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ANALYSIS OF MEMORY ADDRESSING ARCHITECTURE

Daniel Wayne Hammerstrom, Ph.D.
Department of Electrical Engineering
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This research investigates the process of generating memory
addresses within computer programs and evaluates methods for making that
process more efficient.

The approach taken here is to separate program execution into a
computation process and an addressing process. The addressing process
generates the memory reference stream for the computation prccess (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 that 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
(A estimate) is much greater than H (H estimate) indicating that not only
does the addressing process place a great load on the system, but that
much of that load is unnecessary.

éeveral 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 cc¢cur by using second order memories. These memories are defined and




their performance analyzed. Using such a memory not only reduces A to
approximately H, but also has the additional advantage of significantly

reducing the bandwidth requirements between the CPU and the memory system.
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CHAPTER 1

INTRODUCTION

1.1. Problem Statement and Objectives

Many researchers have concluded that only 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
i hardware. This situation has come about, in part, because of a lack of
understanding of the behavior of computer programs and the relationship : 4
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 extremely limited. ,7
In this dissertation the area of CPU/memory communication is
exami.-4. 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




and the addressing process within the CPU that implements the memory
reference stream, and to discover computer architectures which perform

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 [1] has briefly
examined the information content of a typical computer word. Hehner [2],
and Foster and Gonter [3] have looked at improved opcode encoding, taking
advantage of the highly sequential aspects of the opcode stream. Hehner
has shown that by using his techniques, program size can be reduced by
as much as 75% 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 conclusion 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 executing program is shown to consist of an

addressing process and a computation process. From the addressing process




concept, the addressing overhead and addressing bandwidth requirements

can be formally defined. Also the information theoretic concept of nth
order entropy is applied to analyze the memory reference stream of the

computation process.

It is shown that theoretically this entropy is a lower bound
3 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 efficiency within the context of standard architectures. These
improvements include reducing the number of address registers 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

memory 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
difficulty of use, addressing overhead can be reduced by an order of

magnitude or more.




Chapter 5 then summarizes the major results and conclusions of

this research and presents a few topics on which additional research

would be most useful.




CHAPTER 2

INFORMATION CONTENT 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.

2.2. 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.




Memory address = (contents of R) +D, where

n
|

= rlog2 (number of registersﬂ and

a.
|

= rlog2 (maximum displacement in locationsi]. o

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 implicitly by indirection. Indirection is actually
L just the automatic reloading of the memory address register. Consequently
each form of addressing has its own method for loading into and displacing
E from explicitly or implicitly addressed base registers. So in reality,
the other addressing modes are just variations of the first. Thus it is
reasonably 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 readily 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
multiple level indirect addressing. That extension to the model used

here should be straightforward.

S ————




Table 1

Addressing Types

Base + Displacement

IBM 360, PDP-11

Paged

HP 2100, PDP-8
Indirection

PDP-11, HP 2100
Auto-Index

PDP-11

PC-Relative
PDP-11

Table 2

IBM 360 Instruction Types

Memory
Type Addressing Mode
RR - Register Reference None
RX - Storage Reference, indexed (B) + (X)+D
RS - Register and Storage Reference (B) +D
SI - Storage and Intermediate (B) +D
SS - Storage and Storage (B) +D, (B)+D

(Where (B) signifies contents of a base register,
(X) signifies contents of an index register, and
D is an integer value representing displacement.)




|

The IBM 360 addressing architecture lends itself quite well to
this analysis, since it has easily delineated index operations and is
basically an R+D architecture. Table 2 shows the IBM 360 instruction
types and the addressing mode used by each. Therefore by analyzing a more
or less pure R+D architecture like that of the 360 we feel we are performing
a reasonably general analysis.

Program execution now can be divided into two interleaved
processes: the computation process, which performs actual computational
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
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 examples 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, respectively.




Data and Instructions

@2
Computation

Data

Addressing
Computation

-

Referencing

Stream

Figure 1. CPU-memory model.

Memory

-

FP-5393




- When an instruction operates on an active register, delete that
instruction. If the instruction was a load, deactivate the destination
register and place the source memory location on the active storage
list.

- When a store into an active storage location is encountered, delete
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 Nc which is the
total number of references made by the instructions and partial
instructions that remain after filtering (i.e., those not deleted). O

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.

Consequently, 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 displacement). Also two
bits are added to each computation instruction executed, 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 Register Load, and

- No memory reference (RR 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

wy = the number of bits in the word,

a; = the number of bits in that word which are associated with the
addressing process; i.e., those bits deleted by the filter
algorithm from the reference word (ai==wi in many cases), and

Sy =W =8, = those bits of W associated with the computation

process, i.e., the number of bits in the referenced word which
remain after the filter algorithm is run. a

The computation process then operates given instructions and

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

The addressing process operates given instructions and data, a

i’
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
z a;
i=1%
N
c
where Nc is the number of computation process references. That is, let
B, - total number of references,
Na = number of references with ci=(J
(Na = number of references for instructions rather than number of
instructions, since some instructions require multiple references), and
Nd = number of data references in the addressing process, we get

a
NC = Nt -(Na-+Nd )
a
Note that Nc includes all referenced words with ci #0. In an infinite

process, we define A as

w
1
=
e
g
|
0

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 a2ncoder which generates the entire memory
reference stream.

