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Problem Analysis & Structure 

\( , \) ~ck,n[ [ . Indepe nden t Com ultilnt. 
Londoll, Ellglal \<..1: jacksollll la @ aC lI l.() rg 

Soltwilre de\'elope rs ha \'e ~spired to the sta tus of an engineer ing profess ion sinct' the '\.-\TO 
confe rences ,,!'th irty years ago ["au r 09, Buxton 70 ). But (ell' be lie\'e that the a'pira tion has 
bet' n fulfill ed, A leader in the fi eld rece ntl y cla imed [parnas 97 ) that Soltware Engi neeri ng is 
an 'uncollSummatedmarriage' : "The majo rity o f enginee rs unde rstand "ery little abo ut the 
science of programmi ng or the mathemati cs that one uses to analyse it program, a nd rnost 
computer scie illi sts cl on't unders tand "' ha t it is to be a n engi neer." He coill inuc ci: "Chcmists 
a re Kient ists; chemica l enginee rs a re engineers . Soft wa re engineering and compute r science 
ha\'e the sa me re la tions hip." 

T he under lying ass um p tion is tha t so ftwa re enginee rs a re practi sing a single discip line, 
p rope rl y asp iri ng to become a member o f the sa me se t as chemica l, aeronautica l, elcct rica l, 
civil or e lectronic engineers. Like them, we aim to build useful p roducts to se n'e p ractica l 
purposes in the ph ys ica l world. Alld indeed we do build phys ica l products , The prod uct o f 
success ful so ft wa re deve lopment is a machine tha t inte racts with its human use rs ,nlel " 'ith 
othe r pa rts o f the world . T he machine is a lmost a lways phys ica lly embodied in a genera l
purpose com p ute r built by hardwa re enginee rs; but the software describes the pa rt icular 
machine needed fo r the purpose in hand , and transfo rms the computer into that Illachine. 

1.1. The General Software Development Problem 

We may charact.e rise t.he general form of the softwa re deve lopment problem as presented in 
Uackson 95 ) and shown in f igure 1 be low. 

figu re I 
T he Genera l Software 
Development Problem 

T he striped rectangle represents the ph ysica llllachine we must build by specia lising a genera l
purpose compute r. T he pla in rectangle represents the pa rt of the world that interacts with the 
machine. T he so lid line connecting the two rectangles represents an in te rface o f sha red 
phenomena - for example, shared even ts and shared state . T he dotted e llipse represents the 
inta ngible requirement, the dotted a rrow indica ting tha t the requirement is a descri pt ion - we 
might say, a p redica te - over the phenomena o f the world. [n the te rminology of Polya 
[Polya 57], the machine, the world and the requirement a re the principal pariS of the so ftwa re 
deve lopme nt problem; the solutioll lask is to construct a machine such that it s inte ractions with 
the world will ensu re satisfaction of the requirement. 
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1. 2. Descri ptions 

.\lihough Ihe e nel p roduci is a dc,cri plion of lhc llI achine . a , uccc" fu l I'(', ull CITI r<l rcl y be 
ac hiel'cel by de,cribing the llI achine " lo ne, In ge ne ral I,'e need 10 Ill il ke Ihe fo lio" 'ing 
(ic)cri pI iOll S: 

• The r" qllirl' lII l' lI t R is a n expli cit dcscriptio n of the be ha l'iour a nd p rope rti es tha t "'c 1"lI lt 
Ihe ,,'o rl d 10 hal'e as a rcs uli u f ils illl Cr<lClioli " 'ilh Ihe lll<lc hille, 'R is a dcscri l'li () ll illihe 
oj){nlit'f mood -thal is , it c:...:prc"i 'ic'i \dl a l \\'C \\'ould like to be true. II i'i f-l d t''ic ripli o ll o \ "C r 

Ihe phe nome na o ['lhe "'o rld Ihat arc o f'inl e rcs l.to the CUSlo nle r oClhe dCI'c l() l'lll c nl: it 
captures the purpose fi)r ''''lich the llIachine is to be built anel imtalied , 

• The uncollditional be ha l'io ur a nd prope rties o f the ,,'o rld that do IH >I dc pc lld () llihe 
machine a re expressed in a lL'orid description. W, W is an illdicatiI'e descriplioll -Ihat is. it 
expresses " 'hat it true o fth e wo rld regardless of its inte ractio n " 'ith the nl ilchill t', II is a 
d escript ion ove r an y phenome na o flhe world whose relationships a re signili calll I(l r Ihe 
purpose in hand ; in pa rti cula r, it is not restricted to phe no mena shared " 'ilh Ih (' lll aciline, 

• T he s/J fCi[ica tioll 5 desc ribes Ihe be hal'io ur and prope rties Ihat ,,'C ,,'ant Ihe nl<ldli llC 10 

hal'e at its inte rface " 'ith the ,,'o ri el. 5 is a ll opta tive d escrip tion , It is" dC"Ti pli" n (J I'C r 
the shared pheno me na at Ihe inte rf~ce, consiste m with the properti cs o f Ihe wo rld i!lld 
achiel'able by appropriate actio ll o f the lllac hine. 

• The /Jrogra.m T describes the be ha vio ur and properties that we want Ihe nl< \l 'I,ill l' 10 hal'e , 
without restriction to its intc r!;lce " 'ith the world. Again, T is an optat il'c desrripl iOll, It is 
a desc ription of the phe no mena of the machine , including those pril'ale ""Khille 
phe nome na that are in the scope of the programming language , 

• The unconditional be haviour and prope rties of the machine tha t d o Il o t ti c pelld Oil the 
p rogram are expressed in a lIIachine se ma.ntics C. C is an indica til'e descri pl illl L il expresses 
" 'ha t it true o f the ge ne ra l-purpose compute r independe ntl y of the spccia li " lIio ll illl posed 
by the progra m, It can be thought o f as a description o f the p rogramming lallguilge 
se ma ntics in te rms o f the be havio ur o f the concre te machine , 

T ,,'o re lationships among these descriptions cons titute a description o f Ihe " ri gill,,1 p roble m 
a nd a de monstration that it has been solved, First, we must have 

S, 'W f- 'R 

[f the machine ach ieves the be haviour 5 at its interface with the wo rld, thc n, gin:ll the 
known properties 'w o f the world, the requirement 'R will be satisfied, SCC< lIlti . " ' C Illust 
have 

T, C f- 5 

[fthe machine is as described in C, the n executio n of the progra m 'P " ' ill CllSurc Ihe 
be havio ur 5 at the machine 's il1l e rface with the wo rld. 

Strictly, none o f these d escrip tio ns may be omitted . 'R ca ptures the purpmc o f' Ihe syste m: 
many systems have fai led beca use the ir requirements were no t correctly arti culal cd, W 
captures the properties of the e nviro nme nt: these properties both consrra in ,,'hill Ihe machine 
can clo and permit it to affect and be affected by world phenomena that it docs nol directly 
share,S provides a cOll\'e nient staging post in the often long chain of reaso llillg froll! the 
syste m's purpose to the program text: it also allows a practica l se paration be lw" t' ll Ihose 
deve lope rs whose interests and knowledge focus on the application dOllla ill Iw rld ami those 
who focus insteacl on the machine and its programs. 'P is the indispensable e lld product o f 
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Ihe de\ 'e lop "lcnl, C prOl'idcs Ihe underly in g juSlificili ioll f, ' r rdillcl llCll1 'Icp' ill Ihe p,"h 
rro lll the specific<1 tio ll 5 to the program P. 

(n practice, O[cou fse, Cis airc(ldy (t\·Clib blc in the manuals k)r progr<i111I 11 illg iallgu<-lgc (1I1d 

its illlp lcmcntation in the part icu lar compu te r to be used, ,\nd the ,ollle tilll e, lill lil('d 
allC lll io l1 paid to 5, Wand R is a Ine;IS lI rc partly of Ihe dC\'c!0pl1lcnt t(" Il 11 'S cO lllpetel lcC 
;11111 pan ly or rheir assess menl " rlhe ri sk n r sysre m failure and ils conseq uences, 

1.3 . Specialisation 

( ' nlllr!lIn ," c1y.l hi s lidy chanlClcrisalion o fsofiware dCH: lopmelH prohlc llI) is a gro" h' 
insu[Ticie lll basis f<)r so[t\\'a re e llginee ring pranice, Projects to de,'e!op sys tem, f( ,r I'rogT'1I1l 
compilalio n, fo r telephone swit ching, [or banking, for controlling the brakes 01' ;1 CilJ', Il,r \\ ord 
process ing, and [o r searching the \,'('b arc rad ica ll y difTe rent and dellland dil1"rt'n l 
e ngineering lechniques, They difTe r hugefy in the ir principal parts: their req ui n'lllcllh, Iheir 
\\'orlds and the ir machill es are so difTe rent that they need d iffe rent langu<lge, f(,r I hcir 
deKriptioll, difIeren t description structures, and diffe rent reasoning ove r those descriplions, 
T he \\'o rlds of te lephone sII itching sofl\\'are and ca r braking softwa re arc as dilkr(,llt '" the 
"orlds o f communica tions engi nee ring and automobile engineering, 

Es tablished engineers specia li se fi) r e"act ly thi s reason, Comlllunica ti ollS engiI H'('f' al\(I 
automobile engineers build complet e ly di ffe rent kinds ofp roducllO mee t WII'I''''I'''y 
differe nt kinds of purpose, Each esta blished engineering fi e ld dea ls I"ilh a n;lITo",ly dclined 
problem class , app lies narrow ly defined des ign methods , and produces eq ua ll y IlillTOIdy 
constrained solu tions. fro m a pe rspective tha t embraces eve ry esta bli shed br;mell "f' 
enginee ring, this yea r's ca rs a re indistinguishable from last yea r' s, and ne"t year's II'ili be no 
differen t. Each branch o[ engi nee ring adj usts its problem defin itions ami refine, its products 
only gradua ll y, by small pe rturbations from an established standard. This sl't'ci,lii sdlion 
a ll ows product ftmction and quality to improve by small steps over many gent' r,lI i,,!IS "f 
products and enginee rs: today's ca rs a re recognisably solving the same proble lll il' tile cars of 
1930, but they a re much bette r in a lmost eve r y way. 

