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- - ABSTRACT

An irplementation study on  the cptimization of
seguéntially executable nicroprogram segments is discussed.
$his is a practical extension of earlier work presented in a
PhD Thesis by ﬁ: G Sdtfoh. optimization inm this context
means the deletion cof a paximum number of nonessential
micro-operations. These noneseentia1-~micrc-operations are
identified by the constructien of all alternate forms of

|

each micro-operation.

Theorenms origihally presented by - sifton have ‘been
extended, transformed intc algorithms, and verified by their
application on microprogram examples. Data structures have
. been developed in conjunctlon with the requiremehts of the
algorithums developed. These algorlthms have beén designed to
.accept general machine archltecture and lanquage deflnltlons
in lorder . not -tc | restrlct - the application -of the
1mplementatlon. The problems and peculiarities enCpudteréd

during the developnent of the implementation. will be

" discussed and some examples will be presented. ,
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CHAPTER I

Tntroduction
1 Y : /ﬂ
i

-?hé subject of this thesis is an implementafion study
cn the optimizationybf microprogram segments consisting of
seguéntially executable micro-operations. The purpose vas to
investigate the practical‘ impiications ctf loptimffation
strqtegies which have Dbeen thebretically developed in

sitton[s1].‘0ptimization .techniques, in general, can be

applied to almost every area of softvare research [ A2, G1,
L1, s1, T3 J. Within this study, the term ij¢ used to mean

the technigues developed to optimize microprogram segments.

The areas of scftvare development - and software
optimization are relatively,uneiplored and"unforhalized, as

has - been pointed out in Agrawala and Pauscher[A1] by the
\ .
nghile hardwvare developments for < supporting
microprogramsing have been dramatic, develcopments
in software and applications aspects of micro-
programming are still in their infancye.
Programming language techniques, such as inter-

- mediate, ~language design, - interpretation, .and
optimization need to be applied and extended. .
Application areas, somewvhat hampered by lack of
softwvare support, need to adapt picrcprogrammeing
to Specific problems to realize this full
pctential of microprogramming." '

statement:



“\ pasically, the research is involved with the imple-
pentation and studyw of a program which finds and deletes
noneésenﬁial operations fr;m a set cf sequentially

-executable- micfo-operations._ In ordef to accémplish this 8
studx, theorens 'anh theoretical alQofithns have beéq\\\\~
xextended, transforméd intc applicdble ilgorithms, and imple- :
meﬁted‘. for the purpose of Ppractical application. ahd

verification.

PPevious attempts at the deletion of nonessential
'Ioperations have reliéd upon an evaluation of only the source
form of each operation; Hoﬁgver, the deletion of all
nonessential operations requires the. i@egtifiéation and
evaluation of ggéh‘ alternate “operation form. The
signific&hce of.tﬁe research is based on-. tkte ‘premise' that

nonessential operations_ are m?%t likely to occur in

operation forms}which are alternate and equivalent to the
M

source forms. ' ‘ : '/

l;In general, nonessential micro-operations ha;elbeen
/divieed into the‘»thref classes: negateq, ,redundant,’ and
parallel*% K2, S1 }. The identification of nonessential
operations involves the recognition of alternate Land

- equivalent operation fcrums. In this study, the ident-

. ification is done by the'analysis of equivalently defined

- ‘ ‘ . . . .", ) . .,



\

\ . ~:

neﬁory units: It is possible to force operations td\assune
ncnessential status upon meeting a minimal get of conditions
applied towoperations ndependently. »This is~‘accomplished
through the assignment\ of alternate-sou%re and sink units
for_eac; operation. |

v

Wwith the afpplicaticn of an alternate unit ident-
ificatdion galgorithm,"an aiiernate unit assignment table is
constructed in order to represent all possible forms of each

operation. This is accomplished by specifying all prime and

alternate ‘source and sink units. Information on how units

are utllized within the given microprogram segment, and hou'

thej will be used after the given segment, is also stored in

tabular form within a unit assignment table. ‘
. - s G “\i
' ¢

~

S BY us1ﬁ§ the accunulated information cn all operatiop

formsvand cther available 1nformation, all initial operation
“AMeleticn candidates ‘are 1dent1f1ed. This process .of

recognizing the opef&iion deletion candidates 1nvolves the

generation of omne or - more: operation deletion strategies.v

<

This is . necessary fori each'pperation deletion candidate.

They are later evaluated independently as feasible or not,7

The approach used to. evaluate each operation deletion‘

'=trategy is: first, to determine at which’ locatlons other

strategies are regdired; second,'to;determine the 'conflict



relaticnships with othej‘strategies; and third, to determine
wvhich strategies’ nay be used tb alter each location or
point; Informaticn cbtained upon the evaluation of

strategies is stored in tabular form. This"is done in order

to represent all feasible operation ‘deletion strategles, all b

feasible alternate source unit assignmeent strategies,
. strateqgy eonﬁgict relationships, and’ all locations which

tequire a strategy. -

Once the evaluation of strategies is complete} the
proﬁéel is transformed into one . of optimal selection of
operation: deletion strategy and alternate source unit

i -

assignment - strategy sets. Each set if applied, will result

in the deletion of a aspximum number of _operations. The

.outcome of this fina phase is a set of optimized
microprogram segment versions. These versions are 1logically

correct with respect to the given microprogram segment.

The subject matter—'discussed above is'organiredrinto
eight chapters. Chapter IT 1ntroduces the prchlem for which
thef program has been implemented. Chapter III describes the
,general solutioh framevork followed by the program ‘and
exlst1ng 11m1tations. Chapters Iv through ViI describe each

major phase of the solution framework in" detail. Pinally,

%



Rea ? 5

#
Chapter VIII sumpmarizes the s€udy and makes eéom.endations
for further research. Chapfer vVIII 1is Eoi}owed by an
Appendix of oﬁtimization examples generated~£y the imple-
mented program.. ‘f

A

A



CHAPTER II

Problem Analysis

2.1 Introduction

The objective of this- chapter is to describe . the
problem for which a program has been impleﬁented. Also, it
is to introduce related information and definitions referfed
to throughout'this study. The general order of entfies
consist of: first, a deséription of the general represent-
ation of microprograms; second, a desciiption of the
pfoﬂlem#_ third, the range of optimization; fourth, related .
' _informaticn required. for the aefinition of nonessentialﬂ
opbration$; and fifth, _definitioggﬂa leadigq; to the
description of nonessential operations. )

i

2.2 Microprcgrap Representatjon _

2.2.1 Microprcgram Notation

Following ‘the definitionms given in Sitton[S1] and later
‘used in Jackson and lbisgﬁpta[J1], the nctation' for the

gener - representation of =  microprograms will mnow be
. Xep
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described and used throughout this study. This notation is.
very general in order to ;prevent restrictions when
transition is m&de to or.from different deqrees of encoding

and/or parallelism. ‘o

-Basically, a microprégrai is an ordered set of miéro-"
instructions, each of ‘uﬁich ijs ' to be executed for a
particular time period. Each picroinstruction in “turn
consists of an ordered set of micgo—operations, yhiCh Aare

"invoked during the execution of the microinstruction.

pefinition s.1: A ‘Source Unit ( SC ) is a memory umnit

‘used within a picro-operation as ‘data input.

pefinition. 2.2: A Simk Unit ( SK ) is' a memory unit

~used within a micro-operation as data output.

Definition 2.3: A Micro-operation ( MO ) is a»6-tuple

- ( OF, sc, Sk, Cc, €U, TV )

. where o

OP 'ideﬁtifieé. £h§§ primitive k hardware ) operation,
é.g. LDDy_SUB,.GLTE, etc;

sC isva set of units'used és the data source for
SQF!Y, e.g._Begisters;f- ﬁ

SK is a set of units used as ﬁhe data sink for '0P';

¢ is a set of control information:' gualifying 'opP*,

>,

- R €ege shift;Amount§, etc; /



60 is tne set of operat{onal unit (s) required to
execute 'OP', e.g. Adder, Shifter, etc;
v denotes the +time validity set for executing ‘'OP°
using 'sc', *SK', 'C* and 'OU'l
Each micro-operatior is distinctly identified in order,
ty a tvo part index I, I = (3,k). The sub-indices are inter-
preted as the micro-operation, MO (k). contained within the
particular microinstiuction; MI(j). 1In order to simplify
discdssion, a one part’ index I, where I is an integer, wi}l

be used throughout this study. Transition from one form to

the other is’trivial;

The infermation sets *'0U' and 'TV' are not used in the
optimizatlon of m;croprcgram segments. It will be assumed
througnout this study, that a glven microprcgram is ordered
}94ically as well with respect to the '00*' and 'TV' sets.
That is to say, the '0U' sets are nct used in the
recogniticnl of egquivalent micro-operations. Also, cor-
reqtionsnare not _nede to the assignment of operafional'
units, nor to the ffne validity sets when operations are
deleted, or when umit definitions are moied. The author has :

scone{ to learn that such corrections and alterations should
‘he made at ~the time éf‘-nlcro-code generatlon for a
'“'conpletely Optlmlzed mlcroprogram. At this tine, operatlon

units can be assigned optlmally and allovances maﬁ% for the

~
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timing restrictions. Code Compaction, parallelism
'chstraihtS, etc. will further affect the ‘0U' and 'TV!

sets.

Thé following notation will be used when referring to
particular scurce and sink unit (s):
<u. tyge> ( <op. ide> ),
<u. type> ( <op. id.> , <comb. id.> ); or —t
<u. type> ( <aRe id.> ,'<cdmb. jd.> , <u. index> )
where
<u. type> is either 'SCY or 'S5K', indicating the source '
or sink set;
o - <op. id.> idéntifies the particular micro-opefation
being examined; . .
<comb. idQ)lidentifies the | particular combina£i§n
( This will latef be clarified thrpugh
,examples: -If absent, the.potation is to be
j\l interpretéd as th%'sethof all pqssible source
o; sink unit combingkions'fqr the particular
hicro-dperatibn ) .
<u. index> identifie§ the <u. index>th unit within the

particular conbination referred to.
Within this study, the potation -S| should fbe inter-
~preted as the ngmbér of elements within the set S.

\



: 10
'in order to clarify the given notation, qonéider the

following pair of microinstructions:
1). F3:=B1+32' Ru:=R2- °

2) . RUI=R3¢RY4.

R
\

Figﬁre 2.1 Microprogram example

During>the exegution cof the aﬁove code,'ui(1) results in‘the .
addition of registers R1 and R2. The result is géfed to
reéister R3, and there is a :sinultaheéus gating of the
contents of registérAnz t§ registerlau. Thgﬁ 'ui(Z) results
in the addition of registers R3 and R4- with the resqltAgatéd

to register R.

.,
The code of Figure 2.1 translated into the given
-notation, 'OU', 'C', and *'1IV! sets'ignored; would have the
foéﬁ fcllpwing in Figure 2.2.

~

- o

< » | L L
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Index OP sc . SK
1 apn.  (R1,R2} B3
e T L2 GATE  R2 RU
3 aDD (R3,R4} R4 |
. _ . )
‘\| i e . i <
Figure 2.2 Exanmgle of the genfral notation.
4  using the picroproggam of
Figure 2.3 |

Further reviewing the otatibn: ‘

ADD [ operation code for MO(1) 3.

CE(1) =

'Scfj)'= (R1,R2} [ all source unit, ccmbihations vfbr
Mo (1) 1. o | ’

Sc11,1,2) =-32yf'Second  gzurce .unit within theéfirst _
source anit cbmbinatién~qf'u0(1) Jo - | . BN

: 7 X S : o
isc(1) i =.1 [ Humber of source unit combinations for

. ‘\7‘ ‘Q ' : . W
(Isc(i, NI = 2 [. number of source anits within the first -~
soufce unit'cqmbihaticn ot«!0(1) Jo - | \
: . . /

- By examlnlng Figure 2. 2 and observing thatfunits R2 and

RYU ccnta1n> the sane value after n0(2) is executeiL tuo

possible source unit cosbipations for MO(3) are obtained.

e
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uoy(3) 1.

) ., ' . J\.‘ °

sc(3) = (RB3,R4}, (R3;R2} [ the set of.all source unit

ccmbinations for MO(3) 1~

y |
sc(3,1,1) = R3 [ the first unit vithln the first sourcef .

unit/comblnation cf uo(§) Je ‘
A . .

|SC(3)| ,2 [ two possibld’sohrce @nit cpmhineticnébfqr

PAntey

.

-
’

.|5C(3:dev= 2 [ two source units within @he'-first-"”
combination of source units for MO (3)- ]; '

i

2.2.2‘ﬁmplementatiohvof Microprogram Representatidh‘
‘ : L )

P

Ihe main objectlve 1§ the deslgn of the 1nternal rest

8!
resentatlon was to keep the 1nte;na1 organlzatlon and rep-

';esentation of a mlcroprogram as general as} p0551b1e._ The

'-1nterna1 fcrm Uas 6951gned as a list of 1ists

(S .~

MP = mi , mi , «eey ni , , - - "
1 2 LR

'“uhere each sub-llst, m1 » is a recorgjrepresentlng a mlcro-

-1nstruction.. Each record vas deglgned to contaln. a.

- reference to the next rpicroinstruction 'record, a micro-

insirdcticnb index, and a_,gefefﬁgcq to"a list of micro-.
: _ T . ‘ _

. cpereiion records. Each record representxng .a mlcro-

qperation “was des;gned ‘to’ consist of: a reference to the

o3

‘next micro-operation recqrd, a n1cro-operation index, a

. ~¢
e TN :
- A .
.
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a

. . : : _ . / :
micro-operation code, and references to string vectors of

informaticn repregenfing the sets as des?rihed in definition
. N 2 ¢

-
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microinstruction index.
micro-operation index.
OP ‘operation code.

SC source unit set.

SK seink unit set. |
C control information set..
OU operational unit set.

TV time validity information eet.

rignre 2.3

-t

Microprogras_

i

MP _
. ] '
_ SC SK CD 0'
. v ~_’.; U ™
I T O O 1 I
t"l IR i
" Next
Microinstruction
| Next o ] L) L Ly
Micro-operation * . { ‘ + *

14 -
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-2.3 problem Descriptign

Basically, as defined in'sittonts1], the problem” for
which the program has been ‘implemented ~is . that pf
identifying and deleting  nonessential . operations by
1deht1fy1ng and evaluating all possible miéro-Operationﬁ
forms. The objective is to derive a set of optlmlzed micro-
pfbgram segment versicns which are 1ogically correct with
respect to the original,mic:oprogram segment, For 'example,‘

- consider the ,fcllouing four seguentially‘exeéhtable micro-

"operations:

1#- R A ADD (1,23 3
2 ~ GATE 2 4
3 ) . ADD, (1,43 _- 3
4 . SUB . (53} 5
Figure 2.4  Microprogram segment example i
s - . S

Examlnatlcn of only the éource form. of each micro-operation
ylelds. nc ncnecsentlal operatlonS. Yet, 'evaluatlon of
equlvalent units ( i. ©s s by observlng the gatlng of the

contents of register 2 into Ieglster 4 ) ylelds another form»

for MC (3) as follows:
: 5
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ALD (1,2 3

Figure 2.5 ‘Alternate operation form ekample
\ . A
The prior form is nonessential with respect to MO (1) .

" This generally makes it possible to Optimize' thg*'code in

Figure 2.4 to the fclloulng two micro-operations in Figure.

2.6.
>
/ i o
1 - ADD {1,2) 3
4 - SUB 5,3y . 5
Figure 2.6 Optimized version cf microprogram

segment given in Figure 2.4

Naturally it is assumed that only the contenté’of registers
3 and 5 are later regquired. |
The 51gnif1cance of this problem has been stated as

belng' nonecsent;al operatlons are most llkely to occur from

opé%atlon forms which are equlvalent with recpect to thelr

'OP',‘.'SC', and 'C' sets. Also, they are most 11ke1y to T

' occur in forms which are alternate ( i.€., glve the -same

result.). . ,

w
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Ihe“ search for nonessentiai operations‘is performed
‘ . - . )

* only in the given mlcroprcgram segment._ This consists of

operations uhlch are sequentlally executable, none are

hranch operations, and none of which are ,bmanched to from

~ other regions except for the first operation. -

. l o ‘ !
2.5 Upjt Agsignmept Table ( UAT)

1

2.5.1 Introduction | ' o .

In order to deflne nonessential operations, the unlt

~'assrgnment table will nov be descrlbedf The purpose of thls

.5rahle is to store 1nformatlon on where and how each unrt of

a given micrcprcgranm segment is used, and_hou it vlll -first

be used within the following segment(s).

The unlt a551gnment table will he at most an ( Nop+1 )

iby Nu array,_wher NoF equals the number of peratlons and
/ﬁ

Nu egquals :}neihnumber of units. The elements of rows 1

through'NOp‘iill‘ccntainﬂ,oné of the values:, 0% 1{,_thej”g;"

' correspondlng unit is not used 1, 1f used as a data source' 'k

2,  if 'ueed " as. a data srnk‘ or 3, if it is used as a. data

source and as a data slnk. Each element ~ of ‘the 1last row,f
( N0p41 ), vrll »contarn the value 1 if the COrrespondrng

unit 1= flrst used as ‘a data source; or 2, if first. used as
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N
[y

-

a data sink after the given microprogram segment. The reason

a 2 is wused " for the last row is to assure that if global

"N optimization was applied,vthen the;éorresponding‘unit would -

not be chosen as an alternate source unit.

r .

The unit assignment table is also used to identify non-

essential opefaticﬁs within the given microrrogram segmenﬁ.

_"Ihe fcilowihg figureé are'gi%en'in order to clarify‘the},

v

organization of the unit’ assignment table.

o s ADD . t1,2} 3 )
2 SUB 3,4} &4
3 GrTE 3 5

. 4 ﬁhIFT 5 0},‘7‘ (67

s eam 5. 6 .

6 . AND" :(6,1]Tw- 5. 2

ADD 1,28 3
8  app - 3,1 7
Figuré_2;7 - Hicroprogfam'segment'exgméle'gﬂ'

Presume that only the informatl ui{hiﬁ units 4, S,

i UAT “would -be

o "\, |

~and 7 are later required. Thé?’the followin

generated,.:

v
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UNIT 1 2 3 4 5. 6 7 J
s | b ] ] 1 1 == ] ‘,
MC (1) (-1 111240107 0¢0
B et
MO (2) {010 11y 3101010L
T e |
M0 (3) 1 1011107121010/
) { + —t—t—t-+ |
MO (4) 0101001070 11 0121
' o | + —t—t— + |
MO (5) | 01 0 |40'| 0\[ 1121 01|
T |+ $ } t t +—1
wo(6) 1110100211101
ettt
MO (7) f 1111210101010
| —mm g At — At
MO (8) P11 11001010121
- | e -
EXIT | 2} 2 | 2111 v 2 111
B (4 - o | AJv — | | Jd
Figure 2.8 . UAT of mlcroprogran segment

' given in Figure 2 7
2.5.2 Generationm cf the UAT o _ - \ .

]
’

The current prcgrem -generates rows'1 through Nop.on

1nput of the glven microprog;am segment. Rcw'.( Nop+1 ) is

then later generated usinq separate parameters on 1nput.

Algorithm 2.n

The followlng four steps are executed in the generatlon
of the AT, |
A.1'rfor each miero*operatioh i= 1,:..a;_Nep do.stepsihz'

1

o
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and A3. |
A.2 For 4:=1, cens ISC(i,1)|-do
UAT (i,SC (1,1, j))-—1.
A. 3 For Ji=Ts ey ISK(i 11 éo
If UAT (i, SK(l, ) =1 then
UA'I(i SK(i,1,3)) =3
veise o : S : o e
© . UAT(i,SK(i,1,3)) 32
A;Q‘ISet each value in rov. ( Nop+1 ) to 2. Then for eachaq
unlt specified bn 1nput ‘as requlred after the given

mlcroprcgram segment, set the correspondlng value in

o xov | Nop+1 ) to 1.

2.5.3 UAT Iamplementation

The UAT was 1mplemented as a. list of records. Each ¥as
':designed to contain: a reference to the next UAT entr}; a
“unlt 1dent1f1er, ,tvo- fields for another table descrlbed
1ater, and a. reierence to a vector of records. These each»
Here 'designed to contaln' a nonzero use value for each unlt
- at the partlcular operatlon, an e‘operation_ index, and a
reference to the ext such record. The reasomns for thlS
design were: to be able to 1ndex the UAT ulth ‘monnumeric
unit 1dent1flers, prevent the storage of zeros, and‘to'merge
the table alth ancther descrlbed later. | | |

: ) ’ ' . .
- | - k-
. . o .

D
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Throughout“ this study data structures have been
de51gned to be pseudO'isparse, well ordered, H and very
f1611b1e Hlth respect to the ability to add 1nformation.’The
objective of ‘this approach vas to save space, save search
time, and to take advantage of equivalent 1nformat10n. Also,
it wWas to enhance the ability to add 1nformat10n for future
1mprovements and extensions. The utilization of ALGOLW
record- and reference facilities enhanced the ability to use
_equlvalent nfcrmaticn by cross referencing. The follovlng
Figure 2.9 is given in crder to clarlfy the organizatiqn of

the implemented UAT structure.



UAT |

- - - Unit identifier.

r
' - ~---Row 1 of UHA.
A l K X r Row 2 of UHA.
i | 1 1 '
u
L
i —_t - - - - -.-l—»
] T | : )
- 1 ‘ C N
, : + - - Micro-operation.
~L---Use value for unit u at MO(1).
1)
1 Next UAT entry.
N o :
-y

‘rigufe 2.9 - AT implementation

I‘——o

22
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2.6 Ngne¥pential Operations
‘ Ty = " -
2.6.1 Introduction .

<

Nonessential operations are basitally those operations

‘whose outputs are never used, or operations which are

equivalent in result with respect to other cperations within’
the given liéréprogfﬁm segment. In this study wve are
basically.ccnéerned with the thfeé classes: negated-forward,
pa;allel-fdrvard} and parailel-backvard. These classes may
be defined in terms of +the . unit assignment table and

equivalent relaticas.

2.6.2 Negated-Forward Operations

Eas%g;lly, a‘MO(i) may be negated-forward, iff, éach
data sink wunit of MO (i) is not used as a data source unit

until after it is again used as a data sink.

Definition .2.4: MO(i) is a -negated-forward dg}Ltion;-
candidate if there exists a minimai set of micro-operations

M= HO(k) , MO(K ) , seap, MO(K ) }
i | 2 o n

such that-

i<k<k..-<k
12 - o

. -

" where for e€ach sink unit 1 = Ty ecey |SK(i,1)|,'theré existé

[4

-~

¥
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a MO (J) contained ‘iithin the set 'n,.\‘such that
UAT (§,SK(1,1,1)) > 1. |
. .
The latter deflnitlon 2.4 defines the conditions which
A must be met for an operation to be a deletion candidate.,In
order for an operation tc;be a feasible deletion candidatel

cuch that it may be deleted, the following conditions in
G

definition 2.5 must be net,” or changes made sugh‘ that they

I

are met.
- \k.

Definition .2;5& MO(i) is a negated-forward deletion

candidate and may be deleted, iff,. for-~gach sink unit

~

1

1, enes ISKE, NI UAT (m,SK(i,1,1)) = 0, for all micro-

oéerafions m, i < h <n,” and where MO(n) is the. first

‘micro-operation within the set ¥ such that
‘,A o : ,\

UAT (n,SK(i,1,1)) = 2.

_For exanplé, a MO (i) vith tvo sink ‘hni£s; wouid be
identlfled as a negated foruara deletlon candldate if both
units were - found helng redefined by elther cne or tuo of the
following operations ( 1.e.,._the sink units ar f redefined ’
by %l minimum hﬁmher_-of nicro?operafions }e urthgrmére,'

MO (i) would be a feas;hle deletion candldate if éonditions

source unit until after it was redefined.

“ were made such, ‘that each 51nk unit wvas not used_\
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‘e . . '

2.6.3 Farallel Operations -

In order +to .define parallel ‘ogerations, equivalent
units and equivalent operations must first be \Qefined as

follovus:

ﬁsfinition 2.6: A QMSU ( memory unit qualified by -its

" index 6f"§efinitipn.y i an ordered pair, .(u,0id), whete u

. [4
is the identifier of the unit, and oid is the index of the

operation which defines unit u. For'example, (R3,10), would’

quallfy unit R3 tc be def1ned by nicro-operation 10. All

units pon entry into a mlcroprogram segnent are quallfled

by the index of deflpltion 0.,
R ' '

. - . ' ' - .‘ R . N
Definition 2.7: Unit i, defined at ‘MO(s),  -is equivalent

( <=>) to unit j, defined at MO:(t) , if their ‘contents are“:

a
.

egulvalent «Q®e, ‘ o R

%

(3,5) <> (j-.t)

if MO (s) <=> MO(t). .

. 1
By . . [

In the follovingp_definition 2 8 thé tern, data—flow,
e

should be interpreted as the transfer of 1nformatlon betveen

.y'

unlts withont any change .made to the 1nformatlon 1tself.
quinition 2.8: HO(i)ris equivalent (_<=>')-tofu0(j) if
their‘outﬁhts are identibai uith tesmethto.value; i.ee,

Mo (i) <—> HO(j)

if ov(i) = 0B(J), C(iJ = €(J), and o e
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for 1:=1, ..., max( |SC(i, 1)|,|SC(j 1)| ) B v
‘.SC(111)<>SC(j11).. L IR
or OP(1) = data-flow, C(l) = @, and ' -
' for 1:=1, eey max( |sx(1,1)| |sx(j 1)| ) / -
) | SK(i,1, 1) <= SK(j,1 1).. N
or ‘0P (§) = da;a—flou, c(J) = #, and " ' . | '
jfd;‘1:=1,»..., max( ISK(i,1) 1,1SK(3, DI )o.
SK(i,1,1) <=> SK(J,1,1). R | L | : L
. R : . \ ‘ ) 1
'2.6:3§1 Paralleh:?orward One}atinns' - §¥:”“ - 7_"“ ',‘Qg;
B _ - o
’ Generally, HO(l) is Parallel-fcrvard.. deletion )

canaldate 1f all gink Salts of MO (i) may be moved forward to

e

‘ﬂanother egulﬁalentomlcro—operatlon.

Ay [

o o oy -
v Deflnltlon 2.9: -uo(i) 1s a parallel‘forward deletlon_-°

candidate  with respect tO.‘HO(j) and mayi‘ be deleted ST

iff i< 35 ; i ;""\j» L P
o (i) <=>Mo(dH;: - O ' ‘ ‘
. . . ) . [y /» ;
B . o 9 ) . s .-
for 1:=1;,-z-.‘|SK(1.1)l R ‘

uam(m;sx(1,1,1))'f o for all m, i< m <1, and

| TAT (3, SK(l: A 20 or 25 ,Q”J” o o
’and_neither SK(i, 1L;may repia,e SK(j,1) at UO(j), or SK(1,1)
,can.be fanned out ab HO(j). T L > .
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. 2.6;3.2 Parallel-Backward Operations
/}' | ) W . ) . ’

n - general, MO (J), is a parallel-backyard“ deletion

“'Candidétei ifA all .sink units of MO(J) may‘he'moved-back to

another equivalent.micrc-cperation.

n

glmefihition 2.10: HO(jL!is a paralLel—backward + deletion |

'candidate with Trespect to "MO(i) and may be deleted

o Y

iff 1 < J3
'vom <=> nod).

for 1'=1, csey ISK(j 1)|

M)

UAT(m SK(j 1,1)) =.0 or 1 for all m, i<mK< j,.and'

TAT (3,SK (.14 ;1)) =225 :

and elther s?ﬁ} 1) may replace SK(1ﬂ%) at HC(l), or SK(3,1)

can be fanned out at HO(l). i v ” ¢
. " T . S S,

o

2.7 Sumpary = . ' ) o o

-~

K The major objective of this chapter has been to

descrlbe the problem for which a 'program has( been imple- =

~

mented. Also, . to 1ntroduce related information and

definitions referred to throughout'this’studj;' -

-
3

v The negated-forward deflnltlons given 1n seqtlon 2.6.2

are’ dlfferent. frcm those ﬁound in Sltton[s1]. Sltton's

def1n1t10n= have been expanded to: »inc}ude »multiple- srnk% ﬁ

‘dnits. The dlfference is- Sltton's deflnltlon refers to only

' - .
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one micro~operation redeflnlng the sink set which is correct

for 51ngle sink unit operatlons. Yet, for multiple sink unit

sets, it may be possible 'to redefine the sink set usxng
seieral micro-operatiens 'as long as each sink unit is not
used as a source unit until after'it is redefined.

L

The data.structures for the 1nterna1 representation of

' micropro;fﬁms and -the UAT have also been discussed. They
vere develoggd apd implemented u51ng records and references
:available" in' ALGOLW. For the purpose of future exten51ons

into glcbal optimization, it may be of " value o consider
- . ' \ . .

extending the -structure and/or concept of “the UAT. The

extension would be to include fields in the UART .or to

[

develop another strugture, in order to indicate which units

~ will be eguivalent at “the end of each cptimized,ﬂmibroQ

. -

program segment version. This may aid in the genof%tion.Xf

* alternate region,‘forms by making available, equivalence

>

information.

The\f_igllgiifg“_gﬁiégér will _déscrihe ‘the generai

]

_framework of  the solutioen developed and existing

limitations. . . ,
: . ' B T S L b
< o

fik\»
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. 3.1 Introduction

° : CHAPTER I '
w . : to-

_SOIution Framework

. a )

v

,‘ The purpose of this chapter is té descrlbe, in general,

the solution framework for ‘the problem outlined in Chapter'
2. The 1fpitations within the analysis of npnessentlal
operations are also ?ﬁvem.

v

.2 Geperal Solution Approach

sy

.

Given - a mieroprogram segment, a unit aesignment table
is generated. All eguivalent‘.mnite and omeratione are
jdentified by the enaljsis and generetion of all alternate
operation forms of each micro-operation. The unit assignment
table'is‘then examined as iell as all variables generared
frcm the‘lidentificatiop of equlvalent operatlons. This is
necessary in_Crderbto identlfy all~strategles;vzach strategy
ifaapplied,vuill result in the deletion .of an operation.‘

Each stretegy_is then exemined im order to determine:-
all confllcts ‘with other strategles, the points requlrlng
alteratlon for the strategy to be made appllcable, and new

J _
ctrategles ( i.€., Alternate - source Onit Assignment

29
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;thatfg}és ) and cther nptlons ( i'e.,'v0peration Deletion

strategies ) ‘uhich nay be used to alter each p01nt. Those

- strategies requiring the_.alteratlon of pcints- for which

there exists no option; are deleted.

The flnal phase, 1nvc1ves a search using the set of all

) <
applicable strategies._ihis search 1nvolves examlnlng the
conflicts, points, and options in order to determlne all

strategy sets which will result in the deletion of at 1east

n operations, where n 1s an upper bound. The result is a set

of optimized microprogram segment versions which are

o

: logiéally correct with respect to ,tﬁe_ given microprogram

3.3 Desc ;;p ion 9; §_;ut1 f;gmgwgrk

3.3.1 Identification cf Alternate'Operatien Forms

" The ident‘fiéatibn‘ of alternate operatlon forms is a

two part procegs. The objective, is the generatlon of an

Alternate Upit Ass;gnment rable ( ALT ). The ALT was '

designed to represent all possible operatlon forms éi? each:

operatlon Hlthln the glven mlcroprogram segnent.

During the first part, two'tYpesaof alternate source

~units and two types ci alternate 51nk unit refereﬂées .are

identifled -and stored into xhe vlLT. The prime (.i.e.{'



31

given ) source and sink. units are also stored.in this part.
The identification of the alternate units is made as-a
result of one examlnation of each operation, the generation

of alternate operation forms, and by u51ng the prime and

"currently 1dent1fied alternate source unlts. It should - be

noted that alternate s1nk units dlffer from the alternate?
source units in .that they are actually references to
- eguivalent microeoperatio;s. .
_ In the second vpart, a third‘type oflalternate‘source;
"unlt is 1dent1f1ed and stored 1nto the AlT.pThis third type“.
is 1d:nt1f1ed by the examlnatlon of recults in the ALT,e
’,flndlcatlng uh;ch cperatlons are equlvalent. For éf u0(1) <=>
uO(j), then the 51nk set of MO (i) may replace the set at
MO(j), oOX ‘the\ sink set at HO(j) may replace the set at
MO (in) “ | “ | -
) <
To be con01se, equlvalent 51nk units are conbinea to
vldentlfy alternate source unlts. prime and alternate source
- units a;e used to generate alternate operatlon ‘forms whlch
in turn are comblned?to generate eguivalent sink unlts..

4 L

’3;3.2,ldentification of Operation Deletion Strategies

The ‘identification of strategies which describe the .
deletlon of an operatlon 1s also a tvo _part' process._'One‘.

jpart involves the exallnatlon of the unlt'assignment,table .



32

entries in order to determine all possible negatedéfcrward
cperaticn  deletion ’sffategies. It has been proved in
-Siﬁton[ﬁT], that,cnly_adjaceht definitiods cf»eac@(urit”reed
. be identified in creer to -determine all pcssiblel negated-“

. forward operaticn deletion grrategies;
“The second ‘part requires the examination of all
alternate sink -unit references generated - from the
'1dent1f1catlon ‘ef equlvalent operatlons. The se references
refer to all p0551ble parallel—forward and parallel-backward

Qperatlon deletion candidates. L f_ _.,"' s

,3.3.5‘Analysie or Qperation Deleticn strategiee

; . Cnce all'*ltategies.have been\identified, each strategy,
is- analyzed individually. Thls is done in order to find all
points regulring alteratlon, conflicts Hlth _other
(w-ctrategles, all optlons thch may be used to alter each_

L—

p01nt, and to delete fhose strategles which may nef be
. . f
applled. They require the alteration of a pcint,'for"which

. there exists no cption. S .

”vThel deternination of srrateéf:_poinrs‘.involﬁes the

" idéntification of the prlme source 'unlt(s) which musr be '
altered or the opératlon(s) uhlch must be deleted, in order:
 shat a strategy may be made appllcabgg. Rhen a  strategy

point is identified, it is classified and storgd_if’not



already done SO, Then all options which may be used to alter
each polnt, Hlth respect to the strategy requiring the

alteration, are evaluated and stored 1f not already done SOe

,Informaticn on uhach strategy may use a. particular optlon is

also stdred for the purpose of identifylng conflicts.
. :

Ihe 1dentificat10n of strategy poants may result in the
<

~1dent1ficatlon and examlnatlon of a second type of strategy,

Alternate SOurce Unlt Assagnment Strategles, whlcn are used

to change prlme source units. The identification  ‘and

evaluation of alternate source unlt ass;gnment strategles

occéurs when therevexlsts bne orx_more p0551ble alternate -

source " units which may be used to replace the prime source_
unit. :

. LR
“

/

: w

strategy conflicts are 1dent1f1ed and information is

'stored for 1ater use, durlng the ana1y51s cf each strategy.,

This is done in order to combine strategles for the deletlon

of a maxlmum number cr' operatlons. confl1cts arise when

,=trategles differ in how p01nts may be altered. yThe'

1dent1f1 ation 1nvolves examlnlng varlahles 1nd1cat1ng whlch

optlon' each ,strategy~‘may use at each p01nt, and the

'examlnatlon of other available 1nformat10n to be later

descrlbed in detail. B

'b

Yhat the '-evaluation of

R

It"uill later he shown
strategies is a | recursive :proceSs,‘.requiring only one:



analysis of eacﬁ‘strategy;

3,3.HIStrategvaelection'

The major objective oﬁ khis program is to determine all
£trategy sets whlch Tesult in the deletlon cf " at 1east n
operat1ons, where n is an expected maximum. Thls 1s d6ne by
findimg'and orderlng, the largest p0551b1e sets of . non-
cohflictino operation‘ deletion' strategies in "decreasiﬂg
order of size. Each set is then evaluated, starting with the
largest set. ThlS process continues unt11 all restitlng sets
of operatlon deletion strategzes, and if - needed, alternate
’source unlt strategles;' resultlng in the deletionlof at.
1east'the_expected number of operation deletions are found,

cr until no sets are.left.

.

Since qthere  may exlst more\than one cption per pomnt, o
‘the resultlng strategy sets may not ‘reselt in dlstlnct

cptlmlzed mlcroprogram segment ve 51ons. Lll that 'is assured

ﬂ-u

"is that each optimized Verslqn ui;l have at least n, where.

n > 0,-de1eted operations. anh versioni1¥ill be 1ogically’
correct nith reSpect‘to‘the origimaljmicroprogram:

&S

_It is 1mportant to note that the selectlon of strategy'

sets is the most time consuming process of all. This is

prlmarlly due to the p0551b111ty of many cptlons avallable",'-

toyaltervany ‘one PCInt. “T



5.4 Ligitetions Bitbin Solution Examework

The'limitations are listed as follows:

1).

v“,2)a

A

-
S .

Only segments of sequentlally executable code and'
contalnlng ne hranch operation< or operations
which . ~care branched Lto,’ except for the. first

operatlcn, may be optimized. That is to say,

global analysls of all reglons is mnot performed.'

0peratlcns whlch equlvalently define unlts othez

than those uhlch 1nvolve data-flcw operatlons, or

. equivalent- eperatlons, are not 1dent1f1ed or

analyzed. For_ example, im the following . ode'
g&gure ‘3.1, upits 2 and 3 are equivalent after the
glven two mlcro-operatlons. These uould not be so

;ecognlzed by the exlstkng program ( presume that

'the subtraction functlon is 1nterpreted as unit 3

Mn_us llnlt 1 ). "\--Jv‘; e
4 aDD L o421y T 3
5 sy (3,13 . 3

Figure 3.1 Microprogram segment example
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3.5 Suspary , | | s

The purpose of this chapter has b@en to G§5cribe, iA
. . — : ' . ) ) . ‘) .
.general, the solution framework app%ied,by the program and
‘limitations within the framework. The fcllowing chapters

 will describe . in detail, give definitions, and present

algorithms for each major phase of the solution framework.

[



-

CHAPTER IV
Identification of Alternate Operaticn Forms

4.1 Introduction

Jithin this. chapter the process ‘of identifying all

possible operatlon.forms is descrlbed in detail. The general
order of entries con51st,of: first, a description of the
unit types; seccna, a general descripffbn of the algorithmf
app:oach thlrd, a desciipfion‘ of tﬁe tables used; and
fourth, a detalled descrlptlon of . the algorlthm for whlch ae
'dproof of correctness can be found in 51tton[s1]. :The basic
‘concept in thls chapten is the appllcatlon of .an alte;nate'
unit identificatlcn algorlthm.-An-alternate vnit assignment
table is constructed in or&ef to fepresent all possible

forms of each operaticnm.

4.2 Unit Types .
-

Y

4.2.1 Introduction

Bes1des the prlme ‘units given in the source form of
each operatlon, two types of alternate source unlts are used

in the generatlcn of alternate operaticn forms. The two

37
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alternate units aré defined as follows:’

Definition 4. 1' u is an Alternate Source Unit for HO(k)

if it is eguivalent to a unit spec1fied 1n the source form

of MO (k); i.ee, - : L

(u i) is an alternate source unit for (v,j) at HO(k),

*

iff i < k and HO(l) <=> MO(j)

Definition 4.2: Alternate ' sink - Units are those sink

units which are equivalently defined i.e.,

» (u, i) and (v j) are ‘alternate’ 51nk units for each other, 1ff‘

MO (i) <> MO (4)

4,2.2 Alternate Source Units

»

Alternate source units are cla551f1ed into- three typese.

b4

These are: Type .C, th%h are not ~redef1ned before the

" appearance of the operation for thCh they are alternates-

Type R, uhich aﬁe redefined before the appearance of the

loperation for hey are alternate' and Type A, “which-

are defined by thé assi nment of alternate =ink units. The

mlthree classes are de 1ned as follous:_

|

Definition 4,3z (u,m) is ‘a Type c alternate source unit’

- for (v,j) at HO(k), 1ff i< k3 P

HO(i) <=> MO(}: | ‘ - T

and for all nicro-operations l, i < 1 < k,
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TAT-(1,u) < 2w

'ﬁefinition 4.4: (u,i) is a Type R al ernate source unit

for (v,J) at MO(k), iff i < k;

Mo(i) <=> MO (3);

.and for at least one mlcrc-operation 1,'i <1 < k,

UAT(1,u) > 1.o - ' N

[N
]
\’l ,

Definition u.éi'(u,i) ie a T;Pe-naalternate‘source unit‘
for (v,1) at MO(k), iff i < k; e L
u € sx(i,1)}
MO (1) <=> HO(ij;\‘_;_
u0(ij <=> mo(dH. '1 B
: Basically, the above definition 4.5 means ‘that unit u
is an elternate for (v, j), if it is moved: from the ink ,§et
of. MO@) +to the sink set of u0(1), yhere MO (i), MO (3), andn"

MO (1) are equivalent operaticns.

o

|
'

: | .
' 4.2.3 Alternate Sink Unit References

)‘ .
The identification of altern§:e'sink enits involves the -
recognition. cf_ references for ach operation to other,

operations which .tan 'equ1valent1y deflne the s1nk set of

.that. operatign. Alternate sink ‘unlt ' references are .

'~ciassified " into  two types: Type P, Hhich reference

equivalent predecesscr cperations; "and .Type - S, wvhich

N i o -
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[ ‘ _ . R -
reference equivalent successor operations.f_Eaéh -type is

défined as fcllows:
- Definition 4.6: MO(i) is a Type P alternatg sink ‘unit -

feference at MO (j), iff i.< i

N - " N
i> 03 o .. ’
e , o . " .
and MC (1) <=> MO(§). T e

Cefinition 4.7: MO (§) is a Type S alternate sink unit
- K ) g . ) . 3 e - .
.reference at Mo (i), iff i < 33

-8

and ub(i) <=> MO (q).

T e

4.2.4 Unit Representation

Thtoughout this study, the following nctation will be - .

- used when = representing Lpfime, and alternate uﬂits or

alternate sink unit references.

Definitioﬁ 4.8: A.mémory_hnit is represented as a A=
taple . AR o
(i ou i 39 B | “ |
 ihé£e» N

\

t - defines the type ~of unit and may be any of 'C!,
WgY, 1at, tSt, 'B', or § in the case oOf “prime

2

, . : o 4 o o
units; e ) ° . S
Cou _\'identifies the unit, e.g. RZ; “'v? | _ e
N fidentifies the Jopé;ation,'uﬁiéhd vill define the

t

e
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k3
y,\ o . I . . B . o . ) )
e unit, or the equivalent operation'in‘the case of
. 'alternate sink umit references~
3 identlfles -the operatlon thch 1n1t1ally deflned

kl

_ ‘unit-u, in the case of Type A alternate .source

o ~unitse . _ w : ..(

o A 3 %gng_gl Descrlptlcn of . lgorlthm QE oach: | . _

The‘valgorithm uses ong pass of the glven mlcroprOgram

segment in crder to generate all operatlon forms. Thls uses .

o' i

all Epmbinatlons of prime and alternate source unlts and’

Q,

o Iype P and ‘Type S alternate sink unlt reference%. The actual

"1deht1flcatlon of alternate operatlon forms 1nvolves the use

'
<

'of a hashlng functlcn on the"OP', *sct, and '.sets of
each operatlon. It also uces twWo tables 1n order .to store

. egulvalence 1hformat10n and current 1nfcrmatlon on each

% N

funlt. The algorlthm tien. uses one pass of the ALT generated

_é-durlng the first part in order to flnd all Type } alternate

source units.- o-;be concise, " equivalent operations are

ccmblned, to 1dentf¥y’alternateésink‘units. Equivalent sink

‘units are combined to identify alternate ‘source units..
. . ., . . B .- :

finds. all Type C and Type .R alternate source unlts, and all -

.
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4.4 Blterpste Unit Assignpent Table (BLT) o 0

4.4,.1 Introduction

,&he‘alternate dnir assignment table is designed 'to hold
\all prime and alternate unit information for each dicro-_
operation in crder to represent all possible forms of eacw
operation. éhe ?nit information within "'each ALT entry is of

the form described in definition 4.8. e
Lo i - L)
4.4,2 ALT Structure

If given &’ microprogranm segment ccnsisting of Nop

\operations, the ALT will consist of an ordered set .éf' Nop

entries. Each correcponds to6 a particular mlcro—operation,_
MO (1) . Each entry correspcndlng to a MO (1) will consist- of:
a set of |SC(i,1)| Ordered sets of prime- “and alternate

source uflits, an ordered set con51st1ng of the flrst prlme

-

51nk unit and the alternate 51nk unltsreferences, and an

'crdered set of |SC(1,1)| ? 1 51nk sets, Each of the 1latter

“ g

‘sink unlt 'sets v111 conslet of one of the ﬁimalnlnd orlme

o

sink_qnits{,

4.6.3 ALT Notation' o ' ' o a

o When re rrln to a artlcular set of / elements oOT an'
9 F _

.-element Wlthiﬁ the ALT, the fclloulng notatlon will be used:

Al
- .
- " . .
) a3
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ALT( i, t, To k)

where ‘ ‘ .
i’ indicates .Fhé - particular ALT entry corresponding 3
(to MO (i) s | |
t is either 'SC'. 1SK*, | indicaxﬁﬂg one of the
. source of 51nkJ=et= of prlme and alternate- unlts-'
3 1denﬁ3f1es“¥he jth set "of type indicated by t°

k indicates the kth element within the jth set.

Nhen referr;ng to a particular fleld vithin an element
lbcated within the RLT, each element of the form descrlbed
in definition 4.8. The fbllowing notation,wiii be.used:

‘ ALT( i, ts 34 k (1] |
.‘uhere 1 indiéatesﬂ the  1th fleld ‘of> the element

Am(»i., t, 3, k).

The folloulng tvo. flgures &re glven in crder to clarlfy.

the desc- ’"tlon of +he ALT. -

[



1 ADD 1,23y = 3

2 ~ SUB 3,43 4
3 GATE - . 3. s
4 GATE 5 .. 6
. - . ’ , .
5 - . AND 6,1} 5
6 _, .aD 3,1 7
Figure 4.1 Microprogram segment example
*A
Y
- Vi N
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Figure. 4.2

Fut

ALT ofbmicrop%og:am segment in'“

Figure u.1’ ' -
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. ALT (6,5C,1,4)[1]
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The following is given in order to review the given.

notation.

rALf(2;SCI1{J = 3 [ the ﬁumber of prime and alternate-

source units corresponding  to the first source unit. of
MO (2)  Je ' ¢

ALT(’?'S‘C’:‘) = >(~_311)1 ‘“(3,5,1!3)., ':(51,5,1,.3) [ the set of

“prime and alternate source units pbrresponding tolﬁ%e first

’ séurcg-unit cf MO (2) ]. o

 ALT(2,5C,1,1) = (3,1) [ the first prime source unit of

MO (2) is unit 3 and was last défihed at MO(1) J.

ALT(?,SC}2,1) = (Q,O)‘[ the second prims cource unit of

u0(2).is unit 4 and was last defined prior‘to entry into the"

‘given microprogram segment J.

ALT (4,SK,1,1)[2] = 6 [ the first sink unit of Mo () J..

A,'hLm(s,sc}1ad)[2],=_S,

‘ALT (6,5C;1,4)[3] = 1, ALT(6,SC,1,4)[4] = .3 [ the fourth unit

corresponding t¢ the fitst‘son:qe unit set of MO(6) is ‘a

'Type- Af\alternate‘runit;j the unit ist} to be defined at

Mo11);fand ipitiaily définéd'in;the source form of ﬁQ(3) 1.

.
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‘4.4.4 ALT Inplementation o

The ALT has been designed amd— mplemen{ed as a 1list of

records. Each record wan de51gned to con “ﬁ:‘a“reference to
_the -next such record, ‘a reference to th
,"hicrofoperaticnﬂ a reference. . to a 1list of prihe and
"alternate ' source unit sets ~and a. reference to a list of
fsiﬁk unit sers; The first 51nk set contalned the altérnare ;
sink rit references.-Each set of prlme and alrernate units
was de51gned as a:list of records. Each reccrd ‘contaiaedi a
‘reference to a vectcr of records Hlth flelds as deflned in

definition 4. 8, plus a reference to the next ‘such’ record.



ALT

" 'anM1éro-operation.

.

d

sy

Next ALT entry.

l 1.
R

_<figgre 8.3

-

48

o g o

" As described in
definition 4,8, )

©ALT implementation .
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4.5 Hash Function

-
e

ristinct operatlon forms are . identified - by the
‘applrcatlon of a hashlng function on all generated operatiOn ;
fimages. Ea;h 1mage' consisted 'ef a ‘concatenatron of the
,strigés represenring an .epergrioﬁ ~c9de, ‘a’ source unit

combination, -and a control set.

‘, iThe 'curreﬁi implementation applies ge guadratic hash
: odulo Ps Hhere P is a- prlme, on the‘ first ten ﬁonblahk
characterc'vof each 1mage. If a clash occurs ~it is resqlved
by sguarlng a counter and adding It to the. last' hash code,
imedulo Pe The actual value of P is of no 1mportance except

that it be avprime number. It --also deflnes the maximum

. number of dlstlnct operatlon 1mages alloved.,,

.Wlthln thls text the notatlon, H( ST ), will denofe a
’code generated from hashlng the string SE. The notarion,
ST*ST1, will denote the concatenatlon of the strlngs ST and
sT1. ilse,_isinéle qubtei will be used around string
‘constants. 'Examples of 6pera£ion images hashed and hash

results can he found in thq/iEBng; R



e

"which afe equivalently definsg,

functione. o .

_folloﬁé:f
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{6 operatign Hash Table ( QHI )

gr*i‘ihe‘functiéh' of the. OHT is to rerresent all ‘the

equivalent informaticn on each funit of the given micro-

‘program segment. That is to say,(to represent those QSMUs

'

. . o <
The OHT is designed to hold entries consisting of a

hash code, an operation fcrm, and a vectcr.,:Each_ vector
cohsisted of ordered péirs, QMSUs, which are equivalently

deﬁined‘by the opera#tion form; or, a: vector of OHT entry

:addresSes vhere a unit u defined by HO(j)'is uniqueiy

reprecented by the operation form 'NOP, (u,3)'. The OHT is

+

<addrés$ed_ by using the cbdesr generéted_from,the hashing

-

4,61 CHT Example

Usihg the first three operations within the ‘micto-

'program segment‘of Figure 4«1, the OHTladQIesses Hould>be as

B( *ADD, (1,00, (2,00 ) = 277
B USUB, (3,1), (4,00 ) = 4775 R
H( 'GATE,(3,1)' ) = 838; '

and at each address would be

OHT(\277 y = 3,1, 5,3);

OHT( 477 ) = (4,2);



OHT ( 834 ) = (5,3);‘(3,1).‘

There would alsovexist the folloving:'

OHT ( H( 'NOP,(3,1)' ) ) = 277,834; - L
OHT ( H( |NOP-,”(.'U,-2).‘ ) ) = 47
CHT( H( 'NOP,(5,3)% ) ) = 838,277, . ..

