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Abstract

This thesis explores the concept named memoization: saving the input(s) and

output(s) of pr eviously c alculate d (side-e�e ct-fr e e) functions, and using the out-

put if the input is enc ounter e d again. Our fo cus will b e on the memoization of

instructions. The op erands and results of previous in v o cations of m ulti-cycle

instructions are sa v ed in dedicated tables named Memo-T ables . Successful

lo okups in these tables, b efore or parallel to instruction execution, mak e it p os-

sible to impro v e execution b y reducing the latencies of these instructions to one

cycle. W e named this tec hnique Instruction Memoization (IM) .

T o test this idea w e used a detailed RISC pro cessor sim ulator running the

SPEC and MediaBenc h b enc hmarks. W e �rst explore the organization of the

Memo-T ables in searc h for an \optimal" design that will maximize hit-ratio

and minimize cost. A hit-ratio of o v er 50% is ac hiev ed for mo derate sized tables.

Next w e in tegrated IM in to a RISC sup er-scalar pro cessor's datapath. W e

disco v ered that 13% of the b enc hmarks' execution time can b e attributed to

m ulti-cycle instructions. With a 52% hit-ratio an a v erage (harmonic mean)

sp eedup of 1.07 w as obtained (1.10 for FP in tensiv e applications). In our searc h

for greater p erformance impro v emen t w e decided to memoize single-cycle in-

structions as w ell.

The sp eedup rised b y 50% to 1.11 (1.13 for FP applications). Ho w ev er the

new sp eedup is attributed not to instruction latency reduction but rather to

the arti�cial addition of more F unctional Units (FUs). The Memo-T ables act

as \virtual" FUs. Adding more FUs to a pro cessor n ulli�es the e�ect of single-

cycle IM. On the other hand m ulti-cycle IM yields a b etter sp eedup for faster

pro cessors.
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Chapter 1

In tro duction

In the �eld of Computer Arc hitecture the end goal of almost all inno v ations and

enhancemen ts is sp eed. W e w an t our programs to run in less time. This can b e

ac hiev ed in n umerous and v arious w a ys: running the pro cessor at higher sp eeds,

in tro ducing c hanges to the design of the pro cessor, c hanging the instruction set,

compiler enhancemen ts, and �nally b y altering the programs themselv es.

This thesis will fo cus mainly on enhancing the design of the datap ath . the

datapath is b y analogy the \blo o d system" of the pro cessor. Through its stages


o w the instructions fetc hed from memory . The instructions are deco ded, their

op erands are obtained, they are executed, the results of the instructions are

written bac k to memory or the register �le, and �nally the instructions are

committed and exit the datapath. During eac h cycle, a tic k of the pro cessor's

clo c k, instructions either 
o w through the datapath or are dela y ed in the data-

path un til previous instructions ha v e progressed through the stages.

The less cycles it tak es instructions to tra v erse the datapath the faster the

program will execute. This thesis sho ws a tec hnique that shortens the sta y

of some of the instructons in the datapath. Just as memory cac hing exploits

the \Principal of Lo calit y" in order to presen t the pro cessor with a short and

almost uniform memory access time, w e will exploit the concept of memoization

in order to shorten the execution time of man y long latency instructions.

1.1 What is Memoization?

The concept of memoization is as follo ws: saving the input(s) and output(s)

of pr eviously c alculate d (side-e�e ct-fr e e) functions, and using the output if the

input is enc ounter e d again.

Before a side-e�ect-free function is to b e computed its input(s) are used to

access (usually with a hash function) a Lo ok Up T able (LUT). If the inputs are

residen t in the LUT the previously calculated output(s) is obtained from the

table and recalculation of the function is a v erted. If the input(s) aren't in the

LUT the function is calculated and its input(s) and output(s) are stored in the

1



2 CHAPTER 1. INTR ODUCTION

LUT for future reference.

This tec hnique can result in faster recalculations if the storage and lo okup

of formerly calculated functions is faster then recalculating the function again.

But in the general case the LUT is a soft w are based table residing in main

memory . Th us the lo okup and storage are time consuming. A successful lo okup

m ust ha v e a lo w er access time than calculating the function. Ev ery unsuccessful

lo okup results in a p enalt y . Th us a high successful lo okup ratio is necessary in

order to b ene�t from memoization. Coupled with the fact that most soft w are

based functions aren't side-e�ect-free, the use of memoization seems limited.

But when lo oking \righ t under y our co de", w e �nd that almost all instruc-

tions are side-e�ect-free (except for memory accesses). And if the LUTs are

dedicated tables lo cated on-c hip the lo okup and storage times are no w v ery

short. Th us memoizing instructions seems a m uc h b etter prosp ect than memo-

izing functions. This tec hnique is named Instruction Memoization (IM) and is

the topic of this thesis.

1.2 Instruction Memoization

Instruction Memoization (IM) is a tec hnique that sho ws great p oten tial for

increasing pro cessor p erformance. The tec hnique exploits the redundancy of

instruction results b y storing the op erands and results of executed instructions

in a Lo okup T able (LUT), whic h w e will call a Memo-T able . When the same

instruction t yp e with matc hing op erands is encoun tered again the result is ob-

tained from the Memo-T able and instruction execution is a v oided. The \ex-

ecution time" of the instruction is the access time of the Memo-T able , whic h

is a single mac hine cycle for a small hardw are based table. When the lo okup is

unsuccessful the instruction m ust b e executed in one to tens of cycles (dep end-

ing on the instruction t yp e). Th us for successful lo okups the execution time of

these instructions is one cycle, whic h in turn minimizes their o ccupancy in the

datapath whic h leads to shorter execution times.

The p erformance impro v emen t (sp eedup) obtained is dep enden t on four ma-

jor factors:

1. The p ercen tage of instructions that can b ene�t from memoization. In-

structions that ha v e a latency (n um b er of cycles from execution start un til

the result is ready) of a single-cycle and instructions that m ust b e executed

(stores to memory) are examples of instructions that aren't candidates for

memoization. This factor is decided b y the application's instruction mix

and b y the implemen tation of the micropro cessor (latencies of instruc-

tions).

2. The in tegration of Memo-T ables in the datapath of the pro cessor: The

stage of the pip eline that Memo-T ables are accessed, m ultiple-issue of

instructions, long-latency instructions completing so oner than exp ected,

and the p enalt y of an unsuccessful lo okup. All these issues a�ect the

usefulness of IM.
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3. The p ercen tage of successful lo okups, i.e. the hit-ratio of the Memo-

T able . This is in
uenced b y the nature of the program b eing executed,

ho w m uc h redundancy it con tains, and b y the design of the Memo-T able .

4. The ph ysical in tegration of IM mo dules on the pro cessor: The n um b er

of transistors needed to implemen t IM, the added p o w er consumption,

and the complexit y of design all in
uence the Cost/P erformance ratio

of implemen ting IM. This thesis is an arc hitectural researc h, the ph ysical

asp ects of implemen tation are b ey ond the scop e of this w ork. Ho w ev er the

issues will b e addressed, tradeo�s compared (not alw a ys quan titativ ely),

and solutions giv en for the problems.

In this thesis w e will explore all four factors in order to understand the im-

pact of memoization on the pro cessor and in order to obtain the b est p ossible

p erformance enhancemen t when using IM.

1.3 Prior and Related W ork

This section will surv ey prior and closely related w ork. A t this p oin t in the

thesis w e w on't compare our tec hnique to these w orks but just presen t them

as is. In c hapter 6 after the tec hnique of IM has b een fully presen ted w e will

compare it to sev eral of the alternate and complemen ting approac hes of reusing

previous computations.

1.3.1 Early Use of Memoization

The concept of memoing w as in tro duced b y Mic hie [1] in 1968. The idea is to

sa v e the inputs and results of side-e�ect-free functions in a table and reuse the

results for matc hing inputs. Since then it has b een used mainly in the con text

of declarativ e languages lik e Prolog, Lisp, and ML [2, 3 , 4 ].

In 1982 Harbison [5 ] prop osed a stac k-orien ted arc hitecture called the T r e e

Machine (TM) whic h assumes the role of an optimizing compiler b y detecting

and eliminating common sub expressions (CSEs) and in v arian t expressions in

lo ops. It p erforms this b y using a value c ache . Results of instructions are sa v ed

in the v alue cac he. If the same instruction is to b e executed and its op erands

ha v en't b een c hanged, the result is obtained from the v alue cac he instead of

b eing p erformed again. Th us the scop e of optimizations can b e widened to

expressions that aren't a v ailable at compile time.

The idea of exploiting redundan t computation for o�-the-shelf RISC arc hi-

tectures w as in tro duced b y Ric hardson [6] in 1992. The results of m ultiplication,

division, and square-ro ot instructions are sa v ed in dedicated tables. When the

instructions are to b e executed a lo okup in the table is p erformed and if the

lo okup is successful the result is obtained from the table (this is in fact memo-

ization). This idea w as further expanded b y Flynn and Ob erman [7] (1995) to

include storing the recipro cals of division instructions.



4 CHAPTER 1. INTR ODUCTION

1.3.2 Instruction Reuse

In 1997 So dani & Sohi [8] in tro duced the concept of Instruction R euse (IR) .

All instructions, ev en single-cycle instructions are candidates for reuse. The

instructions are inserted in a table called the R euse Bu�er (RB) . Instructions

in the RB are accessed using the Program Coun ter (PC). If the op erand v alues

of the instruction matc h the op erands v alues in the RB, the result is obtained

from the the RB. V ariations of the sc heme include matc hing the op erand register

names (requires in v alidation of en tries if the registers w ere written in to), and

matc hing instructions that supply the curren t instruction with its op erands

(again requires in v alidation). The tec hnique of IR is closely related to IM and

in some cases o v erlaps it. In c hapter 6 w e will describ e the di�erences in detail.

1.3.3 Other T ec hniques

Other tec hniques suc h as V alue Prediction (VP) (Gabba y & Mendelson [9 ] ,

Lipasti, Wilk erson & Shen [10 , 11 ], and Sazeides & Smith [12 ]), Compiler-

Directed Dynamic Computation Reuse (Connors and Hwu [13 ]), and V alue

Pro�ling (Calder, F eller & Eustace [14 ]) will b e presen ted in more detail in

c hapter 6.

1.4 Thesis Outline

The rest of this thesis co v ers the follo wing topics: Chapter 2 describ es ho w IM

w orks and sho ws the rationale b ehind its success. Chapter 3 explores v arious

organizations of the Memo-T able . Chapter 4 describ es the in tegration of IM

in to the pro cessor's datapath. Chapter 5 sho ws ho w single-cycle instructions can

use IM. Chapter 6 compares IM to other similar researc h e�orts and c hapter

7 concludes this thesis. Tw o app endices at the end of the thesis sho w ho w IM

p erforms on real w orld pro cessors (app endix A) and app endix B widens the

scop e of IM to include function memoization.



Chapter 2

Instruction Memoization

In this c hapter w e will describ e in detail ho w Instruction Memoization (IM)

w orks and the basic structure of the Memo-T able . The idea is to mitigate the

e�ect of multi-cycle instructions (instructions with a latency of more than one

cycle) b y reducing their latency via IM. The input (op erands) and output (re-

sult) of particular instruction t yp es are stored in a cac he-lik e lo okup table (the

Memo-T able ). The Memo-T able is accessed in parallel to the con v en tional

computation. A successful lo okup giv es the result of a m ulti-cycle computation

in a single cycle, and a failed lo okup do esn't necessitate a p enalt y in computa-

tion time. Figure 2.1 sho ws a sc hematic la y out of the idea. The op erands are

forw arded in parallel b oth to a division unit and its adjacen t Memo-T able .

2.1 The Memo-T able

A Memo-T able is a cac he-lik e Lo ok Up T able (LUT), that is placed adjacen t

to eac h F unctional Unit (FU) that has a latency of m ultiple cycles. The lik eness

to a cac he is due to the fact that the v alues in the LUT c hange dynamically

o v er time with the most recen tly used v alues presen t in the Memo-T able .

Just lik e in a con v en tional cac he when a v alue is forw arded to the Memo-

T able , a subset of its bits are used to form an index in to the LUT. The remain-

ing bits are compared to the v alue stored in the indexed en try . If they matc h,

w e sa y that w e ha v e a \hit" and the v alue stored in the en try is returned. If

they do not matc h, w e sa y that w e ha v e a \miss", no v alue is returned and the

table is up dated with a new v alue (evicting an \older" en try). Whic h subset of

bits to use is one of the c haracteristics explored in section 3.6.

Unlik e a con v en tional cac he where eac h line con tains more than one w ord

and a relativ ely small asso ciated tag, the Memo-T able con tains a large tag and

just the one w ord result in eac h line. T o emphasize this distinction, w e shall

use entry instead of the traditional line or blo ck . Figure 2.2 sho ws a Memo-

T able with n en tries. The shaded area con tains the results, the unshaded areas

con tains the op erands and op co de (in the case where sev eral instruction t yp es

5
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Result

DIVISION

UNIT

MEMO

TABLE

MUX

hit/miss lineoperation

completed

line

Operand 1

Operand 2

Figure 2.1: A division unit using a Memo-T able

reside in the same Memo-T able ) whic h are compared to the op erands and

op co de of the instruction b eing memoized. Note that no v alid bit is necessary ,

and data is v alid at all times ev en across con text switc hes due to the fact that

the instructions stored in Memo-T ables are con text free, the result dep ends

only on the op erands

1

. The only time in v alid data is in a Memo-T able is

during startup, initially loading the op co de �elds with in v alid op co de solv es

this problem.

During execution the op erands are forw arded to the appropriate computa-

tion unit and in parallel, to the corresp onding Memo-T able . If there is a hit

in the Memo-T able , its v alue is forw arded to the next pip eline stage , the

computation in the FU is ab orted and it signals it is free to receiv e the next

set of op erands. If there is a miss in the Memo-T able , the computation is

allo w ed to complete, and the result obtained is forw arded to the next stage and

in parallel en tered in to the Memo-T able .

1

Except if di�eren t IEEE 754 rounding mo des are used.
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Operand 1 Operand 2 Opcode Result

Entry 0

Entry 1

Entry 2

Entry n-1

Figure 2.2: La y out of a n en try Memo-T able .

2.2 The Rationale Behind Instruction Memoiza-

tion

After w e ha v e sho wn the basic IM tec hnique w e will explain wh y it should w ork.

T o b est understand the rationale a few examples will b e presen ted:

vsqrt The application vsqrt tak es the square-ro ot of all pixels in an image.

W e ha v e previously sho wn [15 ] that neigh b oring pixels in an image tend

to ha v e the same v alues, th us leading to a high hit-ratio in the Memo-

T able .

vspatial P erforms image enhancemen t based on lo cal histograms. An examina-

tion of a sample image, a self p ortrait of Guy a (�gure 2.3), sho ws that out

of 256 p ossible pixel v alues only 161 are represen ted (�gure 2.4). Zo om-

ing in to an 8x8 windo w surrounding Guy a's nose (�gure 2.5) sho ws that

there are only 11 unique v alues. Building a histogram of this windo ws and

running the follo wing lo op:

n = N*N; /* N=8 */

for(i=0;i<L;i++ ) /* L = # of values */

e += (hist[i]/n) * log2(hist[i]/n);

results in a 94% hit-ratio when memoizing division. The same is true for

color images whic h are comp osed of three \bands" (red, green, and blue

images). Eac h band displa ys a similar amoun t of redundancy .

tomcatv In the follo wing co de excerpt

2

:

A = 0.25 * (XY*XY+YY*YY)

B = 0.25 * (XX*XX+YX*YX)

2

This excerpt w as tak en from Ric hardson's pap er [6].
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The n um b er of unique pairs is 769. Using an \in�nite" m ultiplication

Memo-T able results in an almost p erfect hit-ratio.

As w e can see the nature of the programs and inputs causes instruction rep eti-

tion. Most Multi-Media applications w ork on lo cal areas of an image or signal

whic h ma y result in the same calculations b eing p erformed o v er and o v er again.

Of course not all programs that exhibit redundancy ha v e source co de excerpts

that pinp oin t the cause, most don't.

Figure 2.3: A self p ortrait of Guy a.

Figure 2.4: Histogram of the Guy a image.

So dani and Sohi [16 ] ha v e p erformed a detailed analysis of instruction rep-

etition for the SPEC 95 in teger b enc hmarks and ha v e found that most of the

rep etition originates from in ternal v alues of the program (immediates) or from

global initialized data. Our conclusions are that for most Floating P oin t b enc h-

marks the redundancy originates from the input sets of the applications [15].
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Figure 2.5: A blo wup of Guy a's nose.



Chapter 3

The Organization of the

Lo okup T ables

This c hapter is dedicated to �nding the near optimal design for Memo-T ables

that will enable us to receiv e the maximal hit-ratio p ossible (for �nite Memo-

T able sizes). In this c hapter w e memoize all instructions that ha v e a latency

of more than one cycle

1

. The Memo-T able w e will explore is the same as

prop osed in c hapter 2. Eac h en try consists of t w o op erands, a result, and an

op co de. The organization of the pro cessor's datapath is irrelev an t at this stage

of the researc h and will b e explored in c hapter 4 after w e �x the Memo-T able

c haracteristics.

The c haracteristics of the Memo-T ables explored are its cac he-lik e traits:

size, asso ciativit y , and replacemen t metho d, and c haracteristics that are unique

to memoization suc h as indexing metho ds (whic h bits of the v alues comp ose the

index in to the Memo-T able ), con ten ts (whic h instructions are in eac h Memo-

T able ), detection of trivial calculations that can b e computed easily ( x + 0,

y � 1, ...),and the relationships b et w een instructions t yp es ( a + b = c ! c = b � a ,

...).

3.1 Sim ulation F ramew ork

T o �nd the optimal design of a Memo-T able w e p erformed a series of exp er-

imen ts with an arc hitecturally detailed sim ulator: SimpleScalar [17 ], a RISC

instruction-lev el sim ulator based up on the MIPS ISA. SimpleScalar receiv es as

input a binary executable compiled for the sim ulator and executes it do wn to the

cycle lev el. All applications w ere compiled using gcc v ersion 2.6.3 with the op-

timization 
ags -O3 -finline-functio ns -funroll-loops . W e tailored Sim-

pleScalar to incorp orate Memo-T ables in it's design and th us sim ulate IM.

The t w o indicators that measure the success of the memoization are:

1

Except memory accesses whic h aren't side-e�ect free (stores) or aren't con text free (loads).

10
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Hit-Ratio The hit-ratio of a Memo-T able (n um b er of successful lo okups di-

vided b y n um b er of lo okups) will sho w ho w man y instruction executions

w ere a v oided.

Sp eedup The end goal of using Memo-T ables is to accelerate pro cessing; if

the enhancemen t has no impact on p erformance, the extra complexit y of

adding it isn't w orth the e�ort.

The emphasis of the sim ulations in this c hapter will b e on enhancing the hit-

ratios of the Memo-T ables . The sp eedup ac hiev ed b y using IM will b e sho wn

in c hapter 4.

3.1.1 Sim ulations

The sim ulations w ere p erformed using the SimpleScalar sim ulator. As w e w an t

to negate the in
uence of the datapath the programs w ere run through the

sim-fast v ersion of the sim ulator. This v ersion sim ulates instruction execution

step-b y-step but do esn't sim ulate the memory hierarc h y , pip elining, m ultiple-

issue, branc h prediction, or an y other arc hitectural enhancemen ts (except the

use of Memo-T ables , of course).

3.1.2 Benc hmarks

The b enc hmarks w ere tak en from sev eral sources:

� SPEC CFP95 - the 
oating p oin t comp onen t of the SPEC CPU95 suite

[18 ].

� SPEC CINT95 - the in teger comp onen t of the SPEC CPU95 suite [18 ].

� MediaBenc h - a suite of m ulti-media and comm unication applications

from UCLA [19 ].

The b enc hmark applications are either FP in tensiv e or p erform in teger m ul-

tiplication and/or division. Applications that don't execute large amoun ts of

m ultiple-latency instructions can't b ene�t from IM and aren't sim ulated

2

.

T able 3.1 describ es the sp eci�c applications, the n um b er of instructions exe-

cuted, and the p ercen tage of m ultiple-cycle instructions executed

3

. Ev en though

less than 1% of the instructions in in teger in tensiv e applications are m ultiple-

cycle instructions w e sim ulate them and giv e them an equal standing to FP

2

F or this reason adp cm and p egwit from the MB suite and li and go from CINT95 aren't

sim ulated. Jp eg from MB and ijp eg from CINT95 are similar so only jp eg is run. m88ksim

from CINT95 is in v arian t to an y Memo-T able c hanges, 99% of all in teger m ultiplications are

reused in an y con�guration, th us this application w as dropp ed from the sim ulations.

