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SOrTWARE SCHEDULING ""ECH IQUES DURING COMPILATION

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

yet to & compiler which schedules instructions to rinimize

language, such as "C", Fortran, Pasczl, Basic, etc., which

level instructions. The program expressad in the high level

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

- inteérpreted, statement by statement, into executable code as

‘Jl

. a program is run or first compiled into "object code" (which

S,

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"

program which has an awareness of the arc
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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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Background of the Invention Conputer prograns are typically witten
in a hirgh level |anguage, such as "C', Fortran, Pascal, Basic, etc., which
has nore readily accessible neaning to the original progranmer (or
to anot her seeking to understand the pogram structure) than does a
listing of a sequence of machine level instructions. The program
expressed in the high level |anguage is known as "source code". However,
source cdddled | innghe arcwill dipersiandinghe§ hexersrengmesmpidiecher be
interpreted, statement by statement, into executable code as a programis
run or fabiRCeoRPAeedsi MY obiBetiande” YRAN caXeFLtingafPHEFEl CO8® t he

given hardare enmloying the given Lo . .
through an interpreter, and rnost commercial code is provided

~—

only in compiled form.

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 iﬁcreasing the spsed of operation is pipelining

q i

consecutive mwmachine level instructions are undertaken

which the various stages of execution of a series of

b

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
sinultaneously.

This procedure drametically incresases the apparent
speed of operation of a computer system. However, there are
instances in which conflicts arise &smong the seguentia
instructions which can bring about a pipeline '"brezk", i.e.,
& need to interrupt the smooth interlezve of the succeeding

nstructions in order to wait out the conflict. As an

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
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operating system) and then run as object code. The conpil ation
|s- performed by a special purpose "conpiler" program which has an
awar eness of the architecture of the conputer systemw th which the object
code will be used and can therefore translate each source code statenent
into one or nore systemspecific object code instructions. Those

-2- skilled in the art will understand that executing conpiled

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

5’ It is therefore z broad object of this invention to
provide an improved compiler.

It is a more specific object of this invention to

provide a corpiler module which selectively reorders closely

seguenced object code instructions in order to minimize

pipeline breaks.

Strmmarv _of the TInvention

Briefly, thesg 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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the instructions in the buffer are reordered &s

the oldest instruction is sent to the object

and the new instruction is pushed into the buffer.
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The subject

the specification.

the

rticularly

and distinctly clazimed in the concluding portion

The i

invention,

however

to

organization and method of cperation, may best be understood

by

reference

to the

following

-

conjunction with the subjoined cleaims and

irawing of which:

FIG.

deployed

conditions which cause a pipeline break;

1

in

is a2 tabular

an exemplary

representation of

four-stage

description

taken in

the accompanying

instructions

pipeline under

iThis Sheet Has Been Replace«

4

|

il




‘instruction, a third stage of a second instruction and a fourth stage
Thi s

.of< a

anmong

first instruction are all undertaken sinultaneously.
procecure dramatically increases the apparent speed of operation of a
conmput er system However, there are instances in which conflicts
t he sequential instructions which can bring about a pipeline

ar

i se

“break", i.e., a needto inperrugt the smooth interleave of the succeeding

instructi ons T oRdetst @ Wdigh obevehe Ld@W | FBRIt @5 e eFeRaRfary

exanple, if, in wundertaking the first stage of a fourth instruction,

gi ven rdgivenétals used for an operand address and the same register is

sinultaneousthPei@Q altered by wundertaking the second stage
rlte.

third

illustrates an exemplaXy Instruction Tzble

~—

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. 5 illustratas an exemplary  Modify/Specizl

FIG. 8 is a tabular representation similar to FIG. 1 in

which instructions in the pipeline have been reordered

Detziled Description of the invention

In the description of the invention which follows, the

exenplary environment chosen to illustrzte the invention is

zl

ct

& four-stage pipeline processor in which the fundzmen

r

m
rt

w

o]

rd length is thirty-six bits. Those skilled in the

[yH]

will understand that a given processor might include
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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I nstruction, a conflict exists, and the first stage of the
-3- fourth instruction nust be postponed thereby resulting in a pipeline
break and a consequent decrease in the apparent speed of execution.
The present invention directly addresses, and serves to mnimze, the
probl em of software breaks in conpiled object code enployed in a
conputer processor enpl oyi ng pipelined architecture.

r~ack ©of and coordinate the functions of the various

buffers, stacks, attribute words, etc., specific examples of

wnich have been chosen for the purpose of illustrating the

~
.

exemplary lﬁnlemen tion 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", "address", 'cache" &nd "execution" During
the "fetch" stace, the instruction itself is brought into
¢ the instruction decoding logic of the processor. During the

"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

bte
o §

Now, in FIG. 1, during t2 (merelv &s an example), while

I3 is being fetched, an address comrpcene is being developed

for I2, I1 1is accessing cache nemory or main memory &s

needed, and the next earlier instruction is being executed.

Ideall I4 is being fetched, an address
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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
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| I




Obj ects of the Invention It is therefore a broad object of this
dinvention to provide an inproved conpiler. It is a nore specific
object of this invention to provide a conpiler nmbdul e which selectively
reorders closely sequenced object code instructions in order to mnimze
pi pel i ne breaks. Summary of ‘the Invention Briefly, these and other
objects of the invention are achieved by a conpiler nodule in which
represent aiieasedf by the double asterisks) with a corresponding

decrease in system performznce.

However, in the example, if 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 language instructions to avoid pipeline

Q

Q brezaks. The basis &as stataed 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

Attribute Words which are temporarily associated with each

from information stored in an Instruction 2titribute Table.

Since each instruction (i.e., each one of the many

instructions in the repertoire of a c¢iven corputer
processor) can eference &and use &an individual set of

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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each object code instruction in a small sequential group tenporarily held

Ina buffer

Is assigned a pair of Attribute Wrds devel oped from an

Instruction Attribute Table as each enters the scheduling process.
Potential conflicts which a new instruction may have with those
i nstructions already in the buffer may be readily ascertained in a first

sub- process

ot her ins éu

potenti af

2 =
A

repertoire.

nay

by logically AND-ing its Attribute Wrds with those of the
ChEONS Rz o At AN i8S PORge Qlupgﬁet AN 280 1 41 FAL S @

no confli ct exists

tribute Word for a given instruction in the systen

-

An exemplary Instruction Table Attribute Word, which

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 will tvpically be as wmany entries in the Tzakble as

there are instructions in the repertoire. These attributes

defis

ne the registers/memory & given instruction uses zand in

which contexts. In the exzmple, the system attributes of

interest are:

Addressi ing Attributes

T = instruction cen be tagged (bits 30-35)
M = lDSLIUCL1°n can have a nencry address
AR = instruction can use an address register i

bit 29 is on

Use Attributes (

= uses i
uses X

uses e r

uses A register

uses Q register

uses general register (bits 0-3 of in-

struction)

D =uses G + 1

uses general register (bits 32-35 of in-

struction)

RD = uses R + 1

D

i

(OF OB o i -1
il

ol
]

Modify Attributes

X = modifies index (bits 24-26 of instruction)
XD = modifies X + 1 also

E = modifies exponent register

A = modifies A register :
Q = modifies Q register e
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-4- oldest instruction in the buffer is sent to an object nmodul e, and
the newest instruction is pushed into the buffer. However, if a conflict
does exist, a second sub- process is undertaken to resolve the conflict,

if and to the extent possible, by determning if the conflicting

I nstruction already in the buffer can be noved ahead of one or nore

other insructions Gin=heodiffes genedel thegistar (bdhsliCct3 ¢% intnim zed
or elimnated. This st¥ceiwsls involves a conparison of the
Attribute Wrds ofD ThHeodifigsli@atd instruction to be nmoved with
the other instrRctForedifienegengrat registamvidriis d2-3heofohnticting -

struction)
RD = modifies R + 1

~—

General 2attributes

TR can transier control
S?P = spe ecial (sreg, lreg, ...)
EI = eis type instruction
VC = vector type instruction
In FIG. 3, the format of the Instruction Table

’ tra = transfer of contrecl
eis = mnultiword eis
vec = multiword vector
spc = special (lreg, sreg,...)
ni, n2, n3 = 3-bit number designating type o
eis/vec instruction

rh

2An Instruction Bufier contains informetion representing
instructions that are currently "in the buffer®. The

Instruction Buifer is conveniently implemented as =&

rh

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

b menaged by two indexes: TOPST vwhich points to the last
instruction put in the buffer.and BOTST which points to the
oldest instruction in the buffer. 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 Buffer contains several field

Issa = instruction scheduling stack a (instruction)

IssQ = instruction scheduling stack g (type of re-
location)

ISSIC = location in memory of 1nstructlon

s Sheet Has Been Replaced
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instruction is possible and will resolve or mnimze the conflict, the

.ipstructions in the buffer are reordered as appropri ate, t he ol dest
instruction is sent to the object nodul e, and the new instruction is
pushed into the buffer. Description of the Draw ng The subj ect

matter of the invention is particularly pointed out and distinctly clainmed
in the conclugsﬂngQrgtgnlbggeghﬁfsQg§¢}ﬁ£%ué{nytwo'Qg;;gyent|on however
od o

both as to organization an operation, may best be understood

by referencene teorbhes fQld oWy HRSCriRLILN Adkedss ke AHUAFTI ON

wi th the subjoined clainms and the acconpanyi ng
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,...)
C sp = speciazl (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

heas, in addition to its opcode field, an operand field. 1Its

+h

identified in the operand field to be fetched and placed

into the A-Register. The operand can be:

imnediate; e.qg., LDA 7, DL = the constant 7
offset only; e.qg., LD2 2 = the value in location &
or LDA 12 = the vzlue 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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dramﬁng of whi ch: FIG 1 is a tabular representation of
l.nstructions deployed in an exenplary four-stage pi pel i ne

"condi ti ons which cause a pipeline break;
FIG 2 is a high level flow chart of the subject i nvention;

FIG 3 illustrates an exenplary Instruction Table Attribute Wrd enpl oyed
in the practBFe of the LLoventjo

5.

nerchﬁoﬁ Table Attribute Word for the LDa
instruction, expressed in octal and binary, respectively,

is:

0 7 4 0 0 0 0 0 0 4 0 0

000 111 100 000 000 000 00O 00C 000 100 Q00 QOO

the "1" settings in the various

[}

The meaning o

positions of the Instruction Table Attribute Word are =as

third octzl digit, velue 4, the most significant binary

bu
| B4
+h
|
O
n
o |
ot
o)
, .
o)
fv
B

the tenth octal digit, value 4, the most sig
digit indicates that +the A-Register is changed during
execution. From this information, the developmrent of
Attribute Words (expressed in octal) for exemplary LD

instructions to be examined for poss*nWe load/use conflicts

with other instructions already in the Buffer.
Instruction Word 1 word 2
D2 5,DL 000000 00000¢ 000002 000000
(no adéress for (change A-Reg.)

innecdiate operand)
Lba 2 000000 000000 000002 000000

Lba 2,1 000400 000000 000002 Q00000
(X1 used in address)

Ipa &,,0 400000 000000 000002 000000
(&R0 used in address)
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FIG 4 illustrates an exenplary Address/Use Attribute Wrd enployed in the
pr-actice of the invention; FIG 5 Illustrates an exenpl ary

Modi fy/ Special Attribute Word enployed in the practice of the invention;
FIG 6 is a nore detailed flow chart particularly directed to a first

sub- process conponent of the invention; FIG 7 is a nore detailed
flow chart particularly directed to a second sub-process conponent of the

i nvention; ad&- 6 15FIEGIBD¥sCharabmbaa depreddedt athan Sifil & iw FIG 1
in which nstructlons in the peline have been reordered according

to the pf'%en"f ¢n¥éRti h lf’bO%}Sfm"dSaTm-M iZneLOAD/USE CONFLICT WITH
INSTRUCTION(SL IN THE BUFFER?" is broken down into the sub-
process steps nécesséry to mzke the broad decision. It may
be noted a2t this point that, as will be discussed further
below, an ‘"instruction" may actuslly be a label which
recuires the Buffer to be flushed. Thus, it will be se2n in
FIG. 6 that a new instruction is first checked to determine
9 if it is a label and, if so, all the instructions in the
Buifer are sent to the object wmodule, and another new

instruction is called into the process. If the new

instruction is not a lzbel, an Operand Usagce Attribute Field

rt
rl
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Field (first half of Atitribute Word 1 in the exanple) &nd =
Register/Menory Modificatioﬂ Field (second half of Attribute
Werd 2 in the example) are developed, for example, as
previously described. (The order of development of these

£ 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

e€xXists such that the oldest instruction in the Buffer may be
-~ ., N - P
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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br eak. Detail ed Description of the |Invention - I'n the description of

~the invention which follows, the exenplary environment chosen to
illustrate the invention is a four-stage pipeline processor in which the

fundamental word length is thirty-six bits. Those skilled in the art

will understand that a given processor mght include a pipeline of

some ot het nu,{% he@f 1 %tsa&%g:@ (;{0:{5 ?.aSLC e&nr,gkegf SPM Y tég%_ langt h.
It will "4l so be understood that er ent echnlques can dnpl'oyed to
establish. k€8Rstruction 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
instruction is called into the process.

If the result of the logical AND operaticn is non-zero,

at at lezst one successiul pass has zlready Dbeen made

oy

o 4
M
rh
' —
(o)
£
a
sl
I<
o
Al
0
[11]
[b]

through the resolution process), then t!

rt

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.

7 is flow chart more detziled than FIG. 2 in that the FIG.

m

2 block "RESOLVE LOAD/USE CONFLICT(S) IF POSSIBLE" is broken

down into the steps necessary to make the determination and

rt

o perform the conflict-resolving operations if available.

expansion of the FIG. 6 block "DESIGNATE NEWEST INSTR. 25 In
AZND GO RESOLVE CONFLICT",. It is important to una tand
that, in the following discussion, I, is not the new

instruction, but is an instruction already in the Buffer
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v

" -6- track of and coordinate the functions of the vari ous buffers, stacks,
attribute words, etc., specific exanples of which have been chosen for the

"purpose of illustrating the exenplary inplenentation of the invention.
Thus, attention is first directed to FIG 1 in which it wll be seen that
t he four pi pel i ne stages of the exanple are' "fetch", "address", "cache"

and exe ut k’o 2 i%ﬁi{%ﬁ%n 3 "B et c "e ogl oefrt he, IJ’LSé ruction d tégl fis

br ought ecodi the processor. During the

resolve the conflict. Often, bub not always, Ig will be the

instruction immediately preceding the new instruction until

—

- .

I, 1s noved.
In performing the &analysis, a series of yes/no
determinations are made vis-z-vis I, and each of the

nstructions currently ahead of it in the Buffier. 2Agein,

i

the oréder of <the inquiries (and even the incuiries
O thenselves) may be selected to be convenient and appropriate

to a particuler system envircnment. It has bszen found to be

nmore efficient, and thus preferable, to make the severzl
inguiries for & given instruction vis-a-vis I serially as
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
inguiry, etc. This preferred approach aveids the necessity
of saving the points at which each test might have failed

and also permits terminating the process at the earliest

S

possible time if I, cannot be mnoved past an older
instruction with which it is being correlated.

In the exzmple, the first inquiry is whether the
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

.

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

the conflicting instruction, and the resolution process

s Sheet Has Been Replaced

BT

AR .

e ——



~ "address" stage,
~the instruction
operand/ data requ
menory). And, d
instruction take
exanple), while
devel opethydiofadd?,
and t he next earl
while |

any operand or other address required for execution of

I s devel oped. During the "cache" stage, any

ired fromnmenory is fetched (typically from cache
uring the "execution" stage, the actual execution of the
s pl ace. Now, in FIG 1, during t2 (nerely as an

I3 is being fetched,

11 is ae@eésmgnecackeaém@w-ef é@ée

instruction 1s being executed
2o i3S W il cethcan Adeess pet9HBOBEREKWOUl d be devel oped for I3,

Ier

an address component

I d

cal Ty

I s being
ASve needed,
durlng t3,

| 2 woul d access cache,
The second 'inguiry in the example is whether I changes
el .

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 wneener.ln changes
any register «changed by I, 1in execution. This is
’ accomplished by AND-ing the second hali cf Attribute Word 2

of I with the first half of aAttribute Word 1 of I,.
The fourth inquiry in the exazmple 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

n

The fifth

any nemory used

Attribute

changed),

undertaken.

Remory.
inguiry;
address
I,. 1If
that I,

skilleq

with the first half

if

of

changes memory that

in

inguiry in the

by for

Word 2 is

this case does not occur,

lllll '

=

does, a check

this cannot be determined,

the art will

of Attribut

no<

I, is distinctly different

T
-

understand that

te Word 1 of

o]

example is
addressing.

E e

set

and

then ‘a check can be mzade

is made

further tests

instruction I,

uses in &addressing.

can be
to
uses

next

i

th

then 1t nust be assumed

Those

there may be sone

Simple cases in which it can be determined if two addresses

L. AL - . . -
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“and |1 woul d be execut ed. Then, during t4, I5 would be fetched, etc.
But consider the situation in which T4 uses a

address that is being |loaded by 13. 14 cannot proceed to the address stage
off the pipeline until after t5 when the execution phase of 13 |oads the
register. The result is a pipeline break which nmust be waited out (as

-7- indicated by the double asterisks) wth a corresponding

ere egual and thus permit z positive type of checking to be

used.

The sixth inguiry in the example is whether I, changes

-~

any memory used by I, for addressing. If bit 35 o
Attribute 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

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,

C
o
l-l
rt
(]
wn

changes any memory used by I during execution. If

h

of Attribute Word 2 for i, is not set to "1" or if bit 34 o

Attribute Word 2 for I

o

is not set to "i", (which woul

g

indicate that memory is used), then the situation does not

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

tn

are on, the f both instructions mnust be

ol
ct
Ly
m
m
Q.
0,
N
o
n
0
1)
)]
o)

=
h

erent.

