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Abatract
& great desl of sobkivity Ls corrently belng devoted to bhe development of
deslgn ayatens lor VL3D, mainly Becsuse this aesma Eo be bhe oaly way we can
go about exploiting the asaiisg Lechnologles that are Decoming availasls [Mead
20). We are conoerned here abowt a dealgn lenguage lor the hisrarokioal and
toplogleal deseriptlon of atleck disgrama and pgeomsbtric  layouts, wiEhR
particul & attention %o amtactic slarity, expreaslveneas and Tlexibillty.




1. Istredustion

The most importasmt attribute of & Tlexiele design language for TLSI 1a
perhapa ita ability to paremeterios s plotere On amy posalble aspech, ..
alre, number asd type of componenta and distamoe Bebesen thes. This suaggests
that the lenguage ahould be mainly bext orlented (with graphie fecllicles), as
in this cese parsmeterisation can be saslly sshleved by procedure parameter
pasalng., A display orlented lasgusgie has instesd severe problems in Lhis
redpest; It la Yery easy to assmble Tigures on a sorgem by sosae polntlng
device, bt 1t is difficult %o express how theas [lEures are sctually seant Lo

change aa & fmctlon of some parsseters,

Taxtual Languagea for graphica, howsver, auffer from severs drasbacks as
the ldemtllficatlon of Leil and lasge can be very difflcult. Any such language
ahould thes be highly intersotive with Imsediste visusl Feedback, and the
ayakan should recall as far as posalble the structure of The pleture, 1.0, ita
topological proparties. This costrasts smarply for sxsaple with graphla

packnges, in Emelr use aa extsnalons to axiating host languages.

The kind of lesguasge w= are Interested In, should be able Lo srpress
naturally VL3I efreuitas by thelr hisrarchical aAtructore and their topologioal
properiies [Buchsnan 80, Rowsen B0, Willlsss 771. [t ahould be mainly
orlent+d towarda deasribing atick disgrssa, a2 this 13 the langusge HOS
dedlgrera wse to commumicate ideass, and Lhe strecture of Lhe clrouits akould
appear through the best of the dessriptions,

Here we preasnt & lengusge, called Sticks & 3tones, based on these ldeas,
which sdmlts & precias interpretation in terms of peosstric layoakb. K porsly
toprlogleal weriloa of Lhe language can b= used o speolfly and omsmunioate
atlek Alagramg in tegtual Fform, A more conorete and leplesentable veralen,
abbalaed by addling Lhe atrlobly necessary geometbtrlc deballs, can Be uwaed as an

affective high-level dealgn tanl Bo prepare masks for VLS1 processing.

In SticksiStomes, plcoctures are handled just like an abatract dats type

within & gemeral purpose prograsming language, so bhat every pleturs 1a



denoted by & progrem whleh Bullds Lt. The oparatlons over plctures have been
Inaplred by Hilmer's Flow Algebra operators [Milner T%] because of Ehelr
syntactiosl clariey snd srpresaivenssa and of thelr algebralo propsrilea.
These operations are topological in nature amd give rlse to programs whlch sre
auggeative af the pletores they represent. Pleturss ars ssbedded in a;
applicative higher-order language, which ia based om a subset of Edinburgh ML
[Fordsa 73], The control structures of the lenguage can Be fresly used Eo

delina arbitrary parssstsrisations and conditicnal assemblies of plotures.

The lsngeage 0a applicative in two of the aensss comsonly atiribubted to
this word; It 18 supression orlented amd free (rom slde-sfTects, Erpresalons
seem ko be more sultsd than statements To an Interactive langoage. They
Improve and enforcn bhe atrugtured deasriptics of compler pletures and help In
kesping Imforastion local. Every ploture i3 taken Lo be an ursodifiable and
wnbreakable abject, which can only be used to make larger plotures, and vhich
caa enly be saalpalsted through 1ta ast of namesd ports. Ploture compaaitian
ia them done by port neses [end nob by gecwmeirical positlen or displacementh

with sutomatic Eremalations and rotatinss,

Slde effecta might be meaded to edit 8 ploture, bet we regard thia problem
as ompletely diatlnct Iroa that of pleture condtrestlen. Editing 8 ploturse
is alss wery different from editing & teEt or & tres, 03 s the former case
Ehere may be very trovhlesome context depsndent effects, like thoss resul bieg
from Inoreasing the alze of & SubcoSpament, In thils contsat, ediilmg by
rebullding can be muh sore convénledl than &Altlng by medifylng, sspazlally
if an sdegeste atrusture of progros acsdules §4 provldes,

If side effects wre forbiddem, a "correciness by constrestlon® spproash cam
Be applied. We alght be able to akow that & pleturs snjolss some property F
(e.g. sbpenos of geometrio roles viclatlona) Lff lta Badls components have the
property P and If plature cparsticona preserve Che property F. Thus, bthe mmount
of checking to be done when ocompoaing tws picturess can by drastleally reduoed.

Sticksi3tonsas has bBesn dealgned by Gordon Plotkin and =, Thia pager

degoribes the geomebry-orlented lmplesentablon runring on the ERCC DEC-10 st
Ethe Unlveralty of Edimburgh; graphic outpuk osn be produced on harles salour
graphics tersinals, WP-T2214 plokters and Tektronle 5010 eerminsls, & sors

abatrack discusslon on VLSI dealgn can be Found Un [Cardelld &1].

Z: Plotures
i pleture Ia either aa elemsntary pletsrs {(called a forml or Lhe

opmposltlon of ssaller plotures. Plobures form an abatract doks type and are
rirst-class objests iln the language.

