Lecture «€: Concetual Models

I elsamelobject!model!notation!that!we@eused!toldescribethelstructurebflthe heaplin!
anlexecuting!program®Bwhat!objectstherelarelandhowltheylarerelated!bybeldsib'can!
belused!morelabstractly,!to!describelthelstatelspaceloflalsystemlor!oflthelenvironmernt!
inlwhichlalsystemloperates.!l!calllthese!l@nceptual!modelsOiplthelcoursettext,'they @e!
called! @atal models®You®e!already!actually! built! some!of! these!in! Exercise! 4,!in! the!
warmup!examples,!andwhenlyoulused!thelobject!modédling! notation!to!describelthe!
structure!oflthe!Boston!subway!system.

I elnotation!itselflis!very!simplelindeed,!and!models!are!easy! tolinterpret! oncelyou!
loosenlyourselflfrom!an!implementation-oriented!view,!repladng!Javal objectslby'erti-
tieslin!the'real'world,!Beldslbyrelations,!landisolon.!After!thisllecture, youlshould!have!
no'troubleYeading'conceptual'models.

Writing!them,lon!thelother'hand,takes'more!practice.lt!involvesimaking!appropriate!
abstractions!bjustlaslyoulhaveto!do'whenlyou!design!thelinterfaceloflanlabstract!data!
type.Doingthiswélllislhard, butithebbstadelishothingloldowit hlobject!'modelslin!par-
ticular.!It'alwaysldi"!!cult!to!ge!to!thelesenae!oflalpoblem!and!aticulatelit!succinctly.

Oncelyou@elovercomelthislobstade,land!constructed!al conceptual!model,'you@e! half!
wayltolalsolution! oflyour!problem.1t@loften!beenisaidthat!ifl youlcan!saylexactly!what!
your!problemlis,!then!you®@e! made!progress!towards!solving!it.!In! software!deveop-
ment,!youelmore!than!halflvay!there.

Soldon@expect!tolbelabletolbuild!conceptualimode swithoutlsomelpractice. 1t@alot!of!
fun,!though,!and!aslyouthonelyourmodelling!skills,'lyoudlind!that! youlbecome!lalbet-
ter!designer.!Aslyourlconceptuallstructuresigainiclarity, 'thelstructureslin!your!codelwill!
becomelsinpler!and!deaner!oo,!and!oding!will!lbe!more!productive.

In'thellecturelitself, I Olir ylandlgivelsomelsenseloflhow!models!arelconstructed!incre-
mentally.!In!these!notes,'thelmodel slare!srownlin!their!Bnallform.

«££€ Atoms, Sets and Rehbtions

I elstructuresloflour!modelswill' belbuilt! from!sets,!relationslandlatoms.!Anlatom!islal
primitivelentity!thatlis
a indivisbleliticanfibelbroken!downlintolsmaller!marts;
4 immutablelits!properties!dorifichangelover!time;!and
4 uninterpreted:!it! doesn@havelany!built-in! properties,!thelway!numbers!do, ffor! ex-
ample.

Elemertary!particleslaside, Verylfew!thingsiin!thelreal'world!arelatomic.!But'that!won®
stoplusifrom!modelling!them!asltomic.!In!fact,'our'modelling!approach!hasho'built-in!
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notion of composites at all. To model a part x that consists of partsy and z, weOll &at
X, along vith y and z, as @omic, and represent the containment by an eplicit relation
between them.

A setisjusta mllection of aoms, with no notion of repetition count or order. A relation
isa stiucturethat relatesatoms. Mathemaically, it @ a st of pairs, each pair consisting of
two atoms, in a specibPal order. You can think of a relation as a &ble with two columns,
in which each entry is an a&om. ! eorderin which the columns gpear isimportant, but
the order of the rows is irrelevant. Each row must have a entry in every column.

*£¢ Graphical Notation

le re®no ned to go through all the deails of the gaphical notation again; youle seen
it before in the lecture on object models. All we need to do here is reinterpret the nota-
tion more astractly, and add adw rebnements we haen®needed before:

the distinction between domains (bp-leve sets) and oher ts;

the idea of ®tswhose @wntents can change over time;

marking sulsets of a &t as disjoint and e<haustive;

ways to expressternary relations.

D

Dy v

Take a lok a the obgect mode for the family tree Each box denotes a st of aoms D not
a =t of objects in a dvaprogram, or a tass" ! e set Married for example,represents the
set of all personswho are maried. (Of murse,it® not dear what this means the persons
legally married? maried now, or maried & some time duing their lifetime? As weQll
s& later, when youbuild aconceptual model, you need to delne yourterms arefully.)

Each (open headed) arow denotes a elation from one st to another. It denotes an &-
strad association, not a ld or an insancevariable. S parents for exampleisa relation
from a person to his or her parents. You can think of it as a pedicate: parents(p,q) is
true ifqis a @rent of p.
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I eldirection! of'thelarrow!has!semartic! consequenceloflcourse:lit! makeslalbig!di"ler-
encewhetherlplisithelparent!oflglor vicelversa!But!forlany!relation,!wecould!equaliwell!
uselaldi"lerent! relation! that!is!theltranspse;! childrenlinstead!of! parents! for! example.!

I ere@nolnotion!oflnavigability, lorlalrelation! belonging!tolalsetlin!thewaylanlinstance!
variable!belongs!tolaldass.

I elfat,!closed-headead!arrow!denotessubset. I Twolsetsithat Isharelanlarrowlaredisjoint !
Welcan!Blllin'thelarrow!headtolsaythat!thelsubsetslarelsolexhaustive:that!every'mem-
berloflthesupersetlisaimemberlofiat!least'one bflthe subsets. Inlthiskexample, We@ekaid!
thatlevery!PersonlislaMarorlaWbman,!land!every!Marriedperson!is!aRerson

| elsetslthat!haveolsupersetslarelcalled!domains! | ey@elassumed!tolbeldisjoint.!INo!
atomlis!both!alpersonland!alname dirlexample.

Welwon@review!thelmultiplic itylandmutability! markingslhere; they@eexplainednicely!
in'the!@murse!text.

Our!graphicallnotation!has'rather!limit ed!expressivelpower.!You!can!record!additional!
constraintsitextually.!For!example,we!might!want! to!say!that! alperson!and'hislor!her!
spouseldon@sharelthelsamelparents.!Sometimeslyoulcanlexpressimorelin!theldiagam!
bylintroducingladditionallrelations.!For!example, to!say'that!alpersonlhasitwo!parents,!
onekhimanlandibonebwoman,youlcouldladd¥elations!mot herlandlfat her,!markingthem!
with!the!gpropriate!multiplicity.

What!constraintshaually'holdlisbftenlalsubtlelandimportant!problem.First!there€thel!
questionlofiwhether!lthekonstraint!lacually'holds.'Doeskhpersonthavetwolparents?  at!

dependsloniwhat!exadlylisimeant!bylparert.!If!it @not!thebiologicallnotion, 'thingsiget!

verylcomplicated.!Second, there€thelquestionloflwhether!you@!modelling! something!

that@trueln!thereal!world, lorlinstead!are describing!arepresentation!of'the'real 'world!

tolbelconstructed!insidealcomputer,'which!may!di"ler!from!the!reallworld!because! of!

inputlerrors,lincremertallconstruction,!ladk!oflinformation,!and!solon.!Forlexample, if!

you@e!building!algenelogicalldatabase,!it@ probably!not! algood!idealeven!tolassume!
that!every!personlhaslonebiologicallmother.!Otherwise, lyourldatalstructurestwon@bel!
able!tolaccommodatelpersons!oflunkiown!parentage.

*£+ Ternary Rehktions

Sometimesiwelwant!to!describelrelationshipsthat!involvethree, hot!two,!sets.!For!ex-
ample,wemight!want!to!record!thelfactthat!alpersonlearnsiaksahbry'working!forlalcom-
pany.llflpersonslcan!work!forlseverallcompanies,landlearn!aldi"lerent!sakrylat!each, we!
can@justlassociatelthe!saary!withlthe!person.

121



Often, the easiest way out of thisisto create a new domain. Here,we @uld introduce
Job, and drav an obgct model showing a elation jobsfrom Peisonto Db, a ielation sd-
ary from Job to Salary, and a elation conpany from Job to Company.

Person ! job > Job

salary
compar.,

[

Salary

Company

i s gproach works wel when the domain you itroduce already @rrespondsto some
natural st of aoms D i® a notion aleady undersbod in the problem domain.

Alternatively, you can introduce anindexed relation. If you mak the arow from Ato B
with the label r[Index], this meansthat for each atom i in the %t Index, thereisa rela-
tion r[i] from A to B. For example,to model naming in a lbe system, we might have an
indexed relation obj[Dir] from Nameto FileS§stemObjet, sine there is conceptually a
separate naming relation for each directory of the He system. Or, lessnaturally, in the
case of our enployment database, we midht havea relation salaryfrom Personto Salary
indexed on Compap.

?
Person | salary[Company] __, Salary

Finally, you can drav the obgct mode and s that it® a pojection: that it shows the
relationships for a particular atom in some domain. Br example, in designing a word
processor, there might be a ernary relationship format that associates aStyle with a
formatting Rulein agiven Stylesheet. We may wart to draw a madel that considers only
a sinde stylesheet, 50 that the relation becomes binary.

