. a program is run or first compile

REPLACED SHEETS

SG

: o ﬂ/ Deescription : paged .l to paged ..}
ipoS [ Claim(s) :paged P to paged .=

: [ Drawing(s) : paged \L¥.. to paged 4.,
Q/Abstract : paged 2. to paged .. &% .}

19

23

..... Tesny

A
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This invention relates <to the art of ceonputer
programming, particularly to compilers ané more specifically

yet to & compiler which schedules instructions to rinimize

language 1is Kknown as "source code". However, source coge

will not execute directly and therefore must either be

- inteérpreted, statement by statement, into executable code as

‘Jl

into "object code" (which
is” meaningful on the given hardware employing the given
operating system) and then run as object code. The

compilation is performed by a -special purpose '"compiler"

jo

program which has an awareness of the architecture of the
conputer systen with which the object code will be used and
can therefore translate each source code statement into one

or more system specific object code instructions. Those
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skilled in the art will understand that executing compiled
object code 1is very much faster than executing source code

through an interpreter, and most commercial code is provided

~—

only in compiled fornm.

As faster operastion of computers has been sought,

numerous hardware/{firmware Zfeztures have been enploved to
achieve that purpose. Cne widely incorporated <{fezture
directed to increzsing the spsed of operation is pipelining

in which the various stages of execution of a series of
consecutive machine  level instructions are undertaken
simultaneously. Thus, during a cg¢iven time increment, =
first stage of a fourth (in order of execution) instruction
nmay be undertaken while &a second stage of & third
instruction, a third stage of a second instruction and a

fourth stage of a first instructicn are eall undertaken

This procedure drameticazlliy increases the aeapperent

instances in which conflicts arise &mong the seguential
instructions which can bring about a pipeline '"brezk", i.e.,
& need to interrupt the smooth interlezve of the succeeding

instructions in order to wait out the conflict. As an

rt

elementary example, if, in undertaking the first stage of a
fourth instruction, a given register is used for an operand
address and the same register 1is simultaneously being
altered by wundertaking the second stage of the third

instruction, a conflict exists, and the first stage of the

2 dThis Sheet Has Been Replace:




fourth instruction must be postponed, thereby resulting in a
pipeline break and a conseguent decrease in the =zpparent

speed of execution. The present invention directly

~

addresses, &nd serves to minimize, the problem of software
brezks 1in compiled object code employed in a computer

processor employing pipelined architecture.

Obijects of the Invention

t is therefore z broad object of this invention to

=

provide an improved compiler.

t is a more specific object of this invention to

1

provide a corpiler module which selectively reorders closely
seguenced object code instructions in order to minimize

pipeline breaks.

jose

Strmmarv of the Tnvention

Briefly, these and other objects of the inventicn are
achieved by a compiler module in which representations of
each object code instruction in a smeall seguential group
temporarily held in a buffer is assigned a pair of Attribute
Words developed from an Instruction Attribute Tzble as each
enters the scheduling process. Potential conflicts which a
new instruction may have with those instructions already in
the buffer may be readily ascertained in a first sub-process
by logically AND-ing its Attribute Words with those of the

other instructions such that any response other than zero

indicates a potential conflict. If no conflict exists, the
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cldest instruction in the buffer is sent to an object
module, and the newest instruction is pushed into the
buffer. However, if a conflict does exist, a second sub-
process is unaértakén to resolve the conflict, if and to the
extent possible, by determining if the conflicting
instruction already in the buffer can be moved ahead of cne
or more other instructions in the buffer such that the
conflict is minimized or eliminated. This sub-process
involves a comparison of the Attripute Words of th
instructions in the buffer. If novement of the conflicting
instruction is possible znd will resolve or ninimize the
conflict, the instructions in the buffer are reordered =zas

appropriate, the oldest instruction is sent to the object

module, and the new instruction is pushed into the buffer.