3

In some cases the n um b ers are the sum of sev eral applications that mak e up a b enc hmark

(eg. deco de and enco de for mp eg2). The SPEC b enc hmarks w ere run with the test or train

v ersions of the inputs in order to k eep them relativ ely short, running them with the reference

inputs giv es similar results.



12 CHAPTER 3. THE OR GANIZA TION OF THE LOOKUP T ABLES

suite applic ation description input # of insts %

MediaBenc h rasta Sp eec h recognition ex5 c1.w a v 23M 10.4%

mesa 3D graphics library hardco ded 130M 17.8%

mp eg2 Video compression mei16v2.m2v 1282M 7.8%

epic Image compression lenna.pgm 60M 15.5%

gsm Sp eec h transco ding clin ton.p cm 223M 14.9%

ghostscript P ostscript in terpreter tiger.ps 1294M 4.4%

g721 V oice compression clin ton.p cm 529M 0.6%

pgp Cryptograph y pgptest.pgp 159M 2.3%

jp eg Image compression monalisa.jpg 161M 0.3%

CFP95 tomcatv V ectorized mesh generation train.in, IT A CT=20 818M 10.4%

swim Shallo w w ater equations train.in 842M 26.3%

su2cor Mon te-Carlo metho d test.in 1050M 12.8%

h ydro2d Na vier Stok es equations test.in 1124M 16.4%

mgrid 3D p oten tial �eld train.in, NTIMES=1 382M 14.5%

applu P artial di�eren tial equations train.in, itmax=20 1000M 7.7%

turb3d T urbulence mo deling train.in, nsteps=1 398M 7.5%

apsi W eather prediction test.in 888M 22.6%

fpppp Quan tum c hemistry train.in 344M 32.8%

w a v e5 Maxw ell's equation test.in,nsteps=2 1389M 31.7%

CINT95 gcc C compiler 1stm t.i 119M 0.3%

compress Lemp el-Ziv compression test.in 35M 0.5%

p erl P erl in terpreter scrabll.pl, train input 40M 0.4%

T able 3.1: Description of b enc hmark applications, inputs, n um b er of instruc-

tions executed, and p ercen tage of m ultiple-cycle instructions.

in tensiv e applications

4

. W e are exploring primarily Memo-T able c haracter-

istics not o v erall sp eedup, th us the impact of these applications whic h ha v e a

di�eren t instruction mix than FP applications is imp ortan t. The follo wing sim-

ulation results are the a v erage (harmonic mean) hit-ratios of the Memo-T ables

for all the ab o v e applications

5

.

3.1.3 The Instructions Memoized

All the instructions memoized ha v e a latency of more than one cycle. These

include in teger division and m ultiplication and all the 
oating p oin t instruc-

tions. T able 3.2 lists the instructions memoized along with their latencies and

throughputs

6

on the R10000 and 604e

7

. F or eac h instruction t yp e there is a

4

The in teger in tensiv e applications are g721, pgp, and jp eg from MediaBenc h and the

CINT b enc hmarks.

5

The a v erage is un w eighed, ev ery b enc hmark, short or long running, has an equal standing.

W e didn't w an t the SPEC b enc hmarks, whic h ha v e a longer execution time, to dominate the

results.

6

If an unit is pip elined it can complete an instruction ev ery cycle, this is the throughput

of the instruction.

7

The 604e do esn't implemen t the fsqrt instruction listed in its instruction set, w e decided

to do so in our sim ulator in order to compare the datapaths of b oth pro cessors (a soft w are
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Memo-T able that stores the op erands and results of the instances of the in-

struction, for a total of 19 suc h Memo-T ables in use.

instruction MIPS R10000 PPC 604e

typ e lty thpt lty thpt

In t Division 35 35 20 19

In t Multiplication 6 6 3 1

FP Add/Subtract 2 1 3 1

FP Comparison 2 1 3 1

FP $ FP Con v ersion 2 1 3 1

FP ! In t Con v ersion 2 1 3 1

In t ! FP Con v ersion 4 1 3 1

FP Neg/Abs 2 1 3 1

FP Mo v e 2 1 3 1

FP Multiplication 2 1 3 1

FP Division (sp/dp) 12/19 14/21 18/31 18/31

FP Sqrt (sp/dp)

�

18/33 20/35 50/60 50/60

�

The 604e do esn't implemen t the fsqrt instruction.

T able 3.2: Instruction latencies and throughputs for the MIPS R10000 and PPC

604e.

3.2 Memo-T able Structural F actors

W e �rst measured the e�ects of four factors related to the structure of the

Memo-T able rather than to its con ten ts. The factors and their lev els are:

� Size - the n um b er of en tries in eac h Memo-T able , the lev els are from 8

to 16K en tries, and an in�nite table size.

� Asso ciativit y - the n um b er of en tries in eac h set. The lev els are from

direct-mapp ed (set size 1), to 8-w a y set asso ciativ e (set size 8), and fully

asso ciativ e (one set).

� Replacemen t Strategy - Whic h en try is evicted from the Memo-T able in

the case of a miss. The lev els are: replace randomly , First In First Out

(FIF O), pseudo Least Recen tly Used (where the LR U en try is appro xi-

mated), Most Recen tly Used (MR U) and true LR U. As memoization isn't

sp eculativ e w e don't explore an y con�dence sc hemes, once a v alue is in

the Memo-T able it is v alid.

� Mapping Strategy - Ho w an en try is mapp ed to a set. The lev els are to

hash the Program Coun ter (lik e [8 ] do) or hash the v alues. The v alues

can b e hashed using v arious tec hniques, simple ones suc h as hashing the

Least Signi�can t Bits (LSBs), to more complex tec hniques whic h hash the

exp onen t, man tissa or some bit mix of them.

implemen tation of the sqrt function can tak e o v er 1000 cycles).
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The n um b er of sim ulations needed to p erform a ful l factorial design , sim ulating

ev ery p ossible com bination of all lev els, w ould tak e: n =

Q

k

i =1

n

i

sim ulations.

In our case it is (12 lev els of size) � (5 lev els of asso ciativit y) � (5 lev els of replace-

men t sc hemes) � (6 lev els of mapping strategies) = 1800 sim ulations for eac h and

ev ery application. This n um b er is daun ting and b ey ond our pro cessing p o w er.

In suc h cases where a full factorial design is imp ossible, a 2

k

factorial design

is used. F or eac h factor t w o lev els or alternativ es are c hosen resulting in only

16 sim ulations in our case. These sim ulations can giv e us an indication whic h

factors ha v e a higher impact on the hit-ratios and whic h factors ha v e little or

no impact at all.

By using the Sign-T able [20 ] tec hnique it is p ossible to compute the al lo c ation

of variation of eac h factor and the in teraction b et w een factors. The imp ortance

of a factor is measured b y the prop ortion of the total v ariation in the result that

is explained b y the factor.

The lev els c hosen for sim ulation are: Size - 32, 1024 en tries; Asso ciativit y

- direct mapp ed, 8-w a y set asso ciativ e; Replacemen t Strategy - random, LR U;

Mapping - PC, v alue (LSBs); The results (harmonic mean hit-ratios of all ap-

plications) are sho wn in table 3.3.

32 1 rand p c 0.17 32 1 rand v al 0.32

1024 1 rand p c 0.22 1024 1 rand v al 0.39

32 8 rand p c 0.30 32 8 rand v al 0.39

1024 8 rand p c 0.32 1024 8 rand v al 0.51

32 1 lru p c 0.17 32 1 lru v al 0.32

1024 1 lru p c 0.22 1024 1 lru v al 0.39

32 8 lru p c 0.32 32 8 lru v al 0.40

1024 8 lru p c 0.33 1024 8 lru v al 0.51

T able 3.3: 2

4

factorial design and resulting hit-ratios. The factors and lev-

els are size (32, 1024), asso ciativit y (direct mapp ed, 8-w a y set asso ciativit y),

replacemen t strategy (random, lru) and the hashing sc heme (p c, v alue).

The results obtained are inserted in to a Sign-T able. The sample varianc e

of the data is calculated b y computing the Sum of Squar es T otal (SST) , this

n um b er can then b e brok en in to its comp onen ts. The main comp onen ts of

v ariation are: Mapping sc heme - 55%, Asso ciativit y - 31%, and Size - 10%. The

v ariation attributed to the replacemen t strategy is 0%. F rom these n um b ers

and a lo ok at the table w e can mak e t w o imp ortan t observ ations:

1. The mapping sc heme is of utmost imp ortance. The left hand side of

the table whic h uses the PC as the index in to the Memo-T ables sho ws

consisten tly p o orer results than the righ t hand side whic h uses the op erand

v alues as indices in to the Memo-T ables . Th us in future sim ulations w e

will use the op erand v alues only as indices. Section 3.6 explains this

phenomena in greater detail.

2. The replacemen t strategy is of little imp ortance. The top half of the table
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whic h uses a random replacemen t strategy has the same results as the

b ottom half whic h uses the LR U replacemen t strategy . This is consisten t

with memory cac hes where the replacemen t metho d has little impact on

the hit-ratio [21 ]. The reason is that v alues that are highly reused will

b e reen tered in to the Memo-T able , ev en if they w ere randomly evicted.

Because of the simplicit y of implemen ting a random replacemen t metho d

w e use this metho d in future sim ulations.

The v ariation allo cated to size and asso ciativit y and the results displa y ed

prohibit us from making clean cut decisions as with the mapping and replace-

men t metho d. W e m ust in v estigate more lev els of b oth size and asso ciativit y ,

w e will do this in the next section.

3.3 Size and Asso ciativit y

The next set of sim ulations are targeted at determining the highest hit-ratio

with the lo w est Memo-T able size and asso ciativit y . The lev els of size are

from 16 to 16K en tries p er Memo-T able (omitting 512, 2K, and 8K sizes) and

an in�nitely large Memo-T able (1MB en tries), and the lev els of asso ciativit y

are from direct-mapp ed to 8-w a y set asso ciativ e and fully asso ciativ e (for large

Memo-T ables an asso ciativit y of 512 w as used).

16 64 256 1K 4K 16K
infinity

Size1
2

4
8

fa

Set Associativity

0.2

0.3

0.4

0.5

0.6

0.7

Hit Ratio

Figure 3.1: Hit-ratio as a factor of Memo-T able size and set asso ciativit y .
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A t w o-factor full factorial design is used [20 ] to determine whic h factor in
u-

ences the hit-ratio more. The total v ariation can b e divided in to parts explained

b y factors A (size) and B (asso ciativit y) and an unexplained part due to exp er-

imen tal errors. The results sho w that 68% of the v ariation is attributed to

c hanges in the Memo-T ables size and 30% to c hanges in the asso ciativit y , 2%

of the v ariation is unexplained.

Size/Asso c 1 2 4 8 ful l

16 0.29 0.33 0.35 0.36 0.36

32 0.32 0.37 0.38 0.39 0.40

64 0.35 0.40 0.42 0.43 0.44

128 0.36 0.41 0.44 0.46 0.47

256 0.38 0.43 0.46 0.48 0.50

1K 0.40 0.45 0.49 0.51 0.55

4K 0.41 0.47 0.50 0.53 0.57

16K 0.43 0.48 0.52 0.54 0.58

in�nite 0.46 0.51 0.54 0.56 0.60

T able 3.4: T abular v ersion of hit-ratio as a factor of Memo-T able size and set

asso ciativit y .

Figure 3.1 is a 3-D plot of the hit-ratio (z-axis) as a function of size (x-axis),

and asso ciativit y (y-axis) (the actual results are in table 3.4). Lo oking at the

lesser factor of v ariation, asso ciativit y , sho ws that raising the asso ciativit y from

direct-mapp ed to 2-w a y giv es a considerable hit-ratio enhancemen t and raising

the asso ciativit y b ey ond 4-w a y hardly c hanges the hit-ratio. This is fortunate as

implemen ting a 8-w a y set asso ciativ e Memo-T able is the cutting-edge [22 ] of

curren t on-c hip memory cac he tec hnology whic h will b e used in implemen ting

Memo-T ables . Curren t on-c hip cac hes can p erform a 4-w a y set asso ciativ e

cac he lo okup in a single mac hine cycle so there is no reason not to set the

asso ciativit y of Memo-T ables to 4.

Lo oking at the plot again sho ws that for sizes 16 to 128 the curv e rises

rapidly , from Memo-T able size 256 the curv e starts to 
atten. Dividing the

hit-ratio of using 256 en try 4-w a y set asso ciativ e Memo-T ables with the hit-

ratio of using in�nite fully-asso ciativ e Memo-T ables , sho ws that 76% of all

reusable m ultiple-cycle instructions can b e reused with mo derate size Memo-

T ables .

Figure 3.2 sho ws the breakdo wn of hit-ratios p er instruction (asso ciativit y:

4; size: 32{1024). It is noticeable that the hit-ratios for the in teger instructions

are amongst the highest and they con tin ue to b ene�t from a larger Memo-

T able after the hit-ratios for other instructions 
atten out (as do es single pre-

cision to double precision con v ersion). F or the square-ro ot, FP comparison, and

FP $ INT con v ersion instructions the hit-ratio is in v arian t to Memo-T able

sizes ab o v e 128 en tries. F or FP mo v e a Memo-T able of size 64 is su�cien t.

Nev ertheless, in order to w ork with a uniform Memo-T able size w e will use a

baseline size of 256 in future sim ulations.

Another consideration to tak e in to accoun t is the hit-time (the time to
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FP multiplication
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Int multiplication 
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Figure 3.2: Breakdo wn of hit-ratio b y instruction t yp e (4-w a y set asso ciativit y ,

random replacemen t, mapping b y v alue).

access a Memo-T able , c hec k if the en try is residen t in the Memo-T able ,

and return the result) of a Memo-T able . This time m ust b e a single mac hine

cycle, with most FP instructions ha ving latencies of 2-3 cycles, a longer hit-time

will reduce the e�ectiv eness of IM. Th us the size of a Memo-T able should b e

comparable to the size of small on-c hip cac hes, whic h ha v e a hit-time of one

cycle. A 256 en try Memo-T able holds 256 � 3 = 768 double precision v alues

whic h is 768 � 8 = 6144 = 6 K b ytes. This is considerably less than the on-c hip

cac hes of the MIPS R10000 (32KB), P o w er PC 604e (32KB) and other leading

micropro cessors. Th us in an y case the upp er limit on the size of Memo-T ables

will b e 1024 en tries (24KBytes) with a set asso ciativit y of 4.

3.4 T rivial Calculations

The result of a trivial calculation is immediately obtained from the op erands of

the calculation itself. No calculation is p erformed, just a input c hec k is needed to

detect the o ccurrence of trivialit y . In all previous sim ulations trivial calculations

w ere treated as regular calculations and forw arded to the Memo-T ables . In

this section trivial calculations will b e detected in parallel to the Memo-T able

lo okup. Th us only non-trivial calculations will b e stored in the Memo-T ables .

T able 3.5 sho ws the trivial calculations detected. Figure 3.3 sho ws the la y out of

a Memo-T able , division unit, and trivial test unit. The calculation is tested

for trivialit y in parallel to the Memo-T able lo okup and FU execution. If

the calculation is trivial the result will b e obtained from the T rivial T est Unit

(TTU),and the Memo-T able lo okup and FU execution will b e terminated. If
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Addition a + 0 ; 0 + a a

Subtraction a � 0 a

a � a 0

Multiplication a � 0 ; 0 � a 0

a � 1 ; 1 � a a

Division a= 1 a

0 =a 0

a= 0 I nf

0 = 0 N aN

a=a 1

Sqrt

p

1 1

p

0 0

a < 0 N aN

Con v ersions 0 0

Negation 0 0

Absolute V alue 0 0

T able 3.5: Op eration, trivial calculation, and result.

the calculation isn't trivial the Memo-T able lo okup or FU execution supplies

the result (for clarit y eac h con trol line is dra wn using a di�eren t line st yle).

The TTU is comp osed of a set of 4 comparators, a FP negativ e bit test, and

com binational logic to detect trivialit y (�gure 3.4). This design co v ers all the

trivialit y tests de�ned in table 3.5 and enables building a uniform TTU

8

.

T able 3.6 sho ws the hit-ratios for 256 en try (4-w a y sets) Memo-T ables

with and without trivial calculation detection, and the p ercen tage of trivial

calculations out of all memoized instructions. An a v erage 3% enhancemen t

is p ossible b y just adding circuits to p erform trivial calculation detection, as

opp osed to quadrupling the Memo-T ables size in order to ac hiev e the same

enhancemen t as sho wn b y �gure 3.5. F or FP applications, Memo-T ables of

size 128 with trivial calculation detection ha v e higher hit-ratios than 1K en try

Memo-T ables without trivial calculation detection.

T able 3.7 sho ws the main trivial op eration con tributers. F or eac h instruction

t yp e: the trivial op eration ratio, the p ercen tage out of all trivial instructions,

and the breakdo wn of trivial v alues detected is displa y ed. The tables sho ws

that 93% of all trivial instructions con tain the v alues one or zero. Th us w e can

simplify the trivialit y c hec k b y just testing for zero and one. W e can further

narro w do wn the scop e of the trivialit y test b y just c hec king trivialit y for the

top con tributers (m ultiplication, addition, subtraction, and division) but for the

sak e of uniformit y w e will c hec k trivialit y (zero and one only) for all relev an t

instructions. Th us our conclusions are straigh tforw ard: eac h Memo-T able will

ha v e a TTU in tegrated in to it, this ac hiev es a hit-ratio enhancemen t comparable

to a size increase of one order of magnitude.

8

Just as an in teger Memo-T able is di�eren t than a FP Memo-T able so is an in teger TTU

di�eren t than a FP TTU.
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Figure 3.3: La y out of a T rivial T est Unit adjacen t to a Memo-T able and

Division Unit.

3.5 Con ten ts of Memo-T ables

Our previous sim ulations used a Memo-T able for eac h instruction t yp e. It is

p ossible that for di�eren t applications some Memo-T ables w on't b e utilized at

all, while others will su�er from capacit y misses. Micropro cessors ha v e separate

Instruction and Data cac hes to mak e it p ossible to access them at the same

cycle, not b ecause this enhances the hit-ratio (it do esn't [21 ]). On the other

hand one cen tralized Memo-T able will su�er from a longer hit-time, migh t

ha v e to b e m ulti-p orted, migh t su�er from non-uniform access due to line dela ys,

and disallo ws di�eren t mapping sc hemes for in teger and 
oating p oin t v alues.

Our previous sim ulations sho w that the a v erage n um b er of Memo-T ables

used p er application is 11.7 (out of 19). When coun ting the n um b er of accesses

p er Memo-T able w e disco v ered that the mean is lo w er than the standard

deviation for all applications. This sho ws that there are man y tables that are

accessed relativ ely little and a few whic h are highly accessed, leading us to

assume that using a uni�ed Memo-T able migh t enhance the hit-ratio.

Due to the problems in using a uni�ed table men tioned earlier w e suggest

adding a lev el b et w een Memo-T able p er instruction to a uni�ed Memo-T able .
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Comparator Comparator Comparator

a a 0 b 1 b 0

Comparator

b1Opcode

Neg

Test

a

equal/not equal equal/not equal equal/not equal neg/not negequal/not equal

Opcode

Triviality
Detection

a b 0 1 NaNInf

trivial/nontrivial line

Result Source

MUX

MUX

Result

1 2 30

Figure 3.4: La y out of a T rivial T est Unit, the op co de of the instruction deter-

mines whic h comparisons are used.

The motiv ations for a sp eci�c setup are the utilization p er table, the functional

units that pro cess eac h instruction, and the e�ect of the Memo-T ables ' size on

the hit-ratio. Eac h Memo-T able will con tain one hea vily executed instruction

and one or more under utilized instructions. Th us are c hoice of tables is:

1. In teger - in teger m ultiplication (hea vily used) and division (ligh tly used).

Both use the same unit (604e) or adjacen t units (R10000). This table will

b e the largest (double size) as the hit-ratio constan tly rises for a larger

Memo-T able size (section 3.3). T otal dynamic instruction coun t:

35% .

2. Long Latency - 
oating p oin t m ultiplication (hea vily used), division,

and square ro ot taking. Usually share circuitry in most micropro cessors.

T otal dynamic instruction coun t: 24% .

