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ABSTRACT

Bettmger, Mark K. MSEE Purdue University. December 1985. A Com-
parison of E/D-MESFET Galhum Arsenide and CMOS Silicon for VLSI Pro— '
cessor Design Major Professor Veljko M11ut1nov1c _ -

Gallium Arsenide (GaAs) circuits have long been known for their speed.
‘They are now being considered for single chip processors since GaAs chips are
feaching VLSI complexities. Design constraints that affect both system and
processor design accompany the new technology. The goal of this work is to
compare and contrast designs in GaAs-E/D MESFET and Si-CMOS technolo-
gies as they é.pply to ALU design. These differences are emphasized by exa-
" mining the design of several structures in GaAs for implementation of Stanford
- University’s MIPS processor in GaAs. The three topics discusséd are adder |
design, multiplier placement and design, and cache effects on multiplier design..
The comparisons were made to help optimize the design of 32-bit GaAs
microprocessbr for RCA. The results show that the high speed of GaAs de\.ric‘es
allows serial rather than parallel implementation of structures in GaAs; these
serial stfuctures use less area than their parallel counterparts without any
~ degradation of performance. The total reduction in area is necessary to com-
~ pensate for the area ussd by large fanin and fanout structures. In addition,
any solutiohs proposed for each structure must a,iso take into accvount',' thé lohg_ |

off-chip delays.



CHAPTER 1
INTRODUCTION

‘:D.eVice‘ physicists and circuit designers have long been interested in" galliu_m
‘arsenide (GaAs) technology. As GaAs technology matured, it caught the
attention of digital circuit designers. Recently, the speed of GaAs devices has
c'a‘ptured the serious interest. of system designers; they see the potentia] for
order ‘of magnitude increases in computer system performance over s1hcon'
systems becoming a reality.

Although speed is a major advantage, it is not the s01e'reas_on.. that

computer architects are taking a closer ‘look at designing systems in Gé.As o

GaAs fabrication techniques have made significant advances in recent years and
have allowed GaAs chips to reach VLSI levels of complexity. As de51gners-
become more aware of -the advantages and disadvantages of the new
technology, they are realizing that their old design methodologies are based on
the properties of silicon. Therefore, they are searching for new design
methodologies that take advantage of the different design par&meters of GaAs.
Lack 'of design experience and unfamiliarity with the advantages and
dlsadvantages of GaAs technology and how they relate to silicon technolog'y are
obstacles preventing full exploitation of the characteristics of GaAs. '

To help overcome these obstacles, knowledge of the advantages and‘
‘disadvantages of GaAs and how they relate to the design methodology must be
increased. To accomplish this goal, work is being conducted to study issues
relevant to the design of a 32-bit GaAs processor. As an early participant in
the design of GaAs processors [HeScZ85], RCA corporation selected Purdue
University as a partner to study several of these issues. The goal of the study
is to experimentally determine the effect of the silicon/GaAs differences on
possible designs. The results can then be used as guidelines for a set of design
solutions which use the advantages of GaAs while minimizing the
disadvantages of GaAs. These results were also used by RCA to help optimize
the deslgn of a 32-bit GaAs microprocessor.

This portion of the study presents three sets of experiments covermg three
dlﬁ'erent aspects of the design issues as they relate to ALU design in a w1de



sense. Arithmetic and logic umt design, and multiplier des1gn and related
issues are the issues discussed in this thesis. Other processor issues such as
pipelining, instruction format, and register file design are covered in- another
thesis [Fura85] o

- The remainder of this 1ntroductory chapter will provide a brief perspectlve
on the differences between GaAs and silicon, the logic families used in GaAs
‘ and thelr characteristics, and a comparison between the GaAs and sﬂrcon_

de51gn parameters. ‘

1.1. GaAs Advantages and Disadvantages

‘The advantages and disadvantages of using GaAs technology in computer__
systems are the result of inherent differences between current silicon and GaAs
technologies. The differences are attributed to two major advantages and
‘disadvantages of GaAs compared with silicon. The advantages of - GaAs
‘technology are a higher resistance to adverse environmental conditions “and
faster switching speeds than silicon. The disadvantages of GaAs technology are
hlgher cost and lower transistor count per chip than silicon.

The advantages are the result of the physrcs of the materlals Because of
the short minority carrier lifetime, GaAs devices have a high res1stance to
“radiation and can withstand dosages of 10-100 million RADS compared to 5-6
thousand RADS for silicon devices [Heage85] The large bandgap allows a
range of operating temperatures from -200 and -+200 degrees centigrade
[EdL1W83] as opposed to silicon CMOS operating temperatures of -55 to +125
degrees centigrade. These two facts alone make GaAs very promising for both
military and aerospace applications where extreme operating condltrons are the
rule rather than the exception. ’ '

} GaAs also performs better than silicon dev1ces when comparmg sw1tch1ng'
speeds [EALiW83]. The larger mobility and peak velocity of carriers. allows
‘GaAs gates to switch faster than silicon Transistor-Transistor Loglc (TTL) |
gates by up -to an order of magnitude. In addition to the sw1tch1ng speed
advantage GaAs gates also consume less power than the fastest silicon - ‘gates.
The power consumed is an order of magnitude lower than that of the fastest
silicon logic, Emltter-Coupled Logic (ECL), yet the gates remain faster than'
| srhcon ‘ECL gates. This power speed product makes GaAs even more
attractive for high performance computers. '

‘GaAs technologies unfortunately have tremendous manufacturlng costs'
‘ two orders.of magnitude more expensive than their silicon counterparts. " There
‘ are. several reasons for the high cost and only five of these will be mentloned



here. One of the basic reasons is the scarcity of galllum Slhcon makes up a -
large percentage of the earth’s crust while gallium is.a rare metal. Second,
“since GaAs is a composite material, the additional processing needed to create
~ the compound and verify its composition [Namor84] increases the cost. Third,
because of its structure, GaAs is also characterized by a higher dlslocatlon
density. than silicon [Walle84]. This results in a poorer yield. for GaAs
fabrication processes The fourth factor that raises the cost of GaAs is the
sophlstlcated processing techniques required to - produce working GaAs
trans1stors One example is the uniformity of threshold voltages that must be
malntalned Voltage swings for some GaAs devices are as low as 0.5 volts and
requlre that threshold voltages be uniform to within a very narrow range This
narrow range also adds to the fifth factor: design costs. Digital designers are
dlscouraged from using NAND logic because they cannot use multiple mput (>
.2) NAND gates because each additional input requires a SIgnlﬁcant amount of
addltlonal voltage swing and the total voltage required quickly passes the 0 5
volt hmlt -Designers are also limited by the low fanin and fanout maximums
of the GaAs E/D-MESFET technology. Although these problems exist, the
solutlons are currently being pursued. By the end of the decade solutlons will
be found which should reduce the cost dlﬁerence to. only one order of
magnltude [Namor84]. o

The second disadvantage of GaAs processes, their low transrstor count is
hmlted by two factors. Initially, the high defect density required that chips be
manufactured with a small area and corresponding low transistor count to
achleve adequate yields. ‘As the quality of GaAs materials and processmg
1mproved larger and more complex chips became p0551ble An increase in
power that strained the limits of available heat dlss1pat10nv,te_chniques followed
the increase in complexity. Although new techniques were developed to
improve the heat dissipation, the added vpower ‘increased the number of
potential reliability problems. Currently, the restrlctlons on trans1stor count -
- are power dissipation and defect density. ‘ '

Although the problems present in the GaAs environment may be resolved‘
it is believed that none of these four GaAs-Si advantages and dlsadvantages are
" temporary in- nature; they result from 1nherent differences between GaAs and_-
silicon materials [Coope84b]. Therefore, conclusions that are based on these.
four fundamental characterlstlcs will remain valid as GaAs technology matures



1.2, "'DeSign Methodology Changes , |

S Because the differences between the GaAs and the sﬂrcon env1ronment are
not trivial in nature and affect some of the fundamental de51gn decisions,
merely - copymg existing silicon deSIgns into the GaAs environment will ‘not -
.obtam the most robust GaAs performance The. new environment sets up a
‘new set of rules and challenges. Although the hurdles that must be leaped to-

 meet these challenges are higher, the rewards for successfully exploltrng thls;

_»technology are also greater. With the proven high speeds of GaAs 01rcu1ts and

"_the VLSI- integration levels that are now appearing, we are on the. verge “of
:’achlevmg single chip processors capable of speeds for scalar - operatlons
' approachmg that of present—day supercomputers [Hwang84] '

To achleve the performance expected from GaAs, the de31gn must ‘be
o conSIdered from ‘more.than one viewpoint. The differences can be looked at
from a Pprocessor standpomt How the GaAs technology affects the internal
processor loglc becomes important. The transistor count limits how many and
what functions can be placed on the chip. The device limitations determine
how structures such as the ALU can be designed and whlch structures are
~ possible in the GaAs environment. ' ‘ R

} " The des1gn can also be considered from a system standpomt How dev1cel
delays affect offchip communication delays becomes important. The device
delays determlne what structures can be placed offchip - without adversely
degradlng system performance and the communication of these structures w1th
the system. The transistor count limits the complexity of the support chips
: and the number of support functlons that can be efficiently used by the system.

1. 3 Overvrew of Thesrs

The purpose of this thesis is to relate these new design parameters to
spemﬁc appllcatlons ‘The parameters will be examined to see how. they aﬁect
desrgn both from the system standpoint and from the processor standpomt 1n
, 'relatlon to CMOS and GaAs designs. Tradeoﬁs which must be: made when

' gorng from CMOS designs to GaAs desrgns and the impact of technology on
the desrgns ‘will be examined. There have already been papers on the general;

v problems of GaAs from both standpoints [MiSiF86][MiF uH86]. This the51s will .

cover. detalls of the differences as they apply to specific problems. The effect of
' the technology on the design of the processor’s adder will be covered to
. .acquamt the reader with processor design problems. ALU design is covered in

o a ‘broad sense by examining possible multiplier choices and tradeoffs between

multlpllers and barrel shifters. These choices cover placement as well as



complexity and structure. Both -adder and multiplier performance can be
affected by system issues such as cache design. Therefore the impacts of the
technology. change on cache design and how this affects adder and multiplier
design will also be examined. GaAs designs in each of these three areas will be
contrasted with similar CMOS designs to provide the basis for comparison of
the technology generated differences. '

Chapter two begins the comparison by examining the differences between
 GaAs and silicon relevant to these structures (adders, multipliers, cache)
regardless of application. Chapter three describes the tools used for the
evaluation and the evaluation methodology. Chapters four through six
describe in detail the experiments done to evaluate the GaAs/silicon differences
in designs. Chapter seven summarizes the results of the experiments in the
previous three chapters.



CHAPTER 2
TECHNOLOGY AND IC DESIGN

As Si technology matured, it went through major changes. Similarly,
GaAs technology is still developing and maturing. This growth is accompanied
by the development of new logic families such as High Electron Mobility
Transistors (HEMT), Hetero-Junction Bipolar Transistors (HJBT), and
Enhancement mode MEtal Semiconductor FETs (E-MESFET). These families
are an addition to existing families such as IGFETs and JFETS and the
earhest family, Depletion mode MESFETsS.

As GaAs IC development matured, the level of 1ntegrat10n of each family
also increased. The family chosen for implementation of single chip processors
- and their support chips such as those discussed here must be able to support
VLSI levels of integration. The MESFET families have reached a level of
mtegratxon higher than any other logic family. Other families have achieved
better performance than MESFETSs but no others have achieved VLSI levels of
mtegratlon Therefore, we have confined our work to the GaAs MESFET
family. o

Some of this information is also presented in [MiFuH86]. This -chapter
contains an update of this information and additional material dealing with
E/D-MESFET technology is presented here. The material is presented here as
an aid to the reader.

2.1. GaAs MESFET Logic Families

Both depletion-mode MESFETs (D-MESFETs) and enhancement mode
MESFETs (E-MESFETs) have been used to build MESFET logic circuits in-
- GaAs. The depletion mode devices are generally considered better than the
enhancement mode devices because of several important differences, D-
MESFETs have better noise immunity, have fewer fabrication problems, are
less sensitive to increases in fanin and fanout, and are generally faster than E-
MESFETs. Their disadvantages are that D-MESFETs require a second power
supply and extra logic to provide level shifting. E-MESFET designs with their
low area requirements are often used because they require less power and less



complex circuit design than D-MESFETs [EdWeZ79]. In addition, E-MESFET
desig-ns are not saddled with the disadvantages of D-MESFET designs.

Three principal GaAs MESFET logic families are in use today. "They are
Buffered FET Logic (BFL) and Schottky Diode FET Logic (SDFL) of the D-
MESFET family, and Direct Coupled FET Loglc (DCFL) of the E-MESFET
famlly [NuPeB82].

The earliest work in GaAs digital cucults was done w1th BFL D-
MESFETs [VanLi74]. The disadvantages of these gates are their requirement
for much power and area, and their need for two power. supplies and voltage
shifting logic These disadvantages are compensated for by the large fanout
capablhtles and large noise margin of BFL gates. In an effort to reduce power
requirements, low-power BFL (LPBFL) circuits were introduced.

- Early BFL gates were characterized by propagation delays of 34 ps with
power dissipation of 41.0 mw/gate [NuPe82]. The LPBFL gates reduced power
dissipation to 6.0 mw/gate with delays of 250 ps as part of a 40 gate 4-bit
ripple carry adder [PeDaN83]. A more recent LPBFL design used 420 gates to
~implement a 32-bit adder with gate delays of 230 ps dissipating only 2.8
mw/gate [YaHiA83]. The most advanced BFL design is a 12x12 bit multiplier
imp'lemented with only 1083 gates [FuTaI84].v The gate delays were only _170
ps and each gate dissipated 1. 7mw SO

SDF L D-MESFET gates- are a low power alternatlve to BFL loglc gates
‘since SDFL gates generally require less power and area than BFL gates.
Because of the reduction in area, this family has received considerable interest
for LSI circuit applications [EdWeZ79][NuPeB82] and was the first to reach LSI
levels of integration. Despite the improvements, SDFL gates stlll need two
power supplies and level shifting logic.

- One of the first LSI GaAs applications was an 8x8 bit- multlpher
containing 1008 gates using SDFL logic [LeKaW82]. Gate delays were 150 ps
and power dissipation was only 1.5 mw/gate. More recently, an SDFL
| RAM/gate array chip with 8000 devices has been built [VuRoN84]
Approx1mately 3000 FETs and 5000 diodes were used to create a chip with 432
programmable SDFL cells, 64 bits of RAM, and 32 interface cells. Although"
the complex1ty had increased over previous designs, the speed and ‘power
remained the same. Low-power predictions for the same design suggest that
gate delays of 300 ps and power levels of 0.2 mw/gate are possible.

Although E-MESFETs lack some of the advantages of D- MESFETs they
are considered suitable for VLSI implementations because of their low power
requlrements and simpler cireuit designs. - They have long been COns1dered



suitable for VLSI implementation [NuPeB82]. Their suitability is enhanced
because they require no logic level shifting logic and only a single power supply.
The most common E-MESFET logic gate is the Enhancement mode driver/
Depletion mode load MESFET (E/D-MESFET). Since E/D-MESFETs. are
more difficult to fabricate than the previous two logic families, it was not until
recent advances in GaAs fabrication technology were made that thIS family was
able to reach VLSI levels of integration and began to dominate GaAq digital
de51gns '

A number of designs have been introduced using DCFL E/D MESFET
logic gates. A 1000 gate gate array has been designed with loadless gate delays
of 100 ps and power dissipation of 0.2 mw/gate [IkToM84]. This was proof
that DCFL circuits could switch faster while using less power than SDFL
circuits. A slightly larger 16x16 bit parallel multiplier containing _\316'8‘gates
with gate delays of 150 ps at 0.3 mw/gate has also been reported [NaSuS83].
The highest'level of integration reported so far for any GaAs process is. a 16kx1
SRAM containing 102,300 devices with an access tlme of 4.1 ns and power
d1551pat10n of 2.5 w [IsInIg4].

