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This research investigates the process of generating memory

addresses within computer programs and evaluates methods for making that

process more e f f i c i e n t .

The a pp r oach tak en he re is to separate p r ogra m execution in to a

computation process and an addressing process. The addressing process

generates the memory reference stream for the computation process (and

incidentally for itself as well). The memory reference stream of the

computation process is then modeled probabilistically and its information

content derived . It is shown ~.hat the addressing overhead , A , is lower

bounded by the information content , H, of the computation process memory

reference stream. Techniques are also presented for estimating A and H

from traced program execution . The estimation results indicate that ~

(A estimate) is much greater than H (H estimate) indicating that not only

does the addressing process p lace a great load on the system , but that

much of that load is unnecessary .

Several techniques are presented for improving addressing

efficiency with standard computer architectures. Significant savings can

be achieved here . It was concluded , however , that the greatest reductions

in A ~~cur by us ing second order memories.  These memories are defined and 
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their performance analyzed . Using such a memory not only reduces A to

approximately H, but also has the additiona l advantage of significantly

reducing the bandwidth requirements between the CPU and the memory system. 

—,~~--~ -~~--, - -—-~~~~~~~~~~~ -~~----—~~,
,
.--.. .~~~~L , ‘- 

. 

~~~ . .



iii

ACKNOWLEDGMENT

The author wishes to express his deepest and hea r t f e l t

grati tude to his advisor Professor Edward S. Davidson. Pro fessor

Davidso n ’s constant patience and insightful guidance were necessary

ingredients to this d isser ta t ion.

The author also wishes to thank his colleagues at the

Coord inated Science Laboratory; Faye Briggs , Rob Budzinski , Joel Emer,

Alan Gant , Bill Kami nsky , Bala sub rarnania n Kuma r , Trevor Mudge , and

Janak Pate]. for providing an intellectually stimulating environment .

Special thanks are also in order to Professor Richard A. Flower whose

time ly sug gestions contributed greatly to t his research .

The author , in addi t ion , wis hes to thank Ms. Rose Harris for

the immaculate typ ing of this report .

The author especial ly wishes to acknowledge his wife , Kathy ,

an d sons , Johan and Erik , wi thout  whose love and devotion this

dis sertation would not have been possible .

The author also wishes to thank his parents for  their encourage-

me nt and patience. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—

~~~~~~~~~~~~~~~~~~
- -

~~~~~~~~~ 
.. .- -.- -

~~~~~~~.



-

iv

TABLE OF CONTENT S

j cHAP’rER Page

1. INTRODUCTION 1

1.1. Problem Statement and Objectives 1
1.2. Background 2
1.3. Plan of Development 2

2.  INFORN~.TION CONTENT OF REFERENCE STREAMS 5

2.1.  Introduction 5
2 .2 .  The Addressing Process 5
2 .3 .  Entropy 13
2 .4 .  Est imat ion Theory 24
2 .5 .  Analysis Programs 36
2 . 6 .  Results  48
2 . 7 .  Summary and Conclusions 55

3. MINIMIZATION OF A 56

~.1. Introduction 56
2.  R -FD Optimi zation 56

3.3. The Address Register Allocation Problem 71
3.3.1. Intracontext Allocation 72
3.3.2. Intercontext Allocation 74

3.4. Architectura l Improvements 77
3.5. Summary and Conclusions 86

4. SECOND ORDER MEMORIES 88

4.1. Introduction 88
4.2. Theory of Higher Order Memories 88
4.3. Examples of Second Order Memories 92

4.3.1. CCD Memories 94
4.3.2. Segmented Counter Accessed Memory (SCAN) 94
4.3.3. Segmented Random Access Memory (SEAN) 96
4.3.4. Successor Accessed Memory (SAN) 98

4.4. Analysis and Simulation of the Segmented Random Access
Memory (SRAN) 100

4.5. Analysis of the Successor Accessed Memory (SAN) 115
4.6. Summary and Conclusions 128

5. CONCLUSION 130

5.1. Summary and Conc lusions 130
5 .2 .  Topics for  Further Research 132 

—-



p.. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~

. —. .. -... . --.---. . -.- - - - -

v

TABLE OF CON TENTS (continued)

Page

REFERENCES 135

VITA 137

_ _ _ _ _  —.-- ,



- 
--_. -~~~~~~~

vi

LIST OF TABLES

Table Page

1. Addressing Types 7

2. IBM 360 Instruction Types 7

3. Statistics Computed by FILT2 38

4. Statistics Computed by PRE P 40

5. Statistics Computed by RAMPS 42

6. Statistics Computed by NARX1 46

7. Information Content and Trace Size 49

8. Ramp/Block Structure 50

9. Coding Rate for  Trace Programs 69

10. Matrix Mul t ip l ica t ion Pr ogram 79

11. SRAN Ana lysis Resul t s  103

12. SRAN Simulat ion Resul ts  112

13. SAN Analysis Results 123

14. SAM Space-Time Trade-offs 125



r . 

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

_ _ _ _ _

vii

LIST OF FIGURES

Figu r e Page

1. CPU-memory model 9

2. Addressing process and channel 19

3. A block 25

4. A block graph 27

5. An expanded block 29

6. Vxamp le of a program graph 35

7. Program system 37

8. H1 
allocation model 62

9. R+D trade-off (GAUSS ,ERROR) 65

10. R+D trade-off (LIST,EIGEN) 66

11. Matrix multi p lication program flowchart 82

12. Segmented Counter Accessed Memory (SCAM) 95

13. Segmented Random Access Memory (SPAN ) 97

14. Successor Accessed Memory (SAN) 99

15. SAN allocation tree (v 1) 117

16. SAM heuristic allocation (v l) 120

~ 

~~~~~~~



1

CHAPTER 1

INTRODU CTION

1.1. Problem Statement and Objectives

Many researchers have concluded tha t  onl y a portion of what a

computer system does contributes directly to the desired computation.

The rest is overhead required of the program to work around awkward

hardware . This situation has come about , in part , because of a lack of

understanding of the behavior of computer programs and the relationship

of that behavior to the system hardware . Essentially,  many areas of

computer design are approached in an ad hoc manner. One area where this

is true is that of CPU/memory communication (including address generation).

Since considerable overhead goes into managing this communication , it is

desirable to analyze or characterize the essential characteristics of

the address generation process more precisely . For example, such

characterization is important in the realm of Large Scale Integration

(LSI), where tremendous functional capability can exist within a single

integrated circuit , but the communication bandwidth between circuits ,

e.g. CPU and memory , is ext r eme ly limited .

In this dissertat ion the area of CPU/memory communication is

exami..-d . In particular , methods are presented for deriving the information

Content of the CPU/memory reference stream . The information content is

then used as a measure of the efficiency of the addressing overhead

incurred by a particular CPU/memory addressing architecture . Our

principal objectives are to characterize CPU memory referencing behavior

- -.---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ..
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a nd the addressing process wi th in  the CPU that  imp 1em~nts the memory

reference stream , and to discover c omputer  a rchi tec tures  which per form

this memory referencing function much more efficiently .

1.2. Background

Although there is no research known to us in the area of

analyzing general purpose computer system addressing and memory referencing ,

there has been some work done in applying information theoretic concepts to

other aspects of computer system evaluation. Constantine [U has briefly

examined the information content of a typical computer word . Hehrier [2]

and Foster and Gonter [3] have looked at improved opcode encoding, taking

advantage of the highly sequentia l aspects of the opcode stream. Hehner

has shown that by using his techniques , program size can be reduced by

as much as 757~ in some cases . Clark [4] has used frequency based encoding

to optimize LIST data structures to minimize access times.

All these researchers have reached the conc lusion that , in

most of today ’s general purpose computing systems , significant compaction

of program storage space in memory and significant reductions in program

execution time can be achieved by more efficient coding and/or improved

system architecture.

1.3. Plan of Development

In Chapter 2 an execut ing program is shown to consist  of an

addressing process and a computation process. From the addressing process

L ~~~~~~~~~~~ .. ~~~~~~~~~~~~~~ . ~~~~~~~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . . .
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concept , the addressing overhead and addressing bandwidth requirements

can be formally defined . Also the information theoretic concept of nth

order entropy is app lied to analyze the memory reference stream of the

computation process .

I t is shown that theoretically this entropy is a lower bound

for the addressing overhead and is therefore a good basis for measuring

addressing efficiency . Techniques are developed and a system of computer

programs presented for determining the estimated addressing overhead and

entropy of an actual program execution . Numerical results  are then shown

that demonstrate the considerable inefficiency that exists.

Chapter 3 briefly examines several techniques for improving

addressing eff ic iency within the context of standard archi tec tures .  These

imp rovements include reducing ~he number of address regi3ters and the

maximum displacement to more accurately reflect program requirements ,

improving the allocation of address registers by the compiler , and

improving the indexing capabilities of the architecture .

Chapter 4 presents a radical approach to the design of the

tuernory subsystem. In particular the concept of second order memory is

introduced . This memory architecture improves performance by taking

advantage of the higher order , predictable behavior of a typical

referencing stream . Two examples are analyzed in detail , clearly demon-

strating, that if one is willing to pay the price of increased space and

d i f f i c u l t y  of use , addressing overhead can be reduced by an order of

magnitude or more. 

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



rip. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ 
—. 

... __ - _ --— —-- .— - — — - - — - — -.-. -- ——-- ,— .- .- .— .- - . —.—-.-— . — ------ —

4

Chapter 5 then summarizes the m a j o r  results  and conclusions of

this research and presents  a few topics on which addi t ional  research

would be most u s e f u l .

_ _ _ _ _ _ _ _ _ _ _ _ _  ~~- - . - — .~~~~~—~~~~~~~-—— 
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CHAPTER 2

INFORMATION CONTEN T OF REFERENCE STREAMS

2.1. Introduction

In analyzing the information content of the memory address

(reference) trace of a program , an attempt is made to isolate that part

of the trace inherent to the computation in the program from the part

devoted to address generation performed by the program . The program is

accordingly divided into a computation process and an addressing process .

The average information content per reference of the computation process ,

H, is then analyzed .

In this chapter the variable H is defined as well as a method

for estimating H. Also defined are variables B, the number of bits of

address per reference actually sent to the memory per computation reference

and A , the number of bits input to the addressing process per computation

reference.

In addition , the methods used by a system of analysis programs to

compute values for the above variables are presented .

~ .2. The Addressing Process

Before defining the addressing process , the concept of R+D

architecture is introduced .

Definition 2.2.1: An R+D architecture forms a memory address by taking

the contents of a base register R and adding some displacement D. 
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Memory address (contents of R)+D , where

r = flog2 
(number of registers)l and

d = Ilog
2 

(maximum disp lacement in locations)1 .

Now r+d is the number of bits required in an instruction encoding to name

a register and specify a displacement .

The R+D architecture is important because most addressing

architectures use variations of R+D addressing . Table 1 shows a few of

the addressing modes in common use and some common computers that use

them. Paged addressing , for example , requires a page select register

which is often loaded imp licitly by indirection. Indirection is actually

just the automatic reloading of the memory address register. Consequently

each form of addressing has its own method for loading into and displacing

from explicitly or implicitly addressed base registers. So in reality,

the other addressing modes are just variations of the first. Thus it is

reasonab ly general to devote our attention to a strict R+D architecture .

Throughout the rest of this dissertation , the IBM 360 is used

for modeling purposes. IBM 360 program traces were read ily available to

us. Furthermore , the 360 architecture does not have indirection facilities ,

and since it would have added additional complexity to our models without

being useful in our examples , we did not consider indirection (except

briefly in the section on compilers in Chapter 3). Future research in

this area may very well include the explicit modeling and analysis of

multi ple level indirect addressing . That extension to the model used

here should be straightforward . 
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Table 1

Addressing Types

Base + Disp laceme nt

IBM 360, PDP-ll

Paged

HP 2100 , PDP- 8

Indirection

PDP-ll , HP 2100

Auto-I ndex

PDP-ll

PC-Relative

PD P- 11

Table 2

IBM 360 Inst ruct ion Types

Memory
Addressing Mode

RB. - Reg ister Reference None

RX - Storage Reference , indexed ( B ) + ( X ) + D

RS - Reg ister and Storage Reference (B) +D

SI - Storage and Intermediate (B) +D

SS - Storage and Storage (B) +D , (B) +D

(Where (B) si gn i f i e s  co nte nt s o f a base r eg ister ,
(X) s ignifies contents of an index register , and
D is an integer value representing displacement. )

_  _  ~~~~~~ 
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The IBM 360 addressing architecture lends itself quite well to

this anal y sis , since it has easily del i neated index operat ions  and is

basical ly an R+D architecture . Table 2 show s the IBM 360 instruction

types and the addressing mode used by each . Therefore  b y ana ly z ing  a more

or less pure R+D architecture like that of the 360 we feel  we are per forming

a reasonab ly general analysis .

Program execution now can be divided into two interleaved

processes : the computation process , which performs actual computationa l

work , and the addressing process , which calculates the references to memory

needed by itself and by the computation process (see Figure 1). These

are modeled as follows .

Let A be the total number of bits flowing into the CPU to

perform the addressing function averaged over the total number of 4

references made by the computation process. The following algorithm

filters out the addressing process references and defines A for a 360

program trace . (It is possible to specify a general algorithm for

filtering out the addressing process for any architecture . However ,

since all our examp les are from the 360, a more specific 360 oriented

algorithm is presented . Adaptation of this algorithm for some other

computer would not be difficult.)

Filter Algorithm

- Scan the instruction trace in the reverse direction.

- When a register is used for base or index addressing, place it on the

active base or index register list , respective ly.
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Data and Instructions

c i CPU
> Computation —

Data ~~
> 

Addressing ‘
~~Memory

Computation 
. 

_ _ _ _ _ _ _ _

_ _ _ _ _ _ _ _ _ _ _ _  

Referencing
Stream

FP 5393

Figure 1. CPU-memory model.
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- When an instruction operates on an active reg ister , del ete that

instruction. If the instruction was a load , deactivate the destination

reg ister an d p lace the sou rce memory location on the active storage

list.

- When a store into an active storage location is encountered , dele te

the instruction , deactivate the storage location , and activate the source

register.

- When loading or doing arithmetic from any register to an active register ,

activate the source register , delete the instruction , and if the

instruction is a load , deactivate the destination register.

- A is computed as the sum of all bits of deleted instructions , all the

bits of data fetched by their associated memory references , all address

register (base and index) select bits and all displacement bits (see

Definition 2.2.1), and then dividing the total by N which is the

total number of references made by the instructions and partial

instructions that remain after filtering (i.e., those not deleted).

In all but one case we assumed three bits instead of four for

address register select , since for all but one of our traces at most

seven or eight registers were active at one time for addressing .

Consequent ly,  the execution of a single memory reference (RX) instruction

usually incurs 18 bits of addressing overhead (3 for index register

select , 3 for base register select , and 12 for disp laceme n t ) .  Also two

bi t s  a re added to each comp utation inst ru ction exec uted , since there are

basically four addressing operations that need to be delineated ;

_ _ _ _ _ _ _ _  _ _ _ _ _ _  ~~~~~ ---- 
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- RX , RS, or SI memory reference ,

- SS memory reference ,

- Base Reg ister Load , and

- No memory reference (RB. instruction).

This algorithm filters out only active addressing activity.

This means that if an address register is set up in anticipation of a

branch that is never taken (or an operand that is never accessed), that

set up operation is not filtered . This is one of the gray areas of

algorithm operation , since it is impossible for the algorithm to detect

“unfulfilled” addressing process activity .

Definition 2.2.2: For the ith word read from memory by a trace , let

w. = the number of bits in the word ,1

a. = the number of bits in that word which are associated with the
1.

addressing process; i.e., those bits deleted by the filter

algorithm from the reference word (a
~~~

w
~ 

in many cases), and

c1 = w~ 
- a~ those bi ts  of w~ associated with  the computat ion

process , i.e., the number of bits in the referenced word which

remain after the filter algorithm is run .

The computation process then operates given instructions and

data , c., fetched from the memory . Computational work is performed on the

data .

The addressing process operates given instructions and data , a
~
,

from the stored program in memory. The addressing process is responsible

for creating all memory references needed by both processes . 

~~~~~~~ .
~~~~~~~~~~ --- -~~~~~~~~~-- ~~~~~~~~~~~~~~~~~~~~ ----~~ . 
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Definition 2.2.3: The addressing overhead is defined as

A
N:

where N
~ 

is the number of computation process references . That is, let

N
~ 

= total number of references ,

N number of references with c. = 0a i

(N = number of references for instructions rather than number of
a

instructions , since some instructions require multiple references), and

Nd 
= number of data references in the addressing process , we get

N = N
~ 

- (N
a +N d

a
)
~

Note that N includes all referenced words with c~ ~ 0. In an infinitec 1

process , we define A as

1 lim A.
Nc

A then is the average number of addressing bits input into the

CPU per computation reference. The addressing process can be visualized

then as a finite , deterministic oncoder which ~enera~es the entire memory

reference stream . F
Definition 2.2.4: B is the number of bits of address which are sent to

the memory per computation reference.