Definition 2.2.4: B is the number of bits of address which are sent to

the memory per computation reference. a
Until Chapter 4 it is assumed, as in conventional 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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where w = log2 (memory size). For the 360,w is assumed to be 32 bits.
In Chapter 4 a more general formula for B will be developed, which is
compatible with a broader class of architectures.

The next section introduces the concept of entropy and defines
the variable H. It is then shown that this variable is a lower bound for
A and consequently A vs. H provides a measure of addressing cfficiency of
the system architecture operating on typical object code compiled for the

system.

2.3. Entropy

Entropy is used by information theorists as a measure of the

uncertainty of a random variable.

Definition 2.3.1: The entropv, H(S), of a random variable, S, which

arises from an unconditioral probabilistic process is the average self

information:

H(S) = -% p(s;) log p(s;)

where the self information of the occurrence of element si of S is defined

as -log p(si), 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, respectively.
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The expected information conveyed by a value of S, the self information
of S, is 1.5 bits. A Huffman encoding of the three values which transmits
no more bits than the information content is 0, 10, and 11, respectively.

Many processes have considerable structure, i.e., they are very
predictable given sufficiently high order conditional probabilities.
Extension to higher order requires a more involved, but more useful
definition of entropy. Let mj € M, where M is the set of memory locations
accessible by a program and lMl = 2w, i.e., the memory size. Let S be
the random variable that represents the memory referencing process. §
takes on values which are successively referenced memory addresses, in a
probabilistic fashion.

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

)
if we have two locations a and b, all possible 2 grams would be gI = aa,
28 2 2 o, .
8, = ab, gy = ba, g, = bb. G 1is the set of all possible n-grams. a
Using the n gram entropies of Shannon [5] the absolute entropy

is defined.

Definition 2.3.3: Let mj be an arbitrary reference to the jth location in

n-1
memory. Let g be the n-1 gram of the previous n-1 references. The

zeroth order entropy is

Hy(S) = log,|u| = w,

: w 3
if all 2" locations of memory are accessed by the program. Note that HO(S)
actually represents the value logle'l, where M' is the set of referenced

; 1 q
memory locations, M © M. All locations of memory are not always referenced,

so in general




HO(S) = 1og2|M'l < logz‘M! = w.

The nth order entropy is

n-1 n-1
S) = - z m,,g. lo m,|g.
H (S) e el Gn_lp( 5285 )log,p( Jlgl )
3 B €

and the absolute entropy is

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

It should be noted that calculation of H(S) for a finite program
trace is impossible, since as n approaches the length of the trace, Hn(S)
approaches 0 and is no longer meaningful. Therefore, the variable H will
be introduced, which is an estimate of H based on the general structure,
but not on complete knowledge of the trace.

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

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

H(8) = -Z p(mj) logzp(mj)

mjeM
H,(S) = -T z m, ,m, ) lo m, |m, ), and
AL eM m, <M B i’ J7) By B Jll 32)
J JZ i
w> Hy(S8) > H; (8) > -+- H (5) = H(S) 2 0.

Note that G1==M. Entropy is an excellent measure of the unpre-
dictability of a probabilistic process. If S represents an independent
uniformly distributed random variable,H(S) = w, and if for some i,

p(mi) = 1 (a particular location, i, is always referenced), H(S) = O,
bounding H(S). Entropy then is a measure of the 'uncertainty" or

"unpredictability" of the random variable S; nth order entropy is a measure
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of the unpredictability of the next reference given knowledge of the
previous n-1 references. It is important that entropy is a memory
allocation 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. 1In an actual system these codewocrds flow
into the CPU over the data bus. This same bus also transmits the
computation process inputs. Hence the variable length property of the
input codes is essential even though the bus itself and the data words
on it may have constant width. The output of the finite state machine
representing 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 thought of as the cross
product of the states of all registers (or partial registers) used by the
addressing process.

At this point, the addressing process is abstractly thought of
as generating 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.




Of course the actual 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 only slightly 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 curreng 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 stream of
the computation process). The variable-length input codeword set must he

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

E of finite length, the sequence of code letters corresponding to that source
sequence is different from the sequence of code letters corresponding to
any other source sequence [6].

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

E of computation references, i.e., machine outputs, which are the memory

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

in bits of the codewords input into our finite-state "addressing' machine

per computation reference.
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Figure 2 illustrates the entire process. In Figure 2a, a
precise diagram of the relationship of the addressing process to the
co@putation 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
then an imaginary process which codes S into an efficient A string. A
similar encoding function is normally performed by the compiler.

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

A to B, then

A > H(S). e

Before Theorem 2.3.1 can be proven two useful lemmas and a
theorem are given.