#.1., Forma

k Farm s made of & S8y af Flgores (boxes, palygons, et ) with & sort. The
sort of & plotwrs 18 o list of ports, snd pirisa ace used Eo connech plotored
Logether .

= 1#t blosaguars =

formlB.5 = W pork [070,0,1]z
b.E : W port [1°0,90,11;
bW G W oport (170, 060,1);
bW @ W opors [D71,2T0,0])

with B por (D70, 17°1];

blistagenrs = O & (B.3IW] B.EiMg BRI bMWD 3 [1,1]

A pnrade like "let bluesgears & .., (™ 13 used Lo define the varlable
"*hlusgqeare® ot the top lével [the atring " * precedlng 1k, la the
Sticksbitonea prompt), The answer [rom Lhe aystes La "Dlosaquare & —=", wners
"oe=® Ig the result of the evalustion of ",,..", In thia case the resulk 1la &
S0y® (.0, 8 ploture whose atrpelural detalls have been omltted) of aort ™

waa ¥® pnd of slpe 1,1 whioh 8 the alge of Lhe alalsws encladlng recbangle,

The (lgwre bluesguare (Flgwre 2=1) 12 a Torm [an elesentary picture]l sade
af a single B (blue) Box with lower left corner &t the polnt 070, snd upper
right ecrner at the polet 171, It has fouwr ports b 5%, *B.E®, "b.0® and
bl T L

& port pame oam be oany liat of (dentifiers and mmbers {afarting with an

ldentifler) sepsrated by dots, llke "s® or "pas.bbb.1.0".3%; theas ldentiflers



b.MN

B.E

Figure 2=1: A Blue Sguars

and umbsry ars oalled atomls pacts al & compound pork neme. Pori meses Bave
N3 semantic signifizasse, bBut they willl often soggest ths funetlon of Ehelr

mpsoolated part (@.8. ®B.E® will stand for ®blue Emat®].

The port "b.53" is a W (wkibed port stacting at 070 im directlon O degraes
antizlockwlse from Ele 3 axls, Ffor o length of 1, The atarting point of &
park ls 1ts Esil, sed the sther end 18 lts Blp. & pork 1la looked &b &8 &

veokor whoss mporth 1a 1a the Lall-te=%tip dirsckion.

A more osaplete svasple is thias n-mos imverbter (Figure 2-31:

= let Inverter =
fora (b, 0iD port [$75,90,
b MIB pork [1°9,27
§.5:6 port [270,0,2
5.9
L]

z
[
]

r.E:R part [§°
g.E:G port [&°0,
r'E:R pork 11‘.-'?.'10.”:
885 port [4°15,189,2];
PR part (671,270,210
with B bex [17°9.5%10]
and G box [0°D,6%8; 2°8,8%15]
and R Box [0°7.8%18: 0°1,673]
and T box [0,55.%,5.5716.5)
and  C boxm [2°5,8%%];

E
[

ImFerter = € ; (b.E1B; b.W:H; g.5:5% r.E:R: g.E1G;
rrUER ELMGE o WiR) o [5,16,5])

. W

Bt e e
p——
g 5
Figere 3-2: &n m-H0G [mverter

Porta of type B (Dlus) § (greem) @nd B (red) are draswn In Lhe respaciive
eglour, Perta of any other Ltype are alss saltbed, and are drawn In the

forsgrouwsd colour [(depending om Ehe graphlc devlocel.

Boxga can Ba of eolour B (Blual § [(greend R (red)} ¥ Iyallowd € {black) and
W {whits], and may overlap; other colowurs are ayntactically sdmitted and are
drasm  In the foreground colour, Motes that & l1at of rectangles can ba

specified after the keyword "box®,

Parta should alwusys be orlested asblelociulse around a pletors. Thla 13 mot
mandatory, but pleturs cosposition ia made cosmecting ports on Ehelr east
sides (Lall to blp end tip to tell), end Ehe sntlolookwisse convenblon &naares
that pletres are jolnsd on thelr outer aldea. A ploters may have oo porta

and/or mo Clgures. The empty plcture ls slmply:
= fora;

0 p 00 ¢ [9,0]

2.2, Beakrlstlan
Restriction 14 used o larget about some of the ports of & ploturs: the

ayncan Eaf sepreasion, fallowed by "\ fallawed by & 1lat of pork names {ses

Flgure 2-30:



= invertar % bW B g.7g

& 1 [r Wi & (6, 16.5]

AR
Fligure 2-3% Reatrleotion

Question marks aml siclesatlosn asrks are ussd Eo paLEern mEtch BOFL Aamed.
Ary varlable beginning with am szclmmaklon sark (Qlike =017, *11®, Afapa® &
"13°} matches with a single atcals part of a compounsd port nese, shlle any
variable beginaing with & quaaticn =mark matshes wlith an arltrary numbar {gero

inciuded) of atomle parta,

In the exsmple sbove we withdraw the pert bB.W, all the Efast) ports and all
the glireenl porta Crom the Unwerter. The Lnverter Utself la not affested by

thia cperation and & truly new pleturs 1a genersted,

2%, Remamlng

The renaming aperation performs a almultansous suabstitublen over Bhe porta
of @ pinture; the syntae la: espresalon, followsd By "(7, followsd By & 1liat
aof single renmings separated by =;%, Followed by =F=. K single renamimg =a\o*

meand "a becomea b” {see Flagurs -4,
= inverter [r' Eview m" B3 B0 1nw. 060G

¥ 3 (b.E:B; Eew.b. WiB; g.5:07 r.E3:f; g.FiG: dew.r" . Ezf;
B M0GE dew.r WeR} = (4, 15,5]