4.6.2 OHT Implementation

’

" The operaticn hash table was implemented as a binary
tree for guick'access. Each entry ‘vas. designed to consist

- cf: a pair of left and right.reference links, a distinct

, hdsh code, a string representing the opera{ioh _form which

hashed +to the entry address, and a reference to a vector of

. ) . ' S . s | ' ’
records. Bach vector of records was Ade51gnedJ_as ‘a  linked

list of records‘ each %gq&ta%ning an OHT addréss, ox QMSU

fields as defined in_definition 2.6.
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OHT _ rssnash code,
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r - Hash image.
-4 ’ -

/

[

|
e
N

‘J Left link

QMSUs

(> Right link

i

,.. .-N'ofp....,,

N

"tigﬁre 4.4

- ——
- ‘OHT addresses

- (- hash' codes ) '
- ‘ _/‘-
@ o

oHT ilplg-entatiéne
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4.7 Upit Bash Mdzess Zable (ZHA) /

The unit hash address table is used for each 'unit 4in

the glven microgrogram segnent.. It 1s used to store the

index of tge operatlon which 1ast defined the correspondlng‘
unit, and ‘the oH1T address of the entry contalnlng the 1mage'
of the operatlon/form thch last defined the correspondlng

'unlt. The UHA table is at mcst a 2 by Nu array, where . Nu is

the number of dlstinct unlts wlthln the glven mlcroprogram
,segment. Row 1 contalns/ the” operatlon._index and TOoW 2
fcontalns the OHT address.

. u.7.1 UHA‘Example

‘By u51ng the sane flrst three <operetions' within the

"microprogranm 'segment _cf‘ Flgure 4.1, the UHA would contaln'

the valuecs as im Pigurefu.s, after MO (3) was examlned.

D
. .
ROW B TUNITS -
1 2 3 - 4 5 6 7

™ 3 n b 1 n | _. b ;l ~
1 1 0o 1.0 -1 1 2 4.3 t 0 1 0
B : ———t et |
-2 -1 708 | 7098 | 277 | 477 | 277 -4 713 | 714 B
- P | —d J JV "] —_— |

=~ . . .Figjure 4.5 UHA example

- | ear
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Notev¢hat upon entgy 1nto a’ glven mlcropnogram segment,

'each unlt u is given the' 1ndex of definltion .0, and is'
D] : '
1n1tiallzed as deflned by the operation forn 'SHIFT,(u 0)'

4,7.2 UHA Iaplementation ° T .

The unit hash"éddress'tabie vas merged ;ogethetvgith'

the unit éssignnent»tabie. Thus it makes ugp +the other .two .-

 fields described in section* 2.5.3. “

J
a

. - . j .
‘4.8 Detailed Dsgs..ns._n .9_‘_.h... Al.sx.n_.i_ U.;_
' Ideptificaticn Algorithn

o

A detalled descriptlcn of each part of the algorlthm 1s.

presented_ next. At .this tlme the followlng notatlon w111 be

Béeds the ;epresentatlon, D s S, is used to . denote the

"inéertiog .cf an eienent-vsjfinfo‘ e set D3 énd,LD ¢S,

. F : vy L _ ‘
represents all elements of D, except ~those equal. to the -

élenent S. ’ - o LT,

.- u.8.1 Part 1 - ° ‘.» i ) ; . . " " A . ‘ . ’ /I

To be able tef find‘ all Type C and Type R alterrate

source units é}ﬁ all Tfpe P and -Type Sualternate, sink unit -

references, with cnly cne examlnatlon of - each operatlon, the

a;gor:thn_' must prov1de .the folloulng ¢inf9rmatlon upon

}

- examination of eack opefation. Each sink unit ‘of each ‘micro=-

e g’
e K ) v

S et

o

’
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g : o

operation must be wpatched" with all QMSUs eguivalently

o . /o .

defined to contain the same value. All poselble comblnatlons
" Yot -

of  prime and/or\élternate source units must be used to flnd
A

3allvpossib1e fqrmSBOf'each operation..

This identification " process involves ‘t%e folluwing,

k.

‘three phases: S ” )
. . L ' : .
Phase:j.1: o ?Idbntlfies ali Type C and Type R elternate
- ~ 'isource units for each operatlcn.‘
Phase 1.2:‘  Determlnes"-altegnate sink unit references
from 'e€ach Uuuuodified.ddata-flov 'operaﬁidu;
€+ 9. a.GéfE,OPe;atioﬁ with 3. null centrol B
field. Y
Puései1;3‘ - etermines ‘elternate sink'-unitu,referehces -
| " .frcm ;;peratlons, uhich' are not unmodified '
data—flou cPeratlons. . / .
4.8.1;1 par_t;-r‘;:'g_hé's:é 1’.“1,‘ o LG
:ﬁe imajor cbjectlve of. phase ;”f ;;d;.retrleve,nfrom u
‘the OHf} all -Type C 'and Type e;dmlterpate: éounce unlt
,ﬁiﬁfdfm;txgu ﬁor,'everf prlme source@#&?;t -bf'each mlcro-‘ ;
-eggration; LH5 . Zd_ . ;A . ;¢=\'V_ ‘o
.;“‘"_‘5 ;‘?..A‘, ” .- ) . , o . r‘l’/"
Algor;thméﬂ@°§? , { J "
o e R " / o L ol ‘
s w;ﬁﬁe fcllow1ng siepsaare exaruted during. phase 1 1(using
BRI N SN A2 o
. X s e
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A. 1 Initialize the OHT and 1 i & 1ze IOW- 1 of the Uﬂh 4
“ : . . ) ‘;J-_ i/;;. . ] Q g

A o
A.2 Identlfy each unit within thq,microproptam' segmenyiELi

R
if it :re deflned by a, €r1v151 SHIFT cperaﬂ&qn vith an f

© to zeros. -

oo

~ i
N

index of 0; i.e., OF(0) = SHIFT, SC(O,‘I)'V P ~,..'

L R
C 8 e

'and» SK(O 1)-— 2, for each unxt j so that reférences t0"
; . "1" R ‘a.v.
unlts deflned ;n aﬁ predecessgp~ segment are distinct

,’? from units déflned in the current segment. ‘/%\
- .4}‘ : .

Y . . .
I"OI' l-_1’ .".- ’ ‘Ul O ' v i \

wuag,.(z u ) :=H{( -/<H11='1<+u +-,0)' ) 5

'
!

OHIjJT( UHA(z,.u,_)/):z‘(u 0y and . o
i) i ‘ : . |

J .
! . s
Lo | . . .

. . i .
‘ e ’ . b

§. GRT(.H( 'NOP,('+u +',0)% ) ):=UHA(2;u ), )

Hheré U =’{ u 'u./fbi,cc 7 1 }’ N _ ) ) éi 1

e _ "~ is the set of all units used in the given mircoprogram -
St L ) . o : ) ) o

P

cegment. ﬂ , W e -
@

ZiA;B Do steps A.4 through A.11 for each mlcro-operatlon ‘

.y

-

N e i =¢Tﬁ«...‘, Nop . wheré’ Nop equals. the number . j
‘7%pératicns. o - : o o /

-R. b 'Inltlallze a string X to-.be" used';;o gathq} ;thgyfy,‘

operatlon form of eqch-mlcro—pperatlon i. c b?

’ "-"f‘.‘ Ko
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oo

]

Execuce steps A.6 tﬁrough ‘A,9 for each prime source

nit of MO(i). Then .continue with Ftep A.10.

for j:= ..;, |SC(1,1)| do steps A.6 to A.9.

Inltlallze the ith AIT entry if not 'already done ‘SO

Then initialize .a set for +the jth source unit by

" inserting an entry' for_ source unit SC}i,l,j),' last

©

defined at operation UHA(1,SC(i,1,ﬁ)).

AlT(l,SC §):= (SC(i,1,3) UHA(Y, SCri,1 ,j))). y

Concg;enate the QMSU for the current prlme source unit

£
cnto the string X.

x~—x+' ('+SC(1 1 j)+'r'+UHA(1 SC (i, 1 3))+')'

+ 3 .
Identlfy all Type C and Type R alternate source units
4

rd
for the current prlme source unlt by first letting Q

cchsist of the set of all equ1valent but ‘not ‘equal to

the QMSU for the current prlme source unlt.

,c-—oar( UHA(;,SC(1,1 3) ) )~¢

s

(SC(111 3) UHA“ Sc(ll fe3) ) ).

Then_ for each QHSU ln Q, determlne if the unit within

Wy . - s ““
Y .

has Leen redeflned Qénce the 1last operation, dnd‘

&

3

approfriat 1y dinsert an’ alternate fIype C or Type R ...

element into the ALT(i,SC,3).

For k3= .eve, 101 dO 7 B
- Lév s'“flrst value in 0 (X) and ot 3 ¢
E R 7 - .
'tzsseqond value in Q(k) s+ - <#'
. oo o : S :

: . - e . -
i . . )
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. H’ ,.
s ",‘:3.” k. ) |
oy 28 HA(1 s) =t then .
A f ALT(l SC,J).—ALT(l SC,9) ® (C,s,t, g)
' else
‘ ALT(l/ﬁd’j)“ALT(l,SC i) a (R,s,t, g).
ey oV

L4

K?’o Concatenate thJQE“' A qet g?to X. Identify and ' place,
each ‘prlmeil.51nk‘;§g3t intd the. Al17. Update the UHA_T
L o entry for each sank unlt in order to 'tefiect it's
cutrgnt 1ndex(of}defin1tlon. | «
X:=X+C (1) ; - ./
Fory X S JSK\i,i)] do
uHA (1, sx(1£1 k)).—l,

@ UHA (2,5K (i,1,K))i=H( X ); and

| ALT (i,5K,k,1) 1= (SK (i,1,K) /1).
A.11 If HO(i) is an unmodlfred ‘data-flaow operation, then

Wiy
3 execute Phase T.2, oI else execute Phacse 1.3.

!

4.8.1.2 Part 1:Phase 1.2

o K : o ) .
.‘ 1f . the sur#ents operation being examined is an
ﬁnmcdifieds data-flou operation, then the sink unit-set'bf
the operaticn is made. egu1va1ent to the source unit set. The
51nk units. a;e mngde egq&;alent by plac1ng QSMUs of each s;nk
unlt at all OHT entry addresses contawnlng the ourrent QMSUT
of the source'unlt. Then by,determlnlng,where the 51nk_un;ts

- cf" the current operation can be used alternatively,

alternate 51nk unlt refer@nc!l are entered' into the ALT:
e . - ' : . &

. i . - . e ¥
N . . - < U,
. . - . @L

[




\. ) : - ’/‘
accordingly.

i

Algorithm Q-Bv- s
The foIlowing Q{eps are executed for’eacﬁ unmodified

dhtabflow cperatlcn, HO(i).
’ ‘“‘ AR ) ‘_,\

w#’”i“* o " ' ﬁ- C¥ine
n%&hte the UHA for’ eacb sink unit of MC(;) so the sinks

R

For _j_:=.1’, '.‘"'.‘".) I 'fkﬁiﬂjwf"do

UHA(2,SK(1,1,j)) =UHA (2, SC(1,1 1))

_ikf B.2 ‘let D become egqual to the set c¢f OHT addggsses

e ccntaining' cperation forms which ccentain the source

unlt SC(l,T 1. ‘ < , ///f’/ :
I: OHT(H('NOP ('+SC(1,1 1 + '+UHA(1 sC(i,1, 1))+')')). '
 B.3 ,PIace a QMSU for ach s1nk unlt _Qf MO(l) at each -

address contalnlng a QMSU of the source qﬂat of. MO(l)

For j:=1, cees lDl do.

e

_For Ki=1, eney ﬁ§§(l,?)l do. .. e Ll

om( D(4) ) :=OHT D(j) ) = (KT k),f)v e

_=B;4' Let becdgé/pqng} to a vector of all QMSQS whlch are&: 73“

E &

eguivalent tc the QMSU of the source urpit ng“u0(1$
E‘=0HT( D(1) ). | | '
B.5 - =1ng E, determine all operatlons to) vhiéh >tﬂéﬁ siﬁk'“
unlts-’pf MC(la bare egulva_ent. Inse;t alternate 51nk
© - unit references acccrdingly.
B8 T

- e
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For j:=1, %, IE| fdo

For k:=1, ...,|sx(1,1)| _
eALT' (1021, SK,1):‘ALT(E(j)[2],SK 1) = (S.i), and
, ALT(l,SK,1):=ALI(1,SK,1) » (P E(3)[2)). |
B.6"U§dateithe'OHT for'eacﬁ uniﬁ\\:jgh OHT addresses of
equlvalent QHSUs. - ' |
_forrj:=1, veeys ISK(l 1)| do

OHT ( H ( 'Ndp,(-+sx(i,1,j)+;,'§i+-)- ) )= D.°

‘4.8.1.3‘Part 1{Phaee 1.3

If tie current operatlon is. not an unmcdlfled data-flow
RN

Aoperatlonb .then equlvalent sink} unlt references are -

\/

determlned. Ehls is accompllshed by hashlng all possible

'3
forms of the current cperatlon u51ng all comb1nat10ns of

rrime "and/or - alternate source units- for the current)'

operation._'Thls phaee ‘is executed in order to 1dent1fy all

equiwalqu?QMSUs defined -earller by equlvalent »opekatlon

- a-

,forms.

The following operaﬁion forms. for MO (6) found in Figure

u;1, are presented as an example of the deccrlhed generatlon
: \”\

proc essy ; -

=~ ADD, {3,1), (1.'0)

5

' ADD, (5,3),(1,0)

~aDD, (6,4) ,(1,0)

P

7
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Algorithm 4.C

‘The following - steps are executed fcr each“openaticnfg

i

which is not an unmodified data-flow operation.

c.1 Genefate all operation~forms of MO(@E) using ‘all the

2

prime and)or alternate source units found ép.the ALT
' entry for 50(1). At the same tlme let D become equal tc c,
the vector of OHT addresses generated and which cont@;n
1mages of operatlons that can erlvalently deflne the

he vector

.sink unlts 0of MO(i). Let E become egual to

cf all egdiyalent QMSUs. o

r&au?i.‘:. , ST £

.,./E:",ﬂ. | \4 - | s
‘ For each comblnatlcn v prime and/or altermnate source

"vnits from ALT(l,SC)ido

D::D'; H( OF (1)#V+C(i)+) and |

E:=E = ( oaT( B ( OP(i)+V$C(i)A).) #EY. :
C.2 Update the OHTiilth the accumulated vector D, with each
QMSU wlthln the vectcr E._ | v
For j:=1, ..., [E| do. ;
~ OHT( H( YHOR, (V+E(I[11+", '+E(j)[ *N ) )*—D-
. Ce3 Using those QMSUs wlthln E that are equlvalent to the
1 Qusgs of +the slnk,fﬁnlt(s). of MO(a), determlne all

‘ egquivalent operaticns and. place alteInate sink unit

references into the ALT accordingly.



' the prlme sink unit of the referenc1ng operatlon is entered

.for Je=ISK(1,1)1¢1, suer. IB| do ' _
ALT(E(J)[2],5K, 1)z A\LT(E(j)[2]'$K 1)+(s i),
ALT(i,sR,1)§=A1T(1 SK, 1) +(? E(j)[?])‘ »
C.4 ‘Update _the'.OHT with the accumulated Qnsﬂ‘vector E at
ali OHT addresses ultnln D.
For j:=1, eses lgl,do". . - ; R

OBT( D () ):

“4,8,2 Part 2

With all alternate sink unit references determined, it

ao

is pocsible to'identify all Type A'aliernate'eonrce units.

This is done by examlnlng each Type P-and.Type S alternate

sink unrt reference. part 2 involves one sequential

examination of %he ALT. At this time each' alternate sink

unit reference is celected. Each prine sink nnit for the

operatlon to which an alternate 51nk un1t may be ass1gned is

determlned. The ALT is then examlned frcm the folloalng

,'«‘BQ\_

entry for the referenced operation to the last entry in the

ALT. 1f the.prlme sink-unit cf the referenced operatlon is
. e

as a Eype A alternate s1nk unit. % ‘ S _ -
[N ’ .

lused as a prlme or non-Type A alternate source unit, then

L
o

e By

3



.63

Algorithm QQD

using the ALT generated in part 1.

D. 6

'Insert unit u as an altergﬁfﬁ;ifpe

B P
)

-~ part 2 involves the execution of the following stéps

)

.

Execute step’ Dy2 fcr each ALT entry. >
fof~i£=1, asey NOp do-stép;D.2.
Fxecute D.3 for ‘each alternmate sink unit reference

within ALT(i,SK,1).

"For j:=2, .., |ALT(i,SK,1)| do Step D.3. .

Execute step D.4 ﬁcf each prime gink unit u-of MO(i).
Execute s ep‘D.SAfor each corresfonding sink uﬁit Qlof ‘
Mo(k), k = AIT(i,sKTi,j)[B]. | . ‘I" i -
EFxecute ste ;6>fo@-éa§& ALT entry og Md(kt1) »througﬁ

MC (Nop) » -~ S R S ~

e
Ve

Fer 1l:=k+1, ..., Nop do step D:G.

A source unit each

' time unit v is found as a prihempr non-Type A alternate

.source unit within MO(1). -

e -

For m:=1, vees |SC(1,1)] do : A ' . Y

For m:=1, ..i, (YT (1,5C,m) | do
'If‘Aim(l,st,m,n)[1] A dud
ALT(1,5C,m,n)[2] %_q'then .

| 'ALI(l,sc;h):=AiT(1,sg,m) gf(i,u,k,i). h

5

&
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ALGORITHM 4.A

(3

Ix=£l

I s=I+1

I > Nop

DETERMINE ALL TYPE C AND
TYPE R_ALMERNATE'SdURCE
UNITS BY EXAMINING THE
FQUIVALENTLY DEFINED

SINK UNITS. °

64

- YES

|

ALGORITHM &.D

IDENTIFY THE TYPE A

 ALTERNATE SOURCE UNITS.
BY EXAMINING EACH a
ALTERNATE SINK UNIT

REFERENCE .

#-4

ALGORITHM 4,8

MAKE THE SINK UNIT SET |
| EQUIVALENT 70 THE souncz

UNIT SET AND GENERATE '

ALTERNATE SINK UNIT

4LGORITHM k, C

DETERMINE ALTERNATE |
SINK UNIT REFERENCES
BY THE GENERATION OF
ALTERNATE OPERATION

'REFERENCES . - _FORMS,
— -
'Rgriﬁﬁre 8.6 Flow diagial of @LI .

generation“
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4.9 Supmary

iPe.purpose Qf thi§ chapter hés’been to describe the
algorithm used to build.the ALT'such that all péssible forms
qof_each operétion‘m;y be repfesented. The aigorithm has been.'
programﬁed sﬁccessfqliy, and' § préof of the correctness of
the}algdrithm can be found in Sitton[S1]. - Sx— |

It has been pointéd cut in Sitton[S1] that the[érde;ing

‘ X ‘ . - :

of the éource units, where primitive:operations cohform, to
conmutative | laus_, eiiﬁigi’%‘es the .chapée cf nén;natch.es ‘on %

operation forms which  generate the same result (i.ee,

source units ;:z:effjgpitive operations such as SUB should
have a defimed ,of“qmearance in  the hashing SOur%e

image.). This isrcorgect; but?slightly,Misléading, in that

the reordering of units will also increase matches. For

-example, an imége *aDD, {R1,R2} ' nay operationaily giéé the -«

same result as 'ALD; {R2,R1}'.

Q

Loy

L
o
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CAAPTER v o . : o

Deletion’Candidacy

'5.1 Iptoductien

The 'purpose _of this chapter is “tc. describe = 'the

-

conditions whioh‘ must be 'satlsfled in crder to delete an

.

opera’tigito de_scribe how 1n1t1al 6’perat10n de_let:.on
_candidat’-'<are' identified,‘:lt is also . to describe the

49

evaluation of the ﬁ@asibiiity of 'each.-strategy_ used to

,delete an.. operatlcn. Condltlons for Ltﬁe deletion of

"JL T

operatlcns have been descrlbed in. Chapter 2, and the process

of 1dent1fying all p0551b1e forms of. each operatxon has been

g deccrlbed in Chapter 4. The general problem now 1s to flrst‘

ldentlfy all® 1n1t1a1 operatlon deletlon candldates. These

‘are to be evaluated in crder to determlne all p01nts uhere

lteratlons wmust be performed ( 1 e., where strategles must'

[

_be applled )e Th1= is done 1p order to meet the condldtlons:
aspdeccrlbed in Chapter 2. The 1dent1f1cat1cn andfevaluaxlon,v
involves"the~organlzat1on of the 1nformat1cn descrlblng thei

- operation deletions and°prime source unlt alteratlonsf-'

The ha51c result of thls ehapteriisvthe_preSentation of -

algorlthms(ﬁeveloped and used :forglthe idgntificatioh and

W . N ! - . w

K . . . ) R . ) L

66
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©

evaluation' of, the various types of Strategies uhich-villybe.

-~

discussed. T*ese algorlthms were developed from theorems and
theoretical conditicns, and were verlfled "~ through
. : ¢ .
experimentation with the implementation.
4 - . l “

5.2 Genmersal Qge;c;sézeg_ of oOperation Deleticn Can _;d_x

tefore an 5/;eration émay be a feasitle,Candidate for

deletlon, a mlnlmal set of ccnditions as deflned 1n Chapter"

Y initial

2 &nﬂe;t be satisfied. The process :anolves the e*natlon of'

the UAT and ALT tables 1n'order to_1§ent1fy

operation‘ deleticn <strategies. It then  involves  the

1ndépendent evaluhtion of 'each"strategy in ~orger to

determlne the pcints uhere operatlon(s) nust be altered or

jdeleted, . to. evaluate all optlons which may be used to alter

-each point; and to determine . vhlch strategles may be

'deleted.ib

Note that- condltlons for operatlon deletlon candidacy

are based on the examlnatlon of each strategy 1ndependently.

' stlll, the deleticn of -ation may .be a’ dependent
event, asgnit 'may_baf T ,deletioﬁ status of other
e . e . . . . . . . v/‘

operaticns. -
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E.3 Fap=-Out

-segment 1n.rlgure 5’1. - o .’,

<

\ , A °’ AR 68

v L4

It 1s ea51ly seen that 1f H0(1) <= > ngqj), then either

operation theonetlcally could‘ deflne elther or both 51nk

unit sets. The practldal appllcatlon depend“ on the parallel

‘ - -

specifically, fap-out ‘capabilites . may affect the_deletion

'candidacy of parallel ope;ations. In ordexr to accommodate

this, deletion Candigates will be determined -with _and

“without f%m—outvcapabilities.

' : A <.
~ hardware fan-out capabllltlesl of the particular machine.

It is 1nterest1ng to p01nt out that the allowance of

fan<out brings about a slight problem. The problem is thaiw”

the utilization of fan~ou€5does enhancé the deletion of non-

A

essential cperaticns, but jit @ -~ not direotly’ enhance the
‘ : <

the efficient utiliiation : memofy units. With the
- - t - ) . R .

“allowance of fan-out, :esultiﬁg 'optimiz@d> 7m1croprog§lm

segment ver51ons ‘must’ be evaluated by the. user ‘in order to

chcose those Ver51ons which utlllze memory units most

' efficiently. There may exist an excessive dupllcatﬂon of

. . ~ R}
1nfcrmat10n in crder . to delete ;a ‘maxlnum numbL of

operatlons. For example, con51der theqfolloulng mlcroprogram Y

r

P

e
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"abD (1,2 3
«SDB “43{3;w¥ '1'9‘

GATE- 3 7 5. ¢
vt . : LT a
e : ; g .
“ATE o 5. T

Tl B . \

AN , Lo A o L N o )
ST s AND L (6321 P S

o " 6 g_znu)—@ (3a13 7
‘ . L e ) - A T
. ¢t e -:. L;&%yu . %’J

Figﬁré.5.1 '“. Miggoprogram segment,examplé

v b
¢ v

a . ., “ .

~ . . ~

In  this

generally be deleted -by 'pafallel-bhckward- moveggnt. This

‘

ptogram'55ﬁﬁ§Pt’versidn‘in«?igure‘SgZ.
o T 6 A : e :
,lv i ' N ‘,( i . w /
1 - aDD {172} (5,6}

S 2 suE (B B BT
e A N

) Y5 RAND (6,2} 5 - - ) =
9 ! ‘ ’ . L
I "AND  {6,1} 7 §
. N, » - . ,
TR D S 4
- Figure Z.2 * -optimized segment example’
o ‘,. .-.‘ Ki . o L. o »

1

case, with fénfout, both}wﬂp(3)'an&%Mo(d),éouLd<V

o

* deletion, wWould result.vin thé - following cptimized mwicros . | -
ST . v : ) R © ) LI
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i

~“Aﬂ?9§€ effiggent version would be as in the fol%bvfnq Flg
P 5.3“ o i o ’ | '4.) Q»%:ﬂh .