S
kh
"h

checked to determine if thev are distinctly dif

N
m

that cannot be determined, it must be assumed that they a

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
e L "

Attribute Word 2 for I, is not set to "1" or bit 34 of

Attribute Word 2 for I, is not set to "1 (which would
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decrease in system perfornmance. However, in the exanmple, if I3 could
be reschedul ed ahead of |1 without introducing a new conflict, the
pipeline break could be avoided or minimzed, and this is the basis for

the operation of the subject invention. FIG 2 is a high level flow
chart which sets forth the basic concept of rescheduling nmachine | anguage
I nstructions to avoid pipeline breaks. The basis as stated and

shown ijhdifdeGe thd® neQELPt i¥ehy8i)MPkaenbutheefd icdiedti sleciséonngrki ng
processes have been el usive, and the decision-making processes of the
present ddvient i ond atheapeeedsss ddoficided cat pEedboth bitdherekey, to the
deci sion naking processes: enployed according to the present i nvent i on

i s the dewel ofrenad@fesses of both instructions must be checked to

ek

determine if they are distinctly different. If that cannct
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

can be moved &shead of the imnediately

2N
31
‘—l
-
i
Q:
ct
jon
o
rt
-

preceding instruction, the inguiry can optionzlly (but
preierably) 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

’ exchange of I, and I, and an iteration of the sub-process
aiter the next older instruction in the Buffer is designated
as I.. If there are no nore older instructions in the
Bufier, of «course, =all possible cases will have been

resolved in the current contexi.
As shown in FIG. 6, when the earliest acceptable

pesition for I, has been determined, 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 analysis. After
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Attribute Wrds which are tenporarily associated with each
into the scheduling process.

“it ‘brought

dre individually devel oped

Attri bute.
many
can

addressing can be carried

Tabl e.

i nstructions
ref erence

and

Si nce
in
use

Attribute Wrds, in turn,
in an I nstruction

These
frominformati on stored

i nstruction as

each
t he
an

repertiore
I ndi vi dual

i nstruction
of

(i.e

a

set of

civen

each

conput er

one

of

t he

processor)

. et « resources (such as
registers id=0 HENDbYdn A8sEN¢EMednadener indtd dmsAfrudiE o béeihi ch

out (addressing may inplicitly use registers

and/ or MIRhEY indd dhel BYIHR,S Alhdised s i aletsridnehi F eghst er s

are

new

UJ

Hh

to move any instructions ahead of

lu

uwfier,

n

111

including

from

instructions

be

—

s

een

tine to time.

used, which registers are ‘modified and the manner in which
instruction is a

-

transfer of control. If so, the

.

the transfer of control instruction, is

hed to the object module because it would be erroneocus

control.

H

any oi

:
rre

l h
"(
=

N

B e

[
n

that,

|

th

N

N

£n ero

(e}
ct

processed, builds to a mexirum size

-

- five 1in the exanmple - such that cnly then do instructions

result of a successful rescheduling according

invention can be appreciated.

can be safely moved

3
iy

Comparison of FIGs.
the pipeline break and a conseguent substantial

Performance.

TO

inclusion

o
N

erring once again to FIG.

exzmple

can safely go.
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be

typic

mnetion is then available

that

"pushed off"

In other instances,

-

the stack to the

of new instructions.) In

the transfer is exzmined,

in a "lzbel" (labels in this

ally the destinaticn of a transier)

when the

for processing.

1 and &lso

it has Dbeen determined

ahead of I2 and Il, and that’

The result, as will be

1 and 8, is the complete elimination of
increase in

as discussed above, a
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L

' fejisters are nodi fied and other relevant information can
.-8-{all be incorporated into the wunique Instruction Table Attribute
Wrd for a given instruction in the system repertoire An

exénplary Instruction Table Attribute Wrd, which

conpller preparing object code for a Iarge scal e conmputer

may be enpl oyed with a

system

enpl oyi n the Bul], GC%S ..
P! 0y %1ven plp6£lne reaﬁ may not be cormpletely eliminated by
application of the present invention, but it will pe

minimized which,
processor performance.

While the principles of the invention
made clear in an illustrative embodiment,
skilled in

obvious to those

1=

mmediately

modifications of structure, arrangement, proportions

5 etc. used in the practice of the

recuirenments without departing from those principles.
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}
Operating System is illustrated in FIG 3. As previously noted, each
entry in the Instruction Attribute Table gives_ the attributes for an
“inStruction in the systemrepertoire, and there Wil typlcaTIy be as nmany

entries in the Table as there are instructlogﬂ"uﬂgu These
attributes define the registers/nmenory a giv "ﬂmﬁﬁ s and [
whiich contexts. In the exanple, the system att'ri Butes © I Rl erest are:

Addre55| r T = instruction can be tagged (bits 30-35)
&%? cf%ogagaﬁgﬁ%§g'a menory address AR = instruction £an

??ﬁcf‘ﬂdi‘eid;?d?é?;@% A3 I 5heyting the ordyr AABOUCINS G (% 2426 |
of .| NSt ruct;qrk program @r UsES Xt laalSfetined architecture
processor to minimize pipeline breazks comprising the- steps
of:
2) establishing an instruction buffer for resceiving

representations of new Ainstructions to be processed

a2 new instruction; else, conclude the process;
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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Cr
E = uses exponent register A = uses A register Q =

uses Q register G = uses general register“(bTTE”O“B”Of“THT“W
struction) GD =uses G+ 1 er
(b¥ts 32-35 of in- struction) ﬂ!ﬁﬂzﬂﬂmﬂ ”mHm

Modi fy Attributes X = nodifies index (bits M Nstrwction)

XD = nodifies X + 1 also E = nodifies exponent register

A = modifiesth USSR ing the mé%tzfgggﬁéiEﬁsckﬁegkghe%lready in

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

J) systematically comparing the zttribute fields of I,
It

with the attribute fields of a selected one, I,, of the

instructions represented in the buffer which holds an

earlie

H
'g
0]
n
’l
rt
'.J
8]
o

in the buffer than I, o determnine if

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

o
<
v
(9]
0
Y
0n
n
1~
3
n
r
wg
D
0
(8]
o)
rr
]
o
(
0
8]
+
2]
ot
|2
ol
0n
ct
H
4
0
rt
1 E
(0]
3

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
nodified 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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-9 - G = nodifies general register (bits 0 3 of in- 7

ftegrgtjg: Ie(r)n% bits 32-35 ofGDi E rodifies 6+ 4 structi on) :”mm ""“I“Mﬂ!mm

nodi fices R[err] 1 General Attributes TR -Ccah transf er

control SP = special (sreg, lreg :) El = eis type
instruction M) determingng yecthe hgpel ipaSTRGEtPBnIust pushge gpgp 3,

the format of the |Instruction Table Attribute Wrd is:

tra = transfethN®fPedherois a transfereﬂﬁscoqﬁﬂoﬁﬁmord eis vec =
mul tiword vector, spc = speci al é‘__lreg}‘r srgg l . ni,
n2, n3 = 3-bikt) ndﬁ%erhﬁedﬁgnaMPngtu9pe%ﬁ “ep &t the neyjs/vec

instruct|on . .
instruction is a transfer of control, flushing the

buffer to the object module and then proceeding to step
B):; and
O) if the determination in step M) is that the new
ihstruction is not a transier of control, proceeding to
step B).

4, The process of Clazim 2 in which, intermecdiate 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
!E 0) if the determination in step ¥) is +that the new
instruction is not a transfer of control, proceseding to
step B).
5. The process ©Of Claim 3 in which, during step N) a

destination 1label is generated for reentry into the process

)

e
L=

m

n appropriate later tipe.
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An Instruction Buffer contains information r ' ' ructions that
are currently "in the buffer”. The Inzmg&ﬂﬂnmﬁﬂﬁgﬂur IS
conveniently i npl enented as a circular, st ack sOf *an appropri ate
| engt h.’ (Foy‘ the four-stage pipeline exanple, a Ilength of five
is appropriat t not mandatory.) [t y .be conveniently nanaged by
two i ndéeXes: %S%lﬂ-\ﬁ?ieéﬁ obi cleint ¢ ihRe YAXEl PHSEPEctISRP pd) ia the

buffer and kil oints to the oldest instruction in the buffer.
Thus, |If "Fé%gqag}{scﬂé%ﬁsﬂs tgrneratedn§ o AT the T f¥1e Poersssice an
itemin he by TORST is increnmented by 1. |f TOPST exceeds the

buf fer | ea;tg"t%ﬁ, tfp%gldpfd%"ﬁ ilatessgdnge 0.
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L]

3
The Instruction Buffer contains several fields: " ISSA = instruction

schedul ing stack a (instruction) I SSQ = instruction scheduling stack
(type of re- Iocatigg& ' ISSIC = location in nmenory of
-10- | SSATT =

i nstruction
attributes oiwrNiiAINg Aﬁﬁv@nﬂﬁm@mm usStNg sdFawARE ScHRjuLTiG ©

I nstruction Address/LBe/NbdlfyTEﬁﬁﬁbuﬁy DORIMG Sanaexetaped for each
i nstruction bTUUghr'TﬁrU"ThE'EIWT1ﬂ‘1ﬂ1?1ﬂﬂﬂMT'Fﬁ‘FTG§T‘E‘§ﬁG‘5?