2.2. Characteristi_cs of GaAs MESFET Designs

~Table 1. is presented here to compare the performance characteristics of
some GaAs MESFET designs. Based on the power and complexity of the chips
presented in the table, GaAs technology is clearly becoming a suitable vehicle
for microprocessor implementations. Based on its low power requirements, the
most promising MESFET solution is provided by the DCFL E/D-MESFET
approach. The merits of DCFL are demonstrated by the SRAM which
provides a high level of integration, 102,300 FETs, with low power, 2.5 watts
[IsInI84]. The current major drawback to this approach is its fabrication
- complexity and resulting low yield and high cost. Based on the present rate of
fabrication technology improvement, however, the introduction of GaAs
microprocessors should occur within the next two or three years. We must,
therefore, begin to understand the GaAs environment now and determine how
the characteristics of GaAs will influence processor and system architecture
design in the new environment. We will then be ready as it steps to the
forefront of high-speed, environmentally adverse applications.



‘Table 1. Performance Characteristics of GaAs Designs [Fur_385]-.-

Unit Speed Power Device Reference
S (ns) (W)  Count E

| ARITHMETIC | |
32-bit adder(BFL) 2.9 total  12W 25K  [YaHiA83]
'8x8 multiplier (SDFL) 5.2 total  2.2W 6.0K [LeKaWs?)
16x16 multiplier  10.5 total  1.0W 100K  [NaSuS83)|

‘| (DCFL) - o
CONTROL. - | o
gate ~array/SRAM  0.15/gate  3.0W 80K [VuRoN84]
(SDFL) o

1000-gate gate (DCFL) - 0.10/ gate 0.4W 3.0K [IkToM8&4]

MEMORY | |

1K bit SRAM (DCFL) 2.0 total  0.5W 71K  [AsKuH83)
4K bit SRAM (DCFL) 2.8 total  12W 266K  [HilnM84]
16K bit SRAM (DCFL)  4.1total  2.5W 102.3K  [IsInlg4]
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2.3, ‘GaAs/Silicon' Comparison _ ,

) Smce DCFL has been shown to have a sufficient level of mtegratlon ‘with

: acceptable speed and power, all discussion of GaAs circuits will be based on the
DCFL E/D MESFET logic family. All of our Si discussion wlll be based on

 CMOS/SOS (silicon on sapphire). o ' B

Table 2 [BasNe84] compares several characterlstlcs of Ga.As and Si
technologies that are important for processor and system de51gn ~and. -
optimization. Significant GaAs/Si differences can be observed in four areas: (1)
transistor count per chip, (2) on-chip gate delay, (3) the ratio of off-chip to on-
chip memory access time, and (4) gate fanin and fanout. The rest of this
section: will concentrate on the GaAs/Si differences from Table 2. The
1mphcatlons of these differences -on processor and system design . w1ll be
presented in the following sections.

"The dlfferences between GaAs and Si are substantlal and will affect
- processor and system designs. - The next section will discuss the implications of
- GaAs characteristics on aspects of specific design issues.
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o | Trable 2. 'Performbance'(.}obmparison of E/D-MESFET Ga.As,

CMOS/SOS, and Bulk Silicon.

COMPLEXITY

| Transistor Count/Chip

Chip Area

GaAs »

20-30K

~ dependent

. yield & power

_ OMOS/S0S_

150 K plus

yield & power

CMOS/BULK

1150 K plus
yield & power
- dependent

SPEED

Gate Delay

'O'n-chip'Memory Access

| Off-chip/ On-package o
Memory Access
Off-chip/Off-package -

‘Memory Access

| 1c DESIGN

50-150 ps :
“0.5-2.0ns

10-60 ns

dependent

- .8-1.5 ns

10—20 ns
30-40 ns

60-100 ns

C 18ms
2040 ns
- 40-80 s

100-200 ns.

; T’faﬁs_iié@rs /Gate

' Transistors/Memory Cell

_ Static
o Dyhamic' '

}vvaani’nv (typical transistor.

size) . .
| Fanout (typical transis-
| tor size) -

Gate Delay Increase for

iv'_éavvqh" Additibnal Fanout -

| (relative to gate delay
- with fanout=0)

3-5

25-45%

9%fanin

5-6

2+fanin "

5

20-30%
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CHAPTER 3
EVALUATION TOOLS AND METHODOLOGY

~For each of the three areas of interest (ALU, multiplier, and cache effects
on multiplier design). Experiments were run to determine’ optimal
1mplementatlons The circuit level and instruction level simulators used
requlred fwo sets of support tools for the evaluation. The c1rcu1t level
simulator ‘was used for the adder experiments and the mstructlon level‘
s1mulator was used for the multiplier and cache experiments. - '

3 1. Clrcult Level Slmulatlon

L The goal of the circuit level 51mulatlon was to obtam a reahstlc Ineasure of
cucult complex1ty and delay and to determine if the resultlng VLSI adder
1mplementatlon was fast enough and small enough to meet the hmlts 1mposed
by RCA. Delay estimates for the cucults were included. The relevant aspects'
of ‘this methodology, the delay estimation and the area estlmatlon ‘are now
dlscussed :

| 3. 1 1. Area Estxmatxon

, The «circuit level simulation is based on the Hardware Descrlptlon
Language (HDL) [TI84] design tool made available to us by RCA. A digital -
~design could be entered into HDL using the description language. Once the
circuit was prop_erly described, usually on a gate by gate basis, the input file
was compiled into a database and a simulation could be run on the compiled
database. This database was also used as an input to RCA’s Multi-Port 2-
Dimensional (MP2D) placement and routing program that could pi‘ovide .
- layouts of the circuits described. The goal of this was to obtain a realistic
' measure of complex1ty and to determine if the area of the- V'LSI
1mplementatlon was small enough. Rather than estimating gate counts and
wiring space for an adder, these programs allowed us to obtain layout: statlstlcs»
for structures without having to go through fabrication. '

* Each de51gnvwas entered into the database using HDL. Once the ClI‘Clllt e

was described on a gate by gate basis, the input file was compiled into the
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database A list of dev1ces and connections was then extracted from the

'comprled data base for the layout program, MP2D. MP2D then took the lists

and created a layout that could be used for fabrication of the devices. Five

_different word lengths were used for the layouts. The areas for the layouts
“were used to derive the equatlons used to approximate the area occupied by
* each adder. The equations were then entered into a C- -language program which
: _Was used to approximate the area for individual adders. Thrs program was

used to calculate the area required for the 35 adders that were not descrrbed on

- .'a gate by gate basis us1ng HDL.

3. 1 2. Delay Estlmatron

The design delays were 1mplemented in C-language because access to the

c1rcu1t srmulatron software was not granted. Optrmlzatron was “done in. a
" manner analogous to hand opt1m1zatlon in all but the most- complex desrgn
: ch01ces “"Many of the choices were also fixed before optimization began The

use of the C—language programs allowed the ﬂexrbrhty to change any of the -

“delay parameters at any time and see the results in the period of a few minutes

rather than a few days. Accuracy compared to HDL was not lost from lack of
wiring ‘information since the circuit simulation program did not include wire
delays 1n “any delay calculations. The section on adder design shoyys,._that this
was not a severe problem. ‘

3 2. Instructlon Level Slmulatlon

- The rnstructron level simulator was used to obtain program executron time

_' to determrne the performance of the architectures. The relevant aspects of this
' '_methodology are the workload model, the baseline architecture; and the

method of translat1on between them. -

' 3 2 1. - Workload model

The workload model was a set of ten small benchmark programs obta1ned_
from Stanford University written in the high level language PASCAL The
follow1ng llst grves therr names and therr functions:

(1) _acl('_ "~ a highly recurswe program to compute ,'Ac,lgerrnann7:s._
ST function, R

| (2) bubble “a program to perform a bubble sort of 500 1ntegers

(3) . a highly recursive program to compute a Fibonacci number,
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(4) Hin‘tmm a computation heavy program to multiply two 40x40
’ : element integer matrices, ,
(5) perm a highly recursive program to calculate all permutations of
, the numbers one through seven,
(6)  puzzle an iteration heavy, computation heavy program to solve a
‘ . three dimensional cube packing problem,
(7)  queen a program to solve the eight queens problem,
(8) +'quick a program to perform a quick sort of 5000 integers, -
{9)....-sieve a program which implements Erathosthenes sieve to compute
. o ~ the number of primes between 0 and 8190, :
-(IO) ~towers  a highly recursive program to solve the towers of hanoi
T problem with 18 discs.

~ This set of benchmarks represents a broad range of program cl'a,ssiﬁcatioﬂ
from hlghly recursive programs such as fowers and ack to computatlonally in-
tensive programs such as puzzle and intmm.

3 2.2.. Archltecture Simulator and Analy51s

The archltecture simulation tools are based on an 1nstruct10n level
simulator [GrossS4] written by Stanford University for the SU-MIPS processor.
SU-MIPS ‘is an example of a Reduced Instruction Set Computer (RISC)
architecture, and was one of the first “RISCs”, preceded only by the IBM 801
[Radin83] and Berkeley RISC [Katev83]. The SU-MIPS architecture was
selected by Darpa [Barne85] because its low transistor count is compatible with
GaAs E/D MESFET capabilities of the near future. '

To better understand the experiments, several SU-MIPS fea,tures must be
explained. First, SU-MIPS uses a ‘“‘delayed branching” scheme with a branch
delay of one. This means that the first instruction after every branch operation
is always executed. This places a burden on the compiler to find a useful
instruction for the fillin slot or to insert a NOOP into the slot if no instruction
can be found. Second, the data from a data load operation is not valid until
~after the instruction following the data load instruction. The compiler “‘rnust
; therefore find useful instructions for the fillin slots after load instructions.
Third, “instruction packing’” is employed by the SU-MIPS processor. “Certain
SU-MIPS instructions contain two operations, one of which is always an ALU
opération; ‘The operations are executed sequentially in the time necessary for a
single instruction fetch. Since not all instruction combinations may be packed,
instructions may contain either one or two operations. In addition, the system



15

clock runs “at twice the frequency of instruction fetches to subd1v1de each
instruction cycle.

- These features of SU-MIPS result from implementing the plpehne interlock
mechanism in software rather than hardware. This eliminates hardware that
suspends the pipeline waiting for data loads and branches. In addition to a
reduced transistor count, performance increases since some 1nstruct10ns
folIowmg a branch or load will be executed. In a conventional archltecture the
processor is suspended during that time and does nothing.

I designed and helped implement the cache simulator that was:used as
part of the SU-MIPS simulator. The cache simulator receives both an address
and data and returns the number of instruction cycles required for the access
while updating the data and tag information. The cache simulator was
designed to allow run-time modifications to the cache size, block size, prefetch
strategy, cache miss delay, and memory access delay. :

The different architectural features were studied by makmg appropnate
modifications to the SU-MIPS simulator and cache simulation programs and
then recording the benchmark execution time. These changes were necessary
due to the differences between the SU-MIPS architecture and the architecture
'bemg studied. The changes were also generated by the GaAs processor
1mplementat10n : - : :

3' 2 3 ‘ S'U-MIPS Compiler and Translation Software

Th1s study used a compiler, reorganizer, optimizer, and hnker/loader
wrltten by Stanford. This translation software was not modified by us, and
hence was limited to translation of PASCAL source code into the mstructmn
set of the Si based SU-MIPS instruction set. Modifications were not done
because they involved understanding and rewriting the topic of a PhD thesis
[Gros383] Much of the difficulty in performing the experiments resulted from
our inability to generate optimized code targeted to each of the candidate
' archltectures The 1mphcat10ns of this are described in the followmg sectlons
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CHAPTER 4 _
CHOICE OF ADDER DESIGNS

4.1. In;t_i'oduction

.aAs,previously mentioned, the differences between Si and GaAs.technol'o'gies
require different solutions to the same problem. Silicon technologies typically
require high-speed adders to achieve high performance. This is because of the
relatively small ratio of the memory access time to the data-path times. For
example, ‘the NMOS-silicon HP-FOCUS utilized a full carry look-ahead adder
to satisfy its 55ns cycle time [BeDoF81].

Several adder designs for GaAs technologies are available ranging from the
high-speed, large area full-carry-look-ahead adder to the low-speed, small area
ripple-carry adder. Others having speeds and resource requirements between
these two extremes include conditional-sum and carry-select adders [Hwang79]

When the switch from Si to GaAs technologies is made the design changes
_are the dlrect result of three of the major Si/GaAs differences and the indirect -
result - of the fourth. The differences as they apply to adder ‘design are
examined because the adder is an integral part of the cpu and directly affects
the data-path time and performance.

The transistor count limits the complexity of any adder that is
implemented. If the chip is limited to 30K transistors, then any adder that
requires 10K transistors is unacceptable. Even lower limits may be established
if some chip area is reserved for a large register file. The low on-chip gate
delays can enhance performance by simply replacing their Si counterparts and
reducing total delay. Often, implementation of high-speed adders requlres hlgh
gate count designs. :

The limited gate fanin and fanout affect both the area needed and the
delay incurred. Single gates with high fanin and fanout must be implemented
as a series of gates with low fanin and fanout which increases transistor count. |
Because delay is highly dependent on load capacitance, high fanout devices
have a relatively large delay. If a tree is built in° a random fashion, this
‘dependence may cause the delay through N levels of high fanout gates to
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'eXceed the delay through N+1 levels of low fanout gates.

The ratio of off-chip memory access time to on-chip memory access tlme
‘. mdlrectly creates additional GaAs/Si differences. When this ratio is large a
‘memory pipeline is often used and is several levels deep. When this depth
exceeds the average distance between branch instructions or the branch delay,
NOOPs must be found to fill the pipeline untll executlon of the branch
1nstruct10n 1s completed.

4.1.1. Pipeline Depth ;

~ The memory pipeline depth is determined by ratio of the memory fetch
time to the data path time. If the data path time is lengthened by allowing
' the adder to take longer, then the pipeline depth decreases and fewer NOOPs
‘must be inserted into the instruction stream. This decreases both idle time of
' each processor stage and memory usage. The lengthening of the adder time
can be done by replacing a full carry look-ahead adder with a ripple carry
adder. This will probably occur only in a GaAs environment since most Si
systems do not have deep memory pipelines. Without a deep plpehne'
increasing the data path time would increase execution time. In addition, the -
delay of the ripple carry adder is of the same order of magnitude as the delay
of the full carry look-ahead adder with GaAs technology. The narrow
separatlon of the delays is different from Si technology where the delays are
vastly dlﬂ‘erent

4.1.2. Adder Type

. As mentioned, this set of changes (transistor count per chip, on-chlp gate
delay, the ratio of off-chip to on-chip memory access time, and gate fanm and
fanout) affects the choice of adders in many ways. Traditionally,- the full carry
" look-ahead has been preferred for high speed applications and rlpple carry
adders have been discounted for all but the shortest wordlength. Reevaluation
of the adders may show that the fastest adder in Si is not the best or fastest in
GaAs technology. The new technology will also improve the performance of .
~ the slower adders. Therefore, this section is devoted to the change in ‘adder
performance from the Si environment to the GaAs environment and how it
affects the choice of adder designs.
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4.2, Evaluation Methodology

- The choice of adder structures was influenced by previous research
[FurMi85], [Sherb84]. To cover the range of possibilities for our analysis; an
adder with a low number of stages but with high fanin and fanout
requirements and another adder with low fanin and fanout requirements were
chosen: the full carry look-ahead adder and the ripple carry adder. To make
the list complete, an adder that was a compromise between the two extremes
was chosen This choice was the carry select adder presented in [Katev83]
»wh1ch ran stages in parallel rather than serially while still keeping the fanm
and fanout requirements low.

