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ABSTRACT

Predicateelds allow anobjects structureto vary atruntimebased
on the objects state:a predicateeld is presenbr not, depending
on thevaluesof other elds. Predicateelds andrelatedconcepts
have notpreviously beenevaluatedoutsidearesearctenvironment.
We presenta casestudyof two industrialapplicationswith similar
requirementspneof which usespredicateelds andoneof which
doesnot. Theuseof predicateelds wasmotivatedby requirements
for high e xibility, by unavailability of mary requirementsandby
high userinterfacedevelopmentcosts.Despiteanimplementation
of predicateelds asalibrary (ratherthanasalanguagesxtension),
developersfound themnaturalto use,andin mary caseghey sig-
ni cantly reduceddevelopmenteffort.

Categoriesand Subject Descriptors

D.1.5[Programming Techniqueg: Object-orientedProgramming;
D.2.2 [Software Engineering]: DesignTools and Techniques—
UserinterfacesD.3.3[Programming Language$: LanguageCon-
structsandFeatures-Bata typesandstructues

General Terms
Design,ExperimentationL.anguages

Keywords

PredicatesPredicateFields, Classi ers, Structure,User Interface
DevelopmentExperimentalControl System

1. INTRODUCTION

At the heartof object-orientedorogrammingis the ability for
run-timevaluesto affect programbehaior. For example,dynamic
dispatchselectsvhichimplementatiorof amethodo invoke, based
ontherun-timeclassof the recever object. Researchersave pro-
posedother morepowerful waysfor run-timevaluesto affectboth
thebehaviorandthe structuse of objects.

Multiple dispatching2, 7, 11] permitsdynamicdispatchto de-
pendon thetypesof all algumentsnotjusttherecever. Predicate
dispatchind13, 22] usesarbitrarypredicategboolearexpressions)
to selectthe mostspeci ¢ applicableimplementationso dispatch
candependn ary aspecbf programstate.
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Predicateelds (thesubjectof this paper)give away of affecting
objectstructureratherthanobjectbehaior. A predicateeld is a
eld of anobjectthatis presen{canbereadandwritten)depending
on the valuesof other elds. In otherwords, the structureof an
objectvariesatruntime dependingon the valuesof its own elds.

Otherresearchcombinesaspectof both lines of researchper
mitting dynamicchangesin both behaior and structure. Predi-
cate classeq8] usepredicateso dynamically classify an object
to its subclassesClassi ersin the KEA programminglanguage
[19, 23], which are basedon the value of a single enumerated-
type attribute, are alsousedto automaticallyclassify an objectto
mutually-eclusive subclasses.Taivalsaaris Modes[28] are an-
othersimilar mechanism.

Despitelively interestfrom the researclcommunity we arenot
awareof ary prior substantie evaluationof predicate-orientegdro-
gramming. We have implementech library that supportsthe cre-
ation of dynamicobjects,which are objectswith predicate elds.
While thelibrary forcesusersto usea specialsyntaxfor accessing
dynamicobjects,andthe predicatesre of limited expressieness,
thelibrary wasnonethelespowerful enoughandusableenoughto
bethebasisfor a mission-criticalindustrialsystem.

This paperpresentsa casestudy of two systemdbuilt to similar
requirementsThe rst implementatioris a commandandcontrol
systemfor afacility in which physicalexperimentsareperformed.
Thesecondmplementatioris similar, thoughmoreambitious,and
wasdesignedaroundthe useof predicateelds in orderto mitigate
de cienciesin the rst implementationThis useof predicateelds
was successfulithe resultingsystemis very e xible, the userin-
terfaceis highly con gurable,anddevelopmentcosts especiallyin
the userinterface (which canaccountfor 50% of effort expended
[24]), weregreatlyreduced.

We believe thisis the rst evaluationof predicate-orientedom-
puting in a large-scaledevelopmenteffort. Our obserationshelp
to indicatecircumstance$n which predicate elds are mostuse-
ful, andthe practicalobstaclego their use. Our obserationsalso
suggesthat mary importantbene ts are obtainedevenin the ab-
senceof sophisticategredicateexpressiongnddispatchingnech-
anisms. Oneimplication for practitionersis thatit canbe adwan-
tageousto useeven a primitive implementationof this language
feature.

Theremaindenf thispapeiis organizedasfollows. Section2 re-
views predicateelds, andSection3 discussesiseof our predicate
elds library. Sections4—7 presentour casestudy: requirements,
systemimplementationpusein practice,andevaluation. Section8
detailsthelibrary implementationSection9 sureys relatedwork,
andSection10 concludes.



/I A statement in an interpreter for the MML
/I programming language (Section 4.1). Either
/I a manual statement, or an automatic  statement.
class Statement;
enum StatementType

{ManualStatement, AutomaticStatement};

/I PStatement is a predicate that is true
/I when the object is of type Statement.

/I dynamicType is a built-in field; see Figure 10.
pred PStatement
dynamicType = Statement;
pred PManualStatement
statementType = ManualStatement;
pred PAutomaticStatement
statementType = AutomaticStatement;

/I The field named statementType  (of type

/I StatementType) exists in any object for which
/I the predicate PStatement evaluates to true

/I (namely, any object of class Statement).

field  StatementType statementType  when@PStatement;
field string  description when@PManualStatement;

field Device device when@PAutomaticStatement;

Statment s = new Statement();

s.description = "Please push red button"; /I ERROR
s.statementType = ManualStatement;

s.description = "Please push red button";

s.device = new Oscilloscope(); /I ERROR
s.statementType = AutomaticStatement;

s.device = new Oscilloscope();

Figure 1: Using predicate elds to emulate dynamic classi ca-
tion for IDE development (stylized syntax). Lines marked as
“ERR OR” resultin run-time exceptions.

2. PREDICATE FIELDS

A predicateeld is a eld whosepresencén anobjectdepends
ontherun-timevalueof a predicate— abooleanexpression Predi-
cate elds allow anobjects structureto vary atruntime. Whenthe
predicateis satis ed, the eld is partof the object’s structureand
canbereadandwritten. If the predicatdaterbecomesunsatis ed,
the eld ceaseso bepartof theobjects structure.

Differentproposaldor predicate-orientedrogrammingisepred-
icatesof varying compleity. Predicateclasse$8] permitarbitrary
booleanexpressionsyhile Keaclassi ers[19, 17] aredetermined
by thevalueof asingleattributeof anenumeratetlype. Ourimple-
mentationis similar to Keain thatpredicatesarebasedn equality
of a singlevariableto a speci ed value. However, the variables
typemaybeastringor ary primitive type.

Predicateelds mayseento bealimited mechanismHowever,
they canbe usedto emulatepredicateclassegdynamicclassi ca-
tion of an objectinto subclasses)ysshavn in Figure1l. Thisis
similar to, but morecorvenientthan,designpatternssuchasdeco-
ratoror stateaimedat a similar purposg14].

Here we note four motivationsfor predicate elds. (Otherre-
searchhasprovided additionalmotivations.)

First, predicateelds allow anobjectto changeits structuredur
ing its life cycle. For example,anemplog/eemightinitially have a
eld for hishourlywage.After a promotionto salariedstatussuch
a eld is nolongerrelevant, but a monthly or yearlysalary eld is
necessarylnsteadof usingan elaborateclasshierarchyto, for in-
stance separatehe emplo/eeobjectfrom his methodof payment,
a developercan usepredicate elds to createthe suitableobject
structure.

Second predicate elds permitthe userto recover from errors,

pred hasThesisProposal
thesisProposal

= null;

class StudentProgress

{

String  thesisProposal;
Date anticipatedDate

}

when@hasThesisProposal;

Figure2: De nitions for controlling visibility of elds in agrad-
uate student progressreport.

suchaschangingthe type of a createdobjectwhile preservingall
thedatawhichis mutualto bothtypes.Thealternatve, deletingthe
old objectandcreatinga new one,cancausdostwork anderrors.