) M .
. . . Y

- R u : - : . "“V"“"{T - . e Y

o SR N ADD, {1,2)

2 ~ SUB (3,4}, 4

s AND (342} . 5

"6 .. AND (3,1} - .7 e e

“ Y I S

| po A N S

T .. C el . . o » ’ A

v  FiguFe 5 '."Cptlmlzedgsegment'example

S . . e 4 s o . . ' . ‘. ) e

e

-3 . N .. ’ . l ‘ .o ' . «" . _9.
ﬁan—out brlngs foxth secondary”

»”

neflt., fhe agpllc&tlon.  study of %h"~eut pOSSlbllltleS i 3

. .
could be uce@.tO* 1dent1fy thbse operakvopal “units’ uhlch'V S
{1 .

9

© could be altered tnd 1mproved.' This ghFuld ’be done by

AincreaSLng the numher of data paths lea%lng 03¢,Qf them, i@21; o
.;2 : )

c*der - to 1ncr°ase'the parallellsm and hence the proce551ng

power cf-a: partlcqlar machlne.

E.lb.1 Ihtroductidh3 o : vvv ' 4. o ‘.. | - .

' Thls =§pdy 1c ccncerned with tuo type= of ?rategies:
I S Y «

‘{hosej uhich result-.in the deletlon of .an Operatlon, and'r

hed -

those which'result in the replacement of a frime source unlt

<9

T e ' by an alteinate soufce unlt.' These . two classes ‘are theV

o v

[aKe

_ ‘CptIOPS available for the alteratlon of 9 stretegy pbint;
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| - S N X
Including faneout, ghe 6peiation delE€%pn.Strategies_
., are further claselfled.*lnbo flve.'possible' types.<ﬁﬂence,
a o % &2 - i
LN ‘, RN
' " there .ex1st six distlnct types of strategles whlch may be
o g, » v SR R ELETA
. sused to elete an operation. ) ‘ e : | °8 e
.:‘_. ‘\/_'_'; .. . W . P _— N » f ‘ | "“‘\"f‘{ .
,,‘»fﬁ_ o D Ao B Tl
X . .
5. 6% Z Sgurce Unlt Réplacement Strategies ( SR ) T L
ﬁ\‘ -r("n . - : ) “.‘”! . ';‘ & K .;‘?’ R J - ._. ' . . b v . .‘l//»,,. '(u . -IQ.‘
-j;sﬁmk.hu” Source unltﬁreplacemént ettategles aTe, those whi Af Vf
Bk ‘ . ) . S
pc:’ q a v .
AN applled result in 1§he -a551qnment of an altesna
f‘“‘.': % d!'- . . d . W .
s augtit. The 1dent1f1cat;cn ¢t such vstratag;e» occnrsﬁ “dufing
* ' U } .
&ﬁkhe‘f“eﬁaluationa of dperation deletiog ™ ctrategles. Such z%?
o . o - "'&»\q- L @
ctrategles ar _‘apglled in conjunction- ulth operatlon R
N 5 -‘:7 ’ [N .
. iﬁaeletion ¢trategles to cat:Lsfy the cond&t1ons for deletlon : %
¥ candigacy. SR U A
L . . ‘ - - ¢ L&
: ‘:«'4} R . ) . ,v o . ) "A”‘, N &.b\ §;< - R4 A' ﬁ. ) v .l’v"_ﬂ .
- . . 5.4.3 Operation Deletion Strategfes - ) ' = e T
. - . 3 A . . B g.':' L N y
. : v . T T
,?’ N Thls class of c‘trateglec 1f\applled each result in the
o ’ - ; e i
deletlon of an operatlon and are’ descrfbed as follows“
L s I . . {~ 4 oo ¢ A
W LoD Negated ~-Forward Deletlon Strateglee ( NF- ) © . Those
s ) v xu '
; strategles .which ’xesult ~in the negated forward'
A . ’ - . -
' deletion Qf‘an operation. ThlS is an exceptlonal
.f class in' that., there ,may exist more  than one
etrategy for each operaticn,. depending on the
Y T number of 51§kfunits_of:the particular operation
‘..‘ | ‘ “'od | - | | ’



)
E ﬂ@.', belng deleted. 211 are dcombined to delete tue
AR '4. - .
B partlcular cperatlcn. o
IR 2) . 'Parallel Foruard Deletlon Strategles althout Fan-

: 'out ( PE ) Thoce strategles whlgh result in ‘the
[N ! “.
' parallel—forward deletlon of an operatlon. -

L%
w b3

o

.o 3)
Y ,WT‘ . V'v s . - .
s ' 2 . e, ” PR
_ ‘ . ( PF F ). Those strategles which _result’ in ¢ the

' : ‘ ) ) L .
% A - parallel—foruard deletlon of an operationﬁeuch

k]

L :5 thét 51nk un1t fAH'QUﬁ*lS pe *Hﬂed-j

‘u

* . ’ :
. . 1.

*ﬂ). Parallel—Backﬁard Deletlon S fateﬁTEEwaithgﬁt ?an-

»

-~

arallel Forward ‘Deletion Strategies With Fan-out

Sy
S Q@Eﬁt ¢ ag Y ﬁhose strategles which- resul?ﬁ iﬁ\%yye;

parallel backward deletlon of an operat10n.~

.. L
=2

&,.‘v -
. - . .

. 1 ) B . s
5)e" ParalielaBatkuard Deletlon Strategles -With Fan-out

s “" [ PB F ). ’Hhose strategles wvhich result in the

>~

3

o that_sinkuunlt fan-out 1s.performed.'
’ ;v ‘ , I N o .fAl . . ‘._“, | {'Qs-
| E.4.b SE;a{egy ﬁepresegtaticn C Jime N AN

,-

B ul.' ‘ A
w parallel backward deletlon of an operat&on ‘such -

- In order' to dlscuss' the fea51b111ty of each tygn~of

etrategy, the nctatlcn for the representatlcn of & strategy

< i

_u-lllo ncw be-;pl‘esented. . . .“. | ,. v.\ .

argro—n
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A(.".« .

L

3

’ N ._*a,\.l :P,

R

(i, ¢, v, e t; :ur ]_-)

where

t

“$in

Nu'ﬂ:

. ctrategy.

.#7*.\,-‘ C - B

e

the%mest'f

Rd

Definition 5.1: A stratégy is a 7-tuple

‘is an %ﬁdex whlch dlstlngulshes the strateg.f

_ N 4 \»'."
1nd1cates whether the strateqgy hﬁi been checked;

-

lndlcatesuiﬁ§ther the strategy is appllcable'

refere&&gs the

whlch dé; to be uced as a’ replaceme

operatlon to

-r4cource unlt wlthin MO(l)-

e

o,

MO (3) 1s to be deleted,

R P

ISRl. 'NF' "PFI’

1nd1cates the uth prlme squrce unit of MO(]) 1s to

" 'PEP. F', 'PB'

)

@ﬁeferﬂnces anp alternate source unig

.

or

ﬁﬁrfor a prlme"

-

“F,ldentlfles the f?pe of strategy and may be anY

'cr 'PB Ft;

-

he aftered, that the sink unlts of MQJj) and HO(l)

are»'equal,

or

references a

of ¥

prlme@@ﬁnk unlt of”N' .

HO(j)mln the case.’cf a 'NF' t}pé ctrategy,

~

references thekbperatlonsnulth.

unit-ls to be‘

a551gned

¢’

,respect

‘or the}-nekt

\'~

—"‘-ﬁl

R 4
to which

operatlon

1t u,lm the case of a 'NF' type

;‘Y’ M q

witWin which an alternateif"“
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.'Strategy

’,the order operaﬁion deletlon Strategles followed by

',altered.

: : e 74
- .
- . 3
c.4.5 storage of.Strategy Informaticn
. - o . |
. Each strategy _once. identified,e is stored within a

Table "(.ST ) to be dlscussed in

By
All that is needed now, .

the next chapter.
1s*¢hat the strategies are stored in
source
operatlon

ctrategles.

unlt replacement " The

strategles are furtﬂer crdered 1n 1ncrea51ng order oﬁg the"

cperatlon ndices 1ndicat1ng the operatlcn to be deleted.
"Then in the’ crder of negated operatlon deletlgn strategles

whlch ari ""."ﬁnteered ‘i‘n‘: increaslong Jerder .of the 1
‘flel& 'ﬁ wd by ¥ the parallel eneratlon deletlon
vstrategiee.'_Senrce'vunit replacement'istrategies are alsd’
"erdered ik"lineréAQEng order of the operatlon indices
"snepifyin? ~t:l;e.’»locations at which a prlme unlt is to be

r.
Vs M . . . -

b a2

. .t .

Thls partltlonlng and orderlng
' .
tlme=

PR

is dcne primarily to

’reduce .the__search for strategles. Tt rs also done

because alternate ugjg aQSLgnment <trategle= are 1dent;f1ed

kbt e

during the f6351blllty evaluatlon of. operatlon deletlon
. ' . . ),‘. o s —— S
strategies. =~ K '5:',f Ly S
. a. e - Q} %‘J‘"_
- - '

deletione

-

I

1
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4 v oA

5. (i, 5 € ALT (k sc u» such that |

ALI(k ,SC,1, 1)[2] v; MO(]J) is a fea51b1e parallel

candidate fcr deletlon Hlth respect .to MO(1)

. v ‘}k Lo : 3:
5».5 _A;_tg%‘gg Unit »:1..& ME 1:. """"ﬁl. tra# _eg.S._l..lzll:d.x - Co
. B : 14
ﬁf alternate, stFCe unlt, ALT (i,SC,3, k), is. feasibie S e
nf6¥b a=51gnment Acnlgb 1f conditlons exist whlch inqﬁ;e that
the unit is equ;&alent at MO(l) to the .pr%me source unit
ALT (i48C, ﬂ 1. z B P ¢ 9, 4 E
e *gm”*;.gf .‘; Lo | q; ??,: ‘J;
pefinition 5.1: Unit u-dis a~f9a51ble’altenmate éource '“v’fr
ehiﬁ for ‘the lth priﬁb source Adnit . vﬂ~at ' ‘éﬁye 'ofi/-v _ﬁ
the ?cIIOV1ngocondltlops 1§'satlsf1ed.§j, e 7;l§§f°:%
s B . ‘ R SRR
. ). v(t,u,'i) e .AI.T(kT,'SC,l)' -such t}{a; o Tl :
aLT(OsC,LME2)F v R RO
S - L e ' : '
2k, (R,u,d), € ALT(k,SC,l) such that -
ALT (k, sc,1, N[zl s o i;:_w -
f' | »,for j°=1+1*%%.., k;h;* SR TN f;ﬂw ' - .
where UAT (J,u) > 1, :'uJ : _
Mp(j) is a feas1ble eegated forward candldate
vfbr | déletion: or, M¥0(3) is>ka fea51ble
i parallel—foruard candidafe for deletion with N
SR «eCpect to a MO(m) such that n 2> ke o | -~
‘ | l§ s '

fO‘I 'm l*‘l' Qlt" k 1 . ' e g
- L~
‘ . o
where OAT (mlu) > 1' L 8 ' o RN
B ZOR s L M . by
: - R T T

&
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' .MO(m) is a feasible egated forward candidatgﬁﬂ

8]

for deletion; or, - m) is a feasible

oy S o parallel-foruard candidateé fcr deletioh -with
;&M‘ L respect to a MO(n? such that m 2 m.
e b b .-3'5, i )
R A1l alternfte cource unit strateglee w'h:Lch neet the s
B RS < N o

;. S condltlons Hlthl Deflnltlon 5.1 are recorded 'as feasible .

hoafter only cne eXamlnatlon of each strategy.

' : ‘ . E 'j h B . : . - . - - ' ¥
- . : ;.J R ) ) , . ) ‘i . .
4. =% 5.6 Operation-Dgletion Stratedy §e§51b111t1
T S 2 B
b ¢ TaNd oL - . . ® ) =y e

.. The =minimal set of conditions for each operation__ -

:jr deletion'jstrategy type ~wilfjﬂb’e,_'desc_‘ribed within . this -
A sectlon. Nofe <§hat COnditions' forideletion c&hﬂidacy are
e TR

. £~y KRN
based u;Bn cne examlnatlon of each strategy.mndepenﬁently of

the others. Yet,‘the deletfon of'gn operatlcn is a dependent

o

evept, as it  may. affect the , deletion status of other

operations. =

N

Deflnltlon 5;2 MO(l) is a feasiﬁﬁe'négated-forwaﬁﬁs;é,

L.

candldate for deletlon, iff the following mihimal set of

condltlonc are satlsfled -and -no condition ccnfllcts occur.

i) . : a”

~

“\ For each‘ sink 'uhit-u"e SK(i 1)f thefe exists a pO(myv

such that the followlng condltfbns are sat;Cfled-

L4
. ) -
‘d . . L . . .
) . : . . -

v v 1)- i< m.o o . e . '_4,{ P

.ok,



N
. UAT (m,u) > 1. , '
s . — N .
s ‘ : - : ‘ :
. 3y.  UAT(j,u) < 2 for all operations J, 1 < j < me
- L}). FCI j-=1+x, ot., m ) .
ﬁhe;e wi= arT (4,50, 1,M[2), |
'-1 <‘1 <= |SC(],1)|, at leaStifqne of }ﬁthe
B : : folloulng condlﬂ}ons is satisfied: :
?ﬁ ) a) .« There ex1sts g fea51b1e‘@lternate within
2 ""‘*@31' ALT (3,8C, 1).' .qJV . ' %; - B
" - o - S . -
- fw-ib);w MO(]) 1s ‘a negated*forwéx&*candldate for
o o deletlon- iég"l‘- ;:ﬁ. ‘Q“ c - fm‘
. . S
. ' , c).‘ MO(F) 1is "a parallel—fonqardlcandldate
j - ' ’ -for deletlon. ‘ . “.,T'
CTd). MO(3) is a parallel-backward candiddte
. ) - . . Qe - ,
for deletion.
Tefinition S.3: MO(i) is a fea51b1e parallel forward
candidate for deletion widh respect “to NO(J): iif ‘the
éfOlIOuing pinimal set -%f condltlons are =atlsf1ed and no .
' : ' - ‘ S . - h
conditicn conflicts occur. _ _ ) o -
. 1. SK(l -, sx(3,1), ' S
"R_, s or SK(1,1) may be fanned-out at MC(]), .
@ " or MO(j) is a fea51ble candldate fo; dele‘nﬁn and
the sink' set SK (i 1) can be used as the sihk set
- ., for MO(J). :
.>\ .
\

R
.-
‘ L S . o
PO . ) . »
\ . < .

77
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o .

3), For k:=it?, eeu, je1'aﬁd

Z). For k:=isl, .

" FOI l - —1 ¢ ook "t A‘A.‘\:' i

~ where ALT(l:SK 1, 1)[2] ALT (k,SC,m, 1y[ 21, .

) s followlng *conditions is satlcfled'

4%& 1 < m <= |sC(k, 1)|,” at least on®& of the.

a). There exists a feasible alterpaté within

®

CALT (k,SC.m) ;

b) .~ MO(k)tilis. a féasible negated-fbruafd

@. ‘ |  céndida;éwfogd§elétion§ ‘
c)r'{MQ(k)}vié';a feasiblé %mrai}el—foraard
candidafe épr/deletlon.,~~n | “

d) . MO(k) :is a fea51ble éérallel backuard
o ) | candidafe‘fé; deletion. - v '

For l.-1' LI I 4 |SK(1I1)|I

Where ALT(& sk,1,1)(2] = ALT(k,SKvm, N[ 2],

1< n<= {SK(k,NI,. at least’ one% of  the

{ o’
fcllowlng condltlons 1s "satisfied: -
S - . )
a)ﬁ MO(k) © is ‘a' fe3s1ble negabed-forward
candldé%e‘for deletlon.‘ -:\'»%?f

« .k

b). MO(k) i§ a fegs;ble parallél-forward

candidéte~foi deletion'uith,respé%t to a’

N

‘MC(r), such that r. 2 Js o v
)

e

C)» MO(k) i a fea51ble parallel backward.
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e . ,
candidate for deletion with respect to a

, _ Q@ .
‘Definition 5.47¢ Ho(jy'is a feasible ‘parallei-backward

. - '._MO(r), such that r < i. 1

candldate for 'dqastion with' réépect ﬁio MO(i),j iff the
follou1ng mlnlmal set of céndltlons - anlge fsatisfiéd')énd ‘no
. ( condztlop conflicts occqr. y ' |
e .- ' ’ , . . .

=7 SK (3, 1) = SK (1, 1)

“or SK (5 1)° may ‘be fanned-out at. HC (i),

BT #f ’ o1 MO(l) 1s ‘a. feaslble candldate for de%ptlon §ad
S . the sxnk set’ SK(j 1) can be’used as a 51nk set for
- . i v : P X1 . . . . -
“ " Mo(l). : Sm, v ',&\ 5
. e ‘ . P ) w Lo !.""' ‘
. 2). For k:=i#1, «ee,s 3 and ﬁ“* _ i 7 %,
Q‘ ) . ‘ o . : L
fOI l.-J.' a®e g st(jl 1) ‘ .
: uhene ALT(],SK 1, 1)(2] ALT(k SCy m,1)[2],
o“ﬁi L "1 < y. <= |SK(k, 191, at ‘least one o_f ‘the
| fcllowlng conditions is sataC£1ed' L
. . *
s ST )@) . ’Ihere exlé.t§=9£ feasikle ,“aﬂlternaﬁe in
AL'I(k sc m) - o
2 7_" - *.b): MO(k) 'is a fea51b1e ’%egatedkéorwégﬁ
' . ‘s\‘ . '.\l S . " . ’ - .-Q Co- 6‘6:’ . . .
SRR 3L candldate for: Qeletgsn.

"C)a .MO(k) is a' feasible barallel-foruard

candldate for déletlon.

R
PO

d). MO(k) is a feas;ble parallel backward

e candidate fof deletion. ' - e
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' fea51hle deletlcn :Qandldate.

: fciloning program segment: ”v - °f S S}

" 80

3). For k:=i¢1, ee., 3-1 and
For l:=1., cwnuy I,SK (j\f“) I

where ALT (d,SK,1.1)[2 M ALT (k,SK,m, N[2],

%1 < m <= | SK(k,1) I -1east one of the

satlcfled'

X
X

. a). MO(k)*”is a f_ fslble' negated forward
, ,ﬁ3.(< Cand%date for gﬁletion;"w \" T
R  p. KK ié‘"S}?féasible- parallel-forward !
| candidafe‘fbr'd%lerion with - respect .to'.
‘. nd(r),'such thie r > j, o - o
c);a MO(k) ,12. ‘fea51bﬂé parallel-backwardk
- ‘.candldate for deletlon with respect to

"nO(r), such that r < j. ©

ﬁﬁﬁg ST ' . T o
. ' ' w ’
. '~,$". . , . L
aw ! » I T . -
v * .

I
o

5 7 Reelprocallx Dependeng Deletlon g_ iticn §
. 5 - .

.' v

It m%g be shcun that the’ recursively deflned conditions

used for the evaluatldn of the fea51b111ty of strategies may

never converge. Th;s ccndltlon has been termed rec1proca1*

/

dependency. If may occur durlng the analy51= of a MO(l) ‘as a

[

deletlon candldate,gsf it 1s found that« nC(j) 'must "be a

g

-

MO (j) as a deletlcnwsandldate, itd\is fOund that MO(l) ‘must

be a fea51ble deletlon candldate.\For example, con51der the

'

K

~

. heﬁ durlng the ana1y51s of‘ i
. qj

{ ' . : e



L 1 Abn\ . {1 2y . 5 e
g T, / 5 - 42l
’ . ’ —\ T . R N '
. 3 DD_‘ . {1»2} 6 ’ -9
. o S A N
"jFigure 5.4 'ﬂ\ Mlcroprogram segment example ' ,
,; ) . I . .'. . r o . & . 2';:\2_ - '. '-. , -'_‘
. . ' ;; o A ‘é.’QA., “9.;" ,, S %""x
< //1T unitss. 1s ﬁqt requlred upon enat, then MC(1);1S%'exam1ned‘

e

LT e ' ‘ .
e .as- a negated fcrward candldate for deletlon..Iﬁ%$ﬁ~ h, Case,

> ‘ ) - : @hiyb;.-

,'Ae?'l the Tcllowlng con 1tlons 9;15‘L bo satlsfled. T
,,2 ‘;; ! s VR : - B ; *
T§P', 'kf5 Vooed)e Unlt 5 at MG(Z) muct be - replaced by unit- 6
.. % . ). The M0(3) deflnltlon of udit 6 muct be mof +0
v /)9‘ ™ ‘\“- :. . l-,- l: .“,3 : ‘o
R - X M0(1) . W&.' Bt 5 o e
) S ; \ X ‘ . . v \.."'. .

N “ ) - . N
Hlthout fan-out, examlnatlon of the latter microprograﬂ%v‘
: 4

*fé" segmehf would flrct cons%5¢ of examlnlng the: negated-forward

/

de%etlon candidacy of M0(1).AThls in tu,n“

w

.adeletlon can&aﬁ&be, dUrlqg “he .analye,:

fea51b1e' alternate source: unlt £or*7un1t 5 &P M0(2) The

examlnatlon» of the fea51b1e parallel-backward dele.lon

li .
N B 5. s >

: . candldacy ~ef M0(3),. would thns lead to the examlnatlon of

. . , Al L -
g'_f~' crder\to mcvo unlt 6 for deflnltlen at MO(1). Hence, n0(1)
and MO(B) are rec1prdcally dependent vlth respect to the
deletlon cc dltlons.. o : =
' \ c”It has ‘been ‘proved.”in Sit?qnfs1];\ that- reuiprSCa;
. PO N e
- ; . . . ]

T ld result in

‘" the examlnatlon 5’ MO(B) a% a fea4;”v‘ 1el-backuard;x-

Qe ’ the fea51ble negated-forward deletlon candldacy of MO(1), 1n )

Fo
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‘ { ~de§endency need not 1mpede t f%glte anaLy51s of deletlon
: a L S

candldacy.'l.e., ddletlcn Candldacy ana1y51C_ will converge.'

“

T ’and thus =trategles can_be evaluated by a flnite analy51s.,g
) . T 'ﬁ’ o D

N

S - .This - »?robleh“'e,has- beem résolved uithin' ‘the

) 4
1mplementat10n by keeplng a 1list . of strategles currently

-

l.belng evaluated. Ir durlng the ana1§51§ﬂ§E a sttategy,-the

o . -

o0 . . B
: valld fem that p01nt’ and the search for valld OpthDS is”
° . QD’/ R

’ A contlnued Hlth thcse cptions not Hlbhln the current llSt.

- . ve
' - L -

- - . . . J . '
A .~ i . - - . ' . N . B Y
, - o K . .-, o . IR b
. . ! x a . o

: ;.j,; 5.8 Identlflcatlog of OEe_gtlon Dbletlon E; _Lg g_’:
] ° f>e;r:‘ The. 1dent1f1catlon of all 1h1t1al strategles whlch 'qan
‘3 A xesult 'i the dele?aon of fopefatlon  is\ a two part
'.'f : procecs. Thls flrst anvclves thepexamlnatlon of ;he+UAT and
0. o » them the gexamlnatlon of the}.},\. "__ T e /

-~ - % . -

:‘in” order to 1dent1fy :_ll negated foruard ope atlon

deletion strategles,vlt has beenl ove@ ;n Sltton[s1

[

LY
|

Y Tl ) : . e | -

T segment. &Ihe fcllowlng algorithm ‘is USeé to/;dentxfy-all'k

3

%Qa* operatlonc to be e uated for nedated fOrw“?d delétlon.

o

B T -~ = ) RGPS - Lo , : ,’
. i ) . v > . - : - "

yaiteratlod of a p01nt ;c req d fo shlch an optlon(sx

‘hasts w1th1n the current llct. ] ch-optlon ;s recognlzed as]‘

all that néedc tov‘be done, 1s to 1dentxfy all/QEEEEEnt"ﬂ‘

2}
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. Qo
Algorithm 5.A ‘, e -
The followlng steps are oxecuted in order to 1dent1fy
/
all 1n1tial negated-fcrvard operatlon deletlon =trategles.
A.1 Do sfeps A.2 fhrough A.6 for each unit within the given
. . ' ‘ . + oo
microprogram segment. |
For i:=1, ...,‘|U|'dolA.2 to A.6 i
oo where U={u ,U , eas, U }, t‘p set cf all units.
™~ e 12 . n o
A.2 Iet j:=t. . - . -
A.3 -while j <= Nop+1 and UAT(j u) < 1 da j:=j+1.
. l .
A4 If ] 2 Nop+1, then go to- step A. 1 and restart Hlth the
next unit, or else_let k =j+1 and do =teps 2.5 through

A6. -, . . o .
a5 While k' <= Nop+1 and UATAk,u ) < 1 do k:=k+1. |
.A.6 If k > Nop+1, then go to stip ‘A.1 and repeat with next
unit; or else, UO(j) is a . negated-forvard deletion .
candidate, .hénce.store the strategy ( x, false, false, .
f,"NF';.u , x.) such that x is the next ‘strategy

fideﬁtifierg let j:=k,'k:=k+1,.and‘go'tc step A.5..

///’i’ In order to’ 1dent1fy ‘all.initial pa;\\}el operatibn

': deletion strategies, each entry wlthln the LLT ‘is examined

for alternate sink unit references.
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1f fan-out |is allowed, ﬂavjsimilar 'PF F' or 'PB F' type
strategy would alsc be generated with each 'PF! or pB!

ctrategy found.