Attribute W)rckl . . .
ompiler module is disclosed which minimizes pipeline

breaks by onrdering object code instructions to &void
conflicts between closely Srouped instructicns to the extent
possible. Representation of each object code instruction in
2 small sequential group is tem?orarily'held in a buifer and
is assigned a pajir of Attribute Words. Potential conflicts
which a 'newly called instruction nay. heve with thcse
instruétions already in the bDbuifer are ascertzined by
logically 2aND-ing its &attribute Words with these of the
other instructions and exzmining the ressult. If a conflict
does exist, an attempt is made to resolve it by determining
if the conflicting instruction already in the buffer can be
meved ahead of one or more other instructions in the buffer
such that the conflict is eliminated or minimized. s
procedure involves a compariscn of the Attribute Words of
the candidate instruction to be moved, I,, with the cther
instructions in the buffer. If noverment of the confl icting
instruction is possible and will resolve or mininize the

conflict, the instructions in the buffer are reordered as
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envi ronnenti

an operand

'£5hgh"

LDA'I1 nst¥dt #8ni RAs| #n laddi tii &R

1olPts Bpcodes fi-el d

contains address and wuse attributes. Attribute Wrd 2 contains
.nmodi fy and special at tributes. In Attribute Wwrd 2: tra = transfer
i nstruction eis = eis |nstruct|o nmm...) vec = vector
instruction (vfad,...) = spec7¥( (Ireg, sreg,...) dsc =

di scriptor for vector or eis (vdsc adsc 1st = two words used
for Istou (annotator phase) m = nennry used nc. = nenory
changed ' | fie

manner in which the ajtgébyter ords if 58 b ¢4 oadsAlRegi $t87" | £asirewt on
bei ng broug '

[ e P E——

hEhSresdy PIi | I2 0 I3 ) w4 1 owx | 14 | I5 | I6 | 17

_\____——‘_—_-\

"executen! __ e I - | 11 12 |3 | aw b ** | 14 | 15 o
FIG. |
BECIN
AN
PROCESS CONCLUDED
FIG. 2

ACCESS NEXT
INSTRUCTION
70 BE
EXAMINED

RESOLVE

LOAD/USE
CONFLICT(S}),
IF POSSIBLE

LOAD/USE
CONFLICT HITH
INSTRUCTION(S) IN
THE BUFFER?

ANY

INSTRUCTIONS
REMAINING TO BE
PROCESSED?

SEND THE OLDEST
INSTRUCTION TO

THE OM AND PUSH
IN THE NEWEST

TNSTRUCTION

oL,
1

1'£0 €1 | t2 | t3 ) t4 | t5 | te | t7 | t8 | to -~
"fetch" 1 I3 | I1 ) 12 | 14 | I5 | 16 | 17 | 18 | 19 | 110 =
“address"i == | I3 | 11 ! 12 | 14 | I5 | 16 | 17 | 18 | 19 -
ncache" | == | -~ 1l13 |11 }12] 14|15} 16! 17! 18 -
mexecute"i == | ==} __t 13111} I2) 14 15! 16 | T7 -
FIG. 8
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Fl

function is to

operand can be:

offset only; e.g., LDA A =

val ue fromnenory | oca-
contents of

LDA A, ,O = the value fromnmenory | oca

cause the informati on whose
I:-n the operand field to be fetched agﬂ
i medi at e;

t he val
or LDA 12 = the value in locati

| aced

A modi fied by inflormas
Regi ster 0O

SCHD ALL .
INSTRUCTIONS |
N THE BUFrER

TO THE oM

ACCESS NEXT
INSTRUCTION
T0 BE
EXAMINED

IS THE NEHW

SET UP LABFL
FOR
DESTINATION

-

IS NEW
B INSTRUCTION
——( A TRANSFER of
CONTROL?

—

l;gsu NEX
TRUCTION
INTO BUFFER AND
SEND OLDEST
INSTR. TQ oM

—

INSTRUCTION A
LABEL?

DEVELOP
OPERAND USAGE
ATTRIBUTE
FIELD FOR MEW
INSTRUCTION

DEVELOP
RECISTER/MEMORY
USACE ATTRIBUTE

FIELD FOR NEH
INSTRUCTION

| ocation is
into the A-Register. The
DA 7, DL ="the constant 7
ocation A

dexed;

| ndex 7)

vnLVELOP
RECISTER/MEMORY
MODIFICATION
ATTRIBUTE FIELD FOR
NEW INSTRUCTION

LOCICALLY “AND"
ATTRIBUTE FIELDS OF
NEW INSTRUCTION
RHITH ATTRIBUTE
FIELDS OF EACH
INSTRUCTION IN THE
BUFFER

v

e.g.,

identified

LDA A, 7 = the
tion (A ferr]
or
tion
tion in Address

FIG. 6
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s

hbmn’;he Instruction Table Attribute Word for the LDA instruction

expressed in octal and binary, respecLi Q.. 7._4 0 0
0 0 0 O 4 O 0 000 111 8%000 000 000 000 000 000 100 000~
000 The neaning of t ings in the! EF@@&HasBeenRemacc

positions of the Instruction abIeB,Iﬁrlbu e Wrd are as
7, the no significant bin
' SSi bl e the second b|nary

the second octal digit, valu
i ndi cates that index addressing
i ndicates that nenory

DESICMATE NEXT
INSTRUCTION
FOLLOWING Im IN
THE BgFFER AS
n

ANY MORE
INSTR. IN THE
RUFFER?

REGISTER USED
RY Im FOR
ADD ?

EXCHANCE
INSTRUCTIONS
In AND Im AND
MARK In AS
MOVED
2 DOES " Im
CHANGE ANY
RECISTER USED
BY In FOR
ADD.7 Y
N
ALL POSSIBLE
CASES RESOLVED
(FINISHED) F:‘(S' 77
N
3 DOES In -
% CHANGE ANY cuES'c'g iﬁr ¢
RECISTER USED + MEMORY USED

BY Im FOR

EXE 7 BY In FOR

EXE.?

DOES Im
CHANGE ANY
RECISTER USED
BY In FOR
EXE ?

DES Im
GHANCF. anY
MEMORY USED
BY In. FOR
ADD.?




usage i s possible, and the |east significant binary digit indicates that

-address. register usagé”i’ s possible. In the third octal digit, value 4,

the’ nnst srgnlflca,a, inary digit indicates that nenory is used during
19 Fy - ¥ fnerdient h octal digit, value 4, the nost significant

bi ngr y! L ¢ hat -Register is ¢
execut ' |nfor t he devel opHEates
Wor ds B ; d tal) for xenplary LDA | wisteclitd.auttd.
exam ngdf; d/use conflicts wth other |nstruct|ons al r eady
in t he§ BuFFeEr = ' t uction Wrd 1 Word 2
LDA 5, BL “_WMNMWQQIfIO 000000 000002 000000
(no address (thange A-Reg.) I medi at e
oper and) i
Instruction Table Attribute Word
addr. used in exec. - changed in exec.
STNSTN NN/ N/ -
it evxmamxeagggrra is nnn mxeaqgqggrr ; / \'
'rllle'rlelrle'ri . 'xlxlx'xlr Ip 123 er XXxXxxr !
|3|st°| Myoamy g g g F :115} P bdmb bbb 14 P !
3
0 7 8 5
FIG. 3
Word 1 (Address/Use Attributes)
Used in Address Used in Execution
/ \ / \
j2@8aaaaaaxXXxXXXXXXxa qia aaaaaaaXxXxXxXXXxxxxagq)
-|rlr|r‘rlr‘rlrlrl0!112I314 56 7 lr rrrrrrr 012345¢67 }
Ig|1|2|31415|5|7| e b bbb b dodag2fsfaisisiz bbb
11 3
Y 7 8 5
FIG. 4
Word 2 (Modify/Special Attributes)
Modified in Execution . Special
W/ \,/ \
(2@aaaaaaxxxXXXXxa qit evsdl m n;
ir|rlr‘rlrlrlrlr'0'1 23 456867 lr iepss u c'
18111213141515171 T T T I I 111215105 =351 1 T U A O T T A =3|
0 7 8 5
FIG. 5
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a6 © 2%BF0060 000000
000400 000000 i 202000002 000000
addr ess) LDA A, O

(ARO used in address)

6 s a flow chart nore detailed than FIG 2
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process steps necessary to nake the broad decision. It may be noted at
this point that, as will be discussed further below, an "instruction"
may actually be a label which requires the Buffer to be flushed.