Description of the Drawing

The subject mnatter of the invention is particularly
pointed out and distinctly claimed in the concluding portion
of the specification. The invention, however, both as to
organization and method of cperation, may best be understood
by reference +to +the following description taken 1in
conjunction with the subjoined clzims and the accompanying
drawing of which:

FIG. 1 is a tabular representation of instructions
deployed in an exemplary four-stage pipeline under

conditions which cause a pipeline break;
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FIG. 3 1illustrates an exemplary Instruction Teble
Attribute Word employed in the practice of the invention;
FIG. 4 illustrates an exemplary address/Use Attribute

Word emploved in the practice of the invention:

FIG. 6 1is &z nore cdcetziled flow chart particularly

ub-process component of the invention;
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FIG 7 is a nmnore cdetailed flcw chart perticularly

FIG. 8 is a tabular representation similar to FIG. 1 in
which instructions in the pipeline have been reordered

peline

according to the present invention to avoid & p

Detziled Description of the invention

In the description of the invention which follows, the
exenplary environment chosen to illustrzte the invention is
& four-stage pipeline processor in which the fundzmentzl
word length is thirty-six bits. Those skilled in the art
will understand that a given processor might include a
Pipeline of some other number of stages and/or a basic word
of some other length. it will also be understood that

different techniques can be employed to establish, keep
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ck of and coordinate the functions of the various

Hh

buffers, stacks, attribute words, etc., specific examples o
which have been chosen for the purpose of illustrating the

~

exemplary implementation of the invention.

Thus, attention is first directed to FIG. 1 in which it

will be seen that the four pipeline stages of the example

are: "fetch", "azddress", Ycache" and "Yexecution". During
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"cache" stage, any operand/daeta required from memory is
fetched (typicelly from cache nemory). And, during the
"execution" stage, the actual exscution of the instructicn

takes place.

rY

Now, in FIG. 1, during t2 (merelv &s an examplé), while
I3 is being fetched, an address compcnent is being developed
for I2, I1 1is accessing cache nemory or main memory &s
needed, and the next earlier instruction is being executed.
Ideally, during t3, while I4 is being fetched, an address
component would be developed for I3, I2 would access cache,
and Il would be executed. Then, during t4, I3 would be
fetched, etc. But consider the situztion in which I4 uses a
register for an operand address that is being loaded by I3.
I4 cannot proceed to the address stage of the pipeline until

after t5 when the execution phase of I3 loads the register

The result is a pipeline break which must be waited out (as

This Sheet Has Been Replaced

| I




indicated by the double asterisks) with & corresponding
decrease in system performznce.

o)

£

jever, 1in tpe example, 1if I3 could be rescheduled
ahead of Il ;iihout'introducing a new conilict, the pipeline
break could be avoided or ninimized, and this is the basis
for the operation of thé subject invention. FIG. 2 is a
high level flow chart which sets forth the basic concept of

rescheduling machine languzge instructions to &void pipeline

Q

brezaks The basis &as stated &and shown in FIG. 2 is
deceptively simple, but efficient decision-making processes
hzve been elusive, and the decision-mzking processes oi the
present invention are among its important features.

The key to the decision msking processes employed

N,

according to the present invention is the development of

from information stored in an Instruction 2ttribute Table.
Since each instruction (i.e., each one of the many
instructions in the repertoire of & «civen conmputer
processor) can eference &and use &an individual set o©
resources (such as registers and/or memory), &n encoded
description of the manner in which addressing can be carried
out (addressing may implicitly use registers and/or pemory),
which registers are used, the manner in which registers zre
used, which registers are modified and the manner in which

registers are modified and other relevant information can
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all be 1incorporated into the wunique Instruction Table

Attribute Word for a given instruction in the system

repertoire.

" -
.- [

An exemplary Instruction Table Attribute Word, which
may be employed with a compiler preparing object code for a
large scale computer system employing the Bull GCOS 8

Operazting System, is illustrated in FIG. 3. 2as presviously

there are instructions in the repertoire. These attributes
define the registers/memory & given instruction uses and in
which contexts. In the exzmple, the system attributes of

interest are:

0-35

M = instruction can have a mencry address

AR = instruction can use an address regist
bit 29 is on

Use Attributes (includes add*ess*ng attributes)
= uses index (in bits 24-26 of instruction)
= uses X + 1 also
t

= uses A register
= uses Q register

X

XD

E = uses exponen
A

Q

G = uses generzl register (bits 0-3 of in-

struction)

GCD = uses G + 1

R = uses general register (bits 32-35 of in-
struction)

RD = uses R + 1

Modify Attributes
= modifies index (bits 24-26 of instruction)
D = modifies X + 1 also

modifies exponent register

modifies A register

modifies Q register e

0 > XX
It
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G = modifies general recister (bits 0-3 of in-
struction)

GD = modifies G + 1

R = nodifies general register (bits 32-35 of in-
struction)

RD = modifies R + 1

General 2attributes
TR = can transier control

SP = specizal (sreg, lreg, ...)
EI = eis type instruction
VC = vector type instruction
In FIG. 3, the format o©f the Instruction Table

tra = transfier of contrel

eis multiword eis

vec multiword vector

spc = special (lreg, sreg,...

ni, n2, n3 = 3-bit number designating type oi
eis/vec instruction

2An Instruction Bufier contains informetion representing

instructions that are currentl "in the buffer®. The
Instruction Buifer is conveniently implemented as =&

circular, FIFO stack of an appropriate length. (For the
four-stage Dpipeline example, e length of five 1is
eappropriate, but not mandatory.) It may Dbe conveniently

menaged by two indexes: TOPST vwhich points to the last

[{1]

instruction put in the buffer.and BOTST which points to th
oldest instruction in the buife Thus, If TOPST eguals
BOTST, there is no item in the buffer. To place an item in
the buffer, TOPST is incremented by 1., If TOPST exceeds the
buffer length, then TOPST is reset to 0.

The Instruction Bufier contains several fields

Issa instruction scheduling stack a (instruction)

IssQ = instruction scheduling stack g (type of re-

location)
location in memory of 1nstructlon

ISSIcC
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ISSATT = attributes of instruction (two words)

[ 1

The formats of the Instructicn éress/Use/Modify
rttribute Words developed for each instruction brought into
the Buffer are.shown in FiGs. 4 and 5. Attribute Word I

contains address and use attributes. Attribute Word 2

contains modify and special attributes. In Attribute Word

2:
tra = transfer instruction
eis = eis instruction (mlr, mtm,...)
vec = vector instruction (viad,...)
sp = special (lreg, sreg,...)
dsc = discriptor for vector or eis (vdsc, adsc9,...)
l1st = two words used for lstou (annctator phase)
Iy = Remnory used
RC = renory changed

Consider now <the following specific exzmple of the
manner in which the attribute words for a "Load A-Register"”
instruction being brought into the scheduling process are
derived in the exemplary environment. The "LDA" instruction

tion to its opcode field, &n operand field. Its

,.l -

hes, in addit

function is tc cause the inforwmation whose location is

+h

identified in the operand field to be fetched and placed

into the A-Register. The operand can be:

immediate; e.qg., LDa 7, DL = the constant 7

he velue in location 2

ct

offset only; e.qg., LDA & =
or LDA 12 = the wvalue in location 12

indexed; e.g., LDA &, 7 = the value from memory loca-
tion (A + contents of
index 7)

or LDA a&,,0 = the value from memory loca-
tion & modified by informa-
tion in Address Register 0
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Now, the Instruction Table Attribute Word for the 1Da

instruction, expressed in octal and binary, respectively,

is:

