package is a collection of application independent
routines and was intended to supply the necessary functions that the application program
might request, in an efficient manner. The functions performed by the routines include:

- Initialization - to construct a free buffer linked list and to detect ail 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 lists (where the received messages, messages to be
transmitted 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 software support acknowledge
mechanisms.

The hardware acknowledge option follows the HXDP network where acknowledges and
retransmissions 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 flag 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 special
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 functions, are:

- "Last received” - Keep track of the last message received correctly from that
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processor, thus insuring the receipt 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 follows: 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 arbitrarily 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 protocol between all processors participating
in the task.

4.2.2.3 Timing measurements

Measurements were mace 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 buffer 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 warted to see what application
programs executes poorly on local networks in comparison with multiprocessor
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 Prograraming application and the
Harpy speech recognition system. Both were implemented and measured on Cm* 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 complex
and intense communications demands.’

In the problem decomposition the guideline was to try 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 results. Recall that the
master participates in the task as any other process.

Two versions of the Integer Programming application 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 master 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 requests from the slaves
for new assignments (new initial search paths), the master supplied new assignments, 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 global data. For ease of implementation a heterogeneous distribution of memory
size in the network 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 slave process is capable of holding one vector of the
matrix in any given time, and he must request a new vector from the master process
whenever he needs 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 traditionai cost/performance issue.

Many other decomposition alternatives that affect the performance are possible, including
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
implemented versions will be sufficient to cleerly illusirate 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 cooperating parallel processes and implemented on
C.mmp (another muitiprocessor at CMU) [Oleinick 78) It was modified and implemented on
Cm# as a multiprocessor by P. Feiler ([Feiler 77), [Jones 78)).

The Harpy task implemented on Cm# (tﬁat 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 POP-10 computer. The preprocessed data
is the input data for the Harpy program on Cms which attempt to recognize the sentence.
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This input is composed of probability vectors that a segment of the utterance match a
possible phonic gesture of speech. The algorithm relies on a predefined network in which
nodes are phonetic gestures and directed links are probabilities that one node follows
another. The recognition process is a heurislic parallel search through the network. The
DESCAL network contains about 1000 nodes. The average branching factor in the network
was about 4 and the number of node candidates for each segment of speech was measured to
have a mean of nine, but a large variance (e.g. 307 of the segments has less than 4
candidates). The small number of candidates limits the efficiency of colving this application
with many processes in parallel. For more details on the algorithm see the references cited
above.

4£.3.3.2 The multiprocessor and ccmputer natwork decompositions

In the multiprocessor versionthe master process initializes the task and synchronizes the
slave processors during the task execution. This is dene in three steps for each segment of
speech (about 30-850 segments per utterance): Check of all the possible next nodes of the
current candidates in the network (next state), network initiaiization (initialization), and prune

of the search results and save of the candidates for the next segment (save state).

The assumption that many processes can participate in the task led to various
implementation decisions. The master does not participate in the actual execution of the task
and thus was available for fast synchronization cf all the slave processors in each step. This

resulted the decomposition shown in figure 4.3 (a).

Other decisions involved the global read/write data structures, that mainly contain
information about node probabilities and other node related information. Those data
structures were organized according to the node’s names and thus the initializations and
saving steps involved initialization and searching by all the slaves of those (1000 clements)
data structures looking for new information and saving the relevant ones. These decisions
seems to fead to a good decomposition for a multiprocessors with many processors as the
cost of accessing global data is relatively low.

For the computer network implementation of Harpy it was clear that the multiprocessor
decomposition has an extremely high communication rate, unbearable in the network
environment, To make a fair comparison belween the two structures the algorithm should be
decomposed differently in a way best suited for the structurel, The access rate to global
data should be minimized and the read/write global data should be stored local to the process

’Wo make » distinction hare belween an algorithm « the dacisions and heurislics vsed lo solve tho probiem on @
uniprocossor and the decomposition of that alzgorithm into parallel tasks. We {ried to koep the algorithm intact but
changod the docomposition for {he nelwork implementation

e g — - - g -
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that need a direct access to it. Assembly and de-assembly of the messages by a process
would require more time than the processing time done on that data in the remote process
site. It was also intuitively clear that that the initialization and save phases, that involve
those read/write data structures and performed by one processor, should be minimized and
done only on those nodes that were changed in the last phase. Synchronization oparations
between all processes in the network are even more costly operation than in a

multiprocessor environment and should be minimized.

The decomposition we have chosen to implerment was as follows: The read only data of the
searched speech network was replicated in all the slave processors. The read/write network
data and the accompanied data structures were kept in the master processor memcry area.
Some of those data structures were changed to enable processing (by the master) of only
those nodes that were changed, by the last segment, thus cutting the processing time of
those phases considerably.

To reduce the synchronization overhead, and reduce the processing time even further, we
have pipelined the execution of the master’s save state portion of the algorithras with that of
the slave’s next state. The master checks if the probability of a node {o become a new
candidate, that was calculated in the previous segment, is above some threshold limit and
immediately sends it to the slaves for further processing if the node is above that limit This

pipelining is illustrated in figure 4.3 (b).

The critical section of the decomposition (in which the master calculates the new threshold
function for the search pruning, based on the last supplied information from the staves) is
unfortunately a necessary step, and was hept as short as possible. A priori this was
considered to be the best decomposition of the Harpy algorithm for the local computer
network, although the limiting effect that the master's execution times has on the efficient use
of many slaves was realized.

4.3.3.3 The memory size requirements

The speech network information contained about 6300 words of read only data (which was
replicated in all the slaves) and about 3000 words of read/write data (kept in the master’s
process area). The preprocessed speech sentence required about 2500 words for each
sentence (the probability vectors). This is not needed fot a live processing when the
segments come in succession from the pre-processor.

The master code is less than 2000 words, about €000 words are needed for the various
read/write data structures manipulated by the master. The slave merory conlains the €300
words of the speech network 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 /O and library routines.

note: DESCAL is the smallest task of the four existing Harpy tasks. Considering the largest
task (AIXOS) 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

4.4.1 The Intoger Programming Application on Cm=Net

In this subsection the results of the measurements are presented by various figures. We
mention here the main conclusions from these measurements and will return to these results
for further discussion and explanations in connection with the performance model 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-Multiprocessor. The network execution time contained the initializaticn time needed fc -
replicating the matrix 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 extremely encouraging. They show that for some
classes of applications with low communication overhead, the network overhead is still
negligible even for a modest 1/0 rate of about 1.3 Mbits/second. Notice the more than linear
speed up achieved in case 1 of figure 4.6.