Fao, kW

'fﬂl’!h. ™. 'I'

e o e e ]
AR
- S5

Figure Z=8pr Aensming

Hateh warlables Indtantiated ln bhe left part of o substlitution can ba ussd
In the rFight part to get group rensmimgs 1ike ™0 Whoiew ! W™ whish 14 &8
shbreviation for *b.Wiow bWz robisw . e W",  Hobke thak 2F 1™ satokss a4
But doss mobt oatoh "s.b5%, which Da matobed by =0 00%, =0_7%_ =1_01].7% &F ®79,
But mot By 1% or "I 00.000%, TYou ean go a8 Fas oas "0 0007 % MRP.YF.T00™,
which renmes "o 8,0,1,5% ints ®"B.8.0.5.9.5.0%., A& guestlon mark In the lalt
finnd #ide cam oaly appsar as the lsat astomio part, obhervlse the metohing
Elght b mblgusus., & AsLoRhing variable in Ehe right hamd side which doss not

sppaar in the left hand alde s Llliegal.

#.80, Compoaitica

Having U pictores, o con Somposs them by port names; the synbax 1a:
srpreaalon, "[2%, 1iat of alegle links aseparated by ®;®, *:]®, sxpression,. &
aingle Link has the form: portneme, "==", portneae,

- Fedaquara [ r B — g ¥ ] greensguare;]

£ 1 braBiW; g5ty REIW: R-H:MWy roH:zM: e Wil @ (2,10

winEre Felsguard and gresfdquare are defined aslallerly te blusaguare. Thia
oomparpition produces kwe adjacenta sguared [Flgure 2-5), whérs the parkd r.0

of redaguars and g.W of greenaquars have bees sonneslsd and Forgolien.



5 g- 5
Flgure 2=581 Compoaltion
Several linka cam Be aproified Inaide the composition bracikets, separating
them by semleslons. AlL the ports iavolved Lln a conmectlom mre Torgotben Im
the regulk, whoss sort 13 obhervlss the vnlen of the sarts of the compealng

platures, Patiern matohing 18 not allowed in compraltion; experiesce has

ahoun ket fta Use leasds to unclear programa.

Compaalilon 18 & smeetris operatios (in ihe agense: Pliplil—giil:ld =
Aligqlii==p{ 112 IF), amd @z an Infix operator sasoclates to the laft. Every pair
of ports which are belng linked 1n & compoaitlon must have Ehe same Eype and
Ehe smae alze. Compositlon wlth the espby pleture by any pale of porta lesves

a plobturs unchanged.

Eenngstleon of bwo ports la made ball %o tip snd tip bo Rall wikth oo
distanos batween them,. In csse of oconmectlon of several pairs of porta, the
fain link 1a scancobed Clrst, amd all the other pairs of porta awst fece each
ghther, maybe with o gap in Ehe mlddle. The main link ls delined aa the Flest

link on kthe lefi, inside the compositlon bracketas.

3. Bunahieg
Every port 14 sstually & busch, of collscblien of colllnsar veslara, lp o
0w we only consldered siAgle-vecsbir parla, Bobk & porl can alés be & Liat af

wankors:

R port [ﬂ‘ﬂpu-l‘u """‘ﬂ,ﬂ.,'li !.F.'nl-c'ul1

Evary vecktor In & bunoh must have the sswe type, orlentstion ond slize, wod
they muik Be collinear, Bt Lthey can ke differently apanad, MDmohkes aay &l o

by interleaved, When btwo porba sre composed, every veobor In ke porL EuEl

mnatoh wibth 8 corresponding wector In Ehe cbhef porl,

Bmches ussally ariss from compositlon: when bLwo pletiFes are Sompoded, Lhe
ports with squal names whlch are not being limked get bumched togethar:
- h‘l'ﬂ'!tﬂll'i'[:b-.[—b.'“':]‘hlﬂil.}ﬂlFi:

£ 2 {b.3:B: b,E;B; b H:B; b.WrEd 1 [2.1]

heré B.% &hd b.M &Fé Lun bunelss of teo, whlch are draes a3 & single arrow in
Figures 3=l. Agaln bunchimg only suscesds for calllinéar partd of the asme slze;

othereise an error la reported,

b. H

b.E

b. 5

Figure 3=-1: Bunching

Bonches allow be smmpose regules arrays of plotwres without having Eo indiex
By rensming every ploture in bhe array. They kesp low the Lotal numtsr of

parta In & pleturs aaking composition aimpler snd more efficient.
%, Tteration
Tteration is used Lo make regulasr arrays of cells, like in:

= 3 times bluesguare wlikth [ & E--B,W:]:

€ 5 (b % B.EW2 B M:W: B MWWl 2 [3,1]

Figere &=17 “timea” [teratios



whleh 1s squivalest ta:

= blussguars [ b, E—b W:]
blussquare [1b E==b W:]
Blussquare;

€r § (b.BiWE bUEzW: buMiM) BuWeMlz [3,1]

Iteration is totally equivalent to some obvious recurslve progres one alght
write Im the |I'_.l.|.l.ll. bt 13 more #fficlest and samtaotically olearer.
Itaratien aften produsea bunchea.

