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A b s t r a c t 

F o r m a l m e t h o d s can b e neat ly w o v e n in wi th less formal , bu t m o r e wide ly-used , industr ia l -s t rength me thods . We 
s h o w h o w to in tegra te the Larch two- t iered specification me thod [ G H W 8 5 a ] wi th t w o used in the waterfal l mode l of 
sof tware deve lopmen t : S t ruc tured Analys i s [Ros77] a n d St ruc ture Char t s [ Y C 7 9 ] . We use Larch traits to define data 
e lements in a da ta d ic t ionary a n d the funct ional i ty of bas ic act ivi t ies in St ruc tured Analys i s data-flow d iagrams; Larch 
interfaces a n d traits to define the behav io r of modu les in St ructure Char t s . W e also s h o w h o w to in tegrate loosely 
formal specification in a p ro to typ ing mode l b y d iscuss ing ways of refining Larch specifications as c o d e evolves . To 
p r o v i d e s o m e rea l i sm to o u r ideas , w e d r aw ou r examples from a non- t r iv ia l Larch specification of the graphical edi tor 
for the M i r 6 v isua l l anguages [ H M T * 9 0 ] . T h e compan ion technical repor t , C M U - C S - 9 1 - 1 1 1 , conta ins the ent ire 
specification. 
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1. A Di f fe ren t P i c t u r e of S o f t w a r e D e v e l o p m e n t 

M o s t p ic tures of t he sof tware deve lopmen t process are var iat ions of the o n e s h o w n in F igu re 1(a) whe re w e n a m e 
the s tandard phases requirements analysis, design, implementation, and validation. Each phase resul ts in at least o n e 
t ang ib le p roduc t , e.g., a requ i rements specification, a des ign no tebook , executab le code , a n d test sui tes . 

T h e sof tware eng ineer ing c o m m u n i t y is beg inn ing to acknowledge the need to use and the potent ia l benefits 
ob ta ined from us ing m o r e formal me thods for deve lop ing sof tware. H o w then d o formal me thods fit in the p ic ture? In 
1980 G u t t a g a n d H o r n i n g p r o p o s e d that formal specifications b e used in p r o g r a m des ign [ G H 8 0 ] . Th i s idea suggests 
rev is ing F igu re 1(a) to that in F igu re 1(b) b y inser t ing the phase formal specification. This revised p ic tu re impl ies that 
g iven a set of informal ly descr ibed requ i rements , a system specifier (a b r and n e w p laye r o n the sof tware deve lopmen t 
team [Win85]) wr i tes a formal specification of the sys tem to b e bui l t . After the sys tem is bui l t , formal verification is 
poss ib le s ince in p r inc ip le the implementa t ion can b e p roven correct wi th respect to the formal specification. We call 
this overa l l deve lopmen t p rocess the waterfall mode l . 

Z o o m i n g in at the des ign p h a s e of the waterfall mode l gives r ise to ano ther c o m m o n p ic ture shown in F igure 2 . 
Here , s o m e init ial formal specification codifies the informal requ i rements , s h o w n as a c loud in the p ic ture . Then , by 
app ly ing a series of well-defined correctness-preserving t ransformat ions , the sys tem specifier refines a specification 
from o n e s tep to the next , perhaps genera t ing proof obl igat ions a long the way. T h e t ransformat ion process ends when 
an implementa t ion wi th acceptable pe r fo rmance is reached. Discharg ing p roof ob l iga t ions in paral lel wi th apply ing 
s tepwise ref inement d ispenses wi th t he need of a separate verification phase . A p roof of correctness is genera ted as 
the p r o g r a m is deve loped [Dij76, G r i 8 1 , J o n 8 6 ] . W e call this deve lopmen t process the refinement mode l . 

Sof tware engineers w h o interpret a t face va lue these pic tures of sof tware deve lopmen t migh t get the w r o n g 
impress ion that formal specifications h a v e a fixed, well-defined, and r ig id ro le in the sof tware deve lopmen t process . 
T h e p rob l em wi th the waterfal l mode l p ic tu re is that it impl ies that a formal specification shou ld b e wri t ten before 
implementa t ion beg ins . I t impl ies that w i thou t do ing verification, the deve loper w o u l d never b e certain that an 
implementa t ion is correct . T h e p rob l em wi th the refinement mo d e l p ic tu re is that it impl ies that the des ign process can 
b e accompl i shed comple te ly systemat ical ly th rough s tepwise refinement. T h e on ly creat ivi ty needed is to choose wha t 
to refine a t each s tep a n d w h i c h of m a n y p rovab ly correct t ransformat ions to apply. I t requi res that such t ransformations 
exist . T h e s e a re al l s t rong requ i rements a n d impl ica t ions that can resul t from forget t ing that these pic tures are j u s t 
abst ract ions of wha t occurs in pract ice . T h e y ideal ize the sof tware deve lopmen t process b y h id ing false starts , feedback 
loops , and paral le l deve lopmen t s trategies . 

We p r o p o s e a different p ic tu re shown in F igure 3 . Here , s tar t ing from a set of informal ly descr ibed requi rements , 
four i terat ive act ivi t ies occur in paral le l : formal specification, implementa t ion , val idat ion and verification, and wri t ing 
informal d o c u m e n t a t i o n 1 . Unro l l i ng each of the paral lel act ivi t ies (e.g., see F igure 4 ) shows that i terat ions of each 
need no t occur in locks tep a n d that each can affect subsequent i terat ions of another. O u r p ic ture accommoda tes the 
waterfal l a n d ref inement m o d e l s . If w e ignore the documenta t ion branch , w e get t h e waterfal l mo d e l b y unro l l ing each 
of t he three lef tmost b ranches once , g o i n g d o w n the lef tmost b ranch and m o v i n g to the right across the other branches 
as t ime progresses . W e ge t the refinement mode l b y unrol l ing the leftmost b ranch mul t ip le t imes and then mov ing 
r igh t a t the last ref inement s tep to ge t an implementa t ion . O u r p ic tu re a l so accommoda tes a p ro to typ ing mo de l where 
w e fo l low the implemen ta t ion b ranch that has been unrol led mul t ip le t imes a n d ignore the o ther b ranches ; n o n e of the 
p rev ious p ic tures direct ly reflect this p ro to typ ing mode l . 

O u r p ic tu re n o t on ly accommoda te s different sof tware deve lopmen t mode l s b u t a lso reflects m o r e realist ically 
h o w sof tware is deve loped in pract ice . It expl ic i t ly shows i terat ions th rough specifications and implementa t ions , and 
h o w resul ts of o n e p h a s e can influence a n d p rov ide feedback to o thers . I t makes m o r e expl ic i t t he ro le of informal 
documen ta t ion ra ther than re legat ing it to b e an invis ible by -p roduc t of each phase . It a l lows the first use of formal 
me thods to occur at any t ime du r ing the deve lopment process : before, dur ing , or after the sys tem is bui l t . T h e po in t of 
ou r p ic tu re is to convey to sof tware engineers that app ly ing formal me thods need no t b e an in t imida t ing or b u r d e n s o m e 
task. A p p l y i n g formal m e t h o d s is no t some th ing d o n e b y a g roup of peop le si t t ing off in a c o m e r by themselves , but 

1]n order not to clutter the picture, we do not draw the implicit arrows between non-adjacent boxes, e.g., between formal specification and 
informal documentation. 
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Figu re 1: T h e Waterfall M o d e l 

rather, m o r e important ly , cou ld and shou ld b e d o n e a longs ide convent iona l sof tware deve lopmen t act ivi t ies . M o r e 
significantly, wi th ca re a n d fores ight specific formal me thods can b e neat ly w o v e n in wi th less formal , b u t m o r e 
wide ly-used , indust r ia l -s t rength me thods . T h u s , w e use ou r p ic tu re to he lp i l lustrate na tura l and conven ien t ways of 
un in t rus ive ly in tegra t ing formal me thods in the software deve lopmen t process : the ma in subject and cont r ibut ion of 
this paper . Hencefor th w e wi l l focus on the interplay be tween specification and implementa t ion , t hough m a n y of our 
remarks h o l d for the in terplay be tween the o ther phases , e.g., formal specification and val ida t ion a n d verification. 

Specifically, w e presen t t w o ways to in tegrate formal me thods in the cur rent prac t ice of sof tware engineer ing . 
Firs t , w e s h o w in Sect ion 3 h o w to in tegrate the Larch two-t iered specification m e t h o d [ G H W 8 5 a ] wi th me thods used 
in a t radi t ional waterfal l mode l . Larch specifications fit in wi th St ructured Analys is [Ros77] , a typical requi rements 
analysis me thod , and St ruc ture Char t s [ Y C 7 9 ] , a typical des ign me thod . N e x t in Sect ion 4 , w e expla in h o w w e 
can in tegra te Larch in a p ro to typ ing mode l w h e r e vers ions of specifications and implementa t ions evo lve in paral lel . 
A l though w e m a k e our po in t s u s ing specific t echniques , ou r approach is genera l ly appl icab le to o ther requi rements 
analysis and des ign me thods such as S A D T [Ros85] and J S M [Jac83] and o ther formal me thods such as V D M [Jon86] 
and Z [Spi88] . To p rov ide s o m e rea l ism to ou r ideas , ins tead of i l lustrat ing them us ing smal l examples , w e extract 
p ieces from a non- t r iv ia l Larch specification, that of the M i r 6 graphical edi tor IZar91] . We beg in wi th an overv iew of 
the specificand ( M i r 6 ) and specification l anguage (Larch) in the nex t sect ion. W e c o n c l u d e in Sect ion 5 wi th s o m e 
genera l words of adv ice to interested pract i t ioners . 
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2 . M i r 6 a n d L a r c h 

2 . 1 . Spec i f i cand : M i r 6 

T h e goa l of the M i r 6 Project is to p rov ide l anguage and tool suppor t for le t t ing users specify formal ly th rough pictures 
the securi ty configurat ion of file sys tems (i.e., wh ich users have access to wh ich files) a n d genera l securi ty pol icy 
cons t ra in ts (i .e. , ru les to wh ich a configurat ion m u s t conform) . 

M i r 6 consis ts of t w o visual l anguages , the instance l anguage and the constraint l anguage , bo th defined in 
[ H M T " 9 0 ] . A n instance picture g raphica l ly denotes an access matr ix that defines wh ich users have wh ich ac­
cesses to wh ich files. Ins tance pic tures mode l the specific securi ty configurat ion be tween a set of users and a set of 
files, e.g., A l i ce canno t r ead B o b ' s mai l file. A constraint picture denotes a set of ins tance pic tures (or equivalently, 
the co r re spond ing set of access matr ices) that satisfies a par t icular securi ty constra int , e.g., users wi th wri te access to 
a file mus t a l so have read access . W h e n an ins tance p ic ture , IP, is in the set deno ted b y a cons t ra in t p ic ture , CP, w e 
say IP " m a t c h e s " CP. 

