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ABSTRACT
Predicate�elds allow anobject's structureto varyat runtimebased
on theobject's state:a predicate�eld is presentor not, depending
on thevaluesof other�elds. Predicate�elds andrelatedconcepts
havenotpreviouslybeenevaluatedoutsidearesearchenvironment.
We presenta casestudyof two industrialapplicationswith similar
requirements,oneof which usespredicate�elds andoneof which
doesnot. Theuseof predicate�elds wasmotivatedby requirements
for high �e xibility , by unavailability of many requirements,andby
high userinterfacedevelopmentcosts.Despitean implementation
of predicate�elds asalibrary (ratherthanasalanguageextension),
developersfoundthemnaturalto use,andin many casesthey sig-
ni�cantly reduceddevelopmenteffort.

Categoriesand SubjectDescriptors
D.1.5[ProgrammingTechniques]: Object-orientedProgramming;
D.2.2 [Software Engineering]: DesignTools and Techniques—
Userinterfaces; D.3.3[ProgrammingLanguages]: LanguageCon-
structsandFeatures—Data typesandstructures

GeneralTerms
Design,Experimentation,Languages

Keywords
Predicates,PredicateFields,Classi�ers,Structure,User Interface
Development,ExperimentalControlSystem

1. INTRODUCTION
At the heartof object-orientedprogrammingis the ability for

run-timevaluesto affect programbehavior. For example,dynamic
dispatchselectswhichimplementationof amethodto invoke,based
on therun-timeclassof thereceiver object.Researchershave pro-
posedother, morepowerful waysfor run-timevaluesto affectboth
thebehaviorandthestructure of objects.

Multiple dispatching[2, 7, 11] permitsdynamicdispatchto de-
pendon thetypesof all arguments,not just thereceiver. Predicate
dispatching[13,22] usesarbitrarypredicates(booleanexpressions)
to selectthemostspeci�c applicableimplementation,so dispatch
candependon any aspectof programstate.
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Predicate�elds (thesubjectof thispaper)giveawayof affecting
objectstructureratherthanobjectbehavior. A predicate�eld is a
�eld of anobjectthatis present(canbereadandwritten)depending
on the valuesof other �elds. In otherwords, the structureof an
objectvariesat run timedependingon thevaluesof its own �elds.

Otherresearchcombinesaspectsof both linesof research,per-
mitting dynamicchangesin both behavior and structure. Predi-
cateclasses[8] usepredicatesto dynamicallyclassify an object
to its subclasses.Classi�ers in the KEA programminglanguage
[19, 23], which are basedon the value of a single enumerated-
type attribute,arealsousedto automaticallyclassifyan objectto
mutually-exclusive subclasses.Taivalsaari's Modes[28] are an-
othersimilar mechanism.

Despitelively interestfrom theresearchcommunity, we arenot
awareof any prior substantiveevaluationof predicate-orientedpro-
gramming. We have implementeda library that supportsthe cre-
ation of dynamicobjects,which areobjectswith predicate�elds.
While thelibrary forcesusersto usea specialsyntaxfor accessing
dynamicobjects,andthepredicatesareof limited expressiveness,
thelibrary wasnonethelesspowerful enoughandusableenoughto
bethebasisfor a mission-criticalindustrialsystem.

This paperpresentsa casestudyof two systemsbuilt to similar
requirements.The �rst implementationis a commandandcontrol
systemfor a facility in which physicalexperimentsareperformed.
Thesecondimplementationis similar, thoughmoreambitious,and
wasdesignedaroundtheuseof predicate�elds in orderto mitigate
de�cienciesin the�rst implementation.Thisuseof predicate�elds
wassuccessful:the resultingsystemis very �e xible, the userin-
terfaceis highly con�gurable,anddevelopmentcosts,especiallyin
the userinterface(which canaccountfor 50% of effort expended
[24]), weregreatlyreduced.

We believe this is the�rst evaluationof predicate-orientedcom-
puting in a large-scaledevelopmenteffort. Our observationshelp
to indicatecircumstancesin which predicate�elds aremostuse-
ful, andthepracticalobstaclesto their use. Our observationsalso
suggestthat many importantbene�ts areobtainedeven in the ab-
senceof sophisticatedpredicateexpressionsanddispatchingmech-
anisms.Oneimplication for practitionersis that it canbe advan-
tageousto useeven a primitive implementationof this language
feature.

Theremainderof thispaperis organizedasfollows. Section2 re-
views predicate�elds, andSection3 discussesuseof ourpredicate
�elds library. Sections4–7 presentour casestudy: requirements,
systemimplementation,usein practice,andevaluation. Section8
detailsthelibrary implementation.Section9 surveys relatedwork,
andSection10concludes.



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

{ManualStatement, AutomaticStatement};

// PStatement is a predicate that is true
// when the object is of type Statement.
// dynamicType is a built-in field; see Figure 10.
pred PStatement

dynamicType = Statement;
pred PManualStatement

statementType = ManualStatement;
pred PAutomaticStatement

statementType = AutomaticStatement;

// The field named statementType (of type
// StatementType) exists in any object for which
// the predicate PStatement evaluates to true
// (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"; // ERROR
s.statementType = ManualStatement;
s.description = "Please push red button";
s.device = new Oscilloscope(); // ERROR
s.statementType = AutomaticStatement;
s.device = new Oscilloscope();

Figure 1: Using predicate�elds to emulatedynamic classi�ca-
tion for IDE development (stylized syntax). Lines marked as
“ERROR” result in run-time exceptions.

2. PREDICATE FIELDS
A predicate�eld is a �eld whosepresencein anobjectdepends

ontherun-timevalueof apredicate— abooleanexpression.Predi-
cate�elds allow anobject'sstructureto varyat run time. Whenthe
predicateis satis�ed, the �eld is part of the object's structureand
canbereadandwritten. If thepredicatelaterbecomesunsatis�ed,
the�eld ceasesto bepartof theobject's structure.

Differentproposalsfor predicate-orientedprogrammingusepred-
icatesof varyingcomplexity. Predicateclasses[8] permitarbitrary
booleanexpressions,while Keaclassi�ers[19, 17] aredetermined
by thevalueof asingleattributeof anenumeratedtype.Our imple-
mentationis similar to Keain thatpredicatesarebasedon equality
of a singlevariableto a speci�ed value. However, the variable's
typemaybea stringor any primitive type.

Predicate�elds mayseemto bea limited mechanism.However,
they canbeusedto emulatepredicateclasses(dynamicclassi�ca-
tion of an object into subclasses),asshown in Figure1. This is
similar to, but moreconvenientthan,designpatternssuchasdeco-
ratoror stateaimedat asimilar purpose[14].

Herewe note four motivationsfor predicate�elds. (Other re-
searchhasprovidedadditionalmotivations.)

First,predicate�elds allow anobjectto changeits structuredur-
ing its life cycle. For example,anemployeemight initially have a
�eld for hishourlywage.After apromotionto salariedstatus,such
a �eld is no longerrelevant,but a monthlyor yearlysalary�eld is
necessary. Insteadof usinganelaborateclasshierarchyto, for in-
stance,separatetheemployeeobjectfrom his methodof payment,
a developercan usepredicate�elds to createthe suitableobject
structure.

Second,predicate�elds permit the 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 a grad-
uate studentprogressreport.

suchaschangingthe type of a createdobjectwhile preservingall
thedatawhich is mutualto bothtypes.Thealternative,deletingthe
old objectandcreatinga new one,cancauselost work anderrors.

Third, predicate�elds caneasedevelopmentof graphicalinter-
faces(andothercomponents)by presentinga uni�ed view on ar-
bitrarily many collectionsof �elds. As oneexample,if re�ection
properly recognizesthe �elds, then even thoughtheremay exist
many differentvarietiesof object,eachwith its own collectionof
�elds, the codefor manipulatingobjectscanbe simpleandcom-
pact.

Fourth,predicate�elds permit�ne-grainedcustomizationof ob-
jects or object behavior, without requiring new classde�nitions.
For example,extendingthe employee exampleabove, a speci�c
employee's humanresourceinformationmightbetaggedwith spe-
cial �elds relevantonly to thatemployee.

2.1 Predicate®eld example
As anotherexampleof useof predicate�elds, considerawebsite

wherea graduatestudententersinformationaboutprogresstoward
his degree. The information includes(amongothers)PhD thesis
proposal,andexpecteddatefor thecompletionof thePhDthesis.

Theexpecteddatefor thePhDthesisis not meaningfuluntil the
PhDthesisproposalis submitted:theformer�eld shouldnotexist,
or atleastnotappearin thewebform,whenthePhDthesisproposal
is empty. A possibleobjectorientedsolutionwould beto abstract
the notion of the �eld' s existencein the studentobject,by creat-
ing anassociationobjectbetweenthestudentobjectandits various
�elds. User interfacecodewould consultthis associationobject
whengeneratingor updatingthe screen.Figure2 shows another
solutionusingpredicate�elds. When thesisProposal getsset,
the�eld anticipatedDate becomespartof theobject'sstructure.
Thedevelopercanevengeneratetheuserinterfaceusingre�ection
to automaticallyincorporate�eld changesinto theuserinterface.

3. USING PREDICATE FIELDS
This sectiondiscusseshow a programmerusesour implementa-

tion of predicate�elds.

3.1 Library implementation
We have implementedpredicate�elds asa library in C#. Previ-

ouspredicate-orientedsystems[17, 19,8, 28,13,22] arebasedon
languageextensions,someof which areaccompaniedby a proto-
type implementation.Our decisionto usea library is a pragmatic
one.

Developinga library is mucheasierthanmodifying or creating
a new compiler, not to mentionthecontinuingwork of adaptingit
to new versionsof evolving languagessuchasJava andC#. Use
of a library allows thesoftwareto remaincompatiblewith existing
tools (IDEs, compilers,editors,etc.),andit is congruouswith the
programmer's knowledgeandpractices.

Choosinga library implementationover a languageextension



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

storageType storage = DataBase;
String tableName = TStatements;

}

Figure 3: Stylized dynamic type de�nition representingstate-
ments in the MML programming language. For simplicity of
presentation,most �gur esusea simpli�ed syntax that assumes
that predicate�elds are built into the C# language.The actual
implementation is asa library (seeSection8), making the syn-
tax lessconvenient than that shown here.

hasnegative consequencesaswell. Usingthelibrary is morecum-
bersome.A library maysuffer from worseperformancethana lan-
guageimplementation.The choiceof a library alsocausedus to
restrict the expressivenessof the predicate�elds. The predicates
arebasedon thevalueof a single�eld, andonly changesto object
structure(not to objectbehavior asin predicateclassesor predicate
dispatching)aresupported.

As notedin Section2, predicate�elds canemulatesubclassing,
and re�ection can be usedto respondto structurechanges.One
of thecontributionsof our work is thattherelatively impoverished
versionof predicate�elds thatwe implementedwasnonethelessof
signi�cant practicalbene�t, andwassuf�cient for the needsof a
substantialindustrialproject.

3.2 De®ning dynamic objects
Our library supportsthecreationof dynamicobjects, objectsin

which each�eld is a predicate�eld. A dynamicobject is an in-
stanceof a dynamictype. Conceptually, the declarationof a dy-
namic type lists the (predicate)�elds containedin eachobjectof
thetype.However, our library implementationusesdistinctsyntax
for type de�nitions, �elds, �eld types,andpredicates.Together,
thesesupportdeclaration,creation,anduseof dynamictypesand
dynamicobjects.

Thefollowingsectionsshow how thefourpieces(dynamictypes,
�elds, �eld types,andpredicates)areusedto createan automatic
statement,whichisastatementin theMML programminglanguage
(seeSection4.1) that canbeexecutedwithout humaninteraction.
When the userde�nes an automaticstatement,he must selecta
device type,a commandthat is valid for this device type,andthe
targetdevice of this type.

3.2.1 Dynamictypedeclaration
Eachdynamicobjecthasa type,calledits dynamictype; thedy-

namictypespartition thesetof all dynamicobjects.Thedynamic
typeis storedin adynamicobjectuponcreationandis permittedto
changesubsequently. The�elds thatbelongto a dynamictypeare
not listedin thedynamictypedeclaration,but areseparatelyspec-
i�ed (Section3.2.2), permittingpredicate�elds to be addedto a
dynamictypewithout changingthetypedeclaration.

In our casestudy, theexperimentalcontrolsystemsupportsper-
sistentobjects,so thedynamictypede�nition indicateswhereob-
jectsof the given type shouldbe storedto andloadedfrom. Two
commonchoicesfor thestoragelocationarea databasetablename
or anXML �le name;thesystemalsosupportsstoragein memory.

Figure3 givesanexampleof astylizedde�nition of theStatement
dynamictype.

3.2.2 Fields
A �eld de�nition containsthefollowing information:

Fundamental information name,�eld type (seeSection3.2.3),

// The command field in an automatic statement
// contains the command that is sent to the device.
Field command
{

// Fundamental information
fieldType DeviceCommand;
pred PAutomaticCommand;
name = "Command"

// Persistence information
column = "CommandId";

// User interface information
shouldRaiseEvent = true;
category = "Device Information";
description = "Command sent to the device";
viewable = true;

// Optional information
defaultValue = nopCommand;

}

Figure4: Stylized �eld de�nition.

predicate(seeSection3.2.4). The�eld exists in any object
for which thepredicateis true.

Persistenceinformation How to storeto or loadfrom a database.
Fieldvaluesareautomaticallyloadedandsaved.Thestorage
informationincludesthecolumnname,tablename,foreign
key 1, andforeignkey 2. Thelastthreepropertiesdetermine
the�eld' sstoragelocation,whenit is notstoredin theobject
tableasde�ned in thedynamictype.SeeSection8.2.

User interface information How to display, edit, andparseval-
ues. Theuserinterfaceinformationincludescategory (used
to separatethe�elds into differentsections),description,and
visibility. This userinterfaceinformationcannotbe speci-
�ed in the�eld type,sincethesame�eld typemightbeused
for several �elds, eachof themhasdifferentuserinterface
properties;considertheString �eld typeasanexample.

Optional information defaultvalue,read-only, assignable-once(if
true, the �eld becomesread-onlyafter it is set for the �rst
time),changenoti�cation (anobject,suchasacontainer, can
registerto receive aneventwhena �eld valuechanges).

Figure4 containsanexample,thecommand �eld declaration.
An implementationcould createand allocatea predicate�eld

lazily (only whenit is needed);alternatively the�eld mightalways
bepartof theobjectstructure,but unavailableuntil thepredicateis
satis�ed [8]. Our library implementationallows both approaches,
storing �elds either in the databaseor in memory. The valuesof
�elds storedin the databasearepreserved over time. The predi-
catescontrolwhich of thosevaluescanbeaccessed.Fieldsstored
in memoryare createdand deletedwhen predicates'satisfaction
changesanddonot save their valueover time.

3.2.3 Field types
Field typesspecifythetypeof thedatathatis storedin the�eld,

aclassusedto edit its value,andaclassusedto convert its valueto
andfrom aprintedrepresentation.

As an exampleof a �eld typede�nition, considerthe Device-
Command�eld typein Figure5,whichde�nesa�eld typefor device
commands.A device commandis usedto abstracta methodin the
device's API.

As anotherexampleof customizationof editorsandconverters,
we replacedtheBooleantypedefault editorwith a typeeditor that
letstheuserchoosefrom alist of native languagewordsratherthan



// FieldType Wrapper which allows a
// dynamic object to have dynamic
// command field.
FieldType DeviceCommand
{

// The Command class is an abstraction
// of a method in the device's API.
type Command;
// The CommandEditor is a class which will
// query the object for its device type, then
// it will build and present the list of
// available commands for this device type.
editor Editors:CommandEditor;
// CommandConverter will convert the field
// enumerated value to a viewable command
// 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;

Figure6: Stylizedpredicatede�nitions.

“true” or “f alse”. Theconverterwasthenusedto convert trueand
falseto native languageandback.

Field typesaredistinctfrom dynamictypes(Section3.2.1): we
madea simplifying implementationdecisiondisallowing a �eld
from containinga dynamicobject,andsoonedynamicobjectcan-
not directly refer to another. Nevertheless,�elds in differentdy-
namicobjectscansharethe samestoragelocation(suchasa par-
ticular databasetable),therebyallowing anindirectconnectionbe-
tweentheobjects.For example,if a statement's device �eld refers
to a device in thedatabase,thenthedevice namecouldbechanged
eitherin thestatement,or in a dynamicobjectrepresentingthede-
vice. Eithermodi�cation will bere�ected in thebackingdatabase
andin theotherdynamicobject.

3.2.4 Predicates
In our library, a predicateis constructedfrom a pair of a �eld

nameanda valueof the �eld' s type. Predicatesarenot arbitrary
booleanformulas. Our predicatescanbe usedto captureany de-
siredpropertyof dynamicobjects,sothesyntacticlimitation is not
a semanticone.

This decisionimplies that developerscande�ne a predicateon
every possiblevalue of the object's state. Settinga special�eld
namefor the dynamictype allows us to de�ne the groupof pred-
icatesshown in Figure6; thesepredicatesareusedto de�ne the
commonstructureof thetype.

4. CASE STUDY: EXPERIMENT AL CON­
TROL SYSTEM

We performeda casestudy involving two systemsthat control
facilitiesfor complex experiments.Thetwo implementationsserve
ascommandandcontrolsoftwarefor experiment-conductingfacil-
ities. Their goal is to enablescientistsandtechniciansto de�ne,
control,execute,andexaminetheseexperiments.Theexperiments
demandcontrolof complex eventsinvolving vastnumbersof accu-
ratemeasurementdevicesandoftenvery delicateequipment.The

1. Manual(“Inputobjectserialnumber, or zeroto stop”);
2. Setup(vacuummachine,MRM);
3. Manual(“Placeobjectonscale”);
4. scale.Read();
5. Manual(“PlaceobjectonMRM”);
6. camera.Setup(1);
7. vacuummachine.Start();
8. If vacuummachine.status= on, then

(a) MRM.Release();
(b) camera.ReadPhotos();
(c) vacuummachine.Stop();

9. Gotostep1

Figure 7: Galileo's fr eefall experiment,expressedin a variant
of the MML programming language.“MRM” standsfor “me-
chanical releasemachine”.

experiments'resultsmust be saved. Thoseresultsare later pro-
cessedandanalyzedby theexperiments'orderers.

Section4.1 explainsthe abstractionthat modelsan experiment
and the languagein which userswrite experiments. Section4.2
presentsthe high-level requirementsandthe relevant designdeci-
sionsusedto meetthoserequirements.Section4.3 discussesuser
interactionwith thesystem.Finally, Section4.4comparesthesys-
temto a programminglanguageimplementation.

4.1 Experiments and the MML language
An experimentconsistsof asetof devicesandasequenceof op-

erationsof thosedevices. Examplesof devicesarethermometers
anddrill presses.Examplesof operationsaremeasuringthe tem-
peratureanddrilling a hole, in addition to settingup the devices
with initial parametersandrudimentarydataanalysis.

Theoperationsof anexperimentarewritten in a languagecalled
MML, or Mission Modeling Language.(The term “mission” is a
synonym for “experiment”.)MML includesstatementsthatareex-
ecutedautomatically, statementsthat mustbe executedmanually
(in which caseMML printsa messageandwaits for a humanop-
eratorto con�rm thattheoperationhasbeenperformed),andstate-
mentsthatareexecutedsemi-automatically. MML's controlstruc-
turesincludesequentialcomposition,parallelcomposition,proce-
durecalls,conditional(if ) statements,andlimited supportfor it-
eration(loops),which is rarely necessaryin our context. The C#
implementationof theMML programminglanguageusespredicate
�elds — thoughthe MML languageitself doesnot supportpredi-
cate�elds.

To give a �a vor of the MML language,Figure 7 shows how
Galileo's free fall experimentmight be expressedin MML. The
purposeof thisexperimentis to show thattherulesof gravity apply
equally to all objects. The experimentis performedin a vacuum
andconsistsof droppingdifferentobjectsfrom differentlocations
andmeasuringtheir trajectoriesandfall time. The weight, initial
height,andfall time of eachobjectis measuredandstored.

The list of devices(not shown) includesall the equipmentthat
participatesin the experiment: a vacuummachine,a mechanical
releasemachine(MRM), atime-stampedcamera,andascale.Con-
sumablehardware(suchastheobjectsthataredropped)is notcon-
sideredpartof theexperimentde�nition nor includedin thelist of
devices.

4.2 Requirementsand design
Thekey requirementfor theexperimentalcontrolsystemisadapt-

ability to physicalhardwarechangesandreplacements.New de-



vicesaredevelopedconstantly;incorporatingthosedevicesinto the
systemshouldrequirenosoftwarechangesin theexperimentalcon-
trol system(but mayrequirechangesto experiments).In addition,
the systemshouldgive the usersthe ability to conductan experi-
ment,repeatit, andrunsimultaneousexperiments,aswell asrepeat
thesameexperimentstepswith a differentsetof hardware. These
requirementsweremetby adoptingtwo majordesigndecisions.

The �rst designdecisionis thede�nition anddevelopmentof a
MissionModelingLanguage(MML) for writing experiments.The
systemsoftwarecontrolsandmanagesvariousexperiments(“mis-
sions”) that take placesimultaneously. Experimentsexpressedin
MML specifyboth systembehavior anduserinteractionwith the
system.MML wasdescribedin Section4.1.

Theseconddesigndecisionis useof a highly con�gurabletwo-
level systemarchitecture.Thetwo levelsof thesystemareaknowl-
edgelevel andanoperationallevel. Theoperationallevel describes
the concretemodelof the system,derived from the functionalre-
quirements.The knowledgelevel containsthe meta-modelof the
systemandde�nesthelegalcon�gurationsof operationallevel ob-
jects.Theknowledgelevel describesthephysicalworld thatshould
be known to the system,including devices, device types, com-
mands,protocols,cables,andIO channels.

4.3 Users
Thesystemservesthreedifferentusergroups:ExperimentDe-

signers,ExperimentOperators,andKnowledgeLevel Editors.
The ExperimentDesignercreatesan experimentfrom require-

mentssuppliedby adomainexpert.TheExperimentDesigneralso
performsrudimentaryanalysison theresultsto verify that theex-
perimentwasexecutedcorrectly.

TheExperimentOperatorrunstheexperiment.His editingcapa-
bilities arelimited to skippingor re-executingstatementsandmak-
ing minorchangesto theinformationsentto thedevices.Hecannot
make permanentchangesto theexperiment.

The KnowledgeLevel Editor is an electricalengineerrespon-
sible for developingnew hardwareanddriversfor thesystem.He
canedittheknowledgelevel in orderto incorporatethenew devices
into thesystem.

Theuserinterfacefor theExperimentDesignerandtheExperi-
mentOperatoris tree-based.The ExperimentDesigneraddsnew
statementsto the statementstree andnew devices to the devices
tree.Eachelementin thetreecanbecon�guredby a relatedprop-
ertiesform. The ExperimentOperatorcanobserve the properties
of thevariousitemsin the treesaswell asthe progressof the ex-
perimentshown on thestatementtree.

4.4 Programming languagemetaphor
The experimentalcontrol systemcan be viewed not only as a

commandand control software for de�ning and controlling ex-
periments,but also as a programminglanguageimplementation
supportingpersistentobjects.Becausenoneof thesystem's users
is trainedin computerscienceor programming,a typical editor-
compilerinterfaceto MML would notbeappropriate.

In theprogramminglanguagemetaphor, theExperimentDesigner
is a programmer, andtheExperimentOperatorexecutesanexper-
iment in debug mode. The operationallevel of the architecture
(Section4.2) is theanalogof thedevelopmentenvironment,editor,
compiler, linker, andexecutor. Theknowledgelevel of thearchitec-
tureincludesthetypede�nitions, andtheKnowledgeLevel Editor
de�nes new types.Thedevelopersusedpredicate�elds to addthe
MML statementsde�nitions to theknowledgelevel.

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

canchangetypesby usingthe tree-structuredGUI to setthe type
of an object. This changeof type affectswhat �elds exist in the
object.In thesystem,all objectsarepersistent(they arestoredin a
database,for example),so thechangeof typemustbere�ected in
all accessesto theexistingobjectratherthanby exiting theprogram
andre-runningit to createa new object.

5. IMPLEMENT ATIONS
We built two implementationsof the experimentalcontrol sys-

tem that satisfy the requirementsof Section4. The �rst imple-
mentationis in daily useat one experimentalfacility. The sec-
ond implementationis in incrementalintegrationat a differentfa-
cility and will eventually replacethe �rst implementation. Re-
implementationtookadvantageof knowledgegainedfrom the�rst
effort andpermittedexplorationof differentdesigndecisions,most
notablytheuseof predicate�elds.

5.1 Implementation 1
It took almost�fteen man yearsto develop Implementation1.

It was developedin Borland's Delphi IDE [29] using the Object
Pascalprogramminglanguage.Is wasdesignedasa multi-tiered
application[18] composedfrom many distributedcomponentsre-
lying on Microsoft COM/DCOM technology[6, 10, 4]. This im-
plementationcontainsapproximately100,000linesof code.

The project was divided into four clients: experimentediting,
experimentexecution,knowledgelevel architecture,andresultsan-
alyzer. Thede�ned experiments,theknowledgelevel, andthe re-
sultsarestoredin the database.Their correspondingobjects,re-
siding in theappropriateserver components,arepersistentobjects
[25]. The implementationcontainedthe following servers: device
engine,statementengine,resultengine,experimentengine,anda
messagedispatcher. Theclientscommunicatedwith theappropri-
ateserver to receive andsendinformationaboutthepersistentob-
jects(statements,devices,experiments,etc). For example,thede-
vice enginecomponentwasresponsiblefor supplyingandediting
deviceinformationaswell asusingthedevicewhentheexperiment
wasactivated.

Thesoftwaresystemcontainedknowledgelevel capabilitiesthat
enablethe dynamicadditionof new typesof devices— with their
speci�c setsof protocols,commands,andI/O channels— asaplug-
in operation,without softwarechangesor re-compilation. Let us
consider“oscilloscope”(in short,“scope”)asanexample.A scope
is ameasurementdevice;differentscopesaremanufacturedby dif-
ferentcompanies,but sincethey areall madefor thesamepurpose
they all sharea basicsetof commandssuchas: turn on/off, BIT
(built in test),readmeasurements.However, differentscopessup-
portdifferentnumbersof I/O channels,andsomescopesoffer more
advancedcommands.Thesystemis �e xible enoughto enablethe
useof differentkindsof scopes,theadditionof new modernscopes
to replaceold ones,andtheutilization of thenew optionsprovided
by themodernequipment.

5.1.1 De�cienciesof Implementation1
Implementation1 is consideredhighly successful.It hasbeen

useddaily since2001to designandrunmany experiments.It trans-
formedtheway thatwork wasperformedat thefacility whereit is
installed,andotherfacilities areeagerto obtain it. The develop-
ment teamwon several company prizesfor outstandingcontribu-
tion to goalsof a coredivision project.

While Implementation1's adaptabilityto anticipatedchangesis
asuccess,in retrospectitsdesignundulyburdensuserswhenadapt-
ing to other, unanticipatedchanges.An examplefor sucha change
is addinganew device typesthatrequiresystemawarenessof their



setups.This sectiondiscussesthreedesignde�cienciesthat led to
the decisionto usepredicate�elds for the developmentof Imple-
mentation2.

First,eachobjectin theuserinterface(statement,device,device
type,group,command,etc.)hada custom-madepropertypagefor
editing its information. Userinterfacedevelopmenttook a signi�-
cantshareof thedevelopmenttime,andit wasdif�cult to integrate
new deviceswith unfamiliar editing information. For example,a
new form hadto be developed(possiblyinheriting andextending
anexistingform) whenaddinganew statementtype(astatementis
onestepin anexperiment,asdescribedin Section4.1),a new �eld
to an existing statementtype, or a new device type with different
setup�elds.

Second,changesto thestructureof thestatementsrequiredcross
cuttinglayerchanges.Asanexample,consideraddingamax repeat
�eld that limits thenumberof timestheExperimentOperatorcan
repeata statement. This modi�cation resultsin changesto the
database,databaseconnectivity layer, businesslogic, client to busi-
nesslogic facadeserver side,client to businesslogic facadeclient
side,statementview objectclient side,andthe statementabstract
form. This seeminglysimplechangerequiredextensive developer
effort andexpensiveprocessbeforereleasinganew versionor even
a patch.

Third, the typeof anobjectcouldnot bechanged.Supposethe
ExperimentDesigneraddedan automaticstatement,thenwanted
to changeit to a manualstatement.He would have to deletethe
automaticstatementandcreateanew manualstatementin its place.
All the information in that statementis deletedandsimilar �elds
mustbe setagain. Other tools usedfor experimentdesignsuffer
from thesameproblem[15].

5.2 Implementation 2
Implementation2 wasdevelopedusingMicrosoft VisualStudio

.NET and the C# language[16, 20, 5]. The DCOM underlying
distribution layerwasreplacedwith .NET Remoting[27, 21]. Al-
thoughthe fundamentalrequirementsweresimilar to theprevious
project, Implementation2 controlsmore, and more complicated,
hardwarethanImplementation1, andit will eventuallyreplaceIm-
plementation1. Managementdecidedto develop Implementation
2 from scratchin thenew languageandenvironment,basedonper-
ceived longevity of the developmentenvironment,availability of
libraries,andopportunitiesto improve the system's design. Most
notably, Implementation2 usespredicate�elds.

Thescheduleof theproject,whichwasdictatedbyexternalsources,
requiredstartingdevelopmentwhile mostof therequirements(con-
trolled devicesandexperiments)wereunknown or vague.A team
of � ve developers(two of whom, including the teamleader, also
worked on Implementation1) producedfunctionally equalto Im-
plementation1 in lessthentwo years. This decreasein develop-
menttimecanbeattributedto reusingknowledgelearnedfrom Im-
plementation1, usinga betterdevelopmentframework, andusing
predicate�elds to addresssomeof theproblemsof Implementation
1. Onedesignchangeis thatwhereasImplementation1 is a pack-
ageof four clientprograms,Implementation2 consistsof oneclