'/’fno-nouz 646 ILLINOIS UNIV AT URBANA=CHAMPAIGN COORDINATED SCIENCE LA F/6 9/
MEMORY ORGANIZAT]ONS AND THEIR EFFECTIVENESS FOR HULT!PRgCESSI:-:E$C(UI
MAY 77 F A BR1GGS DAABO7=72=C=0259

UNCLASSIFIED




O

N
O

Il

.2
[l e




I

l

A_? - -
s W ess SN WD GEE D BN N W NN SEn SNy D N ey eaay AN AED

ADA04264 ¢

!

_/ ”
REPORT R- 768 MAY, 1977 mns 77-2215

= WCOORDINATED SCIENCE LABORATORY

L B
4 2
—
L4 ; ‘k’l—(",‘f‘&:

MEMORY ORGANIZATIONS
AND THEIR EFFECTIVENESS
FOR MULTIPROCESSING COMPUTERS

FAYE ALAYE BRIGGS

N r?ﬁr‘:rxn FI
Ul e 9 1977 ! I
w‘huu

APPROVED FOR PUBLIC RELEASE. DISTRIBUTION UNLIMITED.

UNIVERSITY OF ILLINOIS - URBANA, ILLINOIS

5




!

AL

B S ey ey ey ey W ey e ey

UNCLASSIFIED 2
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered) o o s -+ S
A ] F (o i " __READ INSTRUCTIONS d
[T~ REPORT NUMBER 2. GOVT ACCESSION NO.[ 3. RECIPIENT'S CATALOG NUMBER
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED
: p -
5 MEMORY ORGANIZATIONS AND THEIR EFFECTIVENESS - Technical ‘Repa'g:t’J
FOR MULTIPROCESSING COMPUTERS , — ig. PERFORMING ORG. REPORT NUMBER
W / /) R-7686, UILU-ENG=77-2215]
7. AUTHOR(a) m ‘[ 8. CONTRACT QR GRANT NUMBER(s)
0 2 . 1 DAAB 97-72-C-0259,
[/ Fayé Alayé/Briggs [}V, Mes-73-03488 /AOL e

—————————

|

10. PROGRAM ELEMENT, PROJECT, TASK

9. PERFORMING ORGANIZATION NAME AND ADDRESS
AREA & WORK UNIT NUMBERS

Coordinated Science Laboratory

University of Illinois at Urbana-Champgign l/’ X ¥ o,
Urbana, Illinois 61801 < /
11. CONTROLLING OFFICE NAME AND ADDRESS 12, REP_Q_EI_DLT_'E_“ )
Joint Services Electronics Program 1 /) May <4977 |
13. NUMBER OF

198

T4. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office) 1S. SECURITY CLASS. (of this report)

UNCLASSIFIED

15a. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the abetract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and Identify by block number)
Memory Organization
Interleaved Memories
Imltiporcessor Memory
Memory Access Conflict

20. ABSTRACT (Continue on reverse side If necesaary and identify by block number)

Organizations of interleaved multimodule semiconductor memories are studied
to facilitate accessing of memory words by parallel-pipelined multiple instruc-
tion stream processors. All memory modules are assumed to be identical and
are characterized by the address cycle (address hold time) and memory cycle
of a and ¢ time units respectively6 A total of N (= 2M) memory modules are
arranged such that there are g (= 2°) lines for addresses and m(= 2n=b) memory
modules per line.

DD ‘:2:“,, ]473 EDITION OF | NOV 68 IS OBSOLETE )

uncLassirxen ()77

y

e T LTS TS O ys e 4 SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

T e T IITIN ME W s v bt A el

ry



- -
-
h_“ B—— N — S
5 e T i B R -

UNCLASS IF IED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Bntered)

20. ABSTRACT (continued)

For a parallel-pipelined processor of order (s, p), which consists
of p parallel processors each of which is a pipelined processor with s
degrees of multiprogramming, there can be up to s-p memory requests in
each instruction cycle. The memory interference problems which arise
in such systems are investigated.

Performance is evaluated as a function of the memory configuration
(&, m), the module characteristics (a,c), and the processor order (s, p).
Results show that for reasonably large values of N, high performance can
be obtained even in the nonbuffered case when g is a.p or more. Buffering
has its maximum effect on performance when g4 is near a-p. When g must
be greater than a.p for adequate performance in the nonbuffered case,
buffering can be used to reduce g while maintaining performance.

Some design tradeoffs were discussed and examples were given to illus-
trate the wide variety of design options that can be obtained.

UNC
SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

vy

——




l AECESSION for /
NS White Sectlon p(
00 Butt Seclion [
URAKNOUNCED 0

' cressstosenes Beseresetnanias " enee
| IR i UILU-ENG 77-2215
DISTRIZUTION ZAVAILASILITY CODES
- __.‘A.C_“,:ki »l A J,»'}i and or SPECIAL
i | P
: |
MEMORY ORGANIZATIONS AND THEIR
EFFECTIVENESS FOR MULTIPROCESS ING COMPUTERS

! g

Fayé Alayé Briggs

This work was supported in part by the Joint Services
Electronics Program (U.S. Army, U.S. Navy and U.S. Air Force)
under Contract DAAB-07-72-C-0259 and in part by the National
Science Foundation under Grant MCS 73-03488 AOL.