Iteration varlables are admitisd In Lhe "for® form of lEarsticon:

= bek Blue = blussguareslb.?WT0
and Fed = pedaquarelr.ThT)
and green = gresnsquses(g.TuTh:

Blus = O - (5:W; ExM; MaW: Widb
rad o O 5 [BaW: By MzWg Wibd : [1,0]
Rreen m O ; (5l EiW; MW Wil

= for pqusre In [blue: red; green)

iLer syuars
wikth [tE==iz1]:

£r t A5y EtWp NrW;: Wikl

Flgure 8-2: "for® [Leration
which produces tha pleture in Flgure E=2,

takes in Rorn the valusa Ln the 1ist.

Dauble Lteratlon cam be used Lo produoe arraps:

lteratlon varlable “aquars™

= let squares array =
for row in areay
lter for Ltem in row
1ter itea
with [:E--1])
with [ 15==if];

AqisArEs = T

5

Figure 8-3; Dowble ISeratios

(umere "™ meanas Lhat * squares’ 1a a functlon).

whnw s B

Thia 1a the definitisn af =

function kaking & Lliat of Lista {i.e. sn arrayd of pletures and prodezing &

parametrle ploture, ITE can be uasd ms Tollow:

= gruared [[Blus: green:
[green; red;
[Fad:  Bblus)

Cr o (BiMg B Miwg WiWh

red ]2
blae 13
areanll:

it [3.3]

Somstlaes It 14 waelul te lterate comourreably through several lists; this

fepburs 14 uded Lla the lellovling deflpiblen of "aquares"™ whiok substitubas @

green colilEm svery Lhees LApil eolimnas



LF4

= let squares” array =
far raw In array
iter far ltem In row snd 1 In 1::langbth row
Eter {1 mod 3)e0 > greem | ltem
wlkh [:E—=Mz]
with [z3—N:];

squaras® = "=

where the operatiom “mim™ prodeces the llat of all numbsra from A o &, and

"5 w b | & means "I & then b eloe o,

A seleckor i3 & reallatloc exaaple of a paramétric plotere with whilch can bDe
Bullt by double [terstion., We need Clrat ta delime bhees baslo budllding
blnsks: "poa” (e enhamcement Eranadstor), "neg'’ (o depleticn tranalstor] amd

‘gut' (8 plece of Lhe common outputh:

- et poa =
{fars [PF,5'R port [270,0.20:
g.E:G port [B2,90,21;
r.H:R port [B7,180,2];
g.W:0 port [0°8, 270,210
with & bor [270,876)
and O box [072,678])

pad neg o

{fore [(F.5:R port (20,0
.G port [6%2.9
F.MiE park [B76.0 2
E.WG port 197N, 2T0,.2

with R Box [2°0,%76)

amd 0 box [0°2.670]

and ¥ bos [0.5°9,%,5.%°%.5])

-
B, 21
B,z
|}

el out =
(fors (g.5:6 port (270,0,2];
g.H:C port [A76 180 2]):
g.M:0 pore [O° 4,270,211
with § box [270.876; 072,20 ));

We now need Lo put thess plesad Lagether: Lhe followlang prodras TAKes & naber
n snd produces s sslesior with m contrel lAputas (Ethe A<buneh “F.E®). n
eompl emented conbrol Iaputa [(TH Interlesrsd a-temeh " 0%), 2 Lo the & lnput
Linss |the 2%%a-bumch " W), ome oubpuk Llise (the l=bunch =g.N°} and Lhe

sppropriate patterm of enhancement and depletlon transistorsa {producesd by the

s il lary fumctlan "bit").

= 1ot sel m &
for 1 in 1;iexpl2, Al
Irer (for ] 30 mol
grer biti=t, julled =2
pon [ig.E—g.W:] (emglr. 2%’ 700 0
fieg (g E-—g.W2] (poslr. ¥ 700
wlth [1g.E==g.W1]}
[2g.E==g.M:] out
whth [1r ofeer M F? L 85—r" Mp £,52—g.N2]

whargrec BLELL .} =
Jo0 w3 1 omod 2 ) BAELUSSR, B0y

whars "e1p” 14 sxponsatiation and /4% La lateger divialon,

r. M QI:EIH

g.H

[l

NN

"l.{'\.

e
i
R 1S A S A S

~5r.5 3.5

Figare 8= L Salector

%, Patha and geomstrle renssing

L path can bt generakted By taking a port snd Sovlng 1t sround! the wake of
Lk park forms the resalting path, The culcoms of Lhid operation 1s a Qist of
polygona {one or more for every step the port has Asdel mnd a new port {1.e,
the old port im the new positlios], Hesmce & path 14 Lhe following data typs:

pabh = [polygon liskd = park

Civen & path, khe followlng oparations extend 1t gensrating & mew pathi



AL

stay: path -» path

move; num =} pakth =} path
step: num = path => path
Foatl: num = path =% palh
rotri num = pakth =% path

move'; sum -3 path -3 pakh
atep': num =¥ path = path
rotl': num = path = path
rolr': aum -3 path =¥ path

The cpsratlon stey lesves o path schenged;

The operation @ve Laksa & poaltlve suaber n, & path p and moves Ehe port
@l the path n wmlts. The direction of sovement 13 Eowards the sast of the port
fi.0. generally outwards with respect bo the ploture IF antlclochkwise ports
are wasdl, The ned path gensarated s sade of the new port and the ald polygon

Tlat with & maw rectangula® palydon having the old and new ports aa edgea.