Third, predicateelds caneasedevelopmentof graphicalinter
faces(and othercomponentspy presentinga uni ed view on ar-
bitrarily mary collectionsof elds. As oneexample,if re ection
properly recognizeghe elds, theneven thoughthere may exist
mary differentvarietiesof object,eachwith its own collection of
elds, the codefor manipulatingobjectscanbe simpleand com-
pact.

Fourth,predicateelds permit ne-grainedcustomizatiorof ob-
jects or object behaior, without requiring nen classde nitions.
For example, extendingthe emplo/ee example above, a specic
emplg/ee’s humanresourcenformationmight betaggedwith spe-
cial elds relevantonly to thatemplo/ee.

2.1 Predicate®eld example

As anotheiexampleof useof predicateelds, considelawebsite
wherea graduatestudententeranformationaboutprogressoward
his degree. The informationincludes(amongothers)PhD thesis
proposalandexpecteddatefor the completionof the PhDthesis.

The expecteddatefor the PhD thesisis not meaningfuluntil the
PhDthesisproposais submitted:theformer eld shouldnotexist,
or atleastnotappeain thewebform, whenthePhDthesisproposal
is empty A possibleobjectorientedsolutionwould be to abstract
the notion of the eld' s existencein the studentobject, by creat-
ing anassociatiorobjectbetweerthe studenibjectandits various

elds. Userinterface codewould consultthis associatiorobject
whengeneratingor updatingthe screen. Figure 2 shavs another
solutionusingpredicate elds. WhenthesisProposal getsset,
the eld anticipatedDate becomegpartof theobject’s structure.
Thedevelopercanevengeneratehe userinterfaceusingre ection
to automaticallyincorporateeld changesnto theuserinterface.

3. USING PREDICATE FIELDS

This sectiondiscussefiow a programmeusesour implementa-
tion of predicateelds.

3.1 Library implementation

We have implementedoredicateelds asalibrary in C#. Previ-
ouspredicate-orientedystemg17, 19, 8, 28,13, 22] arebasecn
languageextensions someof which areaccompaniedby a proto-
typeimplementation.Our decisionto usea library is a pragmatic
one.

Developinga library is mucheasierthanmodifying or creating
anewv compiler notto mentionthe continuingwork of adaptingit
to new versionsof evolving languagesuchasJava and C#. Use
of alibrary allows the softwareto remaincompatiblewith existing
tools (IDEs, compilers,editors,etc.),andit is congruouswith the
programmes knowledgeandpractices.

Choosinga library implementationover a languageextension



/I Statement represents the dynamic type
/I definition for the statement hierarchy.
DynamicType Statement {

storageType storage = DataBase;

String tableName = TStatements;

}

Figure 3: Stylized dynamic type de nition representingstate-

mentsin the MML programming language. For simplicity of

presentation,most gur esusea simpli ed syntaxthat assumes
that predicate elds are built into the C# language.The actual

implementation is asa library (seeSection8), making the syn-

tax lesscorvenientthan that showvn here.

hasnegative consequenceaswell. Usingthelibrary is morecum-
bersomeA library maysuffer from worseperformancehanalan-
guageimplementation. The choiceof a library also causedus to
restrictthe expressienessof the predicate elds. The predicates
arebasedn thevalueof asingle eld, andonly changego object
structure(notto objectbehaior asin predicateclasse®r predicate
dispatchinglaresupported.

As notedin Section2, predicateelds canemulatesubclassing,
andre ection canbe usedto respondto structurechanges.One
of the contritutionsof our work is thattherelatively impoverished
versionof predicateelds thatwe implementedvasnonethelessf
signi cant practicalbene t, andwassufcient for the needsof a
substantialndustrialproject.

3.2 De®ning dynamic objects

Our library supportsthe creationof dynamicobjects objectsin
which each eld is a predicateeld. A dynamicobjectis anin-
stanceof a dynamictype Conceptuallythe declarationof a dy-
namictype lists the (predicate) elds containedin eachobjectof
thetype. However, our library implementatiorusesdistinctsyntax
for type de nitions, elds, eld types,and predicates.Together
thesesupportdeclaration creation,and useof dynamictypesand
dynamicobjects.

Thefollowing sectionshav how thefour pieceqdynamictypes,

elds, eld types,andpredicateshreusedto createan automatic

statementwhichis astatemenin theMML programmindanguage
(seeSection4.1) that canbe executedwithout humaninteraction.
When the userde nes an automaticstatementhe must selecta
device type,a commandhatis valid for this device type, andthe
targetdevice of thistype.

3.2.1 Dynamictypedeclamation

Eachdynamicobjecthasatype, calledits dynamictype thedy-
namictypespartitionthe setof all dynamicobjects. The dynamic
typeis storedin adynamicobjectuponcreationandis permittecto
changesubsequentlyThe elds thatbelongto a dynamictype are
notlistedin thedynamictype declarationput areseparatel\spec-
ied (Section3.2.9, permitting predicate elds to be addedto a
dynamictypewithout changinghetype declaration.

In our casestudy the experimentalcontrol systemsupportsper
sistentobjects,sothe dynamictype de nition indicateswhereob-
jectsof the given type shouldbe storedto andloadedfrom. Two
commonchoicesfor the storagdocationarea databas¢ablename
oranXML le namejthesystemalsosupportsstoragen memory

Figure3 givesanexampleof astylizedde nition of theStatement
dynamictype.

3.2.2 Fields

A eld de nition containghefollowing information:

Fundamentalinformation name, eld type (seeSection3.2.3,

in an automatic  statement
is sent to the device.

/I The command field
/I contains the command that
Field command
{
/I Fundamental information
fieldType DeviceCommand;
pred PAutomaticCommand;
name = "Command"

/I Persistence information
column = "Commandld";

/I User interface information
shouldRaiseEvent = true;

category = "Device Information";

description = "Command sent to the device";
viewable = true;

information
= nopCommand;

/I Optional
defaultValue

Figure 4: Stylized eld de nition.

predicate(seeSection3.2.4). The eld existsin ary object
for whichthepredicateas true.

Persistenceinformation How to storeto or loadfrom adatabase.
Field valuesareautomaticallyjoadedandsaved. Thestorage
informationincludesthe columnname,table name,foreign
key 1, andforeignkey 2. Thelastthreepropertiesdetermine
the eld' sstoragdocation,whenit is notstoredin theobject
tableasde ned in thedynamictype. SeeSection8.2.

Userinterface information How to display edit, and parseval-
ues. The userinterfaceinformationincludescateyory (used
to separat¢he elds into differentsections)descriptionand
visibility. This userinterfaceinformation cannotbe speci-
ed in the eld type,sincethesameeld typemightbeused
for several elds, eachof them hasdifferentuserinterface
propertiesgonsidertheString  eld typeasanexample.

Optional information defaultvalue,read-onlyassignable-onog@f
true, the eld becomegead-onlyafterit is setfor the rst
time), changenoti cation (anobject,suchasacontainercan
registerto receve aneventwhena eld valuechanges).

Figure4 containsanexample,thecommand eld declaration.

An implementationcould createand allocatea predicate eld
lazily (only whenit is needed)alternatvely the eld mightalways
be partof the objectstructure put unavailableuntil the predicatds
satis ed [8]. Our library implementatiorallows both approaches,
storing elds eitherin the databaser in memory The valuesof
elds storedin the databasere presered over time. The predi-
catescontrolwhich of thosevaluescanbe accessedFieldsstored
in memory are createdand deletedwhen predicates'satisaction
changesnddo not save their valueovertime.

3.2.3 Fieldtypes

Field typesspecifythetype of the datathatis storedin the eld,
aclassusedto editits value,anda classusedto corvertits valueto
andfrom aprintedrepresentation.

As anexampleof a eld typede nition, considerthe Device-
Commandeld typein Figure5, whichde nesa eld typefor device
commandsA device commands usedto abstraca methodin the
device's API.