_ To complete the list of adder parameters for various applications, each

adder type was examined for bit lengths from four to thirty-two bits. To
determlne the effect of technology changes, designs with the following fanin and
fanout limitations were examined: fanin = two and fanout = two, fanin = _tWo
and fanout = five, and fanin = five and fanout = five. To show the effects of
different technologies when determining gate delays, the delay per fanin and
fanout and the base delay for each gate was varied. These parameters were
then used to generate delay information for each adder for the first test. Adder
delays give no information about implementation difficulties. Therefore, for
the second test, we generated a hardware description for a subset of adder
lengths for each adder type. The descriptions were input to the automatlc
layout tool MP2D which then calculated areas for each adder type.

4.3. Experiment Procedure

The first of the two tests was to determine the delay for each adder type
by deriving the delay formulas for speed comparisons based on fanin, fanout
- and bit length. In addition, the delay per additional fanin and fanout and the
base delay for gates could be controlled. These formulas could then be used to
compare the adders. When the formulas were developed the circuit simulation
software was not available. Therefore, the formulas were implemented in C
language for each of the three adder types.

4.3.1. Adder Delays

The ﬁrst step was to derive equations for a simple NOR gate wh1ch‘
include the delays for the different inputs. Each NOR gate has five
parameters R
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Fast the rise and fall delay of the fast input,

~ Slow the rise and fall delay of the slow input,
- Crat the fast input load capacitance,
- Cout the fanout capacitance,

Fast*Cout the delay per additional fanout,
max fanin the maximum fanin,
maxfanout and the maximum fanout.

The delay formula is

~delay = ( | logayanin(Fanin) ff — 1)¥(baseg,, (maxfanin) + Slow * Cp,,

. + (2 * [( llogmaxfanout(Fanout) ]+ 1)/2 ]i - 1)

* (basep,gi(1) +FastxCp, ) + basep,q (1) +Fast«C,,
where
| baseg,,(fanin) = delay,,,, +fanin*delay per fanin
and - ‘
basep,.(fanin) = delayy .. +fanin*delay per fanin

Another question is whether the delay caused by the conductors is
significant compared to the delay of each gate. Given information on the
Tektronix E/D MESFET process and information from their GaAs standard
cell hbrary, I was able to determine that the capacitance of the longest
expected conductor was less than 1/4 of the lowest input capacitance of any
device in the Tektronix GaAs standard cell library *.

The delay for each ‘adder depends on several parameters:

D - the delay of the critical path,

N - the number of bits in the adder,

B - the value of the base time,

Cfi - the capacitance per additional fanin,
Cfo - the capacitance per additional fanout,
Nfi - the number of fanins

X] the ceiling function, picks the smallest 1nteger greater than X |
the floor function, plcks the largest 1nteger smaller than X. - .
ThlS lnformatlon is not specified because it is Tektronlx Conﬁdentlal.' -

.].
i
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Nfo - the number of fanouts,
T - adder type.

The overall formulas for delay generated always consider the varying
delays between inputs. The formulas also take into account varying fanin and
fanout limitations. The general formula varies as D(N) = f(N, B, Cfi, Cfo, T,
Nfi, Nfo). :

~For D(N) given T=ripple carry as shown in figure 4.1,
D(N) = xor(Cfig, +Cfigoy) + carry(2%Cfip, . )*N + xorp, (Cfif)
where
xor(C,,;) = max( basep,(2) +Fast«Cfip, %2 +
ba'sefast(2) +Fa'St‘*Cﬁslow + ba'ses]ow(2) +Slow*Cout:
base,j,y(2) +SlowxCfip, 2 +
ba‘sefa,sb(2) +FaSt*Cﬁfas£ + ba‘sefast(2) +Fa’St*Coﬁt )7
XOTpaet(Cont) = min( basep,(2) +Fast+Cfip,,¥2 + |
baser,(2) +Fast«Cfiy,, + basey,,(2) +SlowC,, ,
basey,,(2) +Slow*Cfip, *2 +
basep,(2) +Fast+Cfir,, + baser,(2) +Fast«C, ),

ca'rrY(Cout) - ba'sefast(z)-l_Fa'St*Cﬁfast + ba'sefast(2) +Fa'St*Cout )
and once again ,
(fanin) = delayy,,, +fanin*delay per fanin

ba‘Seslow

and

- basep,(fanin) = delayy,, 1+ faninxdelay per fanin.

- For D(N) given T =carry select as shown in figure 4.2, when m = l\/N l
D(N) = Xor(Cﬁfast+Cﬁslow) + ca‘"Y(z*Cﬁfast)*m + Xorfa.st(Cﬁfast) +
. mux (m, 2*Cﬁfast)*’l, N/m |+ mux(N%m,2«Cfi, )

where
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.ml’ix(m, Co,n.t): outfree(m, Cfi,.) + ba‘seﬁm(l)+Fast’i=C~‘4ﬁfa;t +
basepq,(2) +Fast+Cfip,, + basep,y(2)+Fastrc,y,
» outtree(m, Co‘ut) Ilogma.xfa,nout( ) l_l)
* (basep, (1) +Fas't*Cﬁfast*max.fanout)

~ + basep,, + Fast*Cout*maxfanout

'but if l logmaxfanout( 1) IIS odd then
delay: = delay +baseq,,(1) +Fast«Cfig,,.

“ | Fér D(N) given T:fuli carry look ahead as shown in figure 4.3,
| : D(N) - XOr(Cﬁfa.st.-l-Cﬁslow) + carrytree(N 2*Cﬁfast) + Xorfast(Cﬁfa.st)

where

carrytree(m Cout) = o_uttree(f(%nl +1,Cfig, )

+ intree(m,Cfi;, ) + 'intree(m,Cou;) )
and
V mtree(m Cout » [logmaxfa.mn( ) -1)
% ((baseslow(ma,xfanin) +SloW*Cﬁfast)

+ basefast(l) +Fast+ Cﬁslow)

+ base,,(maxfanin)+ Sblow*Cout.v
' Th’é‘séN equations were then implemented in C for each adder. The base
gate delays and delays per additional fanin and fanout were implemented as
- variables set at compile time. This information was then plotted to show the
difference between the adders as the technology parameters were varied. '
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4.3.2. Adder Area

So far only the delay of the 1nd1v1dual adders has been dlscussed The |
‘delays can then be used in conjunctlon with the area consumed to evaluate

each adder.” Determining the area consumed was done as part of the second' -

 test where each adder was created with HDL. Gate level descrlptlons of each '
" adder complete with timing information could be entered using the- descrlptlon
language. The resulting description was run through a translation program -
* that extracted and formatted the data for MP2D, the automatlc layout
program. MP2D, multi-port 2-dimensional placement and. routing program, )
took the translated HDL information and generated layouts for portions of the
~adders and for complete adders. Included with this information was the actual -
layout and area that each design required, as well as the approximate area per
| transistor including wiring areas. The data was then used to bulld general
' curves and equations to approximate any of our adders. These curves allowed ‘
- us to compare the adders on this second criterion to better estimate their
v1ab1hty in a GaAs environment. ' '

“The area of rlpple carry adders was calculated by 1nterpolat10n along a‘
stralght line between known pomts This was relatively accurate since the data’»
were very linear. The area for a carry select adder of bit length N; when'

m— \/.— 1s approximated by the followmg formulas. -

A(N) areapg(m) +area, (N%m)
i +(m__l)*2*( &reacg(m) + are&cg(N%m)) + ar(eacg(m)
y + (m—l) ( areamux(m) + a'rea'mux(N%m))

where R 7

’ pg(m) = area of an m-bit propagate generate box,
cg(m) = - area of an m-bit carry generatlon box,
mux( ) =r‘ - area of an m-bit mux, and '
sum(m) area of an m-bit summatlon box

The area for a full carry look-ahead adder of bit length N is approxnnated by
the followmg formulas.

o A(‘N)-.a‘reapg(N)-Ifareasmh(N)+far10u‘tcmy_in(N)
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i=n—1 ‘
+.) (markfa,noutgenerate(N—i)
. i=0 '

| o .+.faDOUtpropagate((i + 1)*(n_i) + 1) + a’rea’ca.rry(i + 1))

vw:he'ré
fanout(m)=  area of an m-bit fanout tree and
carry(m)= area of the m,; carry bit.

4, 4. Presentatlon of Results

_ Usmg all the delays and the areas for each adder type, the dlﬂerence in
adder de81gn for Si and GaAs technologies can be described.

4.4.1. Adder Delays

The delay programs used the given formulas to generate the delay data
presented ‘in figures 4.4 through 4.9. The first set of three figures dlsplays the
_del,ay\ of ‘ela,ch adder in a GaAs technology for the three fanin and fanout
‘configurations. The second set of three figures displays the delay of the adders
in a Si.té"’chnology for the fanin and fanout configurations. Each figure shows
delay in picoseconds versus word length in bits. Simplifying the adder
equatibns shows that the delay of the ripple carry adder increases by O(N)
(Order N), the carry select adder increases by O(log(N)N'/?), and the full carry
look-ahead adder increases by O(log(N)), where N is the bit length of each
adder. For large N, the comparison shows that the full carry look-ahead adder
will always be faster than the carry select adder, and both will be faster than
the ripple carry adder. The technology determines the key p:irameters that
determine the magnitude of the difference in delay time and the fastest’ adder
for short bit length adders.

Although the ripple carry adder has delays increasing linearly to values
~ greater than either of the other two adders, the delays of the carry select adder
. and the full carry look-ahead adder are increasing at almost the same rate. For
the bit length of interest (32 bits), the propagation delay through the full carry
look-ahead adder is two-thirds that of the carry select adder. Figure 4.6, where
the maximum fanin and fanout are five, shows this much more clearly than
figure 4.4 where the maximum fanin and fanout are only two. The differences
in the delays are due to the slow rise time of the E/D-MESFET gates and the
long base delays of the CMOS/SOS gates.
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“The slow rise time severely degrades performance as fanin and fanout
increases as shown by the large difference in execution times for ﬁgures 4.4 and
4.6, and 4.7 and 4.9. When only the rise time is changed, the speed of the
individual adders increases dramatically as shown in figures 4.10 through 4.12.
Unfortunately, the GaAs E/D-MESFET process is not charactenzed by such
fast rise  times and fast total delays. : o

- If the de51gner wants to avoid an excessively deep memory pipeline then
v he should also consider the ripple carry adder. Since the design is characterlzed
by low fanout, the change in maximum fanout from Si has almost no effect. In
addltlon the delay is only twice that of the full carry look-ahead adder and
- could increase the total data path time of a processor such as SU-MIPS
, [Gross82] by 30 percent. This would allow the designer to reduce the memory
' ’plpelme depth by the same amount v

4.4, 2 Adder Area

As mentioned before, comparisons solely on the basis of adder’ delays are
deﬁclent Therefore, the area consumed by each of the adders was plotted and
is presented in figures 4.13 through 4.15. The area of each adder is shown ‘in
terms of mlls squared and is plotted against the bit length of each adder The
area requlred by the ripple carry adder increases linearly with bit length and
rlses at’ the slowest rate of the three adders. The area of the carry select adder
is" growmg a little faster: O(N) plus an N/2 component. The fastest adder, the
full carry look-ahead adder, consumes area at a much higher rate, O(N3)
: Although th1s is not surprising, the cubic growth rate quickly uses up the
available area on a chip. ‘This may not be obvious where fanout limitations are
large and the fanout trees will not occupy a large area. A quick glance at the -
graphs qulckly shows that even for large maximum fanin and fanout, the area
vconsumed by the full carry look-ahead adder is unreasonable for large bit
length adders Only the ripple carry adder and the carry select adder conserve
enough area to allow other structures to be placed onchip. S

oo In summary, the GaAs environment quickly challenges long—standmg
: conventlons Ripple carry adders are capable of performlng the JOb wrthout:
severe degradatlon of performance and can help reduce memory prpehne depthsv
and 1mprove performance. This supports using serial operations  in GaAs

L partlcularly when such. operations have low fanin and fanout requlrements_

For adders such as full carry look-ahead adders, the parallel nature uses area in
such large quantities that they are not useful in a GaAs environment. Those
.adders thatv serialize operations with high-fanin and fanout requirements whlle
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parallelizing operations with low fanin and fanout requirements make a good
compromise. ‘Carry select adders, which follow this principle, are shown as one
of the fastest adders available as well as one of the more area efficient

structures.
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CHAPTER 5 _
- MULTIPLIER PLACEMENT

5. 1 Introductlon

Current RISC processors such as UCB-RISC [Patte85] have shown the
usefulness of large register files and of windowed register sets. The area
limitations of the GaAs environment do not allow such large structures.
"Possiblev GaAs architectures include as many as 32 registers, but this may not
be the best use of space. The proposals discussed here use the area of 16 of
those 32 registers for other structures such as barrel shifters and multipliefs.

The choice of the proposed multiplier and barrel shifter was _heaviiy
inﬂu_’ence}d, by previous work in this area. One influence was from the
instruction mixes presented in [Knuth71]. Although these mixes are
predominantly simple arithmetic and branching operations, multiplication was
still sighiﬁk:antly more frequent than operations such as division and shifting.
By themselves, these mixes do not show the most important operations to
investigate. However, the instruction mix of the benchmarks presented in
figure 5.1 is used to describe the possible applications of the processor 2_1,nd help
highlight promising operations to investigate. The instruction mix distribution
shows that after the common operations such as loads, branches and simple
arithmetic operations, multiplication was the most frequent operation and shift
or rotate instructions occurred relatively infrequently. Since area is often
sacrificed for performance and vice-versa, shifting speed can be reduced and
area can be freed while multiplication speed can be increased by using the freed
area. Since multiplication occurs so frequently and shifting occurs so -
infrequently, performance should improve when these changes are made.

- 5.1.1. Shifter Choice

The type of multiplier and barrel shifter still must be decided since there
is a wide variety in their speed and complexity. The choice of shifters is
relatively simple: use a full barrel shifter or a barrel shifter with a small shift
capability. The implementation of any shifter for SU-MIPS allows a maximum
shift of 2"-1. Since the shifter was chosen to minimize area and still be able to
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shift one and two bit positions, the maximum shift was chosen to be three.
Choosing a shifter which shifts by one, two, or three bit positions requires that
all large s'hift counts be synthesized with a series of smaller shifts. This does
" not incur a large penalty when there are very few shift 1nstruct10ns or rnost
shlft 1nstruct10ns have a small displacement. '

51 2. Multiplier Choice _

The ch01ce of multipliers is a little more complex, ranging from palallel
,multlphers to synthesis of multiplication from shift and add instructions. After
the initial evaluation, parallel multipliers were discarded because their
complex1ty violates the transistor count limitations of the chip. Syntheﬂb is
dlscarded because of the excessive time necessary for a multiplication. Two of
the remamlng options are booth-step algorithms built into the hardware or
b1t-serlal ‘multipliers.

The booth algorithm can be built to multiply two bits of the multiplicand
during_,eac;h instruction cycle so that a 32x32 multiply takes 16 instructions
plus the overhead instructions (loading and storing the operands and results).
Although the booth-step algorithm can be built into the ALU and will be part
of the. data path, the bit-serial multiplier must be off the data path because it
~ takes many system clock cycles to complete the multiplication. The bit-serial »
multlpher works serially and can take only one bit at a time which results in 32
clock cycles to do a multiplication. Only 16 instruction cycles are needed to
complete a multiply since the system clock runs at twice the instructions fetch
rate. The performance can be improved by increasing the frequency of the
bit-serial multiplier clock. The range of clock frequencies examined and the
execution' ‘time are discussed later in this chapter. Another possibility
investigated is to put the bit-serial multiplier off-chip and access it as a
COPTOCESSOr. . | .v

V'Either of the bit-serial multiplier solutions create a delay fillin problem.
Since the multiplier takes n cycles to complete, n-1 slots must be filled with
other instructions waiting for the product to become valid. This is aggravated
in the case of the off-chip multiplier since the delay to send operands off-chip
- and receive the results increases the delay fillin time. If the’ frequency of the
blt-serlal multlpher clock were increased, multlphcatlon would take less tlmc
This would require less delay fillin which consequently conserves memory.