3. Addition - 
oating p oin t addition. T otal dynamic instruction coun t:

18% .

4. Subtraction - 
oating p oin t subtraction (mo derately used), negation,
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applic ation or g hr new hr trivial r atio

mesa 0.42 0.51 23%

epic 0.15 0.18 4%

rasta 0.32 0.37 9%

mp eg2 0.58 0.65 51%

gsm 0.05 0.08 3%

ghostscript 0.96 0.97 57%

jp eg 0.82 0.84 54%

g721 0.49 0.51 22%

pgp 0.07 0.07 0%

tomcatv 0.19 0.28 13%

swim 0.19 0.22 7%

su2cor 0.25 0.26 5%

h ydro2d 0.90 0.93 46%

mgrid 0.69 0.71 6%

applu 0.40 0.43 7%

turb3d 0.75 0.83 62%

apsi 0.35 0.40 16%

fpppp 0.40 0.44 8%

w a v e5 0.11 0.12 1%

gcc 0.94 0.96 72%

compress 0.13 0.13 8%

p erl 0.96 0.97 1%

harmonic mean 0.46 0.49 22%

T able 3.6: Hit-ratios for 256 en try (4 en tries to a set) Memo-T ables with and

without trivial calculation detection, and the p ercen tage of trivial calculations

out of all memoized instructions.

instruction tr/ac inst/al l value br e akdown (%)

0 1 = �

In t Multiplication 0.38 0.31 45 55 0 0

FP Multiplication 0.23 0.25 86 14 0 0

FP Addition 0.26 0.22 100 0 0

FP Subtraction 0.24 0.11 42 0 52 0

In t Division 0.25 0.3 46 29 24 0

FP Division 0.13 0.2 56 30 14

In t ! FP Con v ersion 0.8 0.2 100 0 0 0

All Instructions 0.22 1.00 72 21 7 0

T able 3.7: Breakdo wn of trivialit y p er instruction t yp e. Column 2 is the trivial

ratio out of all Memo-T able accesses, column 3 is the ratio b et w een the in-

structions' trivial op erations to all trivial op erations, and the last columns sho w

the breakdo wn of the trivial v alues.

absolute v alue and mo v e. Using Memo-T ables b oth for addition and

subtraction, although they use the same circuitry , mak es it p ossible to



22 CHAPTER 3. THE OR GANIZA TION OF THE LOOKUP T ABLES

��
��
��
��
��

��
��
��
��
��

��
��
��

��
��
��

��
��
��
��
��
��

��
��
��
��
��
��

��
��
��
��
��
��

��
��
��
��
��
��

Change

Ratio

Hit

6%

128
trivial

256 256
trivial

1024

3%

3%

3%

6%

6%

128

integer applications

all applications

fp applications

Figure 3.5: Changes in hit-ratio of Memo-T ables with and without trivial

calculation detection (base Memo-T able of size 128/4).

access b oth in the same cycle. T otal dynamic instruction coun t:

11% .

5. Comparison & Con v ersion - 
oating p oin t comparisons and con v er-

sions from single precision to double precision to in teger formats. This

table will b e smaller (half size) due to the fact that the hit ratios of com-

parisons and con v ersions hardly gro w with increases in Memo-T able size

(section 3.3). T otal dynamic instruction coun t: 12%

T able 3.8 compares using single instruction Memo-T ables , m ultiple instruction

Memo-T ables and a uni�ed Memo-T able . Using m ultiple Memo-T ables ,

has the same b ene�ts of using single Memo-T ables with a b etter utilization.

Using a uni�ed Memo-T able has a b etter utilization but can ha v e a higher

hit-time whic h o�sets the p ossible hit-ratio enhancemen t.

tr ait single multiple uni�e d

lo okup time small table, small table, larger table,

lo w lo okup time lo w lo okup time higher lo okup time

table access close to FU, close to FU, distan t from some FUs,

uniform access uniform access non uniform access

p orts read/write read/write 1 op co de, read/write 1 op co de, 2 op erands,

2 op erands, 1 result 2 op erands, 1 result 1 result, p er FU

mapping di�eren t mapping di�eren t mapping same mapping sc heme

sc hemes sc hemes for di�eren t data t yp es

utilization lo w, some tables mo derate, 2-5 instruction high, all instructions

aren't used t yp es p er table use 1 table

con ten tion lo w, only one mo derate, sev eral high, all instructions

instruction p er table instructions p er table comp ete for en tries

hardw are high, needs comparators mo derate, comparators v ery lo w, one set

complexit y and TTU p er instruction and TTU p er table of comparators and TTU

T able 3.8: Comparison of the three Memo-T ables con ten ts sc hemes.
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Figure 3.6: hit-ratio of single, m ultiple, and uni�ed con ten ts sc heme. Eac h

Memo-T able is 4-w a y set asso ciativ e, uses random replacemen t, uses the LSBs

of the op erands (and op co des) as indices to Memo-T able en tries, and p erforms

trivial calculation detection.

Figure 3.6 sho ws the hit-ratios of 19 single instruction 64 and 128-en try

Memo-T ables , 5 m ultiple instruction 256 and 512-en try Memo-T ables , and

a uni�ed 1024 and 2048-en try Memo-T able . Eac h lev el uses appro ximately

the same amoun t of storage. The rest of the c haracteristics of the the Memo-

T ables are 4-w a y set asso ciativit y , random replacemen t, indexing using the

LSBs of the v alues and op co des, and trivial calculation detection.

The �gure sho ws the m ultiple table approac h is b etter than the single table

approac h and comparable to the uni�ed approac h. Giv en that using m ulti-

ple Memo-T ables is a go o d compromise b et w een single Memo-T ables and a

uni�ed Memo-T able (table 3.8), and that the di�erence in hit-ratios is negli-

gible (�gure 3.6) our decision is to use m ultiple Memo-T ables eac h con taining

sev eral instruction t yp es.

Using m ultiple Memo-T ables also answ ers the question: \Ho w do es adding

Memo-T ables impact the die size of the pro cessor?". It is ob vious that adding

Memo-T ables requires additional transistors and wires to bring the op erands

and results from the FUs to the Memo-T ables . Ho w ev er, the size of 5x6KB

Memo-T ables is 30KB. Mo dern micropro cessors are already in tegrating L2

cac hes with sizes in the 256KB range (In tel P en tium-I I I, AMD A thlon) with

future pro cessors pro jecting onc hip cac hes in the excess of 1MB. In fact, micro-

pro cessor designers are lo oking for b eter uses of their transistors than just using

them as cac hes. IM �ts this role p erfectly . The wire problem is solv ed b y using

m ultiple Memo-T ables lo cated adjacen t to the FUs that use them, no long,

cross c hip, wires are needed.

3.5.1 Exploiting In v erse and Comm utativ e Op erations

The m ultiplication, addition, and equalit y op erations are comm utativ e, for ex-

ample: a � b = c ! b � a = c . It migh t b e p ossible to exploit this trait b y

p erforming a c ommutative lo okup in the Memo-T able . The index created b y

hashing the bits of a; b are the same as for b; a . All w e ha v e to do no w is compare

the en tries in the set to a; b and to b; a . Th us if a previous instruction calculated
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b � a w e will receiv e a hit for an instruction calculating a � b . The disadv an tage of

this tec hnique is that w e no w need t wice the amoun t of comparators as b efore.

4-w a y set asso ciativit y b ecomes 8-w a y .

Another mathematical rule w e can exploit is the prop erties of in v erse op era-

tions. If a + b = c w ere executed and inserted in to the Addition Memo-T able ,

the information to execute op erations a = c � b and b = c � a are residing in the

Memo-T able . The question is could w e exploit this information and memoize

instructions that w eren't executed ev en once y et? The same is true for FP m ul-

tiplication and division. W e can't implemen t the same idea for in tegers b ecause

c=b = a do esn't necessarily imply that a � b = c (100 = 3 = 33, 3 � 33 = 99). The

same problem exists for con v ersions. Con v erting a FP n um b er to an in teger

or con v erting a double precision FP n um b er to a single precision FP n um b er

results in loss of accuracy . Therefore trying to p erform an in v erse lo okup can

lead to wrong results (1 : 3 ! 1 but 1 ! 1 : 0). W e built an elab orate mec hanism

to enable inverse lo okup and sim ulated it.

In addition w e comp osed a Memo-T able whic h w e will call the Comparison

Memo-T able , whic h con tains the equal, less-then, equal or less-then instruc-

tions. In order to ha v e comparisons b ene�t from previous comparisons b et w een

the same t w o n um b ers w e altered the Memo-T able to store the relationships

b et w een t w o n um b ers in the result �eld. It is either -1 ( a < b ), 0 ( a = b ), or 1

( a > b )

9

.

W e ran the b enc hmarks on this new organization whic h p erforms comm uta-

tiv e and in v erse lo okups and stores the relationships b et w een pairs of n um b ers.

The results w ere disapp oin ting, no increase in the hit-ratio w as measured. These

new ideas w ere abandoned in future sim ulations.

3.6 Mapping Strategies

Un til this p oin t in our researc h w e ha v e indexed the Memo-T ables using the

op erand v alues and sp eci�cally the least-signi�can t-bits (LSBs) of the v alue(s)

(X ORed them together if a t w o op erand op eration is memoized) and used them

as an index in to a Memo-T able . The b ene�t of this sc heme is it's simplicit y

and the fact that in teger v alues and FP v alues can b e dealt with in a similar

manner. Mapping using the PC w as sho wn to b e inferior.

F or in teger v alues this mapping strategy is optimal as the LSBs sho w the

highest en trop y [23 ]. F or FP n um b ers this isn't necessarily true. Due to the

IEEE 754 represen tation sc heme for FP n um b ers, where the n um b ers are nor-

malized, the most-signi�can t-bits (MSBs) of the man tissa or the LSBs of the

exp onen t w ould seem to b e lik ely candidates for index bits. Another reason not

to use the LSBs for FP n um b ers is in the case where in tegers are the inputs.

In this case the LSBs are all zero, leading to all n um b ers b eing mapp ed to the

same en try .

9

W e are assuming that an y compare instruction can pro vide this information, this migh t

not b e true for all arc hitectures.
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Using these assumptions w e devised four additional mapping sc hemes (as-

suming the n um b er of sets in a Memo-T able is n ):

� Least Signi�can t Bits (lsb) - The log

2

n LSBs of the man tissa.

� Man tissa (man t) - The log

2

n most-signi�can t-bits of the man tissa.

� Mixture 1 (mix1) - The LSB of the exp onen t and the log

2

n � 1 MSBs of

the man tissa.

� Mixture 2 (mix2) - The 2 LSBs of the exp onen t and the log

2

n � 2 MSBs

of the man tissa.

� Exp onen t (exp) - The log

2

n least-signi�can t-bits of the exp onen t.

Figure 3.7 sho ws the sc hemes.

lsb
mant

mix
exponent mantissa

exp

Figure 3.7: The index bits are tak en from the LSB of the exp onen t and MSB

of the man tissa.

The 5 sc hemes (and PC indexing) w ere run on the recommended Memo-

T ables of section 3.5: m ultiple Memo-T ables of size 256 and 512 and set-

asso ciativit y of 4. An asso ciativit y of 1 and 2 w as sim ulated as w ell, as a go o d

mapping sc heme ma y result in ha ving to use a lesser degree of asso ciativit y .

Figure 3.8 sho ws the hit-ratios of the FP applications (as 4 of the 6 sc hemes

aren't relev an t to in teger applications).

The graph sho ws that for a lo w er asso ciativit y the \middle" sc hemes (man t,

mix1, mix2) result in noticeable b etter hit-ratios. When the asso ciativit y is 4

the di�erences are m uc h smaller with exp, mix1, and mix2 ha ving a sligh t edge

on the lsb and exp sc hemes. This is due to the 
exibilit y of replacing en tries in

a set. In a direct-mapp ed Memo-T able mapping t w o instructions to the same

set results in con
ict misses, a b etter mapping sc heme a v oids this. If the degree

of asso ciativit y is higher, instructions mapp ed to the same set can con tin ue to

reside together in the Memo-T able , th us the mapping sc heme has less impact.

F or an y degree of asso ciativit y and an y size (the results for 512 en try Memo-

T ables add one p ercen t of hit-ratio to the 256 en try results) using the op erand

v alues as indices results in considerable higher hit-ratios than using the PC as

an index. The conclusion of this section is that using a mix of bits from the

man tissas and exp onen ts of the op erand v alues results in sligh tly b etter hit-

ratios than the other op erand v alue sc hemes and m uc h b etter hit-ratios than

the PC based sc heme.
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Figure 3.8: hit-ratios of a 256 en try Memo-T able (set asso ciativit y 1/2/4)

using the 6 mapping sc hemes

3.7 Summary

This c hapter in v estigated the structure of the Memo-T ables used in Instruction

Memoization (IM). The c haracteristics of the Memo-T ables explored w ere its

size, asso ciativit y , replacemen t metho d, indexing metho ds, con ten ts (instruction

mix in the Memo-T ables ) and the detection of trivial calculations.

Our main conclusions from the sim ulations regarding the organization of

Memo-T ables are:

� The replacemen t metho d is irrelev an t, random is as go o d as LR U.

� A degree of set asso ciativit y higher than four is unnecessary .

� Enlarging a Memo-T able b ey ond a certain p oin t results in diminishing

returns as the hit-time increases as w ell as the hit-ratio.

� Using sev eral Memo-T ables for di�eren t instruction t yp es enables ac-

cessing them concurren tly but not ha ving to implemen t a Memo-T able

for ev ery instruction t yp e.

� In v erse and comm utativ e op eration lo okup is hardly successful and isn't

w orth the added Memo-T able complexit y .

� Using the Program Coun ter (PC) as the index in to a Memo-T able results

in m uc h p o orer hit-ratios than when the op erand v alues are used as indices.

� By detecting trivial calculations, and not en tering the op erations in to the

Memo-T ables , a hit-ratio impro v emen t is ac hiev ed that is comparable

to a four-fold size increase.

Sp eci�cally w e recommend implemen ting IM with 5 Memo-T ables : (i) for

long-latency instructions (FP div, m ult, sqrt), (ii) in teger instructions (INT div

and m ult), (iii) FP comparisons and FP , INT con v ersions, (iv) FP addition, (v)

and all other FP instructions (sub, neg, ...). Eac h Memo-T able con tains 256

en tries in sets of 4 (the In teger Memo-T able 's size is 512 and the Comp Con v

Memo-T able 's size is 128) . En tries are replaced randomly and are indexed

b y the 2 LSBs of the exp onen t and the 6 MSBs of the man tissa X ORed with
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the op co de. T rivial calculations aren't en tered in to the Memo-T ables but are

detected with dedicated circuitry . This organization yields an a v erage hit-ratio

of 0.50, this is o v er 80% of the hit-ratio obtained when using an in�nite fully-

asso ciativ e Memo-T able (0.60 hit-ratio).



Chapter 4

In tegrating IM in a

Pro cessor's Datapath

This c hapter is where w e sho w ho w IM is in tegrated in to a pro cessor's dat-

apath and enhances execution. W e will �rst in tegrate m ulti-cycle instruction

memoization ( mcIM ) in a micropro cessor's datapath (section 4.1.4), sho w the

sp eedup attained (section 4.2), and explore the in
uence of sev eral datapath

c haracteristics on IM (section 4.3). In the next c hapter w e will widen the scop e

of IM to include single-cycle instructions.

4.1 A Basic Micropro cessor Design

4.1.1 Pip eline Stages

The SimpleScalar sim ulator, whic h is mo deled after the MIPS series pro cessors,

p ossesses a �v e stage pip eline for all non Load/Store instructions (�gure 4.1):

1. F etc h: Instructions are fetc hed from the Instruction Cac he and stored in

the Instruction F etch Queue (IF Q) .

2. Deco de: Instructions are read from the IF Q and deco ded. Their op erand

sources are de�ned: either from the R e gister File (RF) or from instructions

that are already in the pip eline. The instructions are en tered in to the

R e gister Up date Unit (R UU) (named also the Activ e List (R10000) or

Reorder Bu�er (604e)) where they will reside un til committed.

3. Issue: When an instruction's op erands are a v ailable it is issued to a free

F unctional Unit (FU) to b e executed, instructions are issued out-of-order.

An instruction can b e dela y ed in this stage un til it's op erand dep endencies

are satis�ed and a FU is a v ailable.

4. Execute: The instruction is executed b y one of the FUs (there migh t b e

sev eral t yp es and more than one of eac h t yp e). F or m ulti-cycle instructions

28



4.1. A BASIC MICR OPR OCESSOR DESIGN 29
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FMULT

IMULT

Figure 4.1: Datapath of basic micropro cessor.

this stage tak es sev eral cycles. Results are written bac k in to the R UU,

where instructions w ait to b e committed.

5. Commit: The instruction is committed b y ha ving its result written in to

the RF and it is remo v ed from the R UU. Instructions are committed in

program order, th us ev en though an instruction has b een executed it can't

b e committed un til all previous instructions ha v e b een committed.

4.1.2 F unctional Units

The pro cessor sim ulated has �v e di�eren t FU t yp es that execute the pro cessor's

instruction set:

1. In teger ALU (IALU): Executes all in teger instructions (addition, sub-

traction, logical op erations, shifts, comparisons, and branc hes) with the

exception of m ultiplication and division. All instructions ha v e a latency

of one cycle.

2. In teger Multiply Unit (IMUL T): Executes in teger division and m ul-

tiplication. The unit may b e pip elined for m ultiplication, division isn't
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pip elined.

3. Memory Unit (MMU): Executes Load/Stores from the L1 cac he.

4. Float Add Unit (F ADD): Executes 
oating p oin t addition, subtrac-

tion, comparisons, con v ersions, negations, and absolute v alue. The unit is

pip elined.

5. Float Multiplication Unit (FMUL T): Executes 
oating p oin t m ulti-

plication, division, and square-ro ot taking. The unit is pip elined only for

m ultiplication.

4.1.3 Pro cessor Characteristics

L1 Instruction Cac he 16-KBytes, 32-Byte blo c ks, direct-mapp ed

L1 Data Cac he 16-KBytes, 32-Byte blo c ks, 4-w a y asso ciativ e

L2 Uni�ed Cac he 256-Kb ytes, 64-Byte blo c ks, 4-w a y asso ciativ e

Memory Latencies (cycles) L1 hit - 1, L2 hit - 6, L2 miss -18

Bus In terface 64-bit data, 32-bit address

Branc h Prediction 2048-en try BTB, 2-bit coun ters

Registers 32 General Purp ose, 32 Floating P oin t

F unction Units 2 IALU, 1 IMUL T

1 F ADD unit, 1 FMUL T, 2 MMU

Instruction Latencies In teger m ultiplication: 4,1

& Throughputs In teger division: 20,19

All other in teger instructions: 1,1

Floating p oin t m ultiplication: 3,1

Floating p oin t division: 20,20

Floating p oin t Sqrt: 35,35

All other 
oating p oin t instructions: 2,1

Pip eline attributes 4-instructions fetc hed, deco ded, issued,

and committed p er cycle; 16 instructions in R UU,

out-of-order execution, in-order retiremen t

T able 4.1: Characteristics of basic micropro cessor.

The c haracteristics of the basic datapath w e used in our �rst set of sim u-

lations is listed in table 4.1. This pro cessor is called the b asic pro cessor. It's

c haracteristic v alues where tak en from t w o p opular RISC pro cessors, the MIPS

R10000 [24 ] and PPC 604e [25 ], and from the default v alues of the SimpleScalar

sim ulator.

4.1.4 In tegrating IM

The 5 Memo-T ables describ ed in the previous c hapter are in tegrated adjacen t

to the relev an t FUs (�gure 4.2). The questions w e are confron ted with are: A t

what stage in the pip eline is memoization p erformed? What is the latency of
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Figure 4.2: In tegration of IM in the datapath.

a Memo-T able lo okup? Ho w man y lo okups p er cycle can a Memo-T able

sustain? W e will answ er the questions in the follo wing sections.

