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Abstract (erpericnccd) dcsigncr is ncedcd. The transformation
of an algorithm into an optimircd vcrsion of thc algo-
rithm, thc partitioning of an algodthm, or thc trans-
formatioa ofan algorithm into a sct ofgcnerel recur-
sion cquations implemcntablc in a rcgular Brray arc
complcr dcsign stcps that are oftcn donc nanually
(bcforc cntering e silicon compiler).

A guidcd corrcctncss prcscrving dcsign system ca-
pablc of doing all the transformations a uscr nccds,
would guarantcc thc corrcctness whilc giving thc op
portunity to look in a fast end flcriblc way at scv-
cral altcrnetivcs. In this wan optimiretion ia terms
of mcmory usogc, I/O bandwidth, number of opcra.
tors, parallclism and timing would be possiblc in an
carly dcsign stagc (thc rcsult will bc dependcnt on the
erpcricucc of thc dcsigner).,

In this papcr, an cramplc of thc f,ough transform
will bc worled out. Starting from a aaive description
ofthc behovior ofthc algorithm (spccification) an op.
timircd dcscription in tcrms of a silicon compiler will
bc dcrivcd. Transformations will all bc on a bchavioral
level on e hardwere dcscription language (SILAGE).
Othcr epproachcs [5] make usc of graphical intcrfaccs
cspccially suitcd for applications with a lot ofregular-
itv.

Scction 2 dcfines a subsct ofSilagc. On this subset,
transformation laws arc dcfincd in scction 3. Scction
4 describes thc algorithm ofthc studied cramplc (thc
f,ough transform). Then in scction 5 somc trensfor-
mation stcps applied on this erample will be showu.
Finally, section 6 draws some conclusions based on thc
results obtained from the cxample.

I Introduction

2 A subset of Silage

Silagc is an applicative (functional) bchovioral
spccification language espccially suitcd for DSP ap.
plications [4]. During the first stage of the specifi-
cation of a DSP algorithm into a Silage description,
thc uscr should not be bothered by efficiency crite-

A lomnal mcthoil for thc optimization ol a qccif-
cation in a guaranleed conect uay it prcrcntcil At an
caamplc, thc tranttormation f*^ a behaoionl rycc-
ifcation of thc Eoqh tranaform in an image tpace,
touardt an optimizcd ryccificotion uill be prctenteil.
The tran$ormotiou am mcant to bc ulcil in an in-
teractioc cnoironment. Thc main rcltult prcnnteil it
that, by udng a limitcil nt of tran$ormationr, on op-
timizcd ilucription in tcrmt of a dlicon compilcr can
bc ilcrfucil in a guatwntccil conmct uay.

Keywordsr tranrformational ileaign, gaiileil rynthe-
dt, lormal wrification, cormctnect prenroing trant-
formationt, VL SI ilelign.

Guarantccd correct VLSI dcsign is an increasing
arca of research. Thanks to the improvcments in VLSI
proccssing tcchnology, circuits bccome more and more
complcr ond error pronc. Post-hoc vcrificatiou of de-
sign stcps is still a time-consuming job and oftcn hints
are nccdcd to help a thcorcm proycr in his proofofcor-
rectness. The hints that are given are often conform
to design steps that are taken during dcsign. Bcceusc
ofthis, morc natural constructive approaches are pr(F
posed.

A possiblc solution can bc achievcd with fully auto-
matic synthcsis systcms, yiclding corrcctncss by con-
struction. Howcvcr, automatic synthcsis will not al-
ways bc possible duc to high performance requitc-
ments and will always bc restricted to a limited sct
of applicetions. Thc unbeatable efectiveness of hu-
man intelligence in making design transformations is
oftcn necessary. Espccially at a high dcscription level,
complcrity caa bc that high that interaction with an
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ria, but should have on as simplc and clcar as possiblc
dcscription of thc spccification. Thc only conccrn of
the dcsigncr at this stagc should bc thc correctness of
thc spcciffcation. In thc ncrt dcsign phasc, thc de-
signcr will optimirc thc spccification using a scqucncc
of corrcctncss preserving transformations. In this way
thc spccification is optimircd in terms of thc architcc-
turc of thc automatic silicon compilcr uscd in the ncrt
stagc. (highly multiplcrcd, lowly multiplered, rcgular
erray) [1].

In ordcr to cnsure thc corrcctncss of thc transfor-
mations, an unembiguous mconing of all constructs in
Silagc should bc givcn. Worl is going on in dcfining
thc semantics of Silagc in tcrms of a proof assistant
EOt [2][3]. Ttrith thc scmantics of thc Silage con-
structs corrcctncss of transformations cen bc proycn.
In a first step, a subsct of Silage is chosen. Thc main
diffcrcncc betwccn thc subsct and Silage is thc crplicit
appcarancc ofdepeadencics in thc subset, whilc Silagc
lcavcs dcpcudencies implicit. Thc crplicit appcarancc
of dcpcadcncics in thc subsct givcs thc uscr a bcttcr
insight iu the efrcicncy of thc dcscription and transfor-
mation laws arc nore easily dcrivcd. The depcndcn-
cies are nadc crplicit by introducing two combinators
'scq' and'p"r'. 'Seq' gives e strict (scqucntial) or-
dcr to thc following declarations. A 'per' combinator
is uscd whcn thc dcclarations do not dcpcnd on cach
othcr and can bc crccutcd in auy ordcr.

e.g.

scq (
x-3;
y-r*6);

PSI (
r=3;
y=4+5);

Loops arcjust a way ofgrouping scveral statcmcnts.
A loop is a shorthand notation for thc erpansion ofthc
loop.

scq (i: 0..3)::
r[i] =r[i-l] +slih

is cquivalent to:

scq (
r[0] =r[-1] +S[0];
r[1] =r[0] +s[1];
r[z] =r[1] +s[2];
r[3] :r[2] +s[3]);

Thc abstract syntar ofthe subsct is givcn in fig 1

d ::=
| (s=c)
I ('oq dl d2)

I (p"r dl d2)

g

s@n

el*e2

(dcclarotion)
(cquation)
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(parallcl composition)
(crprcssion)
(sclcctor)
(dclaycd sclcctor)
(* arithmctic opcrator)
(sclcctor)
(variablc)
(subscript)

s

i-
I

I

I

I

x
3[i]

c.8

Figure 1: abstract syntar

I lbansformations

Bascd on thc syntar givcn in the prcvious scc-
tion, transformation laws can bc dcfincd. trhturc
work will bc thc integretion of thesc transformations
in thc proof assistant EOL to provc thc correctncss
of thc transformations and to male thcm availablc
in a library with corrcctncss prcserving traneforma.
tions. In this papcr, somc eramplcs of simplc trans-
iormations arc given whosc corrcctncss constraints arc
easily found. Future worl will bc thc integration of
thesc transformations in an intcrective tool capable of
crecuting thc transformations and thc connection to
HOL. First somc dcffnitions will bc givcn. Thcn a list
with a set of transformations will bc prcscntcd.

o Transformations arc describcd by inference rulcs. A
tcrm abovc the line can bc rcwrittcn in the tcrm
bclow the line when thc constraints (betwccn squarc
brackcts) arc fulfilled.

o For each declaration d, left d is defined as the set of
all sclectors (fig. t) occurring at thc left-sidc in all
dcclarations d, and right d is defincd as thc sct of
all selcctors occurring at thc right-sidc in d.

c.8.
l=x+y;
lcftd=r
right d : r,y

o d[i]is e declaration d where i is an indcr used within
d.
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(4) e scq construct is an associativc constructor.

ceq(ecq ilL dZ) dg

(1) thc ordcr ofdcclarations in apar construct is unim-
portant. A par construct is a commutative construc-
tor.

por ill il2
por il2 ill

(2) a par construct is an associativc constructor.

por (por ilL d2) d3

pr itl(por ilzil})
(3) if no sclector that is consumcd in d2 is produced
in dl, thcn the ordcr ofdl and d2 is indcpcndcnt end
thc seq construct can be replaced by a par construct.

made conccrning initialiration, use ofs at othcr places
and the final result.

reg (i : O..ff) ::
&q(j r0..M)zz

r[i]fi1 = t(i, j)*s(i, i);
rcs(i:0..iV) ::

eeq(j z 0..M) zz

slM-illu-j) - t(N-i, M-j)*s(N-i, M-j);

f* it auocf

(8) A par loop can bc erecutcd in any ordcr. Bcceuse
of this thc description of thc loop can bc reverscd.

por(i z 0...1V) :: d[i]
por(i z 0..jV):: d[lY - i]

(9) loop mcrging
Two loops with thc same iterator bounds can be talen
togethcr in onc loop whcn the production in thc scc-
ond loop does not dcpcnd on productions in the first
loop thot arc not yct produccd.

rcq ( rcq(i : a..y) :: dl[i];
ceq(j z a..y) zz dZAl;)

rcq(i z a..y) z;

eeqdL[i]d2[i]

lvr (r > i) rishtd2l{nteftdt[j] = {}l
(10) it*ator splitting
An iterator can bc split into a small loop that is within
another loop.

eeq(i z a..y) :: d[i]

rcs(j z 0..2 - 1) ::
rcq(i : r *b * i..a *6 - 1 + b* j) :: d[i];

[1+y- a=b*nf

(11) loop interchanging
Dcpcndcnt on the dcpendcncics in thc body ofa loop,
the order oftwo ncstcd loops can bc interchanged.

rcq(i z O..jY) ::
rcq(j :0..M) z: ,l[i, j];

eeq(j z 0..M) zz

rcq(i z ()..jV) :: dli, jl;

lvh, j (h < i) 
^ 

(r > r) : (riehtd[ij]nlefi d[k,l]= {} )l

Some transformation rules can be dcrived ftom
other rules. An erample is dcpendcncy revcrsal.