The cperation step O3 like move, bub "step A" Aeans 'Save n Elmed Lhe alze

of the port' for sleple porta, snd "move f Limes the plze of tke veotors In
the part® lar Bunchas,

The operatios rotl (rotate left) tales & mmber m (In degressl, & pakh [
and rotabes the port of Lhe path n degress aptlelockulss describing & elreular
arc with cantar im tew Lip O the port. U0 the port La & buncok, the distances
bebween the vestors are respectad asd Lhe redsult 14 & set of consentrlc patha,
The new patk generated 1a made of the new port with Lhe old palygon 18at plus

the mew polygonlal generated by the rotatlon,

The opsration rotr C(rotats rightd ia the ssme a8 rotl, but the roteElon 1a

clockulas and 183 cemter la In the tall of the port.

The operatlons wove', step”, rotl' and Fokr' are sinilar to thelr unprimed
werslons, but Ghey move & port without produsied any path Detwesn Lhe old and

mew poaition. The opsratlosms msave” snd step” alss accapt sogetive arguments.

Functions from pathd to patha are called path fumotionals: the following

are path fumeticnala:

atay
nawe P

atap 5
robl G0
Fabr 270

Fancblon compositlon ia used to compose path funcklonalss in partloular it 1s
convenient ko uae the Isverss furstlen somapialblon aperatar "%

(f & g zw gl xb

Here Ll an szmiple of & gompoaite path funotional:

move 2 & robl 30 & step W 4 Folr 30 & move 2

ngtes that "%® Dehoves 1ike on sppend on patha, as functlon composition 1s

maacolakbive,

How do we use path fuscilomalsT Ports sre not svallasls to the oser a3
data objects separabed from pletursa, ao that path objects can naver be bullk,
and thers 13 mothing ©o spply path fumotionsls Lo, The only place wware 13
podsible to use path funstlonala Ba in the geomstrilo rensslng Testiss of Lhe
rendming operation:

= Bleeagaare | Th7 Sowe Z1;

r ¢ ib.SIW; bLEIM) boMrW: bWl 2 [5,5]

The meaning of this s Eo remsse every port In blusiguars by LLd oW8 faes,
soving it 2 units outwsrds. The result I3 & blus erods of sige [5,5] (Figurs
S-1k. The path fumotiomsl "move 77 1a applied in turn to the patha abtained
palirimg the ports of bluossguars with the smpty Liat of polygona.

Here 13 & wery flexible blue sguare which can be atretohed simsetrically is
Tour diFsctlons by applylng & path ta ikz
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b.S
Figure S=17 & Blws Crosa
= let Bluewhas]l path ¢ Blussgquare | TW7 pathl;
Blusutiesl « "F

- bBluswhesl (move T 6 rokl 5 & move 15 & rote 135 &
move 10 & roblr B% & sove 20 & roLF 3TO):

£ = b, SaWs b E:W: b HzW; bW z [58.9,68.%)

k. E
Flgure 5-3: Gemetric Eeramieg

L lisited fora of rouklmg {called river=routing) oan bs ohtsinad by ualng
gemetric renamlng on bunches, like im Figere 5-3:

iT

= a8l 7 [RW % g.¥W rotr 60 & rotd 60 & mowe GF % T;

€ : () & [51.3%5,32)

i

T

Figure 5-3i Bunch Eeneling

5. Figorea

There i3 a warlsty of elementary flgures, Actually ssay of thea have &3
appl ioaklon In TI3D amd sre Intended malnly for graphlca. il of Ehe
follewing optioms can appear ayntacticelly after the keyword "wibth' inalde

forma [im the plase of bowes in Ethe exseples of the prévlous ssctionl,
dot [pl: o.. ipk] draws dots at the specified polnts pl ... pi.

Time L10f wuoo QK] draws & sot of linea 171 ... Lk: every Line Da & 11lst ol

painks Lislpt: ... ;pki] whiloh are Jolred By stralght dsgsenta.

pakh [112 ... v1k] dewwa & set of paths 101 ... Lk svery path ls o list of
palrs of numbara and  poleta 1l=(nb.pl: ... ;i .pkil, Ad imcent polints
i .pl 1] in & path a=e jolned by & clrcular src of sperture nfl Jo1) degrees
(i nide1d 1a O or eny multiple of 360, a sralght segment s uasd) IT ml jet)
13 pralklwa, Ehe are 1a comven on bhe eask of the weotor pd Jh=2pl Jeidg AF

negative 1E 14 comvex oo Ehe weat, The Clrat apertare nl Ls not used.

aplime [11: ... :1k] draws & st of noa perlodie cuoble Besplines 11 ... Qg
suary apline la Buwilt from & llsk of control polmbts Llalpi: ... :pkil. The

spline does nob pass through the control polntas {except the Tirst asd the
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Lagkd, but §a tangent to every segment jolning RLws adjscent cantrol polnts.