Temporal - conflicts between multiplication operations in multiplicu.t;ioly
intensive  applications are also reduced. In multiplication “intensive
applications, the number of instructions (distance) between multiplication
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instructions is small. If the delay fillin is always smaller than this diétanée, |
then the reorganizer may be able to fillin with useful instructions rather than
NOOPs. Large delay fillins, however, may exceed the distance ‘between ‘
‘multiplication instructions and require the reorganizer to insert NOOPs into
the code. These unproductive instructions then reduce performance and
~ increase memory usage. B '
The addition of instructions also affects how the processor pé‘rfbl‘ms with
’cacfhé'.'_“_If the instructions are part of a loop, an instruction or data cache may
improve performance. '

5.2. Mﬁltiplier Placeinent Evaluation Methodology

Wiﬁh the above facts in mind, three implementations were examih,éd»._ The
first implementation is the original SU-MIPS [HeJoP83]. This implementation
- supports the booth-step multiplication algorithm which is built into the ALU
and includes a full 32-bit barrel shifter. The SU-MIPS also has 16 32-bit
general purpose registers. The second implementation, RCA—MIP_S#_MI,
retains .the 16 registers but the barrel shifter is replaced by a sim'ple:'f.shifter
capable of ‘shifting a 32-bit word one, two, or three bit positions. The ép:icé
freed by the smaller shifter is used by a 32x32 bit-serial multiplier .funliillg on
its own‘leckvand faster than the system clock. The third impl_e‘rr_ieritati_oni,
RCA-MIPS#M2, uses the same one-two-three shifter as RCA—MIPS#M"I,_ but
the bit-serial multiplier is moved to an off-chip on-package location. The space
no longer used by the multiplier and shifter is used to increase the register file
size from 16 to 32 registers. | ' '

5.3. Multiplier Ekperimental Procedure o
The analysis of the various implementations was done in four p_ar'_'ttls_, F ust
the SU-MIPS simulator [Gross83] was run to determine the performai;ée-df the
baseline architecture for each benchmark. Second, the RCA—MTPS#Mlvelsmn
of the simulator was run with the bit-serial multiplier clock rate‘s,é:tj:‘_tfo_‘ ‘*i-t}'_{{o,'
four, six, eight, and ten times the system clock in the GaAs tests a_nd_’éﬁe;';t'\&;c,’
four, six, and eight times the system clock in the Si tests. »The_diﬁeréli_ée_
between GaAs and Si parameters was due to the smaller ratio of instruction
cycle time to device delay time in the Si technology compared to the ,;:Ga,A's'._
technology. The number of NOOPs replaced by useful instructions during the
- multiply delay was set to zero, one, or two. - e

Third!’ the RCA-MIPS#M2 version of the simulator was run with the
same fillin- and system clock ‘parameters. In addition, the time to get.
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information from the cpu to the off-chip on-package Iﬁultiplier was set equal to
two and four instruction cycles in the GaAs tests and one and two in the Si
tests. The difference in parameters was due to the larger ratio of off-chip
memory access time to on-chip memory access time in GaAs compared to Si. .
Each set of tests was run for the case of an optimized program and an
unoptlmlzed program. This optimization was an assembly level optimizer and o
is described in [GroHe82]. o

Before conducting each test, the changes in executable code for each of the
simulator versions was determined. The simulator was then modified to
interpret the execution of the instructions being examined. Each shift by a
constant was transformed to a series of smaller shlfts demonstrated by sl #11 :

RS,.c which is transformed into

: - sll #3, R,

| sll #3, R,

| sll #3, R,
sll #2, R

Shifts using the Lo register for a variable count shifts use a jump table as
shown below. ' -

srl, #2, cht’Rtmp

subr #8, Rymp
bra #1, L1 [Ryp,]

; nop

Li: _ :
sll #2, R, slt #2, R,
sll #2, R, sll #2, R,
sll #2, R, sll #2, R,
sll #2, R, sll #2, R,
sll #2, R, sll #2, R,
sll #2, R, sll #2, R,
sll #2, R, sll #2, R,
sll #2, R, sll #2, R,

and #3) cht)Rtmp
beq #0, Rpp, LEND
nop

beq #1, Rypp, LEND
sl #1, R, .
beq #2, Ry, LEND
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sl #1, R,
sl #1, Ry,
LEND: |

Shlftmg by a count was not done with a loop because the SU-MIPS 1nstruct10ns
allowed a shorter assembly code implementation for a jump table When a
multiply or shift instruction was interpreted, the original 1nstruct10n ‘was
executed. The benchmark statistics were then modified to reﬂect the executlon
of the sequence of instructions for the modified architecture. '

“Since the original code was always executed, the statistics were modlﬁed
by the simulator to reflect the instruction mix and execution time of the
- modified code. This meant that the reorganizer could not do compile time fillin -
- after multlphcatlon instructions and forced us to assume the compiler would do
delay fillin with a certain efficiency. We assume that the compiler will only

 fillin zero, one, or two instructions since the SU-MIPS reorganization algorithm

was efficient for a fillin of one, was marginally effective for a ﬁlhn of two and _
produced no noticeable improvement for fillin greater than two.

~In addition, we tried to reduce the workload by limiting the perf01 mance
analy51s to the five benchmarks which have multiplication in them: bubble-
intmm,. puzzle quick, and fowers. The information gathered for ‘the
: multlphcatlon tests is shown in tables 3 through 8 for GaAs data and tableﬁ 9
» through 14 for Si data. :

5 4. Presentatlon of Results

‘, All the figures presented show the results with unoptlmlzed code The
'ﬁgures with optimized code are similar. However, the curves are all shifted
down and the curves in each family have less separation between them.
Flgures 5.2 through 5.5 display the execution time of a benchmark agalnst the
ratio of the multiplier clock to the system clock for the on-chip blt—serlal |
multiplier of RCA-MIPS#M1 for the GaAs parameters. The execution time
for the Si parameters is shown in figures 5.6 through 5.9. FEach curve
represents a different delay fillin constant: zero, one; or two. Although the
curves show the execution time decreasing as the multiplier clock ratio
lncreases the execution time is never better than in the case of the basellne'
architecture. This is true for any values of the delay fillin parameter USed ‘and
for both GaAs and Si technologies. This could be due to many shift
instructions with a large shift count. An example is the sra #31R
mstructlon ‘which is frequently used for sign extension.
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~ The benchmarks available to run on the simulator never fully utilize the
16 registers available on SU-MIPS. Therefore, they could not possibly use all
32 registers on RCA-MIPS#M2. For this reason, changing the simulator to use
32 registers would not change the results and, hence, was not done. As an
alternatlve a certain percentage of all loads and stores are assumed to occur
because the register file has overflowed and memory had to be used for
information - storage. The load and store operations are tallied durmfr
executlon A percentage of the load and store operations corresponding to the
amount of register file overflow are then subtracted from the total e\ecutlon
time:’ ThlS percentage could then be varied for each run of the simulator. Thc
effect of this is indicated in figures 5.10 through 5.13 for GaAs parameters and
:ﬁgures 5.14 through 5.17 for Si parameters. When the offchip delay parameters
are increased, the plots shift up to show the increased execution time. Slnce_
the addltlon is linear, the shape of the graphs is unchanged as the dclay is
1ncreased -

o The next sets of curve families include register utilization percentwes

Figures 5. 18 through 5.21 again map the execution time of a typlcal benchmark
against the clock ratio for GaAs parameters while figures 5.22 through 5.25
map the. execution time for Si parameters. Notice that as the percentage of
load and store operations for register overflow increases from 30 to 90 percent,

the execution time decreases. This would be an ideal 51tuatlon especmll}-
: con51dermg that the execution time of the baseline architecture was surpassed
at around 20 percent. Even during parameter passing, the biggest user of the
reglster ﬁle none of our benchmarks came even close to complete utlhzatlon of
16 reglsters This low utilization gives a percentage of loads and stores used for
overflow close to zero. An architecture with a larger register file would perform '
better with a compller that utilizes registers more fully. Such compilers would
have to do more register lifetime maximization, do more parameter passing in
registers, save more data or pointers in registers, and otherwise utilize the
register file more fully. Until such software is written, and benchmarks which
will make use of such software are available, the point on the curve remains in
- question. The software was not modified because of time limitations and the
~ large amount of software which would have to be modified. The detalls of tlm -
software are part a PhD dissertation [Gross4]. R

The cache experiments could not be done by puttmg a cache simulator
into the MIPS simulator because of our method of expanding and interpreting
shift and multiply instructions at runtime. Inserting the expanded inst ructions
into memory at runtime would ‘change the model of memory during execution’
and would ‘make the cache model inaccurate. In addition, the complexity -of
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modifying branch addresses on the fly is a larger task than could be
accomplished in the avajlable time. Alternatively, the compiler -could be
rewritten to do multiply fillin, but once again, the amount of work required -is
massive. Cache and multiplier simulation in the SU-MIPS simulator is of
questionable value because of the implementation of the multiplier simulator.
Therefore, the following chapter presents an experiment to determine the effect
of c¢ache issues on multiplier design.
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Table 3

Executlon Time for GaAs Onchip Multiplier with Optlmlzed Code

(in terms of instruction fetches)

bench ackp bubhblep fibp indmmp perm  puzzlep - queen quick  slevep

boiverép

baseHpe | 8186804 1196574 634830 1761028 337582 5040988 6529 1132066 - 166049
1=2,6=0 | 3186845 1240507 884330 2005849 387606 4985102 7200 1687726 166690
f=g¢=1 | 8186845 1240007 584330 2532240 887605 4985102 7200 1582726 - 1606690
| i1=2s=2 | 3186845 1230507 0584330 2458640 337606 4985102 7290 1577726 166690
1= 46=0 | 3186845 1288507 584330 2311449 8876006 4986102 7200 1587726 - 166690
1=45=1 | 3186845 1238007 584830 2237840 887605 4985102 7200 1562726 160690
§=4,6=2 | 8186845 1287507 584330 2164249 887606 4985102 7290 1557726 166090
1=6,s=0. | 8186845 1288097 584330 2287840 887606 4985102 7290 1562726 186690
1= 6s=1 | 3186245 1237507 584330 2164240 387605 4985102 7200 1657726 166600
1=6,=2 | 3186845 1287007 0584330 2000049 357605 4985102 7290 1852726 166690
12850 | 3180845 1287607 684330 2164240 87606 4085102 7200 1867726 166690
1=8s=1 | 3180345 1257007 584330 2000640 837606 49085102 7200 1862726 166600
1=8s=2 | 3186846 1236697 584330 2017040 387605 4985102 7290 1547726 166090
1=10,5=0 | 3180845 1287007 584330 2000040 887605 4085102 7290 1652726 166690
‘12104=1 | 3186845 1288507 584330 2017040 887605 4g85102 7200 1547728 166690
1=10,6=2 | 3186845 1286697 584330 2017049 'S37606 4985102 7290 1547726 166690

Table 4

25685180

4501212

4386712
4272212
4048212
8928712
8814212
8928712

8314212

3699712
3928712
aesmm

8586212

8585212
8585212
8586212

Executlon Tlme for GaAs Onchip Multiplier with Unoptumzed Code

(in terms of instruction fetches)

bench ackp bubblepv fibp iotmmp perm puzzlep queen quick  slevep

' towel\;p,

 baseline 31014& 8171079 602121 3852427 431167 19313270 39288 1984792 397121
i=2,6=0 | 3101480 8215102 002121 E708450 . 431100 25456897 - 40047 2659305 397162
i= 2;s=1 310i4m ‘8214602 602121 5508450 431190 24680809 40047 ' 2554365 397162
1=2,6=2 | 3101480 3214102 0602121 5308450 431190 28922721 40047 2549305 397162
i=4,5=0 | 3101480 ' 8213102 0602121 4908450 | 431100 22388546 40047 2539365 397162

i=4,5=1 | 8101480 3212602 602121 4708450 431190 21021457 40047 2534385 307162

1= 4,6=2 31014&) 8212102 0602121 4508450 431190 20854369 40047 2520365 397162

{=6,s=0 | 3101480 38212002 002121 4708450 431190 | 21621457 40047 2534355 . 397162

- i=6,5=1 | 3101480 8212102 602121 4508450 431190 20854309 40047 2529385 397162
i=6,6=2 | 3101480 3211602 ©02121 4308450 431190 20087281 40047 2524385 397162

1=8,5=0 | 3101480 3212102 ©02121 4508450 431190 20854309 . 40047 2529385 miozv

i= 8,9=i 3101480 3211602 602121 4308450 431100 20087281 40047 2524385 397162
i=g8,e=2 | 3101430 3211102 002121 4108450 431190 19320193 40047 2519365 397162
i=10s =6 3101480 8211002 602121 4308450 431190 20087281 40047 2524365 397102
{=10s=1 | 3101480 3211102 602121 4108450 431190 193201903 40047 2519365 397162
1=10s=2"| 3101480 8211102 002121 4108450 431190 19320198 40047 2519365 397102

3685189
4501212
4386712
4272212
4043212
3928712
2814212
2028712
3814212
3699712
3814212

3099712
85212
3090712

3586212
3586212
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~ Table 5
Executlon Time for GaAs Offchip Multiplier with Optlmlzed Code
(in terms of instruction fetches)