Reproduction in whole or in part is permitted for any

purpose of the United States Government.

Approved for public release. Distribution unlimited.

2 1 O

[PEM AR

U. |

': AUG 9 1977
GGG
D




MEMORY ORGANIZATIONS AND THEIR EFFECTIVENESS

FOR MULTIPROCESSING COMPUTERS

FAYE ALAYE BRIGGS
B. Eng., Ahmadu Bello University, 1971
M.S., Stanford University, 1974

THESIS

Submitted in partial fulfillment of the requlrements
for the degree of Doctor of Philosophy in Electrical Engineering
Tn the Graduate College of the
University of Illinois at Urbana-Champaign, 1977

Thesis Adviser: Professor E. S. Davidson

Urbana, I1linois




-y

R W ey ——

MEMORY ORGANIZATIONS AND THEIR EFFECTIVENESS

FOR MULTIPROCESSING COMPUTERS
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Organizations of interleaved mul timodule semiconductor memories are
studied to facilitate accessing of memory words by parallel-pipelined
multiple instruction stream processors. All memory modules are assumed
to be identical and are characterized by the address cycle (address hold
time) and memory cycle of a and ¢ time units respectively. A total of
N (= 2") memory modules are arranged such that there are (= Zb) lines
for addresses and m(= Zn-b) memory modules per line.

For a parallel-pipelined processor of order (s, p), which consists
of p parallel processors each of which is a pipelined processor with s
degrees of mul tiprogramming, there can be up to s-p memory requests in
each instruction cycle. The memory interfcrence problems which arise in
such systems are investigated.

Performance is evaluated as a function of the memory configuration
(2, m), the module characteristics (a, c), and the processor order (s, p).
Results show that for reasonably large values of N, high performance can
be obtained even in the nonbuffered case when £ is a:p or more. Buffering

has its maximum effect on performance when £ is near a-p. When 2 must




be greater than a-p for adequate performance in the nonbuffered case,
buffering can be used to reduce % while maintaining performance.
Some design tradeoffs were discussed and examples were given to

illustrate the wide variety of design options that can be obtained.
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1. BACKGROUND AND MOTIVATION

1.1 Introduction

In the quest for higher performance in computer systems, two
architectural techniques, namely, parallelism and pipelining, evolved
to enhance the computation capability of the systems. In addition to
the architectural alternatives, higher performance may also be achieved
by increasing the switching speed of the electronic components. These
three methods of improving the performance are not necessarily mutually
exclusive. Although performance may be improved by the above techniques,
it may be degraded considerably if the memory system is organized in-
efficiently and does not match the processor system in speed. Further=-
more, a very efficient memory organization for multiprocessor systems
may be cost prohibitive. These factors have prompted extensive investi-
gation into techniques for organizing memories for multiprocessor
systems.

In some highly parallel processor systems, concurrency is achieved
by the multiplicity of independent processing units which execute sep-
arate instruction streams on separate data streams [1]. However, there
exist other highly parallel computer systems, like ILLIAC IV, which are
characteristically array processors that perform the same computation
on a large collection of related data elements simultaneously [2]. In
this research, parallel processors will refer to the former organization.

Parallelism or concurrency of instructions and data transfers also

occurs in pipelined computers which have become common of recent.
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Pipelining is a technique of decomposing a sequential process into a
sequence of computation steps, each of which can be processed in a spec-
ial functionally dedicated and autonomous unit, called a segment which
operates concurrently with other segments. Hence a pipelined processor
is composed of segments which are arranged so that consecutive steps

of an instruction can be assigned to distinct segments of the pipeline
for processing.

One form of pipelining occurs in the highly partitioned and over-
lapped instruction execution technique implemented in the IBM 360/91,
which achieves a high efficiency by the concurrency of instructions
and data transfer [3]. Another form of pipelining is the 'stream' pipe-
lining which performs the same arithmetic operation on a series of
operands as they flow through the pipe. Examples of these are the CDC
STAR-100 [4], and TI-ASC [5].

Such highly concurrent processors will be characterized and a de-
scription of the general model of the processor organization will be
presented in the next section.

In a multiprocessor environment, main memory is a prime system
resource which is usually shared by all the processors. Hence care
must be taken in the organization of the memory system to avoid severe

performance degradation due to memory interference caused by two or

more processors simultaneously attempting to access the same module
of the memory system.

It would be undesirable to have one monolithic unit of memory to
be shared among several processors, as this would result in serious

memory interference, hence the memory is partitioned into several
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independent memory modules. This scheme resolves interference by
allowing simul taneous access to more than one module but considerable
interference can still result if the memory addresses are contiguous
within a module. Interleaving of memory modules is nsed to alleviate
this problem.

In most highly concurrent computer systems, interleaving of memory
modules is also required in order to obtain a balance between effective
processor and memory cycles. For example, the CDC STAR-100 has a
processor cycle of 40ns and a memory cycle of 1280ns [4]. At most,
one memory reference can be made in one processor cycle. For such fast
processors, the rate at which data can be transferred between processors
and main memory is often limited by the transfer capabilities of the
memory itself and the memory busses. Hence the memory is usually organ-

ized to meet the memory bandwidth requirements of the system. The

memory bandwidth is the rate at which memory can transfer information,
usually represented in words per second.