Figure 4.7 shows that the ackdow!edge mechanism has also a negligible effect in that case.
This results from the small number of messages (and therefore acknowledges) that are being

iransferred during execution.

The next two figures (4.8 and 4.9) show an example of the results collected by the
statistics package - the total number of packels and words that were transferred during the
execution of case 1. The results show that the number of packets grows rapidly from one to
two processes, and continue to grow in a slower and aimost linear rate later on. The addition
of the second process causes many requests for new assignments (about half of the total
number) to be sent between the slave and master processes. Adding more processes results
a modest grows in the message rale for initialization of the new processor and as a resull of
the additional work that is taking from the master and done by the slaves., The number of
packets for the software support acknowledge mechanism is about twice the number of the

hardware mechanism, as expected.

The number of words in figure 4.9 grows almost linearily. This is explained by the task
initialization phase. The initialization phase of replicating the matrix and the read only 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 traffic size is dominated by the initialization phase. The short acknowledge
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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 /O rate, and the rate could be reduced to about 50 Kbits/second
without affecting the performance much. Only ext(emely slow network channel rate causes
severe performance degradation (again a result of the low traffic 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
slave upon request. These results show .clearly the crucial and sensitive role of the
performance/memory size tradeoff in the network environment. While cases 1 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 relatively long
execution time of a slave for each sparse vector received in those cases, while the vector in
case 4 has much higher density and is immediately found to be contradicting to the solution,
causing a short execution time in the slave, and high message rate. 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 slowing 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 were 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 to slave. These results show
that with 5 to 6 slave processors in cases | 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 figure
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 Application on Cm=Net

Figures 4.16 to 4.18 show the results of the performance measurement of the Harpy -
speech recognition system on Cm-Net. Figure 4.16 compares the execution time of Harpy on
Cm-Net to the execution time on Cms# as a multiprocessor ([Feiler 77]) for recognizing 3

different utterances. A few interesting phenomena are seen in this figure.

The computer network execution time with ane slave process is more than twice as good as
the corresponding multiprocessor curvel. Given that the master is idle most cf the time in the
multiprocessor case and is used (the pipelined save state) in the network version, we
compared it to the two slaves results and still find the execution time tc be about 307 better
in the network case. This is explained by the considerable savings resulted from
reorganizing the data structures to check only the last changed nodes, as explained before.

The overhead in the master execution and the (still) high message rate caused a slow down
in the network execution for more than two slaves, while the muitiprocessor was still able to
achieve performance gain with six slave processors. The limiting factor in the multiprocessor
execution time is due mainly to the small number of candidates and low branching factor in
the desk calculator network. This is a good exampie where different decompositions of an
algorithm are suited to particular structures. We believe that other decompositions will not
give considerably better (and probably worse) performance results.

From these results we can conclude that applications similar to Harpy, with high slave
message rate, cannot perform well on local networks with large number of processors. The
large task, described in the previcus section, will probably have a considerable worse
performance. This is due to the large memory size required for the read only data (requires
different, less efficient, decomposition or extremely large memory size in the structure) and
the lower branching factor (2.9 instead of 4) - that further reduces the slave 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 pronounced when the software support acknowledge mechanism was employed.
The performance degradation was about 357 to 457. This shows the advantage of using a
sophisticated port, for such high communication rate applications, that automatically deal with
acknowledge mechanisms.

Figure 4.17 shows the network’s channel 1/0 rate effect on this application. Still the 1/0
rate was not the dominant factor and could be slowed down by a factor of 10 (from the 1.3
Mbits /second) 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 slave is used (for getting the next
assignment, transfer of search results etc.). The linear grows, with increased number of
processors, is explained by the synchronization messages that are being sent to all the
participating processes in the end of each segment of the utterance,




PAGE 164

N
()
1

24%

20

Execution Time (seconds)

22|\

PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

A Multiprocessor

Network, "software support® acknowledge

10 A Network, "hardware® acknow(edggx -------- "
" -8 R, ket
’\.\\ _______ Keowooo
& SO T P R x- -
8} SER A Se,
~
‘%
.\,§-~x‘.-.
B - Sew -
3 Otterances

4}

2

0 ! 1 { £ ! =

1 2 3 4 5 6 7

Number of "Slave'" P ,cessors

Fig. 4.16: Harpy, Execution Time of Multiprocassor and Network




Execution Time [seconds]

PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 165
65
el
60 .’,."'
.—"’D’ ‘
A
55 e
11 Kbits/second _ 8
el
50 - PR
45
40
35
30
25
20‘
45 Kbits/second I TPV L X
‘5.* ..................... Reeo==""
15 e e s s
o >
1.3 Mbits/second
5
O 1 1 1 A 1 J
1 2 3 4 5 6 7

Number of "Slave” Processors
Fig. 4.17: Harpy, Network, Effect of Network Rate on Execution Time




PAGE 166 PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

10500f
10000t

9500

T

9000

T

1.3 Mbits/sec., "sofware support® acknowledge

Number of Packets

8500

T

T

8000

7500

7000

6500

6000+

T

§500

T

5000

4500

4000

1

3500}

3000}

2500

1.3 Mbits/sec., "hardware® (automatic) acknowledge

2000

T

1500}

1000 3 Utterances

500t

=

I ' A 1 J

1 p; 3 4 5 6 7
Number of "Slave" Processors

Flg. 4.18: Harpy, Network, Total Number of Packets Sent

o
0




PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS PAGE 167

4.5 Performance Model of a Local Computer Network

45.]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 were 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 application 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 executing on a multiple
processor structure with a shared global bus. Each subtask requiring a cyclic processor
execution and bus usage. Their objective was to determine the processing power of such a
system, and used linear assumptions and a simple queuing model to obtain upper limits on the
processing power and bus usage.

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

1. Transport mechanism communication rate and port message o‘;ferhead.
. Acknowledge mechanism used.

. Number of processors in the local network.

5 W N

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

. The master mean response time to slave requests.

. Message overhead in master and slave.

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

. Number of initialization packets and words for each addition of a slave process.

W O N o o

. Average number of words'in the slave and master messages.
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Approximation to these parameters might be derived either from simple measurements
(using one slave processor) or from estimation of the application behavior and code invalved
in the different tasks.

This list of parameters is not sufficient to describe the application behavior thoroughly, and
deliver only a gross estimation of the behavior of that class of appiications. As commented in
chapter 1, modelling the exact behavior of of an algorithm is a difficult task to do, and is not
general enough to generalize from. For example, we assumed the performance of the
application to be directly proportional to the amount of processing available in the structure
to process the application, while in many cases the application does not possess that
property (e.g. does not have enough inherent parallelism to fully utilize the structure). We
assumed here that an approximation of the application program behavior and of the local
network parameters, as given above, should be sufficient to give a first order apprcximation

of the network performance and usage for accomplishing the task.