1=105=2,R=0.9

886331

Offchip Delay of 2
bench ackp bubblep  fbp lmtmmp ‘perm pusdep queen  quick skevep | towemp
baseline 3188804 1190674 584330 1761026 337582 5040088 6520 1132960 100640  iSMsTTi
18840 3186845 1248507 584330 3480040 337605 4085102 7200 1647726 166690 14175070
1=20=1 3180845 1245597 584330 3341840 337606 4985102 7290 1687726 160890 14175070
1=2s=2 8186845 1244507 534320 8104649 387605 - 4985102 7200 1627726 166690 14175970
I=48=0 3186845 1242507 584330 2000240 387006 4985102 7200 1607728 166090 14175970
I=49=1 8180845 1241607 634330 2763040 387606 4985102 7290 1507726 160690 141759070 .
1=4s=2 3180245 1240597 584330 2006840 337005 4085102 7200 1587726 166690 14175970
1=65=0 8186845 1241507 584330 2763040 337605, 4985102 7290 1507728 168690 14175970
1=6s=1 3180845 1240607  5BASS0 2005849 337006 4085102 7290 1587726 168890 14175070
1=6s=2 3180845 1230507 534330 2458040 837605 4985102 700 1577726 166690 . 14175970
1=86=0 8188845 1240597 584330 2005849 337606 4985102 7200 1587720 166690 14175970
1=8g=1 8185345 1239607 584330 2458840 337606 4985102 7200 1677728 166800 14175070
1= 8e=2 8180845 1238507 584330 2311440 337605 4985102 7200 1567720 160600 14176670
1=10,5=0" 3180845 1230597 584330 2458049 387005 4985102 7200 1577720 160890 14175970
1=105=1 3186845 1238597 ' 584330 2311440 837605 4985102 7290 1567726 166890 14175970
1=10,s=2 3186845 . 1238507 584330 2511449 3876056 4985102 7290 1567726 160690 14175970
1= 2,9=0,R—03 218438 1120176 472780 SSO00SB 271642 4398145 0402 1655527 142764 - 11705687
1=2s=1, R= 018438 1128175 472780 3222788 271042 4398145 6402 1545527 . 142764 11705687 -
(218438 1127175 472780 3075588 271642 4308146 6462 1635527 142754 - 11706637
WIBL38 1126175 472780 2781188 271642 4308145 0462  1BISE2T 142754 11705687
1= 4,.-1 R=03 | 2618438 1124175 - 472780 2033088 271642 4308145 €462 1508527 - 142754 11708687
1=42=2R=0.3 | 2018438 1123176 472780 2486788 271042 4308145 0402 1495627 142764 11708037
1=65=0,R=0.3 | 2618438 1124175 472780 2033088 271042 4308146 6462 1506527 142754 11706687
1264=1,R=0.3 | 2018438 1128176 472730 2438783 271642 4398145 6402 1406527 142754 11706087
I=0s=2R=03 | 2018438 1122175 472780 2830588 271642 AMBI4G 6462 1485527 142754 11705687
I=8s=0,R=0.3 | 218438 1123175 472780 2438788 271042 4308145 0402 1495527 142754 11705687
1=8s=LR=0.3 | 2618438 1122175 472780 2330588 271842 4398145 6482 1485527 142764 11705637
- 1=8s=2R=0.3 | 2018438 1121176 472780 2192388 271642 4308145 8462 1475627 142754 11706687
I=10s=0,R=0.3 | 2018438 1122175 472780 2330688 271642 4398145 6402 1486627 142764 . 11705687
I=105=1,R=0.3 | 2018438 * 1121176 472780 - 2102388 271642 4308145 0462 1476627 142754 11705687
1=10=2,R=0.8 | 2618438 1121175 _ 472780 2102388 271642 4398145 G402 1475527 142754 11706037
1=25=0R=00 | 1481625 804331 249081 SIS1S6 130716 224231 4807 137129  O4SRS - e7B4OrZ
1=25=1R=0.0 | 1481625  £93331 240681 2084006 189716 8224231 4807 1361129 - | 94883 6764972
1=24=2,R<0.9 | 1481625 802881 240681 2837406 130716 8224231 4807 1851120 94888 6704972
1= 45=0,R=0.9 | 1481625 890331 . 240681 < 2643008 130716 2242381 4807 1SSLI20 94883 6704072
I=44=L,R=0.0 | 1481625 833331 240681 2306300 130716 8224231 4807 1321120 94883 764972
I=45=2,R=09 | 1481625 833331 240681 2248066 130716 3224231 4807 1311120 04883 0764972
I=04=0R=00" | 1481625 ~ 39331 249881 2296800 130716 8224281 4807 1321120 4883 6784972
1=65=1,R=0.9 | 1481025  sss3s1 249681 2248080 136716 226281 4807 1811120 94883 6764972
1=6s=2R=09 (1481625 857331 249081 2101466 130716 2224231 4807 1301120 94888  67BAGT2
1=85=0R=0.0 | 1481625 833331 249681 2248066 130716 224281 4807 1311120 94388 6704972
I=8s=1L,R=09 | 1481625 827381 249681 2101406 130716 224281 4307 1301129 94883 6784972
1=8s=2,R=00 | 1481025 888331 20681 1954200 139716 224281 4807 1291120 | 94383 67649072
1=105=0,R=0.0 | 1481625 887331 240081 2101466 136716 8224281 4807 1301120 94883 6764972
1=106=LR=00 | 1481625 880331 240081 1054206 130716 3224281 4807 1291120 94883  6TOANT2
1481625 240081 - 1954208 139716 8224231 1201120 . 94888 '

6764972 -
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Table 6
Executlon Tlme for GaAs Offchip Multlpher w1th Unoptlmlzed Code-
(in terms of instruction fetches)
Offchip Delay of 2

ackp bubblep  fbp intmmp pem  pumlep ques  quick  slevep towersp
3101430 3171070 602121 1761028 431167 19313270 - 30286 1984792 397121 3585189
31080 3221102 602121 8108450 431100 4601053 40047 2019365 307162 5875212
S101480 3220102 602121 8430040 431100 SSIZV7T7 40047 2600365 307162 5646212
3101480 8219102 602121 8341840 431100 31508601 40047 2599365 897162 . 6417212
| 3101480 3217102 602121 8508460 431190 28526249 40047 2670365 SGTI62 4950212
2101480 3216102 802121 2000240 431100 20001078 40047 2569365 897162 4730212
3101480 3215102 602121 2753040 431100 25450807 40047 - 2560385 397162 4601212
| s101480 3216102 602121 6108450 431100 26001078 40047 2569365 307162 4730212
3101480 8216102 602121 - 2753049 431190 25450807 40047 2560365 307162 4501212
3101480 8204102 * 602121 2005840 481190 28022721 40047 2549865 SO7I62 4272212
$101480 3215102 602121 5708450 431190 26460807 40047 2550365 897162 - 4601212
S101480 3214102 602121 2006349 431190 23022721 40047 2549365 397102 4272212
3101480 3213102 602121 2458840 431100 22388545 40047 2530365 807102 4043212
3101480 3214102 602121 5308450 431100 23922721 40047 2540365 89T162 4272212
.| 3101480 3213102 602121 2458040 431100 22888545 40047 2530365 307102 4043212
1=105=2 - - | 3101480 3213102 602121 2458640 431100 22388545 40047 - 2589365 807162 4043212
1= 25=0R=0.8 | 2420784 ~ 2010617 479961 7741220 48160 31839063 32516 2203219 368312 -5309IEE
1=23=1,R=0.8 | 2420734 2000617 470051 88300988 348100 30306787 32516 - 2283219 - 368312 5140185
1=2s=2,R=0.8 | 2420734 2908617 470051 3222788 348160 28771611 32516 2273219 368312, 4011185
1= 45=0,R=0.3 | 2420734 . 2006017 470951 6141220 348160 25703250 32516 2263210 908312 4453185
=1, 2420784 2905617 479051 2781188 345160 24160088 32516 2245210 308312 4224185
2470734 2004617 470051 2033988 848160 22634907 32516 2233210 868312 3095185
! =0.3 | 2420734 2006617 470051 5741220 348160 24160088 32516 2243210 38312 4224185
1=6s=1,R=0.8 | 2420784 2004617 470051 2633088 43160 22634007 32616 2233219 368312 3006185 -
1= 6,4=2,R= 2420734 2008817 470051 2486788 348160 21100781 82516 2223219 368312 3760185
1=84=0,R=0.8 | 2420734 2004617 470951 5341220 348160 22634907 32516 2233219 808312 3995185
1=85=1,R=08 | 2420734 2003617 470061 2486788 348160 21100781 32516 2223210 808312 3768185
1=8s=2,R=0.3 | 2420784 2002617 470951 2839588 848160 10666555 82616 2213210 868312 - 8587185
1Z105=0,R=0.3 | 2420734 2008617 470051 4941220 348160 21100731 32516 2223219 308312 3700185
1=104=1,R=0.3 | 2420734 2002617 479951 2830638 343160 19660555 32516 2213210 368312 8537185
I=104=2,R=03 | 2420784 2902817 470051 2830558 8160 19600556 32516 2213210 308312 3537185
i=25=0,R=0.0 | 1080242 2280848 235612 7006787 182009 26195084 17454 1640027 310614 . 4357132
f=2s=1,R=0.0 | 1086242 2288645 235612 S131866 182000 24061808 17454 1630927 310614 4128182
1=24=2,R=0.0 | 1080242 2287640 235012 2084000 152000 28127632 17454 1620927 310014 3899132
1= 4s=0R=0.0 | 1086242 2285646 236812 5406787 182000 20069280 17454 1600927 310614 . 3441132
I=4s=1,R=0.0 | 1080242 2784646 235612 2543000 182000 18525104 17454 1690927 310014 3212132
1=43=2,R=00 | 1086242 2283046 235612 230306 182000 16990928 17464 1680027 310814 - 2083132
1=6,4=0,R=0.90 | 1086242 2284646 285612 5006787 182090 18525104 17454 1500927 310614 -~ 3212132°
1=64s=1,R=0.0 | 1086242 2283040 236612 2905868 182000 16090928 17454 1580927 310614 2083132
1=0s=0R=0.0 | 1086242 2282046 235012 2248066 182000 15466752 17454 1570927 310614 2754152
s=0R=0.0 | 1086242 2283640 285812 460677 182009 16990928 17464 1580027 310014 - 2983132
=00 | 1086242 2082046 235012 2248060 182090 15450762 17454 1670027 310014 2754132
1=85=0,R=0.0 | 1086242 2281046 235612 2101468 182000 13922576 17454 1500927 810014 2525132
1=105=0,R=0.9 | 1086242 2282648 285612 4206787 182000 15456752 17454 1670927 810614 - 2754132
1=10s=L,R=0.0 | 1080242 2281646 235612 2101456 182000 13022676 17454 1560027 310614 2525132
1=10=2,R=0.0 | 1080242 2281646 285612 2101486 182000 13022576 17454 1560927 810614 - 2525132
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. c Table _ )
Executlon Time for GaAs Offchip Multiplier with Opt1m1zed Code
(in terms of instruction fetches)

1=10, 0—2,R—0.9

" 240681

‘Offchip Delay of 4
“ben¢h ackp bubblep  fibp intmmp  perm pusslp queen | quick slevep’  towermp
baselfie - 0 1106574 584330 1761026 337582 5040088 6529 . 1132060 100040 18365771
Ci=2s=0 0 1247667 684330 3836249 837605 4985102 7200 1657728 168690 - 14176970
1=.2,8=1 O 1246507 534330 3480049 337605 4985102 7290 1647728 166690 14176970
I=28=2 O 1245507 534330 3341849 837605 4985102 7290 1637728 160090 14175970
=480 0 1243607 584330 3047449 337605 4085102 7200 1617728 160090 14175070
1= 46=1 0 1242507 534350 2000240 887605 4985102 7200 1607128 106000 14175970
1= 4,6=2 0 1241507 584330 2753049 837605 4985102 7200 1507726 106090 14175670
1= 0,6=0 0 1242507 584330 2900249 337605 4985102 - 7290 1607726 106600 ' 14176670
Ci=6em1 0 1241507 534330 2753040 337006 4985102 7200 1507728 168690 14175070
=6e=2 0 1240807 . 534330 2605840 337605 4085102 7200 1587720 166690 . 14175970
1= 88=0 O 1241507 534330 2753040 837605 4985102 7290 1597728 168690 14175670 "
1= 8e=1 0 1240507 584330 2605840 837605 4985102 7200 1687720 ' 160090 14175970
i=8,e=2 0 1230697 584330 2468040 337605 4985102 7290 1577728 160090 14175970
1=10,6=0 0 1240507 584330 2605849 337606 4085102 7200 1587726 100090 14175970
=10,6=1 0 1230507 584330 2458040 337605 4985102 7200 1577728 108690 14176970
I=10,6=2 0 1239507 584330 2458049 337605 4985102 7200 1577728 106000 14175970
1= 2,6=0,R=0.3 0 1130176 472780 3517188 271642 4398145 6462 1506527 142754 11706687
-i= 26=1,R=0.8 0 1120175 472780 SS80088 271842 4308145 6462 1555527 142764 11706687
1= 2,.=2,R—os 0 176 472780 . 372783 271642 4308145 G402 . 1546527 142754 11706637
' 0 1128175 472780 2928388 271042 4308145 6402 1325627 142754 7'11705031
1 0 126176 412780 2781188 271042 4366145 6402 1515627 142754 11
1—4s-2,R—os 0 1124175 472780 2833088 271842 4308145 6462 1505527 142754 11705037
i= 6,6=0,R=0.3 O 1125175 472780 2781188 271642 4398145 6462 1516527 142754 11705637
1=6s=1,R=0.3 0. 1124175 472730 2833088 271042 4308145 462 1808527 142764 11706687
1=65=2R=08 | 0 112175 4727E0 . 2s6788 2MiG42 438145 6402 1496627 142754 11706087
I= 8,6=0,R=0.3 0 1124176 472780 2033988 271642 4398145 6402 1508527 142754, - 11705637
i= a;i=1,R=o.s> 0 1123176 472780 2480788 271642 4398145 6462 1495627 142754 11706637
1= 8,6=2,R=0.3 0 1122175 472780 2389688 271642 4808145 6482 1485527 142754 11708687
1=10,s=0,R=0.3 0 1123176 472780 2485788 271642 4308145 6462 1495527 142764 11706687
1=10,s=1,R=0.3 0. 1122175 472780 2330588 271642 4398145 0402 1485577 142754 11708637 -
1=10,6=2,R=0.3 0. 1122176 472780 - 2330588 271642 4398145 6462 1486527 142754 - 11706037
i= 2,8=0,R=0.9 O - 895331 240631 270008 139716 3224231 4307 1381120 94883 6764972
I= 2,6=1,R=0.9 0 804331 240681 3131366 130716 3224231 4807 1371120 4883 . 6784972
1=26=2R=09 | 0 893381 240681 2084500 130716 224281 . 4807 1361129 = ©4883 ° 6764972
1= 4,6=0,R=0.9 O 891331 240031 2600200 130716 3224231 4807 1MI1129 04388 e7ed972
1= 4,6=1,R=0.9 0 890331 240681 2543066 - 130716 3224281 4807 1331120 04883, 6764972
i= 4,6=2,R=0.9 0' 830331 © 240081 2305866 - 130716 3224281 4807 1321120 04888 6764972
1= 6,5=0,R=0.9 0. 890331 240081 2543060 130716 3224231 4807 1331120 94883 0704972
I=6,6=LR=00 | 0 30331 249081 2305866 139716 . 3224281 4807 1321120  945Es. 0764972
I=65=2R=0.0' | 0 838331 240081 2248008 139716 3224281 4807 1811120 24883 - 6764972
i=8s=0R=0.0 | 0 ss0ss1 24081 2205888 180716 224231 4807 1321120  g4888
1=85=LR=00 | 0 838381 240081 2248006 189716 822428 4807 1811120 48R 6764972
1= 8s=2,R=0.9 O 837331 240681 210400 139716 3224231 4807 1301120 94883 6764972
1%10,s50,R=0.9 0. SEB331 240081 2248860 130716 3224231 4807 - 1311120 04883 6764972
IS105=LR=00 [ 0 7331 240081 2101468 130716 3224281 4807 1301120 883 ' 6704072
C 0 . smram "2101466 130716 8224231 4807 1301120 94883

o704972
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Table 8
Executlon Time for GaAs Offchip Multiplier with Unoptlmlzed Code
(in terms of instruction fetches)
Offchip Delay of 4