On the other hand, some processors, such as microprocessors, exhibit
processor cycles which are usually slower than the memory cycles of some
memories. In such cases, the memories are usually underutilized, unless
the processors are organized to create a balance between the processor
and memory cycles.

In the past, magnetic memories have been used in the main memory
systems of multiprocessor systems. However, with the advent of large
scale integrated circuits, semiconductor memories have been playing in-
creasingly important roles in the synthesis of main memory systems.

Their inherent modularity makes them very appealing in the design of
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multimodule memory systems for multiprocessor systems. In addition to
their flexibility and nondestructive readout capability, the cost per
bit of semiconductor memories remain virtually constant as the module
size increases or decreases for a wide range of module sizes [6]. In
contrast, the cost per bit of magnetic memories, such as ferrite core,
rises very rapidly for decreasing module size. Furthermore, some cur-
rent semiconductor memories exhibit timing characteristics which may be
exploited to enhance the data transfer capabilities of multiple in-
struction stream computer systems. These timing characteristics will
be discussed in section 1.3.

Hence in this research, we describe a method for exploiting the
capabilities of semiconductor memories to obtain an effective multi-
module memory organization for parallel-pipelined multiple instruction
stream processors. Furthermore, the memory interference problem in

such processor-memory systems are investigated.

1.2 Processor Organization

The concept of multiprocessors has been introduced in section I.1.
The processor organization to be discussed in this section is a theo-
retical model chosen to include a broad class of multiple instruction
stream multiple data stream (MIMD) processors [1]. A formal definition

of the pipelined processor model adopted here is given below.

pefinition 1.2.1 A pipelined processor of order s is modeled as an

ordered set of S segments (so, Sps eees Ss-l)’ each of which can simul~

taneously be processing a distinct step or phase of a distinct instruction.
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Once an instruction is initiated in a segment, it flows from seg-
ment to segment for its execution, where each segment performs a specific
suboperation on a distinct phase of the instruction. It is considered
that each segment has an output latch or register to help retain its
autonomy. Figure 1.2.1 shows a nonpipelined processor as one monolithic
unit, and Figure 1.2.2 illustrates a pipelined processor of order 3.

The pipelined processor defined above can be implemented in two
different ways, namely, as a single instruction stream and multiple in-
struction stream pipelined processors. The following definition will

be of aid in understanding the two different implementations.

Definition 1.2.2 The rth process or instruction stream, I(r) is a

sequence of instructions that require execution. Thus,

I(r) = ) ps Gyps Ggis onen

where aij = jth instruction from the jth instruction stream. 0

Figure 1.2.3 is a space-time illustration of one form of pipelining
processor of order 6. In this scheme, execution of instructions from
the same stream are overlapped. The problems usually associated with
the single instruction stream pipelined processors are the performance
degradation and control problems due to data dependencies and branch
instructions.

In this research, multiple instruction stream pipelined processor
organizations were adopted, since performance degradation and control

problems due to data dependencies and branch instructions are absent.
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—»a Nonpipelined Processor e

FP-5243

Figure 1.2.1 A nonpipelined processor as a mono-
lithic unit

T - 7 5 S1 M= 2 [153
FP-5244

Figure 1.2.2 A pipelined processor of order 3
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Concurrency in such processors is achieved only between distinct in-
struction streams as illustrated in Figure 1.2.4, In this scheme each
instruction is partitioned into s distinct phases and each distinct phase
is sequentially assigned to each distinct segment. In general, s dis-
tinct processes are in execution concurrently and if an instruction from
a process is initiated at time instant t, the next instruction from the
same process will be initiated at time instant t + S. Hence there is
no execution overlap between instructions from the same stream.

Notice in Figure 1.2.4 that all instructions have identical flow
patterns. Pipelines in which all instructions have identical flow

patterns are termed single function pipelines. On the other hand, in a

multifunction pipeline, there are two or more distinct flow patterns

and each instruction may use one of these filow patterns [7]. In this
research it is assumed that the pipeline processor is a single function
pipeline.

In a pipelined processor of order s, S separate instructions will
be in different phases of their execution steps. These S instructions
are assumed to come from distinct instruction streams as in [8]. Thus
the degree of multiprogramming, for a pipelined processor of order s,
is also s.

The pipelined processor can be partitioned so that each segment

takes the same time to complete its execution step.

Definition 1.2.3 One segment time unit (STU), is the time, in seconds

required by each segment to execute each distinct phase of an instruction.

O
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Figure 1.2.3 Single instruction stream processing in a pipelined
processor of order 6.
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Figure 1.2.4 Multiple instruction stream processing in a pipelined

processor of order 6.
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Hence if the phases of an instruction are partitioned so that it
takes T seconds to execute each phase of the instruction, then one seg-
ment time unit is equal to T seconds.

Assume also that a pipelined processor of order s can issue one
memory request per STU, hence, S memory requests can be issued in one

instruction cycle; where one instruction cycle = s-T seconds. Notice

that the instruction cycle is fixed irrespective of the instruction.
Hence a pipelined processor is characterized by s and T, the degree of
pipelining and the segment time unit respectively. From now on, all
time units will be expressed as an integer number of STUs, unless other-
wise stated.