45.2 The Performance Model

A simple, three node, queueing network model with four classes of customers was
developed to model the local computer network behavior.The model is shown in figure 4.19.

Following an execution time in the slave a message request is transferred to the network
trans~port channel. After some delay (and acknowledge delay if applicable) it was queued to
receive service at the master node. The service time of this node includes the message
overhead time. A return message is sent back from the master, through the transport
mechanism (again with some delay), to the waiting processor.

The service times of the master, slave and 1/O transport 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 1/O rate, average mescage size, message
overhead, and acknowledge mechanism costs. The initialization phase was modelled by
incorporating a linear time model which caiculates the initialization lime in the beginning of

the execution.

Using the efficient computation aigorithms described in appendix 3 (the same algorithms
that were used for the multiprocessor modeling) an APL program was written to calculate the
utilization of nodes 1 and 3. These utilization results where the basis for the network
performance predictions given below.

4.5.3 Comparing Model and Maeasuraement Rasults
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Trying to validate the accuracy of the model, we made a series of experiments to measure
the nine network parameters for the two applications, 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), for the twe versicns of centralizing and replicating the binary
matrix. The model parameters were obtained by averaging the message traffic 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 matrix), was measured to be
slow - 500 msec., and was about 4.5 msec for the second version with the centralized matrix.
Case 4 had an inter-request times of 2.2 seconds and 1.1 msec respectively.

The model results of those two figures have a similar behavior to the measurement result
curves (with worst case deviation of about 257 and typically much better than that). As
mentioned before the model cannot predict anomalies and deficiencies in the aigorithms and
assumed that the execution time degrades only as a faclor of the processors idle time during
messages transfer. The model showed that centralizing the matrix caused the master process
to be the bottleneck in the system with the measurement 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 resuit (boid curve). Here again we see that the model
has predicted a similar behavior to the measurements. The surprising pessimistic prediction
of the model mainly resuits from the better than linear speed-up of case 1 of this application.
The model showed that the slow down with low /O 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 several I/0 rates. It is
encouraging to see that the model was able to predict the perfermance behavior of such a
complex algorithm with reasonable accuracy. The model give more optimistic results than
measured (as expected) and the difference increases when more processes are participating
m ‘e tack - as the Harpy (Cescal) algorithm, with its small number of candidates per segment

peech  and small branching factor, cannot support many processes even in the
erson  Harpy's slave inter-request time was & msec.,, and the master mean

ta A B
sveraged lo 45 msec

sssy ament resulls show that the performance model can predict,

svior of an spplication on top of local computer
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4.5.4 Mode! Predictions

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. Applying 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 507 of its maximum capability) estimated this
point to be about 28 processors in the 50 Mbits/second case, 22 processors for 1.3
Mbits/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 negligible 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 presentation 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 centralization, 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 example 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 slave 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 rapidly. This figure, together with
figure 4.24, form a three dimensional space with the performance in one axis, the message
rate and number of processors in the other two axes, and with surfaces of varying 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 lowering of the network transport communication rates) is
explained by the participation of the master in the task. Lower transport rate (lower
message rate 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 all
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 microprogrammed Cms - the multiple processor structure - to act as a local
computer network, process interface software suppor:t 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 changes in message communication) and its
performance, with matrix replication, was excellent. It was encouraging 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. In the Harpy case
we showed that different decompositions of the algorithm, better suited 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
better understanding 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
transport mechanism communication rates. The 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 decomposition versions of the Integer Programming illustrate the cost/performance (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
vastly difficult than for a multiprocessor decomposiiion. The emphasize on low communication
rate is a restricting factor, but the simplicity of the synchronization and critical 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 the inability 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.
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5. Conclusions and Future Research Areas

5.1 Summary and Main Contributions of the Thesis

In this dissertation the 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.

Qur 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 art of this subject.

A description of the methodology used, as well as a short description of Cm#, a muitiple
micro computer-module structure, is given in chapter 1. Cm# 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 factors that affect
performance of an application program on top of multipie 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 (PDE’S).

- Sorting application ~ Quicksart.
- 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 series of experiments &
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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 10Z. 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 performance 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 the possibility of solving efficiently several
types of problems on a multiprocessor (multi=computer-module) structure, obtaining quantitative
measurement results and various performance measures to be used in the derivation and
validation of performance models (in particular the relative access frequency to various memory
patterns, i.e. code, stack etc.). Demonstrating the possibility of using relatively simple techniques
to got meaningful performance results, and the insight into problem decomposition issues
obtained.
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The measurement results and the performance measures collected aliows the development
and validation of multiprocessor performance models. In chapter 3 the evolution of these
models is presented. Starting from a one cluster discrete time simulation model, through a
simple M/M/1//N queuing model (exponential server), M/D/1//N (deterministic server) model,
and finally the more complex, multi-cluster, queuing network model with several classes of
customers. Appendices | 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/1//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/1//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 87 (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. This 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 confidence level intervals are part of the simulation resuits.

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 - Erlangian
distribution can 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 pose a severe problem, and a single queuing model with classes of
customers captured the main performance 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 presented in chapter 3) is given in table 5.1.
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TABLE 5.1: SUMMARY OF 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, derived
from the relevant figures in chapter 3, on the parameter’s saturation values. For details see
the appropriate section in chapter 3.

PARAMETER CHECKED |

MAIN ATTRIBUTES OF A LARGE

| SYSTEM AND PERFORMANCE

Hit Ratio (to
local memory).

BOTTLENECK COMPGNENT.

Performance is very
sensitive to changes. Hit
ratio should be maximized.

* Kbus is the bottleneck.

| EXAMPLE OF SATURATION
| (HIT RATIO = 8.3, S8
| Cms, UNLESS SPECIFIED
| OTHERWISE) .

| 5% change from 8.9 to
| 8.95 doubles the
| performance.

- ——— - —— - - — - - - - - - - - - - - - - - - - - - - - -

Share Ratio (to
one memory module) |

Number of Kmap |
“contexts". |
|
|

Faster processars
and memories.

- ————— - - -

High Share Ratio causes the
shared memory to be the
per formance bottleneck.

| Share Ratio of 8.5
| causes 28% degradation
| in performance.

8 "contexts" are about
right. More contexts
would not increase

per formance

| 4 "contexts" cause
| 20% degradation

| in performance.

|

Give better performance.up
to a limit when the Kbus
saturates.

Eliminating the Kbus and
short arbitration time in
the bus improves performanc
considerably.

| Processor X3 faster,
| 12 Cms gives 608%
| improvement in
| performance. processor
| -memory pair X3 faster
| gives 95% improvement.
| No Kbus - 908%
| improvement. Faster

el arbitration - 1108%
| improvement.

Changing Kmap |
clock, |
|
|

Sensitive to changes in Kbu
clock ‘(the bottleneck
component). Insensitive to
changes in Pmap clock.

s | 25% performance
improvement for 25%

Kbus clock decrease.

«

High per formance |
system (fast X3 |
Pc- memory, no |
Kmap, fast |
arbitration). |

Much higher performance can
be achieved.

| More than S times
| improvement in

| performance is

| possible.

|
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TABLE S.1 (CONTINUED)
PARAMETER CHECKED | MAIN ATTRIBUTES OF A LARGE | EXAMPLE OF SATURATION
SYSTEM AND PERFORMANCE | (HIT RATIO = B.3, 58
BOTTLENECK COMPONENT. | Cms, UNLESS SPECIFIED

| OTHERWISE) .

Comparing single | For random distribution of | One cluster has a
cluster to multi- | data, 'a single cluster is | better performance
cluster structure,| better than a 4 cluster | than a 4 cluster, 58
checking memory | system (inter-cluster bus is | Cm system, by a factor
hierarchy. | the bottleneck). better | of 1.3. For inter -
| decompositions with lower | cluster ratio of 25%,
! inter-cluster rates (less | 4 clusters are 2.3
| |
| |
| |
| |
| |

than S58% of all external times better than for
references for a 4 clusters
system) multiclusters are
better (the Kbus is not
saturated).

———————————————— - - - - - - -

a random distribution
(With inter-cluster
ratio of 8.75).

Changing inter - | Relatively fast serial line | 2 clusters, 18 Mbits
cluster parallel | still causes a considerable | per second serial
bus to serial | performance degradation. | line bus with inter-
line. | Inter-cluster bus is the | cluster ratio of 8.5

| bottleneck. | causes more than 3

| | times performance

| |

degradation.
Cache memories. | Cache memories cause | 2K cache causes about
| performance degradation | 35% performance
| compared to current system | degradation compared
| (higher total "miss ratio"). | to current systenm.
| but is still feasible (in |
| |
l |
| |

particular if faster cache

is used] and cut the total

required memory size.
Effect of one 1/0 | Small degradation of total | about S% degradation
block transfer. | system performance. Large | in total system
| system slous the 1/0 rate | performance. S to 6
-1 considerably. | times degradation in
| |
l |
| |

170 rate with
increased system size
from 1 to S@ Cnms.
Per formance/memoryl Very sensitive to code | 22 Cms, Integer
tradeof f. | localization. Relatively | Prog. application:
insensitive to placement of | localizing code gives
read only global data in the | about 8 times
structure. | improvement. Global
|
|
|

data localization
results in only 2.5%
improvement.

........ eI
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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 the queuing network model as a capable and efficient
performance model, the ease and practicality of applying this model for the investigation of many
performance issues (as seen in the various examples), and the insight that these 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 statistical 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 supparting 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 Harpy 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 read-only da.ta 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 memory, 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
analytic model with four classes of customers was constructed. Validation experiments
showed that it represent the application and network structure behavior with adequate
accuracy. 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 QF 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 saturation values. For
details see the appropriate section in chapter 4.

PARAMETER CHECKED | MAIN ATTRIBUTES OF A LARGE | EXAMPLE OF SATURATION
I SYSTEM AND PERFORMANCE | (58 Cms, INTEGER PROG.
| BOTTLENECK COMPONENT. | APPLICATION, UNLESS
| |
| |

SPECIFIED OTHERWISE) .

- ——————— - - - - - - - - - - - - - - - - - - - - - - - - -

Netuork transport | sensitive to communications | 2.5 times improvement
communications | rate up to a saturation | for communication
rate. | point above which performancel rate increase from

I' does not improve. | 8.16 to 1.3 Mbits/sec.

| | No improvement from

|

| 18 to 58 Mbits/sec.
Acknou |l edge | Not sensitive for lou | 8 Cms, Centralizing
mechanism. | message rate. Sensitive in | matrix (high
| high message rates. | communications rate).
| Software overhead is the 1 1.5 times better with
| bottleneck. | "harduware" acknouledge.
Comparison to | Sharing address space With | Performance of
mul tiprocessors. | low overhead in | multiprocessor
| multiprocessors is | version is more than
| considerably better for largel tuwice better than the
| systems (even for low messagel local network version.
| rate applications). Not |
| important for small systems |
| with low communications |
| rates, Larger memory size |
| requirement in networks. |
Classes of | Optimal number of processors | For communications
applications | or network communications | rate of 1.3 Mbits/sec.,
suitable for a | rate can be found for an | and SB8% return
structure. i application. On the contrary,| criteria (i.e. SB% of
| classes of suitable the maximum capability
| applications can be
|
|
|
|

|
| of the processor is
determined for a given | utilized) give that
network structure. | 23 processors are the
| optimum number of
| processors.
EPg—
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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 the Integer Programming
appiication (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 replication &f 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 pracess 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 localizing the read only data in one memory module withoiuit significant performance loss -
as is seen 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 local computer
network is a multi-variable function, with three main variables that atfect the permrmance1
: The message rale 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 mechanism 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

lWo have assumed that the value of (he 2ther paramelers are either relatively conatant in an application or of less
significance in o typical case.

Y
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Fig.5.3: Speedup of Muitiprocessors and Local Computer Networks




PAGE 194 PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

processors for an application 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
accuraloly, the performance of application running on top of a local computer network structure,
the relative performance, and performance issues, involved in comparing multiprocessors and
computer network structures, the examples of applying the model for performance investigations,
and the description of the design space - all these are a pioneer work in this area and are the
main contributions of this part of the thesis.

5.2 Directions for Future Researéh

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 multiple 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 systams and programming languages - This is a particularily broad
subject with many implications. For example; how can an operating system
manage the systems resources efficiently, how can it utilize and enhance the
performance of structures like multiprocessor Cm# 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. Performance 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 are 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 inter-reference rate
from a processor). More accurate model for the local computer network
structure and more validation results of real appiication on real systems is in
need.
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. Input/output aspects - The input/output aspects of the structures was only
scantly touched. The benchmark workload, that we have used, was mainly made
of compute-bound applications that did not explore that subject A detailed
investigation, involving both measurement and modelling, is needes (n cover this '
issue. The possible incorporation of various I/O devices in tha systems (drums,
disks, CCD, bubble memories etc.) complicates this issue further.

. Multi-programming - Using the multiple processor structures in an
multiprogramming, muiti user, environment has different aspects and demand
specific treatment.

. Integrated modelling - Cost, reliability, availability, protection and zpplication
modelling 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.

. Future Cmx sysiem - 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.

. Experience and validation of 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 address
space problem should be also further investigated in that context.

. Local networks - Performance issues of local networks where not addressed
before. We hope to see more research activity in that area in the future.
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l. Appendix l: Imbedded Markov Chain Derivation for the
M/D/1//N Queue

I.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).

1

N TERMINALS

DETERMINISTIC

SERVER -D

1.2 Imbedded Markov Chain States and Transition Probabilities

The imbedded Markov chain epochs will be the 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 arrivals

i = Number of customers in service following a departure
(in beginning of new service time).

A - Arrival rate of a source.

z
1

Total number of customers in the system.

Deterministic service rate of the server.

-
'
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Then: A(n,i) = Pr (n arrivals in arbitrary time t given i customers in service) =

<N;i> . - e-ltJn . e-(N-i-n)-)\r.
R

O
~— J ~— -

chose n out n arrivals (N-i-n) not arrived

of (N-1i) in time t in time t (remained
customers in source
available

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

Pr(average number of arrivals in service time | i customers in service)=
f<Nr11> I SR A Y2 B
0

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

A(n,i) = Pr (n arrivals in time 1/u | i customers in service in the beginning of the service
time) =

Designating: p = \u, we get

A(n,i)= <N;i> * (1~ e-p)n . e'(N-i-n)'p

Where ('g) =]

Given the above, the state transition probability diagram (from one markov state to the
other) is:
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By observing the state diagram we can write:

- (A5 if1=0
P(i,j)= Pr (going from state variable i to j) = Agpr-1,1 LfE i OAND> j#1-i 20
0 otherwise
The state transition probability matrix is therefore:
0 N-2 N-1
—_ % —
0140,1 A1 Ay Ag-21 Av-1,1
o 7 o A1 Ag-2,1 N1.1
p = g A0.2 A1.2 AN—3,2 AN-2,2
0
0
\
N-1] 0 0 0 A b & o1

Notes: (a) P(0,j) - probability of going from state O 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 accoun! in the (following)
correction action.
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(b) The last column (N-1) is, in fact, a result of the conservation rule:
N=-2
Ai+1-i.i = Z A3+1-1,1
j=0
1.3 Solution of the Stationary Probabilities p=(p(0),..,p(n=1)) = p x IP

From the iP matrix we receive a set of N linaar equations with N variables p(k), k = 0,1,...,
N-1 which give the limiting probability that a customer departure will leave behind kK
customers in the service station.

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

N-1
Z P(k) = 1
i=C

The set of linear equations (with the ccnservation equation as the last column) is:

Bot Mg e Mpga t
Ao.1 M1,1 Agoa,1 !
0 A Ay 1
3,2 -3,2
[P(o)pP(l),---,P(N'z)-ll w i
= [(p0),p(1),e.0,P(N=2),p(N-1)] - 0 0 1
0
. i 1T
Another way to write this set:
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[Pl matrix
e
14 ™\
Ao.171 Ay Av-2,1 1
Ag,1 A1t Ay2,1 1
0 & e Ll 1
[0,0,...,0,1] = p(0),p(l),cce,P(M-1)] * O 1,2
Ayl 1
K B

If we invert the lPl matrix -IPI'l then the solution is:
[0,0,...,0.1]IP1'1 '[P(O).p(l)....p(N-l)]lPllPl‘l = p [ ; Where | = Identity matrix.

Therefore p= (p(0),..p(N-1)) = last row of the inverse matrix(Pl’l.

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/1 - 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 ot 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'Pk) ¢ A= (1'P1) ‘B Ap, =N- (l-pi)/p; where P, = P (idle)

To derive p; = plidie) 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 o'”, and the average time
to an arrival is 1/N\

— e e e e i S—

-
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Thus we can derive p(idle) by the equation:

1

. £ p(0) ™ 5
idle i 1
p(O)("ﬁ"J) + (l-P(O))-u
¢ / | J

p(k) =~ p(0) p(k) £ p(0)

= idle time in one average inter-departure time / average inter-departure time.

Or alternatively. we can directly interpret it as:

-~ .
PO 7%

Pidle © - e

1
p(0) m+ .

= average idle time in one inter-departure time / average time between departures.

I.5 Conclusion

In this appet'\dix the Imbedded Markov chain solution to the M/D/1//N queus is derived.

These results were used (in chapter 3) to compare the throughput of a deterministic 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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Il. Appendix 2: Supplementary Variables Solution to the
M/D/1//N Queue

II.1 General

In this appendix the solution to the M/D/1//N queue, using the Supplementary Variables
technique, is given. The complete derivation is given in [JAISWAL 68]

I1.2 Solution of the M/G/1//N Case

Notation: @ - Probability that the server is idle.

Uec or (1-8) - server utilization (Pr. that the server
is busy).

b < mean busy period of the server.

1/4 or v - mean service time.

1/\ - mean of the source processing time distribution
(Poisson).

X - server processing time with density f(X) and mean 1/p = v.
E(m - expected number of customers in the service station.

Using the notation above - the main results obtained by Jaiswal are:

N-1
E() =B = (1/u) ZC“?) 'azlﬁ if ve /<o
i=0

sdn ifmpo

Where @ (m) = {=1 1-S(i\)

= ] ifm=0

and 5(s) = Efe”*X] = J; X £x) dx

thenUc'l-;'_bl
b+i'i

inal Sy = -8,
and finally E@m) = N \ Uc

~ad



PAGE 204 PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

I1.3 Solution for Deterministic Distribution - D

For deterministic distribution f(X) = U(X-1/u) - where U is the Delta function. Therefore:

S(iA) = e~ (X-1/u )dX = e MK

m -ivu m
¢(m) = Tl' e P 'n' 1
tm] Toe VS ay oM
N‘I N-l 1 l
o8 T [ N1 1 1 Z N-1 e
b = 1 . ¢ m— I e e . %)
(1/u) Z<1> ey i (1 .”Qa -4
i=0 i=0 m=1
U, = b
c - 1
b + TR
~ U W b
and E(m) = N - —X . Uc = N - ..i - T
L

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)] 2 g[E(x)] (see PARZEMN 1960 P, 434) we receive:
S(s) = E[ ™%X ] 2 e~ 5 E[X ] ne=S/B = Transtorm 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 - U is decreasing with S(s).

e /M is the minimum S(s) possible (for same 1/u ), therefore constant service time gives
the upper bound on server utilization. q.e.d.

E(m) = N - Ue u/\ therefore E(m) - average number of customers in the server - is
minimized when Uc is maximized and is minimum for deterministic distribution server.
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lll. Appendix 3: Efficient Algorithms, Using Generating Function
Approach, For Solving Closed Queuing Networks with Several
“Global" and "Local" Job Classes.

II1.1 Introduction

In this appendix proofs are -given for the algorithms that were used in chapter 3 to
evaluate the performance of Cms-like multiprocessor architecture. This work is an extension
to the work reported by Williams & Bhandiwad [Williams 76] that used a straightforward
Generating Function approach. This work rely on the results of Baskett 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 (WB 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 whare the sum of the
jobs in the first and second class is constant and equal to m and n respectively). They also
showed (as can be seen directly from the BCMP tnheorem) that the general equation for the
steady state probabilities with type 2 servers, is given by:

M
‘ (m,+n )! m n
i i i i
5 %o e s = (1 = — ¢ X LA ¢
Pr (ml’nl’mz’nz’ :mM!nM] ( /C) 11-]; mii .nil’

Where m;,n; 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 presented 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 node, but the total number of the "global® class jobs in the
closed network remains unchanged) we can replace the detailed enumeration of the individual
"local” job classes terms in the algorithm by a single term, one equivalent "job", with the sum
of the p’s (X’s in the WB notation) as the equivalent load of the 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 computer or a memory request in an
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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
[Gelenbe 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 Classes.

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 same “globai” 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” class may have a different service requirement from the server (with the
exception of server type 1 as shown below).

Given the restrictions stated above, and the BCMP restrictions, we allow the following
service center types:

B
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a. Type 1 - FCFS discipline, negative exponential service time distribution. All jobs have
the same mean service time request from the server.

b. Type 2 - Processor Sharing (P.S.) discipiine, 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 (L.S.). 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 "Equivalance” of a One "Global” Job to Several "Local™ Jobs in a Server

Notation (for one "global” job class - following partially WB and Muntz [Muntz 74]):

Let (s|,50,..5)) be the state of the network with M servers, where s; = ("i,lr"’“i,R) is the
state of service center i and Nir is the number of jobs of "local” class r in server i; 1 s r s
R. Let N 1 sisMand l sr sR be the solution to the set of linear equations:

A =

. s
i A , 1sSisM 1srsR

1,k Pk,
1

’;[\/jw

9~

1

Where Pj ki, 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 75] it is shown that the equilibrium state probabilities have the product form
solution:

Pr (s,sSpy) = 1/C Fi(sg) FM(‘M) and

1 R
n
n, =n,l T[ i . pii T For server types 1,2,4
ui r Lopm1 Myt &
Fy(s;) = ﬁ
n 1 "g,r
—'( T[ © Py ; For server type 3
r=1 g P r=1 "{,rt '

R
A
Where pi * Q gt 13 1 P, z ni,r' C is the normalization constant.
r-
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The normalization constant can be found by:

L
c 'LFl(sl) FM(sM)

over all states s, .. 54 of the network.

a. For servers type 1,2 and 4, with n total jobs and n; "local” jobs in server i

M
: n n
L% % 1 ! R
c= L ﬂ ( L B By qeeeeDy g pi,l"' i.R
over all possible i=1 “r different classes e i
states 2_ n, =n Z.r‘i,r =n,
i r
M n
= Z + + + P ) :
ﬂ Py 1 F P ¥ i,R
over all possible states with Z n,=n i=1
i
The interpretation of these results allows us to replace the summatiori 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 p; the sum of the different Pir in the server
(node).
b. Similarly for server type 3:
R
n
1 i,r
(s = 1| 57— #
10 =1 "i,r! e
g M
™ M L n 1
MR A e S TR el
1] ’ .
over all 1=1 \all states >'F° all states oL
i'\
= = . n, = n
states an n Lni ot T i
i r i

c. For several - L - "global” job classes:

for the case of several (L) “globai" job classes, and a mixture of server types, the equation
to compute C becomes:

|

5 PEREPRgSy. -
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_ M L Re ) L R,
S e % o *
L B Taas " TR 1T re D
’
i“ states 1i=1 e=1 r=1] all states i=1 e=1\all states r=1
e e e
n, = A Zn =
L g ™A Zf‘i,r o
i
‘—'ne = B \—' e
£ [ =D

Where : A, B - constant number of jobs of "global" job classes 1 and L.

e - "global" job class L 2e 21
i - node (server) number M 2 i 21
r - "local" job class Rg 2 r 21

Denoting the results in a. and b. above by: 2
e e% 1 B
e* - _— . A8y N B st
F;®%(s;) (’t,l ¥+ iR Y, and  Fy o (s)) . (pi,l it Y pi,R)

respectively, we can see that C factors into:

M L

L M e

all states such that i=1 e=]

\

i

ety

This result shows the significant saving actieved by being able to replace the different
“local” job classes by an equivalent job, with parameters replaced by the sum of the p’s of
the various "local™ jobs that belong to the same "global® class in the server, thus saving the
enumeration of ail the possible different "local® jobs in the solution of the normalization

constant.

II1.4 Generalization and Details of the WB Algorithm for the Case of Several
“Global" Job Classes

In this section the generalization and details of the WB algorithm are given for the case of
several "global® job classes, each (possibly) with several "local® jobs, and with four types of
sarvers (as in the BCMP theorem).

For 2 "global" job classes WB showed (using Generating Function approach) an algorithm to




PAGE 210 PERFORMANCE EVALUATION OF MULTIPLE PROCESSOR SYSTEMS

compute the normalization constant C, for server type 2 (P.S.), by using the recursive
formulae:

Gi(j.k) - Gl-l(hk) + ﬁi'l Gi(j-lvk) + Pi'z G|(J:k'1)
Where: C = Gn(L.N)
M - number of nodes.

L - total number of jobs of class 1.

N - total number of jobs of class 2.

p - "global” job class

Unfortunately, in that paper, they didn't show the algorithm to initialize the G(jk) matrix,
how to treat the G(O,k) and G(j,0) 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 probiems is needed to evaluate efficiently
the Multi - Cluster Cms system, we'll investigate these problems in the two following

subsections.