As anotherexampleof customizatiorof editorsandconverters,
we replacedhe Booleantype default editorwith a type editorthat
letstheuserchoosdrom alist of native languagevordsratherthan



/I FieldType  Wrapper which allows a

/I dynamic object to have dynamic

/I command field.

FieldType  DeviceCommand

{
/I The Commandclass is an abstraction
/I of a method in the device's AP
type Command;
/I The CommandEditor is a class which will
/I query the object for its device type, then
/I it will build and present the list of

/I available commands for this device type.
editor  Editors:CommandEditor;

/I CommandConverter will convert the field
/I enumerated value to a viewable command

/I name and vice versa.
converter Converters:CommandConverter;

Figure5: Stylized eld type de nition.

pred PStatement dynamicType = Statement;

pred PDevice dynamicType = Device;

pred PDeviceType dynamicType = DeviceType;

pred PCable dynamicType = Cable;

pred PDeviceCommand dynamicType = DeviceCommand;
pred PGroup dynamicType = Group;

pred PSetup dynamicType = Setup;

Figure 6: Stylized predicatede nitions.

“true” or “false”. The converterwasthenusedto convert true and
falseto native languageandback.

Field typesaredistinctfrom dynamictypes(Section3.2.1): we
madea simplifying implementationdecisiondisalloving a eld
from containinga dynamicobject,andsoonedynamicobjectcan-
not directly refer to another Nevertheless,elds in differentdy-
namicobjectscansharethe samestoragelocation(suchasa par
ticular databaseable),therebyallowing anindirectconnectiorbe-
tweenthe objects.For example,if a statemensg device eld refers
to adevice in thedatabasethenthe device namecouldbe changed
eitherin the statementor in a dynamicobjectrepresentinghe de-
vice. Eithermodi cation will bere ectedin the backingdatabase
andin the otherdynamicobiject.

3.2.4 Predicates

In our library, a predicateis constructedrom a pair of a eld
nameanda value of the eld' s type. Predicatesre not arbitrary
booleanformulas. Our predicatescanbe usedto captureary de-
siredpropertyof dynamicobjects sothe syntacticlimitation is not
asemantione.

This decisionimplies that developerscande ne a predicateon
every possiblevalue of the objects state. Settinga special eld
namefor the dynamictype allows usto de ne the groupof pred-
icatesshavn in Figure 6; thesepredicatesare usedto de ne the
commonstructureof thetype.

4. CASE STUDY: EXPERIMENT AL CON-
TROL SYSTEM

We performeda casestudyinvolving two systemsthat control
facilitiesfor complex experiments Thetwo implementationsene
ascommandandcontrolsoftwarefor experiment-conductingacil-
ities. Their goalis to enablescientistsandtechniciango de ne,
control,execute andexaminetheseexperiments.The experiments
demanccontrolof comple eventsinvolving vastnumbersof accu-
ratemeasuremerdevicesandoftenvery delicateequipment.The

. Manual(“Inputobjectserialnumber or zeroto stop”);
. Setup(acuummachine MRM);
. Manual(“Placeobjecton scale”);
. scale.Read();
. Manual(“Placeobjecton MRM");
. camera.Setup();
. vacuummachine.Start();
. If vacuummachine.status on, then
(&) MRM.Release();
(b) camera.ReadPhotos();
(c) vacuummachine.Stop();

9. Gotostepl

O~NO A WNPE

Figure 7: Galileo's freefall experiment, expressedn a variant
of the MML programming language.“MRM” standsfor “me-
chanicalreleasemachine”.

experiments'resultsmust be savzed. Thoseresultsare later pro-
cessedindanalyzecdby the experiments'orderers.

Section4.1 explainsthe abstractiorthat modelsan experiment
andthe languagein which userswrite experiments. Section4.2
presentghe high-level requirementandthe relevant designdeci-
sionsusedto meetthoserequirements Section4.3 discussesiser
interactionwith the system.Finally, Section4.4 compareshe sys-
temto a programmindanguagemplementation.

4.1 Experimentsandthe MML language

An experimentconsistof a setof devicesanda sequencef op-
erationsof thosedevices. Examplesof devicesarethermometers
anddrill pressesExamplesof operationsare measuringhe tem-
peratureanddrilling a hole, in additionto settingup the devices
with initial parameterandrudimentarydataanalysis.

Theoperation®of anexperimentarewritten in alanguagecalled
MML, or Mission Modeling Language.(The term “mission” is a
synorym for “experiment”.)MML includesstatementshatareex-
ecutedautomatically statementghat mustbe executedmanually
(in which caseMML prints a messagandwaits for a humanop-
eratorto con rm thattheoperatiorhasbeenperformed) andstate-
mentsthatare executedsemi-automaticallyMML's control struc-
turesinclude sequentiatomposition parallelcomposition proce-
durecalls, conditional(if ) statementsandlimited supportfor it-
eration(loops), which is rarely necessaryn our context. The C#
implementatiorof theMML programmindanguageisespredicate
elds —thoughthe MML languagétself doesnot supportpredi-
cate elds.

To give a avor of the MML language,Figure 7 shavs how
Galileo's free fall experimentmight be expressedn MML. The
purposeof this experimentis to shav thattherulesof gravity apply
equallyto all objects. The experimentis performedin a vacuum
andconsistf droppingdifferentobjectsfrom differentlocations
andmeasuringheir trajectoriesandfall time. The weight, initial
height,andfall time of eachobjectis measure@ndstored.

Thelist of devices (not shavn) includesall the equipmenthat
participatesin the experiment: a vacuummachine,a mechanical
releasanaching MRM), atime-stampedameraandascale.Con-
sumablehardware(suchastheobjectsthataredropped)s notcon-
sideredpart of the experimentde nition norincludedin thelist of
devices.

4.2 Requirementsand design

Thekey requiremenfor theexperimentatontrolsystenis adapt-
ability to physicalhardware changesandreplacementsNew de-



vicesaredevelopedconstantlyjncorporatinghosedevicesinto the

systenshouldrequireno softwarechangesn theexperimentaton-

trol system(but may requirechangego experiments).In addition,
the systemshouldgive the usersthe ability to conductan experi-

ment,repeait, andrun simultaneougxperimentsaswell asrepeat
the sameexperimentstepswith a differentsetof hardware. These
requirementsveremetby adoptingtwo majordesigndecisions.

The rst designdecisionis the de nition anddevelopmentof a
MissionModelingLanguaggMML) for writing experiments.The
systemsoftware controlsand managevariousexperimenty“mis-
sions”) that take placesimultaneously Experimentsexpressedn
MML specify both systembehaior and userinteractionwith the
system MML wasdescribedn Section4.1.

The seconddesigndecisionis useof a highly con gurabletwo-
level systemarchitecture Thetwo levelsof thesystemareaknowl-
edgelevel andanoperationalevel. Theoperationalevel describes
the concretemodel of the system,derived from the functionalre-
quirements.The knowledgelevel containsthe meta-modebf the
systemandde nesthelegal con gurationsof operationalevel ob-
jects. Theknowledgelevel describeshephysicalworld thatshould
be known to the system,including devices, device types, com-
mands protocols,cablesandlO channels.

4.3 Users

The systemsenesthreedifferentusergroups: ExperimentDe-
signers ExperimentOperatorsandKnowledgelL evel Editors.

The ExperimentDesignercreatesan experimentfrom require-
mentssuppliedby a domainexpert. The ExperimentDesigneralso
performsrudimentaryanalysison the resultsto verify thatthe ex-
perimentwasexecutedcorrectly

TheExperimeniOperatorunstheexperiment.His editingcapa-
bilities arelimited to skippingor re-executingstatementandmak-
ing minor changeso theinformationsentto thedevices.He cannot
male permanenthangedo the experiment.

The Knowledge Level Editor is an electrical engineerrespon-
sible for developingnew hardwareanddriversfor the system.He
canedittheknowledgelevel in orderto incorporatehenew devices
into the system.

The userinterfacefor the ExperimentDesignerandthe Experi-
mentOperatoris tree-based.The ExperimentDesigneraddsnen
statementdo the statementdree and new devicesto the devices
tree. Eachelementin thetreecanbe con gured by arelatedprop-
ertiesform. The ExperimentOperatorcanobsere the properties
of the variousitemsin the treesaswell asthe progressof the ex-
perimentshavn onthe statementree.

4.4 Programming languagemetaphor

The experimentalcontrol systemcan be viewed not only asa
commandand control software for de ning and controlling ex-
periments,but also as a programminglanguageimplementation
supportingpersistenbbjects. Becausenoneof the systems users
is trainedin computerscienceor programming,a typical editor
compilerinterfaceto MML would notbeappropriate.

In theprogrammindanguagenetapharthe ExperimenDesigner
is a programmerandthe ExperimentOperatorexecutesan exper
iment in delug mode. The operationallevel of the architecture
(Section4.2)is theanalogof thedevelopmentervironment,editor,
compiler linker, andexecutor Theknowledgelevel of thearchitec-
tureincludesthetypede nitions, andthe KnowledgeLevel Editor
de nesnew types. The developersusedpredicate elds to addthe
MML statementsle nitions to theknowledgelevel.

Ordinarily, a programmercan changethe type of a variableby
changinga declarationin a program. The ExperimentDesigner

canchangetypesby usingthe tree-structureds Ul to setthe type
of an object. This changeof type affectswhat elds exist in the
object.In thesystemall objectsarepersistentthey arestoredin a
databasefor example),sothe changeof type mustbere ectedin

all accessew theexisting objectratherthanby exiting theprogram
andre-runningit to createa new object.

5. IMPLEMENT ATIONS

We built two implementation®f the experimentalcontrol sys-
tem that satisfy the requirementof Section4. The rst imple-
mentationis in daily useat one experimentalfacility. The sec-
ond implementatioris in incrementalntegrationat a differentfa-
cility and will eventually replacethe rst implementation. Re-
implementatiortook advantageof knovledgegainedfrom the rst
effort andpermittedexplorationof differentdesigndecisionsmost
notablythe useof predicateelds.

5.1 Implementation 1

It took almost fteen manyearsto develop Implementationl.
It was developedin Borland's Delphi IDE [29] using the Object
Pascalprogramminglanguage.Is was designedas a multi-tiered
application[18] composedrom mary distributedcomponentse-
lying on Microsoft COM/DCOM technology[6, 10, 4]. Thisim-
plementatiorcontainsapproximatelyl00,000linesof code.

The projectwas divided into four clients: experimentediting,
experimentexecution knowledgelevel architectureandresultsan-
alyzer Thede ned experimentsthe knowledgelevel, andthere-
sultsare storedin the database.Their correspondingbjects,re-
sidingin the appropriatesener componentsarepersistenpbjects
[25]. Theimplementatiorcontainedhe following seners: device
engine,statemenengine,resultengine,experimentengine,anda
messagelispatcher The clientscommunicatedvith the appropri-
atesener to receve andsendinformationaboutthe persistenbb-
jects(statementsjevices, experimentsgtc). For example,the de-
vice enginecomponentasresponsibldor supplyingandediting
device informationaswell asusingthe device whenthe experiment
wasactivated.

Thesoftwaresystemcontainecknowledgelevel capabilitieshat
enablethe dynamicadditionof new typesof devices— with their
speci ¢ setsof protocolscommandsandl/O channels— asaplug-
in operation,without software changesor re-compilation. Let us
consider‘oscilloscope”(in short,“scope”)asanexample.A scope
is ameasuremerdevice; differentscopesaremanufcturedby dif-
ferentcompaniesbut sincethey areall madefor the samepurpose
they all sharea basicsetof commandssuchas: turn on/off, BIT
(built in test),readmeasurementddowever, differentscopessup-
portdifferentnumbersf I/O channelsandsomescopeoffer more
adwancedcommands.The systemis e xible enoughto enablethe
useof differentkindsof scopestheadditionof new modernscopes
to replaceold onesandthe utilization of the new optionsprovided
by the modernequipment.

5.1.1 De cienciesof Implementatiorl

Implementationl is considerechighly successful.lt hasbeen
useddaily since2001to designandrun mary experimentslt trans-
formedtheway thatwork wasperformedat the facility whereit is
installed,and otherfacilities are eagerto obtainit. The develop-
mentteamwon several compaly prizesfor outstandingcontritu-
tion to goalsof a coredivision project.

While Implementatiorl's adaptabilityto anticipatedchangess
asuccessn retrospecits designundulyburdensusersvhenadapt-
ing to other unanticipatedchangesAn examplefor sucha change
is addinga new device typesthatrequiresystemawarenes®f their



setups.This sectiondiscusseshreedesignde cienciesthatled to
the decisionto usepredicateelds for the developmentof Imple-
mentation2.

First, eachobjectin the userinterface(statementdevice, device
type,group,commandgetc.)hada custom-madropertypagefor
editingits information. Userinterfacedevelopmenttook a signi -
cantshareof thedevelopmentime, andit wasdif cult to integrate
new deviceswith unfamiliar editing information. For example,a
new form hadto be developed(possiblyinheriting and extending
anexisting form) whenaddinga new statementype (astatemenis
onestepin anexperiment,asdescribedn Section4.1),anen eld
to an existing statementype, or a new device type with different
setup elds.

Secondgchangeso thestructureof thestatementsequiredcross
cuttinglayerchangesAs anexample consideaddingamaxrepeat
eld thatlimits the numberof timesthe ExperimentOperatorcan
repeata statement. This modi cation resultsin changesto the
databasejatabaseonnectiity layer, businesgogic, clientto busi-
nesslogic facadesener side, client to businesdogic facadeclient
side, statementiew objectclient side,andthe statementbstract
form. This seeminglysimplechangerequiredextensie developer
effort andexpensve procesdeforereleasinganew versionor even
apatch.

Third, thetype of anobjectcould not be changed.Supposehe
ExperimentDesigneraddedan automaticstatementthen wanted
to changeit to a manualstatement.He would have to deletethe
automaticstatemenéndcreatea new manualstatemenin its place.
All the informationin that statemenis deletedand similar elds
mustbe setagain. Othertools usedfor experimentdesignsuffer
from the sameproblem[15].

5.2 Implementation 2

Implementatior?2 wasdevelopedusingMicrosoft Visual Studio
.NET andthe C# languag€[16, 20, 5]. The DCOM underlying
distribution layerwasreplacedwith .NET Remoting[27, 21]. Al-
thoughthe fundamentatequirementsveresimilar to the previous
project, Implementation?2 controlsmore, and more complicated,
hardwarethanImplementatiori, andit will eventuallyreplacem-
plementationl. Managementlecidedto develop Implementation
2 from scratchin the new languageandervironment,basecn per
ceived longevity of the developmentenvironment, availability of
libraries, and opportunitiesto improve the systems$ design. Most
notably Implementatior2 usespredicateelds.

Theschedulef theproject,whichwasdictatedoy externalsources,

requiredstartingdevelopmentvhile mostof therequirementgcon-

trolled devicesandexperiments)vereunknavn or vague.A team
of ve developers(two of whom, including the teamleader also
worked on Implementationl) producedfunctionally equalto Im-

plementationl in lessthentwo years. This decreasen develop-

menttime canbeattributedto reusingknowledgelearnedrom Im-

plementationl, usinga betterdevelopmentframevork, andusing
predicateelds to addressomeof theproblemsof Implementation
1. Onedesignchanges thatwhereadmplementatiori is a pack-
ageof four clientprograms|mplementatior? consistof oneclient

with all thenecessarjunctionality in orderto createauni ed look

andfeel.

5.2.1 Motivationfor predicate elds

Thissectiongivesthreemotivationsfor theuseof predicateelds.

First, we realizedthat all objectssharethe samecharacteristics
while beingedited.Implementatioril connectedhe userinterface
tree's nodes(statementdevice, ...) with viewersof the appropri-
ateobjects.However, it causedight couplingbetweerthe objects

Figure 8: Example of the Visual Studio .NET editing concept.
The useris editing or browsingin the left frame. On the right
hand side is a property frame that shows the contents of the
currently selectedobject (or the mutual properties of several
selectedobjects). Each editable property provides a way to
changeits value (selectingfrom a list, opening a new window,
writing text directly, ...).

in theuserinterfacelayerandthe objectsin thebusinesdogic layer
resultingin the crosscutting modi cation problemmentionedin
Section5.1.1 The informationrequiredwhen editing an object
consistof four parts:the objectdatastructure the possiblevalues
for eacheld in thisstructurethestoragdocationof eacheld, and
the connectionbetweenthe different elds. This led usto design
a dynamicobject, whosestructureis de ned by predicateson its
state.The elds carryall theinformationthatis usedto edit, save,
andload them. We have alsodecidedto adoptthe Visual Studio
.NET editing concept(seeFigure8). Every objectthatis selected
hasthe samepropertypagecreatedusinga PropertyGridgadget.
The PropertyGridgadgetqueriesthe objectaboutits elds using
re ection andpresentshemin areadablevay to the user Having
objectswith similar interfacegreatly simpli ed the task of wrap-
ping thoseobjectswith an objectthat canbe queriedby a Prop-
ertyGrid. The outcomeis a very homogeneoufook and feel for
the userinterfaceand greatly reduceduserinterfacedevelopment
effort.

Secondthelevel of uncertaintyin which the developmenteam
hadto work pushedus into generalizingbeyond Implementation
1, which wasitself highly e xible. Implementatiorl's knowledge
level includeddevices,device types,andcommandsUsing predi-
cateso emulatedynamicreclassi cationinto subclasseallowedus
to move the statemenhierarchyfrom the operationalevel into the
knowledgelevel. Predicateelds alsoenabledusto insertdevice
types' userinterfaceinformationinto the knowledgelevel. More-
over, controllingthe entireknowledgelevel with predicatesllows
ner control over the operationallevel. For example,the devel-
opercanusea predicateto force the ExperimentDesignerto sup-
ply additionalinformation when using a speci ¢ ScopeX anda
differentpieceof informationwhenusingScopeY. Thereforethe
augmentedknowledgelevel is highly con gurableandthe level of
re-usabilityis increased.Finally, by having each eld containall
the knowledge neededto edit, load, and save it, the Knowledge
Level Editor caneasily usethe predicatego supportnen devices
which arecombinationsf the existing elds.

Third, usingdynamicclassi cation permittedus to improve the
userinterfaceby allowing the designeto changehetype of edited



objectswithout remaoving the old one and creatingthe new one.
Thechangedbijectsretainall their mutualinformation,saving the
ExperimenDesignethetroubleof supplyingthesameanformation
repeatedly

5.2.2 PredicateUse

In Implementatior?, dynamictypes, elds, eld types,andpred-
icates,describedn Section3, were de ned aspart of the knowl-
edgelevel in the database Whenthe ExperimentDesigneris de-
signingthe experimentthe ExperimentOperatoris viewing arun-
ning experiment,or the KnowledgeLevel Editor is modifying the
systems knowledgeof the physicalworld (Cables,Devices,...),
the systeminstantiatebjectswith the appropriatedynamictype.
An objects visible stateis modi ed (or viewed) by the appropriate
userandwhenachangen the statecausepredicateso beful lled
or unful lled, the object’s structureis updated.

Thedeveloperscreatediynamictypesfor all thedifferentobjects
usedin viewing and editing the experimentsand physical struc-
ture (Devices,DevicesTypes,StatementsSignals SetupsGroups,
S
Thesystendevelopersnotuserspbtainthebene tsof predicate
elds. The Knowledge Level Editor interfacewas createdusing
predicate elds andallows controlledchangego them. However,
theusersareobliviousto the existenceof predicateelds.

6. EXAMPLE USESOF PREDICATE FIELDS

We will examinethe useand effects of the predicate eld’ s li-
brary through several examples. In Section6.1, an Experiment
Designemodi es anexperiment.In Section6.2,a developeraug-
mentsthestatemenhierarchywith anadditional eld andexercises
ne-grained control over the datasuppliedby the ExperimentDe-

signer

6.1 Experiment Designerinteraction

Using the partial de nitions in Figure 9, we will obsere two
modi cationsto anexisting experiment:addinga statementvhose
purpossas to sendtheautomaticstartcommando vacuummachine
#2,andreplacinga manualstatementwith anautomaticstatement.

6.1.1 Creatingandspecializinga new object

The ExperimentDesignerstartsthe processby selecting“add
new statementfrom a pop-upgeneratedrom the selectedstate-
ment. Thenewly createcbbjectsatis esonly the predicatefor be-
ing a statementPStatement. Sincethe predicateis satis ed, two
elds, StatementType (usedto imitate sub-typing)andname, are
added(exposed)to the dynamicobject. Those elds arevisible to
the ExperimentDesigneiin the userinterface.

Whenthe ExperimentDesignersetsthe statementype to auto-
maticstatementa new predicatePAutomaticStatement is satis-
ed andtwo new elds, device type andnumberof iterations,are
addedo thedynamicobject(andto the statemenpropertieform).
The ExperimentDesignercannow setthe device type to vacuum
machine(choserfrom alist of device types)andsinceanew pred-
icateis ful lled thecommand eld is addedto the statement.The
designercanselectthe startcommandrom thelist of vacuumma-
chinecommandsndvacuummachine#2 from thelist of available
vacuummachinescompletingthe constructiorof the statement.

6.1.2 Changingthedynamictypeof anobject

Supposehe ExperimentDesignerwishesto changea manual
statemento an automaticstatementn an experimentt Whenthe

1We startedntegratingthe systembeforeall the hardwarewasde-

enum StatementType {ManualStatement, AutomaticStatement};
pred PStatement dynamicType = Statement;
pred PManualStatement  statementType = ManualStatement;

pred PAutomaticStatement statementType = AutomaticStatement;
pred PAnyDeviceType deviceType != null;

field  StatementType statementType  when@PStatement;

field string name when@Pstatement;

field DeviceType deviceType when@PAutomaticStatement;

field  IntType numOfiterations when@PAutomaticStatement;

field  Command command when@PAnyDeviceType;
field  Device device when@PAnyDeviceType;

Figure 9: De nition of elds, eld types,and predicatesused
to demonstrate specializinga statementand changing a state-
ment'stype.

ExperimentDesignerchangeghetype of the statemenfrom man-
ual to automatic,the systemdetectsthat the PManualStatement
predicateis no longersatis ed andthat the PAutomaticStatement
predicateis satis ed. The systemremovesaccessibilityto all the
elds connectedwith PManualStatemenpossibly causingmore
predicatesto be unsatis ed. Then, the systemaddsall the eld
controlledby the newly satis ed predicatePAutomaticStatement.
It is importantto realizethatthose elds which aresharedoy both
statementypeswill retaintheir value over this exchange even if
they areeliminatedandthenrevived. The reasonis thatthey are
saredin the sameplacein thedatabase.

6.2 Developerinteraction

As anexampleof the developers interactionconsideraugment-
ing thestatemenhierarchywith themaxrepeat eld discussedh
Section5.1.12 The ExperimentDesignerusesthis eld to limit
howv mary timesa certainstatementanbe executedby the Exper
imentOperator Threechangedo the systemarerequired.

First, the developeraddsa maxrepeat eld to the knowledge
level. Thenew eld' s typeis unsignedAndinfinity (this eld
typeallowsthein nity valueaswell asary positive integer)andits
predicatds the statemenpredicate Thedefault valuefor this eld
isin nity (for backward compatibility).