0 7 4
00C 111 100

0 0 0 0 0 0 4 0 0
0C0 000 000 000 000 00C 100 000 00O

The meaning of the "1" settings in the various

positions of the Instruction Table Attribute Word are =as

third octzl digit, velue 4, the most significant binary

l-l
o]
in
ct
"
c
ﬁ

ions to
with other instr
Instruction

Lba 5,DL

bz 2

LDA 2,1

ILpa 2&,,0

(expressed 1in octazl) for exemplary IDa

be examined for possible load/use conflicts

ructions already in the Buffer.
Word 1 wWord 2
000000 000000 000002 000000
(no adéress for (change A-Reg.)

innecdiate operand)
000000 000000 000002 000000

000400 000000 000002 Q00000
(X1 used in address)

400000 000000 000002 000000
(&R0 used in address)
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FIG. 6 is a flow chart nmore detailed than FIG. 2 in
that the FIGf 2 block "IS THERE A LOAD/USE CONFLICT WITH

INSTRUCTION(S) IN THE BUFFER?" is broken down into the sub-

process steps necessary to nazke the broad decision. It may
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o

be noted a2t this point that, as will be discussed f

below, an ‘"instruction" may actuslly be a label which
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instruction is called into the process. If the new

instruction is not a lzbel, an Operand Us age Attribute Field

Werd 2 in the example) are developed, for example, as
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breviously described.
Atiribute Fields is, of course, not important and can be
carried out as may be convenient in a given system.)

Then, the actual test for conflicts is made by

1]

logically AND-ing the Attribute Fields (i.e., Attribut
Words 1 and 2 in the exanple) of the new instruction with
the Attribute Fields of the other instructions curre ntly in
the Buffer. A result of zero indicates that no confli

exists such that the oldest instruction in the Buffer may be
taken from the bottom of the stack and sent to the object

module and the new instruction placed on top of the stack.
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Cewiaeaces .

1f the new instruction is not & trznsfer of control, the
next. instruction to be examined is called. However, if the

new instruction is a +transfer of control (e.g., an

—
.- n
-

unconditional brancn), a label is set up for the specified

destination, and the Buffer is flushed before the next new

If the result of the logical AND operaticn is non-zero
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[11]
[b]

through the resolution process), then .tf
as 1f the result had been zero beczuse the effect of the
pipeline break will have been minimized (which mnight have
resulted in its complete eliminztion). Eowever, if
conflict is not with a moved instruction indicating
further improvement is possible, the conflict resolution
sub-process is continued.

Considering now the resoclution sub-process itself, FIC.

3
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7 is & flow chart nore detziled tha
2 block "RESOLVE LOAD/USE CONFLICT(S) IF POSSIBLE"™ is broken

down into the steps necessary to make the determination and

rt

© perform the conflict-resolving operations if aveilable.

expansion of the FIG. 6 block "DESIGNATE NEWEST INSTR. &S Ip

Q.

AZND GO RESOLVE CONFLICT",. It is important to una

P

that, in the following discussion, I, is not the new

14

instruction, but is an instruction already in the Buffer
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S

which is a candidate to be moved ezrlier in the seguence to

ck

resolve the conflict. Often, but not always, I will be the
instruction immediately preceding the new instruction until

—
- .

I is noved.
In performing the eanalysis, a series of vyes/no

determinations are made vis-a-vis In and each of the

instructions currently ahead of it in the Buffer. 2gain,
the oréder of the inquiries (and even the incuiries

t
m
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g
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1

themselves) meay be selected to be convenien
to a particuler system envircnment. It has bszen found to be

nmore efficient, and thus preferable, to make the severzl

shown in FIG. 7 rather than adopting the readily apparent
alternative of making a given inguiry <for all the
instructions in the Buffer zhead of I,, moving to the next

inguiry, etc. This preferred approach aveids the necessity

Hh

of saving the points at which each test might have failed
and also permits terminating the process at the earliest
possible time if I, cannot be mnoved past an older
instruction with which it is being correlated.

- e} Py ] o
s whether the

'.l.