Thus, it will be seenin FIG 6 that a new instruction is first checked to

determ ne it is alabel and, if so, all the instructions in the Buffer
are sent to the object nodule, and another new instruction is
called into the process. If thé" new instruction is not a |label, an

Oper and Wslapel&dt dinbutiee Feet dwiAt tuniddtsezWar dh2t rexdeuekagpkeppided
Regi ster/ Menory Usage Field (first half of Attribute Word 1 in the
exanpl e) enjeac Regiesticss / %enpr pubhdifkstati ahahki exdsecandsbdatfe oktode
Attribute Wrd 2 in the exanple) are developed, for exanple, as
through an interpreter, ané rnost commercial code is provided

only in compiled form.
A4s faster operation of coamputers has been sought,

numerous hardware/firmware fezturses have been enploved to .

first stage of a fourth (in crder of execution) instruction

m
ct
[
| S
A]
(o}

may be undertaken while a second stage of-
instruction, a third stage of z second instruction and =a

fourth stage of a first instructicen are all undertaken

This procedure dramaticzlly incrsases the apparent
speed of operation cf z computer system. However, there are
instances in which conflicts arise among the seguential
instructions which can bring zbout a pipeline "brezk", i.e.,

ed to interrupt the smooth interlezve ci the succeeding

m
o
®

fourth instruction, a given register is used for an operand
address and the samz register is simultaneously being

the third

rt

altered by undertaking the second stage o

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

Thﬁ@ggherQMacemen?sheet
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previously descri bed.

conveni ent
conflicts 1is
At t-ri bute
Attribute Fields of the other
result of zero
instruction in the Buffer ma

sent to t¥RFD

(The order of devel opnment of these Attribute

I's, of course, not inportant and can be
in a given system) Then, the actual test
made by logically AND-ing the Attribute
Wrds 1 and 2 in the exanple) of the new instruction with
instructions currently in the Buffer.
exi sts such that the ol dest

f or

i ndi cat es t hat no confl
taka1fromth

B et S Shiptt @n ‘ds t h’%e RSP TRt T

pipeline break and a conseguent decrease in the

speed of execution. The present invention

—

and serves to minimize, the problem of soitware

brezks in compiled object code ployed in &z computer

processor employing pipelined architecture.

he Tnvention

O
o
-
m
0
l.
0
0
h
rt

therefore z brozd object of this invention to

provide

saguenced object code instructions in order

pipeline breaks.

code

each object

temporarily held in z buffer is assigned a pair of Attribute

cr
ct
(a1
’.J
D
[
i
1]
)
')
8]
-J
(D
fu
n
1]
m
0
jo s

enters the scheculing process. Potsntizl conflicts which 2
new instruction may have with those instructions already in

]

may be readily ascertained in z firs:t sub-process

by logically 2MND-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
i ri—r veag \u,\(‘\*-v.l
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-13- If the newinstruction is not a transfer of control, the next
instruction to be examned is called. However, if the new instruction
is a transfer of control (e.g., an unconditional branch), a |abel
is set up for the specified destination, and the Buffer is flushed before
the- next new instruction is called into the process. If the result
of the | ogical AND operation is non-zero, then a conflict exists, and an
attenpt is nmade to resolve it, |If th&-conflict is with a noved

instructi amdéseli Gaidi@uction in the buffer is sent to an obiect
module, &and the newest instruction is pushed into the

buffer. However, if a ccnflict does exist, a second sub-

.

L

process is undertaken to rssolve the conflict, ifi and to the
extent possiblé, by determining 1f the conflicting
instruction already in the buffer czn be moved ahead of cne .
or more other instructions in the buifer such that <ths

conflict is minimized or eliminated. This sub-process

involves a comparison of the Atiribute Words of the

instruction is possible andéd will resolve or minimize the

appropriate, the oldest instruction is sent to the object

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

N
"

The subject matter of the invention is particularly

pointed out and distinctly clzaimed in the concluding portien
of the specification. The invention, however, both as to

by reference to the following description taken in
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drawing of which:

FIG. 1 1is a tabular representation of instructions
deployed in an exemplary four-stage pipeline under
conditions which cause a2 pipeline break;
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that at | east one successful pass has al ready been nmade through the

resol ution process), then the flow may proceed as if the result had been
zero because the effect of the pipeline break will have been m ni m zed
(which mght have resulted in its conplete elimnation). However, if
the” conflict is not wwth a noved instruction indicating that further

i mprovenent is possible, the conflict _gesolution sub-process is

cont i nued. __Considering now the resolution sub-process itself, FIG 7
is a flow char € Xfore2detdi 1%d hign Feerl2 1194 hahathe FEG LI (Hubect
"RESOLVE LOAD USE CONFLICT(S) | F PCSSIBLE" is broken down into the steps
necessary 2 ek€'he det er mi nati on and

FIG. 3 illustrates an exemplary Instruction Table
Attribute Word employed in the practice of the invention;
FIG. ¢ illustrates an exemplary 2ddress/Use Attribute

Word emploved in the practice of the invention;

FIG. 6 1is &z nore detziled flow chart particularly
directed to z first sub-process component of the invention;

FIG. 7 is a nore detaziled flew chart particularly

directed to a second sub-procsss component of the invention;
and

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

according to the present invention to avoid =z rpipeline

In the description of the invention which follows, the
exenplary environment chossn to illustrate the invention is
four-stage pipeline processor in which the fundzmentzl

word length is thirty-six bits. Those skilled in the art

n

will understand that a given processor might include
Pipeline of some other number of stages and/or a basic word
of some other length. It will alsc be understood that

different techniques can be employed to establish, keep

This is the replacement sheet
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to performthe conflict-resolving operations if available. Slightly nore
precisely, FIG 7 may also be considered the expansion of the FIG 6 bl ock
"DESI GNATE NEWEST INSTR. AS I[err] AND GO RESOLVE CONFLI CT". It is

i mportant to understand that, in the following discussion, |I[err] s
not - the new instruction, but is an instruction already in the Buffer
-14- which is a candidate to be noved earlier in the sequence to resolve
the conflict. Often, but not always,_4lerr] will be the

rrack of and coordinate the functions of the various

"zddress" stage, any operand or other address reguired for

, during t2 (merelyv as an example), while

A
(o}
£
[N
o }
|
-t
(]
=

I3 is being fetched, an address comrpconent is being develcped
for I2, Il is accessing cache memory or main mnemory &s

needed, and the next earlier instruction is bsing executed.

Idezlly, during t3, while I4 is being fetched, an address
component would be developed for I3, I2 would access cachs,
anéd Il would be executed. Then, during t4, I3 would be

etched, etc. But consider the situztion in which I4 uses &

register for an operand address that is being loaded by I3.
I4 cannot proceed to the address stage of the pipeline until
after tS5 when the execution phase of I3 loads the register.

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

Tk iz Mg ranizcaman shesd

ot L A .
(R o Yeuwl
¢ oo rbn Bl




instruction immediately preceding the new instruction until I[err] is
noved. In performng the analysis, a series of yes/no

determ nations are nade vis-a-vis I[err] and each of the
instructions currently ahead of it in the Buffer. Again, the order of
the inquiries (and even the inquiries thenselves) may be selected to
be convenient and appropriate to a particular systemenvironnent. |t has
been found to be nore efficient, -7and thus preferable, to make the

several ijnguida@sd f ey ax géve@ouﬁﬁér Wt SWsS- aw¥kh |4 erddrisdidaldingas
shown in FIG. 7 rather than adopting the readily apparent altérnative of
meki ng agddirRite INMWYdted Werfdbinaide.
Howevar, in the exarnple, if I3 could be rescheduled
ahead of Il w\thou; introducing a naw conflict, the pipeline
brezk could be avoided or minimized, and this is ths basis
for the operation of the subject invention. FTIG. 2 is a A

high level flow chart which sets forth the bzsic concept of

breaks. The basis as stated and shown in FIG. 2 is
decsptively simple, but efficient decision-making Drocesses

have been elusive, and the decision-making processes of the

These 2Atiribute Words, in turn, are individually davelcped
from information stored in an Instruction 2tiribute Table.
Since each instruction (i.e., ezch one of  thes nmany
instructions in +the repertoire of a ¢iven computer
Processor) can reference zand use an indivicual set of
resources (such as registers and/or menory), an encoded
description of the manner in which addressing can be cerried

out (addressing may implicitly use registers and/or memcry),

<

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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instructions in the Buffer ahead of

I[[err], nmoving t

inquiry,
of saving the points at

o the next

ete. This preferred approach avoids the necessity

whi ch each test mght have failed and also permts termnating the
process at the earliest possible tinme if |I[err] cannot be noved
past an older instruction with which it is being correlated. In
the exanple, the first inquiry is whether the instruction in the
Buf fer next older than I[err] (de5|gﬁated I[err]) changes any register

used by Igﬁnr]

TS By e

hal f of Attrlbute Wwrd I of

Ter’

arr
err

~R%t hyikogi cahby-ANPibRY £hg ki T st
h the sécond hal f of Attribute Wrd

1 of I[ern

he conflicting instruction,

E.]*-‘-n@"u‘te NGEZEr GdresW t cWJ:.Jn i ndeatiettBAt LhertheCcappgtehe

and the resol ution process

noved pas

repsrtoire.