Against this background one can see that the notion of software engineering il' 'I single 
discip line is misconce ived, Software enginee ring can no more be a single discip line IIr;n can 
'physica l enginee ring' - an imaginary d iscipline that embraces a ll the establishcd l)ranches 
from aeronau tica l to telecommunications enginee ring. Like the estab lished branellc,. it re lies 
on a core body of fundamen tal mathematics and science, but these fund amen ta" li c sO lne 
distance below the leve l at wh ich the practising engineer works, At thi s Ind, o r prilri ica l 
technique, engineering varies enormously fro m one specia lised branch to anot her. 

So too must it be f()r software engineering. We must deal in specialities, not geller,liities, 
Already some es tablished specia lities have eme rged. Compiler construction, opera ting 
systems, GU]s and expe rt systems are notable examples. As each specialised brallCh emerges 
and begins to es tabli sh a substantial body of practical technique o f its own, it breaks 'l\\'ay 
from the parent tree. Compile r cO ll st ructio n and operating system des ign cea,e 10 prm'ide 
illus trative problems for courses on software engineering, and become the ri ch subject matte r 
o f the ir own sepa rate cou rses, 

2. The Residue of Software Engineering Problems 

1\5 its specia li sed branches emerge and take the ir leave, software engineering finds itse lf 
concerned with the res idue o[ particular problems and so lu tions that a re no t yet \\'('11 enough 
understood to furnish the subject matte r fo r add itional specia lities, T his res idue is I'e ry rich 
indeed: the comp ute r is so I'ersatile that its app li ca tions a re virtually unbounded, T oday most 
rea li stic deve lopment problem s fall in to th is residue: onl y a few fa ll squa rely into ' III 



IV.6 

eSiauli,h('ci specialily, We are nOI al libeny 10 ciisdainlhcse gencraliq\ prohlc[m on the 
grounds that ., pecia li se d kno\declgc is a.b~e [ll o r illaciequnle. \Ve must do \\'11<:11 \,'C ca ll. 

In the best case this means recognising that the proble lll is a compos ition of silliple r probknls 
that " 'e do recogn ise , and that a solu tio n ca n be cO tlStructed frolllih e kno,,'n solutio ns to 
those silllpler proble ms, An a larm clock sat isfi es a ce nain requirement: a raclio sa ti sfi es 
,,,lUthe r. .-\ clock radio sa risfi es both requi re ille nts. Sillli la rl y, a brea kdo" '11 truck satisfies the 
require lllents ofa crane and a "chi cle . Thc combinatioll llIay sat isfy aclditiona l require[nents 
- li>r exanlple , the a larm call be set to turn 0 11 the radio: and it Illay exp loit conllnOIl 
so lution pans - for example, the breakclo"'1l truck pO\,'ers uses the sa ll ie engine to PC)\,'cr 
bo th the crane alld the "chicle . 

T he " 'o rk on object-oriented patt e rns [Gamma 9-f, Buschmann 96, Pree D71 acldresses the 
need to identify a repe rtoire of so ftware cO lllponents alldlO cOlIS ider the ir pro pe rti es a lllithe 
ways in which they call inte ract. Work on so ftware architecture [Shaw 96, Bass DS I addresses 
la rge r strucwres o f inte raction. Both of these are primarily concerned " 'ith the 'pace o f 
so lu rions. Ine\' itabl y they pay some attention to the problems being soh'ed , but this alt elllion 
is li)(use cl chie fly on the illlpact of the problem on the solution. There is a need to "ddress 
problem structure and classification in a more specia li sed and exp licit ,,·ay. That is the theme 
o f this pape r. 

2.1. Problem Structures and Problem Frames 

We rega rd particu lar problem classes as characte rised by problemfrall/es . [aeh frame is an 
e laboration o f the ge neral form shown above in Figure l. [ach fram e is e ithe r dell/elllflly or 
(:OII//)osile. r\ problem of the class characterised by an e lementary frame is to be captured by 
building descriptioIlS appropriate to the frame. A problem ofa composite class is first 
decomposed into subproblems characte rised by e lementary frames. 

A particular problem frame e laborates and special ises the general form of Figure I in the 
fo llowing ways: 

• The ,,'orld is decomposed into domains. For example , if the problem conce rns the 
production of an output text stream from an input text stream, " 'e ma y decolllpose the 
world into the domains InputText and OutputText. (The te rm domaill is conside red to 
include the machine. The machine is 1I0t decomposed withill one e lementary problem 
frame, but there is a su.bmachille for each subproblem ofa composite problem.) 

• Diffe rent types of domain are distinguished according to the role they play in the 
problem. For example, one domain may embody a tangible descriplio1l of a nother domain ; 
or one domain may be give'll, whi le another is created by the action of the syste m. 

• Inte rfaces of shared phenomena shared between domains are shown by connecting lines 
as in Figure l. Not all domaiIlS need be connected to the machine. Fo r example, in the 
well-known Patient Monitoring problem [Stevens 741 the Patients and the Analogue 
Devices are two domains: the Analogue Devices are connected to the machine, but the 
Patients are connected onl y to the Analogue Devices. 

• The connections among the parts o f the problem frame are more close ly characte rised in 
te rms of the types of the connecting phenomena. For example, an inte rface connecting 
two domains may have o nly shared event phenomena, while another inte rface be tween 
two other domains lIIay ha,'e both shared events and shared states. The control o f 
phenomena is also ind icated, as explained in the following section . 

• The phenomena related by the requirement a re simi la rly characterised according to their 
types. Also, they are identified , where appropriate, with phenomena at inte rfaces in the 
fram e. 
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• The char:l.CI"eri'it ics or dO[Jl ;'lills a t Ihe ir int erface ,,) \\"ith olite r d Olll ;lin s (lrc c\assilit'd. F() r 

e X(1 I11 p le, an I nert [(f oe/fi'l' dOllla in illitiates no (' yen lr.;: it responds to ('itch sh;.necl E' \ "t' IH 

in ili f'l le c1 by [he connecLed c! Otll ;;lill by cha ngin g the shared slate, (\lI d ret urlls to all ine rt 
st;lIe Ulltil a fres h sh~red ",'e llt occurs. 

Tlw,,' c l"bnrar in rlS are illustrarecl a lld discussed ill su bseque lll seerio lls" The," glH' a 
repe rro ire of e lementa ry [·rames. each ' "ery sim ple. 

Compos irc [i-;lllI CS . also illustrated ill subseque ll t scer ioll s, arc essentia ll y pMal l"' l c(l lllpnsiL io llS 
o f (' lementa r y [i-ames. For some composite frames it is ll ecessMY to in troduce adclitio ll a l 
crca leci domains that Inediate be t,,"ce ll subp ro blems , son,c,d,a l ;lfte r thc [ashioll o f local 
program ,"ar iables_ In gene ral the crea tio n of such an additional domain becollles a 
subpro blem in its own righ t, ,,"ith its 01\"11 e lementa ry problem franle " Such a ll elementary 
frame is ca lled <l partial d Clllel/if") frame, because the problems it cha racte ri ses - like the 
creMion ofa loca l ' -ariab le - can Il e' -e r be independent p roble lllS in their o,,"n right bu t 
occur onl y as subproblems_ Othe r partial e le mentary frames, as discussed in subseq uent 
sect io ns, arise fro m explicat ing illlplicit assumptions about the enyironnlent of a p rob le ln" 

2.2. Phenomena and Control 

Do mains and in te rfaces, and hence problems, diffe r in the ir phenomenological 
characteristics" For example, a sta ti c dOlna in , in ,,-hich the re are no events and no sta le 
changes, is diffe rent from a d ynamic do main in which e,"e nts and state changes occur ove r 
time. They \,"ill ra ise diffe rent conside ratio ns in the treatment of problems in "hich ther 
appear, and wi ll demand diffe rent kinds o f descr iption" 

We lIlust a lso consider the contro l o f e' "en ts and state changes at the domain inte rfaces o f 
shared phe no mena. For example, in a problem to control a lift, the pressing of butto ns is 
controlled by the users , the polarity o f the winding motor is contro lled by the cOlnpute r, and 
the closing and opening of sensors in the lift shaft is controlled by the lift mechanism itse lf 
through the movement of the lift car. (We are, of course, concerned he re with proximate 
control by one of the sharing domains" T he senso rs are controlled by the lift mechanism, not 
by the computer, because the proximate ca use of the closing of a se nsor is the a rriva l of the 
lift car; the fact that the compute r can indirectly ca use the lift ca r to trave l in the shaft is not 
relevant here. ) 

In characte rising inte rface pro pe rties we use a simple classification of phenome na_ We 
recognise three kinds of indiyidua l: 

• Values ('V') are timeless individuals: for example , intege rs and characte rs. 

• ElIlilies ('N') are individuals that change over time: for example, people and bicycles. 

• Events ('E') are atomic events occurring in time: for example, the pressing of a lift button 
or the starting of the winding motor. 