Algorithm 5.B

The ”follouing three steps are executed in order to-

jdentify all initial parallel operation deletion strategies.

-

s | : : S
- .B.1 Do step B.2 for each ALT entry.- - _ .

For i:=1, ..., Nop do step’B.2.

B.2 - Execute step B.3 for each alternate éink\unit reference

\

within @im(;,sx,1): \
For §:=3, vevs |ALT(i,SK,})| do step E.3.
B.3 . 1If ALT(l SK, ° ,j)[1]'= tst ~thenb store the parellel-
_ forward strategj ox, false, 4falee, i, 'EF!.‘ ﬁ,
AlT(l SK,1 N3] ). or _else store the parallel-backvard

stra?egy ( x, false, false, i, ‘PB', 2,
ALT (175K, 1,9{3] )«

P _

AL

If the latter two algorlthns are applied to the tables
generated, for- the mlcroprogram segment in Figure 4.1, the
folloﬁing list ”in«'Figure 5.5 of ope:atlon deletion

e —y—

candidates would be obtainedf ~ . .. 4



Negated-forward Deletion candidates .

- -
t

N

1). HO(1) with Tespect to MC(N+1).. f”/éﬁ\\\\

»

T2y MO (3) with respect to MC(5).
3). HO(4) with-respect to BC(N+1).

parallel-forvard Deletion Candidates

- v

1). MO(1) with respect Tﬁ/%C(U)b
2) . 'H0(1)fwith respect to MC(3) .

35)« MO(3). with respect to MC (4).
Parallel=-backward Deletion candidates.

1) . MO(3) with respect sto MC(1).

.

2) .. MO (4) Qith-respect-to Mcf1)./f/

3). MO(4) with.fespect to MC(3). o
¥ . 'r_‘ ” . , ’ = ) " o
4 / R r// -
Figure £.5 . Opefatioh deletioh candidates
_ example . A

ERaY

>
< :
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5.9 peasibility Examipation of Ideptified Sirategies

86

The purpcse of this section is to describe the process"'

inv8lved in evaluating the feasibility of each strategy. The

procees as a whole, involves a sequential examination of the

strategy table, At this time each operation deletlon

.

.strategy 'is evaluated as feasible or not, if not already

‘done so. Nonfeasible strategies are deleted after
evaluation procesg is cohpleiedt.'

(N

the
L)

Fach of the fcllowing algorithm= are used to evaluate

°

the<gperatlon deletlon strategles found by’ the algOrlthms of_,

sectlon 'S. 8. Examples of the Ieasible - operation deletion

\.,

candldates as described in Plgure 5.5 for the microprogram’

- . \\ . K - . .
segment given in Figure. 4.1, can be fcund  withir

’ - -

Appendii.

Algorithm 5.C . .

Each operation deletion strategy within the

examined in crder, as follows:
C.1 Llet i:;O,

MY

C.2 fét‘i;=i*1.

C.3 6o to step'C.S if strategy i does pct exist or
. R - 4

the

ST is

if .

vsxrategy i is an alternate source unit . assignment

‘strategy, or else continue vlth step C u.
N _ _ o

\

z



'CJS et i:=0.

'strategiee;

87

0

"C.l. Go to step;g.zfif strategy.i,has.beenncheck%d,,oriAelse

examine strategy i depending on its type'and then go

~

tc step C.2.

Cc.6 Iet j:=iet.

C.7 -Continue with step c.8 if ,strategy i -exists, or else

3 .
. v

stop,
C.Bv Delete strategy i if it is not checked as feasible,fand

thenlcontlnue with step GCebe . ) ) o

The . folloulng algorlthm “is used to eveluéte the

feasrbillty of alternate unit asslgnnent’ ctrategzes. These -

o

are generated durlng the examinatldn of operation deletlon

'strategies and are etored following the operationv deletlon

¢

'~

' Algoritha 5.D - .

An alternate un;t assignment strategy ( i, © Vo 34

ac

1SR, U, 1) is checked as feasii;for-not by executing the -

fclloulng gteps, . o f’;

2 .

\ . B , - ) N v

2.1 Continue with step D.7 if’ ALT(j)[1] c, ‘else go to

-\

=tep D. u if ALT(j)Q}] = R, or else contlnue vith step

/ E.z. . . J/ .
? ML (§)(1] = 2, so cevaluate all . parallel deletion

‘
!

S S
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ftratqéies for the déletion of HO(ALT(j)[u]) vhich have .
K _mot jet been exalined. " Co »f’ f
=3 Go to step D. 8 if there 'exi;igj no feasible parallel
'delet1on strategy for the deletlon of Mo ( ALT(j)[u] ),
‘ - else continue vith step Do b T e
'B.a; Che?ﬁ 1£vunit ALT(j)[Z] is used as a sink unit betueen
-«HO(ILT(j)[3]¢1) through MO (1-1) and do s?eps D.5 and -
' D.6 if it 1s. Then- ccntinue vith step D. 7.
('\ For m:-ALT(j)[3]+1‘ esey 1-1 do.
‘ - LI UAT(n,ALI(j)[2]) > 1:then do steps D.5 and D.6.
‘5:5‘ ixanine,the negatedf%Brvard dpletlon of HO(n) if it is

a candldate and 1f not already ddhe ‘SO, Also, examine

H
'ali\ncnchecked parallel-forward deleticn strategles of

' HO(m) Hlth respect to a MO(p), such that p 2 1.

D.6 If there exists . a valid negated-forward .deletion

[N

éfrategf for MO(m), oOr a parallel-forward_ deletion
‘strgtegy . for MO (m) with réspect to a HO(Q), sﬁch that

P 21,ftien continug with gtep D.4, or else go' .to step

- :

. ADo‘éo Co. » \ ’ -
: ' , - .
D.7 Iet vi=true. L o - ; &

N

®8 1let c:i=true .and stopq . ' - )

It has beén sfatéd. that ihere‘nust exist a negated-
foruard deletion =frategy entry for- g/ljr for ‘each sink.

unlt of * 80 (J). This difference- with recpect to parallel

qtrategies has sCOme a@qut fron thé deflnitlon for the
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negated-forward deletion candidacy of an operation, and from

the

candrdates. However, after the examination -cf the ‘negatea—

method of iﬁentification of negated-fcrward deletion

‘forvard deletion candidacy of .a Mo(j)., only the first

strateg} entry vwithin the ST 1is checked as valid if

feasible, since the strategy set is merged into one.

‘Algorithm S5.E - g' : ‘ 1~

-

" The negated-forward strategy set for a MO(]) is

exqmined'by execnting the following steps.

E.1

E.2

E.3

"E.8

Go to step E.8 ir the npnber of srrategies within the
set is_less‘than the nunber of sink units of MO(i).

Lo step E 3 for each strategy ( 1, £, v, 3, 'NFY, u,
1) ulthin the negated forvard strategy set for MO(J)

‘P‘ R -

and then continue w1th step E 7. \} .
Examine ‘each dperatlon ﬁﬁon HO(j+1) through MO(1) and

‘do- stepe E.4 througﬁ E. 6“each time upit u .is found
Hlthln vone of the pr1ne “source unit, sets of one of

these operations. Then eontlnue wlth step E 2.

‘\ﬂ < 4
. . .

FOI I"'j*1, e e g l‘}ﬂdo "‘" R ) .\‘ .
For n:=1, ..a, ISC(l 1)I dO - .-',‘ ‘T; S

¥

If u, /LLT(-,SC«,n,nfz] then do steps E. 4 through .
) L 7 §"~ .
Ev6s F,

Generate, store‘ and evaluate all alternate source ‘unit

5 .
. 5
3 o C —

N ) N "
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. assignment =~ strategies: uéing the  ALT entries
\ .

, ALT (m,SC,n2) through ALT(m,SC,n, |ALT (¥,SC,D) 1) .

F.5 EFxamine all nenchecked"neéated-forea;é"Aaud parallel

deletion strategies for MO (m).

exists for the pLime source unit ALT (®,SC,n, 1)[2]

"E.6 1If  no feasible alternate unit assignnent strateqgy

and
.

no feasible operatlon deletion .strateqgy exlsts for

MG (m), then go tc..step E. 8, ‘or else contlhue with

S E-2- A " s

E.7 Let v of the firet strategy become équal to t§ue.

E.8 1let c.-true and stop.

The following: algorithm is used- to examine

parallel-forvard deletion strategies with ,or " without
out. ) . B
' &
).

Algorithm S.F

t

step

all

fan-

A parallelfforuard strategy (i, <, Vv, “j,'!PF' or

'PFTF',:P, 1) is checkgd as’ feasible. upcn satisfactory

-
R

-

ccmpletion of the ﬁollduing stéps. -

- 3

i fl' . . . E : . £’

v - .

Ian-eut is alloved, then,contlnne Hlth. step F.3,

> »

else continne with step Po2.

If SK(j,1,m) SK(l 1, n) for all m,

A~

F.¥ If the 51nk unlts of MO(3) equal thoee of MO(1l) or if

or



“F.5

TR

. Examine all deletion strategies for MO (1), and  if

For m:=j+1,

" CFer P:=1, ceeaey
. )

. Generate,’

- for MO (m). ) . : (

LIt nn

91
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! ,
1< m'<s pax (}SK(3,1) 1. 1SK@Q.1) 1), OF if fan-oyt 'is
alloued, then go to step P.3..

,there

exist at least ‘one -feasible deleticn strategy, then

continue with step F. 3, or’ elsergo to steg F.12o—

Check each operation frcm MO (J¢1) through HO(l) and do

" steps F. u through F.6 each time a sink unlt as deflned

by MO (J) is found as a prlme source un1t vrthin one of

these micro-operations. Then continue with step F.7.

l o < ] . N - ,

LIS

FOr T:=1, sees -1SK(IAV.I dO -
| SC(n,1) | do

ALT(m,sc,p,ﬂ)[z]'and

If ALT(j,SK:nw1)[23

ALT (3,SK,n,1)([3] ALT(n,SC,p,1)[3] then

do’ steps F.4 through P 6.
store, and evaluate all alternate source anit

assignment =trategzes using the entrles ALT(m Sc,p,2)

through ALT(m SC,p,lALT(m SC,p)I).

. g
Examine all nonchecked operation deletion strategies

;

alternate unlt assignment

. feasible strategi

erists ‘for unit ALI4n,SGTp~1)[2] and no feasible:

<

operation deietion strategj exists for MO (m), them go
to step F. 12, or- elsg continue wvwith step F.3.

Examine each operatlcn from 50(j+1) through HO(1-1) and
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v

‘do steps F.8 through F.10 each time a sink 4rit of

-’

Mo (3) is found to be‘/Eefined by onev? £ these

cpéraxions, Then continue with step F. 11.

FOI m:‘—‘j*“, ev ey 1‘1 do ' s

e For n:=1, Y ISK(j 1)| do

1f UAT(m,ALT (3, SK,n, 1)[2]) > 1 then do _syeps F.8 '

through F 10.

\

P.é If a strategy exists and it is not checked exémine the
negated ~forward deletlon fea51b111ty cf MO(ﬁ).

F.9 Examlne all nonchgpkes parallel-forward strategies of

»

10 (m) with respect to a MO (s), such that s > Je Also,
'

-

examlne all ncnchecked parallel—backvatd strategles for

e MO(m) with respect to a MO(s), such that s < e

F. 10 If a fea51b1e deletlon strategy for HC(m) as spec1f1ed

in steps F.8 and F.9 exists, then: contlndé ‘Wwith step

F. 7, or else contlnue vlth step F« 12, \

~F. 11 let v:=true. -

.12 let- c:=true and stop.

=
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qﬂappli atlon of the folloulng algorith& ‘ S .

-Et

Algorithm S;G .
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Y mibilitiﬂ of' each para&lel-backvard deletion
*YQ“t

' Q.
egy, uj,‘hk? or’ without fan-out, is exanlned by th

"
[

> ’ /.J } '
A parallel-hacku&rd stg (i, ¢, Vv, i, 'PB' oT

. ' . ey
'PB F', u, 14) is checked as fea51ble upon satisfactory

completion of the following steps. : B

G.1 'If the sink unlts of MO(j) equal those cf HO(l) or fan-

ouf i alloued, then continue Hlth step G'3, or else'
: ccntlnue Hlth step G.2. '}1’ et ‘L ' C '/
If SK(j A,m) = SK(L, 1,m) for all m, S

FIY

alloved, then go bo step Ge 3.* ; '..

‘Ge2 'Ixanlne all operation deletion strate ies. for HO(l) and

<1f there exists at 1east one. fea51b1e‘ deletlon

strategy, thep;confinqe uith step G. 3, oL, else go' to
. . : . N . \ 9‘, b .
step G.12. - - -’

G.3 <Theck each operation from MO (1+1) through Mo (§), and

¢

;apply steps G. u through‘ .6 each time a sink 'unit' of
- }HO(j) +is fcund as  a prlne source unit urthin one of
~ these n1crc-cperatlons.'Then contlnue with, step G. 7.
o _

For m: 1#1, P 1 do

FOI n-”1' eoay 'QK‘j /LL do .
e ) . o

1< p¢= max(|SK(j 1)|,|sx(1 1)() ~‘or if fan-out is.
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6.6

- { ' '

F_o: P: =1' se ey 'SC(q )l do . o
. .' Iif ALT 3. SK n Q[Z] ALT (m,SC,p, N[ 2] t’h“e\n " do

. . AT o -
steps Gt through 6+6. . : -

Generate, store, and examine all alternate source unit
/ '
aSsignment strategies ufigg the entries ALT(m,SC,.p,2)

.-through ALT(m,Sc p,|ALT(m sc,.p)l) -~ ) ' ; .

Examine all nonchecked operation deletion strategies
" . ! .' . i ' B i 0 . -
-, for MO (m) r” - DR : .

If no feasible alternate unit assignment strategy

‘ ¥ e
exiSts for. un1t ALT(m,SC,p,1)[2] and L no feasible

. qieration deletion strategy exists for MO(m)- then' 96
t

"Gu 7

. G.9

S

step G.12, or else continue with step G. 3.
Examine each operatizh fron u0(1+1) thtough HO( -1) and

QO‘ steps -G.B through..G 10 each tilg a 51nk unlt of

’.

MO (3) - is fcund to be defined hy one Qf ’these :
A V‘ ; ‘ ‘\» ,

operations. Ihen cohtinue with step G 1. . -
o : ‘
For m:=141, ...{-j 1 do b o C BN

For n:=1">-.la" |SK(j,1) ' dQ‘ ) » » . ) “. "t

4 "‘U’

1f UAT(8,ALT(J,5K.D, 1)[2]) > 1 then do steps G.8 ¢

through Ge 10. ' e e S o
' 2 3 ‘ R
if a. strategy ex1<te ‘ana it is. mot checked, examine the .

\ ‘

. negated- foruard ieasihility of uO(n).
Examine all nonchecked parallel-forvatd stgategies of,
lO(n) uith réspect to a HO(s), such that s 2.3. Plso,‘
T AL

;iexaline all nenchecked parallel-hackuard strategies of

Y
e e

b i

.

-
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r 0

HQ(m) nlth respect to a. MO(s), ‘such tﬁht s < 3.
G.10 If a fea51ble deletioh strategy for MC (m) as specifled

An steps G.8 or G.9 exists, then continue v1£h step

u

- G 7, or elée contlnue ulth step G 12.7._'"
L
G. 11 Let vi=true. o 4 o o
G.12 Let c;=true.and'stdp.A ,
] ' r Y ; a >>‘

B L
. ) ~ o b ~ > . . 4

.9 » . ' . i R
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IDENTIFY THE OPERATION DELETION
CANDIDATES AND GENERATE OPERATION
DELETION STRATEGIES.

1
. X ?
.

FOR EACH STRATEGY

ALTER EACH POINT, AT THJS TIME
GENERATING AND EVALUATING ANY

STRATEGIES.

DETERMINE THE STRATEGY POINN

REQUIRING ALTERATION AND IDENTIFY
THE FEASIBLE OPTIONS AVAILABLE T0

 REQUIRED ALTERNATE UNIT ASSIGNMENT

L g

-
——rr

DELETE THOSE STRATEGIES WHICH CANNOT
BE APPLIED BECAUSE CONDITIONS COULD

NOT BE MET.

5

rig&f"& 5.6

1dcnt:l_.fi:catiqn_ aid evaluation

]

. .Plo?d:lagranv of strategy .

Y

D

96

Y\



. 5.10 Summary

. The - purpose of this chapter has been to de%%ribe the
develcged proCess(for the identification ;}% evaluation of
strategies used in the deletion of operations. It has been

shcwn that the evaluation of strategies involves onlﬁ one

|
I
|

examination of each strategye. /

_Each of the algcrifhms described has been programmed,/
successfuliy’ in ALGOLW. In order not to restrict tq
additicn of posslble future extensions and conStraints, the
algorithms have been 1mplemented modularly and 1}th easily

medifiable data structures. . ' l

. The wutilization of fan-out and the prctlem it»gives in
‘its application in‘micrcprcg:am optimization has also been’
discussed and clarlfled Hlthln this chapter. The problem was
observed during the experlmentatlon Hlth the 1mplementetion.‘
”OpfimiZation examples. with fan-out can be ﬁqund within the
ippendix.' _-// '

The fclloiing chaéter .vill 'discues .{ie anaijéis
variakles’ used tc delete operations. The‘ﬁeans;by vhich the .

analy51s varlablee are identified and stored will also- be

.discussed.

-,

~ SN -



[' CHAPTER VI

T peletion Candidate Analysis i

6.1 Ipiroduction -

The purpose of this chapter 'is to describe Lhe analysis
of \ operation deletion . strategies and- alternate . unit
aSSignment strategies.»lt has been described previously that
operation deletion‘candidates are identified and evaluated
indeéepdently. In order to effect operation deletion
candidaéy, it ia necessary to "evaluate the dependehcies
among thé deietion candidates. The objective of tﬁe analysis
is " to determine the greatest number of opetations.;hich Can

be deleted from. the giveh_microérbg{am'segment.

N

The basic result of this chapter}is the gresentation of
algorithms Aéyeloped to select and- apply the best« strategy
setsf‘, These have Dbeen developed frem " theorems and
tﬂedretical conditicns, and: were verified | through
‘.'eiperimentation with the implementation.

&

vl z

98
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6.2 Geperal Apalysis Appreach

3

" 6.2.1 Introduction

The general _appreach "used to evaluate _operation
deletlcn sttategies 1; to: first, identify:lall .possible
'deletlon !trategles' second to evaluate their feasibility
and to determine all points requlring alteratlon for each
‘strategy; third to determlne the feasible cptions available
for each pcint; and fourth, to determine the conflicts amon93
the_strategies. This—analysic involves the evaluatxon of the
’ fcllowing three variables:

1). Strategy Options: Those strategies which may be

Q

- 'empleyed in the deletion of anm operation.
2). Strategy Pointe: Locations udthin' operations of
'the prcgramv segmentv where a _strategy must be
apggled in order to delete an operation.
© 3). Strategy Confllcts' Those strategies uhlch cannot

be used together for the deletion of an operation

cr set cf operationms.
A

64242 §t;atégx ggt;og§w ‘ ' R
© strategy options, as a whole, consist cf all feasible

strategleg thch ‘may be used - to delete an operatlon and

Y

alter prime eource unlts. These may be wised _in conjunctlon



- ) \
u('?n:hva other .strategies for the purpcse of deleting
" operations. The various types have been described in section

?'K.
5.4.

-

It)&s important tc note tha tbe ay ‘not be a unique
method 'for the deletion of an\pperqtlon. There may exist
more than cne strategy to delete an\ operatlon as yell as
more than one option. to alter a point. Hence, it is
necessary to jdentify all pocsible sets of strategles which

]

may be employed in the deletion of an operation.

6.2.3 Strateay 'xg;_.gs,

-< -

T~

‘In crder to delete an operation or set of operatlons,\ '

1t may be necessary to alter another or cther operations.
"The concept of strategy- p01nts is helpfdl for this
alteration process. Ba51cally, strategy pc1nts are .those.

locations at vhich units must be "altered by replacenent,

noved, ‘or the operation contalning the p01nt must Dbe

deleted, in order to delete. an operation. : . : -
. . : . . A

"% pefinitiom 6¢1: A strategy point is a 3-tuple - /

(1, t, u) I . . : .k

vhere ° . _ : 6

i l is the index of the operation which contains a

strategy point: B

Lt identifies the point as a source or sink unit-

S f\c-

g,

\ | | o 100

-
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alteration and nay\te 1SC! or tSK*, respectfully.
¥

N u is. the identifier of the unit to Dbe ltered

o . AN

Voo ¢ i.e., éhe uth unit of Type t, within MO (1) Yo -

’ il L ¢

f In the strategy table examples within the Appendix the

| point invclves the alﬁeration "of the jth prime source nnit.

0 |

]'notaticn, Mo (¢) SC j, is used to indicate that the strategy
t

j

‘ Also the notation, JﬁO(iy'SK ALi; is used to indicate that

the strategy po:nt involves the deletion of HO(i).
v . . x ) B . B
6.2.4 Stpategy cepflicts
in order to delete a maximum nusber of operatioms, all

A ‘
relationships amecng the strategies must hé de;ermiﬂﬁd, For

this reason, strategy confilcts have been lelded into the

o

two catagorles.. deletlon 1mpedance conf11cts .and abselute

o)

strategy conflicts‘uhlch are defined as follows: _af.,;

0 : . ," B \/ - . ' . . 2
. refinition 6523 _Deletion dance Conflicts exist
tetween those strategy pairs uhere one requires the null
fcrm of MO(i).’ The other strategy requlres the nonnull forn :

.ofldp(i); SC(l), and c(i).
[ .
An exanple of deletlon 1lpedance follows. If we had two

x‘strategles, uhere the first descrlbed the negated-forvard

deletion of a n0(1), and the second descrrbed the parallel- .

tackuard deleticn of a q0(j) vith respect to 50(1). Then the

-

.
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second strategy would be recorded as impeding the 'first
strategy. ' o o L

-
R

Definiticn 6 3: Ahsolute Strategy Conflicts are those

strategy Fpairs vhich imply different deletion approaches of

‘the same unit definitionm. Also, those strategy pairs which,

describe different alternate source unit assignments for the

sanegpriue'sourée unit of an gperation.
\ ) .

For eranpie,. if a unit u was defined at a MO(i) and
' MO(iy vas a deletion candidate.. All alternate ~unit
assignment strategies describing the replacement of a prime
fsource unit hy unit u defined at u0(1), would: be in absolute

conflict uith any 0perat10n deletion strategy for MO (i).

6.3 Bsnrsssnta__i_n of An.lxsis __:A._’a_.a les

i
v B
'

{311 strategy variables are represented bindependently,
in tahular fcrm, uithin a strategy table ( ST ). ‘

2 . .

The strategy ﬂl@ is a four part table containing:

first the infcrmation on each strategy and strategy point; ‘

and 'second,‘ three. matrices vde51gned to represent * the

variables descrlbed preyiously. The first part consists»of a

' ‘list of strategy inforuation with fields,:‘s defined in. -



 section ;S.ﬁ.u, and strategy point
‘p‘ , .
‘secticn 6.2.3. The three matrices

103 4

infoimatioh as defined in

consist of 'a strategy

conflict matrix, a strategy. point matrix, and‘a'strategy

-

.option matrix.
. A

6.3.1.1 Stratedy Conflict Matrix ( SCi )

This patrix is used to

represent the conflict-

relatipnships amcng all the stratégies& Given - that Ns

tedsible strategieS'aré'féund, the

an ( Ns )2 array. Each .element

follouing V;EueSt‘

SCM (i,9) = 0, if there exists

" between stragfgies i and

scM(i,d) = 1, Aif ‘strategy i’
I H

-

scM(i,j) = 2, if strategy i

with respect to strategy

ScM will then be at most )

will  ccntain one of tpe
A

Vo
[
!

fio conflict or impedence

7
3s
PE ~
4

is. in aksolute conflict

Y
.

igpédés the operation

deletion described by strategy J:

’

f-scu(i,j);=-3, if strategy bl .impedes the - operation

'deletipn described by strategy i;

'scM(i, ) # 4, Aif stjxtegyvi

inpedes_‘tﬂe operation

deletion described by strategy 'J, and strategy j

'impedes the operation

qéletién' described " by

- ) ) ,
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strate

The purpos

strategy pcints
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6.3.1.2 Strategy Point MasIix ( SBE)

e of -&his matrix is to represent those
. o

which require alteration in order that a

strategy may be aprlied, Given that there are Ns strategies

and N points, t

Each element. o©

valyes:

o

he SPM will be at most an Nc by Np arraye.

£ the SPM will contain one of the followlng

SPH(%ij) = g, if -strategy i does nct require  the

, altera

spntl j)
traef

N

\

6.3.1.3 §£I§$§Sl
N

tion of strategy. point 3j;

= 9, if strategy i requires the alteration of

gy p01nt Fe

/

ggég matrix ( So# ) -

1

The' strategg option natrlx is designed to repnesent all’

cptions avallablé ‘for the alteratlon of each strategy point.

I

If it is found that there exlsts Np pQints ahd Ns

s

strategies, the

Eagy element vil

~

¥  sCM(i,J) =

.strgte

/

n the SCM will be at most an Np by Ns arrayYe

1 ccntain one of- the folloulng values.