«£+ General Strategy

Here® a vay to go out developing a ®nceptual model in easy steps:

a Domains What is the problem @out? Write a Ist of the domains vith short but care-
ful denitions.

a Sets ! ink about how these domains ae dassibPed into sets. Write demitions for the
sets, and onstruct the dassikcation hierarchy, showing which sets are sulsets of
which other sstsand domains
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Relations. ! ink @out how domains @n be related to each other. Write sort and
careful demitions of relations, and plcethem on the st hierarchy aslow as possible
(that is, using the st classikation to constrain the domains and rangeof the rela-
tions. ! en bgure out the multiplic ity and mutability properties of the relations.
Condraints. Ask what constraints are not aptured by the diagram, and record them
textually. i nk about relationships between relations: what happens if you dllow
one reation then anoher? or a relation that maps a st to itself, wha happens if
you follow it repeatedly? Is he st mapped by one elation determined by a poperty
of another? Does arelation over a & map one of its sulsetsin adistinct way (to a
subset of the range ér example)?You may bnd it useful to introduce new sets or
even new relations to make the structural properties of the madel more evidert in
the diagam.

D

D

le searejustrough guidelines. In practice, of course,you work iteraively: you build a
small madel, evaluate it, and then rework it, simplify it or expand it, and ierae agin
until you®@e landed on ssmething you@e happy with.

How do you know you®e making progress?f you@e going ebout conceptual modelling
in the right way youOllbnd that you keep hitting conceptual sumbling blocks: things
you thought were obvousturn out not to be ater all. But by hinking through the ques-
tions that come up, and ecording them in a sucinct and precise mode, you s$hould fed
that you@e cutting your way through the undergrowth, sashing avay the onfusion. ! e
guestionsthat came up and how you amgered them will only be partly evident in your
Pral model, so you should keep a record of them, particularly of ideasthat turn out not
to be useful.

How do you know when youe done? When he main oncepts that you@e trying to
elucidate arerepresented in a sucint and dear way. You should nottry to be exhaustive:
modelling every even peripherally relevant concept you can think of is tiresome and not
a gaod use of your time.

As you work on your al project, and in any sulsequent developments you do, you
should construct conceptual models & you ned them. Don®fed a need to have a
singe, all inclusive model; sketch a \ariety of smaller ons, and then onsider whidch

of them may need to be integrated. Until you hare ®me eperience with conceptual

modelling, youDlprobably think some mnceptual notion is obvous, and wor®discover

that it isn®until your deep into the wde. S try and phy around with more madels that

you think you need at brst. And if you strike complexity while you@e coding, back 0",

and sketch some madels.
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£+ Ir eeExamples

Let® look & three examples of mnceptual models. le y are all sinple, but they are not
trivial. | eydemonstrate, | hope, that constructing even vely small malels raisestricky
guestions, and s thus useful.

*£¢.€ File Sstem

Let® mnsider br our brst example something wef2 very familiar with: Plesystems
Wed model the most basic relationships between the demerts of a e system.

For domains weOlkike:
a Obgct the =t of all objectsthat can reside ina be gystem
a Nane: the st of all full names that objects an have.

le setsare:

Dir, the st of directories, including the root of a Be g/stem

File, st of all Hes

Alias, the st of aliases, or shortcuts (in Windows), or ®ft links (in Unix)

Disk the st of root directories that represent di" erent disksthat can be mourted.

D D O D

le relations ae:
a contains, which mapsa directory to the set of objectsimmediately contained in it
a for, which mapsan alias to the obpct it represents.
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I eldiagram!below!showsthelobject!mode.! | elmultiplic ity!constraintsareimportant:!
anlliaslmust!referltolexactly'onebbject;leverylobject!isicontained!by'at!mostlonedirec-
tory;Inamesfrelunique.! ! eimutability!markingslcapturethefaasthat!anobject!canlbe!
moved!from!onedirectory'tolanother,but!anlaliaslisicreated!pointin gtolalgivenlobject,!
and!that!relationship!cannot!be!dhangel.

What!textuallconstraintsimight!'weldd?Frst!considerthelcontainsrelation.Welshould!
say!that! theldirectory!hierarchy! under!aldisk! forms!laltree!disks! arenf contained!in!
directories,!every!non-disk!objectlisicontained!byloneldirectory,!andno!directorylcon-
tainslitself,!directly!orlindirectly.! ! en!considertheffor!relation.!Can'an'alias!belfor!it-
self?l(Pobablylyes).!Ganlan!alas!belforlan!obpct!lunderlalditerent!disk?! (Pobably!no).