In the example, the first ingquiry"
instruction in the Buffer next older than I, (designated
In) changes any register used by I;. This may be carried
out by logically AND-ing the first half of Atiribute Word 1
©f I, with the second half of Attribute Word 1 of I,. &any

e

non-zero result will indicate that I, cannot be moved past

the conflicting instruction, and the resolution process
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concluded. At this time, the sub-process will have
ninimized the effect of the pipeline bresak.

The second 'inguiry in the example is whether I changes

™ -,

any register wused by I, for addressing. This is
accomplished by AND-ing the first half of Attribute Word 2
of I with the first half of Attribute Word 1 of I,

The third inquiry in the example is whether I, changes

The fourth inquiry in the exanple is whether I, changes
any register changed by I, in execution. This 1is
accomplished by AND-ing the first half of Attribute Word 1
of I, with the first half of Attribute Word 1 of I.

The fifth inguiry in the example is whether I, changes
any mnmemory used by I, for addressing. If Dbit 35 of
Attribute Word 2 for I, is not set to "1" (i.e., memory
changed), this case does not occur, and further tests can be
undertaken. If it is &2 "1", then -a check can be made to
determine if +the addressing mode of instruction I, uses
Remory. If it does not, the flow may proceed to the next

ingulry; if it does, a2 check is made to determine if the

address of I, is distinctly different from the address if
In. If this cannot be determined, then it must be assumed

that I, changes memory that I, uses in addressing. Those

Skilled in the art will understand that there may be sone

Simple cases in which it can be determined if two addresses
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ere egual and thus permit z positive type of checking to be

usegd.
The sixth inguiry in the example is whether I, changes
-~

-

ny memory used by I, for =addressing. If bit 35 o

4]

ttribute Word 2 for I, is not set to "1" (i.e., memory
changed), this case does not occur, and further checks can
be undertzken; however, if this bit is set to "1", then =
check is made to determine 1f the addressing mode of I uses

memory. If it does not, the next inguiry is undertaken; 1

cannot be determined, then it mnust be assumed that Ij
cnanges memory that I, uses in zddressing.

The seventh inquiry in the exzmple is whether I,

of Attribute Word 2 for I, is not set to "1" or if bit 34 o
Attribute Word 2 for I, is not set to "i", (which would
indicate that memory is used), then the situation does not

occur, and the next inguiry can be undertaken. If both bits

both instructions must be
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are on, the
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erent.
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checked to determine if thev are distinctly &
that cannot be determined, it must be assumed that they are

L - . .
the same and that I, cannot be moved past I..

n

The eighth inguiry in the example is whether I changes

any merory used by I, during execution. If bit 35 of
Y -

ceribute Word 2 for I, is not set to "1" or bit 34 ol

Attribute Word 2 for I, is not set to "1 (which would
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indicate that nemory is usad), then the situation does not
occur, and the process can proceed. Ii both bits are on,

then the addresses of both instructions must be checked to

determine if

hey are distinctly different. If that cannoct

ek

be determined, it must be assumed that they are the szme zand
that Iy cannot be moved past I.

If it is determined Dy this process that I cannot be

with the current instruction string. . The next new

instruction is then called for enalysis. However, if it is

ct
)

determined tha

preferably) continue to see if it can be moved even further
ahead to further minimize or even eliminate the pipeline
brezk. This feature is shown in FIG. 7 in which it will be

seen that & successful pass through all tests causes an

as I If there are no nore older instructions in the
Bufier, of «course, =all possible cases will have been
in the current contexct.

As shown in FIG. 6, when the earliest acceptable

- -

pesition for I, has been de ermined, the cldest instruction

in the Buffer is sent to the object module and the new
instruction is placed on top of the stack in the Buffer

The next new instruction is then called for ana1y51s. aAfter
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a brezk has been resolved and the new instruction has been
pushed into the Buffer, a check is made to determine if the

new instruction is a transfer of control. If so, the

.