T h e bas ic e lements in the ins tance l anguage a re boxes and arrows. Boxes that conta in n o o ther boxes represent 
users and files. B o x e s can conta in o ther boxes to indicate g roups of users and directories of files. Use r g roup boxes 
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Figu re 4 : A n Unro l l ing of the Paral le l-I terat ive M o d e l 

may over lap to indica te a user is in m o r e than o n e g roup . Labe led a r rows g o from user (g roup) boxes to file (group) 
boxes ; the label indicates the access m o d e , e.g., read or wr i te . Access r ights are inher i ted b y co r respond ing pairs of 
b o x e s con ta ined wi th in b o x e s connec ted b y a r rows , thus min imiz ing the n u m b e r of a r rows necessary to draw. A r r o w s 
m a y b e nega ted to indica te the denia l of the labeled access . 

F igu re 5 shows an ins tance p ic ture , as d rawn in the M i r 6 editor. T h e pos i t ive a r row from Alice to Alice's 
files indicates that A l i ce has r ead and wr i te access to her files. T h e pos i t ive a r row from Alice's friends to 
Al ice ' s schedule file indicates that bo th B o b and Char l ie have read access to Al i ce ' s schedule . B y default , s ince 
there a re n o a r rows be tween Al ice ' s friends and her o ther files, B o b and Char l i e d o n o t h a v e read access to Al ice ' s mai l 
file. W e cou ld a lso s h o w this p roper ty wi th an expl ic i t nega t ive a r row be tween Al ice ' s friends and her mai l file. T h e 
p resence o f b o t h pos i t i ve a n d nega t ive a r rows can lead to poss ib ly ambiguous p ic tu res , a p rope r ty formal ly defined in 
[ M T W 9 0 ] , 

T h e constraint l anguage a lso consis ts of boxes and a r rows , bu t here the objects have different mean ings . A b o x 
labeled wi th an express ion defines a set of ins tance boxes . E.g. , the lef t-hand b o x in F i g u r e 6 deno tes the set of ins tance 
boxes of type User . The re are three sorts of a r rows , a l lowing us to descr ibe three different re la t ions be tween boxes 
in an ins tance p ic ture , IP: syntact ic (sol id hor izonta l ) - whe the r an a r row expl ic i t ly appears in IP; semant ic (dashed 
hor izonta l ) - whe the r an access r igh t exis ts in the matr ix deno ted by IP; and con ta inmen t (sol id vert ical wi th head 
ins ide b o x ) - whe the r a b o x is nes ted wi th in another in IP. Addi t ional ly , the thickness a t t r ibute of each constra int 
object is k e y in defining a cons t ra in t p ic ture ' s mean ing : in genera l , for each set of ins tance objects that matches the 
th ick par t of the const ra int , there mus t b e another set of objects (disjoint from the set ma tch ing the th ick part) that 
matches t he th in par t . F i g u r e 6 s h o w s a cons t ra in t p ic tu re that specifies that users w h o h a v e wr i t e access to a file mus t 
have read access to it as wel l . 

T h e M i r 6 edi tor p rov ides facilities to create , view, and modify bo th ins tance and cons t ra in t p ic tures . T h e left-hand 
s ide of t he w i n d o w in F i g u r e 5 d isp lays a m e n u from which users can select the t ype of p ic tu re and object they wish 
to draw. T h e ed i tor a l so serves as an interface to o ther M i r 6 tools : an ambiguity checker that de te rmines whe the r an 
ins tance p ic tu re is a m b i g u o u s , a constraint checker that de termines whe ther an ins tance p ic tu re matches a const ra int 
p ic ture , a prober that creates a representa t ion of an ins tance p ic ture for a g iven file sys tem, and a verifier that de termines 
whe the r t he resul t o f the p r o b e r matches an ins tance p ic ture . We revis i t t he re la t ionship a m o n g these tools in Sect ion 
3 . 

2 .2 . Spec i f ica t ion L a n g u a g e : L a r c h 

We presen t a brief refresher of Larch here and g ive further detai ls as necessary. See [ G H W 8 5 b , G H M 9 0 ] for m o r e 
detai ls . 
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F i g u r e 5 : T h e M i r 6 edi tor and a sample ins tance p ic tu re 

La rch p rov ides a " two- t i e red" approach to specification. In o n e tier, t he specifier wr i tes traits in the Larch Shared 
L a n g u a g e (LSL) to assert s ta te - independent proper t ies of a p rog ram. Each trait in t roduces sorts and operators and 
defines equal i ty be tween terms c o m p o s e d of the operators (and variables of the appropr ia te sorts) . E.g. , the Box trait 
in F i g u r e 7 in t roduces the sor t B, wh ich is a t u p l e of six fields, and the opera tor copyjbox. B y o u r u se of LSL ' s 
t u p l e of constructor , w e impl ic i t ly in t roduce four o ther sorts (CoordPair, Label, LineThickness, and BoxType1) and 
the — f ieldjiame a n d set .field-name opera tors for each of the six field jiames in the tuple . F i v e equat ions constra in the 
m e a n i n g of copyJbox a n d toge ther imp ly that a b o x b is no t necessar i ly equal to copyJbox(b) s ince they m a y differ in 
the values set in their co r respond ing bJabel fields. 

In the second tier, the specifier wri tes interfaces in a Larch interface l anguage (here , w e use Le rne r ' s extens ions 
[Ler91] to the Gener ic Interface L a n g u a g e (GIL) [Che89]) , to descr ibe s ta te-dependent effects of a p rogram. A n 
operation interface inc ludes the opera t ion ' s header and a b o d y wi th three c lauses : a r e q u i r e s c lause states the 
opera t ion ' s p re -condi t ion ; a mod i f i e s c lause lists those objects w h o s e va lue t he opera t ion m a y poss ib ly change ; an 
e n s u r e s c lause states the opera t ion ' s pos t -condi t ion . T h e assert ion l anguage for the p re - and pos t -condi t ions is d rawn 
from L S L trai ts . 

A n object interface conta ins a b a s e d o n c lause and a set of opera t ion interfaces, o n e for each opera t ion expor ted 
by the object . T h r o u g h b a s e d o n c lauses , Larch interfaces l ink to L S L traits b y specifying a co r respondence be tween 
(p rog ramming- l anguage specific) types and L S L sorts . A n object has a t ype and a va lue that ranges over terms of the 
co r respond ing sort . A n object interface a lso m a y conta in i n v a r i a n t c lauses that s tate proper t ies of the object preserved 
b y its opera t ions . 

2Bool is built-in to all LSL traits. 
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type = User Write 

Read a 
type = File 

Figu re 6: A sample const ra in t p ic ture 

Box(B): trait 

B tuple ofpos : CoordPair, size : CoordP air ,b label: Label, thickness : LineThickness, 
starred : Bool, box-type : BoxType 

introduces 
copy-box \B —±B 

asserts V b: B 
copyJbox{b).pos = b.pos 
copy Jbox{b).size = b.size 
copy J)ox{b). thickness = b.thickness 
copy Jbox(b).starred = b.starred 
copy Jbox(b).boxJype = b.boxJype 

Figu re 7 : T h e B o x Trai t 

Par t of the interface specification for the M i r 6 edi tor shown in F igure 8 defines the type Editor, wh ich is based on 
the sort Ed in t roduced in the Edi to rS ta te trait. T h e p r i v a t e c lause declares an object e of Editor t ype that is local to 
this interface. I t is t reated as an impl ic i t a rgumen t and resul t of each opera t ion in the object ' s interface. R e s i z e B o x ' s 
p re -condi t ion requires that t he set of selected objects b e exact ly the s ingle ton set con ta in ing R e s i z e B o x ' s a rgumen t b 
of B o x type {box Jo JO is an opera tor that coerces a b o x sort to a m o r e gener ic object sor t ) . Its pos t -condi t ion updates 
the s ize and pos i t ion of the b o x be ing res ized (us ing set size and set^os) and unselects all objects . In a pos t -condi t ion 
an undecora ted formal , e, s tands for the init ial va lue of the object ; a p r imed one , e\ s tands for the final va lue . T h e 
modi f ies c lause states that M o v e B o x e s m a y change on ly the edi tor and n o o ther object . 

We used the L S L Checke r a n d the G I L Checker to check all specifications in this pape r for syntact ic and sor t / type 
correctness . T h e A p p e n d i x conta ins the full specifications for the excerpts w e g ive in this paper ; see [Zar91] for the 
full specification of the M i r 6 editor. 

3 . F o r m a l M e t h o d s I n t e g r a t e d in t h e W a t e r f a l l M o d e l 

W e a s s u m e s o m e familiari ty wi th the t w o software deve lopmen t techniques d iscussed in this sect ion, Structured 
Analys i s and St ruc ture Char t s , and s h o w h o w w e can integrate Larch wi th bo th . 
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o b j e c t mi ro jed i to r 

t y p e Ed i to r b a s e d o n E d f r o m Edi to rS ta te 
p r i v a t e e : Ed i to r 

i n v a r i a n t . . . 

o p e r a t i o n R e s i z e B o x (b : B o x , p o s : C p , s i z e : C p ) 
r e q u i r e s e .se lected-objs = {box j to_0 (b )} 
modi f i e s (eabj) 
e n s u r e s b ' = set_size(set-pos(b,pos) ,size) A e \ s e l ec t ed job j s = {} 

F igure 8: Par t of the M i r o Edi tor Interface Specification 

F igu re 9: Da ta -F low Diagram of the M i r 6 Tools 

3 . 1 . R e q u i r e m e n t s P h a s e : L a r c h a n d S t r u c t u r e d A n a l y s i s 

S t ruc tured Ana lys i s , deve loped b y D e M a r c o [ D e M 7 8 ] , is a c o m m o n technique used to record a sys tem's functional 
r equ i rements . The re a re three componen t s to a s t ructured analysis documen t : data-flow d iag rams , da ta dic t ionar ies , 
and act ivi ty specifications. In a data-flow d iagram, circles represent act ivi t ies (process ing e lements ) and ar rows d rawn 
be tween circles represent da ta e lements flowing be tween their cor responding act ivi t ies . A sys tem specifier refines each 
act ivi ty in a data-f low d i ag ram to a lower- level data-flow d iagram; ref inement cont inues unt i l a set of bas ic activit ies 
is reached. A da ta d ic t ionary p rov ides the definition of all da ta e lements flowing in a data-flow d iagram (at each level 
of ref inement) . Act iv i ty specifications p rov ide the definit ion of each bas ic activity. 