Until Chapter 4 it is assumed , as in conventiona l computers ,

that the number of bits being sent to memory consists of fixed size

packets of w bits each so that

- -  -- - , --.-~~~~~-~~ ~~~~~- -~~~~- --- ~~~~ - - ~~~~~ - . - . 
~~~~~~~~~~~~~~~~~~~
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B~~~~~~w

where w = log
2 

(memory size). For the 36O,w is assumed to be 32 bits.

In Chapter 4 a more general  formula for  B w i l l  be developed , which  is

compat ible  w i t h  a broader c lass  of a r c h i t e c t u r e s .

The next sect ion introduces the concept of entropy and defines

the var iab le H. It is then shown that th i s  va r i ab l e  is a ~o~ er bound for

A and consequent ly A vs .  H provides a measure of address ing e f f i~~ eric~ of

the system ar:hitecture operating on typ ical object code comp iled for the

system.

2 . 3 .  E n t r o py

Ent ropy  is used by i n f o rm at i o n  t h e o r i s t s  as a measure of the

u n c e r t a i n ty  of a random va r i ab le .

D e f i n i t i o n  2 . 3 . 1 :  The en t ropy ,  H(S ), of a random var iable , S , which

arises from an unconditional probabilistic process is the average self

information:

H(S) = -E p(s.) log p (s1)1 1

where the self information of the occurrence of element s. of S is defined
1

as -log p(s
~
), the logarithm of the probability of occurrence of element

si•

Thus, for example , if S takes on one of three values with

probability 1/2 , 1/4, and 1/4, the information conveyed by the occurrence

of each of these values is 1 bit , 2 bits , and 2 bits , respective ly. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ j
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The expected info rmat ion  conveyed by a v a l u e  of S , the se l f  information

of S , is 1.5 bits. A Huffma n encoding of the three values which transmits

no more bits than the information content is 0, 10, and 11, respec tively .

Ma ny processes have cons iderable structure , i.e., they are very

predictable given sufficientl y high order conditional probabilities.

Extension to higher order requires a more involved , but more useful

definition of entropy . Let m~ ~ M, where M is the ~et of memory locations

accessible by a program and Ml = 7w i.e., the memory size . Let S be

the random variable that represents the memory referencing process. S

takes on values which are successive ly referenced memory addresses , in a

probabilistic fashion.

Definition 2.3.2: An n gram, g°, is an ordered set of n addresses ; e.g.,

if we have two loca:ions a and b , all possible 2 grams would be g~ = aa,

ab , g3 ba , = bb . G is the set of all possible n-grams .

Using the ri gram entrop ies of Shannon [5] the absolute entropy

is defined .

Definition 2.3.3: Let m~ be an arb itrary reference to the ~th loca tion in

memory . Let g~~
1 

be the n-i gram of the previous n-I references. The

zeroth order entropy is

H0(S) log2jM l =

if all 2’~ loca tions of memory are accessed by the program . Note that H.0(S)

actually represents the value log
2IM ’ l ,  where M ’ is the set of referenced

memory locations , M ’ 
~ N. All locations of memory are not always referenced ,

so in general

L~~~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J



_ _

H
0
(S) = iog

2~
M ’
~ ~ log~ lM~ w.

The nth  order entropy is

n-l n-iH (S) -
~~. -~~ p(m .,g. )log p(m .jg. )

m .eM n-i 
G~~

1 3 1 L 3 1
3 Si €

and the absolute entropy is

H(S) = lim H (5).n

It should be noted that calculation of H(S) for a finite program

trace is impossible , since as ri approaches the length of the trace , H (S)

approaches 0 and is no longer meaningful. Therefore , the variable Ti will

be introduced , which is an estimate of H based on the general structure ,

but no t on comp lete knowled ge of the trace .

Note that we are using base 2 logarithms so that entropy has

dimension bits/reference . For example , with the above definition

H1
(S) -E p(m .) log2

p (m .)
m~€M 3 3

H (5) E E p(m . ,m . ) log p(m . Im . ), and
2 m~ €M rn. cM 

~1 ~2 
2 

~1 ~21 2

W ?  H0(S) > H~ (S) > . . .  H (S) = H(S ) > 0 .

Note that G~~~M. Entropy is an excellen t measure of the unpre-

dictability of a probabilistic process. If S represents an independent

uniformly d i s t r ibu ted random variable, H(S) = w , and if for some i,

p (m
~
) = 1 (a particular location , i, is always referenced), H(S) = 0,

bounding H(S). Entropy then is a measure of the “uncertainty ” or

“unpredictability ” of the random variable S; oth order entropy is a measure
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of the unpredictability of the next reference given knowledge of the

previous n-I references . It is important that entropy is a memory

allocat ion independent measure of predictability in contrast to locality

which is allocation dependent .

Before presenting the key result of this section , it is useful

to describe the abstract model of the addressing process. When a program

is being executed by a CPU , all or part of some of the words fetched by

the CPU constitute input to the addressing process. That process as it is

executed under program control by the hardware can be modeled as a finite-

state machine . This machine accepts as input the data words , instructions ,

and portions of instructions which we defined as the addressing process

input in the previous section. In an actual system these codewords flow

into the CPU over the data bus . This same bus also transmits the

compu ta tion process inputs . Hence the va r i ab le  leng th proper ty of the

inpu t codes is essen tial even though the bus itself  and the data words

on it may have constant width. The output of the finite state machine

represen ting the addressing process is the actual string of memory

locations (outputs to the address bus) referenced by the computation

process only. The state of this machine may be though t of as the cr oss

produc t of the states of all reg isters (or partial registers) used by the

addressing process.

At this point , the address ing process is abs trac tly thought of

as genera ting only the references for the computation process. This means

that for this section , the variable A represents just that overhead

required to generate the computation process memory reference stream.
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Of course the actua l values for A in the results section will also include

some overhead required by the addressing process for generating its own

references . This makes A onl y sligh tly larger than if such overhead were

excluded .

Since our decoder is a finite-ctate machine , it therefore can

be thought of as a decoder which uses a finite number of different

codebooks . The current codebook being used is determined by the state

of the machine . Codebooks can be changed by certain codewords which are

state dependent . Different codebooks then map the same input code set

onto the same output set in different ways . What this means is that

depending on the initial state of the machine a finite length string of

codewords input into the machine could give two or more distinct output

strings.

Therefore we have a finite-state decoder accepting an input

code set of variable length codewords , and outputting elements from the

set of memory addresses (in other words , the memory reference stre~ r~ of

the computation process). The variable-length input codeword set must be

uniquel y decodable. A code is uniquely decodable if for each source sequence

of finite length , the sequence of code letters corresponding to tha t source

sequence is different from the sequence of code letters correspondino to

any other source seque nce [6]

Recapitulating then , H(S) is the absolute entropy of the stream

of compu tat ion re fe rences , i .e. , machine outputs , which are the memory

references required by the computation process. A is the average length

i n b i t s  of the codewords input  into our f i n i t e - s t a t e  “add ressi n g ” m a c h i n e

per computation reference.
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Figure 2 illustrates the entire proces s. n Figure 2a , a

precise diagram of the relationship of the addressing process to the

computation process is shown . Figure 2b shows the abstract model of the

addressing “communication channel. ” The decoder is the finite-state

machine model of the addressing process. A represents , in bits/symbol ,

a code for selecting codebooks and inputs to the selected codebook which

cause the addressing process to generate the S string. The encoder is

the n an imag inary process wh ic h cod es S in to  an e f f i c i e n t  A s t r i ng . A

similar encoding function is norma l~ v performed by the comp iler.

Theorem 2.3.1: If a finite state deterministic decoder is used to convert

A to B , th en

A > H ( S ) .

Before Theorem 2.3.1 can be proven two useful lemmas and a

theorem are given.

Lemma 2.3.1: Let p 1,p 2,.. 
~‘~ M 

and 
~~~~~~~~~~~~~~~~~~~ 

be arb itrary posi tive

numbers with 
~~~~ 

= 
1
q~ = 1. Then -.Z

1
p~ 1°~~

p
~ 

~ i~ l~~ 
log q~ with

equality if and only if 
~~~~~~ ~i.

Proof is given in Ash [7]

Lemma 2.3.2: For any uniquely decipherable binary code with word lengths

‘i -n .
1. 2  ~~ l.

Proof is given in Ash [8] .

Theorem 2.3.2: Let S be a random variable which represents a source

generating symbols. Let A0 be the ave ra ge numbe r of bits 

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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required to code each source output s . in binary digits , given that

the encoder and decoder have oniy knowledge of the previous n-I symbols

generated . A is then the average code length needed to code the next
n

n-I
symbol , knowing the n-l gram , g , of prev ious symbols. Then

A > H (S).n —  n

Proof: (Similar to that of Theorem 2.5.1 in Ash [9] .) Define

n-i
A = E p (m.,g. )nn 1 3 ~~~

where n~ 1~ 
is the length of the code word assigned to m

~ 
when the n-i

n-l
gram g. has just been transmitted . Then

A E p ( g .  )A (Sln-l gf l l
)n 

~ 
3 0

where
n-l
) = E p (rn I n-i

A
fl (SI g. 

1 .~
g )ri I

Now
n- 1n-i

H (5) = - P(m
~~S~ 

) 1og
2
p(m.1g ~ )

ri

or ri-i
H0 (S) E P(S~ )H ( S l g .  )

where
n—l  — I n— 1 n- iH0 ( S l g .  ) — -E p (m. g. ) og7p(mjg. ).3 j  1 3

First we shall prove

- n-iA (S~ g~ 
1) H (S~ g. ) .n — n  j

n-iMul tip lying A (S~ g . ) by log
2

2 ( 1) we have

-nn-i 
-= p (tn 

n-I ~, i~ j(log
22)A(SI~~ ) = 

~ 
g~ ) iog2.
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-ri .

2 1 3

Letting 
~~ 

= 
-n , by Lemma 2.3.1 we have

E 2  2Jj

2

n-i n-i  n-i
- p(m . g. )log

2
pOn~ g. ) ~ -E p (m . g . )iog

2
q.

Or

H(S~ g~~~ ) = -E p( m .Ig 
1)iog2 p(m . l g ~~~) < -2 p (m .l g ~~~ ) log

2

or 

H(S~ g~~
1
) < ~~~~~~~~~~~~~~~~~~ +2 p (m.~ g~ 

1
)log2(E 2 

2 13 )

H(S~g~~~) <A 0(S~g~~~) + log2( 2 2 13 )
since

n-i
E p(m. g. ) = 1.
i 1 3

By Lemma 2 . 3 . 2 , 2 2 113 < 1 for any uniquely decipherable code , then

log
2(E 2

113 )

since log2y < 0 for 0 < y � 1.

Therefore
A0(S~g~~~)> H0(Slg

’
~~~).

Since the inequalities hold between A0 and H for all j ,  by multipl ying

both sides of the inequality by p(g’
~~
1
) and summing over j we ge t

or 

E p (g? ’)A~ (SI g~~
1
) ?Z p(g~~

1
)H0(S~g~~

1
)

A0 >H(S) . 
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Basically the above theorem is applicable whenever the encoder

and decoder know only the previous n~ l symbols. Since CPUs use registers

to remember addresses and operand s , the CPU can pass information forward

indefinitely ,  beyond any finite ri gram that may be stored . Hence the

concept of infinite memory encoding (unbounded memory) is necessar’? to

allow modeling of the memory of unbounded h is tory  brought forward by the

contents of the CPU addressing registers. This CPU behavior is precisel y

a n i n f in i t e  memory coding s i tuat ion , since the same finite , arbi trar ily

long subseq uence of instruc t ions can refer to two or more distinct locations .

When a process has tightly coupled codeword group ings , it is

poss ible to bea t the standard Hu f f oan encoding f or the en tire ensemble

by I-iuffman encoding each group and changing codes when a new group is

entered . This technique , of course , requires a decoder with memory and

inte l l igence. This process is exac tly what occurs in art R+D archi tec ture

when base registers are loaded to cove r current localities. For Theorem

2.3.2 to apply to our finite-state machine then we must ict n go to

infinity as stated in the following corollary , thus proving Theorem 2.3.1.

Corollary 2.3.1: For an infinite memory coding system

A >  lim H (5) H(S).
a

No proof is given since this is the most fundamental result of information

theory , i .e., one cannot code ata rate which is lower than the absolute

entropy of a probabilistic source. In a sense we have let ri go beyond

any past knowledge the coder may bring forward .

Co ro l lary 2 . 3 . 1  implies that  a program must be ini t ia l s ta te

independent , i.e., it should assume nothing of the initial register
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contents (reloading before using). This s tems from the fact that the

coder must always be able to operate correctly by looking at the last

n re fe rences  as n goes arbi trar ily large . This assumption is not

unreal istic since al l  computer sys tems req uir e in it ial reg is ter con ten ts

to be set up for a program by each program itself or by the operating

system each time a program is activated .

H(S) is thus a lower bound for A , making A vs. H(S) a good

measure of addressing efficiency. Though H(S) is upper bounded by w , A

is not upper  bounded and could be infinite. (If for examp le no computa t i on

is occurr ing at a ll , N O .) Although in practice A is much larger than

H ( S ) ,  one can visualize a machine where A H(S) w. Basically ,  if we

have H(S) = w , a rando m refere nc ing process , the most efficient addressing

archi tec tu re wo uld be for  the address ing process to fe tch the nex t add ress

d i r e c t ly f rom the  memory each time making A w.  So even though A can

be i n f i n i t e , A shou ld  not be g rea te r  than w in a reasonable  sys tem .

If the  coding process  has i n f i n i t e  memory , we cannot

guarantee  An ~~ . H0 (S) fo r  any f i n i t e  n .  This is due to the fact tha t  the

CPU can always have some knowledge of past behavior  ( > n  away ) which  can

be used to code more e f f i c i e n t ly than H (S) ,  s ince H0 (S) assumes no

knowledge beyond the last n-i gram of references. It is , however ,

interesting that w ith real programs an R+D architecture has difficulty

coding much b e t t e r  than  H1 (Chapter  3) .  There fore  such an a r c h i t e c t u r e

does riot make e f f e c t i v e  use of h igher  order i n f or m a t i o n .

The ca l cu l a t i on  of F~~(S) from a f i n i t e  t race  is of course

impossible . The next sect ion presen t s  an a lgor i thmic approach to comput ing

fl(s), an e s t i m a t e  of H ( S ) .
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2 . 4 .  Est imation Theory

Since actual computer programs are not infinite processes , a

method is needed for f ind ing  an est imated entropy fl(S) of an actual

reference stream . The fo l lowing  method has been used to f ind fl(s) for

IBM 360 program traces . This method tr ies to take advantage of the

“s t ruc ture” of the program. Basically a mode l of p r og r am execution is

de rived using this s t ructure , with the entropy f l ( S)  being the entropy of

the model.

Note that the IL(S) that is calculated from these traces is ,

l ike the traces themselves , data dependent. It is precisely valid onl y

for a particular run of a particular program.

Initially, a computation reference trace is created from a

filtered 360 instruction execution trace. Given the reference trace , the

following constructs are used to create a block graph of program execution :

Definition 2.4.1: A ~~~~ is a set of sequentially executed , nonbranching

instructions terminated by a branch instruction (conditional or uncondi-

tional). A ramp may be entered only at the first instruction.

Definition 2.4.2: A Block is a set of one or more sequentially executed

ramps where all entry points to the block are to the beginning of the

first ramp in the block and all exit points from the block only leave the

last ramp in the block; see Figure 3.

Blocks and ramps are totally sequential , i.e., no looping is

allowed within them.

Blocks actually coul d be co nst ructed f r om a t race in one pass ,

but it has been found that a two pass (ramps , then blocks ) d i s t i l l a t i o n  

- - — --~~~~~~~-- -.
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pro cess works much more smoothl y.  This is t rue , primari ly because of

the la rge number of references one must keep track of when creat ing

blocks directl y from the reference trace .

One p roblem that can occur , is that a ramp can have an arc

entering in the middle . SUPER , the program that determines the blocks

from the ramp graph simp ly moves such an arc to the beginning of the ramp

rather than split the ramp . This , however , occurred for only two ramps

within one program trace (LIST) and therefore hardly affected the accuracy

of fl(s).

A block graph is now created (see Figure 4) where each arc from

node i to node j is labelled f1., representing the execution frequency of

that arc . Note that

Z f. . = F
~
, the total execution frequency of node i.

j 13

Also an arc is added from the last block executed to the first executed

with f . = 1. This construction results in an irreduc ible , i.e.,las t , first

any sta te can b~ reached from any other , Markov process. The node trans i-

tion probabiliti ..s can be estimated from the arc frequencies f... Since

f .  . —

litn _hJ~ = p.  ., the transition probabilit y fromF. 13F
~
- 1 

.node i to node j,

f . .
= , is an estimated transition probability .

To get a rough idea of the error introduced by such finite

sampliag , the expec ted first order entropy calculation has been shown by

Basharin [10] to be
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= 111(s) lf+ log
2e +

where q = number of symbols , IM ’l , and

N = sample size , number of references  in trace.

Fo r our traces , typ ically q ~ 1100 and N 80,000, which gives an error

of about 27~. As n increases in 14 the f i n i t e  sampling error also increases .

This ef fec t  po ses an upper limit on the order of H which can be established

by this method .

Af ter  es tima t ing  the block t rans i t ion  probabi l i t ies  we can

easily compute the stationa ry probabi l i t ies  
~~~~ 

i . e . ,  the probabi l i ty  of

entering state i on an arbitrary state transition , for each block . These

exis t si1’~~e the process is irreducible and ergodic . The process is

ergodic , i.e., it reaches a unique steady state , since in all  our programs

the re has existed at least one block with  an arc to i t s e l f .  This  is a

su f f i c ien t , though not a necessary condition of ergodicity Ill] . Each

block is now expanded as in Figure 5 to include both  its ins t ruct ion  and

data references. Again each arc is labelled with its execution frequency . -

Definition 2 . 4 .3 :  A Program Graph is an expanded block graph , in which

each node represents a single reference .

Definition 2.4.4: Let H(S) be the information content of the program -

graph as defined above . a

It should be mentioned that H(s), though not computed by letting

n approach infinity in }i~ (S) , does nevertheless represent the uncertainty,

give n that we know only the program graph of the program run . It does

not , however , trace block execution “histories ,” since such knowledge ,

j
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though it would reduce Il(S), wou ld be expensive and unwield y to obtain ,

especiall y considering the necessity of knowing the multitude of data

reference “histories. ” Including such information also runs the risk of

incurring unacceptab ly large finite sampling error. Consequently, H(S)

represents a good engineering estimate of H(S).

Within a single block all data and instruction refecences are

dependent on the previous instruction reference. All sequentially

accessed instructions then contribute nothing to the entropy , since g iven

the first instruction of the block , they are known with absolute

certainty . Data references are also dependent only on the previous

instruction and are independent of each other. This assumption adds more

uncer tain ty than is perhaps j usti f ied by the model. However , it was found

through study of one of the traces (GAUSS) that blocks which had two or

more instructions that referenced data from two or more distinct locations

were quite rare. Incidentally by assuming data reference dependence we

also eliminate any highly correlated data referencing behavior that might

occur between successive executions of a block such as in a loop .

Consequently data references may be made in a sequential manner from pass

to pass within the block but will appear to be independent in the program

graph . This again overestimates the uncertainty, but is necessary for a

reasonable computation of fl(s).

The absolute entropy H(S) of a program graph is given by the

following theorem :

Theorem 2.4.1: For a program graph the estimated information content per

reference  with independent data references is

L.. - . -— .-—-.—,.-
~~~~~
.. 

~~-
-—.— -- . .--—-~~- -- .-~~~~~.— -.-—~~~~——-- --
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Il( S) = ~ ~~ H (Sli) = ~~Z ~ .H(Sl i),

where n . is the to ta l  number of r efe rences in block i , N =
1 3 3 3

n .q .
r. = is the fraction of total references which are
1

~ ~ gene rated by block i, and

f l ( s I i )  is the total in formation con ten t over al ] references

in block i.

Il (Sli) = -
~~~ ~~~~~~~~~~ + H~ (1,k)

where the p
~3 

are the estimated block transition probabilities , k spans

the data references in block i, and

Hd (1,
~
.) = -E 3(i,k,2) log2~~(i ,k,2)

where 2 spans all nodes associated with data reference k in block i and

~ (i,k,2) is the estimated probability of occurrence of node 2 during data

reference k in block i.

Before proving Theorem 2.4.1 the following lemma is needed .

Leasiia 2.4.1: The entropy per symbol output by a Markov source is given by

H~~(S) = 2 q (1~~ )(i) H(SIi)

where
H(SIi) = -E p.. log

2 
p..,

and q (1~~ )(i) = the Narkov stationary probability for  state i , since

the program graph has only one irreduc ible set of states , which is

ergodic . The proo f is given in Gallager 112] .
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Proof of Theorem 2.4.1: To evaluate il(s), let us co n side r each nod e

(reference)  in the p rog r am g raph , and find its ent ropy . The possible

cases are :

i) First instruction in a block : This entropy is based on the first

order block transition , i-j, without considering , e.g., where block

i went last time or which block preceded i. The estimated uncertainty

of the transition from block i to j is

IL - . = -log p . . .
~~lock i—’j 2 13

Associating this H term with the end of block i and accumulating

and weighting by over all i (successor blocks of block i) we get

HB l k  j 
= E

Exit Transi t ion

ii ) Other instruct ions of block : Given that we are in block i , these

other instructions contribute nothing to uncertainty, since they are

fetched sequentially, therefore

14 =0 .
Instructions
Wit h in Block i

iii) Data reference at data reference position k in block i: Only consider

dependency on previous instruction fetched (equivalent to knowing k);

e.g., do not consider instruction references before that , any other

data references in the block , or the data element referenced at

position k in block i during the last execution of block i. Of all

the locations refe renced a t t h is posi t ion t hr oughout the t race ,

cons ider the one numbered L , then

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  .4
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L = -log ~~(i, k ,2 ) .
Data Reference £ at 2
Position k in Block i

Accumulating and weighting by ~ (i,k,2) over 2 we have then the

entropy associated with the data reference at position k in block

i

Ila(i,k) = -E ~ (i ,k,L) log ~ (i,k,2).2 2

Grouping terms , the entropy associated with block i is

fl(SI i) = 
~~ ~~~ 

log 2 p~~ + 
~

Block Transition Data Reference
Associated with Entropy within
Exit of Block i Block i

The entropy per reference for block i H (SIi) 
, where is the total

number of references in block i.

Recall that is the es t imated s ta t ionary probabi l i ty  of

entering block i, given that a block transition is being made . However,

is not constant over i. Therefore define r
~ 

as the stationary

probability of a particular reference being from block i; i.e.,

n1q~
r .  , whereN n.~~..1 N 3 3

Using Lemma 2 .4 .1  where q ( 1 ) (i) = r~ arid H(SIi) = 
H i )  

we have

Il(s) E r .  H(S [i )
i 1

n .q .
1 1Howev er s ince r

~ 
= —j—-

fl(s) = 2 ~ . i l ( S I i ) .
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The above theorem states that by knowing the number of

references  n~ in block i and the probability of being in block i, it is

merely a matter of summing the data entropy contributions and the contri-

bution to entropy made when leaving the block and then multi plying by

ri
/n . to get the total entropy contribution per reference made by block i

to the absolute entropy .