Llosap [10; ... $1k] drawa a set of perlodic =ubis B-aplimsa 10 ,,. 1k} svery
apline is bullt from a list of ecoatrol polata 18=[pi; ... $pkil. The apline
14 teagent Eo every segeent Jolming two sdjscent conbrol polmes Cbhe last
paint 18 adjocent Eo the Tlrst) and describes o closed curve.

box [p1,917 +-- ipkogk] draus s set of bexes with lower left corner ab the

point pl asd upper right corper at the poink gi.

poly £11; ... 31k] dewws @ et of polygess 11 ... lk; every polygom has a
Time Talpyy ... zpki] ma perimeter, The last polak pel 13 Jolosd bask ba the

firat.

ares [R1; ... glk] drews & sek of areas 17 ... 1k: every area has & path
lia{mi,p1: ... :Ak1,pkl] &3 perleeter, where the Tirst aperture nl 1a used to

Juln the Last palint Back 1o the Mirakt.

blot [R13 ... 2Qk] draws @ sek of blabs 10 ... 1E: avery blob kaa & lesp

1islpl: ... pki] as perimster,

text [pi,a¥; .. gph,oak] draws & set of character dtrings 41 ... ik
atarting reapectively ak bthe polnts pl ... ph, FEvery string asy esnbabn
eanbral inforeation [following the essaps ocharactsr '3°) seccrdlog ts Ehia
gode: “8r® change colowr to red: “Ig' change coleur Ba grasn: "LB'  shargs
colour to biue; "3y' change colowr to yellow: "IBY ckangs colose bo beckyroosd
{bleck For COCharles, whits far HP plotkar sk=,1: "BF" changs oS3lowe ko
fareground C(whlte for OCharles. bleck For HP plotter ebo,): “EO° ... 59
change text alwe (Demin, Fmmaxrd; "13° halt platting and walk for & carrlage
rekurn Lo continue (e.g. Lo chengs page on the HF plotiter); *Ex' For any other
charsoter 'x* to sctually display *x' (e.g, "91'), Mot that the sdacaps
charecter "E" 13 only Interpreled By tha plotting routines while the narmal
#anaps sharacter A abenuld e used far sy other purpose {&.4, Eo Ingert &

I"'i}_

T» Commmnds
The following commands are accephed at khe top level,

modet this ocosmand investigates the stete of bthe envlroment, showlng whalk
eptlons are sblve &nd whabt Aare mat., Opbtlona are: printi shen active, Ehe
roault of every Bop=level evaluaticn s primkted af the termlnal. ebhsrlea:
when active, the result of every top-level evaluatlen 1a drown on & (harles
sdlour graghle Larmloal, tektronle: when asstlve, Bhe result of every
tap-lewel svalusblsn 14 shawn on & Tekbronls terminal. HBpplot: when sctive,
the reault of every top=level evaluatlon is plotked on & WP-T221A platier,
dravnamses: whan 8 plottlag devies 18 ackive, drasa the nanes of Ehe perts at
thalr leesbion, deavporta: whep & plotting device la active, drava bhe porta
at their location sa little arrows. sigaatwre: when a plotklag device Lla
aotlive, puts & algnabtiers "Iriskalkitonsa’ Un the lower rlght <orner. pagei
when A pletiing devlce Lla achlve, pleka in "page' scde. Every ploture ahown
will Tit imeresentally the avallable space from RLop to bottom (it will try to
make plotures herizentally as large as possiblel. Om the HP plotter, pletures
will fit an KB sheet of paper. logfile: produces a log file "STICES,LOGY
sontaining & btranscript of the terminal laput. Typs "edasds Llogfile' Lo open
a mey loglile (desvtroylng the old one] and stark writing os 1o, and ' subsads

logfile" to save 1t and stop writisg om It
addncde @, ... w0 adds Ehe modes ml Eo bhe carrent mode.
submode @1, ..: ;an: ssbitracta the modes ml Tros the current acds,

print ¥: priamts the objest wi all the plottlng sctloss are suppresasd for

the durabtlos of thls comsmaed .

draw v; draws the cbjest v on the ourrently sstlve devloelal. Print 1a
suppressed for the deration of thiz cowmand. If v la a ploturs, 1k i3
platied, IF » Ja s 1ia%t of n ltemas, Ehe scresn s horizontally divided lnko n
viawporta, and evary [tes In Ehe Qist 8 drswn in a viewport; I an ikem in v
13 asgaln a Mlak, Its ¥lewprl la divided wertloaslly, snd s on horlzonially
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and vertioally %o any depth. If » i3 nob & plotures. nothieg la abown (tRia
should be intended recorsivelyl.

sontents: shouws the naaes of the varlsbles defined at Ehe top level.

andai the result of the last espression svaluated s alvays kept In the top
level wariable "it™. The command "wndo” =an bs uaed B reget "it" ko iis
pravloas valee [ealy cnsal.

upe: losds o module (desoribed in section "Modules and externala®}.

lapore: Isporia an external ploture (described in asotlon “Modulea and
SELerARla”) .

SIPOFL: crgates an sxternal pleature and genecates o CIF Clle (deacribed 1n
doelLios "Modules asd sxlarnala®),

&, Modules and externals

Some modules (called library mcdules) are predefined in Lhe aystesm, a3 For
simple "consgtanls™ [(basio cella)l asnd "pla® ipla gemeratord. Hodples oam
sontals data (like "comatants®™] or programs (11ke "pla™). snd can be used By

Lhe command :

= W Sonatamta ,ple]

whioh loads the definitions oontained in constants and pla,

Hew modules canm ba generabsd By editing Tilea with extension ®.5TE",
eantalalng Jilcks L Skones sxpresalons and dafinitlons. Every module can
"upe® olhar esodules,

Extermsls arlass when, a% Bhe end of & sssalon, w= wsnit Lo save the plobures
prodipeed & Far, If & vary Bl and very time-gonsuming AL has been prodeced
it zan bs saved sa Fallowa:

- aEpart ALU;

ALY smported
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This somsend genarates: (1) & CIF file of the ALW, =&llsd =al), CIF®, and (110
# [Ele ocontaining bowndary informatios sbowt the ALY, ealled SLLU.STI®. The

ALY zan be recalled by:

= lmport ALU;

MO = O 5 ..,

The sdvantage of externals 13 that 1t §a possible 5 use the AL In another
sedalon without hewing to Budld 18 sgein. To fmpork sosething takes almcsl ma
tise, a3 only bowmdary Information {1.e, portal I3 uasd [an Qsported picture
is drawn s a white [rame wiith portal, Morecver the ALY o@n be used as a
ocomponent of & CPU, mnd when Ehe M) La ezparbed, Lhe aystem merges the
nlready eclating ALU.CIF [ile with the rest of the picturs, GCIF fllea

Renarakbed By "ecport® cen be used for plotting or lor madk Tabrloation.