to.wexsb

1=10,8=2,R=0.9

ackp bubblep fbp  intmmp perm  puzzlep queen quick sievep
_baseline. 3101430 - 8171070 602121 3852427 481167 19318270 89288 1984792 - 397121 8585180
1=2s=0" 3101480 8222102 602121 8508450 431190 30190120 40047 2029365 397162 6104212
F=28=1 3101480 3221102 602121 8108450 481190 34681958 40047 2019365 307162 5875212
1=2s=2. 3101480 3220102 602121 7708450 431100 SSI1ZVTT7 40047 2600305 397162 - 5646212
1=4s=0.. . | 3101480 3218102 602121 6908450 431100 30069425 40047 2580385 307162 5188212
i=4s51 3101480 3217102 602121 6508450 431100 28525240 40047 2570365 3G7162 4060212
i=4s=2. .. | 8101480 8216102 602121 6108450 431190 < 28001078 40047 2560385 397162 4730212
{=65=0- - . | $101480 8217102 602121 6508450 481190 28525240 40047 2570365 397162 4969212
T A=6s=1 8101480 8216102 602121 6108450 431100 20091073 40047 2569305 307162 4730212
1=6s=2 .. | 3101420 3215102 602121 5708450 431190 25456897 40047 2559365 397162 4501212
1=8=0.. .- 3101480 3216102 602121 6108450 431100 20991078 - 40047 2509365 307162 4730212
i=8s=1 3101480 3215102 602121 5708450 431100 25450847 40047 2550365 307162 4601212
1=8s=2 101480 8214102 602121 5308450 431190 23922721 40047 2540865 397162 4272212
1=10,5=0 2101480 3215102 602121 5708450 431190 26456897 40047 2569365 3g7i62 4501212
1=105=1 8101480 3214102 602121 5808450 431190 28922721 40047 2549365 307162 4272212
1=105=2 3101480 3214102 602121 5308450 431190 23022721 40047 2540385 307162 4272212
1=26=0,R=0.3 | 2420734 2011617 470951 8141220 48160 38374130 32516 2303219 368312  5598IS5
1224=1,R=0.8 | 2420734 2910617 470051 7741220 348160 31839068 32516 2203210 368312 5369185
1=24=2R=0.3 | 2420784 2000017 470851 7341220 348160 30805787 82516 2283210 B6RII2 5140185
_ l"=‘ ,s=0 R=0.3 | 2420734 2007617 4790951 6541229 348160 27287435 32516 2263219 368312 . 4682185
2420734 2906617 470951 6141220 348160 25703250 32516 2258210 368312 4463185
| 2420734 2006617 470851 5741220 348160 24160083 32516 2243219 808812 4224185
1=8s ‘o,R-o. 2420734 2000017 470851 6141220 348160 25703260 32516 2258219 308312 4453185
1= 84=L,R=0.8 | 2420734 2006617 470851 5741220 348160 24160088 32516 2243219 368312 4224185
[=6s=2,R=0.3 | 220734 2004617 470051 5341220 848160 22834907 82516 2233219 868312 . 3906186
1=8s=0,R=0.8 | 2420734 2005617 470051 5741229 348160 24100088 32516 2243210 308312 4224185
I=84=1,R=0.3 | 2420734 2004017 470951 5341220 348160 22834007 $2516 2283210 303312 3996185
1=8s=2,R=0.3 | 2429734 2003617 479951 4941220 348160 21100731 32516 2223219 368312 3766185
"1=10s=0,R=0.8 | 2420734 2004617 479851 5341229 348160 22634007 32516 2233210 868312 3995185
1=10,6=1,R=0.3 | 2429784 2003617 470051 4941220 848160 21100781 382516 2223219 308312 8766185
i=10',l=2,R=0.8 2429734 2003817 4700951 4041220 348160 21100781 82516 2223219 868812 38788185
1=25=0,R=0.0 | 1086242 2200846 235012 7400787 182009 27730160 17464 1650927 810814 4536132
1=2s=1,R=0.9 | 1086242 2280646 235612 7008787 182000 261069084 17454 - 1640027 - 310614 4357132
1=25=2,R=0.0 | 1086242 2288046 235612 6000787 182099 24001808 17454 1630027 310814 4128132
1= 4,5=0,R=0.0 | 1086242 2286846 235612 5806787 182000 215603458 17454 1610927 310814 . 3670152
1= 435=1,R=0.9 | 1086242 2285046 235612 5406787 182000 20069280 17454 1600927 310614 3441182
1= 4,5=2,R=0.0 | 1086242 2284646 235612 5006787 182098 18625104 17454 1590927 810614 3212182
1=6,5=0,R=0.9 | 1086242 2285646 236612 5406787 182000 20059280 17454 1000027 310614 = 3441132
1=65=1,R=0.0 | 1086242 2284646 235612 5000787 182000 18525104 17464 1590927 310814 8212182
1=8s=2,R=0.0 | 1080242 2083648 235612 4606787 182000 10000028 17454 1580927 310614 2983132
1= 8550,R0.0 | 1086242 2284640 235012 5006TST 182000 18525104 17454 1500927 310014 3212132
1= 85=1,R=0.0 | 1080242 22836486 285612 4800787 182000 16900928 17464 1580927 3810814 2983132
1=8s=2,R=0.9 | 1086242 2282046 285612 4206787 182000 15456762 17454 1570927 © 810614 2754182 -
1=104=0,R=0.9 | 1086242 2283046 285612 4606787 182000 16990928 17454 15680927 310014 2983132
[=105=1,R=0.9 | 1086242 2280640 235012 4206787 182000 15450752 17454 1570927 310614 2754182
' 1086242 2080048 235612 4200787 182000 16456752 17454 1670027 810614 2754182
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Executlon Time for Silicon Onchip Multiplier with Optlmlzed Code
(in terms of instruction fetches)

berch ackp bubblep fibp intmmp perm  puzskp queenp quickp  slevep
baselipe 3188804 1196574 584330 1761026 837582 5040988 8528 1132968 168849 13265771
1=1,520 | 3186845 1244597 584330 3194640 337605 4985102 7200 1827726 168880 14175970
i='1,6=1 | 3188846 1244007 584330 8121049 887605 4986102 7200 1622726 188890 l 14175970
i=1,5=2 | 31868456 1243597 584330 3047449 337605 - 4085102 7280 1617726 168690 .14175970
i=2,8=0 | 8188845 1240597 584330 2605849 387605 4985102 7200 1587728 166690 14175970
I=26=1 | 3180845 1240007 584350 2532240 337606 4985102 7200 1532720 166000 14175970
!=I2,s=2 3186845 1230607 584330 2458849 837605 4985102 7200 . 1577726 166690 14175970
i=4,6=0 | 3186845 12385697 684330 2311449 837605 4985102 7200 1567726 166690 14175970
i=4,6=1 | 8186845 1238007 584330 2237849 887605 4985102 7200 1552720 16880C - 14175970 )
- I=4,6=2 | 3186845 1237597 584830 ~ 2184240 3837605 46385102 7200 1557728 188300 14175970 )
1=6,5=0 | 3186845 1288007 584330 2237849 387606 4085102 7200 1562728 168690 14175076 7
>l= 6,5=1 | 3186845 1287597 584330 2164249 337605 4935102 7290 1557726 168890 14176970 7
1= 6,5=2 | 3186845 . 1287097 584330 2090649 3887605 4085102 7200 1562728 166@0 14176970
1=8,=0 | 3188845 1287597 6584330 2164249 $37805 - 4985102 7200 1567728 168890 14175970
1=8,s=1 | 3186845 1237007 584330 2090649 837805 4985102 7290 1552728 168690 - 14175970
1=8s=2 | 3186845 1236507 - 584330 2017040 337606 4085102 7200 1547726 166600 14176970
Table 10

Executlon Time for Silicon Onchip Multiplier with Unoptimized Code
(in terms of instruction fetches) '

towersp

t;e.nch ackp bubblep fibp Intmmp perm puzzlep queenp quickp  slevep

baseline 3101438 3171079 6802121 3852427 431187 10813270 39288 1984792 307121 38585189
i=1,s=0 ' 3101480 23219102 602121 7308450 431190 81593801 40047 2509365 397182 5417212
I=1,s=1 | 3101480 3218602 602121 7108450 431190 30820518 40047 2504365 397162 . 5302712
I=1,s=2 | 3101480 3218102 602121 6908450 431100 30059425 40047 = 25883056 397162 61882'127
i= 2,s}=0 3101480 3215102 602121 5708450 431190 25458807 40047 25650385 307162 . 4501212
i=2,s=1 | 3101480 3214802 602121 5508450 431180 24880800 40047 2654385 397182 4386712
1=2,s=2 | 3101480 3214102 602121 5308450 431190 23922721 40047 2549365 897162 4272212
1=4,6=0 | 8101480 - 3213102 602121 4908450 431190 22888545 40047 2530365 897102 4043212
i=4,s=1 | 3101480 8212602 602121 4708450 431190 = 21621457 40047 2534385 397182 89@7i2.
i=4,6=2 | 3101480 38212102 602121 4508450 431190 20854339 40047 2529365 897162 3814212
[=6;5=0 | 8101480 3212602 602121 4708450 431190 21621457 40647 2534365 397182 3928712
I=6,5=1 | 3101480 38212102 602121 4508450 431190 20854369 40047 2520365 307162 8814212
1=6,6=2 | 3101480 3211602 602121 4308450 431190 20087281 40047 2524305 - 397162 - 3699712
i=8s=0 | 3101480 3212102 602121 4508450 431190 20854369 40047 2520385 397182 . 3814212
i=8s=1 | 3101480 3211602 602121 4308450 431190 20087281 40047 2524365 307162 - 3699712
1=85=2 | 3101480 3211102 602121 4108450 431190 19820198 40047 2518305 897162 3585212
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- Table 11

Execution Time for Silicon Offchip Multiplier with Optimized Code.
(in terms of instruction fetches) ’ '
Offchip Delay of 1

bench -

towersp ‘

1= 8,4=2,R=0.9

14810625

sckp  bubblep fibp iMmmp  perm pusslep  queenp  quidkp  elevep
baseline ;... . | 8186304 1198574 524330 1761026 337582 5040988 6529 1132960 108849 13265771
=1, 2186845 1254007 534330 4593049 337605 4985102 7200 1722726 108890 14175970
1= 1,0=1 3186845 1258007 534330 4445849 337605 4985102 7200 1712726 166690 14175970
= 1822 3186845 1252007 ©S4330 4208849 837606 4985102 7200 1702726 - 168690 14175970
1=2,5=0: . | 3186845 1246007 534330 3415449 837605 4985102 7290 1642726 166690 14175970
=21 8180845 1245007 534330 8268240 387805 4985102 7290 1632726 - 166600 14175970
=282 . 8180845 1244097 534330 8121049 337605 4985102 7290 16227206 168890 14176870
1= 4,5=0" . 3180845 1242097 584380 2820040 337605 4985102 7200 1602726 168890 14175970.
i= 4,6=1 3188845 1241007 584330 2079449 337605 4985102 7200 1502726 168090 14175970
= 4,5=2 3186845 1240007 584330 2532240 887605 4985102 7200 1582726 166690 14175970
i= 6,5=0- 3188845 1241007 534330 2679440 837606 4985102 7200 1592726 100690 14175970
i= 6;8=1: 3186845 1240007 584330 2532240 887805 4985102 7290 1682720 160600 14175970
1= 6,5=2 " $186845 1230007 584330 2385040 337606 4985102 7290 1572726 166090 14175970
1= 25=0 - 31868845 1240097 584380 2632249 337605 4985102 7200 1682728 166690 14175970
i= g,=1" 3186845 1239007 684330 2885040 837605 4985102 7200 1572720 166690 14175970
i= 8,8=2 3186845 1238007 684330 2287849 837605 4986102 7200 1662726 166090 14175970
1=1,6=0,R=0.8 | 2618438 1186676 472780 4472088 271642 4308145 6462 1630527 142754 11705687
f=1,s=1,R=0.8 | 2618438 11856756 472780 4326788 271642 4398146 6462 1620527 142754 11706687
1= 1;5)=2,R=0.8 | 2018438 1134675 472780 4179588 271642 4308145 6462 1610527 142764 11705637
1=2,5=0,R=0.8 | 2018438 1128675 472780 3200388 271042 4396145 = 6462 1550627 142754 11706637
1=2,5=1,R=0.3 | 2618438 1127676 472780 3140188 < 271642 4398145 0402 1540627 142754 11706637
1=2,5=2,R=0.3 | 2618438 1126675 472780 3001988 271042 4398145 462 1530627 142754 11705637
f= 45=0,R=0.3 | 2818438 1124675 472780 2707688 271642 4898145 6462 1510527 142764 11706887
1=4,6=1,R=0.3 | 2618458 1128676 472780 2560388 271642 4308145 6462 1500527 - 142764 11705687
I= 4,622,R=0.8 | 2618438 1122675 472780 24183188 271642 4398145 - 6462 1490627 142754 11705087
i= 6,s=0,R=0.3 | 2618438 1123675 472780 ~ 2560388 271842 4308146 6462 1500527 142754 11706637
I= 8,6=1,R=0.3 | 2018438 1122675 472780 2413188 271642 4308145 6462 1490627 142764 11705637
= e,@=2}R=o.s 2618438 1121675 472780 2285988 271642 4398145 6462 1480527 142754 11705637
i= 8,s=0,R=0.3 | 2018458 1122675 472780 2413188 271042 4398146 6462 1490527 142764 11706837
I= 8,6=1,R=0.8 | 2618438 1121675 472780 2005988 271642 4398145 6462 1480527 142764 11705687
i= 8-,!#21!?.:0.3 2618488 11208756 472780 2118788 271842 4388145 6462 1470627 142764 11705837
1= 1,)=0,R=0.9 | 1481625 901831 240681 4235866 130716 3224281 4807 1446120 94883 ° 6704972
I= 1,5=1,R=0.0 | 1481625 900831 240631 4088666 139716 3224281 ~ 4807 1430120 94888 6704972
= 1,6=2,R=0.9 | 1481625 899831 249081 3941468 130716 3224231 4807 1426120 04888 ~ 6764972
1= 2,5=0,R=0.9 | 1481625 893881 240681 8058206 139716 8224281 4807 1366129 94883 ~ 6764972
1= 2,5=1,R=0.9 | 1481625 892831 240681 2011066 130716 38224281 4807 1356120 04883 6764972
1= 2,s=2,R=0.9 | 1481625 291831 249681 2763886 139716 3224231 4807 1346129 94883 ' 6764972
. i= 4,8=0,R=0.9 | 1481625 889881 249681 2460466 130716 3224231 4807 1326120 94883 . 6764972
i= 4,5=1,R=0.9 | 1481625 888881 240681 2322266 130716 3224281 4807 1316120 94883 6764972
I= 4,5=2,R=09 | 1481625 887831 249681 2175066 130716 3224231 4807 1306120 94883 6764972
= .0 | 1481025 828831 240681 2822268 130716 3224281 4807 1816120 94888 - 6764972
I=0,6=1,R=0.9 | 1481625 887831 249681 2175000 139716 3224281 4807 1300120 94883 6764072
I= 6,6=2,R=0.9 | 1481625 886831 240681 ' 2027806 130716 3224281 4807 1296120 04883 . . 6764972
1= 8s=0,R=0.9 | 1481625 887831 240681 2175008 130716 3224231 4807 1308120 94883 . 6704972
I= 2=, R=0.9 | 1481625 886831 240681 2027886 130716 3224231 4807 1200129 - 94883 6764972
885831 240681 1830886 130716 3224281 4307 1280120 94883 0764972
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Table 12
Executlon Tlme for Silicon Offchip Multiplier with Unoptlmlzed Code
(in terms of instruction fetches)