F o r example , F i g u r e 9 shows a top- level data-flow d iagram of s o m e of the funct ional i ty suppor ted by the M i r 6 
tools . T h e editor takes user c o m m a n d s and creates wel l - formed ins tance p ic tures a n d wel l - formed const ra in t p ic tures . 
T h e ambiguity checker ou tpu t s wel l - formed u n a m b i g u o u s p ic tures that the constraint checker can check against given 
const ra in t p ic tures . T h e prober extracts an access matr ix from a g iven file sys tem directory that the verifier can then 
check agains t a g iven wel l - fo rmed u n a m b i g u o u s ins tance p ic ture . 
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Whereas nota t ion and its interpretat ion for data-flow d iagrams are s tandard, they are no t for da ta dict ionar ies nor 
act ivi ty specifications. H e r e is o n e expl ic i t po in t whe re Larch can b e in tegrated in St ructured Ana lys i s : 

U s e the Larch Shared L a n g u a g e to define (1) da ta e lements in a da ta d ic t ionary and 
(2) the functionali ty of bas ic act ivi t ies . 

3 . 1 . 1 . D a t a D i c t i o n a r i e s W r i t t e n in L S L 

A da ta d ic t ionary defines the da ta e lements in a data-flow d iagram. M a n y sof tware eng ineer ing tex tbooks [Myn90 , 
Pf l91 , E D 8 9 ] r e c o m m e n d us ing B N F - l i k e nota t ion , such as + for concatenat ion and {} for repet i t ion , to descr ibe h o w 
to form n e w da ta e lements ou t of bas ic ones . F o r example , 

M i r o p ic tu re = Ins tance p ic tu re I Cons t ra in t p ic ture 
Ins tance p ic ture = { B o x I A r r o w } 

indicates that a M i r o p ic tu re can b e ei ther an ins tance p ic ture o r const ra in t p ic tu re and an ins tance p ic ture can b e a 
col lec t ion of b o x e s a n d a r rows . B N F - l i k e nota t ion forces the specifier to mode l da ta comple te ly in terms of a few 
bas ic sorts of da ta e lements l ike number s , characters , and s t r ings . Th i s approach is at bes t inconvenien t , e.g., h o w 
w o u l d w e say that a b o x is the "conca tena t ion" of four l ines , bu t at wors t too low- leve l in that the mode l forces the 
specifier to m a k e des ign decis ions premature ly . F o r example , w e d o no t care that a b o x is c o m p o s e d of four l ines 
s ince the imp lemen to r cou ld choose to represent it as a set of p ixe ls ; ra ther w e w a n t to specify on ly those at tr ibutes 
of boxes that a re necessary to descr ibe the behaviors of the activit ies that man ipu la te b o x e s . In short , w e cannot use 
B N F - l i k e nota t ion to descr ibe the abstract proper t ies of the da ta e lements , e.g., those that w o u l d d is t inguish const ra int 
boxes from ins tance b o x e s . 

Ins tead, w e can use the Larch Shared L a n g u a g e to wr i te the data d ic t ionary b y specifying the sorts of da ta e lements 
label ing the a r rows in a data-flow d iagram such as the o n e in F igure 9 . Le t us bu i ld u p to a trait that descr ibes 
wel l - formed ins tance p ic tures b y beg inn ing wi th o n e that descr ibes bas ic p ic tures . 

F i g u r e 10 shows the sorts and opera tors in t roduced in the Bas icPic ture trait . A p ic ture (sort Pic) is a col lect ion 
of boxes a n d a r rows . T h e r enamings of sort identifiers in the t w o uses of the Set trait (from the Larch H a n d b o o k 
[ G H W 8 5 b ] ) g ives us the sorts BSet and ASet for sets of boxes and a r rows , and , a m o n g o thers , the opera tors {} :—• BSet 
and {} :—• ASet t o deno te respect ively the e m p t y set of boxes and the e m p t y set of a r rows . T h e g e n e r a t e d b y c lause 
says that all te rms deno t ing values of p ic tures a re expressed in te rms of the opera tors create-picture, insertJbox, and 
insertjarrow. T h e p a r t i t i o n e d b y c lause says that if for t w o pic tures their co r respond ing sets of boxes and sets 
of arrows a re the same , then the pic tures are the same. Th rough an i m p l i e s c lause , L S L prov ides a p lace to record 
expl ic i t ly consequences of the first-order theory denoted b y a trait . T h e c o n v e r t s . . . e x e m p t i n g c lause states a p roper ty 
abou t the trai t re lated to sufficient-completeness [Gut75] ; it says that a te rm us ing any opera tor l is ted in the c o n v e r t s 
c lause can b e s h o w n equa l to e i ther a te rm no t us ing any conver t ib le opera tor o r an e x e m p t te rm. 

T h e equa t iona l ax ioms defining the operators a re s t ra ightforward and g iven in the s tandard s ty le of "a lgebra ic" 
specifications (define the mean ing of each non-cons t ruc tor opera tor in terms of each cons t ruc tor opera tor ) . Fo r 
example , as s h o w n in the equat ions be low, w e define move-all J>oxes(pic,delta) to m o v e each b o x in the p ic tu re pic by 
s o m e a m o u n t delta. T h e p ic ture is e i ther empty , the resul t of inser t ing a b o x , o r the resul t of inser t ing an a r row (since 
these are the three genera t ing opera tors ) . T h e second equat ion states that the resul t of m o v i n g all boxes in a p ic ture pic 
to wh ich w e have ju s t inser ted a b o x b is the s ame as (recursively) m o v i n g all boxes in pic and add ing to it the resul t 
of chang ing &'s pos i t ion b y delta. T h e thi rd equat ion s imilar ly recurses th rough a p ic ture ' s boxes w i thou t chang ing 
any inser ted a r rows . 

move jail Jboxes(create picture, delta) == create .picture 
move jailJboxes{insert-box(pic, b), delta) = 

insert JtoxQnove-all J>oxes(pic, delta), set.pos(J), b.pos + delta)) 
move jail Jboxes(insertJirrow(pic, a), delta) = 
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BasicPictureiPic) : trait 

includes Box, Set(B,BSet), Arrow, Set(A,ASet) 

introduces 
create-picture :—• Pic 
insert Jbox : Pic, B —• Pic 
insert Jirrow : P i c , A —• P i c 
move-all-boxes : Pic, CoordPair —• P i c 
copy-picture : Pic —• P i c 
delete .box : Pic,B —• Pic 
delete-arrow : P i c , A —* P i c 

boxes : P i c —• £Scf 
arrows : P i c —* AScf 
arrows .attached Jo Jbox : P i c , 2? —• AScf 
arrows-attached JoJboxes : Pic,BSet - + ASci 

asserts 
P i c generated by create-picture, insert-box, insert-arrow 
Pic partitioned by boxes, arrows 
. . . < Equa t ions g o here . > . . . 

implies 
converts move-all .boxes, copy picture, delete Jbox, delete Jirrow, 

boxes, arrows, arrowsattachedJoJbox, arrows-attached Jo jboxes 
exempting V b : B,a : A 

delete J?ox(create picture, b), deleteJirrow(create.picture, a) 

Figu re 10: Par t of the Bas icPic ture Trai t 

insert-arrow(move-all-boxes(pic, delta), a) 

N e x t w e define a trait that bui lds upon basic pictures to define wel l - formedness for p ic tures . T h e WFPicture trait 
in F i g u r e 11 in t roduces t he well-formed opera tor a m o n g others . A wel l - formedness condi t ion that is c o m m o n to both 
ins tance and cons t ra in t p ic tures is that all a r rows mus t b e at tached to boxes (no dang l ing a r rows) . We define the 
arrows-attached opera tor to capture this condi t ion . Arrows-attached checks that a p ic ture ' s set of a r rows is a t tached 
b y us ing arrow .attached t o check each a r row in the set. A n ar row is a t tached in a p ic tu re if the boxes at each of its 
ends are bo th in the p ic ture . 

arrowsjattached{pic, {}) = true 

arrowsMttached(pic,insert(as, a)) = arrowjxttached(pic,d) A arrowsMttachedipic, as) 

arrow jittached(pic,a) = (((a.to-box) G boxesipic)) A ((a.fromJ?ox) € boxes(pic))) 

We then succinct ly define the wel l - formedness condi t ion c o m m o n to ins tance and const ra in t p ic tures as : 
welljormedipic) = arrows Mttached{pic, arrowsipic)) 

T h e opera tor delete jobjs uses delete jwf Jbox and delete jwf.arrow to re turn a p ic tu re that is the resul t of dele t ing a 
set of objects . W e define e l sewhere the sor t (O) for objects to b e a u n i o n of the sorts (B and A) for boxes and ar rows. 
F o r each object in the set of objects to b e deleted, delete jobjs checks whe the r the object is a b o x , i.e., tag(obj) = box, 
or an a r row and then uses the appropr ia te operator , delete-wf-box or delete-wfjirrow. De le t ing j u s t a b o x may viola te 
the wel l - formedness condi t ion s ince it cou ld resul t in dang l ing a r rows . Hence , if the box , b, be ing deleted is in the 
p ic ture , delete-wfJbox m u s t de le te al l a t tached a r rows before dele t ing b. Delete-wfjir row opera tor deletes the ar row 
a from the p ic tu re on ly if a is in the pic ture . 

delete.objsipic, {}) = pic 
delete j?bjs(pic, insert(ps, obj)) — if tag(obf) = box 
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WFPicture(Pic) : trait 
includes BasicPicture(Pic), Obj 

introduces 
arrows-attached : Pic, ASet -+ Bool 
arrow-attached : Pic, A —• Bool 
well .formed : Pic —• Bool 

delete-objs: Pic, ObjSet —» Pic 
delete-wf .box : —• Pic 
delete -wfMr row : Pic, A —• A c 
delete-arrows : Pic, ASet —• f7c 

extract j^f : ObjSet —• Pzc 
asserts V pzc : P/c 

well/ormedfpic) = arrows Mttached(pic,arrows(pic)) 
. . . < Othe r equa t ions g o here . > . . . 