Flelystemistructurelslatricky!business!Trylandbuild!'aimode!ofitheMacintosh!trash!
(or'Windows'recydelbin)!andlyouQltiscovertthat!youlprobably!canflevenipredict!how!
you@elown!Blelsystem!behaves.

o£e.¢ Style Sheet

Almostlall'text!layout!programslare!based!on!thelidea!(developed!at! Xerox! PARC)! of!
thelstylesheet, lin'which!paragaphshretaggel!withinameslofistyles,!landilseparatelstyle!
sheetlassigns!formatting!rulestolthelstyles.! ! islfollowslthelgenerallprinciple!oflcom-
puter!sciencelthat! herelisino!problemithat! cannot! belsolved!bylintr oducing!another!
level! oflindir ectionflin! this!case!making!almap!from!paragraphs'to!formatsitwo!maps,!
onetolstyles,'thenlonefrom!stylestolformats.! ! eladvantage,bflcourse,islthat!youlcan!
then!make!wholesalethanges!tolaldocument! by!modifying!the!stylelsheet,!andlevery!
paragaphloflalgivenistylewilll bereformattediwhentheformat!associated!wit! that!style!
isichanged.

For!ldomains!we!midt!have:

a Style:theketloflallpossiblestyles,viewedlasjusthamesdistinct!fromltheirformatting!
rules

A Popety:!the!set!oflformatting!properties!that!can!be!gvenivalues!inlalstylsheet

a4 \alueltheketloflvaluesialpropertylcantakelon,lsuchlasfont!sizeslindentations, lalign-
ments,letc.

Forlalst,'we!migt!have:
a4 Normallalbuiltin!style!assigned!to!paragaphs!by!deéult.

For!relations,!we!midt!have:

4 basedOrwhich!associateslalstylewith!alstylefrom!which!it!inheritsfformatting!fea-
tures!(noindent , forlexample, may'belbased!on!normal, withloneladditionallrule!say-
ing'that!the!lirst!linelindertlis!zeo)

a4 expFormat,'which!mapslalstyleland'alproperty!tolalvalue,indicating'thevaluebflthe!
formatting!property'that!is!demed!explicitly!forlalstyle!byte!user
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a actualFormat, which mgpsa style and a pperty to a \alue, indiating the value of he
formatting property that isacually asociated with a style, dued a @mbination of
inherited and eplicit declarations.

Constraintsthat aren®expressed in the diagram that we might want to record are:

a le graph of styles déoned by the basedOnelation forms a tiee rooted a Normal

a For agiven style and poperty, the actual format is the acual format of the style on
which it is based, overidden by aty format declared explicitly.

a4 le Normalstyle®explicit format gives a value © every property, and is atual for-
mat isthe same &s its explicit format. Cosnequently, every property has a value br
every style.

Syle heetsareadually rather complicated and interesting. Two featuresthat this mad-

el doesnaddress are: toggle properties (such asitalic/roman), and he aility to main-
tain multiple style $eets for a single document. ! ere ae abko some tricky questions
about how formatting rules are entered. Suppose, for example, we declare noindent

to be based on normal, and &t itsindentation to zemw. If we tien dhange he inderta-

tion of normal (increasing it, sg), weDexpect the indentation of noindent to remain

unchanged. But in mary word procesors, if normal started out with zero indentation,

setting noindent to have no inderation would not in fad create an explicit formatting

rule & all. In ome gplications (sud as Famemaler), you can indicate whether a style
redees a poperty of its parent, even if the properties ae the same.

€+, WWW Structure

le next example illustrateshow an inaedibly small and 6cused model can raisetricky
questions. Consider he hasic structure of the web: that thereare URLS and documents.
A URL points™ a document; a daument itself contains URL® to other documerts.
Now let®consider relative links. We can model these too, by an &use of erminology,
as URI§ which we now dassify as either Absoluteor Relative. ! e interpretation of a
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relative link can be represented by a ernary relation shortFor which takesa relative link
and an #&solute URL, and yelds an &solute URL.! e obgct modd is s1own below.

le interesting question now is how he @solute URL is obtained as the context for
interpreting the relative URL® of a deument. Note that the pointsTo relation may map
several URL® to the same doumernt: a daument can have alases because of multiple
domain hames mgping to the same madgine, nmultiple paths maping to the same e
in a Besystem, or because of explicit rewrites performed by the web srver. S we and
speak ofthe URL of a dawument. How then is this @solute URL obtained?

Usually, since a document®source is brst interpreted by the browser before ary links
are followed, the browser itself usesthe URL by which the dacument was obtained for
the context.! isdoes meaan that a relative URL in a document may be interpreted dif-
ferently, dgpending on how he document wasobtained.!i s ako explains, incidentally,
a problem with many browsers: when a @ge & saed, not enoudh context is saved to
resolve all he URL®in it.

«£e¢ Conclusion

le graphical notation is described in more ddail in the @urse text by Liskov. You
may also bnd helpful previous years®170 leture notes, which have more examples of
conceptual models.
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