1= 8,s=2R=0.9

Offchip Delay of 1
‘bench- ackp bubblep fibp idmmp penm  pusdlep queenp quidp - slevep . towersp
baséline 3101430 8171079 002121 . 3852427 431167 19813270 30288 1984702 SOTIZ1  368id9
11,620 3101480 3228002 602121 . 11108450 431100 46168278 40047 2004365 807i62 - 7502712
1= 1,8=1 S101480 8227602 602121 10708450 431100 44834097 40047 2684385 207162 7388712
i= 1,8=2 8101480  $226802 602121 10308450 481190 43000021 40047 2674365 807162 7134712
1= 2,6=0 3101480 3220002 602121 7908450 431190 33804365 40047 2014365 307182 5760712
i= 2,8=1 8101420 3219602 602121 7508450 431190 S$2300689 - 40047 2604385 397162 - 5531712
= 2,5=2 3101480 3218602 602121 7108450 431190 30828518 40047 2504365 07162 5802712
I= 4,5=0 S101480 3216602 - 602121 6308450 431100 27758161 40047 2574365 307162 4844712
f= 4,6=1 3101480 3215602 602121 5003450 431100 26228085 40047 2504365 307162 4615712
1=4,8=2 3101480 3214602 602121 5508450 431190 24889800 40047 2554385 897162 . 4386712
i= 6,5=0 3101480 8215002 002121 5908450 431190 20223085 40047 2564365 397162 4815712
1= 6,5=1 3101480 3214602 602121 5508450 431190 24880809 40047 2554305 307162 4386712
i= 8,8=2 3101480 3213002 002121 5108450 431190 283158638 40047 2544365 397162 4167712
i= 8,820 3101420 3214602 002121 5508450 431190 24880800 40047 2554365 $07162 - 4388712
i= 8,8=1 3101480 3213502 002121 5108450 431100 . 23155833 40047 2544365 397162 4167712
i=8,5=2 8101480 3212002 602121 4708450 481190 21621457 40047 2534365 897162 8928712
I=1,;=0R=0.3 | 2420784 2018117 479951 10741220 848160 43348283 32516 2368210 368812 7086685
I=1,5=1LR=0.8 | 2420784 2017117 479951 10341229 348160 41812107 32518 2858219 368312 6857685
I=1,6=2R=0.3 | 2420734 2016117 470051 9041220 348160 40277931 32516 2348219 368312 0628085
CI=2s=0R=0.8 | 2420734 2010117 479951 7541220 843100 81072875 82518 . 2088219 368312 5254685
1= 25=LR=0.3 | 2420784 2000117 470851 7141220 348160 20538809 32516 2278219 368312 5026685
1=2,s=2R=0.8 | 2429784 2008117 470061 6741220 348160 28004528 82516 2088219 863S1Z © 4798685
. 15 4s=0R=0.8 | 2420734 2006117 479951 5941220 348160 24936171 32516 2248219 868812 . 4338685
1= 4,5=LR=0.8 | 2420784 2006117 470851 5541220 348160 2301995 82516 2238210 8312 4109685
1= 4,5=2R=0.8 | 2420734 2004117 479061 5141229 348100 21867810 82516 2228219 808812 8830685
1= 6,s=0,R=0.8 | 2420734 2005117 479951 5541220 348160 23401005 32516 2238210 868312 4109685
I=6,s=LR=0.8 | 2420734 2004117 470051 5141229 848160 218678190 82516 2208219 S68312 3820835 -
i= 6,i=2,R=0.8 2420734 2908117 47905;[ 47412290 848100 20333843 82516 2218219 368312 - . 8651685
1=8,s=0.R=0.8 | 2420734 2004117 479951 5141220 343160 21BO7RI9 32516 2228219 SCEII2 -38B06S5
I=8,s=1L,LR=0.8 | 2420734 = 2003117 479351 . 4741220 343160 20333648 32516 2218219 863812 3A516S5
1=8,s=2R=0.8 | 2420734 2002117 479951 4341220 848160 18790467 . 32516 2208219 . 368312 3420085
1=1,6=0R=0.9 | 1086242 2207146 235612 10008787 182000 87702804 17454 1715927 810614 6074832
I=1,5=1,R=0.9 | 1080242 2206146 235812 9606787 182000 36108128 17454 1705027 S10014. . 5345632
1= 1,s=2R=0.9 | 1080242 2205146 235612 9200787 182000 - 84833952 17454 169507 810614 5616632
1=2,5=0R=0.9 | 1086242 2280146 235612 6206787 182000 - 25428808 17454 1685927 810614 4242682
I=2,,=LR=0.9 | 1086242 2288146 285012 = 6400787 182090 23894720 17454 1625927 310614° 4013682
1=2,6=2R=0.9 | 1080242 2287146 235612 6006787 182009 22360544 17454 1615927 810614 3784632
1= 4,s=0R=0.0 | 1086242 2285146 235612 5206787 182000 19202192 17454 1595027 810814 2320632
1= 4,5=LR=0.9 | 1080242 2284146 . 235612 4806787 182090 17753018 17454 1685927 310614 3007632
1=4,6=2R=0.9 | 1086242 2283146 - 285612 - 4406787 182000 16228840 17464 1575927 810814 2868632
1=6,5=0,R=0.9| 1086242 2284148 235012 = 4308787 182099 17758016 17454 1585927 810814 30076032
“1=6,=LR=0.9 | 1086242 2283146 235012 4406787 1820990 16223840 17454 1675927 810014 2808032
1= 6s=2R=0.9 | 1086242 2282146 285612 4006787 182000 14880604 17454 1505927 310614 - 2630632 .
I=8,6=0R=0.0 ' 1086242 2283146 285612 4406787 182090 16223840 17454 1875027 810614 2868832
i=8,s=L,R=0.0 | 1086242 2282146 = 285812° 4006787 182000 140806804 17454 1566027 310614 2639632
1086242 2281146 235612  S806787 182099 18155488 17454 1565027 810614

2410682
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Table 13

Executlon Time for Silicon Oﬂ'chlp Multlpllef w1th Optlmlzed Code
(in terms of instruction fetches)

1= 8,6=2,R=0.0

Offchip Delay of 2

bench ackp bubblep  fibp intmmp perm pusslep queenp quidp slevep  towemp
baseline | 3186804 1196574 584330 1761028 887582 5040088 6520 1182066 166849 13265771
I=1,6=0 - | 8186845 1254507 684330 4000049 337605 4985102 7200 1727726 166090 14175970
1= is=1 3180845 1253507 584330 4519449 337606 4986102 . 7290 1717726 166090 14175970
1=18=2 3180845 1252597 584380 4372249 337606 4985102 7290 1707726 160090 14175970
i= 2,6=0 3180845 1248597 584330 8480049 887605 4986102 7200 1647726 166690 14175970
1= 2,651 1 8188845 1245607 584330 3341849 337606 4985102 7290 1687726 160690 14175970
1= 25=2.. 8188845 1244507 584330 3104840 337005 4985102 7290 1627726 108000 14175970
I= 4,5=0 3188845 1242607 684330 2000240 837605 4985102 7290 1607720 106090 14175970
1= 4,821, 3186845 1241507 584330 2753049 837605 4085102 7200 1507726 166090 14175970
1= 4,=2 - 3180845 1240597 584330 2605840 337606 4985102 - 7200 - 1587726 160690 14175970
= 6,=0 - 8180845 1241507 584330 2753049 337606 4985102 7200 1597726. 166690 14175970
1= 6=1 . 8180845 1240697 584380 2805849 337605 4085102 7200 1587726 166600 14175970 -
=65=2 ;" 3188845 1239507 584330 2468049 337006 4985102 7200 1577726 166090 14176970
1= 8,6=0 3180846 1240597 584330 -~ 2005840 337605 4985102 7200 1587720 166600 14175970
1=8,8=1 8180845 1239507 584380 24588490 337606 4986102 . 7200 1577720 166090 - 14175970
1= s,s—z . 3186845 1238597 584330 2811449 337605 4985102 7200 1567726 160690 14176970

s-O.R-o. 2618438 1187176 472780 4547588 271842 4308145 6462 1635527 142754 ' 11705637
|- l,s—l,R—O.s 2618438 1136175 472780 4400388 271642 4308145 6402 1025627 1427564 11706637
1= 1,5=2,R=0.8 | 9618438 . 1135175 472780 4253188 271642 4398145 6402 1615627 142764 11705637
|= 25=0,R=0.3 | 2618438 1120176 472780 3360083 271642 4308145 6462 1665627 142754 11706687
1= 25=L,R=0.8 | 2618438 1128175 472780 8222788 271642 4308146 ~ 6462 15645527 142754 11705037
i= 25=2,R=0.8 | 2618438 1127176 472780 3075588 271642 4398145 6402 1535527 142764 11706687
1= 4,5=0,R=0.8 | 2618438 1125176 472780 2781188 271642 4308146 6462 1516627 142764 11706637
{= 4,0=1,R=0.3 | 2618438 1124176 472780 20633088 271642 4308145 0462 1505527 142754 11706637
1= 4,5=2R=0.3 | 2618438 1128175 472780 2486788 271642 4398145 0462 1496627 142764 11706687
1= 6,5=0,R=0.3 | 2018458 1124176 472780 2638088 271642 4308145 0462 1506627 142754 11706637
1= 6,s=1,R=0.8 | 2618458 1128176 472780 2486788 271042 4308145 0462 - 14955627 142754 11706037
=6,5=2,R=0.8 | 2618438 1122176 472780 2330688 271642 43981456 0402 1485527 142764 11706637
= 85=0,R=0.8 | 2618438 1128176 472780 2480788 271642 4308145 6462 1495527 142754 11706637
1= 8s=1,R=0.8 | 2618438 11221756 472780 2330588 271642 4308146 6462 1485527 142764 11706037
= 8,8=2,R=0.8 | 2618438 1121176 472780 2192388 271642 4308146 6462 1475527 = 142754 11705637
i=1,,=0,R=0.0 | 1481626 002831 2490681 4300460 130716 3224281 4807 14511290 94883 6764972
= 1,s=1,R=0.9 | 1481625 901331 240631 4162266 130716 8224281 4807 14411290 04888 - 6764972
= 1,s=2,R=0.9 | 1481626 900331 240681 4015006 130716 3224231 4807 1431129 94883 6764072
= 2,5=0,R=0.9 | 1481625 894331 249681 3131866 130716 3224251 4807 1371129 94883 - 6764972
= 2,6=1,R=0.9 | 1481625 803331 240681 - 2084868 130716 8224231 4807 1381120 94888 6764072
1= 2,5=2,R=0.9 | 1481625 892381 249681 2837466 130716 8224231 4807 1851120 94888 . 6764972
I= 4,5=0,R=0.9 | 1481625 800331 240681 2543066 139716 3224281 4807 1381120 94883 6784972
1= 4,s=1,R=0.9 | 1481625 889331 240681 2306806 130716 3224281 4807 1821120 94888 6764972
1= 4,6=2,R=0.9 | 1481625 888331 249081 2248006 139716 3224231 4807 1811120 94883 . 6764972
1= 6,6=0,R=0.9 | 1481625  €80331 240681 2305806 130716 3224231 4807 1321120 94888 . 6704972
I= 6,6=1,R=00 | 1481625 888331 249681 2248668 139716 5224281 4807 1311120 04883 6764972
1= 6,,=2,R=0.9 | 1481625 887331 249681 2101466 130716 . 3224281 4807 . 1301129 94888 - 6704972
1= 8,s=0,R=0.0 | 1481625 = 888331 240681 2248666 130716 38224281 4807 1811129 94888 6764972
1= 2e=1,R=0.0 | 1481625 887331 240081 2101466 130716 3224231 4807 1801120 04883 . 6764072

1481025 886331 249081 1054200 130716 3224281 - 4807 1291129 ;

6704972
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Table 14
Execution Time for Silicon Oﬂ‘chlp Multiplier with Unoptlmlzed Code
(in terms of instruction fetches)
Offchip Delay of 2

bem‘:h'_ : . ackp bubblep fibp itmmp perm puszlep queenp quickp llgygp Wp

baselthe 3101430 3171079 602121 3852427 481167 10313270 89288 1084702 80T1Bi  8Eskisd
11,650 [ 3101480 320102 602121 11308460 431190 40035381 40047 2000365 397162 . 7707212
1=1,6=1 3101430 3228102 602121 10008450 431100 45401185 40047 2680365 897162 7478212
i= =2 3101480 3227102 602121 10508450 481190 43867000 40047 2679365 SOTIE2 7249212
1=2,6=0 3101480 3221102 002121  BI08450 431100 34601053 40047 2619385 307162 5876212
= 2,5=1 3101480 - 3220102 002121 77028450 431190 38127777 40047 2600365 SOTI62 5646212
1= 2,0=2 3101480 3219102 602121 7308450 431100 31593601 = 40047 2509365 - 307102 5417212
1=4s=0 - .. | 3101480' 3217102 02121 6508450 - 431190 28526249 40047 2579385 397162 - 4959212
1= 4,8=1 || 3101480 3216102 602121 6108450 431190 20001073 40047 2600385 307162 4730212
1=4,8=2 3101480 3215102 602121 5708450 431100 26450897 40047 2560366 397102 4501212
1=6,5=0 . | 3101480 3210102 002121 6108450 43119 20001078 40047 2509365 397162 4730212
1= 8,s=1 101480 3215102 002121 6708450 431190 25450807 40047 2559365 397162 4501212
i=6,=2 - 3101480 3214102 - 602121 5308450 431100 23022721 40047 2549365 3g7i6Z ‘4zme212
1I=85=0 | 3101480 8215102 602121 5708450 431100 25456897 40047 2550385 897167 4501212
1= 8,6=1 8101480 8214102 602121 5308450 431100 28022721 40047 2649305 897162 4z
1= 8,5=2 3101480 3213102 602121 4908450 431190 22388545 40047 2539385 SOTI02 . 4048212

I=1,6=0R=0.8 | 2420734 2018617 470061 10941220 48100 44113371 32516 2373219 368312 7201185
1= 1,5=LR=0.3 | 2420734 2017617 470951 10641220 348100 42570195 32516 2363210 868812 6972185
Ls=2R=0.3 | 2420734 2016617 470051 = 10141220 348160 41045010 82516 2353219 308312 6743185
1S25=0R=0.3 | 2420734 20100817 470051 7741220 848160 SISN0068 82516 2208210 368312 5369185
1= 25=LR=0.3 | 2420734 2000017 470051 7341220 348100 80805787 82516 2283210 368312 5140185 -
1=2s=2R=0.3 | 2420784 2008617 470051 6041220 848160 28771611 32516 2273210 368312 4011185
1= 4,5=0R=0.3 | 2420734 2006817 470061 6141220 348100 25703250 32516 2263210 368312 4453185
1=4,s=LR=0.3 | 2420734 2905617 479961 5741220 348160 24160088 32516 2243210 363312 4224185
1= 4,0=2R=0.3 | 2420734 2004617 479061 5341229 348160 22634907 82516 2233210 368319 3995185
1=0,6=0R=0.3 | 2420784 2006617 470951 5741220 348160 24160088 32516 2243210 368312 4224185
i= B,s—‘\-‘lt,R‘. 0.8 | 2420734 2004617 470051 6341220 848160 . 22084007 82516 223321? 368812 3996185
1=6,5=2R=0.3 |' 2420734 29036017 479951 4041220 848100 21100781 32516 2223219 208312 3766185
1=8,s=0R=0.3 | 2420734 2004617 479951 = 5341220 348160 . 22634007 32516 2233210 308812 3996185
I=8s=LR=0.3 | 2420734 2003017 479051 4041220 43100 21100731 32516 2223210 368812 3768185
1=8,6=2,R=0.3 | 2420734 2002617 479051 4541220 348100 10566556 32516 2218210 acaslz' 8637185
I=15=0R=0.9 | 1085242 2207046 236012 10208787 182000 S8A6US0Z 17454 1720027 810614, 6180182
I=1,s=LR=0.9 | 1080242 2200646 285612 0800787 182000 36085216 17454 1710027 810614 5060182
1=11,5=2R=0.0 | 1085242 2206646 235612 9400787 182000 85401040 17454 1700927 10014 5781182
I=2s=0R=0.0 | 1080242 2280846 235612 7006787 182000 26105084 17454 1640027 310814 4367182
1=26=LR=00 | 1080242 2288046 235612  GO0G7B7 182000 24001808 17454 1030927 SI0614 4128132
1=2,6=2R=0.0 | 1080242 2287648 235612 6206787 182000 23127832 17454 1620027 310014 3809132
1= 4,5=0R=0.9 | 1086242 2285646 23612 5400787 182000 20060280 17454 1600927 Si0e14 3441132
1= 4,s=LR=0.0 | 1086242 2284646 235612 5006787 182000 18525104 17454 1590927 810614 © 8212182
1=4,=2R=0.0 | 1080242 2283046 236012 4006787 182000 10990928 17454 1580927 310014 2088182
1= 6,5=0,R=0.0 | 1080262 2284646 235612  5006TET 182000 18525104 17454 1690927 810614 3212182
I=6,s=1R=0.9 | 1080242 2283846 235012 4000787 182090 10000928 17454 1580027 810014 2088182
1=0,=2R=0.0 | 1088242 2282646 235612 4200787 182000 16456752 17464 1570027 810814 - 2754132
1=8s5=0R=0.0[ 10802¢2 2283046 235612 4000787 182000 10990028 17454 1580027 310614 2083132
o IE8e=1LR=0.9 | 1086242 20826046 235612 4200787 182000 15456752 17454 1570027 810014 2754132
R=0.0 | 1080242 2281048 235612 3806787 182000 13022576 17454 1500027  $10814 2625132
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CHAPTER 6
CACHE DESIGN

6.1, Introduction

Proéessor performance in any technology is greatly dependent on memory
access time. This makes cache memory an important consideration in
prdc'essor design. However, in the case of a problem, cache design is still of
secondary importance behind the design of adder and multiplier units. The
infbrmation is important when considering multiplication units skince' the
Booth-algorithm and delay fillin use memory more frequently than many other
opefatfi?ns. Therefore, this chapter is presented to give information on how
cache affects performance in order to better choose the optimal multiplier for
each application. There are papers which do cover cache in much greater
detail [Kabakg6), [Smith82]. |

Since system performance in any technology is still dependent on memory
access time, cache memory is still a consideration in system design. - Cache
'm.ejmory is placed between the CPU and the main memory to reduce memory
fetch delays. Although cache memories are smaller than the main memory,
they are also faster. Therefore, frequently accessed data can be kept in the
cache to decrease total execution time. The penalty for fetching an item which
is not in the cache is greater than that for fetching a data item directly from
memory. The tradeoff of the penalty versus the increased speed must be
examined closely to determine how the cache must be designed. When the
memory access ratio exceeds 40, the penalty may be large enough to warrant a
two level cache [SilMig85].