—

An exemplary InSu* tion Table Attribute Word, which

may be employed with a ceompiler preparing cbj
cazle systen emplovyi

= computer

ters/memory & given instruction uses

which contexts. In the example,

interest are:

Addressing Attributes
T = instruction can be tagged (bits 3G6-33)
M = instruction can have a mencry address
AR = instruction can use an address registar if
bit 29 is on
Use Attributes (includes addressing atiributes)
X = uses index (in bits 24-26 of instructicn)
XD = uses X + 1 &also
E = uses exponent register
A = uses A register
Q = uses Q register
G = uses generzl register (bits 0-3 of in-
struction)
GD = uses G + 1
R = uses general rsgister (bits 32-23 of in-
struction)
RD = uses R + 1
Modify Attributes
X = modifies index (bits 24-26 of instruction)
XD = modifies X + 1 also
E = modifies exponent register
A = modifies A register
Q = modifies Q register

fhmisrharemeementsheet
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-15- concl uded. At this tinme, the sub-process wll have mnimzed

the_effect of the pipeline break. The second inquiry in the exanple
is whether I[err] changes any register used by I[err] for
addr essi ng. This is acconplished by AND-ing the first half of

Attribute Word 2 of I[err] with the first half of Attribute Wrd 1 of
"The third inquiry in the exéﬁﬁle IS whether I[err] changes

I[err].

G = nodifies general register (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 Attributes
TR = can transifer control

S? = special (sreg, lreg, ...)
EI = eis type instruction
VC = vector type instruction

(1)
[
ol
n
rl
H
[
0
rl
'-l-
0
o]
-1
m
[8)
)
h

In FIG. 3, the format c¢fi <th
Attribute Word is:
trz = transfer of contrcl

eis = nultiword eis
vec = nultiword vector

spc = special (lrsg, srsg,...)
ni, n2, n3 = 3-bit number designating type of
eis/vec instruction

An Instruction Buffer contains information representing
instructions that are currently "in the buffer". The

Instruction Buffer is conveniently implemented as =
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managed by two indexss: TOPST which points +to the last
instruction put in the buffer ané BOTST which poinis to th

nstruction in the buifer. Thus, If TOPST eguals

0
)
0.
[
1]
ct
[ B

the buffer, TOPST is incremented by 1. If TOPST exceads the

o

uffer length, then TOPST is reset to 0.

The Instruction Buffer contains several fields:

Issa instruction scheduling stack a (instruction)
ISSQ = instruction scheduling stack ¢ (type of re-
location)

ISSIC location in memory of instruction

Thoy in NS TEansrem
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any register changed by |I[err] in execution, This is
acconplished by AND-ing the second half of Attribute Word 2 of I[err] with

the first half of Attribute Woird 1 of I[err]. The fourth inquiry in
the exanple is whether I[err] changes any register changed by I[err]
I n -execution. This is acconplished by AND-ing the first half of

Attribute Word 1 of I[err] with the ft+18t half of Attribute word 1 of I.
The fifth inquisgamr thetexamid %ﬂ/vh%h%bclzkeﬁrItﬁbanaeas)any nmemor y

used by I[err] for addressing. bit 35 of Attribute Wrd 2 for
I[err] is not gSake tEdHatdi. &k, ﬁﬁ@DrYns‘éP@@ﬂE@ﬂ, LbEg=689€sdyREANG
occur, and further tests can be undertaken. If it is a "1", then a check

can be nagettabudet lordze ddveldite@dibessddly Mmsieruafidmsbedgghenintberr]
uses
the Buffer are. shown in FIGs. 4 and 5. Attribute Word I
contains address and use attributes. Attribute Word 2

contazins modify and special attributes. In Attribute Word

2:
trz = transfer instruction
eis = eis instruction (mlr, mtm,...)
vec = vector instruction (viad,...)
sp = specizl (lreg, sreg,...)
dsc = discriptor for vactor or eis (vdsc, adsc$S,...)
lst = two words used for lstou (annotztor phasa)
HU = nemory used
RC = menory changed

Consider now +the following specific exazmple of +the

manner in which the attribute words for a "Locad A-Register®

instruction. being brought intc the scheduling process are

o

derived in the exemplary environment. The "LDA" instruction

hes, in adcdition to its opcode field, zn operand field. Its-

Hd

offset only; e.g., LDA 2 = the vzlue in location

[
[\¥)

or LDA 12 = the wzluve in location

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

or LDA &,,0 = the value from menory loca-

tion & modified by informa-
tion in Address Register 0
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menory. If it does not, the flow may proceed to the next inquiry; if it
does, a check is nade to determne if the address of I[err] is distinctly
different fromthe address if I[err]. If this cannot be determ ned, then
it nmust be assuned that I[err] changes nenory that I[err] uses in
addressing. Those skilled in the art will understand that there may be

some sinple cases in which it can be dgyermned if two addresses
16 Now, the Instruction Table Attribute Word for the LDA

instruction, expressed in octal and binary, respectively,
is:

0 7 ; 0‘ 0 0 0 0 0 4 0 0

000 111 100 0OCO 000 000 000 00Q QOO0 100 000 00O

The mnmeaning of the "1" settings in the varicus
positions of the Instruction Table Attribute Word are as
foellows. In <the secend coctal digit, wvalue 7, <the mest
significant binary digit indicates that index addressing is
possible, the second binazry digit indicates that msamory
isazge 1s possible, ané ths least significant binary dicit
indicates that address register usage is possible. 1In the
chird octazl digit, wvalue 4, the mnost significant binzry
iigit indicates that memory is used during execution, and in
the tenth octzl digit, value 4, the most significant binary
iigit indicates +that +the A-Register is changed during
ixecution. From this informstion, the development oI
«Ltribute Words (expresssd in octzl) for exemplary LDA
.nstructions to be examined for possible load/use conflicts

iith other instructions already in the Buffer.

Instruction

Lpa 5,DL

LDz 2
LDa 2,1
LD2 2,,0

Word 1 Word

000002 000000
({change A-Reg

- .
ST NS .

000000 000G00
{nc address for
inmediate operand)

)

000002 0000QQ

000000 000000

000400 Q0QCO0 000002 000000
(X1 used in address)

400000 000000 000002 00000Q

(AR0 used in address)
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are equal and thus permt a positive type of checking to be wused.

The- sixth inquiry in the exanple is whether I[err] changes any nenory
used by I[err] for addressing. If bit 35 of Attribute Wrd 2 for
I[err] is not set to "1" (i.e., menory changed), this case does not
occur, and further checks can be undertaken; however, if this bit is set
to "1", then a check i's made to deternine if the addressing node of I[err]

uses menory. it does not, the next inquiry undertaken; if _it does,
a check is made'ct ‘0 Sletsr @ nELPF CRETAdMOESs Qﬁta}l[]e?‘i'] ThER §il& net 3y
di fferent fro this e det er m ned,

. h d 2L
then it ?ﬂ% t °F g rﬁidb PﬁﬁlHﬁ§N?1~RfL%n&QSQﬁg qu%Yﬁw*CT[8+FP uses

'n addres&é&@zUCﬁON(S) IN THE BUFFER?" is broken down into the sub-

process steps necessary to mzke the broad decision. It may
be noted at this point that, as will be discussed further

below, an ‘*instruction" may actuzlly be &a label which

Builer are sent to the object module, and another new

Attribute Fields is, of course, not important and can be

Then the actual test for conflicts 1is made by

the Attribute Fields of the other instruct s currently in
the Buffsr. A result of zero indicates that no conflict

exists such that the oldest instruction in the Buffer may be
+ P . : - : P
taken from the bottom of the stack and sent to the object

module znd the new instruction placed on top of the stack.

Thig i e :epms"er‘r‘!eﬂ? sheet



The seventh inquiry in the exanple is whether |I[err] changes any
menory used by I[err] during execution. |If bit 35 of Attribute Wrd 2
for I[err] is not set to "1" or if bit 34 of Attribute Word 2 for I[err]
is not set to "1", (which would indicate that nenory is used), then the
situation does not occur, and the next inquiry can be undertaken. |f both
bits are on, then the addresses of bdt3+ instructions nust be checked

to determ pe idpd hﬁ¥warﬁ1sdd*5$ddq%tnl %hBLerPanttrahrHLart hgk gﬁ{}ﬁ:‘;olbe th

determned; it must be “assuned that ey are e sanme an ITerr

cannot be moved ;pastudi@igd to be e\c-gﬁﬁrﬁédgiltsh dalquidy iHbidigeexapl ends
whet her I[err] changes any nenory used by |I[err] during execution. | f

bit 35 of pew instruction is a ‘transfer of control (e.g., an

e w

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

-
a}
0
o

cdestination, and the Buffer is flushed before the next naw

0O
1
n
7]

instruction is called into the pro

resulted in its complete elimination). Eowever, 1f the
conflict is not with a2 moved instructi

on
further improvement is pessible, the coni

'g

()
o
I
1]
)=+
0.
]
a1
| o
e |
n
o
o
£
t
jo 3
a1
n
'.4
o)
3
th
=
o
|
U
LA
0
O
M
n
n
[
ct
(/l
}'h
!
-t
(3]