Figure 6 shows an example of a program graph and the application

of Theorem 2.4.1 to it. Let us assume for brevity that the contribution

by data references in blocks 2 and 3 is zero . The following calculations

can then be made . The 
~~~

. can be computed from steady state Narkov

a nal ysis  of Figure 6a.

N ~1
n1 + ~~n 2 ± ~~~~ = ~-(7) + ~-(4) + ~(12) = 8,

Hd
(l ,l) = 0,

= -(~~log~~ + ~~log~~ + ~~1og~~) = 1.06 ,

Hd (l ,3) = -(}log 4 ± ~- 1og 4- + -~~log~~-) = 1.5 ,

H(Sll) -(~~log~ - + 4 i o g4  +~~- 1og~ -) + 0 + 1.5 + 1.06 = 4.06,

fl(s12) = 0,

il (s13) = C’ ,

H(S) = j (4-)4.O6 + (~)O +

il(S) = 0.29.
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~~~~~ k 1
1/4

BIock 2

a. Block Graph

\

\
\ ~~ ,

.‘ I
Ref t Ref. Dafc Re. ‘

p(1,3,1):1/2 p(1,2,1):1/ 8 
-

p(1,3,2)=1/4 p( 1,2,2):1/8
p(1,3,3):1/4 p (1,2,3):6/8

b. Expans ion of Block 1

Figure 6.  Example of a program graph .
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2.5. Analysis Programs

We now describe the system of programs which compute A , Ti(S),

H0(S), Ti
1
(S), and 112(S) (see Figure 7). Incidentally, no higher n gram

entropy than fl2(s) was computed due tr~ the large sampling error that would

occur. For examp le, apply ing Basharin ’s formula [10] to 113(s), (for GAUSS)

a sampling error of over l57~ would be incurred .

The programs traced are discussed in Section 2.6. Basically

the traces themselves are lists of the instructions executed by a

particular program when running on an IBM 360 architecture . Each element

in the trace contains the hexadecimal code for the instruction executed ,

any memory references made by the instructions , and for branches , the

branch destination. (Note: With the MOVE or other multi ple reference

instructions , only the first location is given by the trace , since the

number of locations referenced is given in the instruction.) For condi-

tional branch instructions the destination is also given according to

whether the branch is taken .

FILT1 takes an instruction trace and reverses it so that FILT2

can scan it in a reverse d i r ec t ion .

FILT2 takes the reversed trace and applies to it the filter

algorithm given in Section 2.2. The statistics computed by FILT2 are

gi ven in Table 3. The output  is the reversed computa t ion  t race;  a l l

addressing instructions having been deleted . The total number of bits

deleted (add r essi ng in s t r uc t i ons , their references , and addressing portions

o f computat ion i n s t ruc t ions )  is passed to PREP , which when executed wi l l  

-,- ~~~~~~ -



37

[FILTh

FILT 2

FILT 3

PREP

H012 COM DAT COM

RAMPS

SUPER

SUPER2

ENTROP
F~ -5553

Figure 7.  Program system.
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Table 3

S t a t i s t i c s  Computed by FILT 2

Total Instr’..c ti~~~s Read

Instructions D~~eted

Index Instruct icr~s Deleted

Base Instr~ ction~ De1ete~

Average Number of Active Addressina Registers

Maximum N~u~her  of Act ive  Add ress ing  Registers

Active Reg ister Deletions

Nur’foer of Index Reg ister Loads (Register Reference Instructions)

Number of Base Register Loads (Register Re ference Instructions )
I

Number of Index Register Loads (Memory Reference Instructions)

Number of Base Register Loads (Memory Reference Instructions)

Number of Register Reference Instructions in Filtered Trace

Number of Memory Reference Instructions in Filtered Trace

Number of SS Type Instructions in Filtered Trace

Number of RS and SI Type Instructions in Filtered Trace

Arithmetic  Ins t ruc tion  Deletions:
Registe r Reference Ins t ruc t ions  Operat ing on Index Reg is te rs
Reg ister  Re ference Instructions Ope ra t i n g  on Base Reg ister s
Memory Reference Instructions operating on Index Reg isters
Memory Reference Instructions Operating on Base Registers

Number of Stores from Activated Registers

Number of Load Mul t i p le Ins t ruc t ions
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use this information to compute A after calculating the number of

computation references.

FILT3 then reverses the resulting computation trace so that it

can be scanned in the forward direction.

PREP take s the computat ion trace and , by s imulat ing t he opera t ion

of an IBM 360 CPU , creates a f i l e  of a l l  memory references  to 32 bit

words. (Since the actual references exist on the trace , information

regarding the addressing process is not needed by PREP.)

All instructions for which the number of locations referenced

depends on the data within those locations (for example , the EDIT

instruction) are deleted . This is a reasonable approximation,since from

the trace it is impossible to determine what references are made and it

was found that such instructions occurred rarely in our traced programs .

Whenever a branch occurs in the instruction stream , a speciai

symbol is placed after the reference for the branch in the output

reference stream . This information is used by COM and CO~~AT to determi ne

ramp termination . Also , for each reference , a pair of values is output

by PREP. The first value is the actual location referenced in base 10,

and the second is the type of reference : i n s t r u c t i o n , data read , or data

wri te . PREP a lso computes some s t a t i s t i c s  (see Table 4) and A from the

information passed to it by FILT2. COM creates a ramp trace from the

the memory reference trace . Each eleme nt in t~ie ramp trace cont ains the

starting address of the ramp (unique to each ramp) and the length of the

r amp in references .  Data references  are not cons idered here , since they
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Table 4

Statistics Computed by PRE P

The Maximum Address Referenced in Memory

The Minimum Address Referenced fri Memory

Number of References Output

Supervisor Calls Encountered

Total Number of Instructions Interpreted

Number of Instructions Not Interpreted

A

_ _  _ _  .- - -~~~~~~ -~~~~~ - -~~~ 
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will riot be needed to create the block graph , and will be separately

handled later.

RAMPS creates the ramp graph from the ramp t race .  A hash

coded data s t ruc tu re  is used as an associative memory (addressed by ramp

starting addresses) to build a file representing a sparse ramp t r ans i t i on

matrix . In the ramp transition matrix each entry , ri., represents the

number of times the direct path from ramp i to ramp j  is traversed . Also

various statistics about the ramps are collected ; these are listed in

Table 5.

SUPER takes the ramp graph (the output from RAMP S) and determines

the blocks by the fol lowing algo r i thm :

Bloc k Algor i thm:  Note : The Block Algori thm operates on the ramp graph .

The nodes of the graph are numbered from 1 to n. Each node J can have

an arbitrary number of successors , which point to other ramps . All nodes

have at least one successor , except the last ramp executed in the trace

which has none . The algorithm is therefore started with the first ramp

executed (J 1) and terminated when the ramp with no successors is

encountered . The algorithm traverses all ramps at least once. Its basic

ope rat ion is to encounter a node (ramp) and stack all  successors if more

than one exists , and traverse the arc leaving the node i f onl y one exis ts .

When a node which has been previous ly traversed or has multiple successors

is encountered , the algorithm returns to the stack, obtains another arc

and begins again. Blocks constitute collections of ramps that have no

arcs entering the block except to the first ramp in the block and no arcs

leaving the block except from the last ramp . While traversing the graph , 
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Table 5

Statistics Computed by RAMP S

Maximum Number of D i s t inc t P~ mps Read

Total Number of Ramps Read

Maximum Frequency of a Ramp

Average Frequency/Ramp

Maximum Outdegree./Ramp

Average Outdegree/Ramp

Total Number of Arcs in Ramp Graph



the nodes are labeled with the current block number . Lct BLOCKNU M be

the c u r r e n t  block number .  Let RAMP 1 be a p o i n t e r  to the  f i r s t  ramp

in block I .  In i t i a l ly ~ I LABEL :1.. ~ 0. Thero  a l so  eXI5tS another

stack which can have va lues  p laced on i t  f r r m P by  Pu iST .~C~ P and

removed from it and placed in P by P ~- POPSTAC}~. Init~ o~~’i , 1O C}~NUN ~
— 1 ,

RAMP ~~ *- 1, and J ~
- 1 (a pointer to the firs: ramp).

Step 1: WHILE LABEL ~~~ 0 (unlabeled) DO

BEGIN

LABEL ~ - BL OCKN~~1;

IF .1 has onl y one successor  ::-~c:: J~~succe~ s r  of J

ELSE BEGIN (If J has m t i l r i p le successors  a :e~ b L o c k

must be started.)

IF J has no successor 1~~ N J~~ - ~~TAC~T; cor :~.ate

program ~~ en ~ to~~k ~r.~or flJ ~ s.

ELSE EEGIN

PUSHSTACK all s:ccessors to J :

j — PoPsL~c~-:;

END ;

IF LABEL :.~: = ~ (unia~ e led) r -~ :
BEGIN (stort a new block)

BLOCKN UM BLOCKNU M ~
- 1;

RANP~ BLOCKN~ N 3;

END ;

END ;

END ; 

- .-~~~~~~~~~~ -- -- , - -~~~~. — - ~ 
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PUSHSTACK ~~
-

GO TO STEP 2; (Program drops through to Step 2 whenever

an already labeled node is encountered.)

STEP 2: 3 ~
- POPSTACK ;

Search RAMP I~ list until an element I is found such that J is

the starting ramp for block I, i.e. RAMP Ti~ 3;

(If a node is not an initial ramp for a block , it and all its

successors must be relabe led.)

IF such a 3 is found THEN GO TO Step 2 (it is a complete block).

ELSE BEGIN

BLOQ~~UM~~ BL O CK NU M±l ;  RANPLBL OCKNUM ‘- 3;

IF LABEL LJJ 0 (unlabeled) THEN GO TO Step 1;

ELSE BEGIN

K ~
— LABEL [J~ ;

WHILE LABEL :~] K DO

(Keep relabeling until either multiple

successors or a different labeling , evidence

of another incoming arc , is encountered .)

BEGIN

LABEL JJ ~
- BLOCKNLJM ;

IF 3 has mor e tha n one succe s so r ~~ no

successors THEN GO TO Step 2

ELSE J ‘ successor of 3;

GO TO Step 2.

- - - - —-

~
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The block algorithm produces a labeling (by block number~ as

well as a list of pointers (RAMP 1 ) to the starting node (ramp) of each

block. An output file is created giving the block number , the length of

each block in ramps , the number of references in each block , and the

actual starting address of the beginning ramp in each block.

SUPER2 takes the ramp trace from COM and the output file of SUP~~

and creates a block trace , that is , each element in SUPER2 ’s output file

is a b lock  number i nd ica t ing  the execut ion of tha t  b l o c k .

MARK 1 takes the block trace generated by SUPER2 and creates the

block graph in exactly the same manner as RAMPS created the ramp graph.

The output of MARK 1 is a sparse block transition matrix where each element

represents the transition frequency from block i to bLock j.

Statistics on the blocks are also collected by MARK1 (see Table 6).

QPREP takes the output file from MARK I and creates two files . One

is a Narkov transition matrix (p..) for the block graph , and the other a

vector of the stationary probabilities (q~), these are estimated as

fol lows :

f .
~~~~~ , where F.  E f . .

ij F~ 1 j
F.

= , where F
T 

= E F..
T

Now , be f or e ENTROP ca n act , the data access probabilities must

be computed .

COMDAT works almost exactly like COM, except that each element

of the COMDAT output file besides containing the starting address for 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 6

Statistics Computed by MARK 1

Maximum Number of Different Blocks Read

Total Number of Blocks Read

Maximum Frequency of a Block

Average Frequency/Block

Maximum Out degree /B lock

Average Ou tdegree/ B l ock

Total Number of Arcs in Block Graph

-- - -- . -- -- - ----~~~~~~—- -~~~~~--
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each ramp and the ramp length also contains an ordered list of the data

references made by each particular execution of each ramp .

DATAC computes the data access probabi lities p (i ,k,L) (see

Th eo re m 2.4.1) for each b lock , i , in the block graph . it uses the output

f i l e  of SUPER which contains the block numbers , the s tar t ing address of

each block and the length of each block in ramps . It reads the modified

ramp trace ou tput of CO~~AT , creating a list for each reference , k , in

the block , i. It then computes for each value of L , the frequency

f (i,k ,2) , which is the frequency of the £th distinc t data address at

data re fe rence  (pos i t ion )  k w i t h i n  b lock  i. The re lat ive f r e q u e n c i e s ,

are computed as follows ;

~~(i ,k,2) , where F(i,k) = f(i ,k , . t) .

ENTROP obta ins  the 
~~~

. and from the QPREP output file , the

n .  f rom the SUPER output  f i l e , and the p( i ,k , L) f rom the DATAC output

f i l e . ENTRCP then ca l cu la t e s  ~ (S) b y a p p l y ing Theorem 2 . 4 . 1.

H0l2 compu tes H
0(S), ~i1(S), 

and H
2

(S) by reading the  computa-

tion process memory trace (output file of PREP). A hash coded data

structure is created , content addressable by memory address , wh ich con tains

memory locations accessed by the trace. For each element of the table

the absolute frequency, ~~ is kept as well as a list of successors to it

and the successor frequencies , f(i,j). Then 
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~(i,j) = 
f ( , ~r) , where FT 

E F.

F.  = f(i ,j)
i i

and F.
p i =

So
H0(S) 

= log2 (number of entries in the table),

u11(S) 
= - 

~~ 
log~ p.

and I~,(S) = - 1~~~ (i,j) log
2~~

(i~ j)

which is 
H (5) = - E ~ (i ,j) log ~~(i ,j) ± :~~(f ,~ ) log ~~~~.2 i,j 2 i ,j  2 j

or 
‘s(S) = - E p ( i ,j) log ~(i,j) 

-
~~~~~- (S)

1 ,3 2

since — .-. — — ~~~~
— . . -

~H~ (S) -2~ p. log,, p . — - 
~~p(i,j) log,, p. .£ i,j  ‘.3

The next section describes briefly the programs traced and the

results of the application of the above system of analysis programs to

their traces.

2.6. Results

The results of applying our system of programs to several

execution traces arc shown in Tables 7 and 8. The programs were traced

using a program , Trace 360, obtained from the University of Waterloo , on

the IBM 360/75 operated by the Computing Services Office of the University

of Illinois . They are as follows :

GAUSS: A Gaussian elimination on a l4X 14 matrix . This program was

comp iled by the IBM FORTRAN C compiler .
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Table 7

Information Content and Trace Size

GAUSS ERROR EIGEN LIST

Number of Computation Instructions 46,441 13,762 40,864 42,705

Number of Instructions Deleted by FILT2 15 ,561 239 13,138 17,350

Number of Computation References 75,546 23 ,306 64,169 65,825

A - Addressing Overhead (bits/computation
reference) 17.2 10.0 17.0 24.1

H(S) - Entropy of Computation Reference
Stream (bits/computation reference) 1.64 .010 .495 .329

H1(S) 
- I n s t r u c t i o n  Fe tch ing  Component
of ~ (S) .079 .0021 .030 .040

HD
(S) - Data Fetching Component of H(S) 1.56 .0079 .465 .289

( 
H0(S) 10.36 10.74 10.60 11.27

Combined Stream ~ i~1(S) 7.88 9.33 8.62 9.58

~ 
I
~
I2

(S) 1.86 1.32 1.51 .845

( H0 (S) 9 .25  10. 42 10.21 10.64

Instruction Referencing Stream ~ H1(S) 6.36 9.96 8.37 9.24

~~H2
(S) .074 .006 .080 .098

(H0
(s) 9.35 8.43 9.24 9.77

Data Referencing Stream ~ I-11(S) 7 .86 6.40 6 .47  7.58

3.12 2 .53  2 .71  1.90



____ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- .  

~~~ 
— -

~~ 
-
~~~~~~~ - 

~1
50

Table 8

Ramp/Block Structure

GAUSS ERROR EIGEN LIST

Number of Ramps/Program 115 143 207 606

Maximum Ramp Length 46 312 185 29

Average Number of Data Accesses/Ramp 3.55 25.42 4.39 1.29

Average Number of Successors/Ramp 1.12 1.06 1.21 1.14

Number of Blocks/Program 31 23 72 143

Average Number of Ramps/Block 3.71 6.22 2.88 4.24

Average Number of Successors/Block 1.48 1.39 1.61 1.51

Number of Blocks Ex~cuted 7,746 121 3,209 5,705 

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



-- ~~~~
-

‘~~~~~
-
~~~~ --

51

ERROR: An IBM 360 floating point benchmark used by the University of

Illinois Computing Services Office. This program was also comp iled by

the FORTRAN C compiler.

EIGEN: A program which finds the eigenvalues of a l4X 14 matrix using two

routines (TRED1 and TQL1) from the Eigensystem Subroutine Package

(BISPACK) of the National Activity to Test Software project.

LIST: A symbol manipulation program which builds lists from an input

stream and then traverses these lists. This program was comp iled by the

IBM PL/l compiler .

The programs traced here have quite different structures , yet

the main numerical results were quite consistent for all of them. There

were some variations from program to program , but these numerical

differences did not contradict any of the broad qualitative or comparative

conclusions which can be drawn from the data. Therefore one mi ght expect

that the conclusions drawn here are of general value .

In all  cases onl y a por t ion  of the to t a l  program execution was

traced , albeit a rather lengthy portion. This was done for two reasons ;

first , it gives us more of a “snapshot ” of program behavior over a long

enough interval to be meaningful rather than a very long term average , and

second , large amounts of computer time and sto rage resources are required

to compute H2 (S) and H(S ) .

For all programs , the addressing overhead A was much larger

(at least an order of magnitude) than Il(S), the information content

~f the computation reference trace . This large A suggests that a good

-- . -— - - -

~
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portion of the t o t al  b i t  s t r e a m  f l o w i n g  into the CPU is devoted to

address ing . We can compute  the actual percentage from the following

definition. Let

= 
Total Number of Bits Input to CPU

T Number of Computation Re ferences

AT 
r e p r e s e n t s  a l l  i n s t r u c t i o n  and data  f e t c h e s .  (The data leaving the CPU

cons i s t s  of data be ing  s t o r ed  and the  address or reference stroa -n.) So

we have

(Total Number of References in unfiltered Trace-Number of Unf ilter ed

= Stores)X32-(Number of Register Reference Instructions ) ‘/ 16
Nc

This variable can be computed from the original trace. For

examp le , LIST had A
T 

= 41.2 bits/computation reference. This means that

A is 58.57~ ((X/A T)x l007~) 
of the total number of bits flowing into the

CPU, or 58.5% of the input bandwidth for the LIST program. This is a

large value and gives a good indication of the load which the address in .~

process places on the system. The small size of H(S) indicates that

considerable improvement may be possible in this area.

Much of the difference between A and Il(S) is due to the

architectural limitations of both CPU and memory (as will be shown in

later chapters). It is not difficult to see why A is so large , since for

every memory reference , 18 bits are required to specify a mode , a register ,

and a displacement , and most instructions (at least for our traces) were

memory reference instructions . Of course it is possible to reduce the

number of bits used for reg ister select and disp lacement , but then 

- - -~~~~ ~~~~~~~ -- 
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reg is ter  re loading would increase (base register loading is exclusive ly

address processing). This trade-off is modeled in Chapter 3.

Other interesting results , in Table 8, include the small number

of blocks that exist in each program and the fact that the average number

of successors for each block is less than 2. (It can be less than 2,

since blocks need only have one successor , since incoming arcs may split

blocks.) This fact is further evidence of cons iderable structure within

the control flow of a program , and is reinforced by the sma l l  c o n t r i b u t i o n

the block graph u n c e r t a i n t y , l-L~ (S) ,  makes to the to ta l  u n c e r t a i n t y .  As

expected , data referencing, HD
(S), is the most significant contribution to

Il ( s).  This r e su l t s  p r i m a r i ly from indexing (vector) operations .

Consequently with a more sophisticated model which could capture the

regular behavior of vector accessing (indexing), smaller values of Il (s)

could be obtained .

Incidentally, LIST, which has a markedly different character

than the other  tes t  programs also has significantly different generated

statistics. For example , A is s i g n i f i c a n t ly greater  than  for  the o the r

test programs . Also , a larger number of ramps and blocks occurred in LIST.

These d i f f e r e n c e s  are due p r imar i ly  to the symbolic character manipulation

required by LIST. Referencing under these conditions , though not

necessari ly less unce r t a in  (~~(S) is not much different than for the other

traces), does require more overhead in the 360 architecture which is

simp ly not as efficient in pe r fo rming  th is  type of t a sk .

The most interesting result involves the low order n gram

entrop ies. For all four programs H0(S) and Il1(s) are about the same , with



H
0

being very close to H0
(S). (Note : 2 does not  i nd i ca t e  abso 1~~te

filtered program size , but rather the number of memory words re~.~uired to

hold just those instructions and data actually referenced by the computa-

tion process during the particular trace of the program.) It is , however ,

significant that not only are the values for H2(S) fairly close to each

other for all traces , but they are significantly smaller than the

corresponding value of H1(S). What this means is that if one has

knowled ge of the second order probabilities , p(i~j), of the program , one

then has considerable knowledge of the referencing behavior as well. This

result is intuitive ly supported by the following observations :

i) instructions are generally fetched sequentially.

ii) when branching does occur there are usually only two possible

targets with one being more probable than the other , and

iii) most memory reference instructions slways reference the same

location each time the instruction is executed . (Vector or

indexed addressing occurred relative ly infrequently in our

traces , though it did add cons iderable uncertainty when it

did o c c u r . )

Also included in Table 7 are the low order n gram entrop ies

for the instruct ion reference stream and the data reference stream . ~~ain

the results are as expected , Il2(S) being quite small for instruction
r e fe renc ing and relatively large for data referencing .

___  j
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I

2.7. Summary and Conclusions

Using information theory , the information content , H(s), of a

memory reference stream has been estimated. Also the memory addressing

overhead , A , was def ined . In the last section it was seen that with

the progra ms we hav e traced , A >> I l ( s) .  The obvious question then is how

can A be reduced and what costs  are incurred to obta in  tha t reduc tion?

Gran ted , building a special purpose computer to run a particular program

would no doub t enable a tremendous red uction in A bu t at a great cost.

However , there are techni ques which can economically be applied to various

aspec ts of compu ter sys tem des ign to red uce A si gnificantly for  genera l

applications . The following chapters examine some of these approaches

and th eir expected effectiveness based on the traces used.
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CHAPTER 3

MINIMIZATION OF A

3.1. Introduction

In Chapter 2 the variables A and H(S) were defined; A being the

address ing overhead incurred by a progra m and H(s) the unce rtain ty or

e n t r o p y  of the memory r e f e rence  s t ream fo r  the compu ta t i on  p o r t i o n  of a

program.  It was shown that  A > H(s). Ac tua l calculations using program

traces demons tra ted tha t A (A e s t i m a t e )  was , in fac t , si gn i f i can tly

greater than H(S) (H(S) estimate). This means that there is considerable

room for improvement . The question this chapter examines then is , can A

be red uced and if so , by how much and how easily ?

Various methods for improving A are briefly discussed , including

a d j u s t i n g  the disp lacement and the number of address  reg i s t e r s , improving

compi l a t ion  procedures  and inc lus ion  of a r c h i t e c t u r a l  fea tures  tha t

improve a CPU ’ s address ing c a p a b i l i t i e s .  Though many of these  sugges t ions

are app l icable to al mos t any a rch itec ture , they are mostly ai med at an

R+D architecture like the IBM 360.

3.2. R+D Op timization

In an R+D architecture , the primary contribution to A is

incurred in two ways ; first , by the reg is ter select and disp laceme nt

bi ts required by all memory reference instructions , and second , by the

instruction and data bits required to load and manipu la te the address

___ _ __ _ __ _ __ _  --
~~~
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(base) reg is ters . There is an obvious trade-off here , since if we use

fewer registers and a smaller maximum displacement the rfd contributions

to A will be smaller. With fewer reg is ters , however , they will nave tu

be loaded more of ten , possibl y increasing A. In this section an approx i-

mate model of t h i s  t r a d e - o f f  is proposed . The model is now deve loped .