Second,the developer createsa storagelocation for the new
valuein the databaselt canbe anadditionalcolumnin the state-
menttableor in ary tabledirectly connectedby foreignkey rela-
tion) to the statementable. Sincethe lasttwo modi cations are
doneto the knowledgelevel, they caneven be donewhile an Ex-
perimentDesigneris working. The ExperimentDesignerwill see
thisnew eld andwill have theoptionto changseits value.

The third changeis doneto the code. Thenew eld cannotbe
usedin anautomatedvay (presentinga description sendingsetup
to the device) but requiresbehaior changesThe developermodi-

es theexecutemethodof the statementlass(arealtype)residing
in thelogic tier to countthe numberof timesit hasbeenexecuted,
prohibiting executionaftermax.repeat times.

6.2.1 Fine-grainedcontrol

veloped. For hardware with known interface, we connectedhe
device's commandsgo the null device driver until thedevice driver
was developed. For deviceswith unknavn interface,the Experi-
mentDesignemsedmanualoperationsasplaceholdergor thereal
operations. Whenthe speci ¢ device type wasincorporatednto
the system,the ExperimentDesignerreplacedthe manualstate-
mentwith theappropriateautomaticcommand.

2This was not real a modi cation in Implementatior2, asit was
part of its initial design. However, this modi cation was a user
requestedchangeto Implementationl, which resultedin mary
cross-cuttingmodi cations, and partly triggeredthe useof predi-
cate elds.



Predicateelds support ne-grainedcontrol over objects.As an
example,considethecasenheredevelopersvereasledto helpthe
usersdetectpower failuresin thefacility. Therequestwassimple:
eachread-resultstatemensentto scope#3neededo bemarkedby
auniqguenumbersetby the ExperimenDesigner.Thesolutionwas
equallysimple: the developersaddeda predicatefor the speci ed
device (device = scope#3) anda temporary eld which appeared
only whenthis predicatds satis ed(scope#3is chosen) Avoiding
settingadefaultvaluefor this eld forcestheExperimentDesigner
to setavaluein this eld whenit is partof the object.

7. EXPERIENCE

In this section,we discusghe experiencegainedby usingpred-
icate elds in our implementation.We offer insightinto the tech-
nigues strengthsandweaknesseaswell asthe procesghe devel-
opersand(affected)userswentthroughfrom resentmento accep-
tance.

Section7.1discusseshe effectsof thelibrary on developersus-
ing thedynamicobjects.In Section7.2 we obsere theinitial neg-
ative reactionof the developersto the library, andspeculateon its
origin. Section7.3 demonstratethe acceptancef the library by
the developers.Finally, Section7.4 summarizeshe limitations of
our library andthedisadwantage®f usingit.

7.1 Developersusingthe library

Userinterfacedevelopershadto interactwith the dynamicob-
jects. A dynamicobjectprovidesa simpleinterfaceto querythe
valuesof its elds. In addition,it exposedeventsfor someof the
elds. Thoseeventsare red whenthecorrespondingeld’ svalue
is changed.The developeronly hadto instantiatethe object(with
theappropriatedlynamictype),andpossiblychoosea storagdoca-
tion. Finally, the developercanpassthe dynamicobjectto awrap-
per objectthat can be usedfor re ection (for example passingit
to PropertyGridgadgefor editing). Thosedevelopersreportecthat
duetoits simpleinterfacethedynamicobjectswvereeasilyusedand
theresultwasa signi cant decreasé developmentime. Someof
thedeveloperswereevensurprisediy theeaseandquicknesf the
developmentprocess.

7.2 Modifying the knowledgelevel

Developersadding supportfor new requirementsand features
hadto modify the dynamictypes(rarely), elds, eld types,and
predicatemore frequently). Thesemodi cations demandedin-
derstandinghe interactionbetweenthe different datastructures.
Adding new predicatesind elds andmodifying existing oneswas
initially dif cult for mostof the developers.This initial dif culty
canbeattributedto vefactors.

1. Using a declaratve approach. Since using predicate elds
in our library implies using a declaratie approachrather
thantheusualprocedurabpproachdevelopershadto change
their way of thinking. Combiningobject-orienteddevelop-
mentwith thepredicate-orientedpproachs somevhatsimi-
lar to switchingfrom proceduralanguage$o object-oriented
ones.In addition,thedeclaratve approacttanmaleit harder
to understandhe behaior of speci c components.

2. Farreachingeffects. Knowledgelevel modi cations have
farreachingeffects. This combinedwith the intrinsic type
un-safety(objectschangingtheir type dynamically) of the
dynamicobjectsoccasionallycausedinexpectedsystenmbe-
havior following changedo the predicateelds. As exam-
ples,the developersobsered thatcertain elds failedto ap-

pearwherethey should,or the systemwould reporf mary
instanceof the “ eld not found” run-time exception. The
commonpracticewasto puttheblameonthepredicateelds
library until the actualproblemwasfound.

3. Modi cations donedirectly in the database.Until proper
toolshadbeendeveloped knowledgelevel modi cationswere
donedirectly into the database.A developer making the
modi cationshadto visualizein hisheadtheconnectionde-
tweenthe different elds, eld types,andpredicates.Most
developersfoundit to bevery annging.

4. Predicateelds areimplementedasa library, ratherthanas
alanguageextension.De ning elds andpredicatess more
cumbersome;omparedo regularclassesThesoftwarewas
more verboseandthuslessreadable.Finally, performance
wasaffectedby calculatingpredicatesandaccessingelds.

5. Type safetyproblems. Objectsappearto changetheir type
dynamically Combinedwith thelibrary implementationstatic
type checkingis very hard. Considerthe following exam-
ple for type unsafety Obsere Figure 11. In our system
thename eld of o is accessedvith the s['name"] com-
mand.Theunderlyingassumptioris thato hasa eld named
name. Sincethis assumptiorcant beveri ed until runtime,
statictype checkingcannotbe done. We proposeswitching
to the Smalltalksolutionof dynamictype safetyveri cation
by writing mary testscasesWe could createa framevork to
allow the developerto specifyassumptiongboutthe system
andobjects'interaction.For example,aslong asa statement
hasadevice type eld, it shouldalsohave acommandeld.

7.3 Developerreactions

Whereashe developersinitially disliked the predicateelds li-
brary all of them reportedthat oncethey becamefamiliar with
de ning predicatesand elds (usually after the rst two or three
predicateshey de ned), they wereableto proceedwith ease They
alsofound out thattheir perspectie toward designingthe userin-
terfacehaschangedndnotedthatoneresultof usingthepredicate
elds wasthatalmostno customformshadto be built.

For example, the developmentteamhad to supporta require-
mentfor changingobjects'visibility andmodi ability in thediffer-
entcontexts— for example prohibitingthe userfrom makingcom-
mandchangeavhenrunningan experimentwhile allowing him to
male setupchangesWe addedcontexts andinformationaboutnor-
mal andunusualeld behaior in thedifferentcontets. Usingthis
solutionit took only a coupleof daysto supporttherequirement.

Anotherdeveloperhada taskto designa client for the knowl-
edgelevel modi cationsdoneby theKnowledgeL evel Editor. This
clientis usedto add new device typesinto the system,and other
amendmentsn the systems physicalworld knowledge. The de-
velopersuggestethatusingcustom-madevizardswould beeasily
implementedandtheresultinguserinterfacewould beclearer Af-
ter somebitter amumentsthe developmenteamdecidedo imple-
mentthe wizardsusingthe predicate elds library with a slightly
different version of the PropertyGridgadget. Somedevelopers
found it to be an unexpecteduse of the predicate elds library.
However, the implementingdeveloper who hadinitially opposed
the proposal,reportedthat in retrospectit was much easierand
moregenerako implementit with thelibrary.