&q ilt (teqil2 iI})

(5) loop folding
With loop folding, pipclining can bc introduced in thc
erecution ofloop bodics. Onc dcclaration is shiftcd to
thc prcvious iteration whilc thc othcr itcration stays
in thc same iteration.

rcq(i: a..y) zz

rcqdL[i]d2[i]

rcs( iIL[a];
rcq(izaf1..y)::

eeqit2[i - 1]dl[i];
dzlyl)

(6) associativity 1

Thc algcbraic propcrty of associativity givcs the pos-
sibility to rcvcrsc thc dcpcndencies. f and g are func-
tions dcpendent on the iterator i and resulting in an
erpression. Initialigation of s has changcd but is not
shown. Intcrmcdiate values differ ftom original valucs
ofs and should not bc ncccssary at othcr placcs in the
program. Thc final result is s[0] instcad of s[N].

rcq(i;0..jY) ::
,[r] = t(i)*e(i)

l* it ocaocl
rcq(i:0../V) ::

"[iY - t] = /(iY - i)*e(Jv - i)
(7) associativity 2

This is a transformation like transformation 6. The
differcnce is in thc two (instead ofonc) nestcd loops. f
and g are functions dependent ofboth iterators i andj
and result in an cxprcssion. Thc same rcmarks can bc



(12) depcndcncy rcvcrsal
In this transformation the ordcr of dataflow in a loop
of associative operations is rcvcrscd. This rule can bc
dcrivcd by erecuting laws 8,3,7,11,8 and 3. Conditions
for this transformation arc dcrivcd ftom thc transfor-
mation laws defining this transformation.

eeq(i:0...M) ::
rcq(j z 0...1/)::

r[i]pl = l(i-o, j-b)*s(i,j);
loul
louS

Io,ULL
IowT
loul
lou$

&q(j :0..-l/)::
eeq(i z 0../V)::

r[i] pl = f(i+a, j+b)* sG, i);

4 The Eough transform

Thc mcthod is dcmonstratcd by the optimiration
of thc Eough algorithm in tetms of a rcgular artoy
compilcr (Cathcdral a [6]). Afthough not all steps arc
shown, they are all dcscribcd in transformation lewg.
Thc Hough transform is a projcction based technique
for curvc dctcction ia images [7]. An important use of
the Eough transform is in applications for straight linc
detcction. In thc Eough transform straight lines are
idcntificd by dctcrmining thc total numbcr of image
fceturc poiats on discrete projection lincs covcring thc
image. Thc following equation dcscribcs this process:

Pc(p): t l(n,,v,) (1)
(r. fl,leLa(e'Pl

The function ,,;f rcturns e 1 if thc pircl at coordinatc
(a,ryr) has e valuc which indicates an image feature
point and a 0 otherwisc. The hnc L6(0,p) reprcscnts
an approrimation of a straight linc. Thc resulting pro-
jcction valuc Pe(p) equals thc number of image feeture
points on line la(0,p). P6(p) givcs a mcasurc of thc
probability that a linc La(0, p) is prescnt on the imagc.
This information can bc used to idcntify objects.

4.1 Speciflcation

The initial specification of the Hough transform is
made according to thc regularity crhibitcd in thc im-
agc spacc (fig Z). In thc first two loops initialication
is donc, while thc last two loops givc the final result.
In thc third loop thc calculations are done.
Spccification:

par (i : 0..N-1)::
xli+l][-1] = 0;

par (p : 1..N-1)::
r[N][p-1] = 0;

scq (p : 0..N-1)::
par (i : 0..N-1)::

r[i][p] = r[i+l][p-1]+ Ililhh

psr (p : 0..N-1)::
lincffi = r[0][p];

per (i : 1..N-1)::
line[i+N-1] = r[i][N-1];

P'>

par

It

Figurc 2: lincs in i,p imagc specc

Likc many algorithms and implementation propos-
als for thc Eough transform this specification dcpcnds
on thc rcgularity the transformation erhibits in thc
image spece. As a conscqucncc, it requircs as many
as lY to JY proccssing elcments (PE's) (for an image
of lVr.IV pircls) dctccting lines of 45 dcgrces end an
erorbitant I/O bandwidth. A possible optimiration,
is thc mapping of thc p axis on the time a*is, resulting
in ff PE's and still a high I/O bandwidth.