111.4.1 Aigorithm for Two “Global" Job Classes

The recursive formulae given before was derived using the Generating Function approach.
This method will be followed to derive all the necessary initialization elements in the G matrix.
The treatment of servers type 1 and 4 is identical to that of server type 2 (This follows
immediately from the fact that the general Fi(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 | 1 ] 2 | i | N |

each class A A | | | | | |
8,8 | | | | i i |
1.0 | | | | [ | I

. | | | | | 1 |
L.8 | | l l ( | (
8,1 | | | i ! I |

. | | | | | | |
L,1 | | | | | l |

. | | | | | I |
L,N l. | | I | IG(L,N)=CI

The Generating Function for a server (node) of type 1,2,4 (with tu as the generating
functions vz:iables) is given by:

-]
Ly h 2
fi(t’u) iy (pi'lt + pi.zu) 1+ (pi’lt + pi’zu) + (pi,lt + pi’zu) + e
h=0
=1/Q - Py 1t = Py,
The generating function for the network is given by g(t,u), where:
h
gh(t,u) = ;[E fi(t,u) and g(t,u) = gM(t,u)
/

We will denote by G;(jk) the coefficients of th uk in gi(tu). It is easy to see that C = Gy4(L,N)
is the coefficient of t& uN in gp(tiu) and is received by summing all the possible states of the

form:
]
- M (mi+ni). m, S
L M m ton ! Pi.1 " Psa
over all possible 1i=1
3
states Lmi-L

-

Z‘ni-N
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which is identical to the definition of the normalization constant C.
The recursive algorithm for G(j,k) given above, is derived in WB using the algorithm:

g1(tu) = f(tu)

1
t-p. ,u
3

8,(t.U) L g._l(t,u) f'(t,U) = gi_l(t’u) l-p w

1,
gi(t) = gi_1 () - p; 1t gi(tu) - p; ou g(tw)
and therefore the coefficient of ti uk is given by:

Gifik) = Gi_1(jsk) + 8,3 Gili=1,K) + p; 2 Gilik-1)

I11.4.2 Initialization
Special cases:
(a) G;(0,0) ®

G1(0,0) is the coefficient of 10 u0 in g;(tu)= ;(tu)= Z () 46+ :>1’2u>h

h=1
therefore only h=0 fulfills this condition and G{(0,0) = 1.
(b) G, (j,k)

G (i) is the coefficient of ti ¥ in g;(tu)=

[

y h
hZ(Dl’lt + pl.ZU) =1/ - pl,lt + pl,zu)
=]

B1(tu) = py | tgytu) + o) 5 ugltu)

and G(jk) = oy | Gy(j-1,k) + oy 5 Gy(jjk-1)

Which is received from the general recursive formulae by letting Gg(j,k)=0.
() Gi(O,k) and G(j)0)

For G;(0,k) , we observe again that in the general equation:

giltw) = gi () + p; 1 tgitu) ¢ 5 5 v giltu)

we are looking for the coefficients of t% uk in gi{t,u), This clearly can’t be achieved by the
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second term (which includes at least tlin ailit's components). Therefore:
Gi(O,k) = G;_{(Ok) + bi,2 Gj(Ok-1].
y
It can be similarly shown that:
Gi(j,0) = G;_1¢j,0) + b1 Gy(j-1,0)
i.e. for all j<O (j = -1) or k<0 (& = -1) we have to set G,(jk)=0 in the algorithm.
We can, therefore, conclude that the general recursive algorithm holds if we initialize:
G(0,0)=1 , Go(j,k)=0 and G;(j,k)=0 for all j<O or k<O.
111.4.3 Extension for Several "Global" Job Classes for Servers Types 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, o, 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 (m;,n;,0,,p;), can be shown (from the balance equations) to be:
Pr ('“1»"1»01»916 M2N2:02:P 23 MHIMOMPM) =
/ n- (m +n +oi+p )il ™ . o p
= (1/C ? 5
( ) m . -ni.-oi..p1 pl,l pi,2 p1,3 pi,lo \
- M (m n 40, +P b i
| i m n 0
Where C = L ,n.o,.p'°11°12°13°14
11 o L e S
over a mi,n s :L’pi’
! m *m, /n.=n, /0, =0,
Z.pi"’
and M = number of nodes as before.
} The Generating function of the node:
(]
£ .tk ; Z h
{(Ehu,v,w) = (pilt+pizu+p13v+p14) -
h=1
- 1
Be SPp g Ry oW P g° % Bpu™
, S e
- . —————— o
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Generating function for the network:
h
g (t,u,v,w) e n f (t»U:V:W)-
h i=1 i

G(m,n,0,p) - The coefficient of t™ y" v® wP is just C, sum of all the possible terms as given
above. The algorithm to compute G{m,n,0,p) is derived as follows:

GI(tlulv)w) - fl(t.U,V,W)

gi(t,u.v,w)‘- 8j-1(tuv,w) filtuv,w) , and gp(tuv,w) = gt,uv,w)

1
= (pi’lt + Py 8t P;,3Y + pi".w)

gi(tﬂ"’vrw) e gi_l(t,u,v,w) 1

gilbuv,w) = gi_j(huv,w) +p; | t gi(tuv,w) + 2 U gi{tiuv,w) + p; 5 v giltuv,w) + p; g W gilt,y,
v,W)

Therefore the recursive algorithm for G(jk,,a) is:

Gi(jrkv'»q) = Gi-l(jiklltq) & pi,l Gi(j'llkllvq) * Pi,z Gi(jlk-ll’lq) * P|'3 Gi(hk."l;({) » Pi,q Gi<j;ksl)
q-1)

Where 0 s jsm0sksn0slso0s5qsp.

Matrix size and operation count:

There are about L multiplications and additions per step (L = number of “"global” job
classes). It they all visit each of the M noded in the network then the total number of
additions and multiplications is o(M L m n o p) (the exact number is M L (m+2) (n+2) (0+2)
(p+2) ). The matrix size is (m+2) (n+2) (0+2) (p+2).

Initialization:

In a similar way as in the previous section:

(a) G;(0,0,00) = 1

(b) Gy(jikla) = py 1 Gyli-1ikhia) + oy 5 Gy(ik-1),a) + oy 5 Gy(jkil-1,a) + oy 4 Gy(ikla-1)
(c) Gi(Oklia] = Gi_1(Okla) + o; 2 Gi(Ok-1/,Q) + p; 3 Gi(Ok/-1,Q) + pj 4 Gi(Okliq-1)

and similarly for Gi(j,0,l,0), G{(jk,0,q) and G;(j,k!,0).
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From the above we can conclude that the general recursive algorithm can be applied if we
initialize Gg(jk/|,q) = O for all jk,,q and Gj(j,k/l,q) = O for all j<0, k<0, I<0, q<O0 .

II1.5 Proof of the Algorithm for Server Type 3 (1.S)

I11.5.1 Solution of Two “Global” Job Classes

- My
Pig " s
The form of the solution of Fi(si) = —m-'-.-—T.’— leads to a server Generating
function of: . . i %
2 ® h
: € 4 p. U (p t + p, ,u) (p t + p, ,u)
- i,1 $.2 i1 1,2 i,1 1,2
fi(:,u) 1+ 2 n —t—— + 71 L + e = Z 2 " =1
h=0
The Generating function of the network is defined as before:
s :
g, (t,0) = hUI £, (t,u), and g(t,u) = g (t,u)

Gi(j,k) is the coefficient of th Uk in gi(t,w). Clearly, the WB solution does not work for this
type of server due to the different Generating function.