Slightly more precisely, FIG. 7 may zlso be considered the
¥pansion of the FIG. 6 block "DESIGNATE NEWEST INSTR. 25 I,
ND GO RESOLVE CONFLICT". It is important to understand
hat, in the following discussion, I, is not the new

-Nstruction, but is an instruction already in the Buffer

This is the replacement sheet
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Attribute Word 2 for I[err] is not set to "1" or bit 34 of Attribute Word

2 for I[err] is not set to "1" (which would

-17- indicate that nenory is used), then the situation does not occur, and
t he process can proceed. If both bits are on, then the addresses of both
I nstructions nust be checked to determne if they are distinctly
different. If that cannot be determungd, it nust be assuned that they are

the same andcH hed [ €ERdi&aPHOLo LB NRYGE: PaSE1 4L Eh. the sequence to

he

r

resolve the conflict. Oiften, but not always, I will be

instruction immediately preceding the new instruction until

—
..
Ll

I is moved.
In performing the =znalysis, a series of vyes/no

daeterminations are made vis-z-vis I ané each of the

tc & particular system envircnment. It has bzen found to be

o}

n the exzmple, the {irst inguiry is whether the
instruction in the Buffer nex: older than
In) changes any register used by I,- This may be carried
>ut by logically AND-ing the first half of Attribute W
£ Ip with the second half of Attribute Word 1 of I,. Any

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

he conflicting instruction, and %ths resolution process
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If it is determned by this process t

hat I[err] cannot be noved ahead of

the. i nmedi ately preceding instruction, the pipeline break has been
mnimzed to the extent possible wth the current instruction string.
The next new instruction is then called for analysis. However, if it is
determned that |I[err] can be noved ahead of the immediately preceding

i nstruction, the 1inquiry can opti
see if it can be noved even further

ellnlnate 5#@1@aggllne abreaks Thiig
it will Seen that a successful

exchange ,qf 1hEred 8RE LESE

t he next OT der instruction

paés t

F B

onally (but preferably) continue to
ahead to further mnimze or even

ol CALULE IsShOMLddL FIg311 7 Adlyghi ch
roug al

tests causes an

i Pif O RL= 1t he sub-process
i's desi gnat ed

after

The second inguiry in the example is whether I changes

—
-
.

any register wused by I,

[~

ccomplished by AND-ing the

any register changed by

accomplished by AND-inc tie

of the first half of

any =memnory used by

Attribute Word 2 for

changed), this case does not

TS

g b
Ly T

undertaken.

does,
of I
this

that I, changes menory
Skilled in the art will

Simple cases in which it

is

& check

is distinctly different
cannct be determined,
that

understand

This is

Wor

~ o~
S

o]

is mad

T

that

can be determined if two addresses
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as Iferr]. If there are no nore older instructions in the Buffer,

of course, all possible cases wll have been resolved in the
current context. As shown in FIG 6, when the earliest
acceptable position for I[err] has been determ ned, the ol dest instruction
in the Buffer is sent to the object nodule and the new instruction is
placed on top of the stack in the Buffer;g_The next new instruction is then

called for analysis. After ) _
zre equal and thus permif z positive type of checking to be

used.

ry in the example is whether I, changes

The sixth incu

~-

s

-~ .

any memory usad by I, for =addressing. If bit 33 of

n
\ttribute Word 2 for I is not set to "1" (i.e., memory

chancged), this case does not occur, and further checks can

The seventh inguiry in the example is whethar I_

Attribute Word 2 for is not set to M"i", (which would
indicate that memory is useé), then the situation does not

occur, and the next inquiry can be undertazken. If both bits

checked to determine if thev are distinctly different. Iz
P - - - . N
that cannot be determined, it must be assumed that they are

cannot be moved past I,.

The eighth inguiry in the example is whether I, changes

a&ny mwemory used by I. during execution. If bit 35 of

Attribute Word 2 for I. is not set to "1" or bit 34 of

n

Attribute Word 2 for I, is not set to "1" (which would

This is the raplacement sheet
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-18- a break has been resolved and the new instruction has been pushed
into the Buffer, a check is nade to deternmine if the newinstruction is a

transfer of control. If so, the Buffer, including the transfer of
control instruction, 1is flushed to the object nodul e because it woul d be
erroneous to nove any instructions ahead of any transfer of control. (It
wll be seen that, in actual practiqg;r}he Buffer size chances fromtine
totime. It can restart at length zer'o and, as instructions are

processed, iRditdset ehat BdmBLp SiZeusadf| VEhen the @{audteon sdeésthat only
then do instructions comence to be "pushed off" the stack to the object

nmodul e occur, and the process can proceed. If both bits are on,
then the addresses of both instructions must be checked to

cdeternine if they are distinctly different. If that cannot

ct
15
m
et
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h
o |
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0
ct
o
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o8
o]
o
n
et
5=t
o

with the current instruction string. . The naxt new

instruction is then called for znalysis. EHowever, if it is
preceding instruction, the inquiry can optionally (but

ahead to further minimize or even eliminate the pipelines

brezk. This feature is shown in TIG. 7 in which it will be.

Buffer of course, all pcssible cases will have besn
resolved in the current contex:.
Pesition for I_ has besn determined, thes cldest instruction
in the Buffer is sent to the object module and the new
instruction is placed on top of the stack in the Bufier.
The next new instruction is then called for analysis. After

Thie s the raplscamaed shamt
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by the inclusion of new instructions.) In addition, the destination of
the transfer is examned, and, if it is wthin the current program and
not to a prior location, the destination location is saved in a "l abel"
(labels in this context are typically the destination of a transfer)

table. This information is then avail able when the instruction is again
cal l ed for processing. Referring once again to FIG 1 and also to
FIG 8, the result of a successful resg gheduling according to the present

i nvention can_be, appregi ated. assu @g:”e
that it has Bean-d&Fer maved rte}Taﬁl a[cgr"rr]d Th% n'r3)‘sl§cg'r€f%t?g%§‘a?{és§ nov ed

ahead of |2 Sa_(l ﬂlvln gnghghg,‘ §egs fac"xes‘c is made to detsrmine if the

1ew Lnstruction is a +transfer of control. If so, the

—
LN
.

suffer, including %he transfer of control instruction, is

conmence to be Ypushed off" the stack to the cbject module

by the inclusion of new instructions.) In addition, the

the pigeline breazk and a conseguent substantial increase 1In
Performance. In other instances, as discussed above, 2a
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It can safely go. The result,

as wll
Is the conplete elimnation of

be apparent froma conparison of
the pipeline break and a

FIG. 1 and 8,
consequent substantial increase in perfornmance. I n other instances, as
di scussed above, a -19- given
pi pel i ne break may not be conpletely elimnated by application of the
present invention, but it wll be & n|n1zed which, in itself, effects
an increase Rt rgeessor. perfo
crﬁeﬁpﬁﬁdﬁllné’g EEROMAF ASL "B Conpletaly el ininated by
application of the present invention, but it win be

minimized which,
processor pe*Lormance.

Wnil

obvious

0

used in the

illustra

to

in itselr,

e the principles of

th

ations of structure,

practice of +he

tive embodiment, there

effects an increase in apparent

the invention have now bean

ose skill

Dreportions,

-

érrangenent,
invention which

ific environments and operat

departing from thoss principles,

This is the replacement

13 FEB 1997

Dale:

sheet



Whil e the principles of the invention have now been
illustrative enbodinent, there wll be
skilled in the art many nodifications of structure,
proportions, order, etc. used in the practice of the inventi
particularly adapted for specific environnents and operating
W t hout departing from those princip&gg.
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WHAT IS CLAIMED IS:

1. A process for scheduling

=

compiled program use in a pipelined

—

processor to minimize pipeline breaks comprising

for

O
[ 1

instruction buffer: for

new instru
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proceeding to step F);

F) the instruction respres

sending
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I mredi ately obvious to those
arrangenent,

truction

in an

on which are
requirenments

the order of instructions of =z

architecture

receiving

processed

buffer to an object module, pushing the representation

the new instruction into the buffer;
returning to step B);:

if conflicts are identified in step D),

step I1):
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VWHAT IS CLAIMED IS: 1. A process for scheduling the order of instructions
of a conpiled program for wuse in a pipelined architecture

precessor to mnimze pipeline breaks conprising the steps of: A)

establishing an instruction buffer for receiving representations of

new i nstructions to be processed Wi th respect to representations of

I nstructions al ready resi di ng therein; B) if any instructions

remain to be processed, calling apew instruction; else, conclude the

process; C)I) eéégpl i s@ln , ..for _such New jnstruction_.to  be.
fgnating’ the mest recent instruction already in

the buffer as I,, a2 candidate to be moved to an ezrlier
=~ s -

J) systematically comparing the zttribute fields of In

. 4

with the attribute fields of a selected one, I,. of the

instructions representad in the buffer which holds an

(1))
n
a1
1—
l.-l
(0
H
'g
o]
n
' #,
ol
..J
8]
ho |
.-J
o |
cF
iy
[{}]
o
[
i
-
)
"
ct
)
m
o}
-t
=
ct
(0}
(o]}
®
ot
[{|
~
]
‘.4
s )
[(]
'J
rh

can be noved yet eaxlier in the buifer; and
L) if I; and I, cznnot be safely exchanged or if no

or designetion as

[

instructions remzin in the buffer

2,

2. The process of Clair 1 in which step C) is accomplishe
by accessing the contenis of an instruction attribute table

which contains an encoded description of the manner in which

addressing can be carried out, which registers are used, the
nanner in which registers ars used, which registers are
mocdified and the ranner in which registers are modified for

each instruction in the repertcire of a given computer

[}

processor for which the scheduling process is to be zpplie

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

and step B), there is included the following steps:
This is. the replacemeént sheet
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processed, atribute fields providing information thereon wth

respect to its wusage of nenory and regi sters; D) logically
conparing the attribute fields of the new instruction wth t he
attribute fields of t he instructions then represented in the
buffer to identify t he presence of ap?éponflicts; E) if no
conflicts are identified in step D), proceeding to step F);