F igu re 1 1 : Par t of the W FPi c t u r e Trait 

then delete-objs(delete-wf Jboxipic, obj.box), os) 
else delete-objs{delete jwf .arrowipic, obj .arrow), os) 

delete-wf Jboxipic, b) = [fb€ boxesipic) 
then delete-box(deletejarrows{pic, arrows attached Jo Jboxipic, b)), b) 
else pic 

delete-wf Mrrow(pic, a) = ifa£ arrowsipic) then delete Mrrowipic, a) else p/c 

Extract.wf re turns a p ic tu re that is the max ima l wel l - formed subset of a set of objects . T h e interface specification 
for the edi tor uses extract-wf t o descr ibe the behav io r of the edi tor opera t ion that copies objects (CopyObjs ) . T h e 
set o f objects to b e cop ied is a sub-pic ture , wh ich m a y o r m a y no t b e wel l - formed. T h e resul t o f extract.wf(os) is a 
wel l - formed p ic tu re that conta ins all the objects of os except the dang l ing a r rows , i.e., a r rows that a re no t a t tached to 
boxes in os. W e define extract.wf indirect ly b y defining w h a t boxes and arrows a re in the resu l t ing p ic ture : 
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WFInstancePic : trait 
includes WFPicture(IPic, create Jnstance jpic for create ^picture) 
introduces 

users Jo Jiles : IPicJASet —• Bool 
user Jo-file : IPicJA —• £00/ 

asserts V ipic : / P r e 
users Jo-files(ipic, {}) = frw£ 
users Jo-files(ipic, insert(as, a)) = 

userJojile(ipic, a) A users Jo-files(ipic, as) 
userJo-file(ipic, a) = 

(a front-box).boxJype = I t e r A {a.to Jbox).box Jype = Fite 
well-formed(ipic) = users Jo-files{ipic,arrows{ipic)) 

Figu re 12: Par t of the WFIns tancePic Trai t 

6aces(ejcfracf_w/(0.s)) = boxes{os) 
a G arrows{extract~wf{os)) — 

(a G tfrr0ww(0.s)) A {{a.toJbox) G &0jc&s(0.s)) A {{a front-box) G boxes{os)) 

Ins tance p ic tures have an addi t iona l wel l - formedness condi t ion that cons t ra in t p ic tures d o not : each a r row m u s t 
start f rom a b o x of t ype U s e r (see t he s ixth field labeled box Jype :BoxType of F i g u r e 7 ) and e n d a t a b o x of type Fi le . 
F igu re 12 shows the WFIns tanceP ic trait that includes the WFPic tu re trait and adds this addi t ional wel l - formedness 
condi t ion . This e x a m p l e shows h o w o n e trait (WFIns tancePic) can p lace further const ra ints o n an operator , e.g., 
well/ormed, i n t roduced a n d defined e l sewhere (WFPic tu re ) . 

R e t u r n i n g t o F i g u r e 9 w e n o w k n o w m o r e formal ly wha t "wel l - fo rmed ins tance p i c t u r e " means : in all pictures 
each a r row is a t tached to boxes at bo th ends and each goes from a Use r to a F i l e b o x . W e define o ther traits for defining 
d i s t inguish ing character is t ics o f cons t ra in t p ic tures a n d u n a m b i g u o u s ( instance) p ic tures s imilar ly and o m i t the details 
here . In summary , w e see that L S L traits g ive a m o r e prec ise definition of t he sorts of da ta e lements label ing the 
a r rows in data-f low d iag rams . 

3 .1 .2 . A c t i v i t y Spec i f i ca t ions W r i t t e n in L S L 

Act iv i ty specifications are usual ly wri t ten in Engl i sh , p seudo-code , o r us ing decis ion tables . S ince w e can interpret 
each bas ic act ivi ty as a mathemat ica l function that takes da ta e lements as inpu t and re turns them as output , w e can 
wr i te for an act ivi ty specification of f u n c t i o n / an L S L trait that in t roduces a n d defines th rough equa t ions the function 

/ . F o r example , after refining t he edit act ivi ty of the data-flow d iagram of F igu re 9, w e m a y find w e need to define a 
bas ic act ivi ty ca l led adjust-arrows w h o s e effect is to ensure that the wel l - formedness proper ty of ins tance pictures is 
main ta ined . 

W e define adjust-arrows on pic tures wi th the fo l lowing equa t ions , w h e r e setJail-pos (setJailJiead) sets the 
pos i t ion informat ion for an a r row ' s tail (head) and findJail-pos (findJailJiead), g iven a p ic tu re and t w o boxes , 
de te rmines t he appropr ia te coord ina te pa i r of the tail (head) of the a r row be ing adjusted. 

adjustjarrows{create -picture, b) == create picture 
adjust-arrows(insertJ?ox(pic, bl),b) = insert Jbox(adjustMrrows{pic, b),bl) 
adjust-arrows(insert-arrow(pic, a),b) = 

if afrom-box = b then 

insert jarrow(adjustjarrows(pic, b), set Jail-pos(a, find Jail-pos(pic, b, a.to-box))) 
else if a.to Jbox = b then 

insert jarrow(adjustjarrows(pic, b), set-head-pos(a,findJiead-pos(pic, b, a.to Jbox))) 
else insert-arrow(adjust-arrows(pic, b),a) 

In genera l , for any bas ic act ivi ty w e can wr i te its functional definition s ince L S L prov ides a condi t iona l construct , 
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Figu re 13: A St ructure Char t U s i n g the Ed i to r M o d u l e 

function compos i t ion , a n d recurs ion . 

3 .2 . D e s i g n P h a s e : L a r c h a n d S t r u c t u r e C h a r t s 

Yourdon a n d Cons tan t ine deve loped a s t ructured des ign m e t h o d that lets sof tware deve lopers express sys tem designs 
us ing Structure Charts [ Y C 7 9 ] . Deve lopers m a y even choose to t ransform data-flow d iagrams created in the requi re­
ments analys is p h a s e to p r o d u c e St ruc ture Char t s in the des ign phase . A St ructure Cha r t is a hierarchical d iagram in 
wh ich rec tangular boxes represent modu les in a sys tem and a r rows connec t ing boxes represent the ca l l ing re la t ionships 
a m o n g the m o d u l e s . 

F o r example , the S t ruc ture Cha r t in F igu re 13 shows the top- level cont ro l s t ructure be tween four modu les w e 
have identified for the Mirrj e d i t o r 3 . T h e M a i n m o d u l e loops rece iv ing inpu t c o m m a n d s from the user th rough the 
G e t - c o m m a n d m o d u l e , ca l l ing an Edi to r m o d u l e that accepts different user c o m m a n d s ini t ia l iz ing or t ransforming 
the ed i to r s ta te accordingly , a n d ca l l ing a Disp lay m o d u l e to ou tpu t the t ransformed ed i to r state. T h e short , labeled 
a r rows represent the di rect ion in wh ich da ta flows be tween modu les . W e s h o w the Ed i to r m o d u l e as a data abstraction 
module b y d r a w i n g a d o u b l e hor izonta l bar ; m o r e typically, w e cou ld depic t it as a procedural abstraction module 
(s ingle hor izonta l bar ) that serves as a d ispatcher (denoted b y a d i a m o n d super imposed on the lower hor izonta l bar) to 
each of the opera t ions expor ted b y the da ta abstract ion. 

S t ruc ture Char t s and Larch interface specifications are ideal complemen t s of each other. Larch interface spec­
ifications are appropr ia te for specifying the behav ior of each m o d u l e . Larch p rov ides n o means of s h o w i n g the 
in te rconnect ion a m o n g m o d u l e s ; s t ructure charts d o . Here is the expl ici t po in t w h e r e La rch can b e integrated in the 
sof tware deve lopmen t t echn ique based on St ructure Char t s : 

U s e Larch interface l anguage specifications to descr ibe the behav ior of modu les in a St ruc ture Char t . 

To flesh ou t t he edi tor e x a m p l e in m o r e detai l , w e present pieces of the Larch interface specification of the edi tor 
da ta abst ract ion specified as a G I L object interface. W e beg in b y descr ib ing edi tor s tate at the trait level and then 
descr ibe the ed i to r ' s opera t ions at the interface level . 

3 . 2 . 1 . L S L Spec i f ica t ion of E d i t o r S t a t e 

T h e EditorState trait (F igure 14) in t roduces the tup le sort Ed to s tand for edi tor state. T h e pos and size fields indicate 
the locat ion a n d s ize of the edi tor w i n d o w on the screen. T h e picture field conta ins the current M i r 6 p ic ture , of sort 

Here, we focus on just the "edit" activity in the data-flow diagram of Figure 9. 
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EditorState: trait 

includes PicUnion(ObjTypeJ0bj for O, BoxJObj for B, Arrow JObj for A) , PixelMap 

OT enumeration of box, arrow 

Ed tuple of 
pos : CoordPair, size : CoordPair, 
picture : P, 
picture Jype : PicType, 
objectJype : OT, 
arrow Jdnd: ArrowKind, 
arrow.parity: Parity, 
thickness: LineThickness, 
starred: Bool, 
selected jobjs: OS 

introduces 
display.window : Ed —»PixelMap 

Figu re 14: T h e Edi torS ta te Trai t 

% object type 

% posi t ion info 
graphical objects 

% pic ture type 
object m o d e info 

% selection 

% not defined here 

P ( in t roduced in the PicUnion t rai t) , and selected jobjs is the set o f current ly selected objects in the pic ture . T h e 
remainder of the tup le descr ibes the current m o d e of the edi tor (as indica ted in the menus ) : picture jype indicates 
whe the r t h e cur ren t p ic tu re is an ins tance o r cons t ra in t p ic ture ; object Jype is e i ther b o x o r a r row; arrow Jdnd is the 
k i n d of a r row - syntac t ic , semant ic o r con ta inmen t (which is re levant on ly for cons t ra in t p ic tures) ; t he rest of the 
at t r ibutes a re self-explanatory. W e in t roduce on ly o n e operator , display.window, b u t l eave i t unspecified here ; w e 
cou ld u se it to define a m a p p i n g from the abstract ed i tor s tate to an actual m a p p i n g of screen p ixe l s . 

3 .2 ,2 . P a r t of t h e L a r c h I n t e r f a c e for t h e E d i t o r 

In F igu re 8 w e presen ted par t of the M i r 6 edi tor interface specification. W e expla in i t in m o r e detai l here . We first 
es tabl ish us ing t he b a s e d o n c lause a co r respondence be tween the type of object be ing specified and the sort of values 
the object r anges over. W e g i v e e l sewhere object specifications for o ther types , e.g., object sets (ObjSet) and coordina te 
pairs (Cp) , on wh ich the ed i tor opera t ion ' s depends . A n i n v a r i a n t specifies proper t ies that mus t b e t rue after every 
p rocedure a n d before al l p rocedures except those n a m e d in the in i t i a l i zed b y c lause . In this case , the first invar iant 
states tha t t he edi tor main ta ins the wel l - formedness of a p ic ture a n d the second states that the set of selected objects 
m u s t b e a subse t o f all objects in the ed i to r ' s p ic ture . 

o b j e c t mi ro jed i to r 
t y p e Ed i to r b a s e d o n E d f r o m Edi torS ta te 
p r i v a t e e : Ed i to r 

i n v a r i a n t (we l l Jb rmed(e .p i c tu re ) ) 
i n v a r i a n t (e .selectedjobjs C objects(e.picture)) 

i n i t i a l i zed b y Crea teEdi tor 

. . . < Interface specifications of the twelve expor ted opera t ions g o here . > . . . 