We recognise three kinds of relation ove r individuals: 

• Truths ('U') are timeless re latio ns: [o r example, 'x>y' ove r intege rs_ 

• Stales ('5') are relations that change oyer time: [or example, 'isChild(x)' m-e r human 
beings. 

• Roles ('R') are relations indicating participation of an individual in an event: for example, 
' [sButtonln(b ,p)' over buttons and bulton-press eyents. 

We must also capture the relationsh ip between events and states. In [Zave 93 1 and Uackson 
95] this re lationship was captured by introducing inte rvals bet,,-een eyents as explicit 
individuals. Here , as in [Bhargavan 98], we use instead a convention in which state symbols 
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lire decoral ec! \\"ith the prefix or suflix 'Th C' Il ' alld [he argunl C' llt list (lUgllICll tC' d hy all l'Yt'fl t 

ide ntifier. [.'or c:';,1Il1ple , '[ sC hiidT hen(x,c)' lnea IlS '[sChi ld (x) is Irue il\nnediate l~ ' before 
('\,(' nl e occurs', alld 'ThenlsChild(x,e )' Illay lllean '!sChild (x) is 1 rue illlmediately ancr (, \T llt 
e occurs' . T'hese I'c lationships \\'i ll Il ot playa part in the discussion of problem klllles, allli " 'e 
\\'i ll not pursue Ihe lll further here. 

La rge l' classes or phenomenon tha t " 'ill be use ful arc: 

• . II! jJ!"'.","'Il' II{/ el l') is the class ccH lla ining all the phenolllcna. 

• COlllro!!{/bif jJh f llOlllfll(}' eC') is the class containing those phenomena that can be contro ll ed 
uya sharing domain. T hey are roles, sla les anel e\'en ls. 

Controllable phe nomena <It a e1 0main inte rface may be illilialed ('+') by one of the sharing 
domains . for exa mple, a stal e change of the li ft shaft sensors is init iated by the lift 
mechanism , anellhe press ing of a button is initiated b}' the intending passe nger. Truths at a 
domain inte rface are delenllilled e=') by one of the sharing domains. f or example, an 
o rde ring o\'er st rings lIlay be shared by the machine and a strings domain , and is de te rmined 
by Ihe slrings domain. In some cases a domain may exercise illhibilioll (' -') O\'e r a con tro ll ab le 
phe nome no n. f o r example, the use r o f a personal compute r ma y ini tiate a key depress ion, 
andlhe compute r may inhibit il by locking the keyboa rd. 

The use of these class ifica ti ollS and control indicat iollS is illustra ted in subsequent sectiollS. 

2.3_ Frames, Subproblems and Methods 

T he use o f problem frames can o ffe r two important advantages. T he first advantage is that it 
underpins a repertoire o f known and recognised subproblem classes into ,\,hich rea listic 
problems can be decomposed. The difficulties o f unguided problem decomposition are now 
"idely accepted. T he traditional top-down process involves decomposing a problem of no 
recogn ised class into a number o f subproblems a lso of no recognised class, and continuing 
recursive ly until - if the process succeeds - elementary subp roblems are recognised at the 
lowest level. This process can not be expected to produce a good result. fred Brooks [Brooks 
75J sums up his experience in the aphorism: "Plan to throw one away; yo u will anyhow." 
The o utcome of the process is not a good decompos ition; it is a degree of insight into the 
difficulties of the problem, so that a second complete attempt can then be based - at leas t in 
part - on recognised problem characte ristics . A sufficient repertoire o f problem frames 
a llO\,s the first decomposition to be guided by a more systematic p roblem taxonomy. 

T he second advantage is that a problem frame is, ideally , associated with one o r more 
methods for capturing the problem in full detail and developing a solution. Software 
deve lopment method is chiefl y concerned with stipulating the descriptions to be made , the 
languages to be used, and the large structures within which the descriptions are related. The 
decompos ition of a problem into subproblems of recognised classes allows the appro priate 
method to be used for each subproblem. Within each frame the method stipulates 
descriptions of the problem's principal parts, and the particular wa y in wh ich the ir large 
structures specia lise the general structure o utlined in Section 1. 2 above. 

A method associated wi lh a tighll y constrained problem frame can take advantage of the 
known characteristics of the problem in se\'era l ways. In particular, it can stipulate a less 
express i\'e language than might be needed in a more unconstrained problem. for exa mple, a 
method ma y stipu late the use ora regular express ion language. A problem whose re levant 
part can not be described by a regular express ion may be deemed to fall outs ide the frame. 
Or, in some cases, the method ma y provide a technique for overcoming the difficulty. for 
example, the descriplion may cons ist o f two or more regular expressions over intersecting 
alphabets, pe rhaps with a corresponding problem decomposition. 
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\I o rc funda menta l dimculii e, nla ), dCl lla nd a further d('conlpo, ilion of lhe prohlem. The usc 
o f a nwei,,1 " ' irhin the lIIachine, sinllliatilig a part " r the " 'o rld outsieie it , nl"), be the result o f 
,uch a decoillpos ilion. T his d imc ull )', and olhc rs , are illuslratt'd in subscquenl ,ecliotlS. 

3. Elementary Problem Frames 

In this scct ion sOllie cle lll entary problelll ff<lInes, including partia l fralll cs, a rc oUllincci all d 
bric ll y di,CL""·'cl. Composite fr'"1 Ie, arc di scussed in Ihe followin g ,cclion. 

3.1. Simple Control Frame 

The Silllp le Control fra ille char"n eri ses p rob lems in " 'hi ch Ihe machi",' is required to control 
a silllple de ,·ice . .-\n example o f such a proble m is Ihe co l1lrol ofa simple pair ofl ra mc lights 
uscd to e nsure one-war tra !lic in a lte rnating directiollS over a stretch o f roa d unde rgoing 
repa ir. The problem frame diagram is show n in figure 2 below. 

... - -- - ... 
Machine MC: +Cl Conlrolled C3 ," . RBI; ', ... _______ , ReqUIred \ 

CD: +C2 Domain \ B h . I 

MC CO .. .. e avtour , , -- - - -- , 

figul e 2 
Elemenlary frame : Simple COl1lro l 

In this frallle the generallo fln o f a so ftware dcvelopment problem has been e laborated onl y 
by more specia li sed names for Ihe principa l parts and by markings on the conneCiing lines 
indicating the types and control o f the phenomena concerned. The lII a rkings indicate that: 

• T he Required Behaviour RB \' is a condition over controllab le phenomena (C3). 

• T he inte rface between the \Iac hine \IC and the Controlled Domain CD consis ts o f two 
se ts o f shared controllable phenomena: C [, controlled by :'>IC, and C2, cOlllrolled by CD. 

In the tra mc light control problem , the \lachille is the control compute r andlhe Contro lled 
Domain is the pair of traffic li ghts. T he Required Behav iour is a specified sequence of 
d isp la yed light states: for example (SLOp [+Stop2 ; Stop I +G02; Stop I +Stop2; Go I +Stop2: )*, 
each state be ing required to pe rsisl [o r 30 seconds . The phenomena C3 are the states SLOp I, 
Go 1 etc. The phenomena C I controlled by the \lachine are events Red!, Green [ , On [, Offl, 
Red2, Green2 , On2 and OfP.2. The set of phenomena C2 is empty, since the traffic light 
devices contro l no phenomena that they share with the contro l compute r. 

In describing this problem it is necessa ry to ca pture the internal properties of the Controlled 
domain CD. Fo r example, in the tra!lic lights problem is it necessa ry to describe how the 
stales C3 a re determined by the \lachine-contro lled events Red [ etc. This description, of 
course, is the indicative descriplion W of the rea l world discussed ill Section 1.2 above. 

3.2. Simple Enquiry Frame 

T he Simple Enquiry frame cha racle rises problems in which the machine is requ ired to 
answer enquiries about a connected part of the worlel. An example o f such a problem is an 
experimental laboratory set-up in which "oltages are measured at sixteen po ints and 
communica ted to a compute r b}' .. \0 devices. The experimenter can ente r enquiries asking 
[or the current value at any oflhe sixteen po ints , the cu rrent highest value , the current 
a"erage va lue, and so on. 
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RW 

Mochif'le 

Figurc :\ 
Eleillentary Fraine: Silllple En4uiry 

In this fram e the general form Ofil soft"'are de\"elopment problem has bcc II cl"l>o ratcd not 
o llly by lllOre specialised lIallles for the principal parts and by 1I1arkings 0 11 the conllecting 
lines indicat ing the phenonlcnil concerned, but a lso by a decompos ition o rthe World into 
distinct domains. The part o f the " 'o rld about \\'hich information is sought is the Rea l World I 
RW; the source o f the enquiries is the Enqu ire r E\:Q; and the responses produced 1» the 
\Iachine are the Respol1.les domain R5P. The single \"e rtical str ipe on the [{SI' dOIll 'lin 
indica tes that it is not giYen, but is created when the system runs. 

The markings indica te that: 

• The requirement IRL is a condition over phenomena of RW (H2), e\"ents of [{51' (E2) and 
e\"ents of E\:Q (E I). For example, for the E I enquiry 'V5', occurring when the m ltage a t 
point 5 is 3.2 mlts (a state phenomenon in H2), the response event in E2 must be '3.2'. 

• The inte rface bet"'een the \Iachine \IC and the Rea l World R W consists 01"<1 set o f shared 
phenomena of any type (1-11), controlled by RW. Since RW has no inte rface a t which is 
shares phenomena controlled by another domain, it is autOl/OIl/OUS. 

• T he interface between the \fachine ~IC and the RSI' domain consists ofa set of shared 
e\"ents (E2), controlled by the \fachine. RSP controls no phenomena a t any inte rface, but 
shares phenomena controlled by \IC: it is passive. 