Q, if]strategy § may not be used to alter

'

gy point i;
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SpM (i,3) =’j, if: strategy J may be used to alter

strategj-peint i

6.3.2 mnssx nns- uménm

‘ The strategy table was desxgued and 1mrlemented as tuo
linear lists. The first list contained the strategy type,
strategy conflict, -and strategy point ‘informatiOn. The
secondklist ‘contained the strategy point. and strateqy qntlon

infcrmation.

The first list structure was designed as a linked list
'

of records. Each record consisted of: a link to the next

such record, ‘strategy~ type information as described in
definition 5. 4 4, a. reference ‘to0 a vector of erecords
representing/ a row of the SCM, and a reference to a vector
of record/{representlng a row of the SPM. Each eiement
wlthln a vector’tepresentlng a row of the scn consxsted of'
a strategy. ident1f1er, a variable 1nd1cat1ng the type of
conflict, and a reference to the next element. The elements

within a vector representlng a row of the 'SPM con51sted of a

.strategy‘ldentlfier and a reference to to the next element.

The second list etrnctnre vas also designed as a linked
ist of records. Howeverﬁin\ghis case, each record consisted
of \a 1izk to the next such record, strategy poingt

in ornation as descrlbed in deflnltlon 6o 1, and a reference

.

'-_(J

»
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to a list of vectors. Each. vector contained a reference to
the next _vector in the list, an identf!iar of the strategy
which npay be used to alter ‘the specified point, and

jdentifiers of those strategies which may use the particular

' cption.

//6 4 Ideptification of the 53533931 Conflict 1.:13213&\

The identiflcatlon of the confllct relationshps aajnd
strateéies is petformed durlng the analygis . ’f the
feésibility of each. strategy. This .process, as 'a whole,
inéélves three'ghas?s depénding on the type ot strategy ;nd
vhether o the strategy teéui}es the alter&ti?q of a strategy

pbint. The three phases described next were not merded into

the algorithms of Chépter 5 in :ordet to simplify their

' diécussion.
.. ) . 1
. . . » \ . .
ﬁ‘na-“ EhaSQ J * o *
) . N .« o
This phase 1nvolves the recognitidn of absolute

strateqgy c6/241cts which occur when strategy pairs differ in
how a strategy paoirt. may be altered. Ph;se 1 is execut%d
each time a set of. A strategy 6ptiohs"is assigned' to 'a
ctrategy‘ p;int fof a.éérticular strategy. At th;s time, the
=trategy is set as being in absblutév conflict’ vith ' those -

‘

estrategies which do not use the sane optidn(s).'This is

i . . A 3



¥

d

~ 107

trjivial to do, for as described previously in sectien 6.3.2,
each allocated strategy c;tdon is followed hy a"tector of

strategy identifiers. These are the strategies uhich nay use'

\
the particular option'tqfalter the strategy point.

v

s.ukz phase 2 E \ N

P

Phase 2. invaolves the ‘examinatidg ~of each o$eration'
deletion strategy‘each time an 6perétion. deletion ' strategy.

is atalyzed; In the case of parallel &eratlon deletion

strategies, this phase '}é executed after‘vlt has beenh

’

determined uhether or not the operatlon helng deleted has

. the same sink set as the operation'wlth respect ‘&g whlch .it‘

-3

is Dbeing deleted. During the ana1y51s of a% ogeratlon

deleglon strategy i, the follovxng is executed vith each _

‘fea51ble operatlon deletion strategy j, i+ j T

) v . .
. o -

N

Algonithn 6;A - ‘
) - i ol : ’ ”

strategy i is- Vset as heing in absolute conf;fét wlth .

- .

strategy J, 1f cne of the follovlng condltlons s satlsfled.

1)}. If strategy.i and J ﬁeseribe’the,deletion\ of the
eeme qperetion; ' h . “

. 2)._‘£eth 'sttaﬁegies i ahd 3 ateAparellei‘opetation
deletibn'strateéieS'vithout fanédutf-betg describe

{
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(6.0,3-ghase 3

~

‘uhether/or not the strategy describes a Type L alternate _

rﬁ

\'ctrategy-i is analyzed and ' strategy'i- describeS'.pthd- o

i _an operation delet on with respect to athe"sane y~.

S L SR 111

operation,,and nejpther operation teing deleted has:t”

- ;theruise, st tegy ii set as impeding strategy\j, 1f j_;

both of the follovin condi ions are satisfied .' f'"<5

. ‘ . ‘.
. . .

1). Strategy i is not: a negated-forzard oberatidn.
. : 'y : “ . :

deletion strategy:.

( 2). Strategy j describes the operation deletion of the

‘described by strategy'i is to be deleted. o

2 . - -

L

(S

]

This‘*phase involves the examination cf all strategies

each tine a different alternate unit a551gnnent strategy is -

0

'7operaticn uith respect to ‘which. the operationﬁ-f'

analyzed. Also, thic- phase is .in® two parts depending onw

anit a551gnaent. When' I,an ’~alternate unit a551qn-ent

\

>,

asszgnnent . of a Type a alternate source unit, the fol%owing
. A _ .
is- execnted uith each =trategy j, i # j, ' o f,
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*;-Mlgoritha 6.5, o J -.n,o'

' strategy i is- set as belng/}a ()nsolute) conflict with -

'strategy j, if one of the folloving conditions is satisfied.‘

d ’ Ll
‘ _>Aji; istrategy i descrihes the operation deletlon of the
< . operation vhich initially deEined the)unit. Also,'
‘_.strategy j 1s ‘a negated—forvard operation deletion

strategy or a parallel deletion strategy not wrth

‘respect to,l}he cperation vuhich will define the.v

* , unit of ,strategy, i- o i. ° |
2l;:,stretegy 3 descibes the' eseignnent ofJ anotner,i"
'iuﬁf" nalternete- unit for the same prine source unit as ‘
descrbed in strategy i';b - - .
-. 3. Strategy 3 desé&ihes e essignment of'Aﬂ;ﬁbn-Ty§é1
':afternete jsource nnit'definedlby.the operation
o ‘;vhich'}nitielly defined the‘alternetenype,h-%nnit
,'.a;seribei iﬁ;gtrategy i;‘}g~_, '“‘i"‘, ;~‘ R .
'strateg}figiS‘set es;ilpeding°streteg§ j; if'one or‘the.;
foiioeing con&itions'ieusetisriéd; : E'-Nibf S *’f
' , R oo ) i\

;-‘-" . 7 0
- A

‘1)-: Strategy j describes the operation &eletion of the

operation uhich uill define the aﬂtepnate sonrce

6 unit deccribed in. strategy i, o ”i_ e

2). strategy j desdribes the operation deletion of the
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’ .
| _ ot

o operatlcn at uhich g?e alteration is to be made,
« A\
-+ and {s not .the same operation vhich 1n1tia11y‘

defined the slternate source un1t described in

-
- k M)

strategy i.

’. \\Nﬁ? - ‘ o,

‘Othervwise when a -str@tegy i is~ beiqp- analyzed and

strategy i ﬁescribes the a551gnment ‘of a non-Type: A
e

alternate source gnit, the followlng is executed with each

strategy j, i+ J:

r

Algorithm '6,€ = P o ,
& ) .

159

Strategy i is set as belng in absolute conflict with

etrategy i, if ‘cne of the follow1ng cond ticrs is satisfied:

1). Strategy j describes the deletion-of the operation -

3

“ vh1ch udeflned- the' alternate source unit - of

:ctrategy 1"‘%

2)... Strategy “J describes the - assignment of an
€ . %

o= »¢  alternate _SOurqe unit ‘to ~the same prime source
‘unit as strategz i; \
LN - B . %y

3). Sffategy j describes the aSSLgnment of a. . Type 2

N

alternate wunit ‘defined by an operatlon which .
: %éh 9 oo :

initially defined the “altermate source "unit of -
" R . . }; = - .. ‘
. . - 'strategy i. o \

]

T

e N

sCtherwise, strategy i ié’set as-impeding strategy j, if

.



~at which stfa{egy iis to be applied.

- " 111

-~
iy

Y

strategy J describes the operation deletion of the operation

—”

6.5 Summary

' The purpcsg of this chapfégvhas been to &escribe the

treak down of information on deletion candidates such that

sub-sets of strategies may be combined in crder to delete a

maximum number of operations.

A description of the identification -of the conditions

for strategy pairs to be in conflict has alsogbeén given for

Tfhe first time. These were tested during the impiementation

r

-

of the prcgraﬂ.( fﬁﬂL' : o ' ~-

The data structure designed to  store the analysis

-

variatles has alsc been discussed. -

The following chapter will discpss ”how the program .
combihés strategieé in order to delete a maximum number = of

operations.

"



CHAPTER VII

-~

Strategy Se{ection and Applicatien
4 .

7.1 Iptroduction

In this chapter, the precess of determining and

>

applying those strategy sets which will result .in the

deletlbn of a ma11mum number of operatlons Hlll be descﬁibeﬂ

in detall.

7.2 General §3£§$ss¥g§slsct192 Approach

> : ‘ .
The objective function of the strategy.’ selection

proCess'is to determine thosé combinatiéns_ of peration
’deletion strategies and 1f necessa;y, also alternate unit
. assignment strategiesg. which if applled, 'result in' the
deletlon of a maxlmum number of operatlons.,The outcome u111

be  a- set of optimized microprogram versions whlch are

logically correct with respect to the-original microprogram.

In general;Aa set D of all‘feasible operation  deletion
strategies and a’ set FA, of. all fea51ble alternate unit
assignment etrategies have beeh. determlned.l Also, the.

conflict relatibnships-fancng ag} the-strategy‘pairs, the

112
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ctrategy pcints, and all the options to alter each strategy

point are known.

using the set D, a set 6, consisting of a,néxinum‘

number of ncnconflicting operation deletion strategies;which

result in the deletion of s operations is determined. Then

'for the set G, another set G' is determined, consisting of

a11 strategies required tc alter the pointsras described by

‘the -=trategy set G, and also by the strategy set G' itself.

During this time a set G" is also’ accumulated and_-will
consist of all operatlon deletion strategles used to alten

prime sour%e unit p01nts.t
_ e ;

~Once the set G' is determlned, the sets G and G! are

merged together - 1nto one set H of distinct strategles. The

set H'ifbapplied, Hlll result in the deleticn of (t -V )
operatlons. The Varlable t 1s \“ye number ofroperatlon

deletion etrategles in the set H, and v 'is the number of

‘operatlon deletlcn =trategles which are 1mpeded by another

s

-cperatlon deletlon strategy 1n the set He

.

In order to 1nsure that s operations will ‘be deleted,

~the followlng four ccnstraints are checked durlng and after

-

the latter proce ss:
'

1. All pcints def1ned for G and G' are altered by‘G'.

“2)e - a1l operatlon deletlon strategles acCumulated in
v
G" must not be 1mpeded by any strategy in H.

g—— -

{

. S
e
. o
. 2 ' 7
. - .
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3). No absolute conflicts may exist in H.

4y. (t=v) 25

. -

. The. latter four constraints are also necessary and
Py oy . v -t .

sufficient for the determination of the set G'. S

i
. o -

7.3 Sglution ‘Prapework of the Strateqy Selection A;mm,
The process of selecting and app;ying those. strateqgy

: ' ] N . -
sets which result in the deletion of a maximum ‘number of

operations involves three general phases.

/
'

7.3.1 Phase 1

BY using;/the ‘set D, cbnéiéting- ef_-all feasible
'operatlon deleticn‘ etrategies, all sets‘cf ponconflictieg.
operatlon deletlon strateglec are determlned. Eacp éetﬁ.is
placed accprdlng to its size, 1nto‘a,iist of 1ists. |

Ll:l Il ll.c,l,.' . L o .
n n=-1 o1 o » -

such - that the sugblists .are -in decreasing order of the
number of operatiiﬁg*to\\e deleted by the strategy' sets
ﬂlthln each =ub llst. Eaeh sub-list '

1 =k l' k' --‘-,_k, \' ‘;v- > B j

' . /’ :
is a list. of sets ccntalnlng"m strategy 1dent1f1ers of
lctrategles to be used to delete m - operatlons ( i.e.,

; dlstlnct sets as G des‘inbed 1n sectlon Ta2 Yo L



115
N ‘ . o
In this phase, noneonflicting strategy sets means sets
in w'ieh,there exists mno abso;ute' or.'imnedance conflicts

amond all strategy pairs.

1

7.3.2 Phase 2 : o -t
v oot - 1 V

This phase involves the eXecution of phase 3 with each

sub-list generated by phage 1. The process starts .with the
sub=list of ”strategy sets which describe the deletion of a

maximum number of\operatibns. It centinues accordingly while

phase 3 has not fcnndéany Optimized_microprcgram'yersion(s),
or until no sub-list is left. . |
: Y e E . » . Y .7 .
: 7.3 3 Phase '3 . ' ' ' - R .

In this phase, each set w1th1n the - glve;) ‘sub= 1ist 'is

2
evaluated in order to. determine 1 one or more G' sets

exist, as described in secti 7.2, If]”a set G' is
determined, and it the constraints hold for G, G', and H:

.then the flnal set H is. applled to a copy of the glven

N L4

mlcroprogram segnent ,and the copy 1s printed. Agaln note

that this process ‘is highly - recur51ve : there may exist
nany opt1cns to alter any one p01nt. Hence a:set G nay'
. r%ombine with- several dlstinct G's and thus Jnore than' dnev
| f1nal strategy set may Y obtalned with each set G, Each

14

cptlmlzed mlcroprogral ver51on presented in the Appendix is
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_ L - . | ‘ }
given by showing the»initial strategy set G, and also the

finai1strategy set H. L i e

I S
. ..

N ;mp_gmgn&eti_n 92 the Bgnsgn_;i_xins §:rzs§sx §§_ List

‘ 'The list of lists as descrlbed in sectlon 7.3. 1,' was

| ,inplemented as "1inked list of record= Each record J§§\\
‘de51gned to contain.‘a reference to the next .such record, an:
_integer indicating the size of the sets, and a reference to
the }ist of records representlng the strategy sets. - Each set
of “records representlng a.. strategy set, consmst@ﬁ of a

- . ‘-

record containing a referencé to the next =et df records and

- a reference to a, vector oi/records. Each reccrd of a vector

4 cont_a,:med -a strategy idedtifier and a reference ta the next

vgctor'entry. 7 : - R S

In the folloulng sectlon, the notatlon 1(1) uy;}§'vbe
“usedf -to 1dent1fy the 1th sub-llst, L(l j) o denote the jth

in sub-llst*1, and 1(1 j)[k] to denote the kth strategy
uiﬁl | ‘ ' .

in 1(1 j). f\\



17

% i  ; [ . o ‘ } Strategy seté-éf gsize 1.
‘ : o ] 7’ . . ’ f—-'-'-A_-ﬂ o '
: - _ vl .1 ] - '

N | f
i

L goun i ——.

- ]
—

] S [~
‘ R R
- o Strategy jdentifiers. - -

o -‘)\\; _rp>hext_eﬁbéli§t of
R |_L714<strategy-seta of . | .
N st o
.‘_ .. v I'.. . ’ .. . . -

: l:

N

T o  rigure 7,1\ _»I-ple!entaﬁion of”nonéonflicting‘
":Jf"-: S 'siratngy'se; 1ist - ‘\':

P L B . : o

-y
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7.5 §$I§&§91_§91§9&i9§ apd A jon Algorithms

The purpose of thiis section is tc present those
' L1 Y T

_algorithms used to determine and  app1y the strategy sets
which  delete ' the greateét nuprber of operations., The
following recursive algorithm was designed to determine the

nonconflicting operation deletion strategy 'sets..By.non4
( . . '

conflicting it s meant that no strategy in a resulting .set .

impedes another strategy or - is it absolute cbnflizf with

~
2

another strategy in the set.

. . [ .‘ ’ s ) R . )
Algorithm 7.2 . Lo~
By using the set of all feasible bpératioﬁ deletion
‘strategies -
¥ ) D = { d, d "' sece d}' ' | B - . . N o t

x

T -2 .. n

found in the, ST, The sets of noqconflicting operation

deletion stratégies are found by execu{ing' the following

steps:

|

An1 Let i':=0... .
A_.Z iet i:zi"'. -\K‘ ) | : ' -n.c’ \ E
" 2:;3 store D into tﬁé sub=-1ist L(i=1) and stop if i > DI,

cr else contihue'bith step A4 -
A4 let F:=0. v | : D )

A.s .let.j:=j}j.f \ . - k3 ~
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A.6 Gg to step A.2 if 3 > iDl.
A.7 Tf SCM( D(i),D(J) ) = 0, then go to A.E, or else let D!

become equal to the elements of D exceft for D(i), D"

becone equal _. the elements of D except for D (j), then '
. : ' . : HE a
recursively arfr . this algorithm to the strategy Sets

L' anBjDJ, and “then stope

The following algorithm was designed and is used to

pass each sub=-1list as described in phase 2 of section 7.3.2

e

to‘algerithn 7. C. At this time it should be pointed out that

algorithm 7 A generates prlmarily the largesr nonconflﬁcting

' (fwxayegy sets for which pcssibly there may not exlst a flnal‘

(é;rategy set H. Hence, in algor1thm~ 9 B step B.5, all
distinct sets of size i-1 are generated using the sets . of

size i if no optimized microprogranm version-was feund. .

Algorithm 75% S ' o ¢

Be 1- let 1' 0.

B.2. 1et_1:=1+1u

B.3 Stop if i > (L} or if an optimized misroprogrem‘version L

has been fcuhd. <

\ N

,é.u Execute algorlthm 7.C using the 1list L(l).

B« 5 051ng L(l), generate all subsets of 51ze ¢i-1 ) and;.

store then 1nto L(i-1) if not already done so, and |

if no optimized llcroprogram version has been found. -

*
-

N
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B.6 Fepeat with. step B.2. [

C e

Algorlthu '2.C is the first of a set 'of recursive

algor,thmc d951gned and used to find the set G* for each set
- of nonconflict}hg operation .deletion strafégies. In the
fclloulﬂg algorithm the varlables G, G, and G" are , as.
‘deeribed in ection Te2 Ihe variables E and E° nepresent

the set of strategies uhose points éré currently belng

reSolved ah& the set of Stratégies whose points'will be

. . . X L
're@olved»\respectively. :
¥ . | -
Algorithm 7.C .
, _
e let j:=o.' s ~
C. 2 {et ji=4+1, b . .

c.3 Stop if 9 ﬁ/’i(1)|. ) L

" C.l4  let E:=L(1,j), E': ﬂ,' Gﬁi" 2, G"“ ¢, ¥:=1,“ and
execute algorithm 7. D vith the parameter set ( E, E',

. L .o
T LE,9), 6Y, G, k). Ihen contlnue v;thhstep_c.z.

9
s

"Algc:ithmﬂj.n = c : = R

t\ Execute algorlthm 7.7 if E =:¢ and E' =9 usiﬁg- the
. . R

Faranmeter sqt { L(l,j), G! )., , ‘ . , | x

'-D;2 let A =E'7 'B!:;. g, k°°1, and recursively apply thls

algorithm using tpe.parameter set (-E,~E',.L(i,j), _GY,

[ ) . . ' -

{ o ) } B ) . % o P - <



¢ gn, k), 4f X > {El. | w . ' \

A DQ3 letll:=1\- a . . _‘ . l.

Dﬂu Apply algerithm‘ 7;ﬁ' using the paraneter set ( B, EY,

_L(i,}),vG','G"( k, m ) and then stop..'
Mgorithm 7.B . ' ) .

E.1 If ( m—1 ) was the 1ast strategy p01nt 1et k-—k+1 and
\ [

| arply algérlthm 7.D u51ng ‘the paramster set ( E, E',

’L(i,j), G'; k ) and stop, or else contlnue witho . {~

~

step Ee2e ‘ L ‘; o .

~

(E.2 6o £o step E.3 if SPM (. E().m) # B, of else let m:<m+1

I R

and go to step‘B.T." . R
E.3 iExeiute steps E.4 ?through E.é with.-each optiou,ats,’;

-strategy point m and then. stop. - ) . o
E. 4 Contlnue vith E.3 1f the current optlon is in eabsolutetJ

ccnfllct with a strategy in L(ipj) or G'; 1f the optlon'

5%

jimpedes a. strategy in G"- or if the strategy p01nt 1s a

' unlt,alteratlon, the current optlon is anA,f

eletlcn strategy, and the optlon 1s impeded

ithir L(i,]) or G'.

) Hbi hecome egual to G° plus the current strategy
. D

A ]

~ Bl -

ption if 1t ys not already in G'

-

E.6 Let NG" become equal "to- G" plus the;'current strategy ,

“cption 1f\the peant is a prlme source unit altera*t::.pn,'~

\ - &



it is not lready in G",. _ i |
E.7. Let NE'ﬁpecone equal to E' plus the neuﬁoptionfaf it is
" l not uithin E, Bf or L(i,J) already. f wg,.-fi@-ﬂ. wr_ |
E.8 Let m:'l#1 and recursively apply thls”»algorlthm'fiitﬁl
, the parameter set’ ( E, NE' Lfa,j), NG‘ G" k, n ). ‘
*. - i : \— . . . a'..
; ; Lo . : BT R ! "4
g}gerithn 1,FT o o ﬂ4f~- T '{‘-;7-' EE
.\\<;l;;:7\“ ; . o ' ",f‘ T
] B F;1.\Lef '-ﬁ: 5eceme'~e§uai ro ethe¢.sé£"pé aii_;d;srinpt4~fpw
L '.‘wp‘ =trategaes vlthin L(l,j) and G' L ;. . | T . 'J;.
A ?ij If £he qumber of o£¥ratlon deletion <trateg e " H
3 N minus the nunbEr of Operat;on delexlon strate ich -
) o aret 1mpeded by another operation deletlon : raregy*;n1f5¥f”
L Hy is greater than or equal to theinumher of eperatlonlg?'
| ‘dele;ioéaﬂzzza;e;;e;’f?p :;;::\%ﬁgn execute F.3, or o
else stop. ..v:‘ ',';,:g L ey T ‘
Fe3 Hake a copy of the gaven microprogram node,' apply ~the
' <trategles to the _copy,, prlnt the cqpy;as the next
. J ) 91croprcgram ver51on, and then finally stop. . \
:’7 6 Agpljgg;;_p\ f St r;teg;gs piif“ ﬂi 7’;fﬁ;f,_  ’f-~£” :
- . " : “ | "“n"\ "?':' ER "y s
Thé applieatxon of the f1na1 strategy cet B.to. copy

| -of the glven mlcr0program 1nvolves the appIicatlon of one of

N s

B vthe follourng steps for each strategy in H{ dependlngnon the

e i .
. s
Coe e .o
S : ~ Lo S
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thettype of Strategz.f e ";",7 I
g ' - T ’w . o ! | -'r.c;y_»‘é_- ’

-

R}
L J

1):' Fdr negated—forward operation deletionhstrategies

nd parallel strategles of operations vkych have .

' equal sink unlts as, the opef%tion twith' respect to’

SR “h&&gptheY/atﬂ being dd&eted, all that. needs to be

dcne Is to delete the sink units cf the operation'
N f.-} bemg deleted. e ‘ |
',},2);_ Por the'rest of the ope;atlon deIetlén strategies,t

.- nu

» EERN the ,sink cet of the operat;on belng deIé;ed is

-~ _ A‘ o . . i S {
N erased. Also, by nsing +the orlglnal mlcroprogram, .
Tt ’.v"- e . i ; "
#{fﬁ.'e ‘t- slnw; set pf ﬂﬁp operatlon belng delet;d\ls
. copled to the opqratlon wlth respect to which- the .
.:Xosu - operatlon 1s ﬁeing deleted. \I’f~ . ,'..;f

:);L Alternate“ ﬂnlt a551gnﬂent strategies,lnvolve only
' the replacement of the spec1fied prime source un1t

L by the,refe;enceg alterngte unlt-:"”

R

SN \
N .
o, -

er of s1nk unzts. The applicatlon of a parallel strategy
. .

\ 4_/-»._" '_‘_>
the that chre nust be taken' to delete the 'cofrect .

nay have elready resulted in the movement of smnk unx¢s to a‘,'

2 ;

thCh have: had thelr ;slnk set alteped, are checked ana ’

' - »\*\/
. ST ) . ) - “ . - o . R .
- ".' - " - - - ) .t S o & . . D . .,
. _\., . s L B - X IR . ot . 4 - -
. it N S YL e a o e 7 : '
LA LI " ra st . - L - T
. - : . _ . o BRI <
hd ar T o - Lt E d
- A}

. part;cnlar qperatlon. This is avolded by u=in9 the Orlglnal
-, > vt IR -l
. 1crcproq:am as a teﬁplate.i “v‘»“‘ ' 4,7? BN -1_;‘ -

. . a.“_. ._ . (4 \ .' : ‘. - ) o ‘1 .

After each.strategy has been‘applied, %hose operations R



)

'deleted Lf'nOJSink set'isdfound. Samples .of optihized micro-

¢
R

program versions can ‘be found- in the Appeﬁdix and more

S@r51cns pay exlst fof/iﬁn\__gmgles as a cut off level was

imposed on the computer output. -
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IDENTIFY THE NONCONFLICTING STRATEGY SETS ( G )

' OF SIZE i ( MAXIMUM ).