Pip eline Stage

As the instruction's op erands m ust b e ready b efore memoization ma y commence

there are three alternativ es:

� Execute stage: After the instruction is allo cated to a FU the Memo-

T able lo okup and instruction execution are p erformed in parallel. A hit

terminates the execution, a miss results in the completion of execution and

up dating the Memo-T able with the result. Successful lo okups complete

in 1 cycle, unsuccessful lo okups complete in the latency of the instruction.
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MT
Lookup

Fetch Decode Issue Execute Commit

instruction's latency
cycles, the

Save multiple

Overhead
free
lookup

� Issue stage: When the op erands are ready w e p erform a Memo-T able

lo okup, whether a FU is ready or not. A hit results in the instruction

b ypassing the execute stage, a miss results in the instruction w aiting for a

FU, executing, and up dating the Memo-T able . Successful lo okups com-

plete in 1 cycle and ma y gain cycles if a FU isn't a v ailable. Unsuccessful

lo okups lose one cycle due to the lo okup, w ait for a FU to b e a v ailable,

and then complete in the latency of the instruction. Th us an instruction

ma y sp end extra cycles in this stage due to the Memo-T able lo okup.

MT
Lookup

Fetch Decode Issue Execute Commit

Save multiple
cycles if FU

isn't free instruction's latency
cycles, the

Save multiple

Misses pay a
penalty if a FU
is free

� Deco de stage: If during the deco de stage it can b e determined that the

op erands are a v ailable, and if they can b e read, and if a Memo-T able

lo okup can b e p erformed then memoization is p ossible in this stage. F or

high-sp eed pro cessors suc h as the Alpha [26 ], whic h requires a pip eline

stage just to access the register �le, this is imp ossible. F or other pro ces-

sors with longer pip eline stages this migh t b e p ossible with small Memo-

T ables (with lo w er lo okup times). A hit completely b ypasses the issue

and execute stage in one cycle. A miss con tin ues normal execution.
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Fetch Decode Issue Commit

MT
Lookup

cycles if FU
isn't free instruction's latency

cycles, the
Save multiple

Only 12% of hits ready
at this stage, need very
long stage in order to complete lookup

Execute

Save multipleSave 1
cycle

Memoization in the deco de stage has the most p oten tial for sp eedup but only

12% of all hits ha v e their op erands ready at this stage and w e w ould need a v ery

aggressiv e design to enable a Memo-T able lo okup at this stage. Memoization

in the issue stage eliminates the need to w ait for a FU and can conserv e p o w er

[27 ] if instruction execution isn't started, ho w ev er in the case of a miss there is an

o v erhead of the lo okup time if a FU w as a v ailable but w asn't used. Memoization

in the execute stage is o v erhead free but the p oten tial gain is the lo w est and

limited to the instruction's latency (less one cycle for the lo okup).

A h ybrid solution whic h results in a win-win situation is to p erform memo-

ization in the execute stage if a FU is a v ailable and to p erform it in the issue

stage if not. This w a y instructions that can't issue due to a structural hazard

can still b ene�t from memoization without pa ying the lo okup p enalt y . F uture

references will call this sc heme: memoization in the issue stage .

Accesses to a Memo-T able in this stage are coun ted as issues ev en if the

lo okup failed and the instruction m ust w ait in the issue stage un til a FU is a v ail-

able. The alternativ e, not to coun t Memo-T able lo okups as issues, assumes

that the pro cessor can handle more than four instructions (the issue width) p er

cycle. This demands resources that aren't a v ailable to the pro cessor. W e de-

cided not to mak e this assumption.

MT
Lookup

instruction progresses to
execute stage

If an FU is available:

Fetch Decode Issue Execute Commit

available: perform
If an FU isn't

memoization
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Memo-T able Latency and P arallelism

Our assumption is that a Memo-T able lo okup has a latency of one cycle. This

is based on the access time of on-c hip cac hes whic h can p erform sev eral tag

compares (in the case of a set asso ciativ e cac he) and retriev e the cac hed data

in a single-cycle. Th us it should b e p ossible to compare the op erands of an

instruction with a Memo-T able en try and retriev e the result in a single cycle.

The only di�erence b et w een the lo okups is the size of data to compare.

The data cac he tag is at the most 64-bits wide (32-bits for most pro cessors),

the Memo-T able tag ma y con tain 2 FP n um b ers and an op co de (133 bits).

Ho w ev er the comparison is a bit wise equalit y test so the added gate dela y due

to the wider tags shouldn't b e m uc h v ery big.

The same comparison to cac hes can b e made in order to determine the

maxim um n um b er of lo okups p er cycle. Most L1 cac hes can sustain t w o lo okups

p er cycle, so w e will assume that eac h Memo-T able is limited to t w o accesses

p er cycle (b oth lo okup or up date).

4.2 Basic Pro cessor Sp eedup

Our �rst set of exp erimen ts sim ulates the basic micropro cessor with IM p er-

formed in the issue stage only if an FU isn't a v ailable. F or all b enc hmarks

sim ulated the dynamic F raction Enhanced (FE)

1

, hit-ratio, and sp eedup are

sho wn in table 4.2. The FE w as measured b y sim ulating a pro cessor where all

m ulti-cycle instructions ha v e a latency of one cycle and execute without the

need of a FU. The di�erence b et w een this run and a regular run is the FE.

The table sho ws that there is a certain correlation b et w een the FE to the

sp eedup, while there is a lesser correlation b et w een hit-ratio and sp eedup. Fig-

ure 4.3 whic h sho ws the actual p oin ts and the b est-�t lines (nonlinear least

squares �tting using the Marquardt-Lev en b erg algorithm), depicts this fact.

F or example, the in teger b enc hmarks (g721, jp eg, pgp, gcc, p erl, and compress,

whic h are circled in �gure 4.3), sho w a v ery lo w sp eedup, ev en though they

ha v e relativ ely high hit-ratios, due to their lo w FEs. Floating P oin t in tensiv e

b enc hmarks sho w a m uc h higher sp eedup due to a higher FE. Figure 4.4 sho ws

the breakdo wn of sp eedup b y suite (SPEC, MB) and data t yp e (In t, FP). This

sho ws that w e m ust widen the scop e of memoization to encompass more in-

structions and th us enhance more applications. Chapter 5 is dev oted to this

task.

1

Amdahl's la w [21 ] states that the sp eedup obtained b y using an enhancemen t is

T

new

= T

old

� ((1 � F E ) + F E =S E ) :

F r action Enhanc e d (FE) is the fraction of computation time in the original mac hine that

can use the enhancemen t. Sp e e dup Enhanc e d (SE) is the impro v emen t gained if only the

enhancemen t mo de could b e used.
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applic ation FE hr sp dp

mesa 20% 0.51 1.09

epic 23% 0.20 1.05

rasta 12% 0.40 1.06

mp eg2 8% 0.64 1.07

gsm 13% 0.09 1.02

ghostscript 25% 0.97 1.33

jp eg 1% 0.75 1.00

g721 1% 0.54 1.01

pgp 4% 0.12 1.01

harmonic mean 12% 0.47 1.07

tomcatv 10% 0.30 1.04

swim 24% 0.28 1.08

su2cor 14% 0.12 1.02

h ydro2d 20% 0.92 1.21

mgrid 24% 0.70 1.27

applu 6% 0.58 1.04

turb3d 10% 0.46 1.04

apsi 38% 0.39 1.16

fpppp 6% 0.44 1.02

w a v e5 16% 0.34 1.05

gcc 1% 0.96 1.01

p erl 0% 0.97 1.00

compress 3% 0.27 1.01

harmonic mean 13% 0.55 1.07

harmonic mean 13% 0.52 1.07

T able 4.2: FE, hit-ratios, and sp eedups on the basic pro cessor when IM is

implemen ted.

4.3 Measuring A ttributes of the Datapath

In order to gauge the impact of di�eren t datapath attributes on the e�ectiv eness

of IM w e will c hange attributes of the datapath and the memoization pro cess and

explore their impact on the hit-ratio, pro cessor p erformance (measured in IPC),

fraction enhanced, and sp eedup. W e c hose eigh t attributes of the datapath and

Memo-T ables to v ariate:

1. Pip eline Width: The maximal n um b er of instructions that can b e

fetc hed, deco ded, executed, and committed eac h cycle. Can v ary from

a width of 1 (no m ultiple-issue at all) and up w ards.

2. Instruction Windo w: The maximal n um b er of instructions the pro-

cessors \sees" in an y giv en cycle. Only these instructions can b e issued

out-of-order to the FUs. Must b e at least the width of the pip eline.

3. Branc h Prediction: The sc heme used to predict the outcome of branc hes

and th us a v oid con trol hazards. Can v ary from simple tak en/nottak en
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Figure 4.3: Correlation b et w een FE to sp eedup and b et w een hit-ratio to sp eedup

(in teger applications are circled). Lines are b est �t using the Marquardt-

Lev en b erg algorithm.

sc hemes to a \p erfect" prediction sc heme.

4. F unctional Units: The n um b er of FUs of eac h t yp e a v ailable, m ust b e

at least one of eac h t yp e.

5. Instruction Latencies: The n um b er of cycles it tak es to complete the

Execute stage of eac h m ulti-cycle instruction.

6. Memory Hierarc h y: The capacit y , line size, asso ciativit y , hit/miss time

of the cac hes, can v ary from a p erfect cac he to no cac he at all.

7. Memoization Latency: The latency of a Memo-T able lo okup.

8. Memoization Stage: Could b e either at the issue (h ybrid solution) or

execute stages.
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all applications

integer applications

By Data Type
1.00

1.02

1.04

1.06

1.08

1.10

Speedup

By Suite

MB applications

fp applications

SPEC applications

Figure 4.4: Breakdo wn of sp eedup b y application suite (SPEC, MediaBenc h)

and b y data t yp e (FP , In t) .

In order to p erform a full factorial design w e w ould ha v e to p erform thousands

of sim ulations, ev en a 2

k

factorial design (as p erformed in the previous c hapter)

w ould tak e 256 sim ulations. Ho w ev er p erforming a 2

k � p

factorial design with

p = 4, necessitates only 16 sim ulations but pro vides almost the same lev el of

accuracy . The lev els of eac h of the ab o v e 8 factors used are:

F actor L ow L evel High L evel

Instruction Windo w 8 32

Pip eline Width 2 8

Branc h Prediction Predict tak en P erfect prediction

F unctional Units 2 IALU, 1 IMUL T, 2 MMU 4 IALU, 2 IMUL T, 2 MMU

1 F ADD, 1 FMUL T 2 F ADD, 2 FMUL T

Instruction Latencies

in t m ultiplication 6,6 3,1

in t division 35,35 20,20

fp m ultiplication 3,1 2,1

fp division 31,31 20,20

fp sqrt 50,50 35,35

Memory Hierarc h y Basic P erfect memory access

Memoization Latency 2 cycles 1 cycle

Memoization Stage Execute stage Issue stage

W e measured the hit-ratio, sp eedup, FE, and IPC (Instructions P er Cycle)

for eac h sim ulation. The follo wing sub-sections presen t and explain the results

for eac h of the measuremen ts.

4.3.1 Hit-Ratio

The minimal and maximal v alues of the hit-ratio are 0.51 and 0.63. Using the

Sign T able metho d [20 ] to allo cate the v ariation b et w een factors sho ws that 47%



38 CHAPTER 4. INTEGRA TING IM IN A PR OCESSOR'S D A T AP A TH

of the allo cation is attributed to the branc h prediction mec hanism, 27% to the

pip eline width, windo w size and their com bination and an additional 24% to the

com binations of branc h prediction with pip eline width and windo w size. The

memory hierarc h y , n um b er of FUs and their latencies and the stage and latency

of memoization ha v e no impact on the hit-ratio.

The allo cation of v ariation is consisten t with the results that sho w that for

the runs in whic h the branc h prediction rate is p erfect the hit-ratio is the lo w est.

This is explained b y the fact that instructions are re-executed when the branc h

prediction rate is lo w. The follo wing co de excerpt explains the phenomena:

/* 1 */ if (a < b)

/* 2 */ c = a + 2.5;

/* 3 */ else

/* 4 */ c = b + 2.5;

/* 5 */ d = a*b;

The instruction at line 5 isn't dep enden t on the result of the comparison at

line 1. If the comparison is predicted as b eing tak en lines 2 and 5 are executed,

if later the prediction turns out to ha v e b een incorrect the pip eline is 
ushed

and lines 4 and 5 are executed. Th us the calculation at line 5 resides in one of

the Memo-T ables and a lo okup results in a hit. This case w as the primary

reason So dani and Sohi [8] started exploring instruction reuse, they named it

\squash reuse".

A wider pip eline and larger instruction windo w raise the IPC, th us more

executed but not y et committed instructions are 
ushed during a branc h mis-

prediction, whic h in turns raises the Memo-T ables hit-ratio. The highest hit-

ratio, 0.63, is ac hiev ed when the branc h prediction rate is lo w (a predict tak en

sc heme is used) and the pip eline width (8) and windo w size (32) are large. This

sho ws that the \true" hit-ratio attributed to program and data c haracteristics is

around 50%. An y additional hit-ratio p ercen tage is due to branc h misprediction.

4.3.2 Instructions P er Cycle (IPC)

W e will use the IPC, whic h is the n um b er of committed instructions divided b y

the n um b er of cycles, as our p erformance metric. The higher the IPC the b etter

the pro cessor's p erformance. W e measured b oth the IPC for a run without IM

and for a run with IM. The allo cations of v ariations are almost iden tical. The

v alues measured range from 0.65 to 2.63. The allo cation of v ariation is: Branc h

Prediction - 58%; Windo w Size - 16%; Memory Hierarc h y - 12%; Pip eline Width

- 7%; Instruction Latency - 4%;

The results indicate that branc h prediction pla ys a v ery imp ortan t role in

impro ving p erformance. The IPC for the basic pro cessor is 1.19 with a BP

rate of 0.94, when altering only the branc h prediction sc heme the IPC is 1.26

(p erfect, BP rate of 1.00) and 0.82 (tak en, BP rate of 0.26). This sho ws that

standard branc h prediction tec hniques are v ery close to the p erfect sc heme.
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4.3.3 F raction Enhanced (FE)

The part of the program that is susceptible to IM is called the F raction Enhanced

(FE). This is the part of the program that b ene�ts from IM. The larger the FE

is the larger the p oten tial for sp eedup is. The minimal and maximal FE v alues

are 3% and 28%. The allo cation of v ariation is: Instruction Latency - 31%;

Pip eline Width - 23%; Windo ws Size - 13%; Branc h Prediction - 11%; Memory

Hierarc h y - 6%;

That the instruction latency is a con tributing factor is ob vious. A long

latency instruction consumes more pro cessor cycles, raising the fraction of the

program sp en t executing m ulti-cycle instructions. Ho w ev er the com bined e�ects

of pip eline width and windo w size ha v e an ev en larger part in the v ariation. A

wide pip eline can issue more instructions p er cycle, that can execute in parallel

to the m ulti-cycle instruction \stuc k" in the execute stage. Our in tuition sa ys

that the wider the pip eline is the less the FE is.

Ho w ev er the results are coun ter in tuitiv e and sho w exactly the opp osite: If

the datapath can't pro cess more instructions due to a lo w pip eline width, small

instruction windo w size, and/or a lo w branc h prediction rate, the long latency

instructions stall only a small n um b er of instructions. Th us the IPC is lo w er

but so is the FE, slo w er pro cessors ha v e less p oten tial for exploiting IM. On

the other hand if the pro cessor can execute m ultiple instructions p er cycle the

long latency instructions dela y the commitmen t of man y more instructions. So

although the IPC is higher the FE is as w ell, whic h lead to a higher p oten tial

for impro v emen t using IM.

4.3.4 Sp eedup

Finally w e arriv e at the most imp ortan t measuremen t from our p oin t of view:

sp eedup. A high sp eedup pro v es the viabilit y of implemen ting IM in the data-

path. The sp eedups range from 1.01 whic h isn't v ery promising to 1.18 whic h

sho ws great p oten tial. The allo cation of v ariation is: Instruction Latency -

42%; Pip eline Width - 20%; Memoization Latency 9%; Memory Hierarc h y -

7%; Branc h Prediction - 6%; Windo ws Size - 4%; Again w e see that instruction

latency is, ob viously , the leading sp eedup factor, successfully memoizing these

instructions leads to considerable sa vings. Of the other factors pip eline width is

the dominan t, this is consisten t with the FE factors and strengthens the relation

b et w een FE and sp eedup.

The memoization stage do esn't impact the results at all. Neither do the

n um b er of FUs. Both these facts are related. When sim ulating the basic pro-

cessor the n um b er of structural hazards caused b y m ulti-cycle instructions are

relativ ely lo w, only 10% of issue requests to m ulti-cycle FUs are stalled due to

the lac k of an appropriate unit, this is opp osed to 31% for all instructions

2

. In

addition only 9% of all successful memoizations o ccur in the Issue stage. Com-

paring memoization in the issue stage to memoization in the execute stage sho ws

that the a v erage n um b er of cycles an instruction is residen t in the R UU (R UU

2

Multi-cycle instruction structural hazards are 8% of all structural hazards.
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latency) is the same. This leads to b oth runs ha ving the same IPC. The apriori

adv an tage of memoization in the issue stage isn't used, section 4.4 elab orates

this p oin t. Another surprise is that the memoization latency con tributes only

9%, w e will explore this phenomena in section 4.4 as w ell.
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Figure 4.5: Correlations b et w een FE and sp eedup (upp er-left), hit-ratio and

sp eedup (upp er-righ t), hit-ratio and IPC (lo w er-left), IPC and sp eedup (lo w er-

righ t).

4.3.5 Correlation Bet w een Measuremen ts

In order to v erify the usefulness of IM w e m ust correlate the four measuremen ts

recorded ab o v e. A high hit-ratio com bined with a lo w sp eedup is useless, as is

a high sp eedup on a slo w mac hine. Figure 4.5 sho w the correlation b et w een all

four measuremen ts. Our observ ations and conclusions are:

� As men tioned ab o v e there is a direct correlation b et w een FE and sp eedup.

The more p oten tial there is for memoization the b etter the sp eedup is.
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� There is no correlation b et w een hit-ratio and an y other measuremen ts.

This do esn't mean that a higher hit-ratio do esn't in
uence the sp eedup,

it do es as will b e sho wn in section 4.4.1. It means that giv en a �xed

Memo-T able structure the FE or IPC of a pro cessor don't alter the hit-

ratio. The only in
uence the datapath has on the hit-ratio is through

branc h prediction. A p o or prediction rate leads to a higer hit-ratio, but

this \gain" is o�set b y the lo w p erformance (lo w IPC) of the pro cessor.

� There is no direct correlation b et w een IPC and sp eedup. This fact is

encouraging, our preliminary assumption w as that for p o w erful pro cessors

(high IPC) the sp eedups w ould b e lo w. This isn't true, in fact the sp eedup

on the most p o w erful pro cessor is 1.11, whic h is higher than the sp eedup

on the basic pro cessor (1.07), although the p o w erful pro cessor is more

than t wice as fast (1.19 vs. 2.63 IPC). W e will explore this correlation

further in section 4.4

4.4 Additional Measuremen ts

After examining the previous results w e decided to re�ne the sim ulations and

concen trate on three of the eigh t previously sim ulated factors, factors for whic h

w e couldn't mak e an y clear cut decisions. The factors and lev els are:

1. Pip eline size: This factor condenses 3 factors (pip eline width, windo w

size, and n um b er of FUs) in to one factor. All 3 factors are enlarged or

shrunk en together, a wide pip eline needs a large instruction windo w and

a large n um b er of FUs. In our previous sim ulations w e sa w that their

com bined in
uence surpassed their individual in
uences. The lo w lev el is

a small pip eline with a width of 2, instruction windo w of 8, and 1 unit of

eac h t yp e. The high lev el is a large pip eline with a width of 8, instruction

windo w of 64, and 4 units of eac h t yp e.

2. Memoization Stage: In the previous sim ulations w e couldn't discern

an y di�erences b et w een them. The lev els are memoization in the execute

or issue stages.

3. Memoization Latency: Memoization latency con tributed only 9% to

the v ariation. The lev els are 2 or 1 mac hine cycles for a Memo-T able

lo okup.

F or the remaining three factors w e c hose to target faster pro cessors b y im-

plemen ting lo w latency instructions, p erfect branc h prediction and a p erfect

memory hierarc h y . As w e ha v e only 3 factors w e p erformed a 2

k

factorial design

whic h consists of 8 runs. The results are in table 4.3. W e c hose to displa y the

results for the FP in tensiv e applications only in order to magnify the e�ects of

the IM stage and IM latency on the results.