• The inte rface between the \fachine \ IC and the E:--;Q domain consists o r a se t o f shared 
e \ ents (EI), controlled by E0:Q. E:"iQ is active. 

One aspect o f the simplicity of this frame is that the requirement is over the phenomena of 
RSP and ENQ that those domains share with MC. Each response event E2 is a fi.ll1cti on of the 
Rea l World phenomena and of the enquiry event EI to which is responds, not uf preceding 
o r othenvise re lated enquiry events. \Iore precisely, RSP has no structure more complex than 
E2*, and ENQ no structure more complex than EP. There is therefore no need to consider 
the inte rnal behaviours of those ciomains. 

A source of potential difficu lty in this problem frame is that the information to be provided is 
over phenomena H2 of R W, while the \Iachine Nrc has access only to phenomena 1-1 I. [f the 
sets H I and [--12 are identical, or if H I contains H2, there is no difficulty. Other"'ise it will be 
necessary to examine and describe the relationship between H I and H2. This rela tionship is 
embodied in the in terna l properties and behaviour of R W. [n the experimental \"O ltages 
problem, a trivial re lationship presenting no difficulty is that a voltage v at point 1/ (an 
element of H2) corresponds to a \"alue v in AD register" (an element of HI). A more complex 
relationship would be one in which an enquiry may refer to voltages at past times. This kind 
of difficu lty and its consequences are discussed in subsequent sections. 
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3.3. Information Display Frame 

T he Ink,ntlilli o n Displ,,~' fnltllC " h<lr<lel"rises prob"'"" ill "'hi" h Ihc Ilt"chine is re'luired 10 

IlIailt li,in a disp lay abo ut a eO Ilt,ectcd p<lri o [',he ,,'o rId, .\n C~;ltlIpie o [',uch" probleill is Ihe 
prm 'isio n o fa display in a hC>lcI lo bb)' sho" ' ing Ihe curre nl pmit io llS o flh e hote l lift s, The 
pro blem Cra Ine diagra lll i'i 'i ho\"1l ill Figure I hclo\,", 

Display 
Machine 

l: igu re ·1 
Ele me nlary Frame: 
Info rma ti o n Displ<1Y 

MC MC:+C2 Information 
1------.; Display 

Rea l 
World 

DIS 

RW 

_ S2 " ........ - - - - ... - ... -- - __ ,I Display \ 

.. ...... '.... Rules DRL ./ ..... ... ... _---_ ..... 
SI 

The Disp lay \Iach ine \IC is connected to the Rea l World RW abo ut ,,'hich infimi ' <l tio n is to 
be displayed by a n int e r[<1ce o f sh<1 red w Iliro ll able phe nome n<1 controlled by RW, Inthe lift 
proble m the se pheno me n <1 may be the Slates o ['se nso rs in the lifi. shafts a nd "ull o n-press 
e\'e n{ s. 

T he Inlimll<1tio n Disp lay do n, a in DIS is contro lled by the \Iachine through th e ,h;ired 
phe no me na C2. T he require me nt DRL stipu lntes the Slates S2 of the Displily do n'<lin th,, ' 
must co rrespond to states S I of th e Rea l Wo rld . For example, in the lift proble ill J)RL Illa y 
st ipulate that II'hene \'e r a lift is <1sce nding an l'p arro'" should be illuminnted in the column 
corresponding to that li ft. 

In an Info rmatio n Disp lay problem it is necessary to describe th e inte rnal prope rties o f both 
DIS a nd RW. The relationship be t,,'een the phe no mena C2 and the ir e ffects o n the states S2 
o f the Disp lny ITlust be examined and d escribe d. The prope rties of R Ware like ly to be more 
comple x. For example, in the lilt proble m it ma y be that the Display must sho'" o utstanding 
requests: an o utstanding request is a m e mber ofS !. The phe no me na CI shared by RW with 
the \[achine may be o nl y button-press e \'ents a nd lift-shaft senso r states , It ,,'ill then be a no n
tri"ial task to de te rmine how th e \Iachine sho uld ca lculate S I from C !. We " ' ill re turn to this 
topi c in a later section . 

3.4. Simple Workpieces Frame 

r\ Simple Wo rkpieces problem re quires the pro visio n ofa tool fo r co nstructin g and editing 
inta ngible artifacts such as texts or graphics, The artifacts a re restricted to extre mcl }' s imple 
objects that can be ed ite d 'blind' "s shown in the problem frame in Figure:; belo w, 

TL 
RO:HI Operation 

Tool Requests .... _ El ---- -- ... ..... TL :-E I RO 
--- .. _- .. , , 

........ ., " Operotlon , 
__ I 

Effects I 

Figure 5 TL~ .. '" - , EFF, , 
.. ,-' S ~ 

- , , 
WP , ----- , 

Eleme ntary Frame: WP:+St Work-

Simple Workpieces Pieces 

T he machine to be bu ilt is th e Tool TL. T he Workp ieces WP are entire ly contained " 'it h in the 
Tool, the co ntai nment be ing shosl"n by the hea,,), dot o n the connecting line representing the 
inte rface. Containment m eans that a ll the phenomena of the containe d do main nre shared 
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\\"ith the conta ini ng domai n: ill the \Vorkpicc(' 'i rram e "i llO\\" 11 "ho\'(' \\'C' Illa y illff'r tll ;u \VP hr\-; 

110 p he llo ll, c ll " other tha ll E~ "ml S I. 

T he Opera! ion Reques ts iii £\ Sl rC run of' e n: ll h l l , each reques t ing (l ll ope ral ion Oil ;l 

,,'orkpiece , l3 ecause ~ome reque ~ts - for examp le, a req uest to de le te an e le lne lll fro ln a ll 
(, Inp t ~ ' ,,'o rkpiecc - art! unacceptable, the Tool can in hibit EI el'ents, Inhibition by the T oo l 
is, of cou rse, q uite difTerent fro m re turning a null res ult to an accepted re'luesl- [i)r 
<'""mpie,,, reques t to change a ll occurrences of T to ' ~' in a text conta ining no occurrence o f 
'1 ' , Inhi bi l ion 'night be implemented by ignori ng the E I inp ut exceplto res pOll" " 'ilh a 
bleep , 

III th is si mple fra me, req ues ts a re mu tua ll y illdepe llden t: the mea ning o f a req uest does not 
depend on any ot he r reques t. Simila rl y, the " 'o rkp ieces are mut ua ll y indepe nde nt : 110 

ope ration im'o lYing more than one ll'Orkpiece is possib le. T he req ui re ment sti pu lates the 
effect of each operat ion in te rms of the p receding and res ulting sta tes of the affectcd 
"'orkpiece , 

The Workpieces domain WP is f lier! Rftlc!j,'e at its inte rface with the Tool. T hat is to say, it 
responds to each el'en t in E~ by a (poss ibly null ) state change in S I, and immediate ly retu rns 
to q uiescence. WP nel'e r in iti ates sta te changes in S I except in response to e""nls in E~ . 

3.5, Methods and Descriptions 

The characlerist ics of the p rincipa l parts ofa p roblem frame and of the ir in te.rfaces gOl'e rn 
the cho ice o f method , both fo r cap turing the problem in fi.dl detail and fe,r de"e loping a 
solution. 

r o r exa mp le, the ine rt reactil'e natu re of the Workp ieces domai n WP in the Simple 
Workpieces frame a llol\'s WP to be descr ibed as a se t of ins tances o f a n abst ract data type: the 
e l'en ts E2 a re the operations o f the type, and the states S I de fin e the da ta represe ntat ion. In 
del'e loping a so lu tion this desc rip tion ofWP Illay be refined into a de finition o f an object 
class. Beca use WP is ine rt reactive, and not active, the object class definition needs no 'run ' o r 
'live ' me thod : its methods a re all exte rna ll y invoked and executed sequentia ll y. 130th the 
problem statement and the solu tion the refo re avoid the potentia l complexities of 
cOllcu rrellCY· 

T he domain RQ, of requests fo r opera tions on Workpieces, is active and a uto nomous and has 
the sim ple structure request*' T he requirement Err therefore does not constra in RQ in any 
wa y a ltho ugh it constra ins the re la tionship between RQ events E1 and WP sta tes 5 l: Err 
must be sa ti sfied solely by constra ints on the behav iour ofTL and WP. Hence RQ needs onl y 
an indica tive description of a simple kind. 

In the Simple Control frame d iscussed in Section 3.1 above, the properti es of the Controlled 
Domain CD and of its inter face with the \lachine MC will govern the kinds of descrip tion 
needed to capture the p roblem and to deve lop a solu tion. In the "e ry simple case of the 
traffi c li ghts p roblem the following descrip tions wi ll be appropria te : 

• T he requirement R is described as a finite-sta te machine in which the sta tes denote the 
pa irs o f lights showing in the two sets of lights and the transitions denOle timeouts fo r the 
delays. 