A reservation table [9], used to illustrate the flow of computation
through the segments of a pipeline, is shown in Figure 1.2.5 for a
straight-through pipelined processor of order 6.

Following initiation of an instruction process at time instant t,
an x in cell (u, v) indicates that a task requires the segment associated
with row u for segment time interval <t + v, t + v + 1>, Note that the
reservation table for the examples of single and multiple instruction
stream pipelined processors, illustrated in Figure 1.2.3 and 1.2.4 re-
spectively, would be identical to that shown in Figure 1.2.5.

The generalized processor organization will now be discussed.

pefinition 1.2.4 A parallel pipelined processor of order (s,p)[10]

is mdeled as a set of p identical and independent, but synchronized

processors, each of which is a pipelined processor of order s. O
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Figure 1.2.5 Reservation table of a straight-through pipelined processor

of order 6
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Figuire 1.2.6 illustrates various configurations of parallel-
pipelined processors.

A parallel-pipelined processor is thus completely specified by the
degree of pipelining, s, the parallelism, p, and the segment time, T.
A parallel-pipelined processor of order (s, p) can issue p simultaneous
memory requests each STU. Hence, it can execute s-p distinct instruc-

tion streams concurrently.

The processor bandwidth, Bp, defined as the number of memory re-
quests that can be issued per second, will be adopted as a performance
measurement of the parallel-pipelined processor of order (s, p). Hence,
Bp = gu Note that s is not explicitly involved in the definition of Bp'

1.3 Timing Characteristics of Memory Module

In this section, the timing characteristics of the memory module are
discussed to highlight the features which are exploited in the organiza-
tion of the memory modules for parallel-pipelined processors.

In section 1.1, the inherent modularity and cost-effectiveness of
semiconductor memories were pointed out. The cost-effectiveness of
semiconductor memories is even much better over core memories for small
module sizes. These factors account for the increasing use of LS| mem-
ories, instead of core memories for implementing a flexible multimodule
memory organization. Hence the LS| memory chip is discussed to high-

light the block structures.
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Figure 1.2.6 Configurations of parallel-pipelined processors
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The LS| memory chips are assumed to be fully decoded, fixed address
random access memory [6]. Typically, read only memory chips conslist
of four functional blocks, as shown in Figure 1.3.1. They include an
address register to latch in the address, an address decoder to select
the addressed word, the ROM matrix and an output data buffer stage.

In some memory chips, the address register and the output data buffer
are not fabricated on the memory chip. However, with recent develop-
ments in LS| technology, the cost of adding these buffers on the memory
chip at fabrication is insignificant. The corresponding simplified
timing diagram for a ROM chip is shown in Figure 1.3.2 and time units
are represented in seconds. Assume for simplicity that the chip select
and address signals are gated into the chip simul taneoysly. Although
in practice, the chip select signal may precede or follow the address
signal depending on the timing characteristics of the chip. The out-

put data is usually valid and available after the memory access time,

tac’ of the chip. The duration of the output data, t 6 , depends on

do’
whether the storage elements of the chip are static or dynamic. In
practice, tio is controlled as to keep nonvalid output off the data bus.
In the read and write RAM chip, there are typically five principal
functional blocks as shown in Figure 1.3.3. These include the address
register and decoder, the storage cells and the input and output data
buffers. A typical timing diagram for the read cycle of the RAM chip
is identical to the ROM's timing diagram in Figure 1.3.2. However,

Figure 1.3.4 shows the timing diagram for the write cycle of the

RAM chip.
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Figure 1.3.2 Timing diagram for ROM chip
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Let tCS and tad be the chip select pulse width and the address

pulse width respectively. Furthermore, t . and tw denote the data

di
input pulse width and the write enable pulse width respectively. In
simple terms, a memory operation is initiated by broadcasting an ad-
dress to the address bus for t.d seconds, to the address register of
the memory chip, whereupon the address is further decoded in the decoder

block, to select the corresponding memory bit. The selected memory bit

contents are then altered as specified by the read/write request function.

Definition 1.3.1 The memory cycle, tc, is the time that

a memory chip remains busy after a memory operation is initiated. For
read memory operation, this the minimum duration between successive read

requests and is called the read memory cycle, tee Similarly, for

write operation, this is called the write memory cycle, L a

Definition 1.3.2 The address cycle, tos is the minimum duration that

the address can be maintained on the address bus of the memory chip for

a successful memory operation. a

Hence in Figures 1.3.2 and 1.3.4, the address cycle, ta = tad'
The end of the input data pulse need not coincide with the end of the
write memory cycle shown in Figure 1.3.4. Usually, the input data can
be presented to the data bus and gated by the write enable pulse after
the memory access time, tae” The chip select pulse width and the
address cycle for the write operation are usually identical to those of

the read operation. However, for some memory chips they need not be so.