The allo cation of v ariation of the IPC (100% pip eline size) and hit-ratio

(equal distribution) is trivial. The allo cation of v ariation of the sp eedup is:
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F actor L evels IPC hr Sp dp F actor L evels IPC hr Sp dp

small execute 2 1.02 0.47 1.04 small issue 2 1.02 0.47 1.04

small execute 1 1.03 0.47 1.06 small issue 1 1.03 0.47 1.06

large execute 2 3.54 0.47 1.09 large issue 2 3.54 0.47 1.09

large execute 1 3.65 0.47 1.13 large issue 1 3.65 0.47 1.13

T able 4.3: 2

3

factorial design and resulting IPCs, hit-ratios, and sp eedups. The

factors and lev els are pip eline size (small, large), IM stage (execute, issue), and

IM latency (2 or 1 cycles).
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Figure 4.6: Comparison of IM in the issue and execute stages. On a large

pip eline mac hine the n um b er of FUs is raised un til the structural hazard ratio

is 0. Sp eedup is sho wn as a function of the structural hazard ratio.

Pip eline size - 78%; IM latency - 20%; IM stage - 0%; T o understand wh y the

results are neutral to the memoization stage w e measured the structural hazard

ratio (n um b er of successful issues divided b y n um b er of issue attempts) and

found it to b e under 0.02. Reducing the n um b er of FUs raises the structural

hazard ratio. When this happ ens the di�erences b et w een memoization in the

issue and execute stage b ecome apparen t as displa y ed in �gure 4.6. F ollo wing

this set of exp erimen ts w e can conclude:

� The most imp ortan t conclusion is that IM fa v ors fast pro cessors. A higher

IPC usually results in a higher sp eedup. A pro cessor with short latency

instructions, p erfect memory hierarc h y , p erfect branc h prediction, and

m ultiple-issue capabilities still has it's p erformance hamp ered b y the la-

tencies of m ulti-cycle instructions. Using IM reduces this imp edimen t and

accelerates pro cessing.

� The hit-ratio is orthogonal to the datapath design and is dep enden t up on

the application's inheren t lo calit y and the Memo-T able design.

� The memoization stage has little to no in
uence (as can b e seen b y com-
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paring the righ t and left hand sides of table 4.3). Most instructions �nd a

FU and progress to the execute stage, this limits the e�ect of p erforming

a lo okup in the issue stage. Figure 4.6 sho ws that only when the struc-

tural hazard ratio (n um b er of successful issues divided b y n um b er of issue

attempts) is high (due to less FUs) IM in the issue stage is b etter.

� A memoization latency of 2 cycles isn't \fatal" to IM, ev en though in our

mo del most FP instructions ha v e a latency of 2 cycles. This indicates

that a large amoun t of the sp eedup can b e attributed to long latency

instructions suc h as division and sqrt.

4.4.1 Sp eedup as a F unction of Memo-T able Organization

The previous sim ulations all used a �xed Memo-T able organization. In this

section w e shall observ e the impact of v arying the Memo-T able organization on

the hit-ratio and sp eedup (o v er the basic pro cessor). W e will use the m ultiple

Memo-T able design and v ary the size, asso ciativit y , and trivial calculation

detection of the Memo-T ables . The replacemen t metho d will b e random and

the mapping sc heme will use the mix2 sc heme (section 3.6).

T able 4.4 sho ws the Memo-T able organizations, hit-ratios, and sp eedups.

The hit-ratio increase rises swiftly un til a size of 512 en tries and then tap ers

out, no matter what Memo-T able enhancemen ts are in tro duced. This directly

a�ects the sp eedup whic h also 
attens out. The results strengthen our c hoice

of Memo-T able organization. In v esting more hardw are resources in Memo-

T ables isn't w orth the small impro v emen ts ac hiev ed. These results mirror the

results observ ed in c hapter 3

Size Asso c T riv hr sp dp

32 1 no 0.34 1.04

64 2 no 0.41 1.05

128 2 y es 0.48 1.06

256 4 y es 0.51 1.07

512 8 y es 0.54 1.08

1024 8 y es 0.56 1.08

2048 16 y es 0.57 1.08

T able 4.4: Di�eren t Memo-T able organizations and the resulting hit-ratios

and sp eedups (on the basic pro cessor).

4.5 Summary

In this c hapter w e in v estigated the in tegration of IM in to the pro cessors's datap-

ath, the p erformance enhancemen t gained b y exploiting IM, and the in
uence of

the datapath structure on IM and vice-v ersa. On a basic pro cessor whose design

is similar to the MIPS R10000 and PPC 604e, t w o ubiquitous RISC pro cessors,
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13% of the execution time can b e attributed to m ulti-cycle instructions. 52%

of those instructions are rep eated with the same op erands. By implemen ting

IM an a v erage (harmonic mean) sp eedup of 1.07 is attained. This sp eedup is as

high as 1.32 for highly in tensiv e FP applications, and as lo w as 1.003 for in teger

applications whic h hardly use m ulti-cycle instructions.

The in
uence of the datapath on IM is minimal. The only datapath factor

that e�ects the hit-ratio is the branc h prediction rate. Mispredicted branc hes

cause instructions to b e 
ushed from the pip eline, man y of these instructions

ma y later b e re-executed causing hits in the Memo-T ables . Th us the hit-ratio

is raised , together with the total execution time.

On the other hand the in
uence IM has on the datapath is large. The

ma jor con tribution is the reduced latency of successfully memoized instructions.

Ha ving instructions complete execution earlier enables dep enden t instructions

to b e issued earlier. The n um b er of cycles an instruction sp ends, from b eing

fetc hed un til it is committed (R UU latency) is reduced, whic h directly reduces

execution time. A minor con tribution to enhanced execution is the virtual

addition of FUs. When a structural hazard o ccurs a Memo-T able lo okup ma y

b e able to pro vide the instruction's result, th us the execute stage of the pip eline

is circum v en ted.

Instruction memoization is b est utilized when it reduces the latency of \criti-

cal" instructions, instructions that are prohibiting man y other instructions from

adv ancing through the pip eline. It is hard to sa y in what datapath design an

instruction is critical and in what design it isn't. Ho w ev er it is clear that faster

pro cessors that can execute more instructions p er cycle b ene�t greatly from IM.

A pro cessor with a wide pip eline, a near p erfect memory hierarc h y , a high rate

of branc h prediction, and enough FUs will encoun ter a b ottlenec k when w aiting

for long latency instruction to complete. IM reliev es this b ottlenec k.

On the other hand slo w er pro cessors migh t ha v e their b ottlenec k in the

memory hierarc h y or issue rate. In this case IM will still sp eedup pro cessing

but at a lo w er rate. Ev en in the case of an inorder pro cessor, where ev ery

instruction dela ys its successors, the e�ect of memoization is less than for an

out-of-order pro cessor whic h can mask the e�ect of long latency instructions b y

executing \around" them. The a v erage sp eedup on an inorder basic pro cessor

is 1.05 (o v er an IPC of 0.70) compared with 1.07 (o v er an IPC of 1.27) for the

same out-of-order pro cessor.

All the ab o v e not withstanding, the scop e of m ulti-cycle IM is limited. F ew

applications sp end more than 20% of their execution time computing m ulti-

cycle instructions. Man y more sp end less than 1%. It is imp erativ e that w e

widen the scop e of IM to encompass single-cycle instructions as w ell. Chapter

5 is dedicated to this issue.



Chapter 5

Memoizing Single Cycle

Instructions

In this researc h w e ha v e only memoized m ulti-cycle instructions. The rationale

b ehind this decision has b een that single-cycle instructions can b e executed in

the same cycle a Memo-T able lo okup is p erformed, th us no impro v emen t is

gained. Ho w ev er if instructions are memoized in the issue stage their results can

b e obtained ev en if a suitable FU isn't a v ailable, th us man y structural hazards

are a v oided.

W e added to our sim ulator the capabilit y to memoize single-cycle instruc-

tions as w ell. The instructions memoized are in teger addition and subtraction,

shifts, logical instructions, mo v es, and set less than ( slt ) instructions. The

mnemonic single-cycle IM ( scIM ) refers to the memoization of b oth m ulti-cycle

and single-cycle instructions.

W e do not memoize conditional and unconditional branc hes, these instruc-

tions aren't con text free and their results are Program Coun ter (PC) dep enden t.

In an y case the branc h prediction mec hanism is itself a Memo-T able of sorts,

and p erforms v ery w ell. F or the same reason w e do not memoize loads or stores.

W e w ould ha v e to trace all memory references and in v alidate Memo-T able

en tries that had their addresses up dated. Moreo v er the L1 cac hes are them-

selv es Memo-T ables whic h do a v ery go o d job of exploiting previous memory

references.

5.1 Comparing Single and Multi-Cycle IM

F or our �rst set of sim ulations w e ha v e added a 512-en try Memo-T able (the

Single-Cycle table) that holds the single-cycle instructions. T able 5.1 displa ys

the single-cycle hit-ratios, the accum ulated hit-ratio and the sp eedups, for com-

parison the sp eedups for mcIM are included in paren theses. The table clearly

sho ws that memoizing single-cycle instructions results in a sp eedup that is 50%

b etter than the sp eedup obtained b y memoizing only m ulti-cycle instructions.

45



46 CHAPTER 5. MEMOIZING SINGLE CYCLE INSTR UCTIONS

applic ation sc hr hr sp dp

mesa 0.72 0.64 1.12 (1.09)

epic 0.52 0.45 1.08 (1.05)

rasta 0.68 0.62 1.09 (1.06)

mp eg2 0.49 0.49 1.10 (1.07)

gsm 0.36 0.31 1.07 (1.02)

ghostscript 0.92 0.92 1.49 (1.33)

jp eg 0.45 0.45 1.07 (1.00)

g721 0.51 0.51 1.12 (1.01)

pgp 0.41 0.39 1.07 (1.01)

harmonic mean 0.56 0.53 1.13 (1.07)

tomcatv 0.57 0.48 1.06 (1.04)

swim 0.37 0.33 1.10 (1.08)

su2cor 0.55 0.42 1.03 (1.02)

h ydro2d 0.32 0.51 1.22 (1.21)

mgrid 0.84 0.80 1.27 (1.27)

applu 0.93 0.89 1.04 (1.04)

turb3d 0.59 0.55 1.09 (1.04)

apsi 0.45 0.42 1.17 (1.16)

fpppp 0.65 0.46 1.02 (1.02)

w a v e5 0.33 0.33 1.07 (1.05)

gcc 0.75 0.75 1.04 (1.01)

p erl 0.75 0.75 1.02 (1.00)

compress 0.51 0.51 1.08 (1.01)

harmonic mean 0.58 0.56 1.09 (1.07)

harmonic mean 0.57 0.55 1.11 (1.07)

T able 5.1: single-cycle hit-ratios, com bined hit-ratios, and sp eedups on the basic

pro cessor when single-cycle IM is implemen ted.

But what the table do esn't sho w is from where this sp eedup originates. The

R UU latency is reduced but wh y? If a Memo-T able lo okup and the latency

of a single-cycle instruction are one cycle, where is the sp eedup coming from?

The answ er is: b y reducing the n um b er of structural hazards. On the a v erage

the ratio of structural hazards out of all requests for a FU is 31%. Almost ev ery

3rd instruction in the issue stage can't �nd a free FU.

Memoizing single-cycle instructions reduces the structural hazard ratio to

15%. Successful Memo-T able lo okups o v ercome the absence of enough FUs.

Th us when the n um b er of FUs a pro cessor p ossesses is suc h that no structural

hazards o ccur, single-cycle memoization will b e useless. Figure 5.1 is similar to

�gure 4.6, it sho ws the sp eedup of mcIM and scIM as a function of structural

hazard ratio and IPC. When the structural hazard ratio drops the di�erence

b et w een m ulti-cycle to single-cycle narro ws and then disapp ears. mcIM sp eedup

is impro v ed as the IPC of an application rises, on the other hand scIM sp eedup

decreases as the IPC rises. The impact of scIM diminishes as more FUs are

a v ailable, scIM e�ectiv ely b ecomes mcIM .
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Figure 5.1: Comparison of single to m ulti-cycle IM. On a large pip eline mac hine

the n um b er of FUs is raised un til the structural hazard ratio is 0. Sp eedup is

sho wn as a function of the structural hazard ratio and of IPC.

5.1.1 scIM Compared to Other Enhancemen ts

It isn't necessary to push ILP to its limit to see the futileness of single-cycle

execution. T able 5.2 sho ws the sp eedups of sev eral con�gurations o v er the ba-

sic unmemoized pro cessor. The con�gurations add IALUs, m ulti-cycle units,

implemen t mcIM and scIM , and com bine all tec hniques. In addition w e imple-

men ted a pro cessors with double the L1 cac he size and a pro cessor with p erfect

branc h prediction. The base w e are comparing against is the basic pro cessor

whic h has a p erformance of 1.0. The table sho ws that:

1. Adding MCUs hardly e�ects p erformance, due to the inheren t lo w struc-

tural hazard ratio of MCUs.

2. Adding ALUs enhances in teger application p erformance b etter than im-

plemen ting scIM , ho w ev er FP application p erformance isn't impro v ed as

w ell as using mcIM .
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3. Adding ALUs to mcIM yields, across all applications, more than a 50%

impro v emen t o v er scIM .

4. Using the resources dedicated to IM in order to ac hiev e a lo w er L1 miss

rate or a higher branc h prediction rate impro v es in teger applications more

than IM. Ho w ev er FP applications b ene�t from a higher sp eedup when

the resources are used to implemen t mcIM .

What w e ha v e no w is a tradeo� problem. An ALU, whic h has a latency of 1

cycle and 100% hit-ratio (ev ery calculation is correct), outp erforms a 512-en try

(12K b ytes and 4 comparators) Memo-T able with a 57% hit-ratio. Whic h

uses less transistors? Whic h is simpler to design? Whic h consumes less p o w er?

These questions are b ey ond the scop e of this thesis. If adding an ALU is c heap er

then there is no con test: scIM isn't w orth while. Ho w ev er in the next section

w e will presen t sev eral tec hniques that enable implemen ting scIM with a lo w er

cost.

Name # ALU # MCU IM Int FP A l l

basic 2 1 no 1.00 1.00 1.00

basic + cac he X 2 2 1 no 1.09 1.06 1.07

basic + p erfect BP 2 1 no 1.10 1.05 1.07

basic + mcIM 2 1 mcIM 1.01 1.10 1.07

basic + scIM 2 1 scIM 1.07 1.13 1.11

basic + 3 ALUs 3 1 no 1.10 1.04 1.05

basic + 4 ALUs 4 1 no 1.12 1.05 1.07

basic + 2 MCUs 2 2 no 1.00 1.01 1.01

basic + 3 MCUs 2 3 no 1.00 1.01 1.01

basic + 3 ALUs + mcIM 3 1 mcIM 1.12 1.16 1.15

basic + 4 ALUs + mcIM 3 1 mcIM 1.13 1.17 1.16

T able 5.2: Comparison of adding FUs, in tegrating IM, and com bining b oth on

the basic pro cessor. MCU stands for Multi-Cycle Unit, an y unit whic h executes

m ulti-cycle instructions.

5.2 Lo w ering the cost of scIM

In the previous section w e suggested that scIM isn't \real" memoization, the

b ene�ts w e gain are due to using the Memo-T able that con tains single-cycle

instructions as an additional ALU. Adding an ALU instead of the Memo-T able

results in greater p erformance. In order to mak e scIM w orth while w e ha v e to

reduce the cost of the single-cycle Memo-T able or alternativ ely impro v e its

p erformance. W e suggest three sc hemes:

� Use existing hardw are. Sp eci�cally use the existing Memo-T ables . W e

c hose to use the In teger Memo-T able whic h con tains in teger division and

m ultiplication instructions to hold all single-cycle instructions as w ell. A
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v arian t of these sc heme is to use LR U replacemen t and a victim cac he that

only con tains evicted division and m ultiplication instructions.

� Use a simpler Memo-T able . A small (32-en try), direct mapp ed, with no

trivial detection Memo-T able is used.

� P erform scIM in the deco de stage. In section 4.1.4 w e describ ed ho w

this ma y b e implemen ted. The problem is that a long mac hine cycle is

necessary in order to determine if the op erands are ready , �nd them, and

p erform a Memo-T able lo okup. Our solution is to sp e culatively p erform

a lo okup using the curren t data in the Register File (RF). If the RF has

v alid data (no previous instructions are writing to the op erand registers)

and the lo okup w as successful, the instruction can progress to the commit

stage, b ypassing the issue and execute stages.

Scheme Int FP A l l

regular mcIM 1.01 1.10 1.07

regular scIM 1.07 1.13 1.11

sc insts. in idiv/im ult Memo-T able 1.05 1.12 1.10

ab o v e with lru and victim cac he 1.06 1.12 1.10

small sc Memo-T able (32-en try) 1.02 1.11 1.08

sc memoization in deco de stage 1.02 1.12 1.09

T able 5.3: Sp eedups of di�eren t sc hemes used to lo w er the o v erhead of scIM .

T able 5.3 compares the 3 suggested alternativ es with regular mcIM and

scIM . The �rst alternativ e yields an a v erage sp eedup of 1.10 as opp osed to 1.11

when a dedicated Memo-T able is used for the single-cycle instructions. The

sp eedup attributed to in teger division and m ultiplication is around 1.01, mean-

ing that the single-cycle instructions sw amp ed the In teger table and reduced the

hit-ratio of in teger division and m ultiplication. Th us w e con v erted the In teger

table to the Single-Cycle table. But this table itself is less pro ductiv e than an

additional ALU. In the second alternativ e the hit-ratio of the Single-Cycle table

drops from 57% to 19% causing the sp eedup to drop to 1.08. The applications

that \su�er" the most are the in teger applications, their a v erage sp eedup is 1.02

compared to 1.10 for regular scIM .

The third alternativ e, memoizing single-cycle instructions in the deco de

stage only do esn't p erform m uc h b etter. Only 30% of the previously successful

lo okups are detected no w. Morev er if IM can b e p erformed in the deco de stage

wh y not dedicate an ALU or t w o to sp eculativ ely p erform calculations in the

deco de stage. Th us w e could conclude that scIM reaps no real p erformance

gains. Nev ertheless scIM in all its v arian ts enhances FP p erformance o v er only

using mcIM . If it isn't p ossible to add an ALU an y of the ab o v e tec hniques will

su�ce to b o ost p erformance. In app endix A w e will presen t ho w mcIM and

scIM w ork on real w orld pro cessors.



Chapter 6

Comparing IM to Other

T ec hniques

In the in tro duction c hapter of this thesis w e surv ey ed previous o ccurrences of

memoization in the literature and other related tec hniques. In this c hapter w e

will compare our view of Instruction Memoization to other tec hniques prop osed,

list the adv an tages and disadv an tages of IM o v er these sc hemes and try to qualify

the di�erences. W e w on't quan tify the di�erences as eac h researc h uses sligh tly

di�eren t b enc hmarks with sligh tly di�eren t sim ulators and in some cases uses

di�eren t units of measuremen t.

In this c hapter w e ha v e not c hosen to b elittle the w ork of others. All researc h

is built up on previous successes and failures. W e will sho w ho w IM expands

earlier w ork on memoization and di�ers from V alue Prediction (VP). The w ork

of So dani & Sohi on Instruction Reuse (IR) is mon umen tal in exploring the

sources of instruction reuse and in la ying out a framew ork that striv es to reuse

all instructions. W e will sho w ho w IM is di�eren t and complemen ts IR.

6.1 Early Memoization

The earliest (1982) use of instruction reuse in hardw are is b y Harbison's T r e e

Machine (TM) [5]. The TM is a stac k-orien ted arc hitecture whic h ev aluates

instructions at the head of the stac k. A value c ache is used in order to reuse

instructions that ha v en't had their op erands written to since the last ev aluation

of the instruction. In this case the ev aluation of the instruction is p erformed

b y obtaining the result from the v alue cac he. The tec hnique is limited b y t w o

factors: the instructions are iden ti�ed b y their PC and are in v alidated b y a

write to their op erands, th us true v alue memoization isn't p ossible. The same

op eration migh t b e p erformed b y di�eren t instructions or the same instruction

will use the same v alues (but b e in v alidated b y a write to one of the op erands).

The tec hnique is more suited to detecting CSEs during run-time and is almost

imp ossible to compare to due to the extraordinary mac hine arc hitecture.
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In 1992 Ric hardson [6] prop osed in tegrating memoizaton and trivial op er-

ation testing in m ultiplication, division, and sqrt instructions. This w ork is a

direct predecessor to ours and di�ers only in scop e. Ric hardson used shade [28 ]

an instruction-lev el non -arc hitecturally detailed sim ulator. The only arc hitec-

tural details supplied are the latencies of the memoized instructions. His results

matc h ours in that longer latency instructions are more susceptible to memoiza-

tion than short latency instructions. Our researc h, of course, is ric her in detail

and explores all asp ects of a memoizing pro cessor. Ric hardson [29 ] men tions

that functions and co de areas can b e memoized as w ell (as w e do in app endix

B) but aside from a few simple examples he do esn't explore the issue in depth.