In the silicon environment, cache memory plays an important role in the
- performance of a system because the access ratio is significantly greater than
one, In the GaAs environment, however, the ratio of off-chip to on-chip delays
is much larger than in the Si environment and the increased memory fetch
delay makes cache memory still more promising as an alternative. GaAs E/D
MESFET technology has a ratio of five to ten which makes cache design more
critical than in silicon technologies but not critical enough to justify a two level
cache. ' ‘ ‘
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Standard assumptions in Si cache design need to be reevaluated for a
GaAs environment. For example, set or fully associative placement policies are
promoted as the best cache organizations for Si; yet a direct mapped cache was
shown to be a better cache organization for GaAs [SilMi85]. After the issue of
available area, the time for communication with the rest of the system is most
affected by the technology switch. Therefore, in addition to considering
parameters closely associated with the inner cache organization, some system
- parameters - were considered to determine if their effect was changed by
sw1tch1ng from Si to GaAs technology Consideration was  also grven to
choosrng parameters to help improve cache efficiency.

 6.1.1. Parameter Selection

, The selection of parameters was guided by work already done in-
[Sm1th82] Obviously, some choices of parameters, such as placement and
replacement policy, are forced upon us by the choice of direct mapped cache.

We did not look at the advantages of using split system/user caches because
we did not have multi-user or multi-tasking programs that could prov1de us
with a sufficient base of system code. Since previous experiments were Tun
with the SU-MIPS simulation package, we continued to use it to be consistent.
In addltron being bound by the MIPS-like architecture precluded experlments
on archltectures other than load-store architectures.

The cache size limitations were affected by transistor count lrmltatrons

Slnce the largest memory so far is a 16K bit SRAM with 102,300 gates
[IsInI84] we could not realistically work with caches any larger than 4K by 32
bits. Even a 4K SRAM may not be implementable with the space limitations
around the. ~processor chip.  This limit may be reduced further as the control
' loglc is implemented. Typical silicon caches lose 25% of their area to control
~and the fanin fanout limitations of GaAs increase this loss to as much as 40%
: [SrlM185] The maximum size of the silicon cache was kept to the maximum of
the GaAs cache to provide a correlation for the same benchmarks and for other
reasons explamed later in this chapter. ' :

8.2 Cache Evaluation 'Methodology

" The cache design parameters examined mcluded cache size, block size, and
use/nonuse of one block look ahead prefetch for a direct mapped cache. The
more: 1mportant system: parameters which we felt were modifiable mcluded the
fetch time for non-cache fetch times and cache miss times. The miss time
lncluded a constant delay plus an additional delay based on the block size. We
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,considere_d only off-chip on-package and off-chip off-package solutions because
_tran'sisto‘r count limitations would not allow any cache on the CPU chip.

8. 3. Cache Experiment Procedure

Each test required running the SU-MIPS 31mulator for each benchmark for.
‘a set of parameters. Each benchmark was relatively small and generated under
4000 instructions. The original simulator was left unchanged except for
rnemory references Each memory reference goes through a ”cache filter”
lwhlch does an accurate simulation of the memory with cache. The cache filter
is called in place of all memory references. For each memory reference, the
cache filter updates the tags associated with each block of cache memory and
theri. : fetéhes the appropriate data or writes the data given to it. A block
diagram of the data flow in the cache filter is shown in figure 6.1. If a cache
miss oceurs, the filter also adds on the appropriate miss delays. This allows us
to add delays for any function of the cache for memory fetches. We added
- delays - at ‘two points: (1) whenever non-cache fetches are done, and (2)
whenever the data must be fetched from main memory. All data fetches are
considered non-cache fetches if only an instruction cache is being used. This
also means that all instruction fetches are non-cache fetches if only a data
cache is being used. This is shown graphically in figure 6.2. The execution
times were calculated by summing the execution time of the benchmarks with
the delays added by the “cache filter”. The delay parameters used by the
: cache ﬁlter are set by the user during initialization of each simulator run.

The experlment was composed of three tests. The first test was to
determine the impacts of instruction cache, data cache, or a combined
instruction/data cache. GaAs area limitations do not permit the efficient
placement of both instruction and data cache and therefore, we did not
consider that option for GaAs or CMOS/SOS. The second test was to check
.the effect of varying the fetch time on the overall execution time. The last one
“'was to determine the relative importance of the overhead delay and the delay
per word transferred for a cache miss. The effect of the total miss time was
also measured. '

We did not run tests specifically to determine cache size because of our
~ choice of benchmarks. The benchmarks that were available were not large
enough to exercise the cache enough to accurately determine the performance
of the cache for different cache sizes. Therefore these results may be less
accurate for large benchmarks, The thesis' by Kabakibo [Kabak86] does more
extensive testing of cache designs with large benchmarks. Our choice of cache
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sizes was not made smaller for fear of the block size reaching the same order of
magnitude as the cache size.

Each set of data taken was for four different cache sizes, '(256;_512, 1024,
and 4096 words), and four block sizes, (two, four, eight, and sixteen), for each
cache size.  One of the remaining four parameters, cache type, miss time, fetch
time, ‘and prefetch policy, was varied for each test. Miss times are displayed
for each curve and include both the transfer time for each word and the
overhead incurred for each block transfer.

6.4. 'Presentation of Results

~ For each of the tests, only the lnterestlng information has been presented
- as part of the thesis. The benchmarks ack, intmm, queen, and sieve were
- deemed 1nterest1ng The curves for the remaining benchmarks have a relatlvely
ﬂat proﬁle and, therefore, are included only in the appendix.

- Figures 6.3 through 6.8 show how cache organization affects execution
time for each cache size for E/D-MESFET technologies, while figures 6.9
through 6. 14 show the same information for CMOS/SOS technologles The
block s1ze is denoted BS, the miss time is denoted M, and the fetch tune is F;
for each of the curves. As expected, the results show decreasing executlon tlme
with increasing cache size, and due to the small benchmark size, the executlon
 time levels off as the cache is filled with the working information. This is true
for each of the block sizes we dealt with. The longest execution time is for the
sxmulatlon with only data cache; the instruction cache and the comblned cache
both have superlor execution times. ‘ :

The relatlvely large difference in execution times for the various block
sizes shows that the combined cache is more sensitive to changes in block size
“than the instruction cache; the smaller the blocks, the better the execution
time. The asymptotic nature of the curves show that very little information is
belng swapped out due to memory pollution. Therefore, the wide spacing of
the curves may be due to shorter miss times with small blocks rather than less
memory pollution. The data also supports using 1nstruct10n cache or a
comblned instruction/data cache for GaAs. SRINEE

Flgures 6.15 through 6.18 show the execution time agalnst varylng cache
size for GaAs parameters while figures 6.19 through 6.22 show the execution
time against varying cache size for silicon parameters. The individual curves
w‘ithin‘; each family of curves represent different block sizes. The two families
are identified by different non-cache fetch times. Data fetches use non-cache
fetch times if data cache is not being used. Analogously, instruction fetches
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use non—cache fetch times if instruction cache is not belng used The large gap\
in executlon times between the two fetch values with very httle dlﬁerence
“between the block sizes shows that changing the fetch time has the. greates_tv
impact on execution time. As the fetch time is decreased, the execution time_
decreases much more quickly than any change in block size or other parameters
accounts: for. By observing plots for other experiments, the only parameter
whlch forces such a large change is the cache organization.

_ Addltlonal plots of execution time against cache size are dlsplayed in
ﬁgures 6. 23 through 6.30 for GaAs parameters and figures 6.31 through. 6.38 for
sﬂlcon parameters Here, however, the differences in execution times are caused
by changing the miss times. Each family of curves is equated to a different
‘miss time where the miss time is the total of the overhead of the transfer time
added to the time to transfer the block. As expected, the times are not greatly
dependent on the base miss time. The greatest dependency is the time added
~ per word transferred because the total delay per transfer is usually greater than
the transfer overhead. This dependence on transfer'delay emphasizes the need
to reduce the block transfer time rather than the overhead associated w1th each '
block transfer. '
Revrewrng the results, Judgments should be 1nﬂuenced by the knowledge
that the benchmarks did not provide a flawless basis for evaluation of the
cache parameters After a certain time, cache misses became rare due to the
program size being insignificant compared to the cache size. Therefore, one of
the blggest influences on the execution time was the cold start cache that was
“used. Larger benchmark programs would have increased the rehablhty of our
results. ’
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'CHAPTER7
SUMMARY

ThlS the81s has descrlbed the technology factors aﬁectmg the de51gn of-
three VLSI structures: adders, multipliers, and cache memory. After a brief
dlscussmn ‘of the testing choices, a general description of the work will conclude_
thls chapter ' B |

‘ “Each of the three structures was examined to determine how it was
"~ affected by the technology. The three structures were then analyzed to -
determine how each should be implemented. Some of the possible options were
rejécted for one of several reasons. Some options were discarded because they
- were impes'sible to implement Other options were chosen because: previous
work “with - GaAs technologies had shown that these were better for the
restrictlons imposed by GaAs E/D-MESFET technology. ‘

The adders examined are ripple-carry adders, carry-select adders, and full
carry look-ahead adders. I also chose a full range of bit lengths from 1 to 40
bits. The fanin and fanout maximums examined are fanin= -2 fanout 2
fan1n—2 fanout=5, and fanin=5 fanout =5. s

‘ The multipher options examined are the booth-step algorithm w1th a full
barrel shifter, on-chip bit-serial multiplier with 3 position barrel shlfter and
off-chip bit-serial multiplier with 3 position barrel shifter and a larger register
file. ‘ : o

The cache options were presented to provide more information for the
- multiplier choice. The cache options discussed are a direct-mapped cache with
"block sizes of two, four, eight, and sixteen, for cache sizes of 256, 512, 1024,
- and 4096 blocks. The choices of instruction cache, data cache, or combined j
‘data/lnstructlon cache were made in con]unctlon with delays mduced byi
~various feteh times, various miss times.

Tests were then devised that measured the eﬁ‘ect of changing each

~ parameter individually. The range of parameters for each test was varied for
both silicon CMOS/SOS technologies and GaAs E/D-MESFET technologies.
These results can be used to determine the parameters that will yield the ’best'



127

'performance for each  set of options. A range of options and - assoc1ated ‘
'parameters can then be used to 1mprove the design of GaAs structures

‘ 7.1. Adders

As expected each adder ran ran faster in GaAs than in silicon. Although -
the change in adder type changed the performance by up to 50 percent, the
‘change was less in GaAs than in silicon. A greater distinction between the
_‘ adders was provided by the area computatlons The carry select and the r1pple ‘

~carry adders both consume about the same chip area, while the full carry
look-ahead adders consume much more area for adders longer than 20 bits.
This suggests that the GaAs environment cannot support full carry look-ahead -

- adders while the silicon environment can. The ripple carry adder is almost as

good as the carry select adder when basmg the choice solely on mlmmum area'

o and max1mum speed. High speed applications with a little free area can use

o carry. select ‘adders, while applications with no extra area can ‘use the ripple

"'carry adder with little penalty. This is different from the silicon environment
~ where the ripple carry adder is much slower than either of the other two adders
‘whlch makes 1t unusable for all but the slowest applications. - o

7 2 Multlpllcatlon

The proposed modlﬁcatlons to the multiplier to enhance performance dld‘
not glve the ‘expected results. The limits of the simulation tools d1d not allow
“us to propose architectures which may have improved performance and ver1fy'f‘
that 1mprovement The conclusion is that the original SU-MIPS archltecture
was the best architecture for the supplied benchmarks. The 1nstruct1on mix of
. the benchmarks caused a degradatlon of performance when the. full barrel
'shlfter was replaced by a limited barrel shifter. Since the bit-serial multlpher
" was unable ‘to compensate for the loss of executlon time, the ,.overall
performance suffered. ‘ '

4 Movmg ‘the multlpller oﬂ'—chrp and replaclng the barrel shlfter mlght stlll
_'be 2 good alternative, but the pos51b1ht1es could not be tested w1thout more

~ flexible software. The compiler and reorganizer available did not ‘use the .
v reglster ﬁle well enough to make a larger register file worthwhile. -

The conelusion is that in either the GaAs or silicon’ env1ronment the:
orlgmal SU-MIPS performs the best. The analysis also showed that the E/D-n
l\/[ESFET architecture benefited more from the bit-serial mult1pl1er than ‘the
-CMOS/SOS architecture. - Therefore, such strategles should not _yet be

‘ dnlscardedfor GaAs designs. - : ’
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7.3. Cache ,

The results of the cache experiments can be used to help determlne the
effect of the choice of multipliers. The multiplier section can be used to help
determine the increase in the amount of code. This information can then be
used with the cache performance to determine the resulting execution time.
Thls can be used to match the cache to the multiplier based on the cache size,
block size, and transfer times. '

‘ The execution time of the benchmarks based on cache type clearly shows

that an’ instruction cache improves performance more than a data cache.

When' common data memory and instruction memory are used, the combined
1nstr1rct10n/data cache performs better than the instruction cache. The
'per’for'mahce for each benchmark also improved with reduced block size. The
change in-performance between the cache types was more pronounced for the
GaAs parameters than for the silicon parameters. ' : '

“When comparing the effects of the miss parameters, the cache size d1d not
aﬂ'ect the performance in a significant manner. The block size produced the
brggest difference in performance. As the block size varied, the time per word
‘transferred (transfer time) had a bigger effect for GaAs parameters than for
s111con parameters while the base delay had a bigger effect for silicon
parameters than for GaAs parameters. Overall, the transfer time was the
 dominant factor for GaAs caches while both parameters had similar effects for
silicon caches. Although this information is useful, its prime importance is in
determining how to implement multiplication. '

7.4. Conclusion

“New design methodologies for GaAs E/D-MESFET technologies have been
presented for a specific architecture and specific problems. The advantages and
disadvantages of GaAs E/D-MESFET technologies and how they relate to
silicon technology have also been presented as they relate to actual problems:.
This information has been given as it applies to adder design, multiplier'design;»
~and cache effects on multiplier design. With this information, a digital designer
should now have a better insight into the choices for optimal GaAs E/D-
".MESFET“designs, both modified silicon designs and unfque GaAs designs..
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