• T he wo rld descri p tion )y is a finite-state machine in which the sta tes denote the single 
li ght showing in one set o f lights and the transitions denote the eve nts sha red with the 
control computer. Additiona l sta tes may be needed if more than one eve nt must occur for 
the li gh t to change. T he same finite-sta te machine describes the p roperties o f both se ts of 
ligh ts . 
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• T ht' )pecific(t lioll 5 is gi\,t' n as a ~d (,<l l y Illachine ill \\'hich t f fl ll"iiti o ll " (ire tilll ('out'i fil l' the 
de lay'i and outp ulS on the trallsitio lls dre e n 'ill;; shared \,'ilh the lighl'i . T he 'iltllc'i arc not 
sign ifi c~ nl: in a di agramma li c represe nwlio ll "f il le \[ea [r nl~c hin" Ihey need 1101 be 
named: in a ITctnsilio ll - li'il reprc'iClltn tiO I1 their Ilame'i are bOLind \'a riablc'i. 

\[orc cOlnp!ex \"'lri ' lIlls o fl he Silll ple Contro l [i-a llle Illay (!ellla nd more exprc"iYe la nguages. 
i3ut, as a rule, a proble lll that de illa nds a Illore elaborate dcscriptiYc ,tructurc is Il ot a 
pro ble tll o f I 11<' class characte rised by Ihe fra Ille " 

4. Difficulties and Problem Frames 

Possession o f a se t ofclose -fiuing fra ill es a nd associated Ill e thods a rlllS Ihe de \"l' lo pc r 10 

recognise and dea l wit h proble ms of the co rrespond ing classes. r\ me lhod sho uldno l be used 
if the proble nl does no t fit its fralll e_ Con struction o f a cOlllpile r, [o r exa ln p le, can no t be 
treated as a Simple Contro l proble m: the compile r wo rld must be siructured in lo al leasl 1\'"0 

dOlllains - the input sou rce progra lll a nd the o u tput o bject program ; furth e r , the output 
o bject progr~m is not gi\"e n bu t mus t be crea ted whe n the syste m runs. Silll ilarly , deYe lop ing 
a cOlllro lle r fo r a che llli ca l pla nt is no t a Silllple Workpieces proble m. The p lant c \"idenil)" 
d oes not hay(" Ihe characte ri stics stipula ted for Ihe Operalion Requests domain, and it is 
ce rtainly no t ine rt: eye n in the absence o f shared eye nts initiated by Ihe conlrol (o" lp ute r 
liquids a nd gases " ' ill cont inue to !low, to conde nse o r e vapo rate, and to rise o r ra il in 
te illpe rature. Deye lopille nt o f a n a"ion ics system is not an Infi)rmation Displ a ~ " probk lll : the 
a ircraft is ne ithe r a utono mous like the Rea l World do main no r inert reactiYe like Ihe 
Information Display d Ollla in . Deve lo pe rs o f an av io nics sys te m who mistaken ly try In use the 
Info rmat io n Display frame will find that the associated methods a re quite u na ble to ha ndle 
llla n y o f th e ir mos t impo rtant co nce rns. 

Recognitio n o fa frame misfit m ay simply lead to the selectio n of anoth e r a"ailable frame " Bul 
sornetimes it will lead to recognitio n o f a difficu lty o fa know n kind to whicilthe so lution Illay 
be a standard elaboration of th e misfi tting frame or a standard decompos ilio n inlO IWO or 
more frames. In thi s sectio n some simple illustrations a re given . 

4_1. Flexible Requirements Difficulty 

A commo n difficulty tha t ca n occu r in a lmost any problem frame is a need fo r fl ex ibi lity, 
whe n a fixed require m ent is inappropriate. In the traffic li ghts p roblem , for example, the 
seque ncing o f ligh t states and the de lay fo r each transition are fixed in Ihe re quire me nt; they 
will th en become fixed in the control computer's program. It may be necessa ry to arra n ge for 
the sequences and de lays to be conve niently specified by inse rtio n ofa no pp y disk o r se tting 
s"'itches o n a console attached to the computer. The disk or co nsole then becom es a d istinct 
d omain , playing the part o f a descriptio n in the prob le m fram e as shown in figure 6 be low. 

figure 6 

CTL 
Control 

Computer 

Me: +RedOn &c 

SOD: 

Flexible Traffic Lights Proble m 

Traffic 
lights 

TLG 

SOD 
Sequence 
DeSCription 

Gal, wail, &c _ .. __ _ _ 
-------- __ .. .;'" 501 "'" 

-..., Sequence \ 
_-I I 

...... " Interpretation , .. - - - '.. -'" .. _- ---"Gl", 
"50s", &c 

T he O\'a l o utline of the Sequence Descriptio n d o main SQD ind icates that it pla ys the part ofa 
descriptio n in th e problem; the o utline is solid - unlike the o utline of the require m enl-
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because it has a lallgibl .. c mbodimell l ill Ihe problem. The requirelllclli SQI is Il O IOllger a 
req ui renlellllO cS'o ke a part icu la r , eq ucllce o f light" but ra lhe r to p roduce a " ''lue llCc 
correspollding to thc illterp rClat ion o f the SQD dOllla in . TIlt' phellonic il a n l<l rk"d 'IS"C I", 
" .iO,'· &c in the diagra m are Ihe sQllanic c le il le llls o rSQD. T hey a rc shared " ' ith the Contro l 
Comput e r CTL, \,'hich has access to thc Sequc nce Description - as it IllU St ifi l is 10 sa li ,fy 
tll<" rC'l u il·e mc nl . The Illa rking 'SQD: = "G I", " ;iOs", &c' on the inte rlace hct,,'ce n CTL ali(I 
SQ I ind icates that these non-cont ro ll able phenomena are delenllilled by SQD , not by Ihe 
macitine CT L. 

'The difficuliy recognised he re, a nd its so lUlio ll , are absolutely standarc l in sofi wa n' 
d ese lopnlc nl:: pari: o f"'ita tlnighl haw: bee n trea ted as compiled progranl is iml ead Ireated as 
d ata, and the compiled progra m the n becomes responsib le ror interpreting th ,lt dat a. 

We a re ass unling he re that thc Seque nce Description is a gis'en part oflhe p roblc nl. fi"cd fo r 
a ll Y instance o f the sys te m. T hat is, " 'C rega rd its construction as fa lling o ut side Ihe problem 
conle"t. T he Contro ll e r CTL is capab le of inte rp reting an y instance o f SQD tit a l « II is fie, I he 
synt acti c and sema ntic rul es of tha t proble m part, but it is not responsible fo r constru ct in g 
titat insta nce. If instead the Seque nce Description is to be crea ted by Ihe opcra lor o flh e 
sys te m , the proble m fits a more comple", compos ite, frame, T hat frame, Si lll ple C:olltrol 
L' nde r Ope ra tor's Regilll e, is discussed in a late r section . T he fraill e sho\"11 ill I: igu rc (j abm'c 
is the n o nl y a part ia l frame: it addresses o nl y one subproblem in the o rigina l p ro h1c1l1. 

4.2. Identities Difficulty 

An impo rtant and common class o f difficu lty is the identities difficulty, Whe ll c\'{' r a domaill 
contains mu lti ple instances of e ntities of the same type that must be distinguished I> y the 
machine , the mechanism by which each instance is distinguished and ide ntifi ed 1){,{'O II lt's o f 
inte rest. It can a lso become a source o f maj o r difficu lty. The we ll -known British \ Iidla lld 737 
crash at KelS'\'orth [Neumann 95 1 occurred because the engine safety-coni w i ' ), ""111 was 
'cross -wired', causing the pi lot LO shu t o ff the starboa rd e ngine in response to ,moke a lld 
yibratio n in the port e ngine. Subsequen t inspection showed tha t lllany 737s werc cro;s-\\'ired 
in thi s wa y. 

A tin y ma nifestation of this difficu lty a ppea rs in the traffic lights proble m , There a rc [\"0 sets 
of li ghts to be distinguished by the machine. In the simplest ye rsio n of the prol>lc II I I he 
distinction is actually not necessa ry, because both sets o f lights a re trea ted ide liti t'i,ll y a fle r 
syste m startup, But as soon as the seque nces fo r the two sets must diffe r , beca use I ra llic ill 
one direction is heavier or slO\,'e r than in the o ther direction , the di stinctio n 111>1 )' become 
impo rtant. 

A substantial- and life -threatening - \'e rsio n of the difficulty occurs in the " 'ell -kllown 
Patient Monitoring problem. Patie nts have names; they are in hospital beck Ihcy art' attached 
to a na logue dev ices; the devices a re plugged into ports on the monito ring co lllputer: med ica l 
staff specify periods and ranges fo r mo nitoring each patient individua ll y, rc!('rrillg 10 the m by 
the ir na mes. The difficulty is evident : to satis fy the requirement, the machine 's r""d ing ofa 
patie nt'S pulse rate or temperature or blood p ressure at a port must be assoc- iilt cd with the 
correct patient. This association is med iated by mappings between pa tie n ts' na lll es '"ld 
patie nts, patients and d evices, and de \'ices and po rts. Dealing correctly with these III"ppings 
is an vita l and substantia l aspect of the whole problem. 

Gene ra ll y, solution of an ide ntities difficulty requires the introduction o f o ne o r Illo re exp licit 
Mapping domains into the proble m rrame . In some cases a mapping may be d ege ne rate : the 
two sets of traffic lights, fo r e"ample, may be visibly labelled 'j' and '2', alld the operator 
instructed to plug them into po rts 1 a lld 2 of the Control Computer. It is the II unnecessary to 
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trc(tt (he 1l1<tppi llg as a dist inct d Ol llriin: it is ellough (0 disl ingui'ih it <l1) a ll e i f' llI(,llt ill other 
desc riplio", in the de ,·e!0p lllc nt. 