Flynn & Ob erman [7] expand the idea to include storing the recipro cals of

division instructions. In addition they p erform a detailed analysis of the traits

of the division c aches used (size, asso ciativit y) and of the cost/p erformance

tradeo�s (silicon area vs. CPI) asso ciated with implemen ting them. As with

the w ork of Ric hardson our researc h is of a broader scop e and more detailed.

Azam, F ranzon & Liu [27 ] use memoization in order to reduce p o w er con-

sumption rather than enhance p erformance. Th us almost ev ery asp ect of their

reuse tec hnique is di�eren t from ours: The stage of memoization (only if a

lo okup fails is the instruction executed), the instructions memoized (only m ulti-

plication), and the c haracteristics of the lo okup table (small and direct-mapp ed

in order to sa v e more p o w er).

6.2 V alue Prediction

In 1996 and 1997 a series of pap ers w ere published that in tro duced and discussed

the tec hnique of V alue Pr e diction (VP) (Gabba y & Mendelson [9], Lipasti, Wilk-

erson & Shen [10 , 11 ], and Sazeides & Smith [12 ]). The idea is that the results

of an instruction can b e obtained sp eculativ ely based on results of previous in-

v o cations of the same instruction, exceeding the data
o w limit on extractable

ILP .

The v alues are sa v ed in a table and if they are constan t (the same v alue is re-

p eatedly pro duced), are di�eren t b y a constan t stride (an incremen t instruction

will ha v e a stride of 1), or follo w some recurring pattern the result of the curren t

in v o cation can b e predicted with a high-degree of accuracy . The instructions

are executed sp ecuativ ely and aren't committed un til their dep endencies are

satis�ed. Of course a wrong prediction will cause the erroneous instruction and

all instructions dep enden t on it to b e recalculated.

The main di�erence b et w een the tec hniques is their reliabilit y: VP is sp ec-

ulativ e and while it ma y capture redundancy that can break the ILP limit it

incurs a high o v erhead for mis-predictions. On the other hand IM is unsp ecu-

lativ e and can't resolv e data dep endencies but it carries no o v erhead. So dani

& Sohi p erform a detailed analysis of the di�erences in [30 ]. P erhaps a h ybrid

VP/IM implemen tation can exploit the adv an tages of b oth tec hniques.

Gabba y and Mendelson [31] ha v e prop osed to use program pro�ling in order

to mark instructions that ha v e a tendency to b e predicted correctly and only
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predict these instructions, th us lo w ering the mis-prediction rate. This is y et

another ma jor di�erence b et w een VP and IM. IM is soft w are transparen t and

ma y ev en b e used across con text switc hes.

6.3 Comparing IM to IR

The most comprehensiv e w ork in the �eld of reusing previous calculations w as

p erformed b y So dani & Sohi [8 ] in the y ears 1997-2000. They in tro duced the

concept of Instruction R euse (IR) . The instructions are inserted in a table called

the R euse Bu�er (RB) . Three reuse sc hemes are presen ted:

S

v

Eac h en try con tains the PC, op erand v alues, and result of an instruction.

If the curren t instruction's PC and op erands matc h an en try the result is

used.

S

n

Eac h en try con tains the PC, op erand register names and the result. If the

curren t instruction's PC and op erand register names matc h the result

is used. If a register is written in to, all en tries using that register are

in v alidated. Th us it is enough for the PC to matc h.

S

n + d

In addition to the information in the previous sc heme eac h op erand name

has a link to its source instruction (if it's in the RB). By building these

links instructions ma y b e k ept in the RB ev en if their registers are written

up on (due to their links).

The �rst sc heme is similar to IM, if the op erands and op eration matc h obtain

the result from the RB. Ho w ev er IR uses the Program Coun ter as the sole index

to the RB. Th us instructions at di�eren t lo cations can't use eac h others previous

results. W e will elab orate on this in section 6.3.1. This sc heme is hamp ered

due to the fact that the reuse test can b e p erformed only in the instruction

issue stage (the op erands m ust b e ready). F or single-cycle instructions no cycle

reduction is made.

The second sc heme is aimed at solving this problem b y comparing the register

names of the fetc hed instruction to instructions in the RB. If the register names

matc h and the registers' con ten ts ha v en't b een altered since storage in the RB,

the result can b e obtained from the RB as early as the fetc h stage. This is a

signi�can t gain, unfortunately only the last app earance of an instruction can

b e used. Previous in v o cations with di�eren t op erand v alues will ha v e b een

in v alidated.

Molina, Gonz� alez & T ub ella [32 ] ha v e recognized this and try to create links

b et w een instructions that pro duced the same result, resulting in instructions

with di�eren t PCs accessing the same en try . Their conclusion is that a h ybrid

sc heme whic h maps an en try b oth b y its PC and b y its op erand v alues (doubling

the size of the table) is necessary in order to b o ost p erformance. In the fetc h

stage the PC is used to index the table, if the lo okup is unsuccessful the op erand

v alues are used in the issue stage.
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The third sc heme suggested b y So dani & Sohi is targeted at exploiting de-

p enden t instructions fetc hed together, these instructions are called dep endence

c hains. If dep endence can b e determined it is enough to detect reuse of the

�rst instruction in the c hain, the link ed instructions can b e reused as w ell. This

sc heme p erforms b etter than the second one as all instructions are c hains of

one. Ho w ev er only 25% of all dep endence c hains are of a length of more than

one. Th us the use of this sc heme is limited.

The conclusion of So dani & Sohi is that their �rst sc heme is the b est as

it unco v ers the most reuse. Ho w ev er the p oten tial for sp eedup is diminished

as most instructions can b e executed during the time it tak es to p erform a

RB lo okup. F or this reason IM whic h is streamlined to use only the op erand

v alues can outp erform the S

v

sc heme of IR. The reasons are due to the di�eren t

mapping sc hemes, organization of the tables, the stage at whic h IM is p erformed,

and the simplicit y of IM.

6.3.1 PC vs. V alue Mapping

. In section 3.2 w e ha v e sho wn that mapping Memo-T able en tries using the

op erand v alues is sup erior to using the PC (table 3.3 displa ys this clearly).

The di�erences b et w een mapping using the PC vs. mapping using the op erand

v alues can b e understo o d b y examining a simple y et widely used application:

matrix m ultiplication.

for (i=0;i<N;i++){

for (j=0;j<N;j++){

c[i][j] = 0.0;

for (k=0;k<N;k++)

c[i][j] += a[i][k]*b[k][j];

}

}

T able 6.1: Naiv e matrix m ultiplication.

The most naiv e sc heme (table 6.1) p erforms N

3

m ultiplications when m ulti-

plying t w o N � N matrices. T o ensure that w e will ha v e redundan t m ultiplica-

tions w e used N di�eren t co e�cien ts whic h result in N

2

di�eren t m ultiplications.

The hit-ratios (of FP m ultiplication only) for m ultiplying t w o 100 � 100 matrices

are sho wn in the top graph of �gure 6.1 (sizes 128-1024, asso ciativit y 4, random

replacemen t, trivial calculations stored in the Memo-T able ). The hit-ratios

when the PC is used as an index are in v arian t to the size of the Memo-T able ,

this is easily explained b y lo oking at the co de. All m ultiplications are executed

b y one instruction, th us all m ultiplications are mapp ed to a single set, lea ving

the rest of the Memo-T able un used.

Fixing the Memo-T able size and v arying the asso ciativit y is sho wn in the

b ottom graph of �gure 6.1 (size 512, asso ciativit y 1-512, random replacemen t,

trivial calculations stored in the Memo-T able ). Only when using a fully-
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asso ciativ e Memo-T able do the hit-ratios matc h, this is again due to the fact

that all m ultiplications are mapp ed to the same set.
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Figure 6.1: Hit-ratios of the m ultiplication Memo-T able in matrix m ultiplica-

tion.

When more complex algorithms suc h as lo op unrolling, tiling, and sub-

blo c king are used the PC indexed hit-ratios are ev en w orse. The m ultiplica-

tion calculations are p erformed b y sev eral instructions whic h leads to a b etter

Memo-T able utilization but results in a lo w er hit-ratio. This is due to the fact

that the same calculation migh t b e p erformed b y di�eren t instructions and th us

mapp ed to di�eren t sets, causing Memo-T able misses instead of hits.

Using IM a 48% hit-ratio is ac hiev ed on the SPEC CFP95 b enc hmarks for

FP instructions. So dani & Sohi rep ort only a 6.6% hit ratio. This is due to an

inferior mapping sc heme.

6.3.2 T able Organization

IR lo oks at all instructions as equal and uses a uni�ed RB whic h con tains

all instructions. Instructions with longer latencies and a higher p oten tial for

impro ving p erformance are evicted from the RB b y instructions whose reuse

con tributes m uc h less. In section 5.2 w e ha v e sho wn that storing the single-cycle
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instructions in the In teger Memo-T able (in teger division and m ultiplication)

results in the hit-ratio of the \original" o ccupan ts of the Memo-T able b eing

suppressed.

On the other hand IM uses a set of Memo-T ables eac h con taining di�eren t

instruction t yp es. Section 3.5 describ es the adv an tages and disadv an tages of

using sev eral tables or a uni�ed one. In addition w e ha v e sho wn that the sp eedup

attributed to single-cycle instructions (section 5.1) is due to creating a \virtual"

ALU out of the Memo-T able . In section 5.1.1 w e ha v e sho wn that adding an

ALU is b etter than memoizing single-cycle instructions. In this case due to

our distributed table structure w e can c ho ose to memoize c hoice single-cycle

instructions or not to memoize them at all.

6.3.3 Lo okup Stage

An IR lo okup is p erformed in the deco de stage. This is p ossible for the S

n

and

S

n + d

sc hemes but not for the S

v

sc heme whic h m ust ha v e the op erand v alues

a v ailable. As w e ha v e sho wn in section 5.2 ev en if a lo okup is p ossible, only a

small fraction of instructions ha v e their op erands ready at this stage.

Th us it is more lik ely that the lo okup is p erformed in the issue stage. In

this case due to the uniformit y in whic h all instructions are treated in IR the

instruction isn't issued to a unit un til a lo okup has b een p erformed. But in this

case a p enalt y of one cycle is paid if the lo okup has failed.

Our tests ha v e sho wn that IM in the issue stage results in an a v erage sp eedup

of only 1.05 compared to a sp eedup of 1.11 for p erforming IM in the issue stage

only if a FU isn't a v ailable. If a FU is a v ailable, IM is p erformed in parallel to

the FU execution, reducing the o v erhead of a miss to zero cycles. But there is no

use in memoizing a single-cycle instruction in the execute stage. The distributed

nature of IM whic h uses di�eren t Memo-T ables for di�eren t instructions en-

ables us to treat single-cycle and m ulti-cycle instructions di�eren tly .

6.3.4 Design Simplicit y

IM uses tables that store only v alues and op erations. The en tries in the tables

are alw a ys v alid (except on startup) ev en across con text switc hes. In the case

of a FP application sharing a pro cessor with in teger applications IM has a

h uge adv an tage, the FP Memo-T ables will remain un touc hed b y the other

applications.

IR m ust in v alidate the RB across con text switc hes as it is indexed b y the

PC. Ev en the �rst sc heme of IR whic h stores op erand v alues m ust k eep trac k

of memory references as it memoizes loads and stores. A write to a memory

address in v alidates other references to the same address. The other t w o sc hemes

are m uc h more complicated as ev ery instruction executed ma y in v alidate RB

en tries and links b et w een instructions m ust b e main tained at all times.



Chapter 7

Summary and Conclusions

This thesis explored the concept named memoization: saving the input(s) and

output(s) of pr eviously c alculate d (side-e�e ct-fr e e) functions, and using the out-

put if the input is enc ounter e d again. Ho w ev er our fo cus w as on v ery short

functions: instructions. By sa ving the op erands and results of previous in v o-

cations of executed instructions in dedicated tables (named Memo-T ables b y

us) implemen ted in the pro cessor, it is p ossible to reduce the latencies of in-

structions from m ultiple cycles to one cycle. This is used to impro v e execution.

W e named this tec hnique Instruction Memoization (IM) .

A sim ulator (based on the SimpleScalar [17] sim ulator) of a RISC sup er-

scalar pro cessor with IM in tegrated in its datapath has b een constructed. On it

w e ha v e run t w o sets of commonly used b enc hmarks (SPEC95 [18 ], MediaBenc h

[19 ]). The sim ulations ha v e b een p erformed in three ma jor stages:

1. The organization of the Memo-T ables has b een explored in searc h for

an \optimal" design that will maximize hit-ratio and minimize cost. The

instructions memoized are m ulti-cycle instructions, instructions with la-

tencies larger than one (c hapter 3).

2. The in tegration of Memo-T ables in a RISC pro cessor has b een sim u-

lated and explored in order to quan tify the sp eedup ac hiev ed b y using IM

(c hapter 4).

3. The scop e of IM w as widened to include single-cycle instructions as w ell

(c hapter 5).

The follo wing sections will summarize the stages and presen t our conclusions.

W e w an t to stress that this thesis deals with the arc hitectural asp ects of IM.

The p ositiv e or negativ e in
uences of compilers, for sup er-scalar or EPIC

1

pro-

cessors, on IM hasn't b een tac kled in this researc h. Nor has the cost of IM in

1

An Explicitly P arallel Instruction Computing (EPIC) a.k.a V ery Long Instruction W ord

(VLIW) computer, sc hedules during compile time sev eral op erations to sev eral FUs. Reducing

the latencies of instructions migh t not impro v e computation if instruction sc heduling is static.
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terms of n um b er of transistors, p o w er consumption, or design complexit y b een

discussed. W e ha v e p erformed sev eral sim ulations that compare IM to other

arc hitectural enhancemen ts but not on a transistor to transistor basis, these

results are presen ted later.

7.1 Memo-T able Organization

Our �rst task w as to pro v e that instruction results are reusable. This w as

p erformed b y capturing the op erands of all m ulti-cycle instructions executed in

an \in�nitely" large \fully asso ciativ e" Memo-T able (in practice 1M en tries in

sets of 512). The sim ulations ha v e sho wn that 60% of all dynamic instruction

app earances are rep eatable, they are executed with the same op erand v alues.

W e then pro ceeded to c haracterize the \optimal" Memo-T able structure. A

Memo-T able is \cac he-lik e", it sa v es the last instructions executed. Th us the

cac he-lik e traits: size, asso ciativit y , replacemen t metho d, and mapping sc heme

w ere explored �rst. Then sc hemes lik e trivial calculation detection, comm utativ e

and in v erse op eration detection w ere tested. Finally the n um b er of Memo-

T ables and the con ten ts of eac h Memo-T able w ere in v estigated. The results

and conclusions at this stage w ere:

� A degree of set asso ciativit y higher than four is unnecessary .

� Enlarging a Memo-T able b ey ond a certain p oin t results in diminishing

returns as the hit-time increases as w ell as the hit-ratio.

� Using sev eral Memo-T ables for di�eren t instruction t yp es enables ac-

cessing them concurren tly but not ha ving to implemen t a Memo-T able

for ev ery instruction t yp e.

� Using the Program Coun ter (PC) as the index in to a Memo-T able results

in m uc h p o orer hit-ratios than when the op erand v alues are used as indices.

� By detecting trivial calculations, and not en tering the op erations in to the

Memo-T ables , a hit-ratio impro v emen t is ac hiev ed that is comparable

to a four-fold size increase.

Sp eci�cally w e recommended implemen ting IM with 5 Memo-T ables , eac h

holding sev eral of the m ulti-cycle instruction t yp es. Eac h Memo-T able con-

tains 256 en tries in sets of 4 . En tries are replaced randomly and are indexed

b y the op erand v alues X ORed with the op co de. T rivial calculations in v olving

v alues of 0 or 1 aren't en tered in to the Memo-T ables but are detected with

dedicated circuitry . This organization yields an a v erage hit-ratio of 0.50, this

is o v er 80% of the hit-ratio obtained when using an in�nite fully-asso ciativ e

Memo-T able .
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7.2 IM in the datapath

The prop osed Memo-T able organization w as in tegrated in to a RISC sup er-

scalar pro cessor with c haracteristics similar to the MIPS R10000 [24 ] and the

P o w er PC 604e [25 ] pro cessors. W e disco v ered that 13% of the b enc hmarks'

execution time can b e attributed to m ulti-cycle instructions. With a 52% hit-

ratio an a v erage sp eedup of 1.07 w as obtained. W e then pro ceeded to alter the

attributes of the datapath to c hec k their in
uence on IM and vice-v ersa. Our

results and conclusions are:

� The only datapath factor that e�ects the hit-ratio is the branc h prediction

rate. Mispredicted branc hes cause instructions to b e 
ushed from the

pip eline, man y of these instructions ma y later b e re-executed causing hits

in the Memo-T ables .

� The ma jor con tribution of IM is the reduced latency of successfully mem-

oized instructions. Ha ving instructions complete execution earlier enables

dep enden t instructions to b e issued earlier. The n um b er of cycles an

instruction sp ends in the pip eline is reduced, whic h directly reduces exe-

cution time.

� A minor con tribution to enhanced execution is the virtual addition of FUs.

When a structural hazard o ccurs a Memo-T able lo okup ma y b e able to

pro vide the instruction's result, circum v en ting the execute stage of the

pip eline.

� Giv en a �xed latency for m ulti-cycle instructions, IM w orks b etter for

faster pro cessors. A pro cessor with a wide pip eline, a near p erfect memory

hierarc h y , a high rate of branc h prediction, and enough FUs will encoun ter

a b ottlenec k when w aiting for long latency instruction to complete. IM

reliev es this b ottlenec k. The basic pro cessor has an IPC of 1.22, IM pro-

vides a sp eedup of 1.07. On a pro cessor with an IPC of 3.65 the sp eedup

of using IM is 1.09.

� IM is a tec hnique that predominan tly fa v ors FP in tensiv e applications.

The sp eedup for FP applications is 1.10, for in teger applications it is only

1.01 (for applications whic h hea vily use in teger division and m ultiplica-

tion). A w a y m ust b e found to widen the scop e of IM.

7.3 Single-Cycle Instruction Memoization ( scIM )

In order to encompass more instructions in IM w e added a Memo-T able that

con tains most in teger single-cycle instructions. 57% of these instructions are

reused resulting in a 1.11 sp eedup. Ho w ev er the sp eedup is only the result of

reducing the structural-hazard ratio. The Memo-T able is used as an additional

FU, supplying results when no FU is a v ailable. W e con tin ued to explore this

asp ect of scIM and arriv ed at the follo wing conclusions:
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� Adding more FUs to a pro cessor minimizes the impact of scIM . When

the structural-hazard ratio reac hes 0 the e�ect of memoizing single-cycle

instructions is non-existen t.

� Adding more FUs do esn't harm mcIM , in fact it p erforms ev en b etter.

� Better p erformance is gained b y adding just one ALU and implemen ting

scIM , than implemen ting mcIM .

� Using the area dedicated to the Memo-T ables to enlarge on-c hip cac hes

or impro v e branc h prediction pro v es b etter than IM for in teger applica-

tions but not for FP applications.

7.4 The Bottom Line

The b ottom line is that IM impro v es FP pro cessing. By reusing previous cal-

culations the latency of m ulti-cycle instructions is reduced 50% of the time to

one cycle. Th us, in practice the latency of FP instructions is cut in half.

The more p o w erful the pro cessor is the b etter it can utilize IM. The only

enhancemen t that reduces the e�ectiv eness of IM is reducing the latency (not

the throughput, IM w orks �ne with pip elined FUs), this do esn't seem to b e the

trend in state of the art micropro cessors.
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IM on Real Pro cessors

In the b o dy of this researc h IM has b een an academic issue describ ed and sim-

ulated in the con text of an unexisten t pro cessor. W e will no w describ e and

quan tify the e�ect of IM on t w o real pro cessors: The MIPS R10000 [24 ] anf the

P o w er PC 604e [25 ]. T ables A.1 and A.2 list the c haracteristics of b oth pro ces-

sors. Both pro cessors are similar in their memory hierarc h y , branc h prediction

capabilities, functional units and instruction latencies (sligh tly shorter for the

R10000). The main di�erence is in their sup er-scalar capabilities. While the

R10000 has three instruction queues (In teger, FP , Memory) of 16 instructions

eac h, the 604e has only 2-instruction reserv ation stations for eac h FU. This

limits the out-of-order issue capabilit y of the 604e.