-y - e —————————— -




-]9-

The timing constraints are generally obvious from the simplified
timing diagram for the ROM and RAM chips. However, in general,

t i-twc for RAM chips. Furthermore, for any memory chip, t

O
rc =

a c

Since the read memory cycle, trc may not always equal the write memory
cycle, tec We can for analytical purposes, introduce an effective
memory cycle which takes into consideration the distribution of read
and write memory requests. For simplicity assume that the proportion
of read and write requests are fr and fw respectively. Then,

f +f =1,

r w

Hence the effective memory cycle of the RAM chip is

= + .
tec fr tI"C fW tWC

Similarly, if the address cycles for read and write memory operations

differ, the effective address cycle can be obtained.

Definition 1.3.3 The memory bandwidth of a RAM chip is
1

B . —
LN
ec

which is the request servicing capacity of the chip. a

Typically, each semiconductor memory chip realizes some z = "
words of 1 bit each. A memory module of Z words of some w bits each
is then usually organized by interconnecting w chips in a one dimensional
array, as in Figure 1.3.5, so that, amongst other things, corresponding
chip select leads, write enable signals, and addresses are common.

In effect, a memory module has three separate and independent busses,

namely, the address bus, the data-input bus, and the data-output bus.

BRI o0, R, TS, o s Bt =
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Figure 1.3.5 Memory module organization
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Since a memory organization for highly parallel processors is investi-
gated here, only maximally parallel bus structure [I1] will be considered
for the memory system. In such bus structures, simul taneous operations
can be in progress on the three separate and independent busses.

Since all the chips, which are assumed to be identical, act simul-
taneously in a memory module, the memory bandwidth of a module is identi-

cal to the memory bandwidth of a chip in the module.

Definition 1.3.4 The memory bandwidthLEm, of a fixed address RAM module

is
1
B-B = —
m c tec
which indicates the request servicing capacity of the module. 2

For RAM memory chips and hence modules, the address is held on the
address bus at least as long as data is held on the data bus. That is,

0< t and 0< ¢t

do = %ad di < tad -
Hence the data busses do not pose a limiting constraint on how often
addresses can be dispatched to the address bus and are therefore not
considered here explicitly.

In summary, a memory module is characterized by its address and

memory cycles, (ta, tc). They are referred to as the absolute memory

module characteristics, because the cycles, ta and tc’ are expressed

in seconds. However, the address and memory cycles can be quantized

such that they are both expressed as integer numbers of STUs, namely,
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t
a= ng and ¢ = P%q, where T is the segment time unit in seconds.

Hence the relative module characteristics are (a, c). For example,

if T = 50ns, ta = 140ns and tC = 240ns, the relative module character-
istics are (3, 5). Since in general, t. St then a< c. Henceforth,
the relative module characteristics will be referred to simply as the

module characteristics unless otherwise stated.

1.4 Some Previous Models

Various analytic and simulation models have been developed to
evaluate the performance of a multiprocessor computer system. In
mul tiprocessor systems, several tasks are executed concurrently. These
tasks may generate requests to memory simultaneously. Multiple re-
quests sometimes result in memory conflicts despite the interleaving
of the memory modules.

All models presented here assume some form of memory interleaving
and evaluate the access conflict problem.

Hellerman [12] presented a model in which a single stream of
intermixed independent instructions and data requests was scanned in
the order of their arrival until the first duplicate memory module
number was found. These first K distinct requests are then granted
in parallel. For N interleaved memory modules, the average memory
bandwidth for Hellerman's model is

i 3 K:(N-l)!
K=1 N (N-K)!

He found that a good numerical approximation of the above expression
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0.56 /N, accurate to within 4%.

when|<__N<_’-05isN
Knuth and Rao [13] reduced Hellerman's expression into a closed

form,

B = TT—-—+ f__+0(N .

2

Burnett and Coffman [14, 15] extended Hellerman's model by sep-
arating the instruction requests from the data requests and showed that
the system bandwidth can be increased considerably because of the lo-
cality in programs due to the sequential nature of instructions. This
was modeled by introducing two parameters, namely, a and £, where a
is the probability of a request addressing the next module in se-
quence (modulo N) and B = (I-a)/(N=1), is the probability of addressing
each other module out of sequence. |t was found analytically that the
bandwidth increases exponentially with increase in a.

The above models seem to assume a single processor with in-
struction look-ahead capabilities, hence they will be called overlap-

processor models. One of the first few analytic models for a multi-

processor system was proposed by Skinner and Asher [16]. The analysis
made use of a discrete Markov chain model and was limited to a small
number of processors (K_2) because of the complexity involved for
larger systems.

Strecker [17] investigated the conflict problem in a multiprocessor
system with p processors and N memory modules in which the processor
cycle, that is, the segment time unit, is equal to the pulse width of
the output data in a read memory cycle. By approximate analysis, a
closed form representation of the bandwidth was obtained as

N[l-(l-—'N-)p]
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Ravi [18] has a similar model which he analyzed using combinatorials
to arrive at the bandwidth as
N
t K-K! s(p,K) ()

£ .
k=1 NP

where t = min (p, N) and S(p, K) are Stirling numbers of the second
kind. It is interesting to note that Strecker's formula is a closed form
representation of Ravi's formula. Bhandarkar [19] expanded on Strecker's
results. Sastry and Kain [20] had similar models but also investiga-
ted the performance using different storage allocations for instructions
and data with interleaving only in the instruction space. Baskett and
Smith [21] have also investigated the memory conflict problem in multi-
processor systems.