In the A p p e n d i x w e g ive specifications of the twelve opera t ions in the edi tor interface. T h e opera t ions inc lude 
creat ing an edi tor (Crea teEdi tor ) , d r awing a box ( D r a w B o x ) , d r awing an ar row ( D r a w A r r o w ) , select ing an object 
(Select) , se lect ing a g r o u p of objects (GroupSelec t ) , u n s e a t i n g objects (Unselect ) , m o v i n g boxes (MoveBoxes ) 
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res iz ing boxes (Res izeBox) , de le t ing objects (Dele teObjs) , copy ing objects (CopyObjs ) , chang ing an object ' s a t t r ibute 
(ChangeAt t r ibu te ) , a n d c lear ing the edi tor (Clear) . W e presen t on ly three he re (another w a s g iven in Sect ion 2 ) . 

Crea teEdi to r ' s effects a re to re turn a n e w object ( n e w o b j ) of type edi tor and to ini t ia l ize var ious fields of the tuple 
represent ing the ed i to r ' s s tate . ( [ . . . ] is the tuple cons t ruc tor operator.) 

o p e r a t i o n Crea teEdi to r (posn , s i z e : Cp ) 
r e q u i r e s t rue 
e n s u r e s (newobj (e 0 */ ) ) A 

(e* = ( [posn , s ize, create4>icture(inst_pic), 
ins t -p ic , b o x , syn , pos i t ive , th in , false,{}])) 

M i r 6 edi tor users can select o r unselect objects in three ways : indiv idual select /unselect , g r o u p select, and global 
unselect . F o r example , GroupSe lec t requi res that its a rgument , os, b e a subse t of objects in the p ic tu re and has the 
effect of add ing os to the current ly selected set. If an object in os is a l ready selected, it r emains selected. 

o p e r a t i o n GroupSe lec t (os : ObjSet ) 
r e q u i r e s (os C objects(e.picture)) 
modi f i es (tQbj) 
e n s u r e s (e ' .selected_objs = (e.selectedjobjs U os)) 

T h e copy opera t ion in t he edi tor is somewha t complex because of the wel l - formedness const ra int . C o p y operates 
on on ly a subset of the current ly selected objects , name ly t he max ima l wel l - formed subset (i .e. , all objects except 
dang l ing a r rows) . T h e e n s u r e s c lause of C o p y O b j s thus specifies a n e w p ic ture object , newpic, w h o s e va lue is the 
resul t of c o p y i n g the wel l - formed subset of the selected objects of e.picture. e' .picture is then the resul t of combin ing 
the ex is t ing p ic tu re wi th newpic, wh ich has been m o v e d b y delta4. C o p y O b j s has t he s ide effects of crea t ing a n e w 
object for each of the cop ied objects in the wel l - formed subset and of unse lec t ing al l objects . 

o p e r a t i o n C o p y O b j s ( d e l t a : C p ) 
r e q u i r e s t rue 
modi f ies (e0bj) 
e n s u r e s 

3 newp ic : P ic tu re V o : O b j i y p e 
n e w o b j (newpic) A 
newpic !pos t = copy4)ic ture(extract-wf(e .pic ture- type,e .selectedjobjs)) A 
(o € ob jec ts (newpic .pos t ) = > n e w o b j (o)) A 
e ' .picture = pic_union(e.picture, 

move-a l l_boxes(newpic!pos t , del ta)) A 
e ' . s e l e c t e d - o b j s = {} 

3.3- L a r c h Too l s a n d C A S E Tools 

In teaching the undergradua te software engineer ing course dur ing the Spr ing 1991 semester , w e loose ly integrated 
the Larch Shared L a n g u a g e Checke r and a Larch /C Checker wi th the C A S E tool , Software Through Pictures (STP) 
5 . S T P suppor ts graphical edi tors for m a n y sof tware analysis and des ign me thods inc lud ing St ructured Analys i s and 
St ruc ture Char t s . W h e r e " anno ta t i ons" are normal ly a t tached to da ta e lements , e.g., in a data-flow d iagram, users can 
in addi t ion at tach L S L specifications. Similarly, users can at tach La rch /C specifications as annota t ions of modu les in 
St ruc ture Char t s . A s imilar o r even tighter in tegrat ion is poss ib le wi th m a n y o ther C A S E tools . 

4 G I L notation requires us to represent the final value of an object a as a* if a is a parameter or global variable and as alpost if a is a quantified 
variable. 

5 Copyright 1990. IDE Software Through Pictures is a registered trademark of Interactive Development Environment. 
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4 . F o r m a l M e t h o d s I n t e g r a t e d in a P r o t o t y p i n g M o d e l 

4 . 1 . A L o o s e ( U n i n t r u s i v e ) I n t e g r a t i o n 

T h e p ro to typ ing m o d e l of sof tware deve lopmen t has no t reached the s ame matur i ty as the waterfall mode l . Sof tware 
deve lopers typical ly des ign a n d bu i ld p ro to types in the implementa t ion l anguage itself ra ther than choos ing a separate 
l anguage . Alternat ively, they can wr i t e p ro to types in an executable formal specification l anguage , e.g., PAISley [Zav72] 
and O B J [ F G J M 8 5 ] , and then rewr i te the "f inal" p ro to type in a m o r e efficient implementa t ion l anguage . Th i s approach 
sugges ts a t igh t coup l ing be tween t h e specification and implementa t ion , a t least be tween the last specification and the 
first "efficient" implementa t ion ; i t is r ough ly s imilar to the ref inement mo d e l w h e r e the p ro to types are specifications. 

A l t h o u g h the u s e of an execu tab le formal specification l anguage is a va l id w a y to in tegra te s o m e classes of formal 
me thods in a p ro to typ ing m o d e l , w e exp lore here a looser integrat ion in which a specification and an implementa t ion 
are each wr i t ten in their o w n nota t ion a n d refined in different w a y s . Th i s approach treats bo th the specification 
and implementa t ion as dynamica l ly chang ing by-produc t s of each of the specifying a n d cod ing phases . Deve lop ing a 
specification and an implementa t ion in paral le l means that they can direct ly affect each o the r ' s nex t vers ion . Each newer 
vers ion of the specification ( implementa t ion) is influenced b y earl ier vers ions of the implementa t ion (specification) 
and can influence the later vers ions . 

W h e n w e deve loped b o t h the Larch specification a n d the implementa t ion of the M i r 6 ed i tor w e fo l lowed a 
p ro to typ ing approach ra ther than the convent iona l waterfall o r refinement approaches . S ince ou r par t icular specificand 
has a heavy user interface componen t , p ro to typ ing w a s an appropr ia te and useful means of exp lo r ing and val idat ing 
the graphica l a n d dev ice hand l ing aspects of the M i r 6 editor. 

T h e unro l l ing s h o w n in F i g u r e 4 matches the actual deve lopmen t of the M i r 6 editor. W e began wr i t ing formal 
specifications in para l le l wi th des ign ing and implemen t ing the editor. W e wro t e three major vers ions of the specification 
whe re the last vers ion was wri t ten after the implementa t ion had a l ready passed in to the ma in tenance phase . W e specified 
in the first vers ion a subse t of the ed i to r ' s funct ional i ty and hand led on ly ins tance p ic tures . T h e second version was 
m o r e comprehens ive and a lso deal t wi th const ra in t p ic tures , bu t w e invented n e w syntact ic const ructs to m a k e the 
Larch traits m o r e conc ise . Finally, w e added yet m o r e funct ional i ty in the cur ren t vers ion , b u t rever ted to s tandard 
Larch syntax b y t ransla t ing ou r syntact ic invent ions . T h e current vers ion itself wen t th rough at least e ight minor 
i terat ions . T h e ent i re deve lopmen t effort, wh ich a lso inc luded changes to the ins tance and cons t ra in t l anguages , lasted 
t w o years . 

4 .2 . L a r c h a n d P r o t o t y p i n g 

S ince there are n o w e l l - k n o w n o r wide ly -usedcoun te rpa r t s 
mode l of sof tware deve lopment , w e cannot as concrete ly descr ibe as w e d id for the waterfall mo d e l h o w Larch or 
any s imi lar formal m e t h o d fits in wi th p ro to typ ing . A specification, whe ther wri t ten in Larch or not , can evo lve in 
m a n y ways : b y m a k i n g it m o r e comple te , abs t ract ing, genera l iz ing, and improv ing its presenta t ion . In this section w e 

! ^ S

f i ° n , ^ . S ° f C h a n g e S i n * * C O n t e x t 0 f L u t h 3 1 1 ( 1 P ° i n t o u t P l a c e s w h e r e cross-fert i l izat ion be tween specification and implementa t ion can occur. 

4 . 2 . 1 . M a k e it m o r e c o m p l e t e . 

Write signatures of operations; introduce new types. 

O n e w a y to start wr i t ing a Larch interface specification is to define the s ignatures of each opera t ion . T h e signatures 
de te rmine w h a t o ther types of objec ts , hence da ta abst ract ions , need to b e specified and implemented . Fo r example , 
the GroupSe lec t opera t ion takes a set of objects as its a rgument , in t roducing the need to imp lemen t an ObjSe t (set 
of objects) type . This t ype informat ion in the specification imposes const ra ints o n o ther par ts of specification too , in 
par t icular w h a t is requ i red b y the b a s e d o n trait: a type is based on s o m e sort that mus t b e in t roduced b y s o m e trait. 
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Fill in bodies of interfaces. 

O n c e w e have an opera t ion ' s s igna ture w e can flesh ou t its b o d y b y wr i t ing r e q u i r e s / m o d i f i e s / e n s u r e s c lauses . 
Each c lause has a direct influence on the implementa t ion . T h e inclus ion of a non- t r iv ia l r e q u i r e s c lause ( someth ing 
o ther than " t rue") says the imp lemen to r need no t check the sys tem ' s s tate for whe the r the p re -condi t ion holds s ince the 
c l ient c o d e is r espons ib le for check ing . T h e omiss ion of a modi f ies c lause (equivalent to say ing modi f ies n o t h i n g ) 
is a s t rong asser t ion that the imp lemen to r mus t upho ld . N o t on ly m a y n o inpu t a rgumen t b e modif ied, b u t n o g lobal 
var iable m a y b e modif ied. Al l opera t ions in the edi tor specification except Crea teEdi tor m a y modi fy the ed i to r ' s s tate. 
A n e n s u r e s c lause summar izes three impor tan t effects of an opera t ion: wha t updates a re m a d e to any object l is ted 
in the modi f i e s c lause , w h a t n e w objects a re created, and wha t except ional te rminat ion cond i t ions are poss ib le (error 
hand l ing ) . W e see from their specifications (in the Append ix ) that CreateEdi tor , D r a w B o x , D r a w Arrow, and C o p y O b j s 
are the on ly edi tor opera t ions that a d d n e w objects to the sys tem's state. In contras t , R e s i z e B o x does no t dele te an o ld 
b o x and crea te a n e w one ; it j u s t changes the proper t ies of the o ld one . 