SimpleScalar w as mo di�ed to sim ulate b oth pro cessors as close to realit y as

p ossible

1

. The b enc hmarks w ere then run on the sim ulators with and without

IM ( mcIM at this stage). The IM is p erformed at the execute stage of the

pip eline if a FU is a v ailable and at the issue stage if not. IM latency is one

cycle and the Memo-T able structure de�ned in c hapter 3 is used. The results

of b oth sets of sim ulations are compared to the basic pro cessor in table A.3.

The results for mcIM are similar with the basic pro cessor ha ving a sligh t

edge. The 604e is a sligh tly slo w er pro cessor and as w e ha v e sho wn in section

4.4 b ene�ts less from IM. The R10000 is almost as fast as the basic pro cessor

but has shorter instruction latencies for FP instructions whic h leads to a lo w er

FE and sp eedup (section 4.3).

The main di�erence is in the results of scIM . Single-cycle instructions ma y

b ene�t from IM if at the issue stage they are ready to b e issued but lac k a FU

to execute on. The Memo-T able is then utilized as an additional FU. F or the

basic pro cessor 27% of all hits are p erformed in the issue stage. Ho w ev er for the

R10000 and 604e the ratio of hits in the issue stage is m uc h lo w er b eing 17%

and 8% resp ectiv ely . This strengthens our claim that scIM is of limited use.

1

The instruction set of the R10000 is iden tical to the SimpleScalar ISA. The 604e ISA is

di�eren t whic h migh t lead to sligh tly inaccurate results.
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L1 Instruction Cac he 32-KBytes, 64-Byte blo c ks, 2-w a y asso ciativ e

L1 Data Cac he 32-KBytes, 32-Byte blo c ks, 2-w a y asso ciativ e

L2 Uni�ed Cac he 1-Mb ytes, 64-Byte blo c ks, 2-w a y asso ciativ e

Memory Latencies (cycles) L1 hit - 1, L2 hit - 6, L2 miss -18

Bus In terface 64-bit data, 32-bit address

Branc h Prediction 512-en try BHT, 2-bit coun ters

Registers 32 General Purp ose, 32 Floating P oin t

F unction Units 2 IALU

�

, 1 IMUL T

1 F ADD unit, 1 FMUL T, 1 MMU

��

Instruction Latencies In teger m ultiplication: 6,6

& Throughputs In teger division: 35,35

All other in teger instructions: 1,1

Floating p oin t m ultiplication: 2,1

Floating p oin t division: 19,21 (sp: 12,14)

Floating p oin t Sqrt: 33,35 (sp:18,20)

All other 
oating p oin t instructions: 2,1

Pip eline attributes 4-instructions fetc hed, deco ded, issued,

and committed p er cycle; 32 instructions in Activ e List;

16 instruction INT, FP , Address queues;

out-of-order execution; in-order retiremen t

�

One of the IALUs p erforms idiv.

��

Has a dedicated ALU for EA calculation.

T able A.1: Characteristics of the MIPS R10000 micropro cessor.
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L1 Instruction Cac he 32-KBytes, 32-Byte blo c ks, 4-w a y asso ciativ e

L1 Data Cac he 32-KBytes, 32-Byte blo c ks, 4-w a y asso ciativ e

L2 Uni�ed Cac he 1-Mb ytes, 64-Byte blo c ks, 2-w a y asso ciativ e

Memory Latencies (cycles) L1 hit - 1, L2 hit - 6, L2 miss -18

Bus In terface 64-bit data, 32-bit address

Branc h Prediction 512-en try BHT, 2-bit coun ters

Registers 32 General Purp ose, 32 Floating P oin t

F unction Units 2 IALU, 1 IMUL T

1 FPU

�

, 1 BPU, 1 MMU

��

Instruction Latencies In teger m ultiplication: 3,1

& Throughputs In teger division: 20,19

All other in teger instructions: 1,1

Floating p oin t m ultiplication: 3,1

Floating p oin t division: 31,31 (sp: 18,18)

Floating p oin t Sqrt

���

: 60,60 (sp: 50,50)

All other 
oating p oin t instructions: 3,1

Pip eline attributes 4-instructions fetc hed, deco ded, issued,

and committed p er cycle; 16 instructions in Reorder Bu�er;

2-instruction reserv ation stations for eac h FU;

out-of-order execution; in-order retiremen t

�

P erforms all FP instructions.

��

Has a dedicated ALU for EA calculation.

���

The 604e do esn't implemen t the fsqrt instruction.

T able A.2: Characteristics of the PPC 604e micropro cessor.

Pr o c essor IPC hr FE Sp e e dup

mcIM

Basic 1.27 0.51 13% 1.07

R10000 1.23 0.51 9% 1.06

604e 1.06 0.51 11% 1.06

scIM

Basic 1.27 0.55 - 1.11

R10000 1.23 0.55 - 1.08

604e 1.06 0.54 - 1.06

T able A.3: Comparison of R10000, 604e, and \basic" pro cessors ( mcIM and

scIM in tegrated in to pip eline).
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Memoization of F unctions

W e ha v e sho wn in the previous c hapters that IM w orks for instructions and

enhances execution. Th us, if the tec hnique w orks for instructions with latencies

of sev eral cycles only , it should surely w ork for functions with latencies of tens

to h undreds of cycles. T able B.1 sho ws the latencies in cycles of sev eral common

mathematical and trigonometric functions in the P en tium I I pro cessor [33 ],

1

the

only pro cessor to date to include these functions in its instruction set, and the

latencies of the soft w are implemen tations of the same functions

2

. The n um b ers

lead us to b eliev e that successful memoization will b e pro ductiv e. The fact that

these functions are common to most scien ti�c, engineering, and Multi-Media

applications encouraged us to suggest a hardw are based solution rather that a

soft w are one. W e will call this sc heme F unction Memoization (FM) .

function Pentium II softwar e

Square ro ot 70 1,700

Sine 16{126 250

Cosine 18{124 230

T angen t 17{173 320

Logarithm 22{111 196

Exp onen t 13{57 131

Ceiling 9{20 15

Flo or 9{20 15

P o w er - 473

T able B.1: Latencies of mathematical functions, in cycles

Figure B.1 sho ws a sc hematic la y out of the idea using a hardw are-implemen ted

1

The instructions aren't executed b y dedicated functional units, they use all the pro cessor's

units and blo c k all other instructions from issuing un til they complete. The latencies are input

dep enden t, usually inputs with longer man tissas en tail a longer cycle time in computing the

function.

2

The co de w as tak en from the gn u C library v ersion 1.09 (glib c-1.09) and run through the

simple-scalar sim ulator. The n um b ers are the a v erage of measuring the computation time for

10,000 random double precision v alues.
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square ro ot unit as an example. The op erands are forw arded in parallel b oth to

the square ro ot unit and its adjacen t Memo-T able . Whic hev er completes �rst

| the Memo-T able lo okup or the actual computation | cancels the other

and pro duces the result. In the case of the actual computation the result is also

stored in the Memo-T able for future use.

Operand 

SQRT

UNIT

MEMO

TABLE

MUX

hit/miss lineoperation

completed

line

Result

Figure B.1: A square ro ot unit using a Memo-T able

What di�eren tiates this w ork from other w orks in the immediate �eld is the

fact that aside from In tel all other micropro cessor man ufacturers don't include

these functions (aside from square ro ot taking) in their instruction sets and

don't ha v e hardw are units to implemen t them. Therefore the framew ork de-

scrib ed ab o v e cannot b e applied. Instead, w e prop ose to mo dify the Instruction

Set Arc hitecture (ISA) b y adding t w o new instructions to lo okup and up date

a generic Memo-T able . These instructions pro vide a completely general in-

terface to the Memo-T able , and allo w the compiler to use it to memoize an y

function it c ho oses, b e it a library function or a user function. Ev en inlined

functions are supp orted. W e assume that the functions are side-e�ect free, this

is noted b y the dev elop er and enforced b y the compiler. F unctions with side-

e�ects will ha v e to b e executed in an y case.
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B.1 Memoization of Mathematical F unctions

This section describ es ho w using Memo-T ables accelerates computing math-

ematical and trigonometric functions. The Memo-T able used is iden tical to

the Memo-T able describ ed in the previous c hapters. Eac h en try con tains t w o

op erands, a result, and a �eld that iden ti�es the function. A description of

ho w a Memo-T able w orks in tandem with a FU w as co v ered in the previous

c hapters and w on't b e co v ered her. What w e will sho w is ho w memoization is

implemen ted if the function is calculated in soft w are (section B.1.1) and analyze

the o v erhead of FM (section B.1.2).

B.1.1 Memoization of Soft w are Implemen ted F unctions

In the common case where most functions are implemen ted in soft w are sev eral

ISA c hanges m ust b e made. Three main reasons motiv ated our design c hoice:

1. Decouple the memoization from the routine that executes the function.

Not in all cases will the function co de b e a v ailable for compilation, th us w e

decided to p erform the lo okup and up date outside the routine b o dy instead

of altering the calling and return instructions to p erform the lo okup and

up date the Memo-T able .

2. Most RISC ISAs ha v e instruction formats of three register op erands and a

small (5-6 bit) immediate �eld (the MIPS R-format or the PPC A-F orm).

W e will use these instruction formats for our new instructions.

3. Most of the mathematical and trigonometric functions ha v e a single op erand

and single result, and a minorit y of them ha v e t w o op erands and a single

result. Th us it is p ossible to use the same Memo-T able structure used to

memoize instructions. The new instructions in tro duced supp ort functions

with one or t w o inputs and one output.

The ISA w e will add the new instructions to is SimpleScalar [17 ] whic h is

based on the MIPS instruction set. Only t w o new instructions (eac h with t w o

v ariations) m ust b e added:

� LUPM2 (Lo okUP Memo2) - Lo ok up a v alue in a Memo-T able . The

instruction has three op erands whic h reside in registers and one immediate

op erand.

1. IN1 - function input 1 in a register

2. IN2 - function input 2 in a register

3. OUT - function result in a register

4. FID - function iden ti�er, a 5 bit co de.

When executed the instruction uses the v alues in IN1, IN2 and the function

iden ti�er to index a separate or uni�ed Memo-T able (separate tables:

FID iden ti�es the Memo-T able and IN1 & IN2 index it, uni�ed table:
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IN1, IN2 and FID index the table). If the lo okup is successful the output of

the function is loaded from the Memo-T able in to OUT and the 
oating

p oin t 
ag is set. A test instruction (suc h as bc1t ) can then branc h to an

address b ey ond the function call.

� UPDM2 (UPDate Memo2) - Up date an en try in a Memo-T able .

Lik e lupm2 , this instruction has three op erands whic h reside in registers

and one immediate op erand.

1. IN1 - function input 1 in a register

2. IN2 - function input 2 in a register

3. IN3 - function result in a register

4. FID - function iden ti�er, a 5 bit co de.

When executed the instruction uses the v alues in IN1, IN2 and FID to

index a Memo-T able , and stores the v alue in IN3 in it.

Eac h of these instructions has an one op erand v ersion ( lupm1 , updm1 ) where the

second input register (IN2) is an implicit 0.

T able B.2 sho ws a complete assem bly co de excerpt whic h uses the new in-

structions. The assem bly is for the SimpleScalar ISA (f* are fp registers, L* are

lab els, sin is the address of the Sine routine, and NSIN is its 5-bit mnemonic).

The co de demonstrates the memoization of a single op erand function. The com-

piler loads f20 with the input to the sin() function and executes lupm1 with f22

as the OUT register. If the lo okup is successful the result in the Memo-T able

will o v erwrite f22 and set the 
oating p oin t 
ag, causing the next instruction

to branc h and skip the function call. If the lo okup is unsuccessful the function

call will b e p erformed and the instruction up dm1 up dates the Memo-T able

with the v alue in f0 (the result of the function call).

C c o de Assembly R emarks

a = 1.1; l.d f20,LC The input (1.1) is loaded in to f20

lupm1 f20,f22,NSIN is 1.1 in the table?

b c1t L1 if lo okup succeed skip routine call

mo v.d f12,f20 f20 ) f12 (input reg)

b = sin(a); jal sin call routine

mo v.d f22, f0 f0 (output reg) ) f22

up dm1 f12,f0,NSIN up date table with sin(1.1)

c = b + a; L1: add.d f24,f22,f20 con tin ue execution

T able B.2: Assem bly co de implemen ting memoization of sin function. New

instructions are b old faced ( lupm1 ), added instructions are in sans serif ( b c1t )

(the $ sign b efore registers and v ariables is omitted).
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B.1.2 Ov erhead Considerations

If lupm1 is unsuccessful no branc h is p erformed, the routine is setup, jump ed

to, cleaned up (the output is mo v ed from f0, the function's output register, in to

f22), the Memo-T able is up dated with the computed v alue, and execution

con tin ues at L1. Th us the o v erhead of a miss is three instructions: lupm1 ,

up dm1 , and b c1t (for the case of t w o op erand functions the p enalt y is the

same). Of course a hit eliminates the function's setup, execution and clean up

sa ving tens to h undreds of mac hine cycles.

When the hit ratios are high the cost of the extra instructions is insigni�can t

in comparison to the elimination of tens to h undreds of instructions due to

successful memoization. When the hit ratios are lo w or nonexisten t (see section

B.2.1), a p enalt y of three instructions p er function call migh t seem high.

The follo wing table sho ws ho w a pro cessor capable of executing 4 instructions

p er cycle (suc h as the MIPS R10000) will execute the co de. The pro cessor has a

Floating P oin t Unit, and an In teger Unit whic h executes the branc hes. lupm1

and up dm1 are executed b y the FP Unit.

cycle FP Unit Inte ger Unit

0 lupm1 f20,f22,NSIN

1 mo v.d f12,f20 b c1t L1

2 jal sin

3{253 executing sin

254 mo v.d f22,f0

255 up dm1 f12,f0,NSIN

Due to the dep endencies b et w een lupm1 and b c1t and the use of the FU b y

b oth up dm1 and mo v.d the o v erhead of a miss is t w o cycles. This p enalt y can

b e reduced b y adding a unit that can execute a lupm1 or up dm1 in parallel

to other FP instructions (a dedicated Memo-T able Unit (MTU) or another

FPU), enabling the Memo-T able up date to b e p erformed in parallel to the

function's clean up. This reduces the miss p enalt y to a single cycle.

As men tioned ab o v e the new instructions are written in MIPS st yle assem bly

co de. F or other arc hitectures the instructions w ould tak e on c haracteristics of

the relev an t ISA. F or instance for the P o w er PC ISA the lupm1 instruction

will set a Condition Register (CR) based on the success of the lo okup and the

follo wing instruction will b e a conditional branc h based on the v alue inserted in to

it. F or the In tel 80x86 ISA the lupm1 instruction will p op it's op erands from

the 
oating p oin t stac k and set the appropriate 
ag in the EFLA GS register.

B.2 Exp erimen ts and Results

T o v erify the usefulness of memoization of mathematical and trigonometric func-

tions, w e p erformed a series of exp erimen ts with SimpleScalar [17 ] (the same

sim ulator used for the sim ulations in c hapter 3) , w e tailored SimpleScalar to

incorp orate Memo-T ables in it's design and th us sim ulate the memoization of

mathematical and trigonometric functions. The new instructions w ere added

b y inserting compiler directiv es in the functions to b e memoized. The compiler
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then replaced these directiv es with the new instructions. The sim ulator w as

altered to recognize these instructions and act up on them.

The t w o indicators that measure the success of the memoization are the hit-

ratio and sp eedup. Naturally , they dep end on the sp eci�c design of the Memo-

T able . The size, asso ciativit y and con ten ts of the Memo-T able , impact the

exp ected hit-ratio and sp eedup.

B.2.1 Sim ulations

The hit-ratio is a function of the size of the Memo-T able , its asso ciativit y , and

its con ten ts (single function results or all function results) as w e ha v e seen in

c hapter 3. W e ha v e sim ulated a Memo-T able with its size v arying from 16

to 1K en tries and the sp ectrum of asso ciativit y from direct mapp ed to 16-w a y

asso ciativit y . In addition w e ha v e sim ulated using sev eral Memo-T ables , one

for eac h function, and using a single uni�ed Memo-T able for all functions.

W e ha v e also run the b enc hmarks through an \in�nitely" large fully asso ciativ e

Memo-T able for comparison. In section B.2.4 w e explore memoization of user

de�ned functions, in section B.2.5 w e compare function memoization to instruc-

tion memoization, and in section B.2.6 w e compare function memoization to

using the same hardw are to implemen t the functions in hardw are on-c hip.

The o v erhead of memoization in our sim ulations is t w o mac hine cycles, the

stricter of the t w o options sho wn in section B.1.2. The sim ulated system is

built up on the MIPS R10000 pro cessor [24 ]. The functions are assumed to b e

implemen ted in soft w are except square ro ot taking whic h is implemen ted in

hardw are on c hip. This is the curren t state for most mo dern micropro cessors.

Eac h function has its o wn Memo-T able or they share a uni�ed Memo-T able .

The b enc hmarks w ere tak en from sev eral sources:

� SPEC CFP95 - the 
oating p oin t comp onen t of the SPEC CPU95 suite

[18 ].

� MediaBenc h - a suite of m ulti-media and comm unication applications

from UCLA [19 ].

� Khoros - Khoros Pro 2000 [34 ] is a dev elopmen t en vironmen t that consists

of a suite of Image Pro cessing (IP) and Digital Signal Pro cessing (DSP)

applications.

Only b enc hmarks whic h ha v e a non trivial (thousands) n um b er of mathematical

and trigonometric function calls w ere selected for sim ulation. Applications that

don't call the ab o v e functions aren't in
uenced b y our enhancemen ts to the

pro cessor.

T able B.3 describ es the sp eci�c applications, and table B.4 sho ws ho w man y

instruction and cycles eac h application executed, and ho w man y function calls

w ere made b y it (at least 1,000 calls)

3

. It can b e seen that in most cases only t w o

3

In some cases the n um b ers are the sum of sev eral applications that mak e up a b enc hmark

(eg. deco de and enco de for mp eg2) or the sum of sev eral runs with di�eren t inputs (the

Khoros applications).



B.2. EXPERIMENTS AND RESUL TS 69

suite applic ation description

MediaBenc h rasta Sp eec h recognition

mesa 3D graphics library

mp eg2 Video compression

SPEC swim Shallo w w ater equations

su2cor Mon te-Carlo metho d

h ydro2d Na vier Stok es equations

turb3d T urbulence mo deling

apsi W eather prediction

fpppp Quan tum c hemistry

w a v e5 Maxw ell's equation

Khoros k�t F ast F ourier T ransform

kgsin Generate sin usoidal data

khisto Compute image histogram

klogexp Image logarithm taking

vgb o x P arallelogram creation

vpml F ractal dim. estimation

vmarr Edge detection

T able B.3: Description of b enc hmark applications

or three functions are used hea vily in eac h application. This in
uences the c hoice

of whether to use separate Memo-T ables for eac h Function-Instr uction or

to ha v e a uni�ed Memo-T able for all functions.

B.2.2 Sp eedups Obtained

The basic con�guration of a Memo-T able that w e ha v e c hosen is one with

256 en tries arranged in 64 sets (set asso ciativit y of 4), eac h function has it's

o wn Memo-T able . T able B.5 sho ws the results. W e compare the results of

using \in�nitely" large fully asso ciativ e Memo-T ables to the results of using 9

256 en try 4-w a y asso ciativ e Memo-T ables . In addition w e sho w the results of

using a single 512 en try uni�ed Memo-T able (4-w a y asso ciativ e) whic h holds

all function v alues. What is sho wn in the table is:

� FE - F r action Enhanc e d , the fraction of computation time in the original

mac hine that can use the enhancemen t. This is sho wn in terms of dynamic

instruction coun t and n um b er of cycles.

� HR - the hit ratios of the Memo-T ables (for the in�nite, separate and

uni�ed cases).

� SP - the actual sp eedup attained (for the in�nite, separate and uni�ed

cases).