(< FOR EACH STRATEGY SET ¢ = [~
R 'K

DETERMINE THE STRATEGY SET G' 0

ALTER THE POINTS OF THE STRATEGIES IN

* - |-G anD G*.
' : HAVE THE CONDITIONS POR
—— .
- ' " No G, G' AND. H BEEN MET.
' o

0 . YES <,

APPLY THE COMBINED SET H ONTO A-COPY
_OF THE GIVEN.MICROPROGRAM SEGMENT.

S

" 3
R N ,
.,

- |- . HAVE OPTIMIZED SEGMENT
| VERSIONS BEEN Foum'

4

: GENERATE THE STRATEGY SETS. OF SIZE ( i -1) WHICH
HAVE NOT ALREADY BEEN GENERATED . .

>3

STOP — e
| ' Figpre'7%1 ' Plowlﬂiagrai of strategy ‘
- - ° - selection ‘

/
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7.7 Summarf

The purpose cf this chapter- has been ‘to' describe- and
b‘present the algorithns developed in order:to flnd -and. apply
those strategy sets which result , in the deletion of a

paximum number of operations.

. From the experimentation with the implemehtation, it
was’ léa;ned..th@t this flnal. phase of déiefmining. the
ctrategy séts requlres the greatest amount of time. This
'tlme was far in exoecc of the-time requlred for the phases
leading up to ‘the =elect10n and determlnatlon -of strategy
sets. ThefreaSOn is - primarily due to the generation of
" numerous -optlons to alter primé source units from the'

-1dent1f1cat1cn of equlvalent mqmory unlts.bw
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Sumpary And Recommendations
'/

is thesis; an implementation' study on the
]

In

optimiz tion of mlcroprogram segments has keen preéented as
BN

a practisal exten51on of the uork found in Sitton[s1]. It is
felt that much has been learned about the lpeculiarities of

microprogram optimization.

As a ‘resnlt of the preliminary vork required for this -

research, the author has come to feel that previous work on

"mlcro;rogram optlmlzatlon has been rather unfru1tfu1 That

is to say, optlmlzatlon strategles have not been ad%guately‘
explored, formalized, nor incorporatedy_lnto any e11s§1ng.
conpiler to any. reasonable degree. The neascns_for this lack'
of results in microprogram 'optimizetion seem to vbe: tne

relatlve - infancy of vmicroprogramminé in practice, the

._llmlted development of formal definitions descrlblng tne

mlogoprogrammnng ’env1ronment, ~and because of the lack of
productlve results in the development . and eepec1e11y
1mplementatlon of mlcroprcgrammlng language

With the available knoiledge“of'softvage optimization

and mlcroprogram optlmlzatlon, it would not be unreasonable

to eee the deVelcpment of a general but hlghly 1nten51ve

7 o R
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optimizer vithin'a‘qery short period of time. The optimizer
would be' capable of 'acoeptingf machine architectural
definitions, »language ' deflnltlons, USET ,interactive
1nformat10n, ana user mlcro-code' in order to generate truly
optlmlzed mlcro-code. The 1mplementatlon wculd probably uig'
_develoged softuare tecpnlques, englneering flow analysis

techniques, concepts;deVeloped;HLthln this study, etc.
ST + , : e
- Cne of the ‘next most probable undertakings in this
field will be the analysis of»lbranch points. The author
feels that this research will probably be along the lines‘of
orderlng mlcroprcgram forms [E1].. T?ls would be done by

'varylng the number of lcogs. and ‘the order of loops as welllf

as by the localization of regions and segments.

: 'lt‘ shculd be. pointed out that the prooess of

1dent1fy1ng alternate operatlon forms need not be 11m1ted to,'-

=1ngle operatlons. The process could easily be applled to

~ the generatlon of alternate reglon form= and/or segments
incluoing, procednres' { i.e. - subroutlnes ). This wouﬂd
;0551h1y 1ncrease the ablllty to 1dent1fy nonessentlalt
regions and even p0551b1y-lead the vay to alterlng the form

',of [procedures or common code. Thls might also decrease the

.__—~\\£§:ber‘of‘branches and/or 1ncrease the'efflc;ent utilization
. ¢f? control space. " , s » L

. 1

A-very interesting line of research wculd be on the
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Aidentification of equivalent microprograms,.and the testing.
of the correctness of microprograms using = the concept of
“1dentify1ng alternate - operation- forms as described Hithin
T this study; If cne could generate all possible alternate
operation forms of .a pair oﬁ microprogram some degree of
eguivalence among then may be obtained. By uCing a. 51milar_
‘technigue, it may be possible to determlne a degree of
correctness cf a microprogram. Ap example of this type of
: research ion 1cop-free m1croprograms can be found in N
Ramamoorthy and Shankar[R1] Stlll, much ucrk ‘remalns andt

the basic pr1nc1ples could be t sferred to the study of

.the eguivalence of machlnesoat the micr rogramming 1eve1.1

\

l -

. Also, much work.ming the concepts discuSSed' vithin

this ‘study needs to be - done at the glcbal optimizatignﬁ .;"

level The end result would make it p0551h1e to. optimize“'

‘uhole microprograms rather than “just a microprogram segment.‘

»
7 e . ’

Having  studied . the optimization of microprogram
segments thoroughly, the author eels that the consideration
- f ‘the follcwing cteps might be of\ sone valne in the de51gn
of a ccmplete optimizer. ;.'g“ ‘ A" - .f( | |

’1).‘ The first step uouidnbreakba'given;microprogram.

‘into computationally ' simpler - parts . ( i.e;,
regions ) in order to 1dent1fy nonesSentia

regions uhrch*wculd b§ deleted 1mmediate1y. ThlS

o



.uould be 'done by eValuating branch p01nts. :

2). The second step would attempt to - reorder the

regions by ana1y21ng the branch pcints andf\kouidbnh;“

generate one Cr Bore mlcroprogram forns with' the
-vorlglnal form 1ncluded in the count. The resultingl
forms wculd. alsc be ordered in order of the ~ most
‘probable optlmal forms. - | | |
")éf The thlrd step uould gererate - old and new mlcro-
program forms by us1ng all p0551b1e comblnatlons
of. the glven and optimifed segments. This step
‘juould us the pfocess descrlbed wlthln this study,
- cn each mlcroprogram form obtalned from step 2.--/
.u),“ h_ fourth step uould generate cld and new: forms'
by apPIYing global analysis to 'each mlcroprogram
form obtalned from step 3. o
5)e. The flfth and flnal step uould generate one oF
‘ more sets of mlcre—code for eacb mlcroprogram form
: obtalned from step 4. It vould make ‘sure that each'
' set of .generated code- utlllzes. the hardware
L resources and“ data paths das eff1c1ently asd
1'possxb1e. The~parallelism—of the machlne and the
3 time &alldltles wquld be taken 1nto account durlng
.;1 th;s step. .o v,

It uould seém that the latter

con51derable amcunt qﬁ prccesszng. This may be true butv'it

e

T

-ps'uoﬁid reguirela |



‘would naturally be assumed that co
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nsistent attempts would be ’

made to ‘delete those. forms ha@ind- a lesser _degfee of

noptimality._ehisq,;yrng. time

constraint = informatiom, . user

. : A . . , x L
etc. would also be used .during - the uﬁcle ~thimization_

process.

tatistics, .arehitectural-

1nteract1ve infogmafion;

’

It .is strcngl felt that research on the formallzation

~and appllcatlon of the steps. just

v

descrlbed Hlll result in -

: r
the development of an optlmlzer whlch is desperately needed
AN

Ttoday. The knowledge galned from such an endeavor vould be

1nvaluable 1n 1tself. » o 2

>

[y
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The followlng conslsts of results' obtained fromu;

.

.optimlzlng /two sample microprograms.‘ cPtidlzation -_as
‘perfermed uithout and with fan-out for. each sample micro-fn
program, i respectively. ‘ The optimization results uhere4-vsill

4 [N

, obtalned using the implementation developed and urltten n*f st

¥

LLGOLH..,The 1mp1ementatiqn was run on ap IBM: 360/67 at The

M

Unlverclty of Alberta. ”id - g? ;[ ) f‘“x?.i;-d'-ftfff

AN y

LT,
B T

* The flrst'mlcroprogram uas opt1m1 d from B'7micr53f

\

-operatlons tc 6 operatlcns and the second uas optlmized from .

© 3 ".‘/';"

' 6 mloro-operations to 4 mrcro*operatlons. These results show )
agproxlmately 'a 25 percent and 33 percent reduction in. the'

number ‘of, operatlcns, eepectlvely. The approx1mate tlmei:

v,

'ulthout fan-out and from 60 to 80 Seconds ulth fan-out. Thls

amount of tlme ‘may seem eXCe551ve but 1t must be stressed f ;

that the 1mplementatlon s’ very general and also, practlcalfﬂ

o

R e
constralnts would | llm;t -the - alternate : pOSSlbllltles

N

)t

\\\\\COnsaderably.- f s "' B .jfﬂ ]i. R ',;Pﬁ;‘y

D1agramss of all the tables;are‘p. sented wlth the data

requlred for the results :uas‘ between. 10 to 15 seconds Ud

F

R

'”for each set " of results.f'hlso;}fa§ translathn wof ,each B
strategy table is presented. . .’ R
R
N o &
. < % . -
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PP QU G W Y
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A
DELETION, CANDIDATES
g

' NEGATED-FORWARD DELETION CANDIDATES

1). HO(1.1) WITH RESPECT 0 BC(8.1)
2). MO(2.1) WITH RESPECT TO MC(ﬁ+1)
3). 56}3.1).HI:H-RﬁspEcT.To MC (N+ 1)
'u);-MO(Q.{f'Wliﬂ RESPECT TO MC (N+¢1)~
5)% ud‘6{1)lﬂITH RfSPEC:ﬁTO;HC(Nf1)
6). MO(7.1) w;wﬁ_ﬁnspEcT“To né(n;1)

PARALLEL-FORWARD DELETION CANDIDATEQ

SEesE «
. 1). 80(3.1) WITH RESPECT TO MC(6.1)
2). M0 (5.1) WITH RESPECT TO MC(T.1) ¢

v e

'pARALLEL-BAcggggg DELETION CANDIDATES

1)% u016.1)-n11ﬁ RESPECT TO MC (3.71)

| R )

'2). MO(7.1) ‘WITH RESPECT TO MC(5.1) °

W

~o



- INDEX

1).
2).

3).

w

. 5).

\

6

7).
8) o

9).

STRATEGY
OPIIONS
*ACTION OPTION ~ ACTION
OR ' e
ALIERNAZIE
ECINIS '
INDEX ECINT IYPE - .
"mo(1.1) NF  MC(8.1)
(31). 40(8.1) = sC 2
(19) .~ MO (3. 1) sc 1
uo12.1) NE. ‘no(N*1)
(28) . MO(7.1) ~.5C : 2
(20) . MO(3.1) sC 2
MO (3:1) NF  MC(N#1)
(30). MO(8.,1) -SC 1
(25). MO (6. 1; .sc 1
4) . n0(3 1)  PF  MO(6.1) B
(25). MO (6.1) SC 1
(26) . MO (6.7)  SK. ALL
MO (4.1) NP MO(N+1)
(27). MO(7.1) sC 1 . o
(23). MO(5.1) . sc T '
‘Mo(5.1) 72 u0(7,1)'
(29). MO(/.1) 'Sk ALL
MO (6.1) - NE MO (N+1)
BO(6.1) PB _ MO (3. 1) »
(21).. HO(3. 1) sk ALL
MO (7.1) - NE  HC(Ne1)
O (1.1)  PB  HO(5.1)

11)?’
13).

(24).. M0(5.1)

OPTIONS AND SIRATEGY

SK ALL

(Cs2, 0.0)  sC 1 MO@.1)

(c u 0.0) sC 2 up]3;1y-

(2,5,3.1, 6 1)

sc .1 . MO(6.71)

CINIS

140
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(26) . MO (6.1)  SK ALL ' |

14). (C;4,0.0) SC 2 . MO(T.D) ' f?'

45y. (2,5,3-1,6.1) SC 1  wo(8.1)

. (26) . MO(6.1) . SK  ALL

(26) . MO (6.1)  SK ALL  °

16). (A,7,6.71,3.1) sc 1 n0(é.1) ; : .
(21) .- H0(3.1)  SK - ALL o g - NN

17). (C,5,6.1) . sc 1 MO8 1)

18). - (R,2,0.0)  sC 2 MO (8.1),
(22). MO(4.1) SK  ALL : /
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STRATEGY POINTS AND STRATEGY OPTIONS

EGINTS

'INDEX EQINI IYRE
: '. . o ‘_,,/
. OPTIONS - -
INDEX ACTION OPIION ACTION.
;  ALTERNATE

19) . MO(3.1) sc 1 AR
; (11). (€,2,0.0) sC 1. . MO(3.1)
MO (3.1) NF MO (N+1) . ©®
¥O(3.1) EF . -MO(6.1)

)y sco2. .
MO(3.1) NP MO (N+#1) . -
. MO(3.1) EF . MO(6.1) . - . . ~

MO(3.1) - SK ALL
(4. MO(3.1) PF MO (6.1)

s

. MO(4.1) 'SK ALL '
( 5)« MO(4.1) NF MO (N¢1)-

. 23). MO(5.1) sc 1
: " (6). HO(5.1) PF MO (7.1)

24). MO(5:1) SK ALL _
( 6). MO(5.1) - PF - MO(7.1)

25). MO(6.1) sc 1 R LT
(13). (A,5,3.1,6.1) SC 1 . MO(6.1).
(7). MO(6.1) NF MO (N+1) o ‘
a - ( 8). MO(6.1) EB ~ MO (3.1).

26). mo(6.1 - %k arr .
( 8). MO(6.1) , EB¢ MO(3.1)

gl

27). .MO(7.1) sC 1 -
- ( 9). MO(7.1) - NF MO (N+1)
(10) « MO (7. 1) PB. MO (5.7)

28). MO(7.1) SC 2. .
(1Q2Y (c,u,o,oy sC 2_ MO (7. 1)



(9). HO(7.1) NF  MO(N+1)
(10) . H0(7..1)' - EB HQ (5.1) .

" 29). Mo(7.1) SK ALL
( 9). HO(7.1) ' 'NF 7 MO (N+1)
(10) . MO(7.3) ' PB MO (5. 1)

30). 40(8.1) SC 1 o o RN
S (15). (B,5,3.1,6.1)  sC 1 MO (8¢ 1)
C(16). (2,7,641,3.1) sC 1 MO (8. 1)
(17) . "(C,5,6.1)  SC 1 MO(8.1)

31).'H6(8;2)  sc¢ 2 y o
7 (18). (R,2,0.0) sC 2 MO (8.1)

C w3
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| OPTINIZED MICROPROGEAM YERSIONS

 MICRO-INST. MICRO-OF., OP. CODE, -SOURCE SET, SINK SET,

: CCNTRCL SET, 2?BRATION UNITS SET, TIME VALIDITY SET. :

yersion 1 - 1.1, GATE.*(zi..{sr. o
(2,8,9) 3.1, ADD, {3,431, {5}' . -

(2,3,8,9,12,13, 15) L WY, ADD, (1,2}, "(2}.
, - 5.1, ADD, {2,4}, {8}«
- ) 8.1,'SUB' {5,3}’ {3}.

GATE, {2}, (3}.

Versicn 2 1.1,
(2,7,9) - 3,1, ADD, {3,843}, {(T}.
(2,7,9,12) 4.1, ADD, (1,2}, (2}.
’ 51, ADD, {zlu} ¢ {8},
, 8.1, SUB, (7.3}s {3}.
Versicn 3 - . 1.1, GATE, {2}, {3}.
(2,6,8) . 3.1, ADD, {3,4}, {5}. - .. "
(2,3, 6€,8,9,12,13, 1u 15)- 4.1, ADD, {1,2}, {2}.
. . ) o 7-1" ADD,: {2 u}' {8}.
8.1, SUB, {5,3}, {3}. .
Jersicn 4 1.1, GATE, 23, {3}. R
'(2.1617) a . 3'1[ ADD, (3,43, {7}' v
(2,6,7,9.12, 1u) | 4,1, ADD, {1.2}, {2}.
7.1, ADD, {2,43, (8}.
| l\\ 8.1, SUB, (7,3}, (3}-
Versicn 5 . ‘ " . 1.1, GATE, {2}, (3}].
(2,3,9) ° 3.1, ADD, (3,4}, {5}.
(2,3,8,9,12,13, 15) . 4.1, ADD, {1,2}, {2}.
. 5.1, ADD, (2,4}, {8}.
8.1, SUB, {5,3}, {3}.
Versiep 6 - © 1.1, GATE, {2}, {3}.
(2 3 6) . . 3.1, ADD, {3.1“}: -{5},-
(2,3,6,8,9,12,13,14, 15) -~ 4.1, app, {1,2}, (2}«

7.1, ADD, {2,4}, {8}.
8.1, SUB, {5,3}, {3}.

\ .
N



N
.
e .

’ _10).

INDEX ACTION OPTION
OR. _

1);'

2}

3)-

4).

. STRATEGY

\

QPTIONS

EQINIS

-Aﬁmioﬁ'

QETIONS AND STRATEGY PCINTS

( WITH PAN-OUT )

.o

INDEX POINT IYPE

3

MO(1.1) NF

(35). MO(B.1)

(23) . MO(3.1)

M0 (2.1)  NF
(32) . MO(7.1)
(24) . MO(3.1)

MO(3.1) NF
(34) . MO (8.1)

(29). MO(6.1) .

MO (3.1) EF

© (29) + MO(6.1)

5).

6)s

" 7).

8) e

9.

11).

12).

(30) . MO (6.1)

MO(3.1) PF F

(29) . MG(6.1) .

MO (4. 1) NF

(31) . MC(7.1)

(27) « n0(5,1y

MO(5.1)  PF

(33). HO(7.1)
0 (5. 1)
MO(6.1) NF

MO(6.1)  PB
(25) . MO(3.1)

'MO(6.1) PB F

¥O(7.1) NP

~

Pf _-F\ -

MO (8.1)

sC 2
sc- 1

MC (N+1)
sc 2
sc 2

MO (N+1)
scC 1 -
sc 1

'no(611)

sc 1

" SK ALL -

M0 (6.1)

MO (N+1) .

- 5C 1

sc 1

Mo(7.1)
Sk ALL .

nQ(7;1)

He (N+1)

M0 (3.1)

SK = ALL

uok3.1)- St

MC (N¢1)
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w' . | - A. . ) | ' 0 . | 147 .

13). HO(7.1) BB MO(5.1) ‘ o
(28). H0(5-1) SK A‘LL ' St L4
’. . — . . . \ I. b . ] .
14). MO(7.1) pEF MC(5.1) | , . Y
15). (,2,0.0) sc 1 BO(3:Y)
N - ' 4
16) . (C,4,0.0) sC .2 . MO(3.1)
17). (2,5,2.1,6.1)  SC 1 L MO(6.1)
. (30) . MG(6.1) SK ALL i L
18)~ (C,4,0.0) ~ SC 2 . MO(T.1) SRS | T
' (30). MO{(6.1)  SK ALL
(30). MO (6,1) SK. ALL
20). (2,7,6.1,3.1) . sC 1 MO (8. 1)
' (25). HO(3.1) SK ALL w
21). (C,5,6.1) . sC 1. MO'(8.1)"
22)s (R,2,0.0) SC 2 HO(8.1) R

. (26). MO(4.1) Sk ALL
. A - .

A



N

( 9). MO(6.1) -
N

(

MO (NH)

O (3. 1)

' Md(ﬁ'. ‘l‘)-

BCINIS o
'INDEX EQINT xf;&
- OPTIONS o
INDEX ACTION OPTION ACIION
" OR .
. ALTERNAIE
23). HO(3.1) SC 71 o
(15)- (C,z,o.O) ‘\SC’"'J '
( 3) MO(3.1).. NF MO (N¢1)
( 4). MO(3.1) EF ~ MO(6.1)
( 5). 80(3.1) REF F HO(6.7)
204) . *H0 (3.1) sc 2 f \
(16) . (C,4,0.0) ~ .SC .2 MO (3.1)
( 3). MO(3.1) = NF  MC(¥+1)
(4). MO(3.7) ~ PF_ MO(6.1)
(5). #0(3.]) PFF MO (6. 1) .
25). MO(3.1) ' SK ALL -
( 3). MO(3.1). ~ NF  HO(N+1)
. (4). MO(3.1) - EF  MO(6.7)
. (5). HO(3.1) PFF MO (6. 1)
26). MO(4.1) SK ALL - __§%j“
(6). HO(4.T)  NF MO (N¢1)
. 27). MO(5.1) SC 1 o
(7). HO(5.1) PF MO(7.1)
(8). MO(5.1) EF F HO(7.1)
28). MO(5.1)  SK ALL R
- (7). BO(5.1) - EF MO(7.0)
T 29). ﬁ0(6.1)‘ sc 1 L .
70 (17). (A,5,3.1,6.1)  sC. 1.
(9). MO(6.1) NF MO (N¢1)
(10). MO(6.1) EB  M0(3.1)
(11). MO(6.1) PB F_MO(3.7)
' 30). MO(6.1) .. SK ALL -
(10). MO(6.1) PB - MO(3.7)
(11). MO(6.1) PB F MO(3.1)
NF

.

STRBTEGY PCINIS AND STRATEGY opTioNs \

1u8



A

/4

31) .

«

- 32).

Ko(7.1) sc 1°

(12). MO (7.1) NF .50(n+1;,‘w
. (13) . MO(7.1) PB
(14) . MO(7.1) EB F HMO(5.7)

MO(T.1)  -SC 2
(18)+ (C,b «0.0)

sc

© (12) . 'MO'(7.1) - RE
¥(13) . MO(7.1) . PB
(1«y.3uo(7.1) EE F 40 (5.1)

33)~ MO(7.1) SK BLL
(12) . "¥O(7.1)  NF
(13). 8O(7.1)  PB

..

C(21) . (€,5,6.7)

35).

(14) =~ ¥0(7.1) PEE

Mo(8.1) .sC 1
(19). (A,5/301'6-1
" (20) o (A’.-’_,.6¢1’“3-’1

MO(8.1) = SC 2
(22). (R,2,0.0)

‘

F

)
)

sc

sC

MO (5.1)

2 MO(7.1)
MO (N+1) |
MO (5.1)

KO (N+1) "

'sc 1 MO (8.1)

sc 1 MO (8. 1)
1 MO(8.1)

2 MO(8.1) i
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O.EIQIZED,,ISB-_E__BAA _§_§l.!.

MICRO-INST. ulcno-op.,, op. CODE, 'SQURCE SET, SINK SET,
CONTROL 'SET, OPEﬂATION UNITS SET, TIME VALIDITY SET. '

.

?EATE,-{QI,»{Bi.ui, .

"101, )
(2,11,14) _ 3.1, ADD, (3,4}, {7,5}."
2,11, 1u 16) 4.1, EDD, 1,2}, (2}
o * 5,1, ADD, {2,4Fy {8,9}. ;

T :831' SuB, »[713} 'y {3}- ‘ i
version 2 . - 1.1, GATE, {2} 13): ) .
(2,11,12) .o . 3.1, ADD, (3,4}, 7,5k«
(2 11,12, 16)¢ 4.1, aDD, {1,2}, {2}.

5.1, ABD, . {2,4}. (8). !
8.1, SOB, . {7, 31, {3}.
grs1cn 3 Y o 1.'1,_ GATE, {2}, (31.
- (2,10,14) ' 3.1, .AbD, (3.4}, (5} »
11&3 10 1u 16, 7 19) 4.1, apD, {1,2}, {2}
o 5.1, ADD, {2,431, (8,9}
e Jg . 8e1, SUB, {543} ¢ {3Li
!§£§;99 L SR . 1,1,~GATE, 23, 3. Lo
2,10,12y " 3.1, aDD, {3,4}, {5} -
(2,2,10,12; 16,17, 19). . 4.1, aDD, {1,2}.’ {2y S
o . 3 - . 8.1, ADD, [2,4}, {81, °
. 8.1, SUB, {5,3}% 3Y.. .. - @
Versiecn. 5 - - : 1.1, GATE, {2¥, 83}:° :
P < 3.1, ADD, (3,4}, (7}.".
(2,9, 14,16) St Yo7 we1, ABD, (1,2}, (2} -

e 5.1, ALD, £2,43,-{8,91:" .

o 8:1, SUB, {7,3}, 33
yersiop 6, R IS 1,-GATE,¢{%}; (37, 0 T

2,942 L 3. 1. BDE,;{B.“}i~{7}p' SR
(2,9,12,16) . - 4.1, aDD, {1,2},.{2}. T

L T . -5.1,.ADD,’{2,Q};'{8}."" t

‘ S &1,5%,{Tﬁjg 3B~
" versiom 7 - - 1.1, GATE, {2}, (3}- ,1
(2‘181 11) . C | 3'1;1 ‘I.AD,Dl" fal'u,}l {7 5} -<
(2,8,11,16,18) -~ .~ 4.4, ADD, {1,2}, {2}, :
- L ' .~ 7.1, ADD, (2,43, {9, 8} . -
. 8.1' ‘SUB] {7 3}' [3‘1'1{"'\;&, . 7.
vyersion 8 e T . 1.1, ‘eaTE, 33 {3i. -
(2,8, 10) - . "3¢1, ADD, {3 u}, {5}..v~

N



v

,/ 4

Y

%

(2,7.9, 12'16 18)

 Versicn 16 "‘a’

(2,7,10) - ’ 3.1, ADBD,- (3,4}, (5}.
(2 3,7,10,12, 16 17 18,19) _7fu.1, “ADD, {1 2}, {2%.