One common characteristic of the multiprocessor models discussed
above with respect to the parallel-pipelined processor proposed here is
that the multiprocessor systems are all parallel-pipelined processors
of order (1, p) having access to an N module memory system with module
characteristics (@, ¢) = (1, 1). |In this research, the memory conflict
problem and hence the bandwidth is investigated for more general multi-
processor models, namely, systems encompassing a wide variety of para-
llel-pipelined processors of order (s, p), (2, m) interleaved memory
configurations and memory module characteristics (a, ¢). The para-
meters s, p, £, m, a, c are chosen such that 1< a<c, 1< ¢c< s,

p>1, and £ and m are nonnegative integer powers of 2 and m = 2" = N,

SRR (e AR -Ar o s o v— T — e, S——————. .~
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1.5 Problem Statement

The purpose of this research is:

(i) To investigate the effect of memory interference on system
performance for a variety of relative module characteris-
tics (a, c¢) and memory configurations (%, m).

(ii) To study the effect of buffering memory requests when
conflict occurs.

(iii) To give some methodology and design tradeoffs for a cost
effective memory configuration.

(iv) To obtain guidelines for desirable semiconductor memory

organization for parallel-pipelined multiple instruction

stream processors.

1.6 Overview of Dissertation

So far, the background materials that motivated this research has
been presented. In Chapter 2, the memory organization is developed.
The module access conditions are also outlined. In Chapter 3, the per-
formance of the memory organization is investigated for the parallel-
pipelined processor of order (s, p). Discrete Markov models are developed
to aid in the performance analysis of the case where p = 1. State re-
duction and line decomposition techniques are introduced to reduce the
complexity and size of the state diagrams developed for p = 1. |In
this chapter, it was also shown that the complexity of the performance

analysis grows with [f%%j for a > 1. Using the line state transition

N e — ——
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diagram for p = 1, closed form solutions of the probability of
acceptance for p > | areobtained for a class of module characteris-
tics. Furthermore, bounds on the performance are also obtained for
any set of module characteristics. In Chapter 4, simulation models
are developed for two different processor schemes, namely, non-
buffered and buffered request processor systems. In particular,
these schemes highlight two possible ways of handling requests when
conflict occurs. In Chapter 5, the effects of the various parameters
on performance are investigated. In addition, some design trade-
offs are studied. The burst mode of operation, which dispatches
simul taneously all requests issued in one memory cycle at the end
of the cycle, is compared to the multiplex mode of operation, which
dispatches requests as they are issued, that is, every segment time
unit. Chapter 6 presents overall conclusions and prospects for

further research.

T BT el 2 T o T R A R it o = LS s
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2. THE L-M MEMORY ORGANIZATION

2.1 Introduction

In the previous chapter, a semiconductor random access memory
chip was characterized by its address and memory cycle times, ta and
£ respectively. Many large scale integrated RAM chips have their
address cycle significantly smaller than the memory cycle time. This
difference is increased when an address latch is incorporated within
the chip to gate-in the address. Similarly, write data hold time may
be short and read data may be enabled in a controllable window. It
was assumed that the address is typically held on the address bus at
least as long as data is held on the data bus. Hence the data busses
not pose a limiting constraint and are not explicitly considered in
the memory organization discussed here. In this discussion, a line
is used to denote an address bus within the memory. Hence, assuming
that there are N identical memory modules in the memory, there can be
up to N independent lines in the memory.

In this chapter, a memory organization is developed to exploit
the capabilities of the memory chips discussed in Chapter 1. For a
system environment with s-p distinct instruction streams running con-
currently, the absolute size of the main memory M, would be expected
to be large enough to accomodate at least the working set [22] of the
s-p distinct processes. Since the research focuses on the memory con=

flict problem, page faulting is not modeled here.

do
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With respect to present day practice, the total number of words
z, in a memory module is small. Hence for a large main memory of size
M, the number of memory modules N will probably be large, since M = Nz.
The memory organization for multiprocessor systems discussed by pre-
vious authors have N lines for N independent memory modules. Although
the performance of such memory organization is good, the line cost is
usually high. Assuming that each module contains an address latch, a
module in which a memory operation is initiated uses its associated
line for a duration much less than one memory cycle per access. There-
fore, more than one module can share a line thereby increasing the line
utilization and reducing the line cost. However, as a consequence of
line-sharing, the performance is degraded. Furthermore, a more complex
bussing scheme is required as additional conflict situations are
introduced. In the one-dimensional memory organization (that is, one
module per line), the memory conflict problem arises when two or more
simultaneous memory requests reference the same memory module hence the
same line. For the two-dimensional memory discussed here, a conflict
may also occur when a memory request references a busy line or a busy
module on a line. |In general, the degree of performance degradation for
an associated degree of line-sharing is not intuitively obvious. Hence,
we will study the tradeoffs and relationships of line-sharing and per-

formnace.