Defin ition 3.2.1: A Reg i s t e r  Faul t  occurs  whe n a bas e reg ister must be

loaded in order to make a memory access.

I~efinition 3.2.2: The Reg ister Fault Rate, denoted by ~~~ , is the proba-

b ility that a register fault will occur on the next reference.

A can be appr oxi mated the n as

a +a0 +a +a~~+a— -4

where  a = (2r-fd -4- 32 + 2)
~~ BL~ the total number of bits due to data

reg ister loads. 
~~~~ 

is the number of base reg ister load s computed by the

f ilter program, 32 b its are loaded , 2 opcode bi ts ar e used to name the

address ing mode , r f d  bi ts are req uired to access the operand to be

loaded , and r b i t s  are required to spec ify the destination register.

a0 = (2 +r+d)(RX
~.

+R SI
F
) ± (2+2r+2d)S5

F, 
the total bits due

to memory reference instructions.

~~ = (l2+r)(RR
~~~

+RRXL) + (l6±r ~
fd)(RX

~~~
+RXXL ) + 3

~~ F 
+

32(RX
~~~

+Rx
xL), 

the total bits due to all indexing operations. The 12 and

16 are the number of bits in these instructions except for r and d fields.

= 2RRF , the total bits due to register re ference Thstructions. 
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a~ = (2r-l~~+2)RX5 
+ ( r + d + 2 ) U - ~ ± (l€+d)}U(B . ~

l6(RR BA +RRBL) + 32(3LM+RXS +RX.BA), the total bits due to miscellaneous

operations such as base register stores.

In the formulas above

r = number of bits for base reg ister selec tion ,

d = number of b it s to spec ify d isplaceme nt ,

N number of computation r ef e re nces ,

addressing process statistics:

RRXL = number of loads to index reg ister s (reg ister reference),

RR BL number of loads to base reg isters (register reference),

RXXL 
= number of loads to index registers (memory reference),

~~BL = number of loads to base registers (m emory reference),

RR~~ = number of index r e gi s t e r  a r i t h m e t i c  i n s t r u c t i o n s  ( r e g i s t e r

r e f e r e n c e ) ,

RR BA number of base register arithmetic lnstructior.s (register

reference),

pJ(~~ = number of index register arithmetic instructions (memory

reference),

RXBA 
= number of base reg ister arithmetic instructions (memory

r e f e r e n c e ) ,

RX
5 

= numbe r of stor es from ac tiva ted reg isters.

c o m p u t a t i o n  process  s t a t i s t i c s :

RR
F 

= number of reg is ter re ference ins tructions ,

RX
F 

= number of memory ref erence  ins tru ctions ,

SS
F 

= number of storage to storage instructions ,
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RSI = register storage and storage immedia te ins truc tions , and
r

LM = number of load mul t ip le reg ister instructions . On the average

3 registers are loaded per instruction.

Now define 
~~
‘ 

(~~~ 
estimate) as the fraction of references devoted

to base reg is ter load fe tches

-; 
RX BL

~~~~N ±RXC BL

A can then be wr itten as

___________ 
a

A = 
N 

± (—~-) ( 2 r +d + 3 2 + 2 ) .

The number of opcode bits for each addressing operation is

ass::ued to be 2 bits , since there are bas ically 4 opera t io ns to be

de l i nea t ed

- RX , RS , or SI memory re fe rence ,

- SS memory r e fe rence ,

- Base Reg i s t e r  Load , and

- No memory r e f e r ence  (RR i n s t r u c t i o n ) .

(Note : these opcode bits are not exp l i c i t  w i t h i n  the 360 , but we assume

the i r  ex i s tence  both  here  and in the  f i l t e r  al go r i t hm , since they

represen t  an approximate  quan t i t y  of i n f o r m a t i o n  tha t  is requ i red  b y the

address ing process for its proper operation.)

The above ~iode1 does appear to be quite comp lica ted . However ,

by more acc ura tel y charac ter iz ing the address ing process , (for the proper

2~) direct comparisons can be made to the actua l trace results. In the

model , all contributions to A remain the same except for their r and d

- --- .-~~~~ - - - —,  — ~~~~~~-- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
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componen ts and the load rate ~~~. Wha t is now needed is a model of the

ci vs. r-fd process.

The first major prob lem we encounter concerns the allocation of

registers within the program. This in itself is a difficult problem , which

will be discussed later in this chapter . A simple model though can be

created by making certain assumptions . First , consider the input stream

to an addres s ing enc oder as be ing the memory references  genera ted b y a

Markov process. Let us assume tha t we know the probabilities ,

p(m. lg~~
1
), of th is  process , where m~ is a memory loca tion and ~~~~ is an

n-l gram of the n-i previous locations referenced . These are ca l led  the

n th order cond it ional probabilities , sin ce they are used to calcula te

the nth order en tropy H
n (S)• Assume for this model that no higher order

behavior exis ts , that is that Ha (S) = H~ (S). This assumption results in an

nth order process (n-lth order Markov), since the p (m~ 1 g. 1) are

independent.

These r e fe rences  then  enter  a f i n i t e - s t a t e  encoder which con ta ins

F 
2
r base reg isters of width  w , and depending on the con ten ts of the base

regis ters , outputs a stream of codewords of the set Cit t , Ot t t wherer d  r d w

lt
r
t
d represen ts register select plus disp lacemen t , and

O t t dt represents register select p lus displacement and register

load (t is loaded with t then disp laced from with t )r w d
where

tr is a reg is ter selec t word of r bi ts ,

td is a displacement word of d bits , and

t,~ is a reg ister load word of w bits.

A
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This stream can then be decoded by a CPU-like mechanism

con ta ining  addressing reg is ters , thereb y genera ting the original

reference stream. The communication rate (in bits/computation reference)

using an R+D coding mechanism can now be defined .

Definition 3.2.3: Let R be the coding rate of the above addressing

architecture , i.e.,

R =  (l+r+d )(l_ci )±(l+r±d±w)(Ci)

or R = (l+r±d) + Ctw.

R is a little more convenient to use than A for assessing the efficiency

of R+D coding, s ince it do es no t con tain other m i scel laneous opera tio ns tha t

are included in A (e.g. indexing) and does not include the opcode bits

required to delineate these other operations .

c~ then repr e sen ts the pr opor tio n of regis ter load inser tions

needed by a nth order process. These loads can be allocated by using the

following guidelines (given the particular state of the coder , i.e. the

contents of the set of base registers);

- Onl y reload a register when a fault , m*, occurs (location m~ is

referenced but not within range of any register).

- Reload one register per fault.

- The reg ister to be reloaded , R., is selec ted to be the one w ith

greatest expected next use time .

- The address loaded into R. must include m” in its range and should

be chosen to maximize its expected reload time .

In a first order model , the set of referenced words are allocated

to memory such that m
~

< m . if p (m.) > p(m .) (see Figure 8), this is cal led
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2r~1 Registers k Other Intervals
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an H1 
allocation. Since higher order models become rather difficult ,

we shall assume a first order process for the model. Furthermore , we

assume for  s impl ic i ty ,  that the H1 
probab ili ty dis tr ib ut ion is forced

d . .
into discrete intervals , each 2 locations wide. These restrictions

allow a simpler model , but the obtained will be greater than the actua l

since less load ing freedom is available. Using the register load

guidelines it is easy to see that 2 -l registers should be loaded to cover

the intervals with largest probability of reference and that the last

regis ter should be used to cover one of the “other intervals. ” The

registers are said to be in state i when the las t reg is ter covers the

“othe r interval” assoc iated with Let Q the probability of a

reference within  the range of the 2r_ 1 fixed registers. Then 1-0 is the

probab ility of a reference within the “o ther in te rvals ,” i.e.,

k P .
1-0 = 

. P.. Therefore , the probability of being in state i is
i=l i l_ p

~
and the probability of a fault on the next reference , if the reg ister is

in state i, is 1 - 0 - P. soi

k
= Z (P. - i--

~~

-

~~~

•

Since the can be determined from the traces , C~ and A can be computed
for various values of r-fd .

The model tend s to overes t ima te  0’ for the following reasons :

i) The regis ters  contained onl y integer  mul t i ples of the d i sp lacement .

This allowed a much simpler model , but also overestimates ~~, s ince

less freedom is avai lable  on r eg i s t e r  loading to cover cur rent

references and future probable references.
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ii) In an actual program only the data references and branch fetches

would require the use of the R±D architecture , since sequential

instruction fetching is done by the program counter. Our first

order model modeled all r e fe rences , the re fore  in actual programs ,

would be less than

iii) It was assumed that S was a first order process (zeroth order ~1arkov)

which , as shown in Chapter 2, is far from true. This leads to mo re

overestimation , since if a process is of higher order , a policy for

memory and register load allocation can be implemented which uses

this higher order information for further improvement. This is

especially important when well—defined groupings exist , since the

multiple codebook characteristic of the R±D architecture makes

efficient use of such behavior.

There is -ouc ether simplification which contributes to the

under~stim atic: ef ~~. It nas been essumed that 2
r 

registers are always

available to the a~Hr-. u i:i~j p r oces s, however in an lEN 360, these registers

are shared wit;: the c~:-~pu tut ion ~re cess and there could be fewer registers

available for addressing u: times when 2~ are needed , thereby increasing

the fault rate over thet r equ i r ed  if all 2
r 

registers were available all

the time . Incorporating the computation process into our model though,

would have made the analysis much too difficult. This model therefore

assumes a constant 
r registers always available for addressing .

Figures 9 and 10 show the curves of ~ versus the sum r+d for

our four traces. The sum r+d was used since there was little variation

of A when r and d were varied within a constant r+d. We began with

-- -- - -- --- ~~~~V - V— - - V - - - - -~~~~ ’ - --~~~~~~ ~~~~~- ----- —.~~~~~~~~~~~~~~ .~~~~~~~-—~~~~~~- ---- --~~~~~~~~ - -
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r+d = 15 b i t s  fo r  GAUSS , ERROR , and LIGEN , since the maximum number of

address registers used by those programs was 7, r = ~log 7 ~ = 3 and

d = 12. LIST, however, used a maximum of 11 reg i st e r s  f o r  addressing

so tha t da ta set began with r±d = 16.

The results are encouraging . Namely, r+d can be reduced

significantly before faulting occurs at all , and though the curves rise

steeply to the left (indicating that the basic working space is too

small) the minimum A occurs at 10 or 11 bits (12 for LIST) for the

program traces.  This means that  with EIGEN , fo r  example , one could use

8 registers  and a maximum displacement of 7 bits instead of the original

12. Thereb y A is decreased from 24 to about 13 bits/computation

r e ference .

:;ote t h a t  r+d could be reduced f u r t h e r  (moving up the curve to —

the left) to get approximately the or iginal values of A. Vith GAUSS if

r+d = 8, A — ~ 19, wh ich is not much greater than the original ~ of 17.2.

This could involve , fo r  examp le , 4 address r eg i s t e r s  and 6 bi ts for

disp lacement . A l though  t oere  is a s igni f icant  f a u l t  r a t e  at th is  point ,

which slows down the addressing process , th e  RX ins t ruct ion size has been

reduced by seven bits. This gives the designer seven more bits to

imp lement (2~ t imes ) more  couple:: and hel pful instructions , thus possibly

speeding up the computation process. In order to preserve design

flexibility, one must be careful not to go too far to the left on the

design curve. However , as discussed above the e’ used to compute these

cu rves is overest imated.  Another reason to avoid going too f a r  to the

left is that by reducing d too much , the directly accessible sections of
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memory become more fragmented and difficult to use. Although this is

true, there is an associated advantage , since one is f orced to
- 
. encode the reference stream more t i gh t ly around ex i s t ing  spatial

localities, there fore removing seldom referenced information which

takes up valuable CPU/memory bandwidth and contributes little or nothing

to the CPU ’s computat ional  e f f i c i ency .

The two main conclusions that can be drawn concerning these

results are that the IBM 360 r and d values are too large, at least for

our traces , and the original compiler generated allocation for the

programs was i ne f f i c i en t. The l a t t e r  can be seen f rom the fac t  tha t  all

A calculations are slightly less than the actual A values , since tile

model computes ~~= 0 for  all traces at r+d = 15, whereas fo r  the actual

execution of the programs on the 360 ~ ~ 0. GAUSS , for example , had

= .034. This discrepancy is important for two reasons. First ,

though .03 4 seems small , it can be seen f rom Figures 9 and 10 that  A

is quite sensitive to small changes in ~~~. Second , if our simp listic

model, which tends to overestimate a’ , predicts  an &= 0 , ti-len it should

be easily obtainable b y a real system . The reason fo r  a= .034 is then

poo r reg ister allocation by the compiler on the 360.

We f inally ask , how good a coding mecha n ism is the R+D

arch i tec ture  or , in fact , mul t ip le codebook encoding in general?

Table 9 shows the calculation of the estimated rate , R (using the value

fo r r+d that  gives minimal A with w = 32) , fo r each trace. H0 (S) and

are repeated here fo r  convenience. For all the traces , Ii is

fairly close to 1-10
(S). This is the chief advantage of R+D addressing ,
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Table 9

Coding Rate for Trace Programs

GAUSS ERROR LIST EIGEN

r+d 10 11 12 10

R 11.09 12.09 13.19 11.38

H0
(S) 10.36 10.74 11.27 10.80

i~1(S) 7.88 9.33 9.58 8 .62

- - ~~~-
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namely, the f a c t  th a t  one can code more or less independent ly of w ,

i .e.  the coding ra te  depends more on H 0 (S) and less on the to ta l  address

space 2~~. Though our programs do not code at a rate less than

H
0
(S) is not an absolute lower bound for this type of multiple codebc’ok

encoding. To lower the coding rate further , more and more knowled ge of

the memory reference process and its past behavior must be used by the

CPU. For standard computer architectures though , R+D encoding is

reasonab ly e f f i c i e n t  and easy to implement.

~ could also be improved b y using var iab le  length  encoding of

in s t ruc t ion  addressing f i e lds .  For examp le , b y using variable length

register  names; p lacing commonl y used addresses in the reg i s t e r  w i th

the shortes t  name. Disp lacement could also be encoded wi th  var iable

length codes , thoug h e i ther  ext ra  b i t s  must  be available to g ive the

length of the displacement f ie ld  or the set of allowable disp lacements

must fo rm a uniquely decip herable codeword set .  Frequency based

disp lacemen t encoding was used on the Burroug hs B 1700 [13] , ostensibly

to reduc - the coding r a t e  to ( s ) .  This technique , however , would not

be much more efficient than a properly tuned R+D architecture , since for

all our traces, the difference between s(S) and H0(S) is usually onl y

a few b i t s , and in the B1700 , two b i ts  are used j u s t  to denote  f i e ld

length .

It can be concluded f rom the above resu l t s  t h a t  there  are

wasted bits in the IB~l 360 architecture. However, wi th proper  desi gn ,

an R+D a rch i tec tu re  can code f a i r ly e f f i c i e n t ly. A technique has been

presented fo r  anal yzing such a rch i tec tures .  This a r c h i t e c t u r e  is easy

_  ~~ •
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to use and can be embellished further. It was seen that the allocation

of address registers must be done well, since A is sensitive to snail

chan ges in ~~
‘ . In the next section , the problem of better co:npihr

all- cation of address registers is discussed.

3.3. The Addr ess Register Allocation Problem

As was demonstrated in the previous secticn , if one could

allocate the address registers more optimally , a could , in many cases ,

be r e d u c e d .  Except  f o r  the work on index register allocation bw

~to row:tz et al. 114] , we are not aware of any work in this area.

Each variable has a con tex t or scope , which is that portion of

the program where the use of that variable is def~ ned . ~~. variable ’s

context could arise explicitly from a declaration state;:~ent or imnlicitl-;

by actual use of the variable , depending on the syntax of the particular

language being used . There are two types of variable allocation

problems: intracontext and ia~ ercontext . Intracontext allocation ia

concerned with the allocation of address registers (to allow access to

all variables active within the current context) and address register

loads within a context. Ix~tercontext allocation is concerned with the —

illocation of address registers and address reg ister loads when

~~ tching fr om one context to another. There are two classes of

Nor .-fllock Structured Languages and Block Structured Languages.

dif~~~r nainl y by their emphasis on either intercontex t or intro—

~~ioca t~ a. In ~on—Block Structured Languages, such as FO~ T flAN

- . - :~t e : : t  is general ly the entire program (sometimes
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including s u b r o u t i n e s) .  In this ar.vironneat, aliloation is almost

exclus ively intracontext and must be done on a 1~ rte scale with a 1ar~ e

number of v a r i a b l e s .  ln Block Structured Lo .uGua:~es , sac:i ~s ALGOL and

PA SCAL , variables are declared within blo cks, wh ich can be fain ’; sn~ 11

and can be nested to an arbitrary level. The range of the bloch ciln

becomes the context for the variables declared within the bloc:-:.

In t r a c o n t e x t  a l locat ion is still necessary,  but if the blochs are £nalT.

enougn , i.e. , if the program is well structured , intercontent allocation

will clearly be a dominant problem .

Section 3.3.1 looks at intraconteat allocation and Section 3.3.2

deals with intercontext allocation. Though both types of nll :cation are

theoreticall y similar , they are dealt with separately , since the’? aro

generally implemented qu i te  d i f f e r e n t ly.

3.3.1. Intracontext ~1iocaticn

The intracontext allocation problem hj~- t : c  ~tagos . In tao

f i r s t , th e  program is laid out in :ocmcrv , each oragram word and each

data word being assigned to a unicue location . This process will not

b e discussed any further here , since it is exonjacu in more detail in

Section 4.4. It will be assumed then that before the second stage is

entered the program and data -are allocated to memory to take advantage of

as much second order in fo rmat ion  as possible;  i . e . ,  tha t  there  is a large

degree of spatial locality (the possible successors to a re fe renced  word

arc spatially close to that word).