The results sho w that for most applications the hit ratio is high with an a v-

erage of 57% for separate Memo-T ables and 58% for a uni�ed Memo-T able .
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applic ation insts cycles sqrt sin c os tan lo g exp 
o or c eil p ow

rasta 53 58 13K 12K 12K 11K 5K 15K

mesa 107 129 27K 4K 4K 77K 119K 29K 13K

mp eg2 2411 2159 4.1M 1.4M

swim 2674 3021 526K 526K

su2cor 5234 5462 2.0M

h ydro2d 3740 4879 1.54M 96K

turb3d 6836 5996 531K 531K

apsi 3605 5179 1.0M 49K 1.3M

fpppp 4957 6300 1.3M 856K 315K 87K

w a v e5 7918 8372 9.0M 750K 1.5M 1.5M

k�t 483 582 2K 103K 103K 2K 2K

kgsin 135 135 288K 7K

khisto 107 142 1.2M 6K 3K

klogexp 52 54 80K 2K

vgb o x 128 134 5K 5K 5K

vpml 1129 726 48K 50K

vmarr 21 25 84k 2k

T able B.4: Num b er of instructions, Num b er of cycles (in millions) and break-

do wn of function calls (in thousands) in the b enc hmark applications. En tries of

less then 1K are ignored

The more signi�can t n um b er is the sp eedup. An a v erage sp eedup of 10% (har-

monic mean) is attained (11% for a uni�ed Memo-T able ).

While the a v erage hit ratios and sp eedup are go o d w e �nd a lac k of cor-

relation b et w een them, as is the case for IM (sections 4.2 and 4.3). Figure

B.2 sho ws that for the SPEC and Khoros applications the hit ratios are higher

than for the MediaBenc h b enc hmarks. On the other hand �gure B.3 sho ws

the breakdo wn of the sp eedup according to suite. F rom this �gure it can b e

seen that the Multi-Media b enc hmarks attain higher sp eedups than the SPEC

b enc hmarks. This can b e attributed to the higher p ercen tage of execution time

sp en t computing the functions (FE). While the Multi-Media b enc hmarks sp end

19% (MediaBenc h) to 20% (Khoros) of their execution time in mathematical and

trigonometric functions the SPEC b enc hmarks only sp end 8% of their execution

time in these functions.

B.2.3 Memo-T able Con�guration

The next three exp erimen ts p erformed test the attributes of the LUT itself,

its size, asso ciativit y and con ten ts (uni�ed Memo-T able or separate Memo-

T ables for eac h function). F or these tests w e used only 11

4

out of 17 application

used in the previous tests. Figure B.4 sho ws the a v erage hit-ratios of the c hosen

applications when the size of the LUT ranges from 16 to 1024 en tries, and its

asso ciativit y is 4.

4

W e ha v e omitted the b enc hmarks su2cor, turb3d, w a v e5, vpml and vgb o x where the hit-

ratios are almost the same regardless of the Memo-T able size. And fpppp w as omitted due

to its long run time.
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applic ation FE Hit R atio Sp e e dup

inst cycle inf sep unif inf sep unif

rasta .27 .31 .72 .67 .45 1.24 1.25 1.13

mesa .18 .20 .69 .26 .20 1.20 1.06 1.04

mp eg2 .04 .05 .32 .17 .22 1.03 1.02 1.02

harmonic mean .16 .19 .56 .37 .29 1.15 1.12 1.06

swim .07 .06 .99 .50 .49 1.07 1.03 1.03

su2cor .20 .22 .99 .99 .99 1.29 1.29 1.29

h ydro2d .01 .02 .99 .70 .77 1.03 1.02 1.02

turb3d .03 .03 .99 .99 .99 1.03 1.03 1.03

apsi .01 .02 .89 .69 .65 1.02 1.01 1.01

fpppp .04 .08 .62 .39 .34 1.09 1.08 1.07

w a v e5 .10 .10 .00 .00 .00 0.98 0.98 0.98

harmonic mean .07 .08 .78 .61 .59 1.07 1.06 1.06

k�t .10 .09 .99 .75 .60 1.10 1.07 1.06

kgsin .54 .50 .99 .06 .13 2.02 1.13 1.20

khisto .21 .13 .99 .63 .83 1.14 1.05 1.08

klogexp .41 .40 .99 .85 .92 1.66 1.53 1.60

vgb o x .02 .02 .99 .99 .99 1.02 1.02 1.02

vpml .01 .01 .92 .86 .88 1.02 1.01 1.01

vmarr .40 .26 .90 .26 .41 1.33 1.11 1.19

harmonic mean .24 .20 .96 .62 .68 1.32 1.13 1.16

harmonic mean .16 .15 .82 .57 .58 1.19 1.10 1.11

T able B.5: P erformance enhancemen t with memoization of mathematical and

trigonometric functions. Memo-T ables are either in�nitely large, of size 256

for eac h function or a 512-en try uni�ed for all functions.

The �gure compares a uni�ed Memo-T able (dashed line) to separate Memo-

T ables for eac h function (solid line). W e see that p erformance impro v es up to

ab out 1024 en tries after whic h the line starts to 
atten to w ards in�nit y . The

�gure sho ws that almost the same hit-ratios are obtained for a uni�ed table of

size n and separate tables of size n= 2. In our case, where 9 separate Memo-

T ables are implemen ted, using a uni�ed Memo-T able giv es the same results

at less than 1 = 4 of the area cost. T able B.5 corrob orates this b y sho wing that

the a v erage sp eedup ac hiev ed using a uni�ed Memo-T able of size 512 (11%)

is sligh tly greater than the a v erage sp eedup ac hiev ed when using 9 separate

Memo-T ables of size 256 (10%). This is due to the fact that most applica-

tions hea vily use only t w o or three functions (table B.4).

Figure B.5 sho ws the hit-ratios as a function of set asso ciativit y . F or separate

Memo-T ables an y set asso ciativit y higher than one (direct-mapp ed) hardly in-


uences the hit-ratio. F or a uni�ed Memo-T able the curv e starts straigh tening

out only for a set size of 4. These results can b e explained b y the con ten ts of the

Memo-T ables . The separate tables are only mapp ed b y the input v alue(s),

leading to a greater spread of v alues throughout the en tries in the table. In

a uni�ed Memo-T able the mapping is b y the input v alue(s) and the function
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Figure B.2: Breakdo wn of hit ratios b y suite

iden ti�er. In some applications (k�t, swim) the same v alues are b eing computed

for sev eral functions. This leads to con
ict misses in the case of a direct mapp ed

or ev en 2-set asso ciativ e table. A set asso ciativit y of 4 alleviates this problem

and enhances the hit-ratios.

B.2.4 Memoization of User F unctions

It is p ossible to memoize user de�ned, application sp eci�c, functions in addition

to the common mathematical functions. In the b enc hmarks w e used w e found

only t w o applications that hea vily use side-e�ect free functions, apsi (function

O VL) and w a v e5 (functions V A V G, ERF, DENSX, and DENSY). The functions

memoized ha v e one or t w o argumen ts and one return v alue. As suc h they are

p erfect candidates for memoization in our prop osed infrastructure, and the re-

sults of memoizing them are encouraging. T able B.6 sho ws the hit ratios and

sp eedups of memoizing user de�ned instructions (in addition to the mathemat-

ical instructions) compared with only memoizing mathematical functions.

The table clearly sho ws that there is an adv an tage to memoizing user de�ned

functions as w ell (when p ossible). The hit ratio for user de�ned functions is

lo w er (for apsi) due to the fact that a successful user function lo okup a v oids

man y mathematical functions. When the user function lo okup is unsuccessful

the mathematical functions are called with new v alues, causing a lo w er hit

ratio. Ho w ev er the run-time is reduced due to man y other instructions a v oiding
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Figure B.3: Breakdo wn of sp eedups b y suite

applic ation math math + user

hr sp dp hr sp dp

apsi .69 1.01 .20 1.05

w a v e5 .00 0.98 .55 1.02

T able B.6: Memoization of user de�ned functions (and math + trig functions)

compared with memoization of only math and trig functions.

execution.

B.2.5 Memoization of F unctions and Instructions

In this section w e will in tegrate the tec hnique of IM prop osed in the previous

c hapters with the tec hnique of FU in tro duced in this c hapter. W e will compare

3 implemen tations::

1. The implemen tation explored in this c hapter where functions are memo-

ized.

2. Multiple-cycle instructions (without loads/stores) are memoized. F unc-

tions are implemen ted in soft w are and b ene�t from the memoized instruc-

tions.

3. A com bined approac h where b oth functions and instructions are memo-

ized.
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Figure B.4: Hit ratios as a function of LUT size (set size is 4). Memo-T able

is uni�ed (dashed line) or separate Memo-T ables are used (solid line).

The Memo-T ables used to memoize instructions are the tables recommended

at the end of c hapter 3. Figure B.6 sho ws the sp eedups p er suite.

The �gure sho ws that applications that hea vily use mathematical functions

(Multi-Media) b ene�t more b y memoizing functions than b y only memoizing

instructions. A large amoun t of the instructions memoized are in the memoized

functions (this w as v eri�ed b y analyzing the source co de of the applications),

leading to their execution b eing a v oided when the function is memoized. On the

other hand applications that use the mathematical functions sparingly b ene�t

from instruction memoization whic h can catc h instructions not in the mathe-

matical functions.

Ob viously the com bined approac h is sup erior with an a v erage 15% sp eedup.

In c ho osing b et w een the function to instruction implemen tations w e migh t b e

mislead to c ho ose function memoization due to the higher sp eedup (10% vs.

8%). Ho w ev er w e m ust remem b er that instruction memoization is e�ectiv e for

a broader scop e of applications and is compiler transparen t. As opp osed to

function memoization whic h is limited in its scop e to sp eci�c applications and

needs compiler supp ort for most arc hitectures.

B.2.6 Implemen ting the F unctions in Hardw are

In this section w e will compare a pro cessor that implemen ts the mathematical

and trigonometric functions on c hip (lik e the P en tium family do es) to a pro cessor

that memoizes these functions. In b oth cases square-ro ot taking is implemen ted

on c hip. In addition w e will com bine b oth approac hes and memoize the hardw are

implemen ted functions. The latencies of the on c hip functions are the a v erage
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Figure B.5: Hit ratios as a function of set asso ciativit y size. Memo-T able is

uni�ed (dashed line, 512-en try) or separate Memo-T ables are used (solid line,

256-en try p er Memo-T able ).

latencies sho wn in table B.1.

Figure B.7 compares the approac hes. The hardw are only approac h yields the

w orst results. F or the SPEC b enc hmarks whic h use the math & trig functions

m uc h less than the Multi-Media applications the hardw are approac h barely

surpasses the base pro cessor. The com bined approac h is the fastest as it b ene�ts

from a lo w er latency for Memo-T able misses and from a latency of one cycle

for Memo-T able hits.

B.3 The Rationale Behind F unction Memoiza-

tion

It is imp ortan t to understand wh y the tec hnique w orks. Wh y do b enc hmarks

suc h as vgb o x, turb3d and klogexp displa y suc h high b enc hmarks. A lo ok at

a simpli�ed excerpt from the source co de of vgb o x sho ws (table B.7) that it is

computing in a lo op the Sine and Cosine of a v ariable. Pro�ling sho w ed that

this v ariable do esn't c hange. Ho w ev er the compiler can't p erform Common

Sub expression Elimination (CSE) and mo v e it out of the lo op b o dy due to a

condition that migh t c hange the v ariable's v alues. The compiler can't detect the

fact that the v alue do esn't c hange. Using a Memo-T able solv es the problem

b y sa ving the previous computations.

The b enc hmark turb3d con tains co de that p erforms a complex F ast F ourier
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Figure B.6: Breakdo wn of function, instruction, and com bined memoization

sp eedups b y suite.

T ransformation (FFT). The main lo op of the fortran subroutine is sho wn in

table B.8. In the inner lo op half the v alues of TI are the same as from the

previous iteration of the outer lo op. The Memo-T able easily tak es adv an tage

of this.

The application klogexp tak es the logarithm of all pixels in an image. Section

2.2 has sho wn that neigh b oring pixels in an image tend to ha v e the same v alues

leading to a high hit-ratio in the Memo-T able .

for(i=0;i<N;i++){

xp = i/px;

std[i] = xp*cos(teta)/sin(teta);

if(std[i] >= KPI - EPS && std[i] <= KPI + EPS)

teta += KPI;

}

T able B.7: Simpli�ed vgb o x co de.

B.4 Related W ork

Tw o tec hniques are comparable to FM. The �rst is a hardw are implemen tation

with extensiv e soft w are supp ort. The other is a pure soft w are approac h.
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Figure B.7: Breakdo wn of soft w are memoization, hardw are implemen ted func-

tions, and com bined hardw are memoization sp eedups b y suite.

DO 110 J = 1, M

T = PI / LN

DO 100 I = 0, LN - 1

TI = I * T

U(I+KU) = COS (TI)

U(I+KN) = SIN (TI)

100 CONTINUE

KU = KU + LN

KN = KU + NU

LN = 2 * LN

110 CONTINUE

T able B.8: FFT routine from turb3d.

B.4.1 Compiler-Directed Dynamic Computation Reuse

Connors & Hwu [13 ] prop ose a general tec hnique for reusing large regions of co de

whic h ha v e distinct en try and exit p oin ts. They named it: Compiler-Directed

Dynamic Computation Reuse. If the v alues at the en try p oin ts matc h the v al-

ues stored in a lo okup table the results stored can b e used, th us a v oiding the

need to recompute the region. Changes in the registers and memory lo cations

accessed in the region in v alidate the stored results. The regions are detected b y

a pro�ling-compiler whic h inserts new instructions that test reuse, up date the

table, and in v alidate stored en tries.

While our tec hnique can b e seen as a subset of theirs it necessitates smaller

c hanges to the existing compiler and hardw are and do esn't call for extensiv e

pro�ling. Both w orks are limited b y the n um b er of function argumen ts and
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return v alues they can supp ort.

B.4.2 V alue Pro�ling

A soft w are approac h suggested b y Calder, F eller & Eustace [14 ] uses v alue pro�l-

ing to iden tify instructions that ha v e in v arian t or predictable v alues at run-time.

By inserting sp ecialized co de they can compare the inputs of functions or co de

segmen ts to the v alues that ha v e b een found to b e most common. If they matc h

the results are obtained immediately , if not the function or co de segmen t is

executed.

The only adv an tage this tec hnique has o v er hardw are memoization is that

no hardw are and instruction set c hanges are needed. On the other hand our

tec hnique has the follo wing adv an tages:

� It do esn't need the extensiv e pro�ling necessary for v alue pro�ling.

� It can capture reuse that v alue pro�ling do esn't detect suc h as a large

n um b er of data v alues eac h used only a few times, or data that is input

v arian t.

� If there are ev en t w o v alues to compare to, the o v erhead of a soft w are miss

is greater than the o v erhead of a hardw are miss.

B.5 Comparing Hardw are to Soft w are Memo-

ization

A fundamen tal question ab out memoization is: \Wh y can't it b e done in soft-

w are?" A t the instruction lev el it is ob vious that soft w are memoization is of no

a v ail. The o v erhead of a lo okup w ould b e tens of instructions. Nev ertheless the

question is v alid in the scop e of function memoization.

Memoization is, of course, p ossible to implemen t in soft w are but there are

sev eral reasons wh y a hardw are-based approac h is sup erior:

� the most comp elling reason for using hardw are-based Memo-T able is the

p enalt y of an unsuccessful lo okup. F or terminal cases where the hit-ratio

on the Memo-T able is lo w, the p enalt y for a soft w are test and up date

is sev eral memory accesses and tens of extra instructions. The p enalt y

of a hardw are-based Memo-T able miss is one or t w o mac hine cycles as

sho wn in section B.1.2.

� Initializing, accessing and up dating the soft w are based Memo-T able

complicates programming and compiler design. Global Memo-T ables

will ha v e to b e recognized b y co de that w as written b y di�eren t teams of

dev elop ers or b y a third part y compan y . A hardw are-based Memo-T able

access is simple ( lupm1 and up dm1 ) and all mo dules of an application
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access the same table. A dev elop er need not kno w of the existence of mem-

oization and the compiler writer needs to add only three extra instructions

for eac h memoized function call.

� A memory based Memo-T able demands resources suc h as registers, cac he

lines, and memory p orts. These resources are deducted from the original

application. A hardw are-based Memo-T able uses none of the ab o v e.

T able B.9 compares hardw are based to soft w are based memoization. Sho wn

are the a v erage sp eedups p er suite when using separate Memo-T ables for eac h

function. The size of eac h Memo-T able is 256 en tries and the asso ciativit y

is either direct-mapp ed or 4-w a y set asso ciativit y . In addition to the sp eedups

w e sho w the table size needed in order to ac hiev e the same sp eedup of using

a hardw are 256/4 Memo-T able , or the maximal sp eedup if it is imp ossible

to obtain the same sp eedup. This happ ens when the miss ratio is so high

that the miss p enalt y is larger than the n um b er of cycles a v oided b y successful

memoization, or the soft w are tables are so large that they dominate the L1 data

cac he and degrade execution.

The results w ere that only 5 out of 17 applications ac hiev e an y sp eedup

(with soft w are-memoing & 256-en try tables). The a v erage sp eedup is -11% (-

7% for a direct-mapp ed table), in other w ords a slo wdo wn. It is in teresting to

p oin t out that while the hardw are based sc heme fa v ors the higher asso ciativit y

(10% compared to 8%), the soft w are fa v ors the direct-mapp ed approac h. This

is due to serialization of the 4-w a y lo okup in soft w are. F urther sim ulations ha v e

sho wn that for soft w are a 2-w a y lo okup is the b est tradeo� b et w een hit-ratio

and lo okup o v erhead.

When trying to �nd the soft w are based table that yields the b est results w e

observ ed that a table larger than 2K en tries will alw a ys cause a degradation in

p erformance. This is caused b y the doubling of the miss ratio of the L1 data

cac he o v er the case where a 1K en try table is used (for some applications a

smaller table size already causes degradation). The a v erage sp eedup obtained is

1%, with only six applications b eing slo w ed do wn, and 11 ac hieving some degree

of sp eedup.

256-entry tables b est achieve d

suite 4-way dir e ct soft memoization

har d soft har d soft size/asso c sp dp

MediaBenc h 1.12 0.86 1.10 0.90 1024/2 0.95

SPEC 1.06 0.93 1.05 0.95 2048/2 1.01

Khoros 1.13 0.88 1.12 0.92 1024/2 1.03

Harmonic mean 1.10 0.89 1.08 0.93 1.01

T able B.9: Sp eedup comparison b et w een hardw are based to soft w are based

memoization. Hardw are Memo-T ables are separate and of size 256/1 and

256/4.
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B.6 Summary

This c hapter in v estigates the tec hnique of memoization in the framew ork of

the mathematical and trigonometric functions. The results of previous function

in v o cations are sa v ed (along with their inputs) in lo okup tables. If the result of a

function call already resides in a table, it is obtained in a single cycle as opp osed

to the tens to h undreds of cycles it w ould tak e to compute the function. Our

tests ha v e sho wn that an a v erage success rate of 58% is ac hiev ed for applications

that utilize the mathematical and trigonometric functions.

Our main conclusion is that with hardw are supp ort in the form of a small and

simple to design lo okup table (a uni�ed, 512-en try , 4-w a y asso ciativ e Memo-

T able 's size is 16KBytes) it is p ossible to attain an a v erage (harmonic mean)

sp eedup of 11% for applications whic h utilize the aforemen tioned functions. This

is 60% of the maximal sp eedup ac hiev able whic h w ould require using Memo-

T ables with millions of en tries.

The o v erhead for unsuccessful lo okups is one or t w o cycles for eac h function

call, th us an almost negligible p enalt y is paid for applications that don't displa y

a large degree of \v alue lo calit y". Suc h a lo w o v erhead is imp ossible to duplicate

using soft w are memoization tec hniques.

As most mathematical and trigonometric functions aren't included in the

instruction sets of most micropro cessors (square ro ot taking b eing the excep-

tion) w e suggest adding t w o new instructions to the ISA. lupm1 ( lupm2 ) and

up dm1 ( up dm2 ), whic h lo okup and up date a generic Memo-T able .

In comparing FM with IM w e sa w that for applications whic h hea vily utilize

mathematical and trigonometric functions, function memoization yields b etter

results. F or almost all applications b oth approac hes complemen t eac h other

leading to a 14% sp eedup using a com bined implemen tation. W e compared

a pro cessor that implemen ts the mathematical and trigonometric functions in

hardw are on c hip, to a pro cessor that memoizes these functions on c hip, but

executes them in soft w are. The results sho w ed that the latter pro cessor w as

7% faster than the former one. Com bining b oth approac hes yields a sp eedup of

15% o v er the base pro cessor.
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