2.2 Memory Configuration

The memory and processor operation described so far suggest that
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the memory system can be partitioned in such a way as to accommodate

the possible arrival rate of p requests per STU for a parallel-pipelined
processor of order (s, p). Each stream of the s:-p streams in the pro-
cessor issues one request every s STUs. The memory system can be de-
veloped from the basic topology of memory system configuration for a

mul tiprocessor system in which the number of lines and the number of
memory modules are equal. It is obvious that because of the multiplic-
ity of processing elements, more than one line is usually necessary to
avoid excessive memory conflicts. |If the segment time and the address
and memory cycle times are all equal, then no line sharing is required
because whenever a module is active, its associated iine is also active.
However, if T < ta < tc, then whenever a module is active for a memory
cycle t., its associated line is active for only a fraction of the
memory cycle. By multiplexing a group of modules on a line, the per-
iod for which the line is inactive may be used to broadcast the address
of a new request which references an inactive module on the line. Hence
some lines can be eliminated and their associated modules equally dis-
tributed and muitiplexed with modules on other lines. In the memory
organization to be discussed, the modules are organized in a two-dimen-
sional matrix, with line i and module j on line i referred to as Li

and Mi,j respectively. This organization, referred to as the L-M mem-
ory organization, is shown in Figure 2.2.1. The memory organization
consists of N(= 2") identical memory modules arranged such that there
are 4 lines and m modules per line, where 2 = 2b for integer b and n

such that 0< b< nand m= Zn_b. Recall that a line refers to the
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Figure 2.2.1

L-M memory organization




address bus common to a set of m modules. Figure 2.2.2 shows the bus
structures of the memory organization. Each set of modules on a line
in addition to sharing the same address bus share the same data input
and data output busses. That is, there is one each of address, data
input and data output busses for the set of m memory modules on each
line.

Given the memory address of a word in memory, as shown in Figure
2.2.3, the least significant n bits of the address determine the line
and module segments that are required to access the word, and the
higher order bits of the address determine the addresss of the word
within the selected module. The b least significant bits of the n
bits address one of the 2b lines,Li, and the next higher order n - b
bits address one of the 2n-b modules on line i, Mi,j' Hence, the
modules are interleaved on the low order n bits and the lines on the
low order b bits. This scheme, as will be shown in the next chapter,
tries to maximize the probability that for p = 1, a successive requests
are to distinct lines and c successive requests are to distinct modules.

Figure 2.2.4 shows the reservation table for a parallel-pipelined
processor of order (s, p) = (7, 1) having access to line L, and module
Mi of a memory system whose module characteristics are (a, ¢) = (2, 4).
Any computation initiated at time t runs straight through the 7 proces-
sor segments during<t, t + 7> and uses some line segment throughout
<t + 1, t + 3> and some module segment on that line throughout<t + I,
t + 5> Processor segments SI’ 52, 53, and Sb may be used simply to

retain the states of the processes as they access memory. Information
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from these segments can also be used to control certain functions in
the memory system. Note that the operations in the line and module
segments cannot be preempted. All tasks executed by the processor are
identical in this respect except for the values of i and j.

For brevity, a memory configuration characterized by (£, m), is
a particular realization of the L-M memory organization discussed
above, where the number of lines, £ = 2b and the number of modules per

b

linem= 2", For example, if b =3, n=5, then £ = 8 and m = 4,

Hence we have a memory configuration of (£, m) = (8, 4).

2.3 Memory Request Scheduling

Each pipelined processor issues one memory request every STU and
p parallel processors issue p simultaneous requests each STU. Of
these p parallel requests, some of them might address the same line
resulting in a conflict. Even when all p simultaneous requests address
distinct lines, conflict can still result if a request addresses a line
or module which is still executing a previous request. Such a line or
module which is executing a request at time t is said to be busy or
active at time t. If a line or module is not busy, it is said to be

idle or inactive.

Definition 2.3.1 A memory request collision is said to occur when

a memory request attempts to access a busy line or module, or when

at least two simultaneous requests attempt to access t“e same line. [

b s e e SERSENPREES L ————————
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When more than one request attempts to access the same line simultane-

ously, a multiple access line collision occurs. When a request at-

tempts to access a busy line, a line collision occurs. Similarly, a

module collision occurs when a request attempts to access a busy module.

Definition 2.3.2 The status of Module M. j at time t is L, busy
’

or idle at t, and M busy or idle at time t.

T,J
The status of a memory module addressed by request is required to

determine the outcome of the request. A request can access module Mi,

at t if and only if Mi,j and its line L], are both idle at t. Hence

a request is rejected if it addresses a busy line or module. However,

if one or more simultaneous requests refer to idle modules on the same

idle line, one of these is accepted and the others rejected. One method

of handling rejected requests is to recycle them through their corres-

ponding processor segments for one memory cycle and resubmit them as

new memory requests one instruction cycle later. During the recycling

of each rejected request, a flag is set in the process of the rejected

request to deactivate execution of that process until the request is

accepted, whereupon the flag is reset and execution is reactivated.
Following an initiation of a memory operation at time t on line

Li and module "i,j’ L' is busy with respect to other requests at time

t., t+1, coey, t+a-=1, Similarly, Hi,j is busy with respect to other

requests at time t, t + 1, ..., t + ¢ = 1. Hence Li and Hi j remain
’

busy in the interval <t, t + a> and <t, t + c> respectively.

i S — o
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When a multiple access line collision occurs on one line, only
one of the requests may be accepted. A request is termed an accept-
able request if it addresses an idle module on an idle line. |If
there is only one such request for a line, the request will be accept-
ed. However, when there is more than one such acceptable request, one
of them is accepted arbitrarily and the others rejected. However, it
should be pointed out that the acceptance of a request may depend on
whether the busy module rejection is by the module itself or is cen-
tralized. In practice, as illustrated by the simulation model dis-
cussed in Chapter 4, a priority scheme may be adopted to select one of
the acceptable requests to be accepted. One such priority scheme assigns
a distinct priority to each processor so that any request issued by a
particular processor has, associated with it, the processors priority
number. Another scheme selects one of the acceptable requests according
to a round-robin processor priority assignment.