In the second stage , the address register load instructions I

and all disp lacements are inserted into the program in such a way as to
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reduce the register fault rate a~ To be ab le  to a l l o c a t e  o p t i m a l l y ,  one

would need to know program loop freque’nc ies which are data dependent .

Of course , it is always possible to restructure a program adaptive ly each

time it is rue optimizing the al location for a restricted set of data.

Th is a p p r o ach wil l  not b~ considered  here .

Regis ter load instruction placements in the code and reg ister

displacements must be chosen so that any possible data reference or branch

d e s t i n a t i o n  is covered by some ac tive  address  r e g i s t e r .  This is , of

course , poss ib l e  if we p lace a load be fore  every i n s t r u c t i o n  t h a t

r e fe rences  memory . However , we would  l ike to p lace our load instructions

such t ha t  for  any p o s s i b l e  path t h rough  the pr ogram , i n c l u d i n g  large

numbers of loops or cycles , 0 is min ima l.  Such an o b j e c t i v e  is open-

ended , since loops could be iterated in d e f i nitely. Also , depend ing on

the da ta , it may be that such an objective could be inconsistent . This

objec tive though is a good starting point for the development of heuristic

al gorithms .

It is possible to estimate the complexity of a brute-force

algori thm to solve the address register load allocation problem. Assume

there are n memory reference instructions in the program . There are then

2~ poss ible al loca tions of reg ister load instructions (one before each

memory r e f e r e n c e  i n s t r u c t i o n ),  2
r possible  reg ister a l lo cat ions for  each

node and poss ible d isp 1acem~ its for each memory reference instruction .

Therefore there are ~ (2 M
) possible solutions to the allocation

proble m. This can be quite large , since n is usually severa l hundred. 
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M u l t i p le codebook ideas can be used to deve lop  h e u r i s t i c s  for

intracontext allocation. One examp le is as follows; the memory r e fe r e n c e s

can be spa tia l l y clus tered heuristicall y in to c lus ters of size 2’~. (The

clus ter ing  be ing  done to minimize the probability of leaving a cluster.)

The comp iler can then traverse the program such that each possible path

is encountered . An active cluster is one which has an address register

p o i n t i n g  to it. There are then act ive  clusters at any time . A

location fault occurs when a memory reference instruc t ion is encountered

that references a word which is not in an active cluster . At this point

an address  reg ister load is inserted by the comp ile r , activating the

fau l ted re fe re nce ’s clus ter. The register to be loaded , i.e. , the cl uster

to be deactivated by the loss of the reg is ter holding i ts base address ,

is chosen to be one whose next use is es t imated to be the furthest away

f rom the cur rent  i n s t r u c t i o n .  This  a l g o r i t h m  could be g r e a t l y improved

with more accurate estimates of loop and branch frequencies.

The main point of this section is to define and demonstrate

the complex ity of the proble m of intra con tex t add ress reg ister allocation.

It can be seen tha t any si gnificant increase in R±D architecture

efficiency over that shown in Section 3.2 would not be easy to effect

by this means .

3 . 3 . 2 .  I n t e r c on t ex t  A l l o c a t i o n

Because i t  is more data dependent , comp iling in a Block Structured

I~~nguage env i ronment  would seem more d i f f i c u l t.  This is not e n t i r e ly

t rue , s ince now the primary burden of coding falls onto the user ,

_ _  _
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providing that the context switchinL- mechanisms of the architecture

opera te efficiently. Even here we are basically operating in a multiple

codebook cod ing environment . When a context is entered , we code within

tha t  context , i f  a lower level  c o n t e x t  is t h e n  e n t e r e d  we are cod ing

w i t h i n  both  contex t s , e t c .  The user  more or less d e t e r mi n e s  how roam,-

var iables  he w i l l  declare at each level , and the  con tex t  s w i t c h i ng  ra te

(by his  choice of block s i z e ) .  The a r c h i t e c t u r e  should  p rov ide  an

e f f i c i e n t  coding mechan i sm both  w i t h i n  the  c o n t e x t  and fo r  c o n t e x t

switching . One can eas i ly see tha t  s t r u c t u r e d  programming  t e c h n i ques

shou ld  a lso  lead to improved address  encoding , s ince  they s t r e s s  the  use

of hi ghl y local modules  thereby reduc ing the  context  swi t ch ing  r a t e .

The 360 is i n e f f i c i e n t  when execut ing  Block S t r u c t u r e d  I~~nguages

for two reasons . First it has more disp lacen~ nt than is necessary for

intracontext addressing. For example , Wichman [151 has shown tha t  mo-st

blocks rarely need more than seven b i t s  to spec i fy  a l l  v a r i a b l e s .

Secondl y ,  intercontext switching requires loading a base register. In

fact , for nested contexts , all contexts should have active base reg isters ,

leading to a large number of base reg ister load ’ in a Block Structured

environment. Another example of 360 inefficiency is in array allocation .

Local arrays cannot be allocated until a block is entered , since the

array d imensions need not be supplied until that time . Currently,

most compilers handle this problem by allocating a reg ister each time a 
V

block is entered , this register points to a specially allocated , variable

size area of memory which is used for block operand storage. Usually

the allocated data area does not even contain the arrays themselves ,

- -  V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~
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but  r a the r  dope v e c t o r s  (Cries  ~ 161 ) wh ich  c o n t a i n  p o i n t e r s  to the

ac tua l  data  a r e a .  The a r r ay  b u f f e r  is then  a l l o c a t e d  dy n a m i c a l l y b y

spec ial code inser ted in to the program by the comp iler. This techni que

requires multi ple leve l indir ec tion , a diffic ult matter for the 360 which

must reload address  reg isters continuall y .

Var ious approaches have been used to make the above ope ra tions

more e f f icien t. The mos t common techni que is to use a form of intermediate

storage . This approach places another level of memory be tween pr imary

memory and the reg ister set. It is not , however , a cache memory ,  since a

cache still requires full addressing . Intermediate storage , through the

use of a red uced name space , allows one to re fe rence  w ith red uced

addressing requirements. Some schemes have had separate , intermediate

s tores  for  operands , vec to rs , and instructions . A good examp le of th is

type of architecture is the descri ptor based or tagged a r c h i t e c t u r es

(Welch [171).

All such schemes basically have the following characteristics ;

i) a small size intermediate storage area between memory and reg isters ,

wh ich red uces the mapp ing req uireme nts of the ins tructio n se t wh ich

operates on this storeg and

ii )  the ex is tence  of e i the r  an a u t o m a t i c  mechanism which  loads th is

V 
s tore  on a demand basis (such as the Name Store of the )!U5, Ibbet t

18]) ,  or the use of s pe c i f i c  i n s t r u c t i o n s  (block moves fo r  example)

to do the job.

A detailed analysis of the above techni que is beyond the scope

of this section , however , we can conclude that with this techni que , it is
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poss ib le  to address  som ewhat  more e f f i c i e n t ly in Block S t r u c t u r e d  Languages .

There is no reason why such an approach should not be codable with

R -
~~ H0

(S). For most of our traces this would be an improvement from the

ori ginal A.  For examp le , the re  would be significant improvement for LIST

o
hi.27 , A~~24.l), whi ch inciden tal l y is our onl y Block Str uc tu red

Lang uage trace and has the hi ghes t A.

The main conclusion one can derive from this and the previous

section , is that coding on a standard reg ister plus displacement archi-

tec ture cann ot eas ily be dr iven  b el ow H
0
(S). Consequently, due to limita-

t ions in r eg ister allocation procedures and in standard R+D architectures ,

improvement beyond that shown in Section 3.2 would be difficult and

expensive . This holds true regardless of the class of language being used.

The incorporation of higher order information into standard R+D archi-

tectures should therefore not be considered further.

In the next section several general improvements to IBM 360

address ing architecture are assumed for one of our traces. Results sh ow

some approximate gains in address ing e f f i ciency which can eas ily be

achieved .

3.4. Architectural Improvements

So far in this chapter , two areas of A reduction for more or

less s tandard R+D archi tec tures have been exam ined , tha t of R±D optimi-

zation and the related area of improved address reg ister allocations .

In this section indexing and other miscellaneous contributions to A are 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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exp lored . Also , an examp le of the improvement that can be easily obtained

by the above techni ques and some ideas on different ways of implementing

standard addressing architectures are presented.

In some programs such as GAUSS, indexing overhead contributes

s i g n i f i c a n t ly to A. This  contribution can be reduced by adding special

indexing capabilities. (Note : Some programs do not have a large number

of index operations , so depending on the job mix , it may not be cost

e f f e c t i v e  to add indexing i n s t r u c t i o n s  and hardware. Also for some job

mixes the increased indexing efficiency may save fewer bits than the

number of bi ts add ed by the new opcodes . )

To demonstrate the amount of indexing overhead that indexing

operations incur , a matrix multip ly, which is similar to the kind of

operations used by GAUSS , is ana lyzed . Table 10 (flowchart in Figure 11)

lists a short IBM 360 assemb ly lang uage progr am tha t mul tipl i es two

ma tr ices , A (r<m) and B (n~< t), placing the result in C (nXt). The computa-

t iona l i n s t ruc t i ons  are s ta r red  in Table 10 w i t h  the  r ema in ing  i n s t r u c t i o n s

be ing indexing or addressing overhead . The pro gram is by no means

op tima l , bu t is intended as an examp le of the overhead that car~ be

incurred in vector and matrix operations on the 360.

Since the inner loop occurs n.m~ t times , the next ioop n.t times, 
-:

and the outer ioop n times , A can be computed by summing the bits in the

addressing/indexing instructions , their data fetches , and the addres sing

portions of the (starred) ccmputation instructions

V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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Table  10

Matri.x Multi p l ication Program

R e g i s t e r  Con t e n t s

Ri - BA , Matrix A ’s Base Address R9 - M~T*4

R2 - BB , Matrix B ’ s Base Add r ess R IO - IA

R3 - T~C , Matrix C ’ s Base Address  Ru - IC

- I R 12 - Par tial Res ul t Reg ister
R5 - J Rl3 - R u n n i n g  Sum Reg i s t e r
R6 - Cons tan t  “4” R14 - Unass igned

R7 - lB Rl5 - Cons tan t  “0”

RS - T~4 R 16 - Program and Data  Base Reg i s te r

Def ined Memory Loca t ions :

(R16) + 0 - Base Address  for  M a t r i x  A ,

4 - Base Address for  M a t r i x  B ,

8 - Base Address for Matrix C ,
12 - N

16 - T

20 - N

24 - “0”

28 - “4”

32 - S ta r t  of Program.

Comment : The 360 has byte (8 bits ) addressing , but words are 4 by tes
long,  t h e r e f o re a l l  addresses  a r e  in m u l t i p l e s  of 4.

—— ~~ V - -—- -
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Table 10 ( c o n t i n u e d )

- 
V Contribution

in bits to A Code Comments

224 LM Rl , R6 , O(R16) Rl~
- BA; R2~~ BB; R3 ’ BC;

R4~~~N;  R5~~~T; R6~- ”4”

64 L R 15 , O(R i6 )  R l5~~ “Q ”;

16 LR R7 , R15 IB~~~O;

16 LR RiO , R15 IA~- O ;

16 LR Ru , Rl5  IC~-0 ;

16 LR R13 , R 15 Rl3~~~O;

16 LR R8 , R5 
R8~~~Ta4 ;

16 MR R8 , R6

16 LR R9 , R8 
R9~~~ I*T*4 ;

64 M R9 , 2 0 (R 16)

l8nmt LOOP: L* Rl2  
} 

Rl2~~A I A O*BtiIB ;
l8nmt N* R l2

0 AR R 13 Rl3~~ R l 3 + R i 2 ;

l6nmt AR RIO IA~~ I A +4 ;

32n mt BXLE R7 , R8 , LOOP [ 

IB~~IB +T*4;

L IF IB>N *T *4 THEN GOlD LOOP;

l8nt ST* R13 , 0 ( R l l ,R3) C~ ICl~~~R l3 ;

0 ~~~ Rl3 , Rl5 Rl3~~~O;

l6nt  AR Ru , R6 IC~~ IC + 4 ;

‘ I~— I - l .
32nt  BCT R4 , ALT J

j IF 1> 0  TF~~N GOTO ALT ;

64n L R4 , 16(R 16) I~~ T;
J.
~
- J-l .

32n BCT R5 , ALT j
1. IF J> 0 THEN GOb ALT ;

V V - - ---- ~~~ _- -—V -- - - - ~~~~~~~~~~~~~~ ------ _
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Table 10 ( c o n t i n u e d )

32 BC 15 , DONE lert. -nate

64fl t ALT : L RiO , 12(R l6)  
)

l6nt SR RiO , R4 IA~~ (N-I)o-M04 ;

lônt MR RiO , R6

64n t M RiO , 20 (Rl6)

64nt L R7 , 16(R16)

l6nt SR R7 , R5 IB~~ (T-J)*4 ;

l6nt MR R7 , R6

32n t BC 15 , LOOP 

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



- - - ~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~ —r ~~~~~~~~~~~~~~~~~~~~~~~ ‘

I
82

J-~-----T ; :-~-—N ;
IB-~-O ;

Ri2~—A [IA1 ~ B[IB1;
R13—R13 ± R12;

_ _ _ _ _ _  +
I A IA +4; No

IB~ — IB±T *4; ~~~sJ>O 2~~~(~oTC~)

~ Yes
No 

18? M*T *4  [ IA~~~ N-1)*~1*4 ;
? 

L~~
18

~~~~~
T 3

~~~~~
4;

,f Yes

C[iC]— R13;
R13-~—O;

IC-~--IC -r4 ;

Fi gure  11. Matr i :-: mu l t ip l i c a t i o n  program f lo~-.-ch ar t .

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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N 5mnt + 3ntC

— 496 +S4nmt +354nt  +96nA N , and

17 (mnt+5nt+7) + 6L+ (3nt+ri+3) + 3 (2ntut+nt)

(a~ is the indexing overhead which  is d e f i n e d  i n  Sec t ion  3 . 2 ) .  L e t t i n g

n m = t 14 as in GAUSS we have

A = 21.2  b i t s / c o m p u t a t i o n  r e f e r e n c e , A
1 

4 2 . 6

~A being 49 . 7g of AT ) ,  and a x /N = 8.3 .

Incidentally, this data is somewhat close to tha t  f o r  GAUSS where  A 17 .2

and a J N  = 5 . 0 .
~ C

Most of the overhead c omp u t at ~ on in the  examp le is devoted to

inc rement ing  and checking  s u b s c r i p t s  and mapp ing  those  subsc r i pts  into a

one-dimensional  a r r ay . An obvious s o l u t i o n  to  t h i s  p rob lem is to p rov ide

a set of two-dimer i -s ional matrix ope ra t ions  (wi th  a vec to r  being a m a t r ix

w i t h  one d i m e n s i o n  being u n i t Y ) .  Su ch o p e r a t ion s  can be eas i ly imple-

mented on a microprogrammable  machine. Furthermore , s ince we are

p ropos ing  to reduce  d i s p l a c e m e n t  by at l eas t  3 or 4 b i t s , the ex tra

opcodes requi red  cam be eas i ly accommoda ted .  Such ma t r i x  i ns tr u ct i c n s

would no doub t cover mos t array op era tions , since few arrays have more

than two d ime nsiV on ~~. (Wi chma ri [19] has dis covered t h a t  9 9 . 5~ of a l l  arrays

in the ALGO L programs he examined had one or two d i m e n s i o n s . )  With  a

o’atri:.: m u l t i p ly  o p e r a t i on , the a d d r e s s i n g  u n c e r t a i n t y  (g iven the d i m e n s i o n s

and base addresses  of the a r r a y s )  is close to zero , and so is the address ing

o : er h c a d . In t h i s  case then  the  CPU is being g iven s p e c i f i c  knowled ge of 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the a d dr e s s i n g  c h a r a c t e r i s ti c s  of t he  p r o gr a m  so t h a t  it can predict

a d d r e s si n g  e x a c t l y w i t h o u t  f u r t h e r  information. Creating instructions

to p e r f o r m  the  des i r ed  task may seem am extreme solution. However , matri:-:

and v e c to r  o p e r a ti o n s  are  not  so s p e c i a l i z e d . Cc~ mon natr.L :-: opera t ions

occu r  in many d i f f e r e n t  c l a s s e s  of p r o gr a m  en v i r o n m e nt s .  Of course  hi gh

l e v e l  l anguages  and comnilers would  have to be adapted to a l ] ow  th e  us-or

to  take advan tage  of the otatri:~: f a c i l i t i e s  of the  mach ine .

It is not u n r e a so n ab l e  to assume that near 1~’ a l l  of the in~~o:-:ino

overhead in GAUSS could be covered by suc h s p e c i a l  o p e r a t i o n s . S u ch

o p e r a t i o n s  then  would reduce a, from 5 to nearly zero .

F u r t h e rm or e  if we r e duce  such w a s t e f u l  o ner a t i o n s  as base

r e g i s ter  s to res  and b ase reg i s t e r  arithmetic , a , /N (~~ 3 )  carl a lso  be

f o r c e d  to near ly  n a r o . In Secc ion  3 . 2 , ~ was reduced by abou t  25~ ( f r o m

17.2 to about 13) by r e d u c i n g  r+d . G a t h e r i n g  to ga  th or  the abe -c zm~or-ovo-

merits , one can e f f e c t  a t o t a l , p ro ra ted  decrease  in a d d r e s s i n g  overhead

to appro :- : ixat e lv ;

A = ( 17.2  - a / N 0 
— a.~i ’ N ) ~~(1 — .25~ 7 b i t s / c o m p u~ a t i on  r e f e r e n c e ,

which  is an i m pr ov e m e nt  of about  58i. i n  a d d r e s s i ng  e f f i c i e n cy . This is

a si g n i f i c a n t  improvement  and was f a i r l y eas i ly ob ta ined  even w i th i n  a

s t andard  a r c h i t e c t u r e . ~ is t h e r e by  b r o u g h t  down to approx imatel y H0 ( S) .

(Actually A is less than H
0(S) 

for GAUSS , because of our being able to take

advantage of the hi gher order structure of the index operations . This ,

of course , is not always possible. )

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



tAD—AO** 313 ILLINOIS UNIV AT URBANA—CHAMPAIGN COORDINATED SCIENCE LAB FIG 9/2
ANALYSIS Off MEMORY ADORESSING ARCHITECTURE. (UP
.At 77 D W HAMMERSYROM DAABOY—72—C—0239UNCLASSI FIED R—777 pij.

40
• O 4 4  .3

.

END
PA T E

Ft L~ E P

10—77
ADO

I:T. - a 
.~



—~~

85

It appears though that any improvement beyond this point would

be difficult and costly. In other words , further improvements would be

a matter of marginal returns on further investments , at least when dealing

with additional CPU improvements. In the next chapter a totally different

approach to A reduction is taken by examining new types of memory

architectures .

Before concluding this section , however , a brief comment is in

order concerning the parallelism inherent in the addressing and computation

processes. These processes operate more or less independently of each

other , except when the computatioti process sends the results of certain

operations to the addressing process (for branch decision making) and

receives instructions and operands from the memory through the addressing

process. Many large systems have tended to split processing along these

lines , though they have not explicitly defined the addressing process as

such . One exception to this is the work of Flynn [20], in which he

explicitly defines three separate machines which execute in tightly

coupled parallelism. These machines, however, do not correspond exactly

to the definitions of computation and addressing used here .

Consequently, though we do not actually reduce A by the splitting

up of these processes , there is still a great potential for significant

speed gains by taking advantage of such parallelism. For example, one

could define a machine which contains an address processor and a coznputa-

tion processor. By extension there could exist a pool of computation

processors served by a large number of address processors .

I
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In conclusion, it was shown in this section , that there is

room for significant improvement in addressing overhead in the 360

implementation. This improvement can be achieved fairly easily and tends

to increase overall architecture efficiency . Such improvement , however ,

is only possible up to a point . Beyond this point , the capabilities of

the compilers and architectures become unreasonably strained for marginal

further gains .

3.5. Summary and Conclusions

In this chapter the problem of A reduction with standard

architectures was examined . It was demonstrated that in the R+D archi-

tecture of the IBM 360 the number of registers and the displacement can

be reduced significantly . It was also shown that the R+D architecture

is reasonably efficient , especially when executing a program which has

tightly bound groupings of referenced locations . Currently , address

register allocation is done poorly and can be easily improved to a point ,

but going beyond that point is an exceedingly difficult problem.

Other improvements are possible in the indexing overhead , which

can be fairly large for some programs . The inclusion of matrix operations

in the CPU instruction repertoire can certainly increase addressing

efficiency in certain program environments essentially using the opcode

field to give the CPU knowledge of commonly used accessing patterns .

Section 3.3 examined the possibility of further reduction of o’

through better register allocation. This section concluded that such
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reduction of c~ was indeed difficult. Hence further reduction of A

by more optimal register allocation should not be considered .

The maifl conclusion that can be drawn from this chapter is that

it is relatively easy to reduce A significantly until it is reasonably

close to H0
(S). Note also , that many of our changes result in fewer

fetches. Therefore not only are we reducing the addressing overhead and

the CPU/Memory bandwidth , but also the number of memory accesses.

However, H.0
(S) is still much larger than i~(S) or even i~~(S). Therefore ,

reducing A further would require major and expensive changes in an R+D

CPU architecture. However , rather than concentrate any more on the CPU,

we now focus our attention on the improvement of memory architecture .

The nature of these changes and reasons for them , as well as some

experimental results are presented in Chapter 4.
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CHAPTER 4

SECOND ORDER ~~MORIE S

4.1. Introduction

In Chapter 2 the addressing overhead , A , was defined and then

obtained for various programs . It was shown that A is lower bounded by

the information content of the computation process referencing stream ,

H(S), and that with real programs A (estimated A) is one to two orders

of magnitude greater than H(S) (estimated H(S)). In Chapter 3 various

methods of reducing A to increase addressing efficiency were examined ,

from improved and more finely tuned architecture to compiler design. All

these improvements , however , assumed a standard random access memory

architecture . In this chapter we examine second order memory architectures ,

that attempt to take advantage of ~2(S), which is much 
smaller than

H0
(S) and ~1(S), and for our traces was always less than 2.

4.2. Theory of Higher Order Memories

The main responsibility of the addressing process is to map

(decode) the input stream (A bits/computation reference) into the output

stream of memory references (B bits/computation reference). Let us define

some related terms , and then B, more precisely .

Definition 4.2.1: An interaction with memory involves the send ing, in

parallel , of a packet of v address bits to the memory .

Definition 4.2.2: A location fault occurs when more than one interaction

with memory is required to fetch (or store) the desired word for the
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computation process. The location fault rate, X, is defined as:

N~

c

where N
t 

is the total number of interactions made , including addressing

overhead , and N is the number of computation references made also

= lim ~~~.

Nc

Definition 4.2.3: The average number of bits flowing from the CPU to the

memory is

or B X v

where v > l .

Generally v=w= log2 (~~mory Size), 
however a key point in Definition 4.2.3,

is that smaller packets , v << w, can be sent, but then normally X >  1 .

As we shall see in this section , certain memory architectures exist which

allow a small v without a corresponding increase in \ .  Note that when v w ,
Nt

B = 
~—w as previously defined .

B tends to be much larger than A. For example the LIST program

had A = 24.1 and ~ = (total references/computation references)*32 =

47.3 bits/computation reference. If we could reduce ~ we could reduce th~

mapping requirements. In fact , if we could reduce Y~i to below the presently

observed A we could eliminate much of the CPU’s addressing responsibilities

as well as reducing A , thereby increasing addressing efficiency. To

accomplish this we need to take advantage of the higher order behavior
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of the referencing stream. This speculation motivates the investigation

of higher order memories .

Definition 4.2.4: An nth order memory, M, (n> 1) has the property that

the next location accessed by the memory depends nontrivially on the

previous n-l locations accessed in addition to the newly arriving

addressing information.

For each M~ one may use any integer length of packet , v. With

v w , M1 represents a standard random access memory which requires w bits

per interaction. With v 1 , the optimal form of M1 is a random access

memory with Huffman encoded addresses. Higher order memories begin to

look desirable because of the following theorem and corollary .

Theorem 4.2.1: With v 1 , an nth order memory that retains and uses

information regarding exactly the previous n-l references in addition to

its normal storage

B > H ( S )  (n>O).

Proof: Assume that memory allocation is fixed , i.e., that a single code-

book is being used . Assume also that no addressing information other than

the previous n-l references is retained . By Theorem 2.3.2 then we have

E p (m.,g~~~)n .~~. > H (S).

Since B is just the average number of bits required by the

memory to code reference rn. (sending 1 bit at a time , i.e. v l )  given

the n-l gram g~~
1
, we have

Bn 
= 
~
Z.P(rni,S~ 

1
~
’
~
’ii j > Ha(S).
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Corollary 4.2.1: For v>l

B >H ( S ) .

Proof: Since B~ > Hn
(S) for v l , then any other v requires multiples of

one bit . Consequently , coding could be at least as efficient as with v l ,

but never better.

Though coding would tend to be more efficient with smaller packet size , it

is not always more efficient . Of course with v l , coding is as efficient

as with any v> l , but any v ’> v >l , does not imp ly that one can always code

more efficiently with v than with v ’ . This seeming anomaly is due to the

fact that one must always send an integer number of packets for each

reference , which may lead to wasted address bits when v is poorly chosen.

In our actual 360 programs , the ~ calculated is greater than the

idealized encoding of the previous theorem since not only are we dealing

with an M1 memory (with v w), but also we must perform extra fetches

occasionally to keep the addressing process supplied with information to

implement its mapping function. If we eliminate this function then A

becomes approximately equal to B. This approach actually degrades a

standard 360 architecture . However the 2nd order entropy , (S), was

significantly smaller than }L0(S) and 111(S), and was , in fact, only I or

2 bits/computation reference. Consequent ly, if we can build an M2, we

have a tremendous opportunity to reduce B and therefore A as well , since

the number of possible second order successors to any reference is much

less than ?. Consequently, v could be reduced well below w without much

increase in X.
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4.3. Examples of Second Order Memories

The next questions then are how is an M
2 

constructed and can

it actually be used efficient ly? Recall that second order memories

access the next location based on the current access and some bits

provided by the CPU. Basically then we need to design a simple sequential

machine within the memory . The only work in this area that we are aware

of is that of Sholl [21] and Ouchi [22J . Sholl developed a Direct Trans i-

tion Memory which is a finite-state machine used for microprogram control.

It, however , considered only control flow . Ouchi ’s Orthogonal Storage

Ring Memory is an efficient technique for using shift registers as random

access memory . Much of the efficiency of the OSR memory arises from

being able to capture some of the first and second order behavior of the

program, but a highly complex layout is required within the memory chips.

In this section four examp les of second order memories are

presented with a discussion of the advantages and disadvantages of each .

In succeeding sections the two most promising examples are examined in

greater detail.
I

First , however , some discussion of the general problems that

occur with M
2 memories is needed . We are assuming that memory inputs are

chosen from a set of constant length codewords . This assumption is

necessary from a hardware point of view , but does create some difficulty

since most memory references made by the computation process have only

one successor , but a few may have severa l hundred . Another difficulty

is that in most cases , the M2 must be created by using a RAN coupled with

an in-memory mapping mechanism. The specific nature of this mapping

I

_ _  —..



- ,  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

93

mechanism generally leads to inefficiencies in the way the RAN is used

and also in the mapping process itself. One advantage of these memories

though , is that of eliminating the mapping hardware within the CPU. Thus

although some form of index registers would still be needed , the require-

ment of having base registers and operations on them is no longer valid .

For the proper operation of a true M2, the memory must receive

some information regarding the behavior of the program being executed .

This information allows the N
2 

to perform better than the N1 and usually

consists of the successor set for each location referenced . The obvious

source of this successor information is the compiler or assembler ,

perhaps modified by a relocating loader at load time, or with a suitab le

linking mechanism in a paging system. For most instructions , since most

are fetched sequenti nly one successor exists. Even for branches

and subroutine c~~ s of possible successors can be derived .

Since most instr~~ . ions access data from the same location these too are

not difficult. The successor identification problem becomes sticky though

when indirection and indexing come into play . For Non-Block Structured

Languages , the compiler should be able to at least identify the largest

set of possible successors with the help of user specified parameters .

For Block Structured Languages , the problem appears difficult , but not

impossible. Section 4.5 contains a more detailed discussion of this

problem and some possible solutions .

Following are four examples of second order memories.
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4.3.1. CCD Memories

A CCD (Charge Coupled Device) shift register memory is a very

simple N2’ since the next location accessed depend s on the previous
location accessed . The problem with CCD5 is that location faults would

be numerous.

Since H2 
is typ ically greater than 1, the average uncertainty to

be resolved at each reference is greater than two choices. This means

that even with optima l allocation , which is extremely difficult , we would

have a large \ .  Furthermore , since CCD ’s typically have a linear or

multilinear organization , the penalty incurred per location fault may be

very large. Consequent ly, a one dimensional shift register M
2 

is not

considered further.

4.3.2. Segmented Counter Accessed Memory (ScAM)

The chief limitation of the CCD memory was that it had only one

dimension. By using a RAM with several counters (incrementing/decrementing

registers) concatenated together and pointing to the desired location ,

one can create a pseudo n-dimensional torroidal shift register memor.’.

The only bits that need be sent to the memory are those required to

decode the next shift direction. The memory then can be visualized as

having memory locations laid out on an n-dimensional torroid in n+1 space

with a read head , residing above the last location referenced , capable of

moving one step in any one of 2n directions (depending on which counter

is selected and the count direction) . Figure 12 shows an example of such

a memory . The memory surface appears torroidal , since the memory is

-

~

-- -- . ~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~ .
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -- - -.  -
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Figure 12. Segmented Counter Accessed Memory (SCAM). 
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finite and circular in all directions . This desi gn should reduce the

location faulting encountered in the CCD memory. Another advantage is that

the packet size , v = i+çiog2
t~ , is independent of the memory size

(though nay increase with increas~ng memory size). Good allocation ,

however , again becomes important and difficult. Also because of the CPU

having to keep track of the “read head ” location and move it accordingl y,

paging and loading would be non-trivial. Penalties for location faults

can be quite large if n is kept small.

Thus , although this does have some advantages , we feel its

disadvantages are sufficient not to warrant examination of this type of

memory architecture any further at present .

4.3.3. Segmented Random A.~cess Memory (SRAN)

Although this memory is not a true N2, it has encugh “secor.d

order ” features to merit its study.

It is not necessary to know the successors of a location in

order to allocate an SRAN. Optima l allocation , however , is extremely

difficult and requires such knowledge plus that of the conditional

probabilities , P( m
~~

m
~
). There are heuristic allocations though , such as

the Hl allocation , that do a fairly good job .

Basically an SRAN has an in-memory address register (Figure 13)

pointing to a RAM . The address register consists of k segments of a

bits each. For each interaction v = flog2k1+a bits . These bit .~ access

one of the segments and replace its contents. Multiple interactions

(at most k) are required whenever multiple segments of the address register

must be changed f3r the next reference .

~
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This type of memory is a genera lization of a type of architecture

used in dynamic 4k and 16k NOS RAMs, where the address is multiplexed

into the memory chip in two halves to save pins , but built in “page mode”

addressing allows a row (left half of address) to be repeatedly acces”~~

with only the column (right half of address) being specified for each

reference.

Section 4.4 analyzes this memory in more detail , including resu.:s

of an actual simulation of memory operation.

4.3.4. Successor Accessed Memory (SAN)

A Successor Accessed Memory is perhaps the most ideal N, of

all those we have examined . It gives the best performance , but is also

the most difficult to use and requires the most complex address mapping

hardware within the memory .

Basically a SAN has an in-memory RAM (see Figure 14), which

stores data and successor pointers. It should be noted here , that large

reductions in storage requirements are possible through more efficient

pointer encoding . The scheme presented in Figure 14 is a straightforward

approach that allows a simple analysis . Pointers to up to successors

of the last reference are loaded into registers. To access a SAN, V

bits are sent to select one of 2V successor registers , the next location

is accessed and the pointers to its successors are placed in the registers.

This register loading could be overlapped with memory/CPU data

communication.

_ _ _ _ _  ~~~~~~~~~~~.
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The major disadvantage with the SAM approach occurs when the

number of successors exceeds 2’~. A reasonab ly fast solution to this

problem and simulation of this memory with our program traces is presented

in Section 4.5.

4.4. Analysis and Simulation of the Segmented Random Access Memory (SRAN)

As mentioned previously an SRAN consists of a random access

memory with an in-memory address register. This register has k segments of

a bits each and contains the address of the location being accessed in the

memory . Prior to each access one or more of these segments may be changed .

For each such interaction v rlog2
k~÷a bits need be sent . For SRAMs then

B = X (~log2k1 +a).

Consequent ly if we have programs that exhibit sequential

behavior and if we can allocate the memory well , we should expect a

fairly small X for a rather small a. Due to the allocation dependent

properties of this memory it becomes more difficult to analyze . However ,

by assuming certain basic accessing patterns the following simp le results

can be obta ined :

Theorem 4.4.1: For pure serial access of an SRAN, i .e., if location i is

accessed , p(i+lji) = 1, then

k
= ~~

S i=l~

Proof: If we assume a k segment register with a bits for each segment

and we are accessing successive locations n,n+1,n+2,..., then out of every

.4
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integers we change the high order segment 2
a times , the second highest

times and the lowest 2
ka times which can be written as

— 2~~~+2
(
~~

l)a +... +22a ÷2a

S
_ 

~~~

=

= E 2 1 a
i= 1

Lemma 4.4.1: Let N(i) be the number of storage locations that are i

interactions (segment loads) away from any current location , then

N(O) = 1

N(l) k(2a_l)

and N(i) = (k)(2
a l)i l<i~ .k.

Proof: In i interactions , i segments can be changed , each segment allowing

new locations . Therefore there are (2
a_1)1 possible addresses .

However we can change any i of the k segments or (
~

) combinations ,

resulting in (,~)(2
a_l)1 total possibilities. When i l  the one possible

address which requires no change does require at least one interaction ,

so

N(O) I

N(1) = k(2
a_l), i=1 .

Theorem 4.4.2: For random and independent access , i.e. p(x) = -
~~~

— and

~‘x ,y p(x~y) = p (x), then

= 

~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Proof: At each reference there are N(i) locations i accesses away .

The probability of any member of that set occurring is

N(i)p (x).

k
Therefore the expected number of loads = E I p(x)N(i), or by using

Lemma 4.4.1 and the fact that p (x) = ± , we have

= — 
~1+ E ~(.) (2a~~1)

1~~~
R 2ka i=l •

~~

Table 11 gives the results of the application of Theorems 4.4.1

and 4.4.2 to various memory configurations with ka l6. These results are

intuitively consistent . Serial accessing does well and , in fact , has a

lower B with more smaller segments . Table 11 seems to indicate that

sequentia l accessing of SRAMs generates nonzero overhead ~~~~> ].~~~~

However , by loading in a zig-zag mariner , i.e.,changing between incre-

menting and decrementing the lower order segments , each time a higher

order segment is changed (Gray code), ~~~~~~~~~~~~~

Looking at the data for random accessing though , it can be

seen that for k’>k , B (k I
)
>B (k) . This result is again as ex~ected ,

since there is no structure at all in the reference stream. An actual

reference stream fortunately contains considerable structure , so we would

expect an improved B when using this type of memory architecture , which ,

as we shall see from the simulation results , is indeed true .

It is sufficient to examine only second order information

(1st order Markov process) when simulating the performance of an

since the cost of a transition from state i to state j is dependent on

~ 

.~~~~~~~
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Table 11

SRAM Analysis Results

k 2 , a 8  k 4 , a 4  k = 8 , a = 2

B
5, 

\~ 9.035 , 1.004 6.400, 1.067 6.667, 1.333 (Ser ial)

~‘R ’ >~R 17.925 , 1.992 22.500 , 3 .750 30.000 , 6.000 (Random)
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being in state i arid not on how one gets to i. Consequentl y we did riot

use higher order graphs in our simulation studies. Higher order graphs

could , however , provide more information for improved performance of

allocation algorithms . However, due to their comp lexity such algorithms

were not considered further.

Before actually simulating SRAN operation , the problem of memory

allocation must be investigated . It is important that such a memory have

its contents ordered so as to minimize ‘
. by taking advantage of the

second order effects of the reference stream.

The SRAM allocation problem is similar to , but more gene ral

than , the program restructuring problem as examined by Ferrari [23]

since we are trying to improve “spatial locality ” by the proper allocation

of memory words.

Before formalizing the allocation problem , the H2 
graph is

introduced .

Definition 4.4.1: The H2 graph is a directed graph consisting of a set

of nodes V and a set of directed arcs E. Each node , v(i) C V, is a

word (data or instruction) referenced by a program. Each node is

labeled with the stationary probability of its occurrence , q ., where

E q1 l. Each arc , ~~ CE , represents a directed path from node i to

node j, Indicating tha t at least once within the reference trace node j

immediately follows node i. All arcs are labeled with the probability

of transition , P from node i to node j. Only these arcs are included

with p. >0 , and p.. = 1.
J.J 

~j 
13
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Let F be an “allocation ,” i.e.,a mapping of program words

(nodes) v(i) into the linear memory space where < ~ka and let

d(r,i,j) be a distance function which is the number of interactions in

an SRAN required under mapping F to access location j when one has just

accessed location i.

Theorem 4.4.3:

Xr 
= •E dC ,i,j)p..q. .

Proof: Given that we are in state i (having just accessed node i), the

expected number of memory interactions (faults) encountered when leaving

i is just

= d(F ,i,j)p...

The expected number of in terac t ions  at any instance is jus t

Xr = ~~ q. X~~(i) = E d ( I ’ , i ,j ) p .  . q .  .
~ ~1• 

1 .  
~~~ 

1_ i l

The optimal allocation problem then is to find an allocation ~~

such that

VT~
H0 (S)

This , however , is a difficult problem , since there are (2 ) possible

mappings . One can compute a lower b ound , 
~LB ’ 

by assuming each location

can allocate its successors optimally. In other words , each node i p laces

its N (l) most probable successors such that it can access them in one

interaction , its next N(2) most probable successors 2 interactions

away , etc. Unfortunately it was discovered that this lower bound is
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much too loose to be useful , since for all of Our traces , LB ~ 
1 and

for any mapping F, L > 1.

Before describing the actual simulation program , each of the

four allocations simulated will be discussed.

Original (ORIG): This is the original allocation of the program and data ,

using the addresses provided by the trace . To create a more realistic

model , this allocation was compressed to create a contiguous array of

words , removing the gaps created by filtering out some referenced instruc-

tions and data. Also the lowest numbered word of the allocation was assigned

location 0, the second , location 1, etc.

Hl: This is the H
1 
allocation as defined in Chapter 3. This allocation

was chosen because it is simple and quick , and though requiring approxi-

mate frequency measurements , the H
1 
allocation does not need knowledge

of the set of successors and their probabilities . This allocation

technique should work quite well if there is only one tight grouping of

frequently occurring nodes. In that case , absolute frequency would also

tend to predict second order behavior. Conversely, if one had several

groupings of words that were equally likely, but had very little inter-

communication , the H
1 
allocation would not work as well. One might then

use a separate H
1 allocation for each group (locality), although shared

instructions and data between groups would then pose a problem. We chose

the single H1 allocation since we feel that most of our traces represented

a small number of such groupings .

Modified Hl (Miii): The modified H1 a~ 1~cation starts with an H1 allocation

and using the H
2 graph attempts by use of an iteration algorithm to
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improve the allocation iteratively by swapp ing individua l locations . The

main objective is to see if multi ple group ings of words exist , and if

significant improvement can be wrung from the original H1 
allocation.

The iteration algorithm operates on the modified H2 
graph.

Definition 4.4.2: Define a matrix C such that each entry

~~ = dç,i ,~ )q.p~ . for each directed arc in the H2 graph . The modified H
2

graph is an undirected graph such that the arcs are those entries in matrix

C ’ where

C ’ C+C
T.

Theorem 4.4.4: Using the matrix C ’ defined above

x = z2 i,j 13

where c.’. C C ’.
3-i

Proof: From Theorem 4.4.3 we have

X = .E .d (r , i ,j )q .p ~~. .

The probability of arc (i,j) occurring , is just q.p .., and also

d ç , i , j )  = dç’, j , i). Removing the directedness of the arc by matrix

addition , all arcs are counted twice , also self ioops are doubled .

The re fo re

1 ,
— ~ • 2.~ d(F , i ,3 ) ( q . p . .  ~~~~~~~ = ~~

- 
~~~~ \ .

Beginning with an H1 allocation the iteration algorithm modifies

F successively by looking at node pairs , i1 and i.,, and swapp ing their

allocation if the following is true 
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d(r , i ,j) d(F ,i ,j)
Ec~ ~~~c ’ . >~~~ 

2 
~~

1 . ÷z 1 c ’
) ‘1.~ .] 

‘
2~~ ~ 

d(F,i1,j) 1
~
3 

~ 
d(F,i2,j) 3-2~

In actua l operation not all pairs are examined , just the most frequent ly

accessed , since generally a small group of words were accessed more

frequent ly than the rest. It should be mentioned that by using the

modified H
2 

graph and considering the fact that most words have, a snail

number of successors , the iteration algorithm works very quicki’z .

H2 allocation (H2): To achieve an allocation with performance close to

one must use as much second order information as possible . The

allocation algorithm used here is a heuristic which attempts to group most

probable successors closely together. A heuristic was chosen over an

optimal algorithm , because of the difficulty involved in constructing such

an optimal algorithm. The heuristic allocates fairly well and does so

with a reasonable complexity , ~~(n .n .log n ), where n~ = lv~ and n 
=

Of course it does need the H
2 

graph with its associated probabilities.

Optimal allocation is essentially a k leve l clustering problem

(all clusters at a level being of equa l size). Mos t algorithms presented

for clustering graphs are strictly for k 2  (Ferrari [24]). Optima l H.,

allocation is a difficult problem for large values of k, and would

probab ly not be a cost effective procedure in a general purpose computing

environment . Hence we have chosen a reasonab ly quick heuristic instead .

Assume that each node in the H
2 graph is labeled with its

steady-state probability , 
~~ ~arid that each arc is labeled with the arc

- — - - -. — ---
~~~~ 

— — -
~~~
- - - - - 

j
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probabil ity, ~~~ ~~~~~ 
Further assume that arcs and nodes are indexed

so that w~ . 
~ 

wia+i), 
‘
~ 
j and q.  > , 

‘
~~ 1..

H2 algorithm: (To make this discussion simp ler , it is assumed here that

the length of the orig inal list of nodes to be allocated , n , is an integer

power of two . Of course the lgorithm as implemented actuall y operates on

any integer 
~~~ 

The algorithm basically takes the origina list of nodes

arid splits it in two . It then sp lits each half recursive ly until all lists

are of length one . When a sp lit is made , the first half of the list has a

“0” appended to an address string tha t exists f:r each node (word). The

second hal f  of the list has a “1” appended to  nod<~, ’s string . When all

lists are of length one , each address string will contain a binary number

that is that word ’s address. Essentiall y we are allocating for an SRAN

with k = ~1og2
n~ and a 1  under the. assumption that such an allocation

would also be valid for any other value of k and a (such that ka > H
0(S)).

The lists are actually sp lit as follows ;

Step 1; Take the first available node of the ori gina l list , the most

probable , remove it from the original list , and p lace it on

the split list. Copies of its successor pointers are then

placed in an ordered list of successors , most probable first.

Step 2: Take the first element on the successor list , the most

probable arc , and attach the node pointed to to the sp .it

list (removing that node from the origina l list) and merge

copies of its successor pointers onto the successor list ,

such that the successor list remains an ordered list

--— -j. -- 
—- -—. --~ 

.
~~- - -—-~ -,~~~~~-,--- - .- ----~~~~.
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(most probable first) and that only those pointers are

inc luded  tha t po in t  to  nodes r ema in ing  in the  ori g ina l l i s t .

If no successors  are l e f t  on the successor  l i s t , s t a r t  a new

node as in Step 1 and go to Step 2.

Step 3: If the length of the split list is less than the length of

the updated original list then go to Step 2 else terminate

the  sp lit  p roces s .

The above algorithm does have two weaknesses. First , it does not combine

arcs which emanate from the split list and point to a common node. This

would have required ex tens ive  search ing  of the  successor  l i s t  for  each

node sp l i t . Therefore  it was not implemented . The second p rob lem

concerns the  manner in which  the sp l i t  l i s t  is grown . The techni que used

by the al gorithm will certainly cap ture a single  tigh t ly bound group ing of

nodes . It does not , though , appear to handle other lesser group ings

adequa tely. This again was done for the sake of lower complexity . A

better algorithm would probably try to grow from multi ple seeds

simultaneous lv .

To perform the allocations mentioned above , a procedure was

added to the H012 p r o g r a m , since H012 uses an internal representation of

the H2 
graph . The various allocations are placed in a file , to be read by

the SRAN sinula:or. This file contains the actua l address or name of each

word , as referenced by the trace , and a location in the SRAM given to  it

by each of the four alThcation routines. These allocations are read into

an associative tab le within the simulator , using the original address as

key . The simulator then reads the computation reference trace , keeps a 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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register for each allocation , indicating the last location referenced , and

calculates as the average number of interactions required to access the

next reference. The simulator was run for each set of k and a.

In addition to computing ~ . for each allocation , the simulator

calculated the ~. required by the SRAM if 1, 2, or 4 separate address

r eg i s t e r s  exis ted in the memory ( fo r  each a l l o c a t i o n ) .  Wi th  more r e g i s t e r s

in the  memory , the CPU can have reg is ters  p o i n t i n g  to various compet ing

word group ings . For all configurations then

B = \r + a +~~log k~ J

bits are sent each time , where r 0 ,l,2 (register select bits). For

m u l t i p le reg is ter  SRAMs the s imula to r  always updates the reg i s te r  that

requires  the least number of in te rac t ions  to change it to the new address .

In case of a t ie , the choice is j u s t  the  f i r s t  minimum change reg ister

encountered .

Table 12 show s SRAN s imu la t i on  resu l t s  for  GAUSS and LIST . The

b i t s / i n t e r a c t i o n  column is j u s t  v = ~log
2
k~ + a + r .  For the  H

1 
a l loca t ion ,

the trace was sp l i t  in to  an i n s t r u c t i o n  and a data r e fe rence  s t ream . These

streams were also run th rough  the s imulator , g iving p e r f o r m a n c e  equ iva len t

to that of placing instructions and data in separate memories . The H
1

i t e r a t i o n  a l g o r i t h m  was onl y run for  a SRAN wi th  one reg ister .

The fo l lowing  conclus ions can be derived f rom the s imu la t ion

r e s u l t s :

i) For most c o n f igu r a t i o n s , B was genera l ly  c ose to the lower bound~

v r +a + Ilog
2
kl, and for all configurations B was much lower than

the original value calculated for the 360 ~rchitecture .
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Table 12

SP~AM Simulation Results

?fr of Bits/
GAUSS: Registers Interaction MH1 H2 ORIG Hi Hl Inst. HI Data

k 2 , a6; 1 7 8.7 10.3 11.9 10.5 7.2 10.0
2 8 - 10.8 10.4 9.9 8.2 10.2
4 9 - 10.6 10.1 9.8 9 .1  10.2

k4; a3 ;  1 5 9.2 10.6 14.1 10.5 6.1 9.6
2 6 - 10.8 10.3 9 .8  6 . 9  10.0
4 7 - 10.5 9.9 9.6 8.2 10.1

# of Bits/
LIST: Registers Interaction ~~1 H2 PRIG H1 HI Inst. Hi Data

k2; a 7 ; 1 8 9.6 9.5 12.9 11.5 8.0 10.0
2 9 - 10.2 11.9 11.5 8.9 9 .8
4 10 - 10.8 12.0 11.6 9 . 6  10.0

k4; a 4 ;  1 6 10.8 9.5 13.1 11.9 7.4 10.5

2 7 - 10.3 11.6 11.7 8.5 10.5
4 8 - 10.9 11.5 11.9 9 . 2  10.5

B (bits/computation refere nce)

B for Original Trace H0
(S) H

1
(S)

GAUSS 47.3 11.27 9.58 .845

LIST 39.9 10.36 7.88 1.86
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ii) As a heuristic , the H , a l l o c a t i o n  did much b e t t e r  t h a n  the  H
1 

or the

original (ORIG) for the LIST trace. For GAUSS , however , H2 was only

better when one register was used with k 2 .

iii) The best heuristic for GAUSS was the modified HI (Mlii) which uses

the iterative improvement algorithm . This result though was obtained

by allowing the algorithm to run for a considerab le length of time .

For 2 or 4 registers the H1 iteration algorithm would have taken

excessively long to run . The results for Mlii demonstrate that the

H allocation is far from optimal for GAUSS. However , since th~ H
2

results are still fairly close to v a+r± [log9k~ , the Mlii heuristic

appears to be much too expensive for general purpose use. (For LIST,

however , the allocation did perform better than ~H1.)

iv) For the split H
1 
allocation , the instruction stream , when using the

largest k, always gave the lowest B. Also the addition of multi p le

registers tended to decrease performance further. For the data

reference , however , the best performance varied unpredictably , but

seems relative ly constant . Sp litting the reference stream and ~sing

two separate memories for instructions and data should give the best

performance , especiall y if one were allowed to “tune ” each SB~M to

the characteristics of its stream.

v) For the combined instruction and data stream. the memory generally

did sli ghtly better with r = 1,2. This is intuitivel y cons is ten t ,

since c~ith mere registers , pointers to commonl y occurring 

~~~~~~~~~~~ -~~~~~-- -.—— ~--- --
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ti ghtly bounded gr oups o f words can be e f f ic ien t ly kep t , thereby

lowering the fault rate.

v i )  It was found w i t h  the mos t h ighl y segmen ted memory , a l , that the

f a u l t  ra te , ~~ , and ~ increased drasticall y. Therefore this case was

not considered f u r t h e r .

In conc lus ion , the SRAM is difficult to allocate optimally ,

though with simp le he uris tics like our H a l loca tion a lgor i thm , ~T is

close to one . The main  problem w i t h  the SRAM , however , is that v itself

is fa irly large . Since v alone is grea ter than H
2
(S), i t  would be sense-

less to try to incorporate more second order information into the alloca-

t ion as an op tima l al loca t ion wo u ld do . Basica l l y then , the nap r.iri g

mechanism itself requires too much overhead to allow the SRAN tc approach

H
2

(S) .

Befor e conclud ing th is sec tion a br ief  word is necessary

concerning index ing by a CPU into a SRAM . The problem occurs when accessing

a comp lete array requires several segment changes. Consequentl y ,  when an

index instr~ ction is executed , the number of interactions with memory will

depend on the val ue in an index reg ister. This problem , however , can be

solved f a i r l y easily by adap ting the CPU so tha t , depending  on the va l ue

in the in dex reg is ter , it takes the appropriate action to move the SRAN from

th.., current stace to the desired state independentl y of the ins t ruc tion

st ream . T h s  same approach can be used for multi-l evel indirection .

In conclus io~-., SRAM5 yield a marked improvement over an w i t h

/ w .  :i•~~~ver , SRANs do not approach the ideal performance for an N
2
.

Ac tual’- ; t h e i r  r equ i red  bandwidth  is f a i r ly close to that of a Huffman

encod .~d ~ with v 1. This capability should not be understated since

L 
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it y ields a sig n i f i c a n t  improvement over the  ori g inal  value of B.

Conseq uen t ly ,  we feel this memory could be applicable to a general

purpose compu ting environment . It increases addressing efficiency

(e.g. no base registers need be maintained) and it is relativel y easy

to use .

In the next section we examine a memory which is almost an ideal

and therefore has a much smaller addressing overhead .

4.5. Analysis of the Successor Accessed Memory (S~.d4)

The SAN is a random access memory with a specialized mapping

mechanism. Essentially ,  the CPU addressing mecha n ism has been comp letel y

moved into the memory . In addition , we give this mechanism program specific

knowledge of second order r e f e re n c e  s t ream b ehav icr .  This knowled ge has

the dis tinc t adva ntage of no t only allowing reduction of the address

computation requirements of the CPU, but also of the communication require-

ments between the CPU and memory . The mechanism d iscussed here then is

jus t a par t icular  k ind of mapping mechan ism wh ich takes adva ntage of second

order e f f i c iency discussed earlier.

A very important difference between this memory and the SRAN, is

that the SAil does not have a global allocation problem. However , there is

a coding problem associated with each re ference ’s successors . If we have V

address bi ts per transac t ion , we choose from ~ pos sible successors for

each reference . Since most references have at most one or two successors ,

we would not want v to be too large . The problem is , what do we do when

L.. .
-~~--~~~~~~~~~~~~~~ •-~~~- 
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the number of successors  for  a p a r t i c u l a r  re ference  is g rea t e r  than

In this case , some indirec t ion method rous t be used by the mapping

mechanism. This can be accompl i shed  by having a b i t  in each data word ,

which when set indicates  tha t the  word c o n t a i n s  no da t a  and is onl y a

dummy word providing another 1Lve l of i n d i r e c t i o n  to  enable  a g r e a t e r

number of successors to be accessed (see Figure 15). T h i s  t e chn i que does

require the CPU to be aware of the path it must take co access the desired

successor . Possible solutions to t h i s  and the indexing problem wi ll be

discussed in more detail at th~ end of this sect ion .

Since various successors to a yarticular reference ma’; have

different probabilities of occurrence , the best way to allocate indirect

pointers to minimize the expected number of levels , is to use Huffman

encoding . In fact from coding theory we have the following theorem :

Theorem 4.5.1: A Successor Accessed Memory can b~ allo cated (using

indirect multi-leve l addressing) such that

11
2(5) B

2 
H
2
(S)+v

where 2” is the number of imm ed ia te successors  ava ilable f or each

referenced word , and v is the number of address p ins used by the mem’r-;.

Proof: From C-allager (25] we have

(1) ~ll~($~) < 
H(S) 

+1log2D 
— — log

2
D

where ~ is a cod ing ra te  and D is the alphabet size being used. Now let

B2 
= p(m . ) . B ( m .)

.) 
.3 .3

I 
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Current ~Access

1st Level

2nd Level
3rd Level

• Indirect Pointer
wi t h No Data

o Data with
Successor Pointers

F P — ~~56O

Figure 15. S~~! allocation tree (v 1). 
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where B(m.) p(mjm .).n . 1 .

be ing the length of the code word (in bits) needed to code the

reference to location m ., given that m . has just been accessed , and

H9(S) = 
~~
. p(m .).H(S I m .)

where H(S~m .) 
= 

~~

Our actua l code al phabet  s ize  is D 2 V
, i . e. , we can choose  f r o m  2

V

successors  wi th  each r e f e r e n c e , so by a pp ly i n g  ( 1)

H ( S l m .)  H ( S I m .)
~ < i~(n .)< + 1

V 3 V

where ~~(m . )  ~ p ( m k .) .n ~~~. ,  n~~~. being the length of the code (in words

of v b i t s  each)  required  to code m . g iven t h a t  ro . has j u s t  been r e f o r e n c o d .

Since B ( m . )  v .~~(m~ ) we have (multip ly ing by v)

H ( S I m .)  < B(m .) ~ H(Sjm .) +v .

Mul t i pl y ing a l l  i n e q u a l i t i e s  b y p (m .) and s umming over i we have

p (m . )H ( S ~ m . )  �. p ( m . ) B ( m .)  < (~ p (m . ) H ( S H ‘) ± v .  p (ro . )
.3 3 .3 3 .3 .3 .3 .3 J _] .3

or 
112 (5) 

~ 
< Ha

(S) + 7 .

The above theorem t e l l s  us two t h ings : f i r s t , t ha t  we can bound

from below and above , and second , that the s m a l l e r  v we use the b e t t e r

( though  wi th  s m a l l e r  v the  SAN would  become more program s t r u c t u r e

s e n s it i ve . )  This scheme , of course , assumes c omp l e t e  knowled ge of the

c o n d i t i o n a l  p robab i l i t ie s  P (m ~~l m ~ ) .  What we w o u l d  l ike is a h e u r i s t i c

~

. 
~~~~~~~~~~~~~~~~ .
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al gorithm which only has knowled ge of successors  and p oss ib ly some

par tial knowled ge of probabil ity distributions . Such a heuristic does ,

in fact , exis t and still gives smal lest ~ with v 1.

The h e u r i s t i c  we used is as follows . If all successors are

equal l y likely ,  wh ich is of ten t rue for  ins truct ions fe tch ing data from H

an indexed array , then the optima l allocation is a balanced tree (see

Fi gure l6a ) .  Now if one locat ion dominates  all the rest (each next proba-

b i l i ty  is greater  than the sum of all  those r e m a i n i n g ) ,  then a s equen t i a l

allocation is optima l (see Figure l6b). Our heuristic uses only sequentia l

or balanced tree allocation. The only dec isions it must make are when to

use sequential and when balanced tree allocation , and if using seq uen tial

allo cat ion , in wha t order should the successo rs be alloca ted . For our

ana lys is  the estimated probabi l it ies ~ (m .I m .) are known , the decisions

being made were therefore based on those ~ (m~ lm .). Furthermore , it is

no t unreasonable  to expe ct a comp i ler  to be able to es t ima te whe ther

sequential or balanced tree allocation should be used for a particular

reference based on the type of statements being comp iled at that inotant .

For example , array references would almost always be allocated as a

balanced tree , instruction references sequentiall y. It should be noted

that our results are sligh t ly better than would be expected in an actua l

envi ronment  as a consequence of the above a s sumpt ion  of knowled ge of the

P (m~ I m ~). Of course if a program were to be run many t imes , post factum

optimization could be used very e f f e ct l v o .v .

Our anal ysis is of the  112 g raph  (as de f ined in Sec tion ~t.4)

rather than an actual simulation usir.e t~ e program traces . As with the
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e Indirect Pointer with No Data
0 Data with Successor Pointer

(a) Balanced Tree Allocation

,

~~,,,~~~~urr~~t Acce~~~~~nt Access

(b) Sequential Alloc ation

Figure 16. SAN heuristic allocation (v 1).
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SRAN , it is not necessary to have greater than second order knowled ge

of the  process to s imula te  an N2 . Wi th  our ana lys is  we f ind  (
~
. estimate)

as def ined in Def in ition L,..2.2 and then B where

= V .~~~.

For balan ced tree allo cat ion , the expe cted number of levels (accesses)

req uired to fe tch reference i ’s successor is

~~REE 0~ 
= log S(i) (1)

where S(i) is the number of successors to location i. The expec ted number

of levels r equired to ac ces s i’ s successor w ith seq uen tial al loca tion is

r S( i) 1
L (2

V
~ l)

X (i ) = (2 . N p..) (2)SEQ 2=1 j (2-l)(2”-l) 13

where the P~~ are indexed such tha t  > ~~~~~ for a l l  j .  Equation (2)

is derived from the fact that (2”-l) data elements are allocated at each

level  wi th S(i)1 levels requ i red .
I (2 -1)

The expected number of levels averaged over the stationary

proba b il ity ,  q1, of each r e f e r e nce is

~TREE q . .k r.,.~ .( i )  (3)

SEQ 
= ~ q~~~~5~~Q

(~~ (4)

BOTH 
= ~ c .min Th ( i) ’~~~~~(L )  (5)

The 
~sEQ~

’
~ 

ca l cu l a t i on  is inaccurate in one minor respect , if

S( i )  = k ( 2 ”-l)  +1 for some k, formula (2) will allocate one levo~ g r e a t e r

t h a n  is n e c e s s a ry , s in ce  it w i l l  place the las t  e l emen t  on a new ~ev~~l
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with a pointer from the previous level pointing to i t .  This  a p p r o a c h

oVer estimates SEQ~
’
~ 

sligh t ly, but does make the  c o m p u t a t i o n s  e a s i e r .

The above calculations were actuall y do ne b y a pro ced ure added

to the H012 progra m , since H0l2 has an in te rna l r e p r e s e n t a t i o n  of t he  H9

graph .

The r e s u l t s  of these  ca lcu la tions  fo r  GAUS S and LIST ( the w o r s t

and bes t programs) are given in Table 13 for i < v 3 . These results are

quite interesting . Over all Cases BOTH is much less than either ‘
TR ~~~E 

or

~sEQ’ 
this indicates tha t generally there is no predomi nance of one typo

of  d i sr r i b u t i o n  over a n o t h e r .  Thus the use of a selection mechanism is

justified . Furthermore , even w ith this heur i s t ic allo ca tio n techni que ,

the optima l B is with v l , and for  all  trace s < ~2
(S) + l  with v 1.

Of course ‘ BOTH de creases monoton ical l y w ith increas ing v . Th is

means tha t  a l t hough  a d d r e s s i n g  e f f i c i e n c y  is grea ter  wi th  the  sm a l l e s t  v

(w ith v l ,A would be onl y a few bits/computation reference), speed would

decrease accord ing ly. In a distributed multi-processor environment ,

however , this may not be a ser ious problem , since we have  cons iderabl\-

reduced the communica t ion  r e q u i r e m e n t s  between the  CPU and memory  modules.

If i t  were a problem , hi gher va lues  of v sho u ld be cons idered .

As wi th  the SPAN , the r e f e r ence  s t r eam was sp lit into an instr~ic-

t ion re fe rence  s t ream and a data r e f e r ence  s t r e a m .  Each substream was

tested with its own memory . The instruction stream did very well with

faulting occurring rarely even with v 1. This was expected because ci the

h ighl y sequen tia l nature of the instruction reference stream. For the

data stream , the results were not nearly as good . This was also expected , 

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 13

SAM Ana ly s i s  R e s u l t s

v l  v 2  ) v = 3

LIST (B BOTH 
l. L~~O 2 . 2 3  3.13

Combined St ream 
~~

B sEQ 
1.75 2 . 4 0  3. 19

t. ~~~~~ 1.75 2 . 5 5  3.13

I n s t r u c t i o n  Stream - BBOT}1 1.04 2 .01  3.00

Data Stream - B BOTH 2 . 0 0  2 . 5 7  3 .33

GAUSS IB BOTH 2 . 7 5  3 .50 4 .13

Combined Stream 
~~~SEQ 

19.39 14 . 04 10.52

(~ ~~~~~~ 
3 . 2 3  4 .00  4 .63

Instruction Stream - BBOTH 
1.01 2 .00  3 .00

Data Stream - BBOTH 3.83 4 . 13  4 .33

( b i t s/ c o m p u t a t i o n  r e f e r e n c e )

~ for  Orig inal Trace H0 (S) 111(5) 112 (5)

LIST 4 7 . 3  11.27 9 .58  .845

GAUSS 3 9 . 9  10.30 7.88 1.86
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since data  is r a r e l y fe tched  s e q u e n t i a l ly and shows much less structure

than the instruction stream. By using two separate memories we would

ach ieve some speed-up; ~~~~~~~ for al l  re fe ren ces wou ld be much

sma l l e r .  However , we t hen  would  need ano the r  b i t  to determine which

memory we are a c c e s s i n g ,  the reb y i n c r e a s i n g  the b i t s  sent  per i n t e r a c t i o n

b y one . The net r e s u l t  would be a sl igh tly fas ter co n f iguration than a

s ing le memory , w i t h  a s l i g h t ly g r ea t e r  a d d r e s s i n g  bandwid th  t h a n  a s i n g l e

memory .

Thus the main objective of this chapter , to find a second order

memory structure w it h  B c lose  to }1
2 (S) is r ea l i zed  w i th  th e  ~~~~ T i e  SA>~

should  t h e r e f o r e  be cons idered ser iou sly as a system component , and a

c a r e f u l  study of its other ~ :tributes in a system context is justified.

One important question that should be addressed concerns the

time and space trade-offs between a CPU with this type of memory

architecture and the standard 360 architecture with rand om access memory .

Table 14 g ives the space (in bits ) and time (in r e f e r e n c e s )  r equ i r emen t s

for each implementation for the LIST and GAUSS programs . The time

requirements were calculated directly from the trace statistics collected

by our analys is programs . The bit requirements for the unfiltered

programs are also computed from program statistics. The bit requirements

for the f i l tered programs r u n n i n g  on a SAM are the numb er of bi ts req ui red

to s tore the f i l tered program plus the bits required to store all successor

pointers. The number of pointers was calculated while 11012 calculated \

and B for the SAN.
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Table  14

SAM Space-Time T r a d e - o f f s

Requ i red  w i t h
O r i g i n a l  Program SAN Architecture

LIST Time in References  97 ,244 92 ,160
Space in Bi ts 98 ,016 161 ,000

GAUSS Time in References 94,272 207 ,750

Space in Bits 41 ,216 149 ,300 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~., , - .~~~.-.- -—--- — .“, .—
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It  should be noted t ha t  the success or poin ters cou ld be coded

much more e f f i c i e n t ly to ach ieve  cons ide rab le  spa ce sav in gs over those

requ i rements  g iven in Table 14 . For examp le , b y u s ing  d e f a u l t  va lue s and

rela tive d i sp lace men t ins tead of absolu te poin ter val ues , the total bit

requirements could be reduced significant ly.

The results (for LIST and GAUSS) in Table 14 are quite interestin~~.

For LIST , the re  is rough ly a 65~ increase  in space r e q u i r e m e n t s , bu t  no

increase  in execu t ion  time . In fac t , execut ion  time is shor tened  s li gh t l y .

For GAUSS, however , th ere is a tremendous increase in space ro~ uiremon:s

(roughl y three times) and execution time (roughly doubled). This is the

wors t case for  all our tra ces , and appears to ste rn f rom the  in c rea s e d

overhead r e s u l t i n g  f rom index ing  in to  large a r r a y s .  It is our f e e l i n g

tha t  if some simp le indexing capab ilities ex isted in the SAt~, much of the

above overhead wo u ld d isappear , perhaps approaching the requirements for

LIST.

The index ing problem and the rela ted are a of ind irec t addr oss~ ng

are indeed n o n tr i v i a l  prob lem s  w i t h  the  SAM. S o l u t i o n s  do , however , o:~ist.

The index ing problem can best be described with the fol.owing example; if

two distinct portions of the instruction stream access the same arr~-iv ,

then each referencing instruction must not only work i ts war down the

balanced t ree  to the array eleme nt tha t  is needed , bu t  must a lso , up on

leav ing  the  a r ray , make a choice that leads it back to the  p r o p e r  p lace in

i ts  r e s p e c t i v e  i n s t r u c t i o n  s tream or “ramp . ” This p rob lem is f u r th e r

complicated by the fact that the particular array element accessed depend s

on the value in the index register. One solution would be for the program 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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to g ive data to the  CPU which tells the CPU the approximate size of the

array . From this data and the contents of the index reg i s t e r , i t  would

not be difficult for the CPU to automatically genera te the int erac t ions

required to fetch the desired array element . Array size data could also

be stored in the dummy (empty data) fields of the i nd i rec t  p o i n t e r s .  This

approach could also appl y ,  with some modification , to indirect adorossing .

However , computed addresses , so it seems , would have to be excluded from

systems using SANs . These ideas are not meant to be taken as specific

solutions to the SAM indexing problems . Rather they merely demonstrate

that the indexing problem ~e0d not be a major obstacle in the use of this

type of memory.

It is quite possible that the form tOac a second order memory

should take would use the ramp as a basic unit. The CPU would receive

ramps f rom the memory as the  pr imary  f o r m  of i n s t r u c t i o n  c om m un i c a t i o n .

The currently executing ramp within memory would then automatically se t

up its own addressing structure including indexing. The ramp ’s indiv idua

index r a t e  could be added au toma tical l y when a ramp is en t e r ed  a l l o w in g

immediate array access without CPU intervention . Since each ramp would

have i ts  own inde’~ s torage , accessing arrays common to many ramps would

be t r i v i a l .  Also since the ramp structure would carry hnovied ge of

p rev ious  ex ecu t ions  of a ramp , enough inf orma tion should b~ available to

l ower B below }-1
2

(S) ,  poss ib l y even H ( S ) !  Lowering B below H(S)  would he

possible , since the rnerory suggested above wou ld  actua l 1’,~ keep  more

i n f o r m a t i o n  on dat a  r e f e r e n c i n g  behavior  than we allowed in the H(S) mo del

of Sect ion  2 . 4 .  A l so , a ramp s t r u c t u r e d  memory would  r e q u i r e  cons  er a b ~~

~

—--- .. - - - - . 
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less pointer storage , since only pointers to successor ra mps would be

necessary . Of course , other addressing info r ma ti on would be requi red  for

data accessing within the ramp , but the tremendous pointer storage require-

ments of the SAM would simply not exist.

In fact , with the ramp memory , many accesses may be effected

w i t h  only one i n t e r a c t i o n .  This  f ac t  may make it a t t r a c t i v e  to share the

memory among several processes. Such sharing would allow the memory unit

to be used in a mul t i p rocess ing  env i ronment .

In conc luding this section , it  must  be noted tha t  not onl y are

SAM-like memories attractive for gene ra l purpose environments , but they

could also be useful in special purpose environments. Alread y the

Fairchild F8 microprocessor has a limited form of on-chi p address ing

incorpora ted  in t o  the memory ch i ps ~26 J . This c o n s i s t s  of an au to -

incrementing register which is generally used as a program counter.

Essen t i a l ly ,  w i t h  the SAN we have traded o f f  s t ot ag e  space fo r

decreased bandwid th , i.e. we can increase the functional capabilities of

the  chip  and reduc e its address pin requ i rements  to one p u .  For the

LSI system designer , this trade-off would appear to be quite inviting .

4 .6 .  Summary and Conclus ions

In Chapter  3 we showed tha t  extreme ly cffici.et’~ addressing cannot

be achieved unless  at  least second order re fe rence  s t ream  i n f o rm a t i o n  is

used .
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In this chapter we have examined hi gher order memec’ :  arch t

which  attemp t to decrease address ing  overhead by taking advent ave of this

second order structure . Several examples of second order mem ories were

presen ted , two of wh ich , the Successor Accessed Memory (SAN ) and he

Segmented Random Access Memory (Sl~~N) were analyzed and their operation

evaluated by s i m u l a t i o n .

The main  con clusion we can der ive from the resul ts is tha t  more

e f f i c i e n t address ing can indeed be ach ieved by using a memory system which

is desi gned to exp loit second order re fere nc e strea m behav ior . The SRAI~,

which  is eas i ly imp iernen tab le  and uses second order  in for matio n to a

l imited ex ten t , achieves  a significant improvement over the cur r e n t  s tat :

of the art. Furthermore , the SAN, which uses more reference stream

information performs many times better than the SR~ l~, bu t  r equ i r e s  us to

extract the required accessing information during comp ile tine and 5 t C O e

i t  w i t h i n  the  memory .

The main result of this chapter is that through iacreased

memory comp lex ity ,  address ing  bandwidth and hence aidrossing overhead

can be redu ced si gni f i can tly (more than an ord er of ~cignitade for our

traces). It is our belief that this t;pe of memory does ha.~ a p ace

in the  distributed intelli gence , LSI computer syotem s of tho tuoc . In

a sense , the major portion of the address ing  fun ct ion can now be p l a c e d

within the m emory where it belongs and the oft casually referred to

“in t e l l igent me mory ” may become a reality .
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CHAPTER 5

CONCLUS ION

5 . 1 .  Sutn .a ry  and C o n c l u s i o n s

In Chapter 2 , the  addressing and computation processes within

an e x e c u t i n g  CPU were de fined . From th i s  fo l lowed  the  d e f i n i t i o n s  of

the address ing overhead , A , and the  i n f o rm at i o n  con t e n t  of the  compu tation

process  memor y re fe renc e stream , H(S). It was shown that A >  H(S), :r.ahing A

vs. H(S) a good measure of addressi. nu process efficienc y . Techni ques wcr~

then  developed for  o b t a i n i n g  A ( e s t ima te d  A) and ~i ( S )  ( e s t im a t e d  H ( S ) )  from

actua l program e:• :ecution on an  IBM 36C A s y s t em  of p r o gr a m s  was p r e s e n t e d

wh ich ca l c u l a ted A , fl(S), as well as the low o r d e r  er .t r op t e s ;  U0 ( S ) ,  H1
(B~~.

and H0 (5) .  The r e s u l t s  of these  a l c u l a t i o n n  were  t hen  e :• : ami n o d .  Th em

showed that  A was cons iderabl y larger (usually an o rder  of m a g n i t u d e  larger)

t h a n  I l (S)  for a l l  t r a c e s .  A was , in f ac t , even l a rge r  t h a n  H0 (S) and H1 (S),

demonstrating considerable coding inefficiency . Perhaps  the m ,t  i n t e r e s ti n g

r e s u l t  concernee  the  second order  entrap’:  H
2 (S) w h i c h  was ve ry  c l o s e  to

H(S)  for most  progr ams and much sma ller than h i (s)  for  a l l  p r e g r am a  . This

i n d i c a t e s  t h a t  second o r d e r  kr.o;;Ic:~ ge of a program ’s behavior f a i rl y

c o r n p l e te l :. i d e nt i f i e s  the  progra m ’ s s t r u c t u r e  and is t h cr 6 f or e  q u i t e

u s e f u l .  In concluding Chapter 2 it ;ia~ d e m o n s t r a t e d  tha t  for  one tv~~h c al

pro grar . i , ad J r e~~sing overhead accoun ted  for some 38.5~ of the  t o t a l  b it

s t r e a m  en t e r i ng  t h c  CPU .

C h a p t e r  3 discussed  some me thods  fo r  r educ ing  A. A mode : of the

address reg i s ter  load process  fo r  an f~+D a r c h i t e c t u r e  was deve loped  w h i c h
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demons t r a t ed  tha t  add re s s ing  could be done more e f f i c i e n t ly ( f o r  our

t r aces )  i f  the  number of address  r e g i s t e r s  and /or  the  d i s p l a c e m e n t  were

reduced in the IBM 360 architecture . It was shown that R+D addressing

is reasonably e f f i c i e n t , bu t  s e n s i t i v e  to proper  address reg is ter

alloca t ion . The proble m of su ch a lloca t ion was exa m ined br ie f l y and was

demons tra ted to b~ a difficult problem to do well. In concluding, the

chap ter the possible  improvemen ts to GAUSS ’S address ing overhead when u s i n g

the t echn i ques p resen ted  in the chap te r  were ana lyzed . I t  was d i s c o v e r e d

tha t  for  GAUSS , A could be reduced by a p p r o x i m a t e ly 5911 ( to about H
0

( S ))

by a va r i e ty  of t e chn i ques .  It was f u r t h e r  conc luded th a t  w i t h o u t  m a j o r

a r c h i t e c t u r a l  changes this  improvement , wh i l e  s ir n i f i c a n t , is ab o u t  th i e

best that one could hope for e

Chapter  4 then looked at some more radical architectural changes.

In p a r t i c u l a r  the concept  of second order  memory was introduced. This

memory architecture takes advantage of t he  second o r d e r  behavior discussed

in Ch apter  2 , to reduce address ing  overhead . Two examples  were anal yzed

in detail. One was a moderate aoproach , the Segmented Random Access

Memory (SEAN), w h i c h  is not too d i f f i c ul t  t o  use  and approach es

in p e r f o r m an c e .  The second example , the  Successor  Accessed M emory (SAM’ ,

is a t rue  second order  memory which  approaches  H
2 (S) in p e r f o r m a n c e .

This  memory is u n f o r t u n a t e ly more d i f f i c u lt  to use , but  d~ e~ r ep r e s e n t

a cons ide rab l e  f u r t h e r  gain in addres s ing  e f f i c i en c y .

The main c o n t r i b u t i o n s  made b y th i s  research  i n c l u d e :

I )  Address ing  a r c h i t e c t u re  can be more c lose ly matched to program

behavior  r educ ing  much unneces sa ry  overhead .

~~~~~~~~~~~~~~ 
_ _
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i i )  Memories can be b u i l t  wh ich , by u s ing  knowled ge of p r o g r a m  b e h a v i o r ,

requi re  onl y a small f r a c t i o n  of the CPU/Memory b a n d w i d t h  c u r r en t l ’

being used .

iii )  More concise models of a memory r e f e r ence  s trea m are ava ilable , which

incorporate  knowled ge of hi gher order reference streom behavior.

iv) Program s ize , t h rough  inc reas ing  add re s s  e f f i c i e n c y ,  can be r educ~~i .

This  r educ t ion  could be even more sign if ican t when coupled  w i t h

Heh ner ’s work [2 ]  on opcode and data size o p t im i z a ti o n .

In conc lus ion , to ob ta in  a very large improvem ent  in CPU/Memory

bandwidth  and CPU add re s s ing  e f f i c i e n c y ,  hi gher  o rder  mem ories and

accompany ing radical  changes in CPU a r c h i t e c t u r e  and sy s t em s o f tw a r e  arc

necessary . The p o t e n t i a l  p a y o f f  looms ever l a r g e r  as c o m p u t e r  memory and

addresses  con t i nue  to grow in size , LSI chi ps become larger . and inter-

connection costs increase relative to log ic c o s t s .

5 . 2 .  Top ics fo r  F u r th e r  Resea rch

Thoug h some have been b r i e f l y d i scussed  p r e v i o u s ly , th is  se c t i e n

p resen t s  some areas for  f u r t h e r r e sea r ch .

i) App lica tion of the informa tion theore tic approach to the  c o m p u t a t i o n

process. Such research could examine the efficiency of the

communica t ion  l ink  between the  c o m p u t a t i o n  process  and memory .

P robab i l i s t i c  c h a r a c t e r i z a t i o n  of the computa t ion  process  would  be

requi red . This approach  then  would  e ve n t u a l ly lead to  a r e d u c t i on

of the  H2 g raph  in both s ize  of program and execution time . 
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ii) Improved allocation algor ithms for program comp ilation. This

would include not only h e u r i s t i c s  to solve the  p r o b l e m  as d i s c u s s e d

in Chapter  3 , but  a l so  work  in the area of a d a p t i v e  restructuring of

comp iled programs fo r  improved  addres s ing .

i i i )  App l i ca t ion  of the  techni ques presented in this dissertation to the

ana lys i s  of m u l t i- l e v e l memor y  h i e r a r c h i e s  and pag ing environments.

iv) Ana lys i s  of the p e r f o r m a n c e  improvements  pos s ib l e  in special  pu rp ose

computing environments, where p r o g r a m s  are comp iled once  and

executed many t i me s .  This w ou l d  a lso  inc lude  a p p l i c a t i o n s  to micro-

programme. d c on t r o l  s t r u c t u r e s  w i t h i n  genera l  p ur pose machires.

v) Impr ov ement  of  second  or d er ~umories by inv e s t i g a t iu c , am on g  ot h e o

t h i n g s , improved p o i n t e r  c cdine and a c ce s s i n g,  end “ ra mo ” accessed

m e m o r i e s  in an a t t T e m o t  to r e d u c e  th e  large  am e u n t  of  i n f o r m a t i o n  nc,~~d~~d

b y the  Successor  A cces s~: d lhemo rv  ( BAlI) and d e c r e a s e  p r o g e a r i  e: :eee~~J e n

t ime . Adap t ive  or p r e d i c t i v e  t e c h n i qu es  mcr, ex i s t  for  c e r t a i n

c l a s se s  of p rogram b e h a v i o r .  For examp le , i n d ex in g  m e c h a n i s m s  c ou l d

be included in the Suc ce ssor  Acce ssed  lt rso ry to ar o id  th~ large

access trees required for a r r a y s . ihis is a wo r tn v  goal  s:nce a r r ay

access ing  c o n t r i b u t e d  the  :‘ost si gn i f i c a n t  t er m  in oar c a l c u l a t i on s

o f the overhead £unct i~~n of the  SAM .

vi)  F u r t h e r  r e f i n e m ~ nt of  the.  e~ timatlon of I l(S)  to ca p t or e  mor e in fer -

r a t i o n  ~n the m o d e l  sb s  ten i t s e l f .  Th is could  i n c lu d e  chec !~ima t h e

in v a r i 1 r e of  H ( S )  i r a  the same a l gorithm and da ta  on d i f f e r e n t

archito. tures , var o~ i c r ,  of p r o ’g r e :  b e h a v i o r  ac ross  d i f f e r e n t  i n :u t

dat a , ard t r d . u i n g  infc . o-y~t ion as dorived in v)  above .
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v i i )  Re sea rch  on the  persorma rice potential of an architecture with

mu l t i p le address  and m u l t i p le c o m p u t a t i o n  p rocessors  o p e r a t i n g  in a

distributed “load-sharing ” environment .

viii) Adaptation of i n s t r u c t i o n  sets  and comp i l e r s  t o  take bes t  a dv a r ~~~ge

of a c o m p u t e r  sy s t e m  t ha t  uses “ i n t e l l igent ” menor’.’ .

ix) Extend i.ne this research to evaluate architectures with a separa te

memory address ing processor rather than including this processor

w i th  t h e  memo i~ (as in Chap te r  f )  or w i t h  t h e  c o mp u t a t i o n  p r o c e s s o r

(as in Ch an t er  3 and c o n v e n t i o n a l ly )

-, 
—S. _
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