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SYMBOLIC ANADYSIS OF (SEQUENTIAL AND' PARALLEL) PROGRAM
' SCHEMATA IN- THE DIGITKL DESIGN AUTOHATION SYSTEM '

1. IN&RODUCTION A S _" - - _Q

Much effort has gone in reoent 3eara into program verifieav
tion [Naur 66] [Birm 741 + automatic: invariants syntheeie

CWegb ?4] ' [Dere 7?] , symbolio eimulatien .[King 76] ;

uprogram optimization [Glus ?O] [Katz 78] ,equivalence pro-
' ving .[Ereh,75] and other problems related to the semantics of
?-programa. [Ereh‘?}]v ,,V[Glus.?ol « Some methods have been
laleo elabdrated'for'nicroprograms '[Kﬁme 55] : [Leem 75]

| The enly peper on hardware verification that I have come across

ia that by Te Wagner [Wasn 77] L
A new, interesting approach to -the aemantics of algorithms 1[

f is developed in the papers of A. Mazurkiewicz and A. Blikle

[Blik 722 ] [Blik 73 ) [ Mazu 74 ) [ Budk ‘78]
The theory eontained there (the MB - theory) can constitute a

| baeie for practical (both hand and automatic) methods of- analy-

h sis of sequential programs. As we will’ present in the sequel,

“this theory ¢an be. aleo extended to 1nolude parallel programa
'_h,and can contribute to their 0ptimization. We will also present

" ‘how the methode can be programmed and utillzed as a part of the
"f,eystem for automatic deeign of MOS LSI custom design oircuits

[Perk 79 a]
S It ie aseumed, that the reader ie aoquinted with the no- E

.'tiona of the MB - theory; we hope however that this- ia not
B indiepeneable and that, together with the deeoription, the
*'presented examplee will be seli-explaining.

-
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ror a more detailed presentation of the notions,.methede- pPro-
grams, and also for more examples, the reader is referred to
[Perk 79 b) . |
The . distinguishing features of the methods presented in »1
this paper are the following: o
- they can. be ‘used to both- parallel and sequential program |
) -schemate (mioroprograms, automata). In the parallel caae,

_ hewever, the synchronized execution is assumed,

- they can be a@plied to programs with register transfers and

 full 3uggg_appearing_pn the "hardware level™, rather than

‘to;thoee programs which are structural, recursive and equip-

ped with other "high - level" constructs,

=1t ie possible to evaluate resultant relations, states of

computation, and invariants, without any help from the user,
contrary to othef.approaches-in whieh'the user has to epeEify
some invariants [Wegb 74] y [Ders 77) Ty [Lews 797 , ‘

- the finite, first term expansions of the above data can be
evaluatéd in the most complicated cases; the advantage of

. our approach, however, lies in the fact that both types of
the evaluation can be freely intermixeé, |

- the possibility‘of‘"symbolic traces" of states enables the
analysis of-contr01 pfograms and automata, which operate in
real - time and respond with sequences of output signals to

’ sequences of  input signals ,

< the methods can be also used in program optimization, equiva-

© lence proving (in the sense of equivalent resultant relations

or equivalent traces for some variables), in symbolic simula~-

© _ tion, estimation of complexity, and in discovering time con~

flicts between viariables,




"-'qonSideratiOn‘of some hardware properties by the applications.-

. mentioned above is possible.

Apart fromnthe'differencés to other methods presenﬁed above,

”-our approach differs from that of T. Wagner ‘[wagn 77] 4in the

'following aspects: we use the procedural language instead of

a nonprocedural one and deal with the higher, algorithmic level -
of design. We are then interested in linking microprogram veri-

- fication with  hardware verification, rather than in verifying

hazards, réces.and other similar phenomena. In the entire process

- of design such phenomena are discovered in our system on the

lower level of description by use of the tradlitional simulétinn.

Because our symbolic analysis package is a part of the greater
design system, wa-tend to avoid the hazérd detection as often

as possible, by supplying the sophisticated design algorithms
themselves so that théy are able to produce hazardless and race- |.

less circuits. A

2 SYMBOiIG ;ANALYSIS OF 'SEQUENTIAL - PROGRAMS

The basic foundations and some general information on the

- system for automatio design of dig;tal devices'(interchangeably

- systems, automata) are given in [Perk 79 a] and [Perk 79 ¢];
more details are contained in [Perk 78)  and [Perk 79 b] o
This system, called DLIADES (DIgital Automata DESigner) is

'implemented at the Institute of Automatic ~ Control, Technical
* University of Warsaw., In the system the algorithm of the beha-

viour of the digital system under design is given to the comé
puter in ADL language and then compiled to the 1nte£nal re-—
presentation in the form ofrreiational structures in language
GRAF. The last form of the description is most useful &s the
input to the optimigétion'and symbolic analysis programs.




At first we will introduce some notions and notation
‘used below. The value of ( COND (P4 ri) (pa ) vee ) is
r1 .if predicate pi is fulfilleqd, rj if pj ie fulfilled
( and not ﬂpiz\pj'_as in LISP )y and 80 on, T meanes true
,and F - falee. When value of the predieate 13 treated as the
~ value ef the arithmetic varitable - T ie‘identified with 1
and P (NIL) With O . TAT 1is bhe set of naburl mumbers.
The symbol X 15 a counterpart of "don't care” in logic .
-deeign. It means that the value of the correeponding variable
lor predicate is not specified (or not of intereet) at a given
moment,
~The variables-can be classified according to different
criteria, they are or the following typee: output, input and
internal; parallel, serial, pulse and logical (one - bit);
combinational (not etored) and stored (stored variables are
~Tmplemented as vganeral registers" 1like counters, shift
regietere, memories, ewitchee, etc.). Bits from i - th to
J = th of varisble X ( wiv is of less weight, it starts
from 0 ) are denoted by X [i #3l. n .is a eymbol of the '
"value "dieconnection" It is applied to: parellel output
variables, connectione with data - bus, etc.. Symbol H
means that the. value of correqponding variable is not trans-
-ferred at a given moment or that the unit implementing the
variable is diecennected (of such value is," for instance, a
parallel output variable V of a device in all moments of
time other than those when the statement V¥~ {expreseion>
is executed).Forjloglcal variables value O 1is taken ineteae.b
of H .,

The external system (objeot) is defined as a certain‘eye-

tem (digital or analog and digital) the inputs of which include




g "-_aw set of output variables of the systen under design and
. S _
1_; the outputs of which include a set of inputs of the system

under design. The fixed block is a block (unit) which accor-

ding to the ADL program deolaration, is not to be changed
by the transforming programs. We assunme that the n - bit -
oounter 1s the modulo 2n counter if its capaclity has not
.been declared separately. The arithmetical operations ara mo-
dulo the capacity of storing register (for instance addition
" in counter is modulo its capacity).

| Concatenation is denoted by’ -; a B g defined:

a’l 11 = a, of*+ 1 es = gBd

ae Concatenation is used to create
time strings of values of variables (in this paper referred to
as. "symbolic traces"), For instance if A is a boolean varia-

ble then AR R x gk A denotes time string of values

e

of varisble A Variable A is equal to 1 for n pulaes
~Of CLOCK, then it is equal to O for m pulses, then it is

not specified (not of interest) for k pulses and next equal

to 1 for ome pulse. The string can'be also described as

A = 1P 0% ¥ 9, crock s the main clock of a device

- 1t will serve as a "scale of time" in all further time-orien-

ted considerations .

-

In order to disoover various ‘mutual dopendences among internal
variables , as well as among input and output signals of the

device - the user has a possibility of determining many forms '
,and patterns. of tracing of collection of variables. ?or instan-
‘ce', if A and B are input eignals and C is the output signal,

- then we can trace -oparately according to the pattern

(A,B,C) j;wecan trace the input signal A together




with B (as a "“state of inputs" ) and c 'separately - the
’Apattern ({4 B)y O)3 other examples of patterns

1-} ((Ay By G)); ((A, C), B); (As (Cy B)), etc.. _
If A,_B, and C are sisnals from Fig. 1 than we have:

[,

_ A" _I._I_U_Ln— . A® cLoek.