Fill in trait information. 

Jus t as interfaces can b e fleshed ou t from o n e specification step to the next ; traits can b e fleshed ou t in a s imilar way. 
Signatures for trait opera tors can b e g iven first; equat ions defining their mean ing later. G e n e r a t e d b y , p a r t i t i o n e d 
b y , and c o n v e r t s c lauses can b e added later, as necessary. F i l l ing in detai ls at the trai t level may a lso affect the 
implementa t ion . F o r e x a m p l e , e x e m p t te rms of a sor t S usual ly s tand for " e r ro r " va lues , w h i c h shou ld b e handled b y 
a p re -condi t ion in any opera t ion referr ing to an object w h o s e type is based o n S. Alternat ively, they cou ld b e handled 
b y ra i s ing s o m e except ion (see d iscuss ion in Sect ion 4 .2 .3 on r e m o v i n g pre -condi t ions ) . 

4 .2 .2 . A b s t r a c t . 

A n ex t r eme e x a m p l e of app ly ing abstract ion is to cons ider the implementa t ion as a specification. This v iewpoin t 
often makes sense w h e n fo l lowing the approach of deve lop ing a specification in paral lel wi th an implementa t ion . We 
use the implementa t ion as an appropr ia te s tar t ing po in t for a specification and then abstract from it unt i l w e reach a 
h igh- level e n o u g h descr ip t ion of the sys tem; this abstract ion process goes in the oppos i t e d i rect ion of that fo l lowed in 
the ref inement m o d e l . T h e d a n g e r wi th this approach is that w i thou t sufficient abs t rac t ion the specification m a y reflect 
t oo faithfully the or ig ina l implementa t ion mode l and perhaps exc lude o ther acceptable implementa t ions . 

F o r example , ou r implementa t ion is wri t ten in a f rame-based k n o w l e d g e representa t ion l anguage and so w e 
natura l ly represent each type of object in the edi tor as a frame wi th var ious slots. Th i s record- l ike representa t ion 
great ly influenced ou r ini t ial specification in which w e used L S L t u p l e s for boxes and a r rows a n d d rew a one- to -one 
co r respondence be tween slots in a frame and fields in the cor respond ing tuple . W e inc lude , for example , a field 
cal led selected u sed to de t e rmine whe ther that b o x or a r row is current ly selected. Eve ry opera t ion in the edi tor ' s 
interface excep t Crea teEdi to r tested and toggled this field explicit ly. Later w e r e m o v e d the selected field from the 
tup le u p o n rea l iz ing that w e a l ready main ta ined the re levant informat ion wi th the set o f se lected objects in the edi tor 
s tate {selectedjobjs). 

O n e w a y to abstract from a concre te mode l is to state a proper ty of the mode l and ask whe the r it is an essential 
behaviora l character is t ic of the des i red sys tem. If the proper ty is i r re levant then it can b e left ou t , m a k i n g the 
specification m o r e abstract . R e m o v i n g i r re levant detai l from a specification m a y somet imes resul t in a comple te 
redes ign of the abs t rac t ions themse lves . Aga in , influenced b y the record representa t ion for all objects , w e used t u p l e s 
for descr ib ing p ic tures ; later, u p o n real iz ing that the essential proper t ies of p ic tures in wh ich w e are interested are 
s imilar to those for g raphs , w e changed the Bas icPic ture trait to bu i ld upon sets of boxes (nodes) and sets of a r rows 
(edges) . W e recurs ively genera te values for pic tures wi th create picture, insert Jbox and insert-arrow ins tead of a t u p l e 
of constructor . This c h a n g e a lso m a d e it easier to p r o v e a consequence of this trait s tated in its i m p l i e s c lause (see 
d iscuss ion in Sect ion 4.2.4 on i m p l i e s c lauses) . 
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4 .2 .3 . G e n e r a l i z e . 

Remove pre-conditions; handle error conditions. 

R e m o v i n g a p re -condi t ion impl ies that an operat ion can b e i nvoked from m o r e states than before. A n earlier 
specification of the M o v e B o x e s opera t ion had a pre-condi t ion that on ly o n e object b e selected; hence m o v i n g objects 
had to b e d o n e b y select ing a n d m o v i n g t hem o n e a t a t ime . R e m o v i n g the p re -condi t ion a l lows M o v e B o x e s to 
opera te o n a set o f objec ts , e.g., t he set o f selected objects . R e m o v i n g a pre-condi t ion in genera l m a y imply that the 
implemen ta t ion n o w needs to check expl ic i t ly for a case that was safely ignored before . I t often resul ts in in t roducing 
an except iona l te rminat ion case in the pos t -condi t ion , wh ich n o w the implemen to r mus t s i g n a l unde r the appropr ia te 
condi t ion . 

Add type genericity. 

A n earl ier specification had an opera t ion each for dele t ing boxes , de le t ing a r rows , copy ing boxes , copy ing ar rows , 
chang ing at t r ibutes of a b o x , and chang ing at tr ibutes of an arrow. Rea l iz ing that de le t ing , copy ing , and changing 
at t r ibutes a re opera t ions w h o s e effects a re independent of whe ther their a rgumen t is a box or a r row led us to add a 
m o r e gener ic object type to s tand for boxes and a r rows . This change led to the current vers ion wh ich has on ly three 
gener ic opera t ions ins tead of six specific ones . In reality, t he actual implementa t ion influenced our addi t ion of type 
gener ic i ty t o these opera t ions : Garne t [M+89] , the graphical sys tem o n which M i r 6 runs , suppor ts the not ion of an 
object on wh ich m a n y c o m m o n edi t ing opera t ions can b e per formed. 

In this ins tance , add ing type gener ic i ty had the s ide effect of chang ing the under ly ing traits as wel l . We in t roduced 
a un ion sor t for objects to s tand for the cor respond ing box or a r row sor ts . This c h a n g e actual ly compl ica ted the trait 
equa t ions s ince w e had to define s o m e trait opera tors as lengthy " ca se" s ta tements depend ing o n an object ' s tag (recall 
t he equa t ions for delete jobjs in Sect ion 3.1); however , this complex i ty in the trait is comple te ly h idden at the interface 
level in the specification. F o r example , wha t appears in the ChangeAt t r ibu te opera t ion as a s imple function call to the 
changejattr trait opera tor actual ly expands to its half-page long , nes ted i f - then-e lse definit ion. 

Add parameters to operations/operators. 

W e a d d paramete rs t o an opera t ion a t the interface level , and s imilar ly an opera tor at the trait level , to capture 
in tent ional incomple teness in a specification (de laying a des ign decis ion till b ind ing t ime) and to add a degree of 
genera l i ty to the specification. F o r example , in the first vers ion of the specification w e expl ic i t ly mode led the m o u s e 
as an inpu t dev ice that p rov ided coord ina te pa i r informat ion. In pos t -condi t ions of the earl ier vers ions of D r a w B o x 
and D r a w A r r o w w e referred exp l i c idy to this m o u s e ' s coord ina te informat ion to de t e rmine w h e r e the b o x or a r row is 
to b e d rawn . In contras t , o u r current vers ion of the ent i re edi tor specification makes n o reference to a m o u s e at all . 
D r a w B o x a n d D r a w A r r o w each t ake coord ina te pairs as parameters and d o no t care wha t o r h o w that informat ion is 
genera ted . 

4 .2 .4 . I m p r o v e p r e s e n t a t i o n . 

Add invariants. 

A d d i n g an invar iant to a Larch interface specification is a w a y to capture expl ic i t ly in o n e p lace informat ion that 
may b e e i ther impl ic i t o r scat tered th roughou t the rest of the interface specification. In the Ed i to r specification the 
invariant . that all p ic tures b e wel l - formed a rose from factoring ou t wha t in an earl ier vers ion of the specification was in 
each of the opera t ion ' s p re - and pos t -condi t ions . It is an example of an expl ic i t s ta tement of a p roper ty that the Mi r6 
edi tor is requi red to main ta in . A d d i n g this invar iant had the s ide benefit of m a k i n g the specification tidier. 

Add i m p l i e s to traits. 

Sta t ing expl ic i t consequences of a trait is s imilar to s tat ing expl ici t i n v a r i a n t s in an interface. After wr i t ing a 
barebones trait wi th j u s t equa t ions and perhaps g e n e r a t e d b y and p a r t i t i o n e d b y c lauses , often w e add an imp l i e s 
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c lause as a w a y of formal ly documen t ing wha t e lse a trait in tends to state. Fo r example , s ince w e can th ink of each 
M i r 6 p ic tu re as be ing a g raph w h e r e boxes are nodes and a r rows are edges , w e add the fo l lowing i m p l i e s c lause to the 
W F P i c t u r e trait: 

implies 
Graph(B,A,Pic, create-picture for empty, insert-box for addNode, 

insert .arrow for addEdge, boxes for nodes, arrows for edges) 

w h e r e Graph is a Larch H a n d b o o k trait . Th i s impl ica t ion is a s t rong asser t ion. In terms of L S L semant ics , it says that 
the first-order theory of g raphs is a subset of the theory of wel l - formed ins tance p ic tures ; any proper ty of graphs holds 
for wel l - formed ins tance p ic tures . 

W e can take this o n e s tep further in o u r WFIns tanceP ic trait. S ince w e a d d the wel l - formed requ i rement that each 
a r row goes from a Use r box to a F i l e b o x , w e can also add the impl ica t ion that a wel l - fo rmed ins tance p ic ture is a 
b ipar t i te g raph . Here is a case w h e r e expl ic i t ly s tat ing this as an impl ica t ion caused us to real ize a d iscrepancy be tween 
the specification and the implementa t ion ; the edi tor does no t current ly enforce this wel l - formedness property. 

Make more readable and modular. 

M a n y of t he m i n o r i terat ions o f each major vers ion of the specification improved the readabi l i ty of the specification. 
Fac to r ing large traits in to smaller , reusable ones yields m o r e modu la r specifications. F o r example , w e define s ingle 
traits each for b o x e s , a r rows , and wel l - formed pic tures ; w e reuse each twice : o n c e for their vers ion for ins tance 
p ic tures a n d o n c e for cons t ra in t p ic tures . W e a l so in t roduce m a n y trait opera tors sole ly t o shor ten interface p re - and 
pos t -condi t ions . 