F) sending the oldeSeSamtinicii qF repr esentid@ STy Hen 3“££nﬁ$%ﬂe£2#@¢p
obj ect nodul e, pushing the representation of the newinstruction into
the buffer; L8P PRLfer i motsheprdy;of control:

N) 1if the determination in step M) is that the new

instruction js a transfer oif control, {flushing the

buffer to the object module and then proceeding to step
B): and

¥) determining if the new instruction just pushed into
the buffer is a transfer of control;

N) if the determination in step M) is that the new
instruction is a <transfer of control, <Ilushing the
buifer to the object module and then proceeding to step
B):; and

0) if the determination in step M) is <that the new

’—l

instruction is not a transfer of contrel, procesding to

step B).

5. The process of Claim 3 in which, during siep N) =&
destination label is generated for reentry into the process
at an appropriate later tipe.

L
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H if conflicts are-identified in step D), proceedfng to step I);

-21-. |) designating the nost recent instruction already in t he
buffer as I[err], a candidate to be noved to an earlier position in
the buffer; J) systematically conparing the attribute fields of
I[err] with the attribute fieldszof a selected one, I[err], of the
, 2913~
6. The process of claim 4 1in which, during step N) a

destination labe] ijsg generated for reentry into the process

at an appropriate later tine.
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instructions represented in the buffer which holds an
position in the buffer than I[err] to determne if

the buffer of I[err] and I[err] can be safely
if I[err] and I[err] can be safel'y exchanged, effecti
and returning to step J) to determne |J A
earlier in the buffer; and L) and ||

earlier
the positions in
exchanged,; K)
ng the exchange
can be noved yet
err] cannot be safely

exchanged or if WENIMIZING Wm@cemzm DSINCHh SCITNAREr SCHEDULIBNS gnat i on

I[err],
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by accessing the contents of an instruction attribute table which contains
an encoded description of the manner in which addressing can be carried
out,” which registers are used, the manner in which registers are used,
which registers are nodified and the manner in which registers are
nodified for each instruction in the repertoire of a given conputer

processor for which the scheduling prqcess is to be applied. 3. The

process of Caim1l in which, internedi'dte step G and step B), there is

i ncl uded (ﬁ§—TUrrUwTH%SS?e?ffrjz;7—23~?_;:_r7;;7—zg b t7 | t8 | to o
..fetch..=nglzgmgng**{**;lsi16517113_,ﬁ
"address®{w- | IL | I2 | I3 } xx | x| I4 | I5 | I6 | I7 =
"cache" | __ | - | I1 | I2 | 13 | xx | ** | I4 | I5 | I6 -
"execute®) —- ! —= } == | I1 | 12} g3 | *#* | ** | I4 | I5 -

FIG. 1

N—
PROCESS CONCLUDED
FIG. 2 ]
ACCESS NEXT ANY
INSTRUCTION INSTRUCTIONS N
T0 BE REMATNING TO BE
EXAMINED PROCESSED?

RESOLVE LOAD/USE SEND THE OLDEST
LOAD/USE CONFLICT WITH N IMSTRUCTION TO
CONFLICT(S]), INSTRUCTION{S] IN THE OM AND PUSH
IF PQSSIBLE Y THE BUFFER? IN THE NEWEST

TNSTRUCTION

P 80 | tl |l £2 | €3 ] t4 | £5 | k6l 7 | t8 | £ty -~
nfetch" | I3 [ Il | 12| 14 | I5 | 16 | I7 | 18 | I9 | I10 -
naddress"| == | I3 ! 11 | 12 ) 14 | IS | 16 | 17 | 18 | 19 -~
ncache" | == | -- 113t 11 {12} I4 |15} 16! 17} 18 -
nexecute™| == | == ! .t 3 1 11| I2{ 14} 15} 16 | 17 -

FIG. 8
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-22- M determning if the new instruction just pushed into t he

buffer is a transfer of control;

N) if the determnation in step M

is that the new instruction is a transfer of control, flushing

t he buffer to the object nodul e and then proceeding to step B) ;
and. O if the determination in step M is that the new

instruction is not a transfer of control, proceeding to step B).

2/4

‘Instruction Table Attribute Word

addr. used in exec. - changed in exec.

NN VAW, \/ \ /N
ltevxmamxeaqggrra isnnn mxeagqggrra i
'r|ilelr'e'r'elrl C x'x XXr lg: 123 er lx‘x x'x'z'l |
tagsje] qmp qmp Qbbb e b b bdeb Vb b dmE D R e
(o} 11 3
0 7 8 5

FIG. 3

Word 1 (Address/Use Attributes)
Used in Address Used in Execution

/ \/ \l
iaaaaaaaaxxxxxxxxaqiaaaaaaaaxxxxxxxxaq‘
Ir ryx r':lrlr|r 011 23456867 lr rr r'r r‘r|r|011lzlzt4'5'6'7' |
1092720314915:6770 § 1 0 4 L b b b1 joj1i23i4isi8i7) 1 4 ot 4 4ottt
0 11 3
0 7 8 5

FIG. 4

Word 2 (Modify/Special Attributes)
Modified in Execution Special

/ \N/ \'
iaaaaaaaaxxxxxxxxaqitevsdl m u
lr rrrrrrro0l2345¢67 Ir ieps s' oy 'u'c'
iot1i2istaisiel7z) L b bbb bbb b dalsiel deltl T bbb b e 1
0 11 J
o] 7 8 5

FIG. 5
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4. The process of Caim2 in which, internediate step Q
therse'is included the foll ow ng steps:
i nstruction just pushed into

N) if the determination in step M
flushing the

transfer of control
then proceeding to step
M is that the new
proceeding to
during step N) a

step B)

i nstrfucti Qg s no

t he buffer

5. The
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IS THE NEAR
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FOR
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[S NEW
INSTRUCTION
——( A TRANSTER or
CONTROL?

ISUSH NEH
NSTRUCT [y
INTO BUFFZ3 Anp
SEND OLDEST
INSTR. To om
B

[NSTRUCTION A
LAREL?

oEvELoe
OPERAND USAGE
ATTRISUTE
FIELD FOR MEW
INSTRUCTION

DEVELQP
RECISTER/MEMORY
USACE ATTRIBUTE

FIELD 7OR NFR
INSTRUCTION

urLvELOP
RECISTER/MEMORY
MOOTFICATION
ATTRIBUTE FIELD FOR
NEA INSTRUCTION

LOCICALLY -aND*"
ATTRIBUTE FIELOS oOF
NEH [NSTRUCTION
HITH ATTRIBUTE
FIELDOS OF EACH
[NSTAUCTION 1N THE
BUFFER

S

and step B),

M determning if the new
is a transfer
is that the new
buffer to the object nodul e and

3@ if the determination in step
a transfer
ocess O Claim 3 in which,

of control; -
instruction is a

of control

FIG. 6
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at an _
of Cdaim 4.|n
reentry into

reentry into the process
-23- 6. The process
is generated for

destination label is generated for
appropriate later tine.

whi ¢h, during step N) a destinati on | abel
the process at an appropriate later tine. s
ARCIN
DESIg#;IgTNEXT
IN UCTIoNn
FOLLONING In IN st T8 e
THE Bg:FER AS QUFFER?
L]
1 DOES In
CHANCE ANY
RECISTER ustw
BY Im FOR
ADD ? Y
EXCHANCE
INSTRUCTIONS
In AND Is~ ANOD
MARR Ian AS
HOVED

DOES ' Im
CHANCE ANY
RECISTER USED
BY In FOR
ADU.?

DOES In
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RECISTER USED
8Y Im FOR
EXE.?

DOES Im
CHANCE ANY
RECISTER USED
8Y In FOR
EXE 7

DOES In
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MEMORY USED
Bt Im fOR
ADD 2

Y

4

ALL POSSIBLE
CASES RESOLVED
(FINISHED)

3

H

ULS Jam
CHANCF ANY
MCMORY USED
BY Ia FOR
ADO .7

FIG. 7
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