Fige 1
(4y B,y C) =9.((1f’o)4, (12 » 02 ) ﬂu’O*) , ) o
(& B)y ) => (((Th D'(0s W (1, 0)' (0, 07, 1h0ty
(A By ©)) => ({15 1 1) (Os 1, 1) (1, 0, 1)%eus (0,0,0))a
Parallel veriables oan be traced in two forms, dotalised, |

s e

'ahd nonpdetaiiied.-In tha-detalized‘form each "state of vﬁria-
ble" 4in the sequence is given with the precision of one clock i
‘pulse.-ln the non—detalized deacription the. subaequent states
of a variable are taken only. for those moments in which its
| value canrchange. The variables for the symbolic trace, their
forms and patterns are each time specified by the user,
~The state of the varidble;‘x in a t;ace x can be conp.
‘sidered as cdnbinuous (when the combinational (==) or asyn—
_chrOnoﬁs (5*)' modes of assignments are used in register -
transfer scatements) or as interrupted; according to the, clockA
ﬁpulaea (in»the case of synchronous assignments (..) ‘ changing
the'sﬁéte'with.the.arrival,of ﬁhetﬁ@ntalbpe of‘thprbulsa),
‘ - In the propésad'qpproach the reiations anﬂ.sﬁmbolic'étates -
of the.cbmputation.have.wider meaning than in the"MB -.theory;

They correspond not only to relations between. data 'and results.

of.the programs or to thé symbolic states of prdgrém variables,




| - but also to?relations between the inpdt and output sequences
R - 4 varisbles (the symbolic traces (detslized or nonpdetalized)

} S ;1are used in such a ease).

Symbolio analysis is spplied here for several purposes, ’
the first is the progrsm verification, i.e. an attempt -to sta—'3-
- - te whether the analysed program behaves in aocordance with the _
designer's assumptions i.e, whether the program ‘fulfils some
. (detalized or nonvdetalized) time relations between sequences.
lof7valnes of variebles; relstions'between input and output
_.vectors of variables or invariants. |
The computation of resultant relations, states of computation
‘ and invaeriants is carried out by program GERTIF, which mekes
"use.of several rules.and”axioms for simplification. These are
ofrtwojtypes: general and specific, General-ones are used for
all analysed programs and include Boolean, arithmetic, and
f"hardwere" rules and axioms.‘mhélspecific ones are declared.
‘by the designer for each specific design preblem.‘They-can-ne
of the same types as the general ones. : _ ,
Phe user - can specifp some input, output and input/output
;traces as’ impossible. In such a case’ the system answers with
oonsequences of such assumptions. For instance, when we. specify
-input sequenoe A as impossible, we quarantee that such se-
quence cannot occur at input ~ some output sequences .can be
thus. simplified. If we specify a certain output sequence as
impossible, we ‘ask - "What will be the consequence in input
sequences"r-- .04 what input sequences are dangerous.or not
‘desired. ‘ | |
The resultant data can be also applied for equivélence
pioving-and optimization. Equivalence can be based on:_.
- ECl1) equiValent resultant relations of two programs,
EG.Z) equivalent gome_on‘all) symbolic%States of computation

!




;for the 1nput sequence A A A

. trace

for the same admissible initial vector of variables,
EC 5) equivalent detalized traces, ' '
- EC 4) equiValent nonpdetalized traces.

'TWo programs can be equivalent with respect to one criterion .

- and’ not with respeot te the other, For 1nstance if two programs

answer with the detalized traces, correspondingly:

. 2n + 1,Hm'- 1, Bn,Hn and Bn + 1,Hm - n’Bn. : ngnzn - 1 }

2n 2n

then they are equivalent

; with respeot to EC 4 (becauee they have the same non-detaiized

132n * 1'-_q B ) while are not equivalent with respect X

to E030 . - .
The fellowing'stages of the analysis of-sequentialmpregyemeMeyef
dietinguished in our approach: '

o '1) Create .relational graph RG corresponding to the programp

graphe. RG- hae nodes Si corresponding to states of com-
Viputation and arrowe. Ri corresponding to primitive transient '
relations between etates. Each relation has a form Ri =[Qi] or .
[pi | Gh.] whwre p:l is a certain traneition.predicate and '
=L (vector of varisbles) i = (vector of assigmment
atatements}] is a multiple assignment. !Ehe vectors of ' '
;u_variebleauin statee.and‘relations,coneigered below include
: hot,dnlyestered'veriables,?but alsq;combinational or logic
'3(eohtroi)'variablee'and'predicetes”eorrespbndingAto signals
from unita;'inﬁicatore,retc.,sdme coerdinatestean be added
formaliy te.the‘tectof as a neans of measuring time_énd they
do pnot find their counterparts in the ﬁardWare. Not all con~-
ditional.signaLS'muat be_included‘into'the-vebtor,rbut onlj‘
those whioh are specified by the user, : ' }

‘ ‘2) Gompile from RG a set of equations desoribing states and

;i!relatiqns-between them, Solve this set by_applylng:‘certa*n




3!

.irules ofieliminationiof'variables. the rule for solving fix- |,

point equation x AX v B, and rules for sinplifioation of
regular expressions. The resulting generalized regular expres-—

_ alon describes all Bets of :Einite and infinite (.L.e. ;non= .

haltins) paths in the graph. _ . .
'Make speoial simplifioations of the expression taking into 5‘,{

g ,acoount ths speoific semantios for the analysed program -

"_graph. mhe rules ‘for the nested (e.g. ((xF Y) ...)),

: eubsequent (eeBe x* I‘ z* ...), and (most often) cerrelap o

' tive loops (e.g. (1; I:Looo) ) are applied. Por instance

R

6o

8,

.,:5;

(R1 v R2) (R1 v R2) can be replaced by (R’In R«".’)m :for N
some loops C(nsm - natural numbers). Then substitute relatiens

_ior symbols of relations in the regular expression. When |
only the resultant input/output relations between veeters

.ot variables, or. only nonvdetalized relations for sequenoes‘h‘
R - 4 variables are to. be computed - make the simplifieations '
--fwhich “forget" the detalization of traoes to single pulses,

by transforming the traces into the resultant relations,
Generate eonditiens of non-halting in infinite parts of the
expression by evaluating the oorreeponding relations. f
'Ir ‘the equation generated as the last by solving-the eet of
equations has-the form 8 = AS then.the program is cyolie

(this is often the case in a certain class of eontrol auto=

-mata). The resultant relation 18 2 and symbolic state
A so « ‘Instead, generate data AY ang AM By e :

Evaluate the reeultant relation, (optionally) other transient
relations, symbolie states and invariants. If the v traced V&-

riablee " deolared by the user are ‘to be traced in detalized

'ﬂform, use the. nonsimplified relation from P 3. In the oourse _

>1' or evaluating and subsequent;simplifying-the resultant réla-




tion use special rules and symbolio manipulation. The valuas
of internal and output variables are unequivocally detezmined 
at each moment of the oomputation by the previous state of
oomputation; while the values of input varigbles can change
at any moment and thus cannot be coxputed acoording to the
program from othar current values of variables. The values
of such variables can be however partially specified, b: ‘
, 'considering the subsequent stage of oontroligFor instanoe,.o
if: R=[Dp | Q] 415 the primitive trensient relation
from state SI to state SJ .and P=-+AAB iwhepe A -
is an inputrvarisble), and the auﬁouaton has come from SI
to SJ, then in state SI the value of A was O, If:
D =\ vB then instate SI : A=0 for the value B =0
in SI and A=x for B=1.. | - : _
'Because of the 1imited scope of the paper, we are not able
to give here a full list of notions of . MB - theory and DIADES
references. We feel therefore that it will be more useful to

study some examples in greater detail. In doing so the reader

has to bear in mind that programs under discussion here generate

_ IKD - OR trees of possible solutions in the simplifying or

optimizing search. Only some paths in these trees will be shown,

mainly those which have proved sucoessfull or most- fruitful post '

factum., The example which follows (as_well_as,the others) is the

- simplified versién derived from a practical engineering problem,

Example 1
Problem formulation

The subsystem of a system of central data registration is to be

'designedi7mhis subsysteu has to process 64 analog data into the -

digital form and to check whether thelr values do not exceed

-:thsir-lower-and upper limits,



u

N The external system, which includes multiple word mnlti- _
pléxer and analog/digital converter, is shown on Fig. 2 (A/D
converter has. register B at its output).

The a;stem under design has a fixed block - read only

memory (RQM). The upper. and lower 1limits of each.processed data
are stored in this memory as shown on Fig. 3. If: '

lower 1imit [ T J<x[I] <upper 1im:lt[I]
then.the system goes on to the next data, else an alarm is prinp
ted on a line printer (number of data). A/D proeessing is per-

formed in one clock pulse..

Xgiswseeeseer Xy Y TR
8 ' 1 {Tower imif Xg
a i u
i T
A — 126
D] , 127 [lower limit Xg3 |
va —
’ Fige 2 - Fige 3

The Qrocess of the sywbolic analysis
| The program of the subsysten behaviour is written‘by ‘the

designer in the ADL' language in accordance with the given ag-
sumptions. This program is compiled into GRAF language, with
r'program - graph PO corresponding to the flowdiagram from Fig. 4a '
as the result.

N




" I +“is the couﬁﬁer’ of the p’roeessed data, LI 18 ‘the address

| counter for ROM, OU'I' is the output parallal va:ziable with the

. alarm number given to the line printer suhsystem, AL is the-
alerm signal (logic variable) to the flip~f1op on the panel. P1

- 3is" the ‘predicate equel T 1ff (B>I [LI] ); it is logic '
variable- output from the unit - “comparator of arithmetic '
'crder >" which has B end Y [I:I]variables a8 :lnputa. I [I.-I]
is the subscripted var:lahle coresponding to RCM.' I, LI B

-‘and I gre stored verisbles, OUT is tha combinatienal variahle,

'.AL and Pl are 10giea1 variablea. B is the input variable,

i ; 'AL and OUT - output. variables, the Test of variables is inter— .
"n_al.‘ Relational gr:aph created from PO 1s shown on Fig. 45,
it 15 asaumed that in the initial moment the control automaton
is in the state S1 end that in this moment LI = I = 0. The
‘. designer wishes. variabl-es oUT Aand' AL fo be “traced." (thesa’
variables will be underlined on the left sides of the relatians).
: | The meaning af the relations in the relational graph is as
'follows. . : .
Rl -[(B,I LI,QQT_,AL Pl). = (x[I] » I, LI H, 0, x)},
__Ra [-.(B)I[LI])' (8,1,11,0UT AL, B1) &= (B,I ,1.1+1, B, O, & )],
| = [(B>x [11}) (BILIOUTALPU.-—(BILIII,I)],
114_-—- [(B, »LI,O0UT,AL,P1) 2 = (BILI +1, H, 0, x)],

L 8L,
RS

[+(B > I[LI]) | (B,I,LI,0UT,AL,P1 ) : = (B, I,LIII,O )] .-

.tl

R6 = [(B>7 [1.1]) |(a,1 LI,QUT,AL m) = (B,X + 1, LT +,1,H,0, x )],

R7 = [(B,I LI,QUT,AL,P1) : = (B,I+ 1, LT + 1, H,0, k)]

1%
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a) | b)

RGO

t =1
zz] |
¥$85

o]

Lls=Lli]
FT wale1]

Fige 4.

| At first we will investigate.the carrectness of the 20
program. on t.he basis of the relatimal graph :E'rom Fig.4 b the
program GERT]I‘ ‘compiles the follow:lng set of equationa.
| 1) st.=Risz, . | |
2) S2=R2S4uR3 §3,
3) s3=R4ss , .
4) S4 =R5S5uR6 S1 ,
- 5) 85'=R7 8. |




ly

‘Reducing S3 end S5 the follcwing equatiana repﬂ.aee equat:lona
‘,.2),3),4)and5)=' | | -
L 2-(R2u33 R4 )s4
VU S4=(R6 LRS R7) S1.,
| Subatituting 4") into 2") : .

2) 2=(RZUR3 ‘R4 ) ( RSUR5 RT)SI. B
Then._ * o : ' ' -: «

1 ) s1 =m (nzuns R4 ) (R6URS R7)51.

" From thearem 3 fram [Blik 73] CERTIF progrem evaluates: |

s1=R Sl=[Rl(R2uR.3R4)(R6uB.5 RT)) s1,
o (Sl ° is the initial state of ~symbolic state S1 ). _ |
_ ‘Kext GERTII-‘ evelustes the resultant relation, and other rela-'
- | tiona (optionally ). ‘We will now cons:l.der the evaluation ot the -

. | resultant relation.

7 “RIR4 = [(B >x[11]) |(B,I u,g_vr_,&,m) = (B,I I+ 1,
O TCHET'O0, k) ; |

- B2 v 'R3 RA = [(B,I,u,cm.__,rt ) 1 = (a, I, LI + 1,

(com: cw(a>r[uln u)ccnn[u])u'nm.
(com (A>T [1x]) oxeay>x[mlya o ,x];
R (R2uRSR4)=[(B,I,LI OUT, AL, P1) : = (x[:] I,LI+1,
(com (( = (x[T)>x[rx])) ua)((x[I]>z[LI])(HIHm,
- teo ((a ex {x]px [13] ) 0% ) (( x[:]n[u] 301100 ), )],
R5 RT =[+(B)> r[ux])| ¢ 1, 11, UL, AL, m).— (B, Iﬂ,‘ LI+1,

| I'H1'o . DIFE .

: R6 U RS R7 = [(B, I, LI, OUT, AL AL, P1) = (B, I+, LI+I,

(co (B> ¥[1Lr]) H) ((~(B> x{Lr]) T wy) >

- (comp ((B>I[LI]) 0)((1(B>Y[LI])) (1 . 0)),*)]



o’

AT o B

| _R—m (R2uR3R4)(R6 uR5R7)= [cB I,LI our,n.,pn =(X [1],1+t,(1,.1+1 )+1,

‘(cmrDC(-(x{IbI[LI] ycom((x [ Tpx{ran] ) 53¢ x[ Tpx(Lr+])
@11 ) ) (xz)>rlErican ¢¢ x{ Tpr{r + 1) )
(H°1 rx?))((-.(x[__:]>r[.m +1])) P IPE IR I,
cam (¢ x[I]>r{1x] ) (com (x[1]>x(1x+1] ) )
((-n(x[l])I[LI-!—!]))(Qa"’OJ)D | :
((x[x])z[u] ) (COND ((x[:] >x[1x+1] )02 o? ))
- ((1(X[I]>I[LI*I] ) (0*1. 2021 ’0) )))) ,t}]

_'.'I!bia relation describes detalized traced} variables with the accuracy .:\

. of me pulae., Tt cen be then utilized in two ways. In arder to B
» evaluat.a the rasultant. relation alone (posaihly with non—detalized
. tra_ees) ‘s_ymhola H | arq de_let_ed, The "alwa;ya applieable reducing

tzéhsformatiohs are naxt perfurmed. The relation obtains the form:

"Re[(B,1 I.I_,g_ur_,AL B1)s= (x[I], 141, L1s2, (CamC((~ (X[I]> x[m])) A

(X[I}>I[LI+1]))OUI') (Cce~ xfxy )I[LI]))A(-:(I[I])I[LIﬂ] »mo 7
v ((x[x1> x[ix] ax[a]sx (1] D)courT )) S

(Cx[x]y T[LT))a(~ x[I)> x[a43) 1) (oUrI » 1)), -

~(ca (¢~ (X[X] > I[I-I]))»\(X[I]>x[LI+1]))AL)((((-u(x[I]>r[L1] ) y

A(a (x[I]>Y[LI+1])))V(’(X[11>Y[LI])/\(I[I])I (L1 + 1] 1)
’(wt))(t(xlxbxiuhah x[1]> x[ma]m(m. P10, & )]

GERTIF evaluates also aymbolic states-of computati.on for

: stored and control varisbles, and the invarisnts for all states of -

the relational graph. Assuming ‘the vectar of variahlea (B, I ,0ur,
AL, P1'} end initial state =(k,0,0,%,&,%) 1t gots:

M A
Sly = B S1, = (X [(M"‘ )mod64] J “mod64 s (2xM )mod128 r

(GOKD ( (X[(M—‘)mod 54] > X [(2 IM)mod 128] ) T )

((" (x[(M 1)mod 64] >¥[(2 xM)mod 128-l ” F) o)



(e

Where CONCAT OUT .and CONCAT AL ere uneimplified symbolie

traces or“variables IOU'I.' anﬂ‘ AL. The imrariant is also generated.'
B=x[(1-1 )QdM]}A(I-I-f-(ZxI dnca 128 ) A ees

JS:imilarly other symbol:le ‘states aof the variables, ‘and invar:l.ants
. for other states m? the relational graph are generated. '

Now GERTIF formulates the goal of reducing the resultant

m}a}:iom (optionally, the reduction can be alse performed for other

idbema} 4in accordance to the preprog:amed general simpliﬁ.eation

rﬂlea and general axioms, as well as the specific ax:ioms eng rules,

| spec:lfied eachf time by ‘the deaigner. .

The first goal Gl is to simplify the pradicate.

G xl1l ) 1[1.1]) A@[Il> r[u +110 .
'Ehis leads to goals G2 and G3 (G! is the GR-node)

(x iz + 1] >I[LI]) , ( r[LI+ 1] =y{Lr))
¥n order to match cne of the following simpl:l.ﬁeation rules :
V(IR PWBYACIAYIE)IACIC SIB)—rF (R1)
-'1‘(‘A >‘B)A(‘-A SIC)A(IC =B )=pF (RZV).

(87 X we vill denots in rules . the varisble X ).
meither goai »82 nor. G3 is fulfilled and

_ the. assertiona Lxl1x + 1] > xfux]) and

o (x [LI + 1] = I’[LI]) ‘are marked in the data-base as :t‘alse far
further use . CERTSEE‘ now triea to achieve goal G4 : to gin}plify
" ithe predicate ; ° - |

cc~:(x[I]> r[1x]) A -.(x[:] > z[u+1] ))

'V((x{1]> I[LI])A(X[I]> I[u+1])))

It is first decompoaed into three independent goals (G4 is the

(AND-node}: G5, 66 end G7. 5 ia to eimplify:
,("CX[I]>Y[LI])'\‘I(X[I]>1'[LI+1])) to U



1%

"’,\jg'_sk to ampnfy . o
((x [1] >z[m1)A(x[1] > z[m +1] » to W

Cand @7 to sinplify the resultant predicate (W v W)
'G_oal G'j would mat@h <me of the simp]ificatim rules. S

B AN S 10) A(ta> C) =+ ( ta > 10 (R3)
-~ a( zA>zB) /\-l(lA)?C)A(lB"' C) —» (24 > 10C) (R4)

 if one of the goals G8: (Y[LI]> Y (LI +1]) o
@9 (I[LI] Y[11 + 1] ) were fulfilled (G5, .juat s the Test

of nodes described below, is the OR-node Jde

~ 'Goal @8 ia then called, which according to the apecific axiom.

(Vv 'uem od 128)[m:me ( LI) -->(x[zL1]>z[zu +1]1] (as1)”

rlaads to the new goal G10: EVENK ( ‘LI). Now, according to the

- general aximn* o | ' '_
(V@) [(3‘1)[‘X=2x *r]->m(wx)] | o
: the goal Gt : (LI =2x 1Y) is called in the context far

sx.M. _Because _(LI 2 x M) in stM the goel G11. is fulfilledi
with 1Y = M. Facts .F1 = (EVENP(LI)) end F2 = a[u]>y [LI+11)

- are then asserted as true in the data—base. The simplificatiou
 rule R3 for G5 s then spplied, which leads to the predicate:

- 1(x[1] Sx[ux+1] .

‘.Similarly suhgoal G6 leads to subgoals G12. .
x [L1]>r [t +1] ) end @13 3 (x(LI]=% [LI +1]) ).

Goal @12 is now found directly in the data—base, and next the
simplification rule: '

(A >WB) A A >10) A ( 1B >rc) —-b(ra> B) - (ms).
48 applied to @6, which leads to the predicate: -

x(1] > x{11]).

‘The progrem turns back to G7 to simplify the predicate y which haa |

resulted from ,applicat:lons of G5 and G6. The new goal G7 is




.i;hen to simpli.fy -
e (x[x])x[u+ 1] v (X[I] > I[LI])) | ; -
This leads to gaals Gl4:: (X [LT + 1] = r[u]) R
~ (to satiefy the rule (RE}[~( 4> 1B) v (’A>'G)]A( 1B = 10)—=T),
G152 (x[x])x[m+ t]} and G16: (1(2[1])![11])) .
| Goal @14 is found as assarted false and- goala Gls and 016
| “ave diaproved. .
B ) ampnfy the predicate
((x[1]>z[m])a-.(x[11>t [ u * 1] ) I
o ance mare rule RY ‘end aaaertion rz are uaed which simplii‘iea N
: the above predieate to F._ R . '
e Substituting the reduced predicates to R end taking into |
;4accoun1: t:hat [F 1Ri] - NIL, relation R is next reduced to t.he

 form:

~,R~[(B, I, LI, ou-r,______._m) s= (x[:c],rxn LI + 2,
| ccormcccw(xII]>r[m:1n«(x[11>x[u+1] )
o) ..
(((-.(x[1]>r[u+1]))V(x[1]> r[u]))
(our 1)) , | :
(COND (((1(x[I]> I[LI]))A(X[I]> I[LI+ 1] N
| ALY .
(((1(x[1] > x[mn] )) vcx[n > x[u]))
(AL 1)), &k )]

The relation RM and SIM are evaluated: : | .

S’M in S‘i [x [(“ ‘)mod64 ”masv (2 x M)mod 1289

- . | _ GONCAT OUT, CONGAT AL, CONCAT P1]
. where CONC:A'.I.' oUr de° pa:-.tnted in the :t‘orm.
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IR €C x[o]>r[ohvcx[01<z[11nm 0 msn "
™ (( x[1]>x[21)v(x[ﬂ<r[a]u EISE H

| IF(( x[ﬂ)![ﬂ)v(x[a] r[s]))mu 2 m.sa H

.,ﬁ-(c--‘-]x[cu 1) od64] s r[(zut-z) ,,d,za])
v(x[(n-nmd,aa] g![(axn-ﬂmod ,28]))
o N - "nodtaa SR '

. which meana that the aimpliﬁed symhoue traoe oct output vaa-iable |

’_oor :ﬁs equal to the. string with 1ength £y ,whose ﬁ.rst element .
18 0, , when (x[o]>x[0])v(x[o] $Yf11) holdaar:othar- |

. -;wise it has ‘the valne "not cnnnected" ; next element 15 ] ’

i e

. whan, ‘esiey etc. _' o B

5

§ ':meﬂrat-tem expanaionof concu om- 1afor M =2 the
‘following treet . ' o

o ((x[o]>x[ojiv(x[0] r[l]n. ‘

I

B 3
4
=3

I

L

'_-',-)ﬁ;'.n k ((x[1]> I[2])V(x[1] < 2[3] J) T
,:j: Sros 1
'.11.,-> F(Q) R
~>F 1 ((X[ll > ![2])\1(1:[1]41[3] ))
Cresrer
“.-L >F( )

: First row describes predicate with numher 0 and tha second the

'predieate with number t, The tree means that if predicatea Q
and‘_ ,1,_' are both fulfilled. “the simplified aymholic trace of ou-r -
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R

L(O ’ 1). m traces of veriahlee cen: be aleo nhteined in

'-»rdetailed fomn wi'th the eccuracy et one. pulee. In euch 8. ceee we

muet start ﬁ'om the mtial relation K, withoct simpnfymg

: '-eymbcls B

On the bae:!.e of the printed data the deei@er decides whether
the ADL program given to the computer wea edequate tc hie wie’hee

‘-:l.e. whether he egreee with the pr:inted coneequencea of the m'ogram. —»
U We s eee that in thie case the resultant data ehow thet the preg.'em
-IPO fu]ﬁle the aesumpticns of' the deeigner. '

3 ANALYSIS_ & rmmm. FROGRAM _SCrEMATY

N

7 The eom':ce 1anguage ADL of DIADES makee 1t poeeible tc
deecrihe programa vr.[th perellel branches. : '.l‘he 1anguage mcludee

8 aeverel 2ids to describe parallelism, including the pOeeibility of
o ‘-deecription of Petri nets and some- other models of parallel prc-

ceeeing Ve will describe etetemente-' FORK CUND, DEXOR and

 DAND. _ o

FORK ie the deecripticn of the progam—graph node in which
cmtrol divides itself :Lnto parallel branches. Yhen branchea out—'

' | .'pointing from COND node correspond te nondiedoint predicatee, COND
“-d:l.vides control to all branches to which lead pc'edicatee fulfilled
‘et the moment. Now the control in branchee can be executed inde~

pendently, if there .'na no eynchronization. DROP :I.e the etatement
of contrcl termination in one of the perallel brenchee. Eech DROP #

‘ etope execution of ‘one FQ?K branch, while the contrele :Ln other
»bremchee go on. DAND end DEXGR eerve to describe nodea in which
| controle Join together, coming from perallel branchee. DAND deecri-.
| hee a node wh:l.ch 15 passed by the corxtrol when all ccntrols from
-_inpointing brenches have reached it, :DExOR -a node which trensfere
: the contro]. even when cnly one control i‘rom the :anointing brenchee

206
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hes reached the node. In such a case the ccntrols are removed

. fi*@:ﬁ ail other inpointing tmanches.

| . & program is considered parallel when it has at least one

"FGK statement or - COND statement with. nondis.joint pmedicates,

otherwise it is sequential.‘ VYe assume that both typea aof programsl

are implemsnted as. synchronous automata £ special units implement '

DEXOR and DARD statemants). It can be proved that ‘there exists

a constructive method to find an equivalent sequential relatioaal

, graph RG (as ‘the g-aphs from the previoua eection) for each para—

llel program [Perk 79 b) .

_ The symbolic analysis of ths parallel program can be there—.

~ fore redueed to the method outlined in section 2. The entire

process comprises the following stages:

- transformation Oof the parallel program-graph ~ into the paral-
191 relational graph (PRG) with non-disjoint rela‘tions outpoin-'
ting from the graph nodes,

- transformation of the pParallel relationsl graph into the sequen- '
tial relational graph, 7

'--calculation of transient relations between nodea in the new. graph,

- cslculation of the resultant relation of the program (according

o to the method from section 2).

ir in a gr-aph arrow from node n to node m  has descrip-
tion R, than .n is a predecessor ,‘ and m is 'a » R-successor
‘of n. This is denoted also by S (n, R) = m.

For computing transient relations in- Rg from relations
in PRG we will introduce operation o, defined ag follows.
Let: Ry, -_[p" l‘(xi., Xopeen,X, )2 = (fy, f2’""fn)] ,‘
R2 = [pz‘ | (zq, xgi,...,xn ) : #(g“ ‘5;2,..'.,,%)].
Then o _ ’
Ry o R2=[p‘1t" Py | Gy p2t, ---:"L‘\_J"=~‘:(1’!(if1,.{:1‘-),21(:5‘- ) S )]

2 .:;1,--.,;;,_,‘_‘.



;”") - S F&xdt:lon" h cen be defined in meny ways, 'dapendingv on hard-»* o
'? ware realization of tnausfera between registers. We will .dga.ﬁbé '_ |
here tha ‘following function: .
. "‘31"‘""“ fi Xy p
I n{fs,ey) = ' - when (fi # xi)a [(sf xi) vig ¥ xi) A(fi-si)]
‘ A error “conflict of variahle x.l - in other cases.
: _ algorithm to transform the parallel relatieaal @aph inte
) '_ the equivalent aequential one is given in [Perk 77] and [Perk 79 h]
ks en exsmple consider PRG from Fig.Sa with aoe FORK and cna
DEXOR ‘node. The corrgspondmg 'SRG 1s shown on Fig. 5 b, ‘

',-' b)

R7aRIAL

‘R8alR10uR12) -

Figoso ‘

, . As. an example of parallel prOgram validat:lon we will present
. walidat_ion of an au-t.omaton, which hag to delqy the input on the time T.
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_Exemple 2
a Problem formulation
A digital device CIPTIMP :Ls to be deaigned for the dala;y qf

input signai A hy the time Te The d_evice has MOrmation 11;-

put A, infomation output B, &and control ihput Te ,kA“and ‘B>
are logic signals clogieal variables) and T is a para].‘l.el

yariable with value of t:lma T, e:cpressed in the number of main

élock CLOCK pulses. In case 1 ’ when delay time is ahertar ‘then
p:!,gnal & (the number of pulsea when A = 1) » the t:l.me diagram ia ‘
presented vonr _Fig.ﬁa. ' . '

ey 134

e w————

Fig 0_6 * } ¢

!Ehé‘diag:cam on Fig.6b ‘correspends to case 2 in which the delay o

time ia 1onger.thén Signal A=1. It is assumed that the follow-

ing conditions are'fulf;lled:
(1) A = Q «dn the initial moment , . .
(’_i—i_); time lag between two . aignals A'=1 is longer then
time T, | | |

i

According to the abova formulation the user writes the |

' program in ADL:,.




_,'-'—,__

-For logical variablee (and single ‘bits or Boeleen functiens plqy-

‘ _i.gg the role o:f' pred:l.catea) we shall edopt the i’ellew:l.ng netatim
(A =1) end -.(A =0) is Toplaced with A , end ' .

(A-O) 1(A=1) :I.s replaced!with 1A.
' L and m' &re parallel variablesq
| ‘Bhe translation creetee the i.ntemal nachine repmaentation—

, : l‘the reletional atructure com:esponding to the program—graph of
- ‘automaton’s behavior (Fig.?a}. Statements M and Lz correepcnd

to the state of contrel automaton, in which signal A 13 initia]ly

. equal’ to zero (phase I of Fig.6). When 4 changea to 1 the

branching is executed by FORK etatement.. In one btranch cnes are .

-+ added to ‘counter L - while A=1 and Iﬂ! # Q (statements AG,A?).
‘In the second branch ones are eubetx:acted from the counter T '
' while T 3‘ Q (phase IT .- stateme;nta A4 ‘end A5 ).

1 Let us consider case 1 from Figs6a. If A =1 when LT ia

aet at 0 control goes e to statement A12, Next the device waits
while & =1 and gives 1 on output' B (statements 49 and A2 -

phase III). When A~ chenges to 0O, the device counte time of de- -

| )lay stored in eounter L, all the time giv:Lng 1 aon output B

‘(statemen.ta AtO A1l — phase IV}. After counting the time, deviee .

. _'fgoea to. the phaae I when L is set at 0 (Jump to statement Ai)

In case 2 from Fig.6 b the device executes statements AG,
A? in one branch and A4, A5 in enother until. A will chenge
to 0.' COuntin,g up in L counter will be. interrupted and counting

a down will coqtinue in -I? counter (etatements A4, A5 ~phpse V ). -

At the momen.t of LT changing to 0 (i.e. time T has been counted)

'}'the value of A is checked. It ie equal to O 80 the device.
- exacutes etatements A10 eand Al (phase Iv) as in the firat case.

'ﬂhe prOgram-graph from Fig Ta is Tnext converted by program

CIJRTIF to the form of parallel relational graph—-}:‘i{; 7b Cthn :
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IRA =R3 aR4

RE=RGaR® | °

AT
RY __(T71Y)

O . ‘phase IV
Re. -
phaseIlf

" RSoR7=#:




paralle’lism. of this gr'aph Tesul

wingt

R =[T|Q‘]=
R2 = [af|q2l=[(a =

[(L: I'Ta&t_B) '(0 Ty &, 3)]
1]‘(14, 1r, A, B ):-—-(O,T,Q,O)l;

Cm= [a]B) [ (A= 1) (@, & B = @1, 1T, 1,0 )

4"-‘ [&|Q4] [(5”1 )|(I'a m,_,B)x=(L, _V'_'_s_ ‘?-Q)]' |

—[Mwnlab'] I
(L, 1T, A, B Yi= (L + 1, 1T, 1, 0] ; ,
ne [—-(M-.m les)=[ ¢ (A=1aQr= 0))|(n,m,_,a):=
(L,Lz, (COMD (( D =1) &) ((-D.=0)0)), O] ;
[un | Q7] = [(A—t ) A(Ir = Q)]
(La LT, A, B): = (3, 1T, 19 1 )]

 m8
B9 = [+aaD|@]=

(L LT,_,__) $ =

 mo= [4]awo]=[a
| [ulqn]- [A¢a = t}l (L, 1T, A, B) = (L-1, LT, 0 ), 1]
i Ri2 = [1c|q12]= ['1(L o)I(L, 1T, A,- B):= (I-t, 17, % ,'1')]'-
[(L-—O)l(L 1T, A, _B_)z-—(O T, &k , o)]

R

R13= [clqw]-\

]

(A= 1)a312=0))

[+ 1] =[~qz = ) |, M,A’B)_(Lm_1 x,09]
[~a=narar=0]

(L-tLT,O,i)]; |
» |, 17, 4, ).:-(L, ir, 1, 1 )];

- A and B are input and output variables for _symholic tracing.

Qn the basis of parallel relational graph PRG from Fig.?b

the aequential graph RG from Fig.'Tc 1a ohtainad.r It is formed
In PRG ‘node 2emmcn from 7 subsets of set

as followa .

{Rz, R3, 34} only auhseta {nag and {Rs, R4} give non—empty rela- |

tione( BRANCH :l.s a set of all nodea which’ disjoin control. An

non-empty suhsets of set of outpointing relations from node of

BRANCH shall be considered as the set of, arguments for operation

' o to form a possible arrow in RG.
77 fhus, because in IRG

“R3- successor of node 2 is node 3

and R4 - successor of node 2 is node 4 - we get in RG-

ts frem nonQ-aisjaiht relations R3
‘end R4 )« The mening of relatims Ry in the graph :I..s the follo-

e

-




. (B3 aR4) - successor of node { 2§ equal to {3,4]. The Ro- aue'-'.:

—_——

gessor of node {_2; is {2}

:E‘igure '8 .shows ‘the creation of successors. of node {3, 4} For

, -nq.qatance RS- auccassor of node 3 is node 3 mcl R9-suecessor :

_ m? qode 4 1s node 7.v mus 'RG the (R5 a RQ) - aucceasor of node |
{3’4§ is: node §3 7} . After ealculating tha value of relation
"__E:ia R9: - : | e
RS54 R9 = [(Aawn)/\(-m An)] Sow = . :
[F‘QﬁnQS]-— NILA_thusthenode{B?}doesnotremain__f-1‘

'Zm 'RG. Similerly

B5 Q R7 = [(A/\ﬁD)A(AnD)I QB o Q?] =NIL

| :RG-succeasor of node 3 is node 5; RB-suceessor of node 4 is

| _-'node 4. Taking into account that 5 G-‘;':ﬁ' ponda to DROP » We gc’t IS

- sc{3,4},,36038) {4} T
111 other nodea and arrowa Of ‘RG can be :t‘ound 4An a similar

'e;y The meaning of the relations in RG ﬁ'om Fig.? :I.s the

,RA R30R4 —[AI\L’QSQQ4]=[(A 1)|(L LT,A,B):=

R @,y 1,00];

_.-RB R50R8 [(’AA‘:Q)leQSoQB] [AA"ID'QSQQB]—-

f-[=’[€ 1)4"(IE=0)|(L, T, A, B)i= (L+t,~m‘—l,.1,o)];

RC REQRB [‘l(AA'ID)A-lDlQﬁ a Q8] | T

E [-.Amn |(L ir, &, B) = (1, It -1,0,0)];

RD =[R6 Q R = [w(Aa—.m Ala aD) |6 o Q7] =

[A/\DI(L, B):=(LIIBI,I)],

'm=R60R9 [-(Aa-np)/\c-m,\n) | a6 a 9] =
‘[‘:AAB'(LIII'_,Q)-—(L-1IEOI)] ' |

I‘rém RG graph a seﬁ of equations is compiled, which, after re—

'duction, gives:. _
 St=Risz; | | ()
. 82 = re*ReREX [(Re 28X (m7'RIOK R o) u




5 R RIOX R11 un'e]me* R13 s2 u{aa okeX 5 R4 RB™
S IR ‘, - re* ra RB*RC RE™U RefRA- RB"(Rc re¥ RT. um)__njg
o Rz"nans*[(nc reX (RT mo* R11-U R9)) U KD mo*anum]ma j
o From the non-helting pert of the equation (in{ } parentheses) |
, : -'halting conditions are generated, e.g.. o
o '}'RBK“”*xaK) [(mu 1 -1 )X = oamremr 1, > 20 or-13%0.
| T T3 L
, ‘:-The halting part of the equation carresponds to the symholic state’
. o computatiou in node S2: .
52 = R2* R 'REX 7D RIO% R11 R12K ms 82 -y
- Re* ma REX Re re* -rg m12X R13 s2. v
m*mns*mamz*mssz U |
~ r2® ra RE* Re Re* RT RIOK R mz* R13 s2 = Cf GC2uC3uCh . (iv)
" After evaluating the above relationa according to the preaented :
'aethoas, variants ci, ca, €3 and C4 of the symbolic state S2 o

L)

-are ereated.
Gt (1. 1r, m,e)-(o T, o"‘-uT‘T“‘»o’ x T
| ,Qm_*’f,,,T*rﬂ:o)., ', |
_ -The eymbolic traces of :I.nput variable A and output variable B
o present. a cértain input/output tilne Telation ; i.e. .on the :anut
' "sequence AR 2 ATﬂ'ﬂ A t AT the automaton answers with the -
8equence 1Bm"T BT*“H" ?aB . '
The above deacription of 1nput/output relation correaponda o
| to case I.- Phaae I has m pulees, phase II - T puleee, phase III
r +1 puleea, and phaee IV T pnlaee of CLOCK (r is eome ar- -
"bitrary m:umber) . In case 1 therefore OPII\E' automaton operates '
Lcorrectly. . o
- ‘In the seme marner, computer evaluatee next var:lante' e
,cz (L, 1, A, B)= (0, 1, AQR s 4B+, » T (0}, o-*x*‘
Qm+nf1+t+} » ¥, ) ;7




oy . S TR
-cy, a. ir, a, B) = (o, m,o'“u'f»o- 5,
s T | / Qm-i-!l','![',o)._ |
*/\) : P GZ corresponds to case 2 with phase I of m pulses, phase
| 'IIOfn-*t pulaes,phaseVofT-(n-bl}pulaesandphme
'.---moernﬂ pnlaea. |
e3 correspmds to case 3, in which length of signal A4 =(A=1 ¥
‘13 aqual to. . Phase I hes m pnlses, phaaesIIandIV Tpul—-

ses, phasea III and ¥ ere abaent. : : o v
" c4: (L; IT B) =0, T, ™ 110 0 x“ 1 ""oxp"‘ S
o omﬂ-t-n-m 'y t+v+t+p )e o
“This state is next checked against the assumpt:l.on (11) ’ which 13
- formally described as: ' :
| TMPOSSIBLE-SUBSTRING-OF-VARTABLE-TRACE (1”‘ 2 0 1432 zx <1, A)
. R which means that thetime 1agbetween signels A = 1 is . - B
"always longer then time T. The goal Cu+ 1 &M is than :t’ormu-'
. lated (the longest possible 91gnal A=0 can have u+ 1 pulaes
‘ ﬂin C&) which matches the fact (1 + n + u="7 ) reault:lng ﬁ'om _
the :l.nvariant. If condition (ii) is fulfilled the aymbolic state '
' 04 ig impossible as having the forbidden trace of the :lnput |
variable _ Automéaton operates therefore correctly in eases 1,2 “
‘anld 3 1f conditions (1) end (ii) are {c‘ulfilled, but it does not
| operate correctly if the same conditions are not fulfilled.
f Similarly » Other properties of pea'allel programs. of control
- automata operating in real-t:lme cen be proved, and time conflicts

_hetween variables cen be diacovered. Some other applications of
CERTIF ¢an be found in [Perk 79 b} ‘end [Stra 7] .
4. _THE IMPIEMENTATION

)
Bl

_ The methods deacribed ‘above form a. basia for a system of .
prog,pams, which ia currently being 1mplemented at. the Institute of
.o .Q)matic Control, Warsaw Technical University. After finishirg,

™

.
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: the packege will ke included to the system: DIADES [Perk 79&] ."
.' -The -present version (December 1978) of the aystem is preeented tm
.Fig.9. The path from input data (deacription in GRAF ) to non-
raimplified relations is alraacly in operatian, as well as progrems

- _rf°I‘ Blsebmaic amd Boclean simpliﬂcation end prettypz-int in clear-

- .H,'aystem made use o:f the reaolution-oriented theoram prover [Bom 7?]

s but following that experienee, we ®_now pu:efer to’ apply the problem-

“ :V:Nj'aalving languago to implement the goal-oriented aimpliﬁer and

© prover. The. system is written in LISP 4.1 end PLANNER4): (our

- impromed vers:lon of Microplann.er for CDC CYEER 73 ). The- aimpl:l.ﬂ- ,
eatiorn Program 18 a mixture of LISP symholic simplifier ¢ as those "

use& in algebratc programing)and the goal- oriented nondeterm:lnistic

_*rule-based aimpl:lfier in PIANMR41 +«  The latter is called when

. gome additional :knformation, generated by CERTIF (e N-2 invarianta

cu:- symholic traees) » OO entered by the designer (a.g. assertions or
rules} is required to apply a certain simplification rule. The

3l

_ general form of the rulés 13:(00.41. <gpa1> IF (predicate)_TI'EN @otion)),

o 5 APELICATIONS CE‘ SYI!BOLIC ANALYSIS IN_ QPTIMZATION OF

QIGLTAL DEVICES

Ing DIADES, the program—graphs in langua,ge GRAF are aub.ject

| ,to several tranaformations, in order to obtain an equivalent var:lant

o:f' program with quasd.minimal value of cost function. The auperior

program generating equivalent variants and eelebting the quassimi- '
', nimal ones is based on the heuristic search in the space of equiva- :
lent prOgrams and space of equivalent. abstract atructures [Perk 79c]
| Some of ‘the program—graphs are implemented, which means that the

‘abstract structurea (i.e. structures from “"abstract blocks" l:Lce

- counters, regiaters, etc. with non-specified internal s’“znc{.ur"-*s)
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_ ‘;correspon.d:lng to the progream ere generated. Eeoh digital device

is. ;deaoribed as a hierarchy of elementary systems. - Each elementary .
ayetem can have two interacting un:Lta. conrtrol unit and operations

S undt. Control unit - controle the operatione uait with control eig- .'
" malg, according to the program and the predicate eignale :from the

operatione mit [Perk 98] .
' EL'he data obtained in the course of the eymholio analyeie ‘can

'often be ueed in’ the automatic optimization of the control autome-'

tom Program, and in coneequence in the optimization of the control

‘umit and/or the operations unit in the corresponding hardware

1mplemen‘tation .
Apart :f'rom the data preaented ahove, symholie transient Telat-

- ions computed by eimilar methods y can be aleo of value for optimiza—
L tion, eepecially the relationa of segments of the relational graph '
with certain input and output states.

The following cases’ are most frequent in the optimization. _
1) the state of one condition mpliee etatee of other condit-

‘iong = the result is the eimplification of control unit - (leae in-

put columne in correaponding automaton table - see example 1 in

‘ 2) the state of ane condition remaine the sene throughout the

program - the result being the removal of correeponding program

eegxnent (example 1 in [Glue 70]) 5

3): a condition is equivalent with other eo:xditionor some funct-

‘don of conditiona- the result is then to aelect the condition or

: function of a amaller cost function value )y

4) the oondition is equivalent with the bit of variable or
function of other conditions .and variable bits « the reault as in 3),

'5) the regieter-tranefer statement is unnecessary, because the

- variable has the seme value at the in_put as’it would after statenment |

éxecution- the result is the removal of this statement,




PRI different one of leee velue of cost function - thie results. :ln |
{ ) R cheaper units, '
- B ) generel:lzation of 5) end . 6) - the etatemente sequence can

be replac:ed with another etatemente sequence with the less velue ,'
of cost fmction (example 2 in [Glue 70] )*)
) Theee c-aeee ere written as a set of rules 1n LISP PLAMRM
‘. end modified GRASPE; they constitute a pert of progrem HEGPS - for 2
i ) optimizing of control automata programs. ' "
| The automatic deeigu at the "register~tranefer level of deeign
- ie performed by ‘ths collaboration of progreme EEOPS, OP'I'I IMPLEM
’ and CERTIF. - HEGPS funct:l.ane 88 the euperviem- selecting pa:'c'grame
end rules for traneformet:lone and Mplementatiene, eeTY optimi- _
7' 208 program-g'ephe eelecting treneforming operatars.  One o:t' ‘them B
| | is TWAIKER ., which looke for similer substructures in the greph of
) . program, organd.zee progrem loops in it and introduces the eubecr:lp— N
]  ted veriables. IMPLEM finde the abetract digital etructurea corree-
- ‘ponding to the programs. | o
3 '*Qamgle 3 | .
R Coﬁ'timiihg example 1 we will consider the epplicetion of the
symholic analyeie to the control ‘automaton program’s optimization. R
T When the deeigmr agrees with the reeultent reletion invariente |
end other reeulte of enalysie of a certain program, he ealle .
'Pr°81’am IMPLEM to senerate an operations unit cerresponding to . .
‘_ | thet program. The operat.tone unit SAC correaponding to PO preg,ram e
o _:le eh0wn on F:I.g.w (for eimplicity’e sake clock units end connect—
| '1ona will not he neladed). |

t) The epprOach to pProgram-optimization based on 1nvariante,eimilar |
to gome extent to ours, heve been also prOpoeed recently by
S.Katz “[Katz 78] -
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Now control is given to HEQPS program, which tends to find the

" mext, hehawiorally equivalent variants of program ; and the corres~

ponding operations end control units. In the course of it wox-k _
HEOPS attampta to £ind scme of" the praspeciﬁ.ed dapendenc.es of the

,'Variables. It makes uae of the symbolic atates of computation _

evaluated by  CERTIF.
 From Sy it gets: I=M end LI =2 x M.

';Then for each M LI 2xI in Sly + Analogically, from s4M
: :lt ohtains LI ' 2xI +1 .+ In the same wey, H;ECIES proves, that
“in each | Si holﬁs. ‘ ' | '

LI 2xI or LI= 'ax1+'1 .
Such conclua:lon leada the program to applying a rule

i IF(E‘K)(VSi)[ (2% x 14 + Y =rB[oaBMAx])/\

¢1x <2k )]THBN ta —=13 (1K # BMAX ]

- which Tesults in substituting I [0 # 5] with LI[1# 6] in PO,

Thie gives program-graph P1 from Fig.11, which need not be veri-

"figd. Next IMPI.EM: finds abstract structure 851 ‘of the operations



‘unit, corresponding to P13 (F:Lg.ta }« The Operatiqns unit is then

reducsed by one counter.

‘,’. : ,L'llél.lo‘l

[T 9 Jmodr2s
leounter]
011 6  LItos®)

" LI(1 48]

: AL s=1
 puTs=Litme
L "X 8% -

X[LI H lSIJ

i 5:”““” 2 A aa-xmn;sn R I

-:g:lvea control t.o CPTI prOgram, which in turn attempts to reduce

: that the operator TWALKER which had been called by OPTI has
' :ldentified two similar substruetures ‘in P31 (the present. version

- see [Perk 79 e] ) end next has tranaformed this program-graph to
Pz (Fig. 13), and next to P3 ( Fig.14 ). Cis a control variable ‘

~ the program-graph .

Fig.11

L - " YILICOs 62
Pis (a>vtur0nen)
Flg 12

When HEQPS sees no moré"depéndencea between variahleé, it

‘the control unit corresponding to pro;;ram—graph P1. Llet us assume,
of TW AIKER is- still too weak to notice this type of similarity-

1.0, logical stored variable. used to aeleot the statements of
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_i’.,‘corntrol is: given onee morre to CERTIF. In order to ach;leve further B
- reduction af . B3 GERTIE‘ makes the. eacrresponding relational gre.ph




| Now CERTIF simplifies the condition in R9:
a PLAC VAPla-C —PIsC
| and in R10 '1‘ o

" Plamc v-amac--o.mec.' ,
L Taking into comsideratim ‘that P1OC 4*)-:(1’1 = 0), relat:lonal
5 .“sraph RG4 corresponding to xn'osram-graph P4 from Fig.ls :in
r‘},created. o '

P4

“51

BeXILITI
Cs 21 ‘

3 S2

. [ _ALs=1 ]
‘ L : S : | OUTs=LITA 16]j
‘ ) - - o - s :'_53

- [Te=tieT]
¥54

I"ig.lﬁ.

In oarder to achieve further reduction of !'4 progream GERTIF
) ‘returns con.trol to REQPS which mvestigatea ‘the relations among
B ‘the states of the vari.ables. C, 1I and P1=(BDY [LI ]_).
‘To begin with it tries to reduce the number of stored variablea'

) _then dit triea to aimplify the statements. To remove the statements '
{C 4= I ) and (C#=0Q ) from P4 it must be checked whether the =~ -

'_variable C oarmot be replaced with a function of LI ana Pit. 7
CERTIF haa to inveatigate ral ation ‘betveen the_vz_ariables— in nodes .

i
:
'i
-
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.sa and 34, thqt is prior to the moments in which the state of
| variahle c will decide on the further behavior o:f program 24.
'Qz the basis of relational—gnaph RG4- GERTJI‘ evaluates rasultent

relation invariants and symbolic states similarly as in Example 1¢

It provea that in state 'S4 the inveriant is:

Ta1-= 2xUA1)A(C=1 )
v (LI=2xM+2 )A(c-o)]n.....
'Ihen in 84 ‘node’ cond:ltion C is equivalent. to candition

Lx[o # 0] an.d directly after that node checling the value of
| ‘predieate C can be replaeed with check.‘mg the valne of pmedieate L

(vst) (Lx [o #01) by epplying the rule:

E‘ ¢ 3 control varisble x) ( 3 stored varieble Y) (K €
{o 1,...,d:|un 3 )] 1x=w [k #1x] in s] - | |
THEN X -»13:[!1: % K] just before S (n?)

fhe condition following node 54 4s then replaced with LI [0 s 0.
.Simﬂarly HEOPS program proves that in 82 node condition c
is equivalant to (~(@(xf[o = 0])) , and in condition following
B node S2 € 1s replaced with - (= (LI [O% 0] 1.
“Statementa (c ®= Q ) and (C 4= 1 ) are removed. The resultant

condition (P1 = 3C) is riext replaced with a more simple one

RN 44 @ C). AS a result the prog\:'am-graph P'j from I‘ig.l? ia
ohta:lned. T P5

¥ _51 .
B #=X [LI[146)
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vprogram [Perk 78]

6 commsxon

i'hie paper demonstretee the possibility of practical applicat- K

The methods were eueeeefully run at seversl simple examples ( in- -
cluding some from [\vegb 74] , [pers 77], [Mezu 74] »[6lus 70,
[xatz _78] ) which Tequired single minutes of CYEER , while the

tuman is mich slower at solving such problems and often mokes
. _"errors. He -has of eourse other ahilities, interaction is therefore
- useful. The practical application of pure evaluation of resultant
“ '*.relatione howéver is limited to small schemata, because with the

: 'preeen.t strength of the.simplifier the resultant data can be unre-—

: 7 adeble also for certain small progrems. It must be pointed out, | _
'th;at e\ren in sugch case the user can notiee eome conoequeneee of hie
o program, he could not predict himself, such as the one frOm
| . Mph 2, which specifies that the time leg between two signals .
_ A= 1 muet he longer than T olock puleee, to ensure pmoper operat-'

‘don of the eircuit, If the user hsad not introduced condition (i1) -

‘he would have been able, in the printed part 04 of the etate 32 -

to notiee ita undeeirable consequences ( tmpa-edicted output eequence). 7_ -

In the easee where the generation of relationa ’ etatee and in~-
"veriante does not ‘give readable reeulte, the deeigner etill has the

possibility of generating first term expansions of the relatione,

' which can be of much help in inductive inferring of relations or

1
DN

AL TN L

m progoema PO,...,ES are of eourse equivalent, becauee it ean
be proved ‘that ell the trensformations applied retain the equi- |
¢ velemee of the programs (scoording to 01, EC2 end EC4 witeria)." E
Tt ‘mere exiat also other poseibilitiee of optimization of the a“bove

© fon of a certain extensian of ‘the MB-theary to the symbolie analyaia I
o 'eml eptimization of sequential end perallel eynehronoue programs '
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‘H:'invarients and in debugging the program..'

An interesting, though quite netural' property of. the approaeh |

';'ia ‘that prOgreme without go-to’e ¢ in a sense - etructural) have
',simpler regular expressions,and reeultant relatione whioh are more ;

Vreadable angd - easier to handle. o

" The presented methods can be also applied és a partial tool in-
inductive inreriante generation and in eome probleme of eymbolie ,
eimulation [Lewi 79] The equivalenee ef Progrems cen be reduced
to the equivalenee of reeultant relations (or equality in speeisl

'ease). Additional oountere in the prOgrém-graph are . ueed to esti-

mate program complexity, end in real-time analysis to simulatg time. '
The proposed. methods cover aleo some - techniques for optimization

f given in [Glus 70] and in the papere of ether epecialiete, in the .
"so-ealled theory of logioal echemee of algorithms (LSA) [Ersh 73]
| Iheee problema are studied in more deteile in [Eerk 79 b}, and

.aleo by eome other memhers of our group,
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