8.1, SUB, {5031, (31

W1, GATE, {2}, (3}.
3.1, *ADD, 3,43, (71.
" 4,1,:ADD, (1,2}, {2}.
.'>7.%, ADD, {2,4}, (8}.

(2,7.,9)

ta

4@y

3
(2,3,8,10,16['17'18,19) ! . ,u"J' ADD’ {1’2}, {2}.
: o : 7.1, ApD, {2,43}, {9,8}.
A8a1' ".SUB' ‘;{;’5'3}' {3}-
‘Yersicn 9 5 4 1.1, GATE, (2}, {3}.
(2,8,9) . ° . 3.1, ADD, {3,4}, (7).
(2,8,9,16, 18) ..~ "4.1, apD, {1,2}, {2}. .
7.1' ADD, {2,“}’ {9’8}.
a.f, SUB, (7,3}, {3}. '
versicn 19 LT 141,.6MTR, (23, (3},
2,7,11) . . f*“s 1, ADD, (3,4}, {7,5}).
(2,7 11,12, 16 18y o 4.1, ADD, {1,2}, (2}.
. ) v 7.1, ADD, (2,83, {81.
Versicn 11 - 1.1, GATE, (2}, {3}.

., ,-»n. : . o v"‘ 80 11.{ SUB I. {7'3} v {3}'
versicn 13 -~ 1.1, 6ATE, (2}, (3.«
(2,3, 14) | - 3.1, MDD, {3,843}, (5}

(2,3,10,14,16,17, 19) j o 4,1, apD, {1,2}, {2}.

8.1,'SUB,.{5,3},, s

‘5.1, ADD, {2,4},
4;{‘:“ 8-1' SUB' {5 03}, {3}7

1;‘GKTE, ;g}, 13} ..

“

’

~ ...5.1, ADD,. {2,4}, (8,9 .

. A N i ,

..Nersicn t4 . - s '-;4 1.1, GATE,. ¥ 3 W
(2,3,14) Af' 3.1, ADD, - f3:°4%, oLk Sy~
(2,3,11, 14, 16, 17 19) ., 8.1, ADD, £VeR3NIARY...

. R 5.1, ADD, (24301
7 8.1, sUB, (5,3}
vergies 15 . 1.1, catE, (27, Q¥
(2,3412) ’ # 3.1, aDpD,. (3,4}, °
(2,3, 10,14,]6 17, 19) . - .41, app, (1,2},

-

5

(2,3,12) L TebSl30T7RDD, (3,8, (5).
(2311121@%71m ¢~vu1,mb,f12L 2.
W e M Y, ABD, Y29 8Y, (8} .
RS Y ¢ Ty UB,,/(S 3}, {3}:hm%
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A

., e
: . Version 17 o
. Yersion "

(2,3,8)

' (2,3,8,10,16,17, 18,19)7!

Version 18
(2,3,8)
(2,3,8,11,16,17,18,19)
-
e

ADD,U [3 “}I ,{

Am#‘n.zh {2}. :
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- 2my .
279 .
281) .
ro
285) o
483).
485).
708) .
710) .
712).
71aj;
716{.
81R) .
;e1u).
816) .
818);
3 -
821).
'-823).
. 826) <
829) %
'831);

840) ..

GATE (4,0, 0)

NOP, (7,3.1)
NOP, (8, 5. 1)'

NOP (5,6 1)

- %

Sy
GAIE (7 3 1)

CDE IBAGE «even >
ADD, (1,0.0) ,(2,0.0)  278).
ALD, (1,0.0),(3,1.1)  .280).
'gnb,i3,1,1j,(é,2.1) 283) .
ADD,(Z,&.1),(u,Q;0) $290) .
,sua,(7,3.1);(3}i.1) 484y .
sUB,(7,3§1p,(2,o,oy ' 486) .
SHIFT, (1,0.0) o 709).
shiffzxa,o.oy 711).
SHIFT, (5,00 713) .
SHIFT, (7,0.0) .’i.~715).
ISHIFT (9, 0—0) "811) .
NOP,(2 0.0) | ~.813) .
NOP, (4,0.0) 815) .
NOP, (6,0.0). . 817).
NOP, (8,0.0) 819) .
‘RO, (6,2.1) 822) .

824) .

827) «

832) .

839) .
9) -,

* A
- f

© 454

N ~

ADD,‘(Z'OIO),,(6,2'1)

ADD, (2,0.0), (4,0.0)

ADD, (3,1.1),(4,0.0)

ADD,(2,0.1f;(6,2.1)

SUé,(5'6.1} I (’3'1-1) «

sga,(5;6.1),(2,q.0)

HIFT,{2,9.0)
. ‘ + 3 .

SHIFT, (6,0.0)
SHIFT, (8,0.0)
NOP, (1,0.0)
NOP, (3,0.0) .
NOP, (5, 0.0) -
NOP, (7,0.0)
NoP, (9,0. L0
%yop,(3 1.1
NOP,(2,H.1)_..
§OP,(9,7;1)
GATE, (2, 0.0)
Nbp;(3%B.1)

s
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| 5 %i, {
Example "Oﬁtlmlzation Strategies for uiéro-

'programs,“ ‘b ' L., Klier and C. V. Ramamoorthy, IEEE

Transactlons on’Conputers, vol. C-20, No. 7, 1971, pp. 789.

ORIG EAL ICRQP QGRA

MICRO-INSTI. MICEO-OP., OP a:CODE -§OURCE SET, SINK SET,

 CCNTEOL SET, OPEBATIOM-.. £T, TIME VALIDITY SET.
SRR 2

1.1, ALD,- CRF: 3)+ -
2.1, sus, (3,99, (4.
. , 3.1, GATE, {3}, {5}.
. 4.1, GATE, {5}, (6}.
5.7, AND,|{6 1}, (5}. ’
,“‘,s.‘). ‘6'1” Az‘D'/ {3 T} [} {7} [ ]
.y BE ICN' AgAuETER
7.+ FIRS 3 MICEO- Ixs. =1 |
“FIRST ujcno-op. =1
LAST MICRO-INS. = 6 .
LAST HICBO-OP. = 1
| ( WITH. NO FAN- our. )
e UN;_ ASSI gnuEN g; ¢
Joe Y5 INpEX uEnogg ‘SUB-0 n;1§ .m...;
’ o 1. 2 . 3 ,_u 5 6 7
- % 1 ) 1 -1 - v
Mo@1.1) 1 1 11210410101 0.1
L et |
. o mo(.1) 10 10 13101 0 {01
S |=——+ { { + { +—1
MO(3.1) 1 O 4 0§ 1101210101
o ee——p—t——t—t—+—|
50(4.1) 1010101011210
I + 2| + { ¢ +—1
‘MO(G5.1).1 11 0100 ¢t21 110}
| |~ e pe—— gt
MC(6.1) 1.1 01 110 §.0 0t 21t
o i + +— 1
_EXIT 1212121111021 11
e ed ] S DU | 3 J J

ra
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'.Dﬁﬁﬂj}Qﬁ‘f%ﬂDIDkTES

NEGATED-FORWARD DELETION QANDIDAIES

BN

1) MO (1ea?1) ‘WITH BESPECT Te\:;fﬁ+1) )
2). MO(3. 1) WITH RESPECT TO (5'1)'

3). MO (4. 1) ufmﬂ RESPECT. TO HC(N+1)

PARAILEL-FORWARD DELETION CANDID ATES

1). ¥O(1.1) WITH RESPECT TO MC (. 1)

2f. M0 (1.1) WITH RESPECT TO MC(3.1) .

e

'

- PARALLEL-EACKWARD DELETION CANDILATES

1). u0(3 1) WITH RESPECT TO HC(1 1)

2)43u0(u 1) HITH RESPECT TO u0(1 1)'

\

Y. MO (3.1) WITH RESPECT TO MC(4.1) ~

-

3) _.' ‘MO (4.1) WITH RESPECT TO MC(3~ 1)

1

- ,_A‘

\\f‘“" -




1).

2)..

3.,

“4).
5)'

6.

7).

8).

v9)'.

10).

Ty,

n0(1 1) - NF
(40)°v MO (6.'T)
(34) .- MO (3.1)
(33) . MO(2.1)

MO (1.1) IF
(34) . MO(3.1)
(33) . MO (2.1)

(37) . MO (4.1)

MO (1.1) "« 5PF -
(34) , MO(3.1) .
(33);. MO(Z471).
(35) . MO{3.1)

M0 (3.1) NF

(36).'u0(u,1)

M0(3.1)  PF
(36) .. MO (Uo1)

MO(3.1) EB
(32) . MO(1.1)

MO (4.1)  NF
(38). MO (5. 1)

HO(4.1) . PB.-
(32). MO{1.1)

‘MO (4.1)  PB-
- (35) . 50(3 1)

(3,6, 1.1, u 1)]
A(37).,u0(u 1)

(2,5,1.1,3.1)

A

uo(2.1)f 

YPE

MO (N+1)

s¢ 1
sc 1
SC 1

MO (4.1)

S s¢c 1
'sc 1.
SK ALL.

‘MO (3.1)

»SC 1.
sc 1
SK ALL

M0 (5.1)
sC 1

MO (4.1)

o sC. 1

~ SK. ALL

_u0(1§§l.4.
SK ALL

. MO (N+1)

- sC 1-

MC(‘I 1)

SK ALL

mo(3.1n

_SK ALL

8C " 1°
SK ALL

-sCc 1

Ho (2. 1)

158



L2

'(35){ ndi3;1)

(R;6,1.1,04.1)

(37). MO{4.1)

(2,5,1.1,3.1)

(3,6,.3.1,4.1)

(37) . MO (4.1)

(A,s,1;1LuQ1)

(3,5,1.1,3.1) "
(35). MO (3.1)

- 435). MO(3.1)

(A,3,3.1,i.1)

(32). HO(1.1)

(C,3,1.1)  sC

(2,6,3.1,4.1)
(37) . MO(4.1)
(37) . MO (4.1)

(2,6,1.1,4.1)
(37) « HO(4.1) .

(37). MO(4.1) "

(A,5,101,’3~i1)'
(35) . MO(3.1)

(35). MO(3.1)

'* . o=
(2% ,4.1,3.1)
(35) . MO (3.1)

(2,3,3.1,3.1)
(32) « MO (#:1)

(A,3,u-1,1.1)‘

(32)  MO(1.71)

(C,3,1.1). sC

(c,5,3.1) sC

(A,6,3.1,04.1)
(37). MO (4.1)
37). MO (84.1)

SK

sC

“SK

sC
SK

sC’

SK

SC
SK

SC

SK

SK

sC
SK

sC

SK
SK

SC_'

<

. SK

s
SK

SK

5C
SK

- SC

SK

SC
SK

5K

. SK

ALL

1 .M0(3.1)
ALL .

1 MO (3. 1)
ALL -

ALL- .
1 MO (441)
ALL o

1 MO(4. 1)
ALL
ALL

weby’

ALL

uoxu.1j*

1 MO (5.71)

ALL
ALL.

ALL

“ALL

1 MO(5.1)

ALL
ALL

1 HO(5.1)

ALL

R MO (5. 1)

ALL
1 MO(5.1)
ALL ‘

‘MO-(5.1)

'“~-56\F’1)'

“_SC.4

4 - MO0(6.7)
ALL
ALL

'u0(u.j)'

1 mo(5:i1) -
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28). (3,6,1.1,4.1) SC 1 mO(6.N

(37 . MO (4.1) SK . ALL
- (37) » MO (4.1) SK ALL

29). (B,3,3.1,1.1) sC 1 MO (6. 1)

(32). MOo(1.1) SK ALL

R

30). (A,3,4.1,1.1) SC 1 M0\6.1)‘

1

G5 mo(1.1) sk ALL

31y. (€BH.1  5C 1 M0 (6. 1)

- ‘
.
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STRATEGY ROINTS AND STRATEGY OPIIONS

- L '.\ . . c

ECINTS
INDEX EQINT TYPE
s {
OPIIONS

-/ B6).

Mo (1.1)  SK ALL

(19) . (B,6,3.1,4.1)

sc 1

1. L

MO (N+1).

«

(1) =HdO(1.1) . NF
( 3). MO(1.7) PF MO (3.1)
(2). MO{ 1) EF MO (U4. 1)
33). MO(Z2.1) sc .1 . ° p o
(10) . (A,6,1.1,4.1) . sC "1 MO (2. 1)
(11). (2,5,1.1,3.1) .sC 1 MO (2. 1)
34)., M0(3.1) .sC 1 o -
(12) « (BA,6,1.1,4.1) sc 1 . M0(3.1)
(13). (3,5,1.1,3.1) sc 1 MO (3. 1)
(.4). MO(3.1) NF  MO(5:1) cro
(5). MO(3.1) PF MO (4.1)
( 6). MO(3.1) EB, MO(1.1)
35). MO(3.1) ~SK o "
. ( 6). MC(3.1) EB  MO(1.1)
( 4). MO(3.1) . NF  HO(5.7)
( 5). MO(3.1) EF  MO(4.7)
Mo(4.1) sc 1 e o
(14) « (2,6,3.1,4.1)  sC 1 SMO(U.1)
(15)« (B,6,1.1,4:7) sc 1 MO(4.1)
(16) . (4,5,1.1,3.1) . sC 1 MO (4.1)
(17). (2,3,3.1,1.7) sC 1 MO(4.1)
(18). (¢,3,1.1) =~ sCc 1 MO (4. 1)
( 7). MO(4.17) NF  MO(N#1)
' ( 8). MO(#4.1). ~ FB MO (1. 1)
" (9). MO(4.1) PB HO(3.1)
37). MO(4.1) ~SK ‘ALL )
. “('8). MO(4.T) PBE MO (1.1)
( 9). MO(l4e1),, - PB MO (3. 1)
v (7). MO (4.1) - NF " MO (N+1)
. A 3
38). MO(5.1) =~ SC ™ -
MO (5.1)




39) ..
40) .

6,141
(21 . (2,5,1.1
5,41
S (23). (R,3,3.7
3'“.1
3,1.1
5,3.1

(26)- (2,
(22) . (A,
Qi) . (.3
(25) . (C,
(26) . (C,

M0 (5.1)  SK ALL '

sC’

sC

' sC
sc
sc’

sC
sC

sC -
1 .

-t b el b b

-—b b ad b

MO (5. 1)

MO (5.1) -
MO (5.1).

MO (5.1)

MO (5.1)
MO(5.1)

u0(é.1)v

MO (6. 1)
MO (6. 1)

MO (6. 1)

MO(6. 1)

[
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.opz;_xzxn g;ggopaoggg __ggl_gs

MICRO-INST. HILRO-OP., -OP. CODE, SOURCE SET, SINK SET,
CGNTECL SET, OPER TION UNITS SET, TIME VALIDI‘I‘Y SET.

-

Ver51on 1 : . _ "1.1, ADD,_'[1,'2}',v [6}. L

(u 8) ’.'_ . '20‘1, 'SUB’ {6,“}, [ll}. :
(.4, 8,10,12 15 28) . " 5.1, AND, (6,1}, (51.

6.1, AND," (6,1}, (T}«

Version 2 - - 1.1, aDd, {1,2}, {6} . -
t.,8) ' ‘ T 241, SUB, {6,043, {(4}.
(1,' &,10,1.,28) .. ..5.1, AND, {6,1}, {5).
. ' 6.1, AND, (6,1}, .{(T}.
version 3 1.1, ADD, (1,2}, {6}. M
u,8) ” 2. T, SUB, {6,4}, {8} 7 -
;(1 4, 8,10 12, 28) - - 5.1, AND, {6,1}, (5¥. ; N
. _ , 6oy AND,‘(6,1},-{7};.- ! :
Version 4 1.1, 1DD, {1,231, {6}.
(4, 8)' ’ L 2.1, SUB, {6,43}, {4}.
'(1 4, 0 28) o . 5.1, aND, {6,13, {3}-. A e
e e . . 6.1, AND, (6,1}, {7}. . '
!EIEiSB TR - - 1.1, ADD, (1,2}, {3}.
(47) R . 2.1, SUB, {3,8}, {4.
(4,7,18,25) - I Epby -5.1, AND, (3,1}, {5}-.
. , S T W 6.1, AND, (3,1}, (7}
Yersion 6 .. } 1.1, ADD, (1,2}, (3}
W, - 7 2.1, sUB, (3,43, {8}
(4,7,22) . ' .5.1, ‘AND, {3.,1}, {_5}'
' ; R o 6.1, AND,.{3,1}, {7}.
: Version 7 v ‘ - 1.1, ADD, (1,2}, {6}.
T, 4) A . .2, 7B, {6,483}, (4}.
(1 4,8,10, 12 ﬂ& 28) L. 84 ¢ (6,1}, (5}
| ‘ . L {64 1]:"{7}'-‘"
3§£§&22 8 S o (1 "2}, (6} . '
1,4 , . 244, obB, (6,43, {43.
(1,4, 8,10 15 28) © - -+ 5.1, AND, (6,13}, (5}~

< 6.1, AND,;{6,11,4{2}-



i o Yaes
STRATEGY QPTIONS A!Q TRATEGY POIN g
( WITH ran.our )
. o s . l. - ] v . X
- CEIIONS i}
INDEX ACIION QRTFON ACTION
R 3
ALTERNAIE , ros
M. . INDEX go;um IYPE
)1).ﬂn0(1 1) 'NF MO (N+1)
(46) . MO(6.1)  sC 1
(40) . M0 (3.1) sCc 1
(39y . MO(zs1) sC 1
2). mO(1.1). PF HO(4.1)
(u0). ¥O(3.1H ° sC: 1
(39). mo(2.1} s¢ 1
'(43). HO(u 0. 5K ALL-
3). MO (1w 1) - PF E 'HO(U 1)
' (40) + MO'(3.1) - sC 1 .
(39) .. MO(2.1) . sC 1 ,
4). w0(1.1) . PF MO(3.1) RS
T (40). MO(3.1) sC 1 .
(39).. MO(2.1) sc 1 o
(41). MO(3.1) SK BLL . Sy
5). M0(1.1) PEF F n0(3.1f
(40). MO(3.1) --sC 1 - .
e (39)- H0(201) SC 1°
6). HO(3.1) NF MO(5.1)
7 (u2). HO(4.1) 3 sC T, ® o
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HICRO- _INST. MICRO-OP., OP. 'CODE, “SOURCE SET, SINK S

CONTECL SET, - OPEBATICN UNITS S

’ ‘!l
yersicn -1 , 1.1, ADD,
(10,13) o &0 2.1, SUB,
(10,13) N 5.1, AND,
6.1, AND,
ygggggg 2 & 1.1, ADD,
(10,12) 2.1, SUB,
(1 10,12z, 16,18, 3a) 5,1, AND,
, 6.1, AND,
Vgr51cn 3 1,1,.ADD,
(10, 12) .}, SUB,
(1 10 12 17, 18 3 *5.1, AND,
D §§¢1, ARD,
vg;§1on 4 1.1, ADD,
(10,12) . ... i¥l 2.1, SUB,
41 10, 12 16,19, 3u) . 7+ 5.1, BAND,
, L 6.1, AND,
. _ =
Versicn 5 o -'1Jf; ADD,
(10,12) ’ ~~754, SUB,
(1,10,12, 1% 19, au) .-.5.1, A¥D,
: o . 6.1, ANDy
LVYersicCn 6 , * _ 1.1, ADD,
1o, . © 2.1, SUB,
410,11, 27) ' - 5.1, AND,
e ’_."6-1, AND,
version 7 AF4.1, a0,
(10,11 . . 2.1, 'SUB,
(10,11,31) 5.1, AND,
' - 6.1, AND,
Vegsicn 8 : 1.1, ADD,
(2,13) 2.1, SUB,
(1,9,13 6 18§3n) : 5.1, AND,
: - 6.1, AND,
v rg;gg 39 1.1, ADD,
(9, 13) ' ' - 2.1, SUB,
(1,9,13,37 18, 34) .~ . 5.1, AND,
. ' ... 6«1, AND,
= A -

{112}1

(3,43,

{6,1},
(3.1,

{1,23
{61“]:

{641},
{6, 1}:‘

‘Q{1 214,
{6,113,

’15 u}r”

(6,13,
(1,2},

{6,443,
{6,1},
(6,1},

{1,2},
{5,484},
6,1},
§6,13,

{1,23,
(3,43,
5.1},
{3,131,

{1, 2},
{3,431,
(3,13,
13, 13,

(1,2}
(6,4},
6,13,

1

'{6 a}l'

1,2},
(5,4},
{6,131,
{6f1}l

ET, g;nﬁ VALIDITY SET.

{3}5.6}-f

{4y . .
{5}
{7.

{5,6} .
Uy .
e {5} .

{73 .

(5,63
(4,

{5} v jy‘f"

{73«

{5{ 6}4‘-
{41 .
51 -

.
§$5,63 »

{43«
{51.
{73.

(3,5}
{43 .

{5} .

{71
(3,5 -
{03 .
(5]

(73

{(5,6}.va

{43 .
{5}
(73 ..

{5,61 .
{43 .
{5}«
{71 .

A

SET,
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o eI S __ 72
z“‘. T Ve; lSicn 1 0 : ) .‘, ) a ")" ) 1' 1 ’ ADD '- “‘,2} l." {5, 6} o." ‘,lv
- 9,13) & . /., 2.1, SUB, (6,4}, {4}."
(1,9,13,16, 1§,31) /%D 801,..AWD, (6,1}, {5}
N \ , #h\‘,6.1, AND, {6,1}, {(7}.
. s ‘ 3 e -é 4 LR F R s . L . - . l, -
ygg§§g§\1 ‘fQ ' T _11‘11 A(DDI {1,2}, (5,6}. '3.%:
(93 - % 2,1, 'suB, (5,4}, (4}. =
L (1,9,132,17,19,34) 5.1, AND, (6,1}, {5k.
3 L . . Y AND, {6 1] r. [7 &n

DD, (1.3}, (3,6}

‘Version 14'{ , o
UB, (3,4}, {u}. | s
..

(6,13).. e

o fwe 13, 2n CoE T Ty, anD, £641), (5)- -
:lfll ' : i . . : \‘ o L q. 1 ’ AND' {3’;’1 } ’ A ‘}jt;;')/‘ v
~ Versicn 13 o 1.1, ADD, {1, 2}: -
q6,13). o, B 2.1, SUB, {3,4)y o

T (6,13 24) T . 5.1, AND, (6,1R
E ;‘v : i : % e 53'11 AND(‘{3I1}I {7}‘* '
Fo 0 versign 1a,. SN s T.1, 00D, (4,23, (3,63 ,
% . (6,13)y . .o ' ~ 2.1, SUB, "{3,4}, {4}. e
B (6,13) -, - 5.1, BAND, (6,1}, {5}.
R R ‘) o ) : -6 1! AND, {311}1;."{7}-

Version 15'. e s - 1 1, ADD, {1,2}, »{6'}' T
(6,12) . ' 2-1, SuB, {6,4}, (4). 7 e
(1,6, 12 16 18, 21 3'4) C 5, 1, A.ND, ~{6,1], {5}. - -
Versicn 16 _‘ , : ',__i.i, ADD, {1,2}, 46}.
(€,12y . - 777 2.1, SUB, 6,4}, {4}.
(1 6,12,16,21, 3u) . s _--..5.1, AND, 6,1}, {5}.
6f1l ANDI" {6 1}'.1 {73.. = /
@

v

!grSiCh 17 . _ . 1.1, ADD, {1 2} , {6} '
. ’ - . L 2.1, SUB,. {6 4}, {43,
. 5.1, AND, {6 13} < {5}«
6.7, AND, {6 A1y, (73

1.1, ADD, {1,2}, {6}-

2.1, SOB; (6,4}, {(4}.

. 5:1, AND, (6,1}, {5}.

- .. 6.1, AND, {6,1}, {T}. . ..

e
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217)5fA%D,(1 ,0. 0),(2 0. 0) .+ 281). aDD, (3,1.), (1,0, 0)

zsa). 20D, (5,9.1),(1 0.0) 287)'. ADD, (6,4%.1), (1,0.0)
f u7z). sns,_; 1 1),(u‘5 0) - 708). SHIFT,(1,0.0)
'~709).,531r¢ (2 0. 0)-* 7). SﬁIFT,(B,0,0)
y 711).,snlrm (4,0.0) :: 71?;L}su1£$f§5.0;0) | .
R $13) ‘SHIFI,(G o O)Q& - 171&). SHI?T[(j,g.ox:;. f
"81fi. NOP, (1,0, 0) R '612)z'nop,(2}b{0)~'
813) NOP,(3 0.0) . B o eiuy.gxop;(u;o.b) | T
815) NOP,(S 0. 0) o o 816).-ﬁop,(6;o.b) ' ‘7’w
Q"; 817). Nop,csz 0)7 o ;. '819) , nop,‘a,é.1);’_- ’
821 . Nop,;s 3\1) . ,**'-ézzj:fnﬁ?&(3,1;ﬁ)“
823). NQP, (6,84.1) ' 824) .. NOP, (7‘6 1)
828).,Noé,(5,5.i)J,’ ey S GAQE,(3 RIS ‘u{JA
838). GATE, (5,3‘1)  . 857y, AND, (3,1, 1);.(1 0. 0)
'861y.‘Ayn,ks;3.1y,(1;o.0).?- 863) . AND,(6,U.1),(1,0.0)v
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