Lemma 2.3.1: het pl,p%,...,pM and ql,qZ;I...,qM be arblirary positive

L
. E = « = - - Z .
numbers with i=1pi iilqi 1. Then iglpi logpi < i=lpi logqi with
equality if and only if Py =9y Vi -
Proof is given in Ash [7]. m)

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

Dysfys e,y

Proof is given in Ash [8]. mi

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

generating symbols. Let An be the average number of bits
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required to code each source output s, in binary digits, given that
the encoder and decoder have only knowledge of the previous n-1 symbols
generated. An is then the average code length needed to code the next

symbol, knowing the n-1 gram, gn-l, of previous symbols. Then

A2 H_(S).
Proof: (Similar to that of Theorem 2.5.1 in Ash [9].) Define

s n-1
An . .Zp(mi)gJ )nl‘j

1,]
where n, . is the length of the code word assigned to m when the n-1
gram g?-l has just been transmitted. Then
A =TpeEi Ha ¢l
n j p gj n Oj
where
2 R n-1
Now
H (S) = - T p(m,g7 logyp(m g} )
% el 2810
or
= n-1 n-1
() = £ ple; LNCIEN
where
a=L. - n-1 n-1
Hn(Slsj ) %P(mi]gj )1°g2p(miloj )

First we shall prove
n-1 n-1
A slel™) > o (slgy ).

Multiplying A(slgg“l) by log,2(=1) we have

n
n-1 = -1 Lt 3
(10822)A(S|gj P -)iu p(milg;.l )1og22 “hd




2 M
Letting q; = ——— by Lemma 2.3.1 we have :
3 T 2 'e‘IJ 1
p . L

n-1 n-1 n-1
= p(milgj )logzp(milgj )= -Fil p(milgj )log,q,

or
el
n-1 n-1 n-1 n-1 2 :
H(S|g. = -z - log, p(m,|g. < - p(m,|g. lo
sley™ = -F plm|ey D log,p(m 27 < <L pmy[ 8] ) 1og, =
o
/)
=1 =
n-1 _n-1 1 n-1 2|3
H(S|gy ™) < T p(mylsy ) log)2 MERICHEARSIEINCR IS
or
aesle™h < a sl + 105, 2 A1) |
i - n 24 S2%y %
since :
1

-1
z p(m, |g" =1
Z Bl 1ng )

-n.. i
By Lemma 2.3.2,% 2 l‘J < 1 for any uniquely decipherable code, then $
l 5y
log, (% 2 J) <0
: since log,y <0 for O0<ycg<l.

Therefore
n-1 n-1
A (sles™) 2 H (slel ).

Since the inequalities hold between An and Hn for all j, by multiplying

both sides of the inequality by p(g?-l) and summing over j we get

n-1 n-1 =l n-1
PR IRINC LSRR IR LRC EA
or

A > H (S). o

 — —
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Basically the above theorem is applicable whenever the encoder
and decoder know only the previous n-1 symbols. Since CPUs use registers
to remember addresses and operands, the CPU can pass information forward
indefinitely, beyond any finite n gram that may be stored. Hence the
concept of infinite memory encoding (unbounded memory) is necessary to
allow modeling of the memory of unbounded history brought forward by the
contents of the CPU addressing registers. This CPU behavior is precisely
an infinite memory coding situation , since the same finite, arbitrarily
long subsequence of instructions can refer to two or more distinct locations.
When a process has tightly coupled codeword groupings, it is

possible to beat the standard Huffman encoding for the entire ensemble

by Huffman encoding each group and changing codes when a new group is
entered. This technique, of course, requires a decoder with memory and
intelligence. This process is exactly what occurs in an R+D architecture
when base registers are loaded to cover current localities. For Theorem
2.3.2 to apply to our finite-state machine then we must let 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_(S) = H(S). =
z lim B

No proof is given since this is the most fundamental result of information
theory, i.e., one cannot code at a rate which is lower than the absolute
entropy of a probabilistic source. In a sense we have let n go beyond
any past knowledge the coder may bring forward.

Corollary 2.3.1 implies that a program must be initial state

independent, i.e., it should assume nothing of the initial register
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contents (reloading before using). This stems from the fact that the
coder must always be able to operate correctly by looking at the last
n references as n goes arbitrarily large. This assumption is not
unrealistic since all computer systems require initial register contents
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 example no computation

is occurring at all, NC==0.) Although in practice A is much larger than

n

H(S), one can visualize a machine where A H(S) = w. Basically, if we
have H(S) = w, a random referencing process, the most efficient addressing
architecture would be for the addressing process to fetch the next address
directly from the memory each time making A = w. So even though A can
be infinite, A should not be greater than w in a reasonable system.

If the coding process has infinite memory, we cannct
guarantee An Z.Hn(S) for any finite n. This is due to the fact that the
CPU can always have some knowledge of past behavior (> n away) which can
be used to code more efficiently than Hn(S), since Hn(S) assumes no
knowledge beyond the last n-1 gram of references. It is, however,
interesting that with real programs an R+D architecture has difficulty
coding much better than Hl (Chapter 3). Therefore such an architecture
does not make effective use of higher order information.

The calculation of H_(S) from a finite trace is of course

impossible. The next section presents an algorithmic approach to computing

H(S), an estimate of H(S).
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2.4. Estimation Theory

Since actual computer programs are not infinite processes, a
method is needed for finding an estimated entropy H(S) of an actual
reference stream. The following method has been used to find H(S) for
IBM 360 program traces. This method tries to take advantage of the
"structure'" of the program. Basically a model of program execution is
derived using this structure, with the entropy H(S) being the entropy of
the model.