[n Ihe " 'o rSI C;l S~S - and the Pa lient \ [o lli lOrill g problem is such a C<lse - a \frtppin g do nl<li n 
is ciynan lic. The des-elope rs Inight reasonabl y igno re the case in " 'hi ch a pa ti enl changes her 
n'"I1t· " 'hil c unde r monito ring, Iea" ing the correct hand ling oCthis kind oCchange to the 
iHh pita i stafr !:lut ce rtain ly palie ills leas-e the h'Hpita l and nc',' patients arri\'(': 'Hld it ional 
monit oring, and hence add it ional de" ices, may become necessa ry k'r an ex isling pat ient: and 
analoguc de" iccs could becollle unplugged frolll the colllputer and p lugged inlo I he sanle
o r dilTe rent - ports, 

In t roduction of an explicit \ fapping dOlllai n ra ises silllila r issues to the introd uclion ofa 
ll exible requirement domain such as SQD in the traffic lights problem. [ftlw \[ ''1 ' ping 
dOllla in is not a gi,'e n dOlllain in the probfe lll context it must be crea ted by the ;}clion oCthe 
sys tem: the creat ion task is then a separate subproblem in its o,,'n ri ght. 

4.3. Connection Difficulties and Model Domains 

In Illa ny proble llls the as-a ilablc connecti on betwee n the Illach ine and a dOlnain of' IIIl' worid 
is not immediate fy adequa te: the sha red phenomena are de fi cient, o r a re displaced in tin le, 
in re lation to the require lllent. 

This is, of course, one funda menta l reason why it is necessary to describe I he ,,'o ri d ;, t a ll. lVe 
Illust describe the p roperties of the traffic light sets because the require lncnt is "'I'r Ihe 
sequence of fi ghts showing and the machine ca n control this only ind irectl y by Glusillg signal 
e\'ents . T he indica ti\'e p rope rties of the traffic li gh t sets guarantee tha t approp ri'lI <' s<''luc ll ces 
o f signal events wi f! e\'Oke the requ ired sequences o f lights . T he specifi catioll 5 C;1I1 Ihe ll be 
' ,Titte ll in te rms of the signa l e"e ll ts accessib le to, and con trollab le by, (he Ill achille . Sil ll ila rl y, 
in the problem of responding to que ries abo ut the experimental voltages, the propt·rties o f 
the experimenta l set-up and the AD devices a llow questions abo ut voltages to be ,",,"'CITeI by 
inspection o f registers access ible to the mac hi ne, 

A connection di ffi cul ty arises " 'hen eve n the most careful descrip tion a ll el expioi t'li ion o f I hc 
indica tive properties ofa domain in the worl el a re not itself enough. It is the ll II <'Ct 's " lr ), to 

find an implementation ofso llle o f the 'data freedom' facilities d iscussed ill I Hal/IT ~~ I , The 
standa rd technique is to crea te a lIIodri of the domain inside - or readi ly accessib le to - the 
machine. T he machine can then el e ri\'e from the model information that it ca ll 11 0 1 obtaill 
d irectl y from the mode lled domain, f or exampfe, in a more demandin g ,'ersio ll o r I he 
expe rimenta l vo ltages problem in which a required response is the highest a"erilgc m ltage 
achie \'ed at a speci fied point o\,e r any pre\'ious pe riod of ten consecuti\,e secollds . the 
machine m ust crea te, and continually mainta in , a dynamic model o f the dO lna ill o fs 'oltages , 
T he required response can then be calcula ted fro m data ava ilable in the model. 

Creation o f such a mode l becomes a problem in its own right , characte rised I,,' a parlia l 
p rob lem frame such as that sho,\'I1 in figure 7 below. 

MC RW+CI RW 
Mochine .. Real ... World 

figure 7 
Pa rtia l frame: D 

Me ~ MOL 

ynamic ~ f odel 
Model 

... ), Corres'ce 
H2 __ - , - - ___ _ -

,k---
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T hc frall lC , ho"'11 i, for cr"a ti oll o['a (\\Ilalllic 1110(\" 1. The Rea llVo rid RIV is (II 11 ;11 II ic alld 
aLito llo lllously acti, 'c, alld co lltrols phc llo llle lla C I sharcd " 'ith the \[achint' \[c. Thl' \[ odcl 
\[Dl. is pass i,'e: it is contained in the \[ achillc \[C a lld is crea ted iJy the \[achine Wl lt' ll the 
sys tc lII rullS, T he re 'luirc lllent is that the \[odcl \ [Dl. shou ld co rrcspo lld 1l> thc Reil llVo rid 
ill r''''pt'ClS specifi ed by CO R, Essemia ll y the correspoll dell ce is an isomo rphism between 
ind iyitiua ls a ri d re lalio llS in the [\,'0 do rllaitlS , possi iJ ly auglllemcd by add it io",d phCIIO ml'lIa 
in the \[odc1. 

T he cemra l conce rns in the proble lll arc se lecting the \[achi ne phenollle na to be used in the 
\[odel-that is, choosing representatio n and abs traction functio ns - ;!tId c'lp tur ing and 
exp loiting knmd edge o f the prope rti es o f the Rea l 1V0rld to o"e rcollle any lIIisllla t:ch bet"Te n 
C l and I I l. Suppose, for exam ple , that the Real lVo rld is whee led tra ffi c on a road ,cgllle llt , 
t. he pu rpose o f the mode l be ing to a ll o,,' traffic density to be monitored , Su ppose a lso that C I 
are states o f sensor tubes laid across the road to detect the passage o ftrafti c, and that the set 
H I consists o f eyents such as 'lIIotor car passes', 'moto r cycle passes', ' light lo rry passes' and 
'hea,'y lorry passes', Then the Rea l lVorld prope rti es to be capwred in the indica ti,'e ,,'o rld 
desc ription VI' a re the rela tio nships be tween the d istinct ki nds of traffic ( , 'e tll in I I I ami the 
accompanying d istinct paLLe rns o f t he sensor states in C I. 

T ile p roblem frallle (i)r constructing a sta tic Illode l is somet illles si lllila r , lilli/a/is IIIIt/alidis, to 
the Dynam ic \[ode l fram e, Howeyer , it is usuall y more elaborate, beca use static dOllla ins a re 
o ften isolated frO Ill the \ [achine, It is then necessa ry to int roduce a hUllla n Ilifom/{III/ to 
co rn'e)" the Real Wo rld phenomena to the \[achine, and the Info rmant becomes an add itional 
do main in the problem fra Ille , In a problem conce rned with the schedu ling and control of a 
ra ilway, for example, the system must have access to the de tails o f the track la you t. T his will 
usua ll y be achie,'ed by Illanua l entry o f the layout informa tion , and the Illanual entry process 
may be seen as executio n ofa p roblem fitting the pa rtial frame Static \lode l with Info rmant. 

5. Composite Frames 

If ','e restrict o ur repertoire o f problem frames to e lementary and partial e lementary frames, 
it wo uld be necessa ry to decompose each rea listic problem into a structure of subproblems , 
each small and silllple enough to fit one such elementa r y frame, T his in itse lh,'ou ld be 
d isadvantageous: we wo uld be restricting ourse lves , in the problem sphe re , to the equiyalent 
of a rathe r low-leve l programllling language in the so lutio n sphe re, 

~ [o re important, we wo uld be forgo ing the opportunity to build a reposi to ry o f expe rience 
abo ut problem and solution cOlllpos itio n. A substantia l part o f the know ledge and expe rience 
o f established engineering branches is concerned with putting parts togethe r to make a 
complete product. Automobile engineering is not just about engines, gea rboxes, steering, 
diffe rentials and othe r components o f a motor car: it is also, cruciall y, abo ut their composition 
into a well-designed who le. One of the most important advances was the recogni tio n that the 
ava ilability of large powerful presses fo r sheet stee l pe rmitted the integration o f the chassis 
with the body, two components tha t had previously been rega rded as sepa rate. T his kind of 
adva nce is a nourishing fru it of specia lisa tion, 

Be ing concerned with the res idue of no n-specia lised problems that is the subject Illatte r of 
Software Engineering, we can go onl y a short way towards identifying compos ite problem 
frames. If we go far we will giye birth to new specia li ties that wi ll immed ia te ly Jea,'e their 
pa rents' house. Not be ing empire builde rs we must go as far as we ca n , In th is sect ion we 
identify and d iscuss some small cOlllpos ite fralll es and some cha racte risti c d ifficul ties they can 
ra tse , 

c 

f 
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5 .1. Simple Information System Frame s 

\V<-' lI"iC Ih(' t(' rn l Si 1llplr 11Ifnnualioll .)'.~ /('UI for (l "iys l C' 1l1 ill which the prill l(l r y dCCOlllpos il io ll is 

inl o Ihe com truct inn o f a mode l o f a Rea l Wo rld do ma in a nd the use o f the II l0de i to p ro\'ide 
in formatio ll a bo ul the Rea l Wo rld . 

Fig u re 8 , hOln the uncl ecomposcd p roble m fra me ['l r a sta tic in fo rmat io n ,ystc il l " 'it h a 
hU I1 1(l ll ill f"() rm an L 

INF RW:=UI Real RW 
INF:+E2 
MC: ·E2 In formant World -., U2 , , , , , --- -- - ... -MC ENQ:+EI ENQ I- _____ __ 1;.1 _____ _ ..( Inlo, IRQ , 

Enquiries Ma chine 

~ 
_ _ ..... .. R_eq I -, 

--- - - ... --------
Figure 8 Info INF ---k- CI 
Co mposite Fra me: O utputs 

Sla tic [5 with Info rma nt 

, , 

.\n e :<a m p le of such a p roblc il l is Ihe a nswe ri ng o f que r ies a bo ut a \'a luable le :<t , uch as 
Tyndale's Bib le. T he d ecompos it io n into the two cons titue n t subpro ble m s is sho ,,'n in Figure 
9 be low, 

INF:+E2 INF 

~ Informant 

Machine 
MCl • MC:+CI 

MC2 

RW:=UI 

MOL 
Madel 

MOL 
Model 

Real 
World 

... - - - -H-3-

RW ... _ ~2 ---------" - COR- - , , 
Model/RW _ J , 

--- --- , <;o rresp'ce - ---------

U3 

ENQ I~ ____ ___ ~~_-_-_-__ : __ .(i~~ -- ;RL - ': 

Machine Enquiries I"" ... ... ... ... .... .... R .. e~o~~n_ ... ... ,. 