3The systemcontainedmostthrown exceptionsallowing theusers
to recover and continuetheir work in the faceof certaintypesof
errors.



Since our developmentmethodologyis incremental,we post-
ponedthe signalspackagedevelopmentto latein the development
process.Signalsis a ratherlarge packagethat took extensie ef-
forts to implementin Implementationl. A signalis the output
of a measurementlevice and constitutesthe basisfor the gath-
ering, presentationand analysisof the results. The compleity
of signalslies in automaticswitching (the systemshoulddeduce
switchingfrom the users choserhardware)andresultsprocessing
(measurement-gees resultsshouldbe separatednto the signals
granularity stored,analyzedandretrieved in this level). The sig-
nalspackagevasinsertedin arelatively small effort (comparedo
the previous implementation)using predicate elds to control the
amountof signalseachmeasuremenrtevice supportsn additionto
beinganintegral partof theresultanalyzer

7.4 Limitations

While usingpredicateelds, we have obsened somelimitations
and pitfalls. Most problemsresult from the library syntaxand
would have hadlessimpacthadpredicateelds beenimplemented
asalanguageextension.

First,sincesystermrbehaior hearily depende®nmetadata,changes

to the metadatacan have farreachingaffects. It was often the
casethata carelesslevelopermadea seeminglysimple changeto

the predicate elds de nitions, only to discover that the system
had becomeunusable. This requirescareful modi cation, well-

documentedknowledgelevel structure andunit testing.

Secondly part of the resultingsoftware canbe harderto under
stand. Sincewe are using declaratve de nitions, it is very hard
to graspa componens full structure(evenif we did not take into
accountdynamicstructuremodi cations).

Thirdly, implementingpredicateelds asalibrary ratherthanas
alanguageextension(asis the casewith all previously predicate-
orientedprogrammingproposalstancausehe softwareto beless
readablelt canalsoincur someperformanceverheadvhenmodi-
fying theobjectstructureandaccessingelds within theobject,but
thisoverheads negligible sincedynamicobjectsareusedprimarily
in theuserinterface.

Lastly, sincetypesarechangeddynamically type safetycannot
be guaranteedHowever, developerscanusethe proposedesting
schemeo transformtheir beliefsaboutthe correlationbetweerthe
objects stateandits setof elds, into tests.

8. LIBRARY LOW-LEVEL
IMPLEMENT ATION

We now summarizehekey capabilitiesthatareprovidedby the
predicate elds library. The dynamicobjectabstractclassis Dy-
namicObject. Its interfaceallows addingandremaoving elds as
well asregisteringfor the eld' svaluechangesvent. Theextending
classesncludeDatabaseDynamicObjedtlemoryDynamicObject,
andXMLDynamicObject,eachloadingandstoringtheinformation
from adifferentlocation. TheFieldsAdapteclassis responsibldor
addingandremoving elds in thedynamicobjectasthepredicates
becomesatis ed or unsatis ed. ObjectPresentds a wrapperclass
that senes as the mediatorbetweenthe dynamicobject and the
PropertyGrid(a .NET userinterfacegadgetthat usesre ection to
provide a userinterfacefor browsing the propertiesof an object).
The ObjectPresenteappeargo the PropertyGridto be an object
correspondingdo the currentcontentsof the relevant dynamicob-
ject. The ObjectsBindeallows the userto simultaneoushedit the
similar structureof agroupof objects.

8.1 Library codesample

Figure 10 containsa partof the dynamicobjectinterface.A dy-
namicobjecthasthe C# type DynamicObject . The DynamicOb-
ject constructotakesasanargumentthe dynamictype, andsets
thedynamicobjectstypetoits agument.TheDatabaseDynamic-
Object implementsadynamicobjectthatis loadedfrom andsaved
to the database.lts constructorhas an additionalargument,the
ID of the object. This ID may be an ID of an existing object
(which will beloadedfrom the databasedr afreshID createdby
the system(indicating whereto storethe object). The dynamic
objectinterfacelDynamicObject ~ containsa noti cation mecha-
nism, which allows a using containerto be noti ed whena eld
valueis changed.

Figurelldemonstratessinga dynamicobjectin atreeof state-
ments. The statementare statementsn the MML programming
languagg(Mission Modeling Language seeSection4.1), andthe
treeis the userinterfaceto that programminglanguage(seeSec-
tion 4.3).

SincetheMML statementarepersistentn adatabasethestate-
mentID (eitheran existing statemento be loaded,or a nev 1D
createdby the system)is passedo the constructonof DatabaseDy-
namicObject.Whenthe new dynamicobjectis createdthe predi-
cate(PStatement)s satis ed, causingthe name eld to be added
to the object. Also, whenthe userselectsa node (in the state-
mentstree), the tree OnSelect methodwrapsthe containeddy-
namic object with an object of type ObjectsPresenter . The
OnSelect methodthenpassesheObjectsPresented  to a Prop-
ertyGridgadgethatusesre ection to presenthe objects elds to
theuser

8.2 Field storagelocation

This sectionsummarizefiow our library determineshe storage
locationfor elds in adynamicobject. Thedynamicobjectscanbe
loadedfrom andsavedto persistenstorage For anobjectstoredin
thedatabasethetableusedto storeit is foundin the dynamictype
de nition. Whena eld is storedo or loadedfrom thedatabasehe
objects ID is usedto nd the appropriaterow, andthe eld’ s col-
umnis usedto nd the correctcolumnfor the eld' svalue. How-
ever, some elds have to be savedin tablesotherthanthe objects
table. For example,the KnowledgeLevel Editor (Section4.3) can
de ne commandon groupsof devices. Sincethe correlationbe-
tweendevicesandgroupsis mary-to-mary, thiscorrelationis saved
in its own table. Therefore whena dynamicobject’s device-group
eld needdo beloaded the previous suggestednethodfails.

We solvedthis problemby addinginformationto determinestor
agein atable connectedby a foreign key relation)to the object
table. (This seemgo be enoughfor our purposesin the future, it
may bevaluableto allow storingandloadingobjects elds from a
tableconnectedvith a pathof arbitrarylengthto the objecttable.)
This information consistsof two columnnamesanda table name
addedto the eld' s de nition. As shawvn in Figure12, the library
locatesthe additionalrow (therow in the secondable,which con-
tainsthe objects data)by searchinghe secondable(foundin the
eld' s de nition) for a valuefoundin the objectrow (arow con-
taining the objectdatain the objects main table, taken from the
dynamictype).

9. RELATED WORK

Our work is the rst, to our knowledge,to evaluatepredicate
elds orotherpredicate-orientedrogrammingechniquesn asub-
stantialreal-world application.However, the conceptsarenot new
andhave beendevelopedby previousresearchers.



/I This delegate define the
/I signature of an event which
/I is thrown will a dynamic field

/I changes its value.
public  delegate void FieldChangedEventHandler
(object  sender, string fieldName,
object  oldValue, object newValue);
/I The root of the Dynamic Objects inheritance tree.
/I Instances  of IDynamicObject may contain

/I predicate fields.
public interface IDynamicObject

event FieldChangedEventHandler

FieldValueChanged;
void AddField(string fieldName,
object  defaultValue);
void RemoveField(string fieldName);
bool FieldExists(string fieldName);
object  this[string fieldName] {
get; /I use default getter
set; /I use default setter
}
DynamicType dynamicType {
get;
}
}
/I Provides implementation for common methods

/I for the DynamicObjects
public class DynamicObject:

Hierarchy
IDynamicObject

public  DynamicObject(DynamicType
this.dynamicTypeld = dynamicType
}
}

/I A persistent dynamic object that is loaded
/I from and saved to a database.
public class DatabaseDynamicObject

dynamicType) {

DynamicObject

public  DatabaseDynamicObiject(int id,
DynamicType dynamicType): base(dynamicType) {
this.id = id;

}

}

Figure10: C# codefor the dynamic objectinterface of the pred-
icate elds library .