5 . F u r t h e r W o r k a n d F i n a l R e m a r k 

Based on our m o r e real is t ic m o d e l of software deve lopmen t d rawn in F igu re 3 , w e sugges t t w o pract ical di rect ions for 
the sof tware engineer ing c o m m u n i t y to pursue : (1) Beg in to use formal me thods now. T h e earl ier the better, bu t i t 's 
never too late . M a n y specification case s tudies pub l i shed are post facto specification exercises (e.g., [Win90, M S 8 4 ] ) . 
A project can ga in benefits f rom us ing formal me thods n o mat ter w h e n they are in t roduced in the overal l project ' s 
deve lopmen t p lan . (2) E x p a n d C A S E technology to inc lude tools that suppor t formal m e t h o d s . In tegra t ing syntax 
and type checkers is easy; in tegra t ing semant ic analyzers l ike p roof checkers , p roof debugge r s , and theorem provers 
is harder, bu t poss ib ly w h e r e the greatest payoff from us ing formal me thods l ies. 

O u r pu rpose in wr i t ing this paper is to p rov ide concre te adv ice to pract i t ioners on h o w formal me thods can 
b e in tegra ted unin t rus ive ly in sof tware engineer ing today. Wi th the g r o w i n g concern b y the sof tware engineer ing 
c o m m u n i t y to a l leviate the "sof tware c r i s i s" b y t ry ing formal me thods and wi th the g r o w i n g interest b y indust ry in 
formal m e t h o d s , w e h o p e o u r adv ice helps to b r idge the g a p be tween inventors of formal me thods and their in tended 
users . 

6 . A c k n o w l e d g m e n t s 

W e are grateful to R i c k Le rne r for h is implementa t ion of the G I L checker ; to R ick , Al lan H e y d o n , M a r k M a i m o n e , 
and D o u g TVgar for their helpful c o m m e n t s on the M i r 6 edi tor specification; and to R o d N o r d for in tegra t ing the Larch 
tools wi th STP. 
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A M i r 6 E d i t o r Spec i f ica t ion 

This append ix conta ins in their ent i rety the traits and interface specification for the M i r 6 edi tor d iscussed in the paper 
Addi t iona l traits inc luded b y those traits a re no t l isted, bu t can b e found in [Zar91] . 

% B O X 

Box(B) : trait 
includes BandASorts 

% pos is bo t t om left corner of box . s ize is wid th and height . 
B tuple of pos : CoordP air, size : CoordP air ,b label: Label, thickness : LineThickness, 

starred : Bool, box Jype : BoxType 

introduces 
copy Jbox: B —• B 
isjynJyox : CoordPair,B —• Bool 

asserts 
Vb:B 

% Specify C o p y - B o x wi th rules for each field. 
% b J a b e l in tent ional ly no t specified here . 
copyJbox(b).pos = b.pos 
copyJbox{b). size = b.size 
copy Jbox(b). thickness = b.thickness 
copy Jbox{b).starred = b.starred 
copy-box(b).box Jype — b.box Jype 

B A S I C P I C T U R E 

BasicPicture(Pic) : trait 

includes Box, Set(B,BSet),Arrow, Set(A,ASet) 

introduces 
create^picture :—• Pic 
insertJbox : Pic,B —»Pic 
insert Jirrow : Pic, A —• Pic 
move JillJboxes : Pic, CoordPair —• / 7 c 
copy picture : Pzc —• Pzc 
picMnion : Pic, Pic —• P i c 
delete Jbox : P i c , 2? —• P / c 
delete Jirrow : P / c , A —• Pzc 

foxes : P / c - + % observers 
a r r o w s : Pzc —• AScf 
arrowsMttached Jo J?ox : P z c , 5 —• AScf 
arrows attachedJo Jboxes : Pic,BSet -+ASet 
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is-on-aJbox : CoordPair, Pic —• Bool 
boxjat: CoordPair, Pic —* B 

asserts 

Pic generated by create picture, insert-box, insert .arrow 
Pic partitioned by boxes, arrows 

V p i c , p i c x , p i c 2 : Pic,cp,delta : CoordPair,b,b\ \B,a,a\ : 
A, bs : BSet, as : ASet 

move jallJ>oxes(create-picture, delta) = create-picture 
move .all-boxes{insert jboxipic, b), delta) = 

insert-boxQnove jail-boxes(pic, delta), set -pos(b, bpos + delta)) 
move-all jboxes(insert.arrow(pic, a), delta) = 

insert-arrow{move-all-boxes(pic, delta), a) 

% C o p y Pic ture : copy each object . 
copy j?icture{create-picture) = create-picture 
copy jpicture(insertJboxipic, b)) = 

insert-box(copy-picture(pic), copy-box(b)) 
copy-picture(insertMrrow(pic,a)) = 

insert jjrrow(copyjpicture(pic), copy .arrowed)) 

% U n i o n t w o pic tures . 
pic-union(create .picture, pic2) = pic2 

pic-union(insertjboxipic, b), pic2) = picunionip^, insert Jbox(pic2, b)) 
picjunion(insert-arrow(pic, a),pic2) = pic-union(picx, insert jirrowipic2, 

% Dele t ing a b o x o r a r row is e x e m p t for empty p ic tures . 
delete Jbox(insert-box(pic, b),b\) = 

if b = b\ then pic 
else insertJboxideleteJboxipic, b\),b) 

delete-box{insert.arrowipic, a),b) = 
insert-arrow{delete jboxipic, b),a) 

delete-arrow(insert-arrowipic, a), a\) = 
if a = a\ then pic 
else insertjarrow{deletejarrowipic, a\),a) 

delete-arrow{insert jboxipic, b), a) = 
insert-box{delete-arrowipic, a),b) 

% Re tu rn the set of boxes a n d set o f a r rows in p ic ture . 
boxes{create-picture) = {} 
boxesiinsert jboxipic, b)) = insert{boxesipic),b) 
boxes{insert-arrowipic, a)) = boxesipic) 

arrows{create-picture) = {} 
arrows{insert Jboxipic, b)) = arrow sipic) 
arrows(insertjarrowipic,a)) = insert(arrowsipic), a) 

% Arrows-At t ached-To-Box : 
% F i n d all a r rows a t tached to a b o x - look at each a r row in 
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% pic ture to see whe ther to o r from b 
arrows-attached Jo Jbox(create-picture, b\) = {} 
arrows-attached JoJbox(insert-box(pic, b),b\) — 

arrows-attached Jo ±>ox{pic, b\) 
arrows .attached Jo J>ox(insert-arrow(pic, a),b\) — 

if {{{a from Jbox) = &i)V 
((a.to-box) = b\)) then 
insert{arrows-attached Jo .boxipic, b\),a) 
else arrows-attached Jo Jbox(pic,b\) 

% A r r o w s j U t a c h e d - T o J B o x e s : 
% F i n d all a r rows a t tached to a set of boxes - un ion of sets of 
% a r rows a t tached to each b ox . 
arrows-attached Jo J>oxes(pic, {})=={} 
arrows .attached Jo-boxes(pic, insertibs, b)) — 

arrows-attached JO-boxes(pic, bs)U 
arrows .attached Jo-box(pic, b) 

% I s - O n - A - B o x re turns t rue if there exists a box b in the p ic tu re 
% such that is jon_box(cp,b) is t rue . 
is-on-a-box{cp, create picture) = false 
isj)n-aJbox(cp, insert Jbox(pic, b)) — 

isj>nJbox{cp,b) V isj>nji-box(cp,pic) 
is-on-a-box(cp, insert-arrow(pic, a)) = is-on-aJbox(cp ,pic) 

% Box^at re turns the b o x b such that is jon_box(cp,b) is t rue 
% if such a b o x exis ts . 
boxjit(cp, insert Jboxipic, b)) = 

if isjonJbox{cp,b) then b 
else box-at(cp,pic) 

box.at(cp, insert-arrow(pic, a)) = boxMt{cp,pic) 

implies 
V p : Pic, delta : CoordP air 

% Copy_pic copies _all_ objects (this w o n ' t necessar i ly b e t rue at wf-pic level) 
size(boxes(copy-picture(p))) — size(boxes(p)) 
size(arrows(copy-picture(p))) — size(arrows(p)) 

converts move Jill-boxes, copy picture, pic-union, 
delete Jbox, delete .arrow, boxes, 
arrows, arrows.attachedJo J?ox, arrows-attached Jo jboxes, isj>njaJ)ox 
exempting V' b : B,a: A 
delete Jbox{create-picture, b), delete Jirrow(create picture, a) 

% 
% O B J E C T 
% 
Obj : trait 
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includes Set(Ob, ObjSet) 
assumes BasicPicture(Pic) 

Ob union of box: B, arrow : A 

introduces 

objects : Pic —• ObjSet 
boxes : ObjSet -* BSet 
arrows : ObjSet —• ASef 
toggle Jn : ObjSet, Ob - » OfySef 

asserts 
V b : B , b s : BSet, a: A, as: ASet, obj : Ob, os : ObjSet, pic : Pic 

% F o r m the set of al l objects b y recurs ing th rough the sets of boxes a n d a r rows . 
objects(create-picture) = {} 
objects(insert-box(pic,b)) = insert(objects(pic),box(b)) 
objects(insert-arrow(pic, a)) = insert(objects(pic), arrow(a)) 

% B o x e s / A r r o w s : extract b o x and a r row sets from set of objects . 

boxes({}) = {} 
boxes(insert(ps, obj)) = 

if tag(obj) = box then insert(boxes{os),obj.box) 
else boxes(os) 

arrows({}) = {} 
arrows(insert(os, obj)) = 

if tag(obj) = arrow then insert(arrows(ps), obj.arrow) 
else arr0ws(0,s) 

% Toggle m e m b e r s h i p in set o f objects (used in keep ing set o f 
% selected objects) . 
toggleJn(os, obj) = 

if obj G os then os — {obj} 
else 0$ U {obj} 

implies 
converts objects, boxes : ObjSet —• 2?Sef, arrows : ObjSet —• ASet, toggle Jn 

% 
% W E L L - F O R M E D P I C T U R E % 
WFPicture(Pic): trait 

includes BasicPicture(Pic), Obj, ChangeAttr 

introduces 
arrows-attached : Pic, ASet —• £00/ 
arrow-attached : Pic, A —• Bool 
well-formed : Pic —• £00/ 

delete jobjs: Pic, ObjSet —• P / c 
delete-wf Jbox : Pic,B —• P / c 
delete-wf .arrow : Pic, A —• P / c 
delete .arrows : Pic, ASet —*P/c 
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extracts/ : ObjSet Pic 

asserts 
V p i c : Pic, b : B,a : A, as : ASet, obj : Ob, os : ObjSet 

% ar rows .a t tached(pic ,as) iff each a r row in as (set of a r rows) is a t tached . 
arrows Mttachedipic, {}) = true 
arrows Mttachedipic, insert(as, a)) = 

arrow Mttachedipic, a) A arrows Mttachedipic, as) 
% an a r row is a t tached in a p ic ture if b o t h of its boxes a re in the p ic ture . 
arrow jxttachedipic, a) = 