The lmport conmand 15 Ales uded o Interfage already exiatling CF liles ta
Stloks & Stones, Glven a CIF Tile EES.CIF, ws only heve to wrike & Tlle
REG, 5TX and then “lapert REG;S. The 5TX file should comtaln & Tors describing
kb parta of the ALG, and showld declere it o heve o Migore (e.f. & box) of
el right slze:

lek REG &

form (VddIn:i® part ...7 VodDuk:B pork ...3
CmdIn:d port .,.: GrdlubiB port ...
BusintB port ... BuaDub:® part ...
Readlm:R port ... Beaddutil port ...;
WriteIn:A port ...; WriteQutiR perl ...
ClookIniR port ...; ClookDut:R port ...}

with W ine [[0°0:360: 36 06:0°16: 50113

Sexport® uaea & "line™ Lo generats & whiks frame, 1ike In bhis sxampls,

CIF filea gemerated by Sticks & Stonea are compaot. a8 common subplotures
ares Faetarlaed inta CTIF ambala, and calls to thess aymbola are generabed
whars secesgary, Hereower they are gommented: every CIF aymbol 13 assoclated
ta the nasela) waed in Stleks & Stones to dencke 1%,
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9. Efflolenay

The compoaition slgorithm 18 limear In the mamber of {bunahl connectlons
and Independent of the number of porta of Lhe aorba Involved, Every
gonmecblicn takes a oconatant tlee of about 120 ses. DECA1IO opu (no% counting
plotting time),

If poasible, 1terablon akould be used Lleatesd of recurslon amd The "Llmea”
form of Lteratlon should Be preferred. In the latter Sads the lteratlon body
needs to be evaluated juat ence {because the langumge 1a appllsative) lnsbesd
of A Uises, Bot what (8 more imporitent, the apstes can ose & lageritmmle
algoritha Inatesd of & linesr one, producimg at any atep 1,.2,9,.8,16 eto.
inatantiations of the ftaration body and then compasing thes @ ta gel the
daalred numbser. The galen In efflelessy 4 conalderable: 1o produce & 16206
array of four=port cells the "timea™ iteration takes 8 connectlions agalnast the
2%% of the "lfor® ilteratlon.

Racause of the sbasnce of side-effecta, 1t 18 poasible Lo macimally share
ln ®mory all what 13 skareable; henoe *let®™ ahould Be waed to [aotorlss
common aubecpressioms. &n sarrpy of 16z16 gells cen be prodused By al loceablag
Juat are oell plus B conpection resorda. IF Lnatesd we put an expanded cell
deflnition inside o double iteration with iteration veriables we can onase the

sllosatlon of 256 identical sells plus 295 connectlon records.

10, hekmowledgements

JefT Tanaley and [rene Buchasan sblsylatsd sy Iaterast In VLS1 and VLST
dealgn, Many of Lhe gocd ldens cantalned Iin this paper orlginated from Gardon
Flotkin, and other oned esme up durleg discussions with Kevia Hitehell and
Mark 3Znir, Thls work wss carrled ocuk ender a sekolership of the Estlonal

Esssarch Dounell of [Ttaly snd & scholars®sip of bhe Pailversliy of Fdiabergh,

23

I. Syntac

The follewlng conventions sre waedi dbrlags batwsen guates (M%) are
terminals; identifiers are son-termleals: =% s disjmctlon °[ ... J* Séans
gero or ome times ",..%; " ... 16° ®esna n or more times &, " (defsult nell;
S ..., # —= }f™ mesns n or more times ®...® separaled By "-—" [defaclt ned):

parenthesis *( ... 1" &re used for precedence: Jjurtaposiblon la soncalenstlon,
regtars 'z (cosmasd | toplet | topletres | terml} <%

pommand iz scde | sddacde | sobesde | prist |
draw | usde | use | begim | end |
coabenta | Impork [ esport

aods 11w "mode”

addecde iz "sddecde” [1de S <. 11
acbasds ::a "sabmode™ [lde /=,
print rz: "prist® term

draw iz "drae® ere

undo iz "umdo™

wan iiw "uae® [lde J )0

Begln z1v "hegln® port

and 1 "end® port

conbenta iz "oontenca®

import rre “import® ide

sEpork iz Tarpart® 1de

toplet e Flet® declaration
topletres :is "letrec” deolasration

Eerm ::w varlable | bool § string | number | paimt | palr §
List | form | compoaltion | restriction | rename |
soadltional | sbatraction | spplication | 1taratlon §
let | letrec | where | whererss | partara §
and | af § mot | mimua | oons § oappend § osoam § ALY
times | dvide | squsl § great | leas | greateqg [
lesgeq | range | mod | directoomp | reveracosp

warisble ii= Qde

tool ziw "Lree® | Sfalae®
string tie **® gharsctera ®°®
number 2118 wnalgnedreal

pelnb Iz tarm """ tarm

palr itz Lerm "% tarm

11ae :iw " [eerm 5 "i@) ")"



fora i "fore® (aort] ["with® (figwe 5 "and®11]
aork 1ie "1™ [port =i ide [=port” ters] s ;=11 =}°
Figure 119 Qde shaps Lerm

ahapa Iin ®dot® | "line® | "path® | ®spline® [ “loop”
"her® | "pely® | "srea® | "blob® [ "bext®

cmposltion e tera comnsctlon tarm

comnestion 2ie 1% [port %= port F ";®)y =:]"
resbriotlon poe Rerm ™. {maboh]!