~~ --
Inlo INF 

Figure 9 
Decompositio n o f 
St,a tic [S Fra me with In fo rma nt 

Outputs Cl 

, , , 

T he o ri g inal req u ire me n t [RQ, o ye r RW, E:\Q a nd [01 1", is satisfi ed by Ihe oby io us 
compos itio n o f the subreq uire me nts CO R, o ye r RW and ~lDL, a nd [ RL, ",'e r ~lDL, E ~Q 

a nd [ :'-J F. T he two mach ine do ma ins , ~l C I a nd ~lC2 , bo th conta in the sa m e ~lode l domain 
~ [ DL. T h ey m ust the re fo re sha re a t least the p henomena o f ~ [ D L , a nd in practice this means 
that they m ust both be implem ente d in the sam e computer. [fwe choose to ma ke ~ [DL a 
d o ma in e :<te rna l to the machine, such a s re mo \'able d isk, the two m achines ca n the n be 
imple m e nted in diffe re nt comp ute rs. 

T he o bvio us sched u ling of the two m achines is to run MC [ to com p le tio n be fo re running 
~l C2 , H oweve r , it ma y be poss ible a n d use ful to ove rlap their executio ns, [n th e Bible 
p roble m, fo r e :<am p le, if th e t ranscri pt io n of the te:<t ta kes seve ra l m o n th s it \\'ill be useful to 
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prm 'idc n"poml's 10 qunie, ofc(' rt"in ki'J<ls o n Ih (' bas i, o f' " partiillnlodd o flil e books 
a lready I.ramcribed. 

5.2. Simple Control Under Operator's Regime 

In Seel io ll 1.1 Ihe T ril ffi c I.igh ls prohl(' nl \I';IS ciaho rilled 10 prm'ide ncxib ilil y in Ihe re<] uirt'd 
'i f' Cju c n c illg of' lights .. -\ CO IllIllOIl cO lllpos ilC f'ra ille ill cO lll rn[ progra ill s is .., 110 \'"11 ill Figure LO 
be lo\\'. 

Control 
Machine 

CMI ___ 
U--__ .l.J ~ 

MC: +E2 

CRG: +51 

OP:+EI 
CMC:·E I 

MC: +CI 

Conlrol _ 
Machine ------{ 

CM2 CRG: +51 

figure 10 

Current 

OP 
Operator 

Controlled 

Domain CD 

----- E I 

C4 

- ... - ......... 7'Ch;nge~ble "" 
.... - - - - - - - - - - - - - - ~ Control I 

Hl ', CS: . ..' ------

Decomposition of Simple Cont rol Frame Unde r Operator's Regime 

T he fir st subproblem, in which Ihe ope rator constructs the Current Regime, firs the 
Wo rkpieces frame ; the second fits the Simple Control frame with the Current Regime as an 
explicit description o f all or part o f the requirement. The Current Regime domain is , as will 
o ften be the case, o f different types in the diffe rent subproblems. The wo rld is not strongl y 
typed. 

r\ majo r conce rn in the compos ition o f the two subroblems he re is the scheduling o f the 
machines C\[ I and C\[2. In the simples t case C\[ I can be run to comple tion be fore C\ [2 is 
run . In the Traffic Lights problem this means that the operator must set up the regime 
before using the lights to cont ro l the traffic, and can not then alter it. However , it may be 
necessary to alte r the regime during a pe riod of traffic control - [o r example, beca use the 
regime must be altered to handle morning and evening rush hours; exec Lition of the 
machines must then be inte rl ea \'ed in some way. 

There a re seve ral possibilities for this inte rleav ing. for example: 

• ~[achine C\,l2 is halted fro m the start to the finish of the crea tion o fCRG by C\ll. In the 
traffic lights problem this is unlike ly to be acce ptable because traffic in at least one 
direction must then wait while the ope rato r changes the regime, This is the coarsest grain 
o f inte rleaving. 

• \l achine C\l2 is ha lted \I'hile the ope rato r a lte rs CRG from one valid state to another , 
and machine C\lI is halted \I'hile C\ l2 progesses through one cycle o fCRG. This scheme 
gi\'es a fine r granularity o f ime rlea \'ing while mainta ining the invariant 'CRG is a valid 
regime', 

• Two copies ofCRG are used. \[achine C\l2 runs on one copy concurrently with the 
crea tion of the other copy by C\ [ L At the end of the creation process CM2 switches to the 
new copy, and the othe r is now ava ilable fo r updating by C; ... l I. 
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DeKribing and ma nagi ng the bs t o fth esc po)S ibiliti es is a non-tr il ia l proble m in it se lf. 
just ifyi ng its Oh' n p roble m fr;nnc. In tilis subproblc nt a thi rd macil ine treats C \[ I a mi C\[? as 
parts o f the h o rld , contro lling the ir be hal'iou r in re la tio n to contro ll able p henome na of o the r 
d U [ll i1ills. 

5.3. Visible Workpieces Frame 

T ile Sinlplt- Workpieccs frilme d iscussed in Section 3, ,[ ilb",'c is en tire ly un realis lic. [I is Itard 
10 l ili n k ofa practica l problem , ltoh'cl'cr stna ll , that cou ld [it il. T lte lack o f rea li stll lies in t ile 
abse nce of a n )' feedbilck to the source o f the Opera tion Requests : Ihe ope ra lo r llIust pe rl'orm 
tlt e editing ope ra tions 'bli nd ' , h'it ilo u t see ing an y rep rese nta tio n of tile object be ing edited, .-\ 
s light[y mo re rea listic ve rsion is the Visib le Wo rkpieces fralll e, sho\\' n be[o\\' in figure 11. 

D5P 
Display .... 51 

TL 
Tool OP 

Operator 

, ...... ; ......... - - -WSp ..... \ 
E2 I Work 

figure I [ 
Com posite f ra me: Vis ible Workpieces 

- - - - - - - - - :~ ~upport 

-----

WP " 52 

Workpieces 

, , 

T he feed back is prov id ed by I he Disp lay do main DSP, whose state is the set S [ of phenomena 
shared with the Ope rator. T he Work Su ppo r t require ment WSP stipu lates no t on ly the 
e f1ects o f the ope ra tions requeste d by th e ope rator but a lso the I'isible state o f the Disp[ay in 
re lation to the states of the Workpieces, T his visible state o f t ile displa y is not sha red by the 
machine TL, a lthough it is indirectly con tro lle d by TL through its contro l of the e l e nts E 1. [f 
t ile re lations hip between tile Disp lay sta te and the Workpieces state is not simp le, it may be 
necessa r y fo r the T L to create a nd ma inta in its own model of the sta te o f th e Disp la y, T his 
wo uld , o f course, be a third subproble m in add ition to the two shown in Figure 12 be low. 
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Tool 
TL1 
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~ 
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Tool 
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Ope rator U 

Workpieces 

C2 

Decompos ition of Visible Wo rkpieces fra m e 
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T he first subprobklll is ~ Simp le Workpi ec<" proble lll , ill ,,'hicli I lie source Ol'op'Tatioll 
requests is the ullioll o frli e Display 'lIld Operato r dOlllaillS: tli e illiti 'l1ioll ora request e lTIll 
(E2) is CO lli ro lled by the Operator , bu t Ihe se lecti on o r the opera llds lli at pla~' ro les (R) ill Ihe 
("I'e m is com ro lled by the Display, The second subproblelll is ~ II 11I1()rJll ,l1 ion Display 
proble m, ill l\'Il ich the Re~ 1 World abo ut " 'hich inf() rm~lion is to be displayed is llie unioll o f 
I li e Operator and Workpieces dOilla im , 

Fo r Ihe presC' nl discussion , Ihe IllOS t impo rt~Ill poinl ,lboUI the \ ' i,ib lc Workpi(' ce, f'rame is 
that it exemplifies the adl'a nces that ca ll be made by el'en a modest degreee of spec i~ li sat ion, 

T he problem class is, o f course, the class addressed by the \[\'C objen p~t t e fll : in \[\ 'C, 
ro ughl y, the Workp ieces a re the \[odel , the Display is the View, alief the T ool is the 
Cont roller, It is notab le th ~t rhe \[\ 'C patre rn has rece il'ed m uch a ttent ion - because it is a 
commoll rUlida Illenta l component o f Gl' [ systems - and ullde rgolle much discussion, 
criticism and improl'ementl Buschman n 961 in the ten years o r so since it s in troduction 
[Krasner 881, T his process is I'e ry simi la r to the iIllp rol'e lll en t that takes p lace in products like 
motor ca rs: on ly a special ised focus on a particular problem class allows a sulli cient 
concentration of attention for sign ifica nt iIll prol'e rnent to take place, T he problem frame of 
fi gure [2 is onl y a fi rst crude char~c te risati on of the problem c1~ss, 

6. Decomposing a Nearly Realistic Problem 

i\ rea li stic problem in Software Engineering \\'i ll a lways demand a fresh decompos it ion, T he 
most to be hoped for by ~ del'eloper who commands a good repertoi re o f elClIlc lit ilrY il nd 
com pos ite frames is that the pain of decolll pos ition \"ill be eased by the ready recognition of 
f~ mili~r subproblems, With each subproblem class is an associated reperto ire o f potential 
cha racteristic difficu lties: checking for each such di fficu lty can lead read il y to the recognit ion 
of furth er subproblems, The task o f composing the solution elements, a t least abol'e the le,'e l 
o f the ,,'e ll-explored composite frames , will be unique to the problem in ha nd, 

6.1. The Package Router Problem 

As a n example of a nea rl y rea listic problem we take the problem of contro lling a Package 
Ro uter [Swartout 82 [. Here is the problem as described, transla ted fro lll the o riginal German 
version of Hommel: 

"T he package route r is a system for distributing packages into des tination bins, T he 
packages a rril'e at a source slation , which is connected to the bins I'ia a se ries of pipes, A 
single pipe leaves the source s t~t io n. The pipes are linked toge the r by two-pos ition 
switches. A switch enables a package sliding down its input pipe to be d irected to e ither of 
its two Olltp Ut pipes , There is a unique path from the source station to any particu la r bin. 