In summary, there are basically three different types of stumbling
blocks which can deter a request from being accepted by the memory system.
A request may be rejected due to

(1) multiple access line collision, which may occur only if p > 1,

(2) line collision, which may occur only if a > 1, and

(3) wmodule collision due to a busy module on an idle line,

which may occur if ¢ > a.

2.4 Processor-Memory Interconnection

On the arrival of p simultaneous requests at time t, the following
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situations must be checked before any request is accepted.

(1) The status of each module referenced by each request.

(ii) Multiple access line collisions on lines associated

with referenced modules.

When these items have been checked and all conflicts resolved,
the accepted requests must be routed to the appropriate lines and
modules. Basically, functional units are required to (1) maintain
status of currently busy lines and modules; (2) resolve multiple
access line collisions; and (3) successfully route accepted addresses
to referenced lines.

Details of such functional units pose a major problem in the de-
sign of real parallel-pipelined computer systems. There exist a wide
variety of possible implementations of such devices and a particular
choice depends on the designer's objectives.

The functional unit required to store and update currently busy
module status may also be required to accept or reject incoming re-
quests. Such a unit would perform a module and line busy check for
each of the incoming requests. Requests to idle modules on idle lines
would then be steered through a p to 2 crossbar switch which would
arbitrate requests to the same line. The crossbar dimensions are
hopefully significantly smaller than the p to N crossbar required by
previous memory system organizations (withs =1 and £ = N).

Two possible implementations of busy check hardware are readily
apparent. Each involves a small memory to store module busy status
and another for line busy status. The first scheme employs N shift

registers of ¢ - 1 bits each and £ shift registers of a = | bits each

g — Pa— PR ——
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as the two memories. These are shifted right once per STU with 1's
introduced on the left. The least significant bits of the p requested
locations are read. An addressed module or line is busy if 0 is

read from either register. In such a case, the corresponding request
is rejected. |f a forwarded request is accepted by the crossbar switch,
the corresponding module and line shift registers are cleared to O.

An alternative implementation employs two multi-access content
addressable memories of size p(c - 1) words by log2 (N+1) bits to
store busy module addresses or ''blanks' and p(a - 1) words by
Iog2 (2 + 1) bits to store busy line addresses or blanks. Notice that
if a=c, only one multi-access CAM is required and it is used to store
the addresses of busy lines. In each memory, p words are addressed
by content each STU. A bit implies that the line or module referenced
is busy. The memories are divided into successive blocks of p locations.
One block, selected in a round-robin fashion, is overwritten each STU
with addresses of new requests or ''blanks' if some requests were not
accepted.

One might be concerned that the functional units appear to be
infinitely fast. This assumption is adequate for the model and simpli-
fies the discussion. |In practice, requests should arrive early, e.g.,
at t in Figure 2.2.4., The functional unit would then be active during
<t, t +1>and the !ine and module activity would be unchanged. Alter-
natively, s may be increased for the purpose of adding STUs for memory
management. As will be seen, performance is not a function of s and is
not thus affected by the time required by the accept/reject logic, pro-

vided an adequately pipelined processor Is used.
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3. PERFORMANCE ANALYSIS OF L-M MEMORY ORGANIZATION

3.1 Introduction

In a parallel-pipelined processor of order (s, p), p simultaneous
memory requests can be issued to the memory system every segment time
unit. For analytical purposes, it is assumed that the addresses of the
requests are independent and uniformly distributed among the N identical
memory modules. This assumption yields a conservative estimation of
performance. If in some instruction cycles memory is not referenced,
the performance will be higher than indicated sinece there would be less
conflict.

Although the sp instruction streams are independent, a single in-
struction stream is often vectoral, referencing distinct lines in se-
quence. However, since s > c, a memory module which is executing a pre-
vious request from an instruction stream would have completed its exe-
cution when the next request from the same instruction stream arrives.
Henee it would appear that since there is no execution overlap between
instructions of the same stream, program locality will not affect the
performance significantly. As will be seen in the analysis to be pre-
sented, performance variation is largely due to the module characteris-
tics (a, c), the memory configuration (£, m), and the processor char-
acterlstics p and T.

In order to refine the randomness assumption for the analytical

model, it will also be presumed that rejected memory requests due to
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line or module collisions are discarded. The discarding of rejected
requests justifies the assumption that the addresses of the requests
issued are independent. This justification is tested in the simulation
model. In a practical case, one method of handling such collisions is
to cause the process with a rejected memory request to make a non-
computing pass through the processor segments for one instruction cycle
and to resubmit the request the next cycle. In such cases, the process
is blocked until its request is accepted. Case studies of this and
other practical cases will be discussed fully<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>