retlng o term "[® sabatitukleon & ;%) =]°

pbatltutlon z:s matoh "\" matoeh [ term]) |
aatch Lera

iteratioa ::zs term “times™ tera "with® sonmectlan |

"for® [akruot "In® ters / "apd"})
fikers term Swith® conmection

aondltiossl [:& term =2 Lérm "™ tErE

absbravtion fiz S%F9 (atruct]l 5F°° cerm

appllcation (e term term

let zzs "lat™ declarsblsn "is™ bers

letres ie “letrec® doclaration ®in® term

wherd jir berm “whers™ deolaratios

whararen tis term ®chersrec® declaratios

declaratlon 8 [fumstrect =™ term 5 "and™])

fanatruat ow abroot | ide [atructk])

atruck Izw =[" "}" | ide | struct "0 street |

-

atrect % gmrwot | °[® (street £ TRl ") |

struat ¥ ® struck | =(® sruect =)=
parters Dis "[" Lerm 0"

i e téra "AAdM Tarm
ar i berm "OrT tarm
et Iz Lara "HSL® Larm
mlnua 1148 "=" LéFE
GofA ifn berm 8 F parm

£n

mppend tiv berm "FT bara
aum 1@ Lerm Ts™ bterm

diff s term "=® tarm

times i berm 'F Larm
divide fix Lerm "/" Lara
#qusl iz tevm "= tarm
gFEEEAT 11z LarE "3¥ berm
Iesa j:a Lerm "C" bLerm
greateq 11w term "2 tarm
lesseq Si= Lerm "{z" bera
range iz term 7117 Lerm
mod in Eers "mod™ term
dirgctcomp f1v Berm "o® term
revaragcap iim LerA A" Lara

Tekbar Ize a8 | .., 0§ %¢® | "R [ ... ] "* | "

digie o= g ] ..o 1 T

ide z:¢ letter [ ide letter | l1de digin

makshids s:o ™% | *7® | ide 0" [ ide =7" |
matchide "I® [ Esbchide "7° |
matehide Letier | mabohlde digit

integer zzw Jigit | integer Sigik

unalgesedrenl .::r integer [=.® Inkteger]

peFt 53z 14s § port ", id& ! port "." Integer

mstch ii= matohide | pork . matshlde |

makekh *." mtehlde | matolh .7 lde |
matoh ®.® intager
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Precedence of operators. == ® n" seana that the infiz apsratar "% pas lelt

precedence m ad right pregedense n. An expreaslon "z & y ™

2=

mdacezintes

Like "(n ® gy} ' 2% if prem' and Like ®z ¥ {p "" g}® IF nin", Hence mien means

that ="¥= {3 left associative amd mon Ehat 1t 18 rlght sassclaklve,
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200
L
LI}
500
oo
100

70
7o
Boo
040
1009
fi0a
1109
1200
1200
12060
1300
1300
1H

. =
F-4

- m i o |§-=I-=-"ﬁ"u"l-t

[ =]

930
1500
1100
1190
1200
1200
1200
1300
1330
1830

Lepplizationl
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[I. PFrefelined Fanctloas
And {infic} boolean amd.
O (infls} boolean o,
Wob {infiz} boolean mok.

v (inflz) eguality odar boolesss, nisBard, palnta,
palirs and llsts onaly,

» {inflx) greabter Ehan.

¢ {dnfiz) less than,

& {infix)} grester then or egusl ko,
=z {inliz} RBess tham or equal Ea,

[prefic} mmber complement.

Ld

[infix) numbsr aus,

Linfiz) number dLfference,
" [infiz) numbsr produst.
# timfin) number dlvislon.
AF Linfix) integer diviaion.

sad [Iaflz) freber Sodule: "s =4 B' Ui Lhe
remalnder of "wffb'.

Ift polmt lelft: LM [&°B) » @,

rhk polmt right: riot (a"B) = b,

fat palr First: Fat (@, bF = &,

and palr sscond: and (a,b)] = B,

Bl Blat hesd: hd [@1; <o jan) = &1 (bl

tl Yiat kall:z 81 (@1 <oc tan) » [@2: ... zan) (m*0).

Bull LEiak nwll: Aull [) = true;
mull {al, .., ,8n] = Falae (;rd),

_ [inrix) 18ae cona: a_(el: ... zand
o [ocel: oo jmm] Cndedb.

# {infix)} list sppend: [a1; ... pen) & [B12 ... =)
e [ab; ... jen3Bd; ... jEE] (o E>=D),
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t1 {imfix) renge: nita = [njnels ... pe=U;m] (ad=m);
nmE = [Aga=1) ... melim] (Adamd.

langth 1iat lengbth: Dength [@1: ... am] = m [nded).
o (infix) fumstion compoasitiont I o g} a = F (g Al

& {infiel reverse Tusctlosn cempositiom: CF & g) a s g If al.
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