" Packages a rri ving at the source station a re scanned by a reading del' ice which de te rmines 
~ destination bin fo r the package , T he package is then allowed to slide down the p ipe 
leal'ing the source station, T he package ro uter must set its switches a head of each 
package sliding through the p ipes so that each package is routed to the bin dete rmined 
fo r it by the source station. 

"After a package'S destination h~s been determined, it is delayed for a fixed rime before 
be ing re leased into the first p ipe , This is do ne to prel'en t packages [rolll fo llowing one 
~nothe r so close ly that a switch ca nno t be rese t between successive packages when 
necessary. Howel'e r , if a package's des tination is the sa me as that o f the package which 
preceded it through the source sta tion , it is not delayed, since there will be no need to 
rese t switches betwee n the t:wo packages, 

"T here will gene r~lI y be many packages slid ing down the pipes at once. T he p~ckages 
slide at different and unpredictable speeds, so it is impossible to calculate when a given 
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1 )<l c k(l~C \"i ll reach (l 1)(1rticui;:u- -;\,'i l Ch. Il()\\'C' \'er, (he s\,'it che o.; CO lll ilill ~ell'i()r'i 'it f <lt c crjclI li\' un, 

placed "tthe ir e lllries and e"its Lv de tcClthe packilges. 

"The scnso rs arc p laced in such a 1I'''r 1iI<1I il is ,,,fe ro cha llge a ,"ilCh sel lin g ifand ol d)' if' 
no packages a re prese nt betll'ee n the e nt ry se nso r ofa S\,'il Ch allli e ilhe r o fils ""i l 
scnso rs. T he p ipes a lT !.Jen l a r the sensor loca l ions in such a lI'ay Ihal Ihe se nsors a re 
gwuallLced LO cl CleCl it sepa rati on be[\reen L\" O pllckages. 11 0 rIl iHter fl o,,' clolic ly lhey 
fc>l lo\\' O ll t' fl ll ot h C' r. 

" Due to Ihe unpred iCla ble slid ing characterist ics of the packages, it is po" ible , in sp ite o f 
the source st illion dela y, Ihar packages will gel so close toge the r Ihal it is nol p"S)ib le 10 

rese t a switch in time to prope rly ro ule a pac kage, \Iisrouted packages lIl ay be routecito 
a n y bi n , bu tl1lust not cause Ihe misrouling of o the r packages. T he bins too hill'C senso rs 
loca ted a t the ir e ntry, a nd upo n arrisa l o f a lIl is routed pac kage at a wro ng bi n , the 
routing machine is 10 signa l thai package'S intended destination bin a nd lh(' bin it 
actua lly reached". 

6 .2. Recognising Some Subproblems 

In itia ll y thi s p ro ble m appe"rs 10 be esse ntia ll y a contro l proble m . The lIlachin(' Ill U)t !lip Ihe 
slI'itches so tha t the pac kages a rri"e a t the ir pro pe r destinations. T he switch lllu st be !lipped 
whe n a package passes the scnsor a tlhe bottolll of the pipe leadi ng into the swi lch , 

Brie f consideration o f the phe no me na concerned immediate ly revea ls a connect ion d ifficul ty. 
T he package destination is read a t the source station , but is no longe r a ,'a il ab lc lI'hen the 
package passes the senso r. The shared phenome na between the machine a nd ('ach se nsor s 
are no more tha n the states Se nso rOpe n(s) and Se nsorClosed(s): the package cau~ ing the sta te 
cha nge is a nonymo us , and its des tination bin is unknown. This connection difficu lt ), is soluble 
by a d yna mic mode!. Since the packages can not ove rtake one anothe r , the state of the 
packages a nd pipes can be regarded as a se t o f que ues. The package a rrising a t it sellSor 
above it s\l'itch is the package at the head of the que ue in the pipe to which the se nso r is 
a ttached. Package dest inations, read at the source station , a re a ttached to the package objects 
in this que ue mode!. Whe n a switch is to be !lipped the controll ing mac hine cO llSu lts the 
que ue model to identify the package d estinatio n a nd he nce the requ ired switch se ltin g. 

T he re is a furthe r connection difficulty. The switch to be set is dete rmined by I he rOU ler 
topo logy - the positioning of senso rs o n pipes, a nd the pipe a nd switch layout. Es-i de ntlya 
static mod el is needed he re. Augme nted with bins, the same mode l \I'ill a llow the required 
se tting o f the dete rmined switch to be chosen according to the ro ute fro m the switch to the 
bin. 

T he switches a re a ttached to ports of the controlling machine. T his is the standard form of an 
Ide ntities proble m. An exactly simila r pro ble m is p resent for the se nsors. 

Signalling a rriva l of a misro uted package a t a wrong bin is, of course, a Simple Information 
Display problem . 

6.3. Another Concern 

In discussing softwa re enginee ring problems it is a lways tempting to look fo r the si"pence 
unde r the light. The mos t important prob le m aspects must be those for lI'h ic h we hal'e 
suitab le techniques in o ur too lkit. T he list of recognisable subp roble ms in the pre"ious section 
illus trates the point. All importa nt concern in ope rati ng the package ro ute r in practice ,,'ill 
undo ubtedly be the be haviour o f the route r and its contro lle r when a package becomes stuck 
in a switch. So far , this concern has been ignored beca use our r eperto ire conta ins no 
appropriate problem frame . 
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In [act, thi s conce rn - hanelling a ma lfu nCl ioni ng jJ hys ica l \\'o rlel- is \'ery conllllOll ilt 
problems of IIlany kin ds. Hu,,' it might be captured in a problem fra ill e is le ft as an exercise 
for the I'eaeler. 

7. Summary 

T hi s in [c) rmal d raft paper has ske tched a se lection o f cicmclIIary, pania l and compusite 
prol> lclll frames , '\0 cla im , of course, is made that the se lection is comp le te or ca llonica l. or 
c ,'en that an~' particula r framc prese nted tru ly characte rises a se t o[ pruble ms tha t a re bes t 
considered as a class: other class ifi cat io ns a re su re ly possible. !:lut it is c1 a imeelthat the 
ap proach is ,'a luable in at least these respects: 

• It is use fu l to cons ider prol>lems large ly -though not entire ly - indepe ndentl y o f thei r 
puta ti,'e solutions. 

• So ltwa re Engineering problems a re loca ted in the wo rld , and the ir ana lys is anel 
structuring is primaril y an analysis and structuring of the ,,'orld , not o f the II lachine. 

• The class ifi ca tio n of phenome na and the conside ration of the ir contro l is a centra l 
ingred ient in problem analysis, \ [athelllatica l abstractions a lone a re no t eno ugh. 

• :\ repertoire of recognised problem classes, with associated characte ri stic dinicu lties anel 
so lution methods , p rovides an importan t structure [o r the discipline o f So ft\\'are 
Enginee ring. Within this structure specialisation can emerge anel achies'e incremental 
adva nces that ca n not be achieved by attack on a more abstract o r a broader front. 

In sho rt, it is claimed that problem frames a re a contribution to making Software Enginee ring 
more like the established branches of enginee ring that it aspi res to emulate. 
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[n hi s ta lks o n e lementary and composite so-ca ll ed problem frames for prob lem analysis, Mr 
Jackso n stressed the necess ity of be ing precise and comple te in desc ribing the relevant aspects of 
the rea l wo rld. E[aborating on a questi on by Professo r Johnson, he exp lai ned that there are often 
subtle but important differences between rea l world phenomena and supposed ly corresponding 
phenomena as defined inside the mach ine. An example is the noti o n of a warehouse inventory. 
which is often defined as being the union of issues and rece ipts, but in real ity shrinkage , theft or 
unregistered additions lead to di sc repancies between the state of the rea l wo rl d and the model. 
Professor Randell recommended [ [ ) as a conc ise treati se of problems assoc iated wi th the relati on 
between the real world and its representation in computing systems. 

Towards the end of hi s talk Mr Jackson commented on what he saw as the Ge neral Dilemma of 
Compos ition as req uired by the me thod he had presented : loose composit ion . e.g . based on 
events, re lies hea vily on programming language and/or operating system support and is in variably 
assoc iated with efficienc y prob le ms. Its alternative, the traditional ti ght co mpos iti on, is more 
efficient but "frustrates" reuse. He agreed with Professor Balzer and Dr Perry that connectors, as 
outlined in the ir ta lks, allow traditionally composed systems to be more loose ly coupled , thus 
increasing the potential fo r re use. 

Asked about the s imilarity of hi s approach to that of Professor Parnas's 4- Va riable- problem, he 
stated that there were indeed paralle[s, but VO concerns were handled differentl y, and hi s problem 
frame approach was perhaps applicab le to a greater range of problems. 
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