We notice that:

@

N o " P -
By(ese) = 4, BT R gt F

h=0

Therefore, the algorithm can be developed as follows:
gi(tu) = f1(tu)
githu) = g1 () () = g;. () (@i 1t o(p, )

If the first P nodes are chosen to be of type 3 we get:
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<L °h> <DL ph;'“
gp (t,u) = e
i P
.. ’ T £ 3
VA L (P ) +u - ) -
f=1 h=1 h=1

and Gp(j,k) - the coefficient of ti uk is therefore given by:
Z k
fh,1 /_. Ph,2
G k) =
pUsk) T

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(jsk) using the algorithm above
- thus skipping the first P-1 iterations in the G matrix calculation; then continue, as before,

with the general algorithm for the other M-P nodes

I11.5.2 Solution of Several "Global" Job Classe: (For Server Type 3)
In a similar way to the previous subsection, it is easy to show that:

-]

—

fi(t,u,v,w) = Z n
h=0

gi-1(tuv,w) filtuv,w)

and g;(t,u,v,w) =
kvl wa)

If the first P nodes are of type 3 we receive (the coefficients of t/ u

LA 3 1 g
<2."h,1 - Z "hz> °h,3> 1 Z Ph,4
Gp(S,k,1,q) = A1 =1

l l ll q.
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111.5.3 Algorithm for the Evaluation of Queue Statistics of Servar Type 3

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.:

gmltiuv,w) = g1 (tuv,w) f(tuy,w)

\: (py* t:)h (only one "global” job in this server)
(80 = ) e
h=0
h
] (py)
Therefore: Gy (j,k,1,q9) = Z Gy (J-hsk,1,9) 45—
h=0
and C can be directly derived as:
m h
(py)
c - GM(m,n,O,P) = Z GM_I(m-h’n)olp) h'.
g h=0

To calculate the mean queue length in this server:
m

QM - Z k'P!:(nM = k).
k

=0
To calculate the probability of finding k jobs in the server (Pr {ny=k}), we will use the

Generating function again. Defining hy(t,uv,w):
k
(Py )
k!
The probability Pr(ny=k) is the coefficient of t™ in hpftuv,w) (sum of all terms with tk in
last term divided by the normalization factor) therefore:

hH(t,u,v,w) - gM_l(tnu)Vnw)

o
Gy (m-k,n) * o,

GM(m,n) e k!

Pr (nM-k) =
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E Gy k) - pt B oG (mkn)
T . ki = Z. M- .M
and Q, = /, Gy m,m) -+ k! Gy () (k-1)"

k=1 k=1
From which the throughput can be easily calculated.

II1.6 Summary: Algorithm for Four Cms Clusters (Four "Global" Classes).

. Here the algorithm which was used to compute the normalization constant C and Qn is
presented, for the case of four "global" job classes of size mn,0,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 matrix Gy(m,n,0,p); Set i « S.

5

(b) Compute pSr = L pj,r’

=]
1<r<4(the "globgl' job class) and Pir ™ 0 if "global" job class r does not visit node |j.

)3 . wS,z)k - i) Byt

Ukl .18 . q!

(ps’1

(c) Compute: Gi(j,k,l,q) =

(d) While { (i«i+1) < MAXN } do step (e)

(e) Gi(ju‘kJ:Q) - Gi(jnknl’q) + Pi,l Gi(j'lvkr‘nq) + ’5,2 Gi(jsk°1tqu) + 91’3 Gi(jokv"lvq) * Pj'd Gi(j)kv"
q-1) :

foral0sjsmOsksn0slso,05qsp,and Gljklq)=0 if (j<0 or k<0, or I<0, or
q<0). :

m h
h=0
(the last node is type 3 with only job class 1 visiting it).
m h

— G, (m-h,n,o0,p) (p )
©®Qm=1/0 ) L T MAXN, 1
h=1
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IV. Appendix 4: Muntz and Wong Algorithms for Closed
Queueing Networks

IV.1 Introduction

In this appendix the algorithm proposed by Muntz and Wong [MUNTZ 74), is presented.
The aigorithm 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 Ciuster Cms 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 = n;, n2,10 12,20 M2,3 N3 Ny (where i is the
probability of having n cusiomers of class j in node i, and n, means that only one class of
customers visit this node) is given by:

P(S) = (1/C) g (ny) g2lnz,1 N2 n2,3) 83(n3) 84N

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 gy(n;) .. g4(ng) with N 2 n, 2 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), ny = n2,1 *+nz2+
n2,3 and we have to calculate an aggregate state of g(np) by using:

"2 Pa.y
T

g () = ) Z 8,(1,J,my-1-3); 8,(0,0,0) = 1; 0 sn, <N
i=0 j=0

(b) let K = n; + ny , compute:
* X
8, (K) =/ g (n)) * g,(n,),
for all possible nj , ny values 0<n  sK;0sny;sK;jnj+ny =K

To compute we simply use:
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k
* Z )
g, (K) gl(nl)gz(x-n1 « N = (n1+n2) K =0
nl-O

sum in service stations 1 and 2. .
and g,*(0) = g1(0) gx(0) = 1

(c) For i = 3,4 compute
K
3 *
8, 0 = ) 8, (Ve G 0 =K 5N
j=0
(d)C =1 /gga*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 gi' calculation (i = 4) allows us to calculate
the Qy4(n)4) (marginal probability that service center M has np customers) from:

QM(nM) =C gM_I*(N - nM) gM(nM) iN2ny,2 0

The throughput of the model can be easily calculated from the average number in server |

as was done in the previous models.
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V. Appendix 5: List of Performance Model Programs

This appendix 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 PDP10/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).

MDI1.APL - M/D/1//N deterministic server mode! (in subsection 3.2.3).

NET1.APL - One clusier queuing network model (paragraphs 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 queving network system with I/0 node. Predicting system
performance (subsection 3.4.5).

IONET1.APL - Multi cluster queuing network system with 1/0 node. Predicting 1/0 rate
(subsection 3.4.5).

IONETS.APL -~ Multi cluster queuing network system with several I/0O block moves in parailel
(subsection 3.4.5).

NGRADA.FTN. CONTEN.FTN - Performance vs. memory size trade off (subsection 3.4.6).

NETWRK.APL - Local network queuing model (section 4.5).
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