Most work on enhancingpbject-orientedanguageswith predi-
cateshasfocusedon the dispatchmechanismwhich gives a way
for differentobjectsto responddifferently to a particularmethod
invocation; examplesinclude predicatedispatchingand predicate
classes.By contrast,predicate elds give a way for differentob-
jectsto have different elds at run time: the structure not the be-
havior, of objectsis dictatedby run-time values. Predicateelds
canbe usedto simulateaspectf predicateclassesand predicate
dispatch,andthathasbeena commonusefor them(includingin
our casestudy).

Predicateclasse$8] supporta form of automaticdynamicclas-
si cation of objects. They provide the functionality of predicate
elds; additionally they permitmethodso specializeon theiden-
tity or stateof anargument,in additionto the recever's type. An
objecthasthe type of a predicateclassif the objects statesatis-
es theclasss predicate. A predicateis an arbitrary booleanex-
pressionjncluding subtypechecksthat permitemulatingsingleor
multiple dynamicdispatch.As in our implementationpbjectsre-

/I A tree of MMLprogramming language statements
/I is displayed in the MMLuser interface.
Class StatementsTreeView TreeView

/I  Create a dynamic object for a statement
/I and connect it to the appropriate node.
public  newStatement(TreeNode node,
int statementld){
/I In the stylized syntax of figures 1-6, as
/I would be used in a language-based
/I implementation of predicate fields, the
/I body of this method would be:

1 IDynamicObject o =

1 new Statement(statementld);

I node.tag = o;

1 o.name = "new statement";

I o.FieldValueChanged +=

I new FieldChangedEventHandler(Refresh);

IDynamicObject 0 =
new DatabaseDynamicObject(statementld,
Statement);
/I Connect the object to its node in the UL
node.tag = o;
o['name"] = "new statement";
o.FieldValueChanged +=

new FieldChangedEventHandler(Refresh);

public event Refresh(object sender,
string  fieldName,
object oldVvalue,
object newValue){

/I Refresh the tree view in the Ul

}
/I This method is called

when the
/I user selects one of the tree nodes.
public  OnSelect(TreeNode n){
/I Present the selected statement to the user.

propertyGrid.selected =
new ObjectsPresenter(n.tag);

PropertyGrid properyGrid;

}

Figure 11: Using a dynamic object in the user interface devel-
opment. This codedemonstratethe creation of the statements
dynamic objectsin atreeof statements.

sene spacefor ary elds thatmight be inheritedfrom a predicate
object,andthevaluein sucha eld persistevenwhenthecontrol-
ling predicateevaluatego falseandthe eld is inaccessible.
Classi ersin Kea[17,19,23] areaprevious,morelimited mech-
anism.Keaclassi ersautomaticallydeterminaheeffective type of
an object, which canaffect dispatching. However, Keais a func-
tional language so no dynamicreclassi cationever occurs. (The
sameis true of Views [32], which offer differentobserer methods
onasingleunchangingbject.)FurthermoreKeaclassi ersarede-
terminedby the value of a singleenumerated-typattribute, or by
explicit instantiationof a particularsubclass Ourimplementation
is similar, but permitsclassi cationbasednthevalueof a eld of
arbitraryprimitive or stringtype. CLOS[2] andDylan[1] areeven
morelimited: dispatchingcandependon the identity of an amu-
ment, but cannoteasilydependon a moregeneralconditionof an
argument.Objectsin the Selflanguaggd31] have anexplicit parent
pointerthat canbe reassigneat run time, permittingthe effective
superclassf anobjectto change.
Otherresearctiocuseonmakingdispatchingnoreef cient with-
out affecting the objects representation.Multiple dispatch(also
calledmulti-methoddispatch)[3, 7, 12, 11] permitsdispatchingo
dependon the run-timeclassef multiple alumentsnotjust the



Figure 12: Finding a eld' s databaselocation, using the table
information from the dynamic type and the ID of the object, in
addition to the foreign keysand the column namein the eld' s
de nition.

recever. Predicatadispatching13, 9, 30, 26, 22] permitsarbitrary
boolearpredicates$o controldynamicdispatchjogicalimplication
betweenpredicateds the overriding relationship. Predicatedis-
patchinggeneralize®bject-orientedsingle and multiple dispatch,
ML-style patternmatching,predicateclassesandclassi ers;how-
ever, it doesnot directly supportpredicate elds. Millstein [22]
givesthe mostextensve previous evaluationof predicate-oriented
programming,shaving that predicatedispatchingcan reducean
800-line programto 700 lines. The work of Millstein et al. [11,
22] alsogivesa modularstatictype systemfor an expressie lan-
guage;otherapproachesncludingour own, rely on dynamictype
checkingwhich hasthedisadwantageof revealingerrorstoo late.

10. CONCLUSIONS

We have presentednimplementatiorof predicateelds asali-
brary anda casestudyin which the predicate elds whereused
penasively in a 100,000-linesystem. Developersfound predicate

elds usefulin practice. The library is usedsuccessfullyandin-

tensiely in a projectwith very tight deadlines. This casestudy
providesconcretesvidencethatotherpractitionersshouldtry pred-
icate elds, andthatresearchershouldcontinueto re ne designs
andimplementations.

In the casestudy developersusedpredicate elds to support
greatersoftware e xibility, bothfor themselesandfor pawverusers
(Knowledgelevel Editors).Predicateelds gave developergreater
control over objects,allowed ned-grained modi cations to spe-
cic elds, andprovided a declaratve approacho de ning object
structure which permittedchangego be easilyre ected through-
outthesystem.

Predicateelds wereparticularlyusefulin providing a uniform
interface to an arbitrary (and dynamically changing)number of
possibleobject structureswhich was achieved througha combi-
nation of re ection andtreatingdynamicobjects(createdby the
library) asreal C# objects. Our experiencesuggestshat predi-
cate elds may be particularlyusefulin projectswith an extensve
user interface which containsmary objectsorganizedhierarchi-
cally. Furthermorepredicate elds area goodmatchfor projects
in which requirementgand persistenbbjects)changefrequently
becausehey permitboththecodeandthe objectsthemselesto be
easilyadaptedo new circumstances.

Usingpredicateelds, developerswereableto modelreal-world
objects(which appearto have differentattributesin differentcir-
cumstancer whosestructurechange®ver time) in asimpleand
naturalfashion. The alternatve— emplg/ing complex designpat-
ternsto capturethis information—is lessattractie.

Ourpredicateelds implementatiorhasanumberof limitations:
it is implementedasa library ratherthanintegratedwith the pro-
gramminglanguage;t doesnot supportpredicatedispatchingor

predicateclasses;the syntaxfor predicatess very limited; and
it usesdynamictype-checkinggiving the possibility of run-time
typeerrors.Despitethesdimitations, the implementatiorwassuf-
ciently powerful to solve the problemsencounteredn building
the industrial control system,andthe developersdid not feel that
(for example)lack of supportfor dynamicbehaior modi cation of
objects(predicatedispatch)wvasasigni cant hindrance Thisresult
is suggestie regardinghow muchlinguistic powver andcomplexity
is desirablan practice.

The casestudyalsorevealedsomepotentialdonvnsidesof using
predicateelds, someof whichareconsequencesf theimplemen-
tationandsomeof which areinherentto the useof predicateelds.
Languageandtools supportareimportantin reapingthe potential
bene ts of predicate elds. For instancejt would have beenbet-
ter to generatamostof the userinterfaceautomatically andbetter
syntaxcheckingwould have beenwelcome.Thedeclaratve nature
of the predicatesvasusefulin propagatinghangeshroughouthe
system put the samecharacteristi¢non-localcontrol) could make
componenbehaior dif cult to understandThebiggestremaining
problemis lack of statictype safety In the absencef integration
into a widely acceptecprogramminglanguagemplementation(a
distantprospect)we have proposeda testingmechanisnthat may
mitigatethis problem.
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