Note that the H(S) that is calculated from these traces is,
like the traces themselves, data dependent. It is precisely valid only
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 Ramp 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. o

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 could be constructed from a trace in one pass,

but it has been found that a two pass (ramps, then blocks) distillation
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EP=5390

Figure 3. A block.
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process works much more smoothly. This is true, primarily because of
the large number of references one must keep track of when creating
blocks directly from the reference trace.

One problem 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 simply 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 H(S).

A block graph is now created (see Figure 4) where each arc from
node 1 to node j is labelled fij’ representing the execution frequency of

that arc. Note that

z fij = Fi’ the total execution frequency of node 1i.
J

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

with £ o B = 1. This construction results in an irreducible, i.e.,
last,first

any state can be reached from any other, Markov process. The node transi-

tion probabilities can be estimated from the arc frequencies fij' Since
fi‘
lim i;l =P the transition probability from
Fy== i 4
node i tou node j,
fi'
pij = 7;1 - is an estimated transition probability.
i

To get a rough idea of the error introduced by such finite
sampling, the expected first order entropy calculation has been shown by

Basharin [10] to be
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Figure 4. A block graph.
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L

N

E[E; ()] = B (8) - &3 loge + 6 ()

number of symbols, |M'|, and

where q

N sample size, number of references in trace.

For our traces, typically q = 1100 and N = 80,000, which gives an error

of about 2%. As n increases in ﬁn the finite sampling error also increases.
This effect poses an upper limit on the order of H which can be established
by this method.

After estimating the block transition probabilities Eij’ we can
easily compute the stationary probabilities ai’ i.e., the probability of
entering state i on an arbitrary state transition, for each block. These
exist sinze the process is irreducible and ergodic. The process is
ergodic, i.e., it reaches a unique steady state, since in all our programs
there has existed at least one block with an arc to itself. This is a
sufficient, though not a necessary condition of ergodicity [11]. Each
block is now expanded as in Figure 5 to include both its instruction 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 ﬁ(S) be the information content of the program

graph as defined above. Im]
It should be mentioned that H(S), though not computed by letting

n approach infinity in Hn(S), does nevertheless represent the uncertainty,

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

not, however, trace block execution "histories,'" since such knowledge,
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though it would reduce ﬁ(S), would be expensive and unwieldy to obtain,
especially considering the necessity of knowing the multitude of data

' Including such information also runs the risk of

reference 'histories.'
incurring unacceptably large finite sampling error. Consequently, E(S)
represents a good engineering estimate of H(S).

Within a single block all data and instruction references are
dependent on the previous instruction reference. All sequentially
accessed instructions then contribute nothing to the entropy, since given
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
uncertainty than is perhaps justified 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 H(S).

The absolute entropy ﬁ(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
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]

T -~ Lz iy =
HORETY Hes|i) =

B ey
§ 7 q;H(s| 1),
1

where n, is the total number of references in block i, N = Z u,a,
J

I3
n;d;
. = - is the fraction of total references which are
S EeniqE
A Y .
generated by block i, and
ﬁ(sli) is the total information content over all references

in block 1i.

! . = = (o - v foscd .
H(S|1i) ? by jlog,B; 5 + z Hy(1,k)

where the BiJ are the estimated block transition probabilities, k spans

the data references in bleck i, and

Hd(l"{) = -E P(l,k,ﬂ) logz p(l’k,‘z)

where 4 spans all nodes associated with data reference k in block i and

p(i,k,2) is the estimated probability of occurrence of node 4 during data

reference k in block 1i. o
Before proving Theorem 2.4.1 the following lemma is needed.

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

Ho(S) = T q() o)) HES[D)

where

J
and q(1 m)(i) = q;, the Markov stationary probability for state i, since
b
the program graph has only one irreducible set of states, which is

ergodic. The proof is given in Gallager [12].

8]
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Proof of Theorem 2.4.1: To evaluate H(S), let us consider each node

i)

ii)

iii)

(reference) in the program graph, and find its entropy. The possible

cases are:

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

Byl ock iy = "1ogyPy ;-
Associating this H term with the end of block i and accumulating
and weighting by Sij over all j (successor blocks of block i) we get
Bhlock i e 51j1°3251j'
Exit Transition
Other instructions of block: Given that we are in block i, these
other instructions contribute nothing to uncertainty, since they are

fetched sequentially, therefore

H = 0.
Instructions
Within Block i
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 referenced at this position throughout the trace,

consider the one numbered £, then
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HData Reference £ at A -1°g2p(l’k’l)'

Position k in Block i
Accumulating and weighting by p(i,k,Z) over £ we have then the
entropy associated with the data reference at position k in block
i
(i>k) = "% E(l,k,Z) logz 5(i,k,£).

Grouping terms, the entropy associated with block i is

H(Sll) = -%‘ Pij logz pij 77 lz{: Hd(l’k)‘
Block Transition Data Reference

Associated with Entropy within
Exit of Block i Block i

The entropy per reference for block i = Eﬁ%iil , where ng is the total
i

number of references in block i.

Recall that Ei is the estimated stationary probability of
entering block i, given that a block transition is being made. However,
n, is not constant over i. Therefore define r; as the stationary

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

n.q.
. 194
b N

, where N = £ n,q..
j 43
~ ' "
Using Lemma 2.4.1 where q(l m)(i) gt and H(Sli) = Elg*ll , we have
bl

i
HGS) =Zr Eﬁslil ¥
;1 .

n,q.
lql
N b

However since T, -

H(S)

]
=4 I
™M
al
e

ool

~5

(%)

=

N

n
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The above theorem states that by knowing the number of

references ng in block i and the probability of being in block i, it is
merely a matter of summing the data entropy contributions and thé contri-~
bution to entropy made when leaving the block and then multiplying by
ri/ni 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 Hi can be computed from steady state Markov

analysis of Figure 6a.

N = Elnl +’<52n2 + 53n3 = %(7) + %(4) + %—(12) =8,
Hy(1,1) =0,
Hy(1,2) = -(3logg + 5 logs + g-log-g-) = 1.06,
Hy(1,3) = -(-;_-10;;% + Flogt +2logD) = 1.5,
a1 = -(_,%log_;]f + §1og% +£—10gi—) +0+ 1.5+ 1.06 = 4.06,
fi¢s|2) = o,
f(s|3) = @,

H(S) = 3(394.06 + 30 + B0y,

0.29.

H(S)
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2.5. Analysis Programs

We now describe the system of programs which compute A, H(s),

By (S), ﬁl(s), and ﬁz(é) (see Figure 7). 1Incidentally, no higher n gram
entropy than ﬁz(s) was computed due to the large sampling error that would
occur. For example, applying Basharin's formula [10] to ﬁB(S), (for GAUSS)
a sampling error of over 15% 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 multiple 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 direction.

FILT2 takes the reversed trace and applies to it the filter
algorithm given in Section 2.2. The statistics computed by FILT2 are
given in Table 3. The output is the reversed computation trace; all
addressing instructions having been deleted. The total number of bits
deleted (addressing instructions, their references, and addressing portions

of computation instructions) is passed to PREP, which when executed will
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Figure 7. Program system.




Table 3 5

Statistics Computed by FILT 2

Total Instructions Read

Instructions Deleted

Index Instructions Deleted

Base Instructions Deleted

Average Number of Active Addressing Registers

Maximum Number of Active Addressing Registers

e P

Active Register Deletions

Number of Index Register Loads (Register Reference Instructions)
Number of Base Register Loads (Register Reference Instructions)
Number of Index Register Loads (Memory Reference Instructions)

Number of Base Register Loads (Memory Reference Instructions)

M BN e T AT e g

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 Traca
Arithmetic Instruction Deletions:
Register Reference Instructions Operating on Index Registers
Register Reference Instructions Operating on Base Registers

Memory Reference Instructions Operating on Index Registers
Memory Reference Instructions Operating on Base Registers

R R Tt Lo T T St T

Number of Stores from Activated Registers

Number of Load Multiple Instructions
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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 takes the computation trace and, by simulating the operation
of an IBM 360 CPU, creates a file of all 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 special
symbol is placed after the reference for the branch in the output
reference stream. This information is used by COM and COMDAT to determine

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

by PREP. The first value is the actual location referenced in base 10,
and the second is the type of reference: instruction, data read, or data
write. PREP also computes some statistics (see Table 4) and A from the
information passed to it by FILT2Z. COM creates a ramp trace from the

the memory reference trace. Each element in the ramp trace contains the

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

ramp in references. Data references are not considered here, since they




Table 4

Statistics Computed by PREP

The Maximum Address Referenced in Memory
The Minimum Address Referenced in Memory
Number of References Output

Supervisor Calls Encountered

Total Number of Instructions Interpreted
Number of Instructions Not Interpreted

~

A
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will not be needed to create the block graph, and will be separately
handled later.

RAMPS creates the ramp graph from the ramp trace. A hash

coded data structure is used as an associative memory (addressed by ramp
starting addresses) to build a file representing a sparse ramp transition

15 represents the

matrix. In the ramp transition matrix each entry, r
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 RAMPS) and determines

the blocks by the following algorithm:

Block Algorithm: Note: The Block Algorithm 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
operation is to encounter a node (ramp) and stack all successors if more
than one exists, and traverse the arc leaving the node if only one exists.
When a node which has been previously 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 RAMPS

Maximum Number of Distinct Ramps 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
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the nodes are labeled with the current block number., Let BLOCKNUM be

the current block number. Let RAMP _I] be a pointer to the first ramp

in block I. 1Initially ¥I LABEL (I « 0. There also exists another
L stack which can have values placed on it from P by PUSHSTACK < P and {
removed from it and placed in P by P « POPSTACK. Initially, BLOCKNUM « 1,

RAMP (1] « 1, and J« 1 (a pointer to the firs- ramp).

Step 1: WHILE LABEL [J] = 0 (unlabeled) DO

’ BEGIN

LABEL [ J] « BLOCKNUM;

IF J has only one successor THEN J* successor of J
! ELSE BEGIN (If J has multiple successors a new block
must be started.)
IF J has no successor THEN J< POPSTACK; terminate
program when stack underflows.
ELSE BEGIN
PUSHSTACK ¢ all successors to J;
J ¢ POPSTACK;
END;
IF IABEL [J] =0 (unlabeled) THEN
BEGIN (start a new block)
BLOCKNUM ¢« BLOCKNUM +1;

RAMP] BLOCKNUM. « J;

END;




STEP 2:

PUSHSTACK < J;

GO _TO STEP 2; (Program drops through to Step 2 whenever
an already labeled node is encountered.)
J < POPSTACK;
Search RAMP [I] list until an element I is found such that J is
the starting ramp for block I, i.e. RAMP "I] =J;
(If a node is not an initial ramp for a block, it and all its
successors must be relabeled.)
IF such a J is found THEN GO TO Step 2 (it is a complete block).
ELSE BEGIN
BLOCKNUM¢ BLOCKNUM +1; RAMP[ BLOCKNUM | « J3
IF IABEL [J] =0 (unlabeled) THEN GO TO Step 1;
ELSE BEGIN
K < LABEL [J];
WHILE LABEL [J] =K DO
(Keep relabeling until either multiple
successors or a different labeling, evidence
of another incoming arc, is encountered.)
BEGIN
LABEL [J] « BLOCKNUM;
IF J has more than one successor ur no
successors THEN GO TO Step 2

ELSE J €< successor of J;

END;

END;

GO _TO Step 2.

PRSP



The block algorithm produces a labeling (by block number) as
well as a list of pointers (RAMP [I]) 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 cutput file of SUPER
and creates a block trace, that is, each element in SUPER2's output file

is a block number indicating the execution of that block.

MARK1 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 MARK1 is a sparse block transition matrix where each element
fij represents the transition frequency from block i to block j.
Statistics on the blocks are also collected by MARKL (see Table 6).

QPREP takes the output file from MARKl and creates two files. One
is a Markov transition matrix (Eij) for the block graph, and the other a

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

follows:

£ .
= =—ll =
P 5 o where F, z fij
i )
= F,
q = f; , where Fp = % F..

Now, before ENTROP can 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




Table 6

Statistics Computed by MARKI1

Maximum Number of Different Blocks Read
Total Number of Blocks Read

Maximum Frequency of a Block

Average Frequency/Block

Maximum Outdegree/Block

Average Outdegree/Block

Total Number of Arcs in Block Graph




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 probabilities p(i,k,4) (see
Theorem 2.4.1) for each block, i, in the block graph. It uses the output
file of SUPER which contains the block numbers, the starting address of
each block and the length of each block in ramps. It reads the modified
ramp trace output of COMDAT, creating a list for each reference, k, in
the block, i. It then computes for each value of £, the frequency
f(i,k,2), which is the frequency of the £th distinct data address at
data reference (position) k within block i. The relative frequencies,

p(i,k,£), are computed as follows;

Sk Ay oSl Ral), e pe ey -

TR £(i,k,2).

'
ENTROP obtains the Ei and Eij from the QPREP output file, the
n; from the SUPER output file, and the p(i,k,£4) from the DATAC output
file. ENTRCP then calculates ﬁ(s) by applying Theorem 2.4.1.
HO12 computes HO(S), ﬁl(S), and EZ(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, which contains

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

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

and the successor frequencies, f(i,j). Then
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S(i,j) = 2 yhere Fo=ZIF
E A i &
i
F, = L £(1.3)
4.
and 5 i Ei
i FT
So
HO(S) = 1og2 (number of entries in the table),
= . & =
H (8) 2 p; log, p;
d ~ Sl ~
- H,(5) = - T B(1,1) log, Bl )
= 1,]
which is = I ST T T ~
Hy(S) = - Z p(i,j) log,p(i,j) + 2 p(i,j) log, P,
< £:] 2 1.3 2"%]
or ~ e e
Hy(8) = - £ p(i,3) log, p(i,3) - Hy(S)
1,]
since

H.(S) = -Z P, log,Pp: =- Z p(i,j) log, ..
(s) jPJ 08, P; i,jp( 310 8, Py

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 are 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 14X 14 matrix. This program was

compiled by the IBM FORTRAN G 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 1710 24.1

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

EI(S) - Instruction Fetching Component

of H(S) .079 .0021 .030 .040

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

Hy (S) 10.36 10.74 10.80 11.27

Combined Stream ﬁl(S) 7.88 9.33 8.62 9.58

ﬁz(S) 1.86 1.32 1.51 .845

! Hy (S) 9.25 10.42 10.21 10.64
Instruction Referencing Stream ﬁl(S) 6.36 9.96 8.37 9.24

ﬁz(S) .074 .006 .080 .098

Hy (S) 9.35 8.43 9.24 9.77

Data Referencing Stream Hl(S) 7.86 6.40 6 b7 7.58

HZ(S) 312 2508 2.71 1.90




Table 8

Ramp/Block Structure

Number of Ramps/Program

Maximum Ramp Length

Average Number of Data Accesses/Ramp
Average Number of Successors/Ramp
Number of Blocks/Program

Average Number of Ramps/Block

Average Number of Successors/Bleck

Number of Blocks Ex=cuted

50

GAUSS | ERROR | EIGEN | LIST
115 143 207 606
46 312 185 29
3.55 25.42 | 4.39 1.29
1.12 1.06 | 1.21 1.14
31 23 72 143
3.71 6.29 | 2.88 4.24
1.48 1.39 | 1.61 1.51
7,746 121 3,209 | 5,705
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ERROR: An IBM 360 floating point benchmark used by the University of
Illinois Computing Services Office. This program was also compiled by

the FORTRAN G compiler.

EIGEN: A program which finds the eigenvalues of a 14X 14 matrix using two
routines (TREDl and TQL1l) from the Eigensystem Subroutine Package
(EISPACK) 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 compiled by the
IBM PL/1 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 might expect
that the conclusions drawn here are of general value.

In all cases only a portion of the total 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 storage resources are required
to compute ﬁz(s) and H(S).

For all programs, the addressing overhead A was much larger
(at least an order of magnitude) than H(S), the information content

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




portion of the total bit stream flowing into the CPU is devoted to

addressing. We can compute the actual percentage from the following

definition. Let

~ _ Total Number of Bits Input to CPU
T Number of Computation References

ET represents all instruction and data fetches. (The data leaving the CPU

consists of data being stored and the address or reference stream.) So

we have

(Total Number of References in unfiltered Trace-Number of Unfiltered
ZT _ _Stores)X32-(Number of Register Reference Instructions)X 16
N

Cc

This variable can be computed from the original trace. For
example, LIST had ST = 41.2 bits/computation reference. This means that
A is 58.57 ((K/KT)X 100%) of the total number of bits flowing into the
CPU, or 58.57% of the input bandwidth for the LIST program. This is a
large value and gives a good indication of the load which the addressing
process places on the system. The small size of ﬁ(S) indicates that
considerable improvement may be possible in this area.

Much of the difference between A and ﬁ(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 register select and displacement, but then
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register reloading would increase (base register loading is exclusively
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 considerable structure within
the control flow of a program, and is reinforced by the small contribution
the block graph uncertainty, ﬁI(S), makes to the total uncertainty. As
expected, data referencing, ﬁD(S), is the most significant contribution to
H(S). This results primarily from indexing (vector) operations.
Consequently with a more sophisticated model which could capture the
regular behavior of vector accessing (indexing), smaller values of H(S)
could be obtained.

Incidentally, LIST, which has a markedly different character
than the other test programs also has significantly different generated
statistics. For example, A is significantly greater than for the other
test programs. Also, a larger number of ramps and blocks occurred in LIST.

These differences are due primarily to the symbolic character manipulation

required by LIST. Referencing under these conditions, though not
necessarily less uncertain (ﬁ(S) is not much different than for the other

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

simply not as efficient in performing this type of task.
The most interesting result involves the low order n gram

entropies. For all four programs HO(S) and ﬁl(s) are about the same, with




H
ﬁl(S) being very close to HO(S). (Note: 2 0 does not indicate absolute

filtered program size, but rather the number of memory words required 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 ﬁz(S) fairly close to each
other for all traces, but they are significantly smaller than the
corresponding value of ﬁl(s). What this means is that if one has
knowledge 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 intuitively supported by the following observations:
i) 1instructions 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 relatively infrequently in our
traces, though it did add considerable uncertainty when it
did occur.)
Also included in Table 7 are the low order n gram entropies

for the instruction reference stream and the data reference stream. Again

the results are as expected, ﬁz(s) being quite small for instruction

referencing and relatively large for data referencing.
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2.7. Summary and Conclusions

Using information theory, the information content, H(S), of a ?
memorylreference stream has been estimated. Also the memory addressing
overhead, A, was defined. 1In the last section it was seen that with
the programs we have traced, A >> H(S). The obvious question then is how
can A be reduced and what costs are incurred to obtain that reduction?
Granted, building a special purpose computer to run a particular program
would no doubt enable a tremendous reduction in A but at a great cost.
However, there are techniques which can economically be applied to various
aspects of computer system design to reduce A significantly for general

applications. The follocwing chapters examine some of these approaches

and their expected effectiveness based on the traces used.
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CHAPTER 3

MINIMIZATION OF A

3.1. Entroduction

In Chapter 2 the variables A and H(S) were defined; A being the
addressing overhead incurred by a program and H(S) the uncertainty or
entropy of the memory reference stream for the computation portion of a
program. It was shown that A > H(S). Actual calculations using program
traces demonstrated that A (A estimate) was, in fact, significantly
greater than H(S) (H(S) estimate). This means that there is considerable
room for improvement. The question this chapter examines then is, ean A
be reduced and if so, by how much and how easily?

Various methods for improving A are briefly discussed, including
adjusting the displacement and the number of addréss registers, improving
compilation procedures and inclusion of architectural features that
improve a CPU's addressing capabilities. Though many of these suggestions
are applicable to almost any architecture, they are mostly aimed at an

R+D architecture like the IBM 360.

3.2. R+D Optimization

In an R+D architecture, the primary contribution to A is
incurred in two ways; first, by the register select and displacement
bits required by all memory reference instructions, and second, by the

instruction and data bits required to load and manipulate the address




(base) registers. There is an obvious trade-off here, since if we use
fewer registers and a smaller maximum displacement the r+d contributions
to A will be smaller. With fewer registers, however, they will have to
be loaded mecre often, possibly increasing A. 1In this section an approxi-
mate model of this trade-off is proposed. The model is now developed. i

Definition 3.2.1: A Register Fault occurs when a base register must be

8

loaded in order to make a memory access.

Definition 3.2.2: The Register Fault Rate, denoted by &, is the proba-

bility that a register fault will occur on the next reference. -

~

A can be approximated then as

aa+ae+a +a5+a€

X M

e

N
c

wilere a, = (2r+d + 32 + 2)RX the total number of bits due to data

BL:

register loads. XBL is the number of base register loads computed by the
filter program, 32 bits are loaded, 2 opcode bits are used to name the
addressing mode, r+d bits are required to access the operand to be

loaded, and r bits are required to specify the destination register.

ag = (2-+r+d)(RXF~+RSIF) + (2-+2r-+2d)SSF, the total bits due

to memory reference instructions.

= + D,
aY (12 r)(RRXA-+RRXL) = (16-+r+d)(RYXA-+RXXL) ot 3RXF +
32(RXXA-+RXXL), 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.

il = 2RRF, the total bits due to register reference instructions.

J




a, = (2r+d +2)RXS + (r+d+2)LM + (16 +d)R1(BA +

16(RRBA-+RRBL) + 32(3LM-+RXS-+RXBA), the total bits due to miscellaneous

operations such as base register stores.

In the formulas above

"
I

[a¥
I

N
c

= number

number

addressing process

B =

L

Y

[}

Riga =

RXS =

computation

RRF -

RXF =

SSF =

number

number

number

number

number

= number of bits for base register selection,

of bits to specify displacement,

of computation references,

sEatdstics::

of

of

of

loads

index

reference),

to index registers (register reference),
to base registers (register reference),
tc index registers (memorv reference),
to base registers (memory reference),

register arithmetic instructions (register

number of base register arithmetic instructions (register

reference),

number of index register arithmetic instructions (memory

reference),

number of base register arithmetic instructions (memory

reference),

number of stores from activated registers,

process statistics:

number of register reference instructions,

number of memory reference instructions,

number of storage to storage instructions,




RSI register storage and storage immediate instructions, and

s}

IM = number of load multiple register instructions. On the average
3 registers are loaded per instruction.

Now define & (¥ estimate) as the fraction of references devoted

to base register load fetches

g lHL
- .
NC RXBL
X can then be written as
ata +a, ta, ~
~ e o
= Bl S + (—=) (2r+d +32 +2).
N, 1-&

The number of opcode bits for each addressing operation is
assumed to be 2 bits, since there are basically 4 cperations to be

delineated

RX, RS, or SI memory reference,

- SS memory reference,

- Base Register Load, and

- No memory reference (RR instruction).
(Note: these opcode bits are not explicit within the 360, but we assume
their existence both here and in the filter algorithm, since they
represent an approximate quantity of information that is required by the
addressing process for its proper operation.)

The above model does appear to be quite complicated. However,

by more accurately characterizing the addressing process, (for the proper

&) direct comparisons can be made to the actual trace results. In the

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




components and the load rate &. What is now needed is a model of the

& vs. r+d process.

The first major problem 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
i created by making certain assumptions. First, consider the input stream
b to an addressing encoder as being the memory references generated by a
Markov process. Let us assume that we know the probabilities,
p(milg?-l), of this process, where mj is a memory location and g?-l is an
n-1 gram of the n-l1 previous locations referenced. These are called the
s nth order conditional probabilities, since they are used to calculate
the nth order entropy Hn(S). Assume for this model that no higher order
behavior exists, that is that Hn(S) = H,(S). This assumption results in an
nth order process (n-lth order Markov), since the p(mi[g?-l) are
independent. ;

These references then enter a finite-state encoder which contains
2r base registers of width w, and depending on the contents of the base
registers, outputs a stream of codewords of the set {ltrtd, Otrtdtw} where
ltrtd represents register select plus displacement, and
Otrtdtw represents register select plus displacement and register

load (tr is loaded with tw then displaced from with td)

where
tr is a register select word of r bits,

ty is a displacement word of d bits, and

tw is a register load word of w bits.
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This stream can then be decoded by a CPU-like mechanism
containing addressing registers, thereby generating 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.,

w
[}

Q+r+d)(1-a)+ (1 +r+d +w) (@)

8]

e
]

or (LEe+d) + g

R is a little more convenient to use than A for assessing the efficiency
of R+D coding, since it does not contain other miscellaneous operations that
are included in A (e.g. indexing) and does not include the opcode bits
required to delineate these other operations.
dn then represents the proportion of register load insertions
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);
- Only 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 register to be reloaded, Rj’ is selected to be the one with
greatest expected next use time.
- The address loaded into Rj 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 gllocated

to memory such that mi< mj if p(mi) > p(mj) (see Figure 8), this is called
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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 simplicity, that the Hl probability distribution is forced
into discrete intervals, each 2d locations wide. These restrictions
allow a simpler model, but the &i obtained will be greater than the actual
&l, since less loading freedom is available. Using the register load
guidelines it is easy to see that o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>