Buffer, including the transfer of control instruction, is
flushed to the object module because it would be erroneous
to move any instructions ahead of any transier of control.
(It will be seen that, in actuel practice, the Buffer size

changes from time to tinme. It can restart at length zero
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and, as instructions are processed, buil
- five 1in the exampie -~ such that conly then do instructions
conmmence to be "“pushed ofi" the stack to the object module
by the inclusion of new instructions.) In addition, the

destination of the +transfer is exzmined, and, if it is

destination locztion is saved in a "lazbel" (labels in this
context are typically the destination of a transier) table.
This informetion is then available when the instruction is

again called for processing.

Referring once again to FIG. 1 and &lso to FIG. 8, the

can be safely moved ahead of I2 and Il1, and that’s as far as

it can safely go. The result, as will be apparent from &

~

Comparison of FIGs. 1 and 8, is the complete elimination of
the pipeline break and a conseguent substantial increase in

Performance. In other instances, as discussed above, a
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given pipeline break may not be completely eliminated by
application of the present invention, but it will be
minimized which, in.itself, effects an increase in apparent
processor pe;férmande.

While the principles of the invention have now bezn
made clear in an illustrative embodiment, there will be
immediately obvious to those skilled in the art many
nodifications of structure, arrangement, proportions, order,
etc. used in the practice of the invention which =are

particularly adapted for specific envi onnen;s and operating

recuirenments without departing from those principles.
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WHAT IS CLAIMED IS:
A process for scheduling the order of instructions of a

conmpiled program for wuse in a pipelined =architecture

; processor to minimize pipeline breaks comprising the: steps
of:

2) establishing an instruction buffer for resceiving

representations of new Ainstructions to be processed

with respect to representations of instructions already

C) establishing, for such nrew instruction to be
processed, attribute fields ©providing information
thereon with respect to 1its usage o0f Remor and
registers;
D) logically comparing the attribute fields of the new
instruction with the atiribute fielcs ox the
" instructions then represented in the bufifer to identify
the presence of any conflicts:
E) 1if no conflicts are identified in step D),
proceeding to step F):
F) sending the oldest instruction represented in the
buffer to an object module, pushing the representation
of the new instruction into the buffer;
G) returning to step B):
H) if conflicts are identified in step D), proceeding
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I) designating the mest recent instruction already in

the buffer as I, a candidate to be moved to an earlier

J) systematically comparing the zttribute fields of I,

4
with the attribute fields of a selected one, I,, of the
instructions represented in the buffer which holds an

i

)
()
Hy

earlier position in the buffer than I to determir

the positions in the buiffer of Iy and I, can be safely

is accomplished

5
n
ct
1]

g
(@]

2. The process of Claim 1 in whic

attribute table

0
ct
H
c
9]
ct
1 E
(o]
=)

by accessing the contents of an in
which contains an encoded description of the manner in which
addressing can be carried out, which registers are used, the
nanner in which registers are used, which registers are
moédified@ and the ranner in which registers are modified for

each instruction in the repertoire of a given conmputer

processor for which the scheduling process is to be applie

3. The process of Claim 1 in which, intermediate step G)

and step B), there is included the following steps: .. .
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) determining if the new instruction just pushed into

=

the buffer iS a transfer of contrOl;
N) if the determination in s‘i'.ep M) is that the new

instruction jis a transfer of control, flushing the

buffer to the object module ancé then proceeding to step

O) if the determination in step M) is that the new
instruction is not a transfer of control, proceeding to

step B).

4. The process of Claim 2 in which, intermediate step G)
and step B), there is included the following steps:
¥) determining if the new instruction just pushed into
the buifer is a transfer of control;
N) 1if the determination in step M) is that the new
instfﬁction is a transfer of control, flushing the
buffer to the object module and then procesding to step
B); and
0) if the determination in step M) 1is that the new
instruction is not a transfer of control, proceeding to
step B).
5. The process ©of Claim 3 in which, during step N) a
destination 1label is generated for reentry into the process
at an appropriate later tipe.
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6. The process of cjaim 4 in which, during step N) 2
destination labe} is generated for reentry into the process

at an aPPrOprla‘c_.e later tine.
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