{({a.to Jbox) G boxesipic)) A {{afrom-box) G boxesipic))) 

welljormedipic) — arrows Mttachedipic, arrowsipic)) 

% Dele te a set of objects . 
delete jobjsipic, {}) = pic 
delete jobjsipic, insert(os, obf)) == 

if tagiobj) = box then 
delete-objs{delete-wf J)oxipic, obj.box), os) 
else 
delete j)bjs{deletejwf Mrrowipic, obj.arrow), os) 

% W h e n de le t ing a b o x , de le te al l a t tached a r rows first. 
% If b o x is no t in p ic ture , j u s t re turn p ic ture . 
delete ~wf J?ox(pic, b) = 

if b G boxesipic) then 
delete Jbox{deleteMrrowsipic, 
arrows Mttached Jo Jboxipic, b)),b) 
else pic 

% C h e c k to see if a r row is in p ic tu re first. 
delete-wfMrrowipic, a) = 

if a G arrowsipic) then deleteMrrowipic, a) 
else pic 

% Dele t e a set of a r rows . 
deleteMrrowsipic, {}) == pic 
delete Mrrowsipic, insert{as, a)) = 

delete Mrrows{delete.wf Mrrowipic, a), as) 

% Ext rac t W F : K e e p all boxes and ar rows in os w h o s e boxes are a lso in o s . 
boxes(extract-wf(os)) = boxes{os) 
a E arrows{extract~wf{os)) = 

{a G arrows{os))A 
{{a.tojbox) G boxes{os))/\ 
{{a.fromJtox) G boxes(os)) 

implies 
% a wel l - fo rmed p ic ture is a g raph 
Graph(B,A,Pic, create .picture for empty, insert jbox for addNode, 
insertMrrow for addEdge, boxes for nodes, arrows for edges) 

V p i c : Pic, objs : ObjSet 
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% Resu l t of dele te is a p ic ture wi th all boxes in objs deleted, 
% and all a r rows a t tached to boxes in ob js , as wel l as all a r rows 
% in objs , deleted. 
boxes(delete jobjs(pic, objs)) = boxesipic) — boxes(objs) 
arrows(deletej?bjs(pic, objs)) = 

arrowsipic) — (arrows(objs)U 
arrowsjittachedJoJboxesipic, boxes(pbjs))) 

% Dele te-objs main ta ins wel l - formedness . 
(well/ormed(pic) A objs C objectsipic)) 

well\formed{deletejobjs(pic, objs)) 

converts arrows attached, arrow^attached 

% 
% W E L L - F O R M E D I N S T A N C E P I C T U R E 
% 
WFInstancePic: trait 

includes InstanceBox,InstanceArrow, 
WFPicture(IPic, create dnstancejpic for create picture, IB for B, 
IBSet for BSet, Str for Label, IA for AJASet for ASef, 
/O for Ob,IOSet for 

introduces 
create Jbox: CoordPair, CoordPair, Str, BoxType —• /2? 
createJarrow : IB,IB,Parity,Str —• /A 
users Jo-files : IPic,IASet Bool 
userjojile : IPic,IA —* £00/ 

asserts 
V i/7ic : / P i c , c/?!, c/? 2 : CoordPair, parity : Parity, label: Sfr, 

6 , b\\IB,bt: BoxType,as : /ASef,a : /A 

% Defaul t va lues for thickness ( th in) , s tarred (false). 
create Jbox(cpx, cp2, label, bt) = 

[cpi, cp2, label, thin,false, bt] 

% Defaul t va lues for th ick ( th in) , s tarred (false), and k ind (syn) . 
create Jarrow(b, b\, parity, label) = 

[syn, label,parity, thinjalse, b, b\] 

users Jo jiles(ipic, {}) = true 
usersJo-files(ipic, insert(as, a)) — 

userJojile(ipic, a) A 
users Jo Jiles(ipic, as) 

userjo.file(ipic,a) = (a.from Jbox).box Jype = User A 
(a.to jbox).box Jype = File 

% A n addi t ional wel l - formedness condi t ion for ins tance pic tures . 
well/ormed(ipic) = users Jo-files(ipic,arrows(ipic)) 

implies 
converts create Jbox, create Jarrow, well formed 
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% 
% E D I T O R STATE % 
EditorState: trait 

includes PicUnion(ObjTypeJObj for O, BoxdObj for 5 , Arrow jObj for A) , PixelMap 

OT enumeration of fox, arrow 

Ed tuple of 
/?<?.y : CoordPair, size : CoordPair, 
picture : P, 
picture Jype : PicType, 
object Jype : OT, 
arrow Jdnd: ArrowKind, 
arrow .parity: Parity, 
thickness: LineThickness, 
starred: Bool, 
selected jobjs: OS 

introduces 
display window : Ed PixelMap % no t defined here 

% 
% T h e Ed i to r Interface Specification % 
o b j e c t mi ro jed i to r 

i n i t i a l i z ed b y Crea teEdi to r 

u s i n g Ed i to rS ta te 
t y p e C p b a s e d o n CoordPa i r f r o m BandASor t s 
t y p e St r b a s e d o n Str f r o m St r ing 
t y p e B t b a s e d o n B o x i y p e f r o m BandASor t s 
t y p e B l b a s e d o n B L f r o m P i c U n i o n 
t y p e B o x b a s e d o n B f r o m P i cUn ion 
t y p e A r r o w b a s e d o n A f r o m P icUn ion 
t y p e O b j i y p e b a s e d o n O f r o m P i cUn ion 
t y p e ObjSe t b a s e d o n O S f r o m P i c U n i o n 
t y p e Value b a s e d o n Value f r o m ChangeAt t r 
t y p e Labe l b a s e d o n Labe l f r o m ChangeAt t r 
t y p e P ic tu re b a s e d o n P f r o m P icUnion 

t y p e Ed i to r b a s e d o n E d f r o m Edi torS ta te 
p r i v a t e e : Ed i to r 

i n v a r i a n t wel l - formed(e .pic ture) 

% object type 

% posi t ion info 
% graphical objects 

% pic ture type 
% object m o d e info 

% selection 
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i n v a r i a n t e .selected-objs C objects(e.picture) 

o p e r a t i o n Crea teEdi to r (posn , s i z e : C p ) 
r e q u i r e s t rue 
e n s u r e s n e w o b j (e0bj) A 

e ' = [posn, s ize, create4>icture(inst4)ic) , 
ins t -p ic , b o x , syn , pos i t ive , thin , fa lse ,{}:OS] 

o p e r a t i o n D r a w B o x ( c p l , c p 2 : C p , l a b e l : B l , b t : B t ) 
r e q u i r e s e . o b j e c t J y p e = b o x 
modi f ies (pobj) 
e n s u r e s 

3 b : B o x 
n e w o b j (b) A 
b l p o s t = create Jx)x(e .p ic ture_type ,cp l , c p 2 , label , e . thickness , e.starred, b t ) A 
e ' .p ic ture = insert_box(e.picture, b ) 

o p e r a t i o n D r a w A r r o w ( c p l , c p 2 : C p , l a b e l : Str) 
r e q u i r e s e.object_type = a r row A 

i s jon_a_box(cpl ,e .pic ture) A is jon_aJ>ox(cp2,e.picture) 
mod i f i e s (p0bj) 
e n s u r e s 

3 a: A r r o w 
n e w o b j (a) A 
a! pos t = create-arrow(e.picture_type, b o x . a t ( c p l , e .picture) , box_at (cp2, e .picture) , 

e .arrow4)ari ty, label , e . a r rowJ t ind , e . thickness , e.starred) A 
e ' .p ic ture = inser t -ar row(e.pic ture , a) 

o p e r a t i o n Select ( o b j : ObjType) 
r e q u i r e s obj G objects(e.picture) 
modi f i es (p0bj) 
e n s u r e s e ' . se lec ted-objs = toggle_in(e.selected-objs , obj) 

o p e r a t i o n GroupSe lec t (os : ObjSet ) 
r e q u i r e s os C objects(e.picture) 
modi f i e s (e^y) 
e n s u r e s e ' . se lec ted-objs = (e.selected_objs Uos) 

o p e r a t i o n U n s e l e c t ( ) 
r e q u i r e s t rue 
modi f ies (e0bj) 
e n s u r e s e \ se lec ted_objs = {} :OS 

o p e r a t i o n M o v e B o x e s ( d e l t a : Cp ) 
r e q u i r e s t rue 
modi f ies (p0bj) 
e n s u r e s 

V b : B o x 
(b G boxes(e.selected_objs) = > 

b lpos t = set_pos(b!pre, (b!pre) .pos+del ta)) A 
e ' . se lected _objs = {} :OS 

o p e r a t i o n Res i zeBox (b : B o x , pos : C p , size : Cp ) 
r e q u i r e s e .selected-objs = {box_to_0(b)} 
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modi f i e s (e^y) 
e n s u r e s b ' = set-size(set_pos(b,pos),size) A 

e \ se lec ted_objs = {} :OS 

o p e r a t i o n Dele teObjs ( ) 
r e q u i r e s t rue 
modi f ies (e0*y) 
e n s u r e s e ' .p ic ture = delete_objs(e.picture, e .selectedjobjs) A 

e ' . se lec ted-objs = {} :OS 

o p e r a t i o n C o p y O b j s ( d e l t a : Cp ) 
r e q u i r e s t rue 
modi f ies (c0tj) 
e n s u r e s 

3 n e w p i c : P ic tu re V o r O b j i y p e 
n e w o b j (newpic) A 
newpic !pos t = copy-picture(extract_wf(e.picture_type,e.selectedjobjs)) A 
(o € ob jec ts (newpic lpos t ) = > n e w o b j (o)) A 
e* .picture = pic_union(e.picture, 

move-a l l_boxes(newpic!pos t , del ta)) A 
e \ se lec ted_objs = {} :OS 

o p e r a t i o n ChangeAt t r i bu t e ( o : O b j i y p e , a t t nLabe l , val:Value) 
r e q u i r e s valid_attr(attr, o) A val id_value(val , attr) 
modi f i es (o0*y) 
e n s u r e s o ' = change-at t r(o,at t r ,val) 

o p e r a t i o n Clea r ( ) 
r e q u i r e s t rue 
modi f ies (e0&y) 
e n s u r e s e ' .picture = create4) ic ture(e .pic ture- type) A 

e ' . se lec ted _objs = {} :OS 
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