5 AbansforrnationSteps

In this section somc transformation steps that will
lcad to an optimircd dcscription are dcscribcd. Opti-
miration is done in terms of mcmory requircments,
I/O rcquircmcnts and complexity of the processing
elcments (PE's). For rcadebility and simplicity rca-
sons neithcr the wholc description nor all stcps will be



shown fully.
Purposc is to obtain a dcscription in which input

pircls arc consumcd in scan bands, resulting in a lower
I/O bandwidth, lcss mcmory rcquitcments and lcss
PE's.

6.1 dependency reversal

As a first stcp, thc ordcr of thc dependcncics is rc-
vcrscd. Ilansformation law 12 is bcing uscd. Thc as-
sociativity of thc summator in thc loop body is uscd to
rcvcrse thc direction in which the imagc is traverscd.
Rcsult is thc dcscription shown bclow (initialirations
and finaliration erc stippcd). Thc ordcr in which thc
loops are traverscd is interchangcd, and the dircction
of thc dcpcndcncics is revcrscd. Fig 3 shows thc rc-
sulting data flow.
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Figurc 3: dateflow in i,p image space

scq (i : 0..N-1)::
par (p : 0..N-1)::

x[i][p] = r[i-1][p+1] + {illpl;

6.2 iterator splitting

In this stcp thc scan bands are introduccd. Thc i
axis is split into (N/n) bends 'bcr of n pircls high
according to transformation law 10. In thc resulting
description the image is scanned in bands that arc
traverscd in n rows (fig a).

scq (bc : 0..(N/n)-1)::
scq (i : 0+bc*n..n-l{bc*n)::

per (p : 0..N-1)::
r[i][p] = r[i-1][p+1] + rlilh,l;

Figure 4: dataflos in i,p imagc space

6.3 dependency reversal 2

To diminish thc number nf necessary proccss ele-
mcnts (PE's), the row oricnted travcrsal (N PE's) will
bc transformed in a column oricnted trevcrsal of thc
bands. Again a dependency rcvcrsal transformation
(12) is applied, but this timc without afccting thc or-
dcring ofthc scanbends (bc), only thc ordcring within
the bands is reversed. This results in a travcrsal of
thc imagc in bands that are travcrsed columnwisc (fig
5).
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Figure 5: dataflow in i,p image space

scq (bc : 0..(N/n)-1)::
scq (p : 0..N-1)::

par (i : 0..n-1)::
r[bc][i+bc*n][p] :

r[bc] [i+bc*n+r] [p-1] + I[i+bc*n]hl;
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6.4 flnal result

Other transformations like loop-folding (5) and
loop.merging (9) havc bcen applied in othcr stcps. Fi-
nally a dcscription could be derivcd consisting of an
anay of proccss clcncnts 'PE', a rcgister tintcr' stor-
ing intcrmcfiatc valucs of thc computations, and an
output array toutt storilg thc rcsults ofscanning the
imagc. Insteed of N combincd proccss/memory clc-
mcnts now only n proccss elemcnts atc neccssary. l/O
rcquircments did improve by thc samc factor by intro-
ducing the scan bands.

Figurc 6: resulting implcmentation

6 Conclusions

In this paper a grodual improvement of an algo-
rithm is shown. The improvemcnts arc donc in small
transformation steps, dcscribed in transformatiou laws
that arc bascd on thc abstract syntar of thc chosen
subsct ofSilagc. Intermediatc rcsults vcry often rcsult
in largc descriptions most of the timc caused by initial-
iration or finaliration ofnew variables or by unfolding
ofloops. In this report thcsc parts ofthe dcscription
are slipped for rcadability rcasons. An interactivc sys-
tem should be able to make the samc abstraction to
prcvcnt the dcsigncr for getting to much unncccssary
dctails. Using an intcractive tool to do these transfor-
mations could prcvent a lot of work (and faults) whilc
still bcing eblc to use dircctly thc ideas and erperi-
encc of thc dcsigner. Thc cremplc of the optimilo-
tion of thc Hough transform shows the usability of an
intcractivc tool giving the designcr the possibility to
do his townt trsnsformations and make e tradc off in

I/O, mcmory rcquiremcnts and datapaths at an early
stagc in a consistcnt way. Futurc work will bc in thc
dcscription of the scmantics of Silege, the dcscription
of morc transformations that will bc imbcdded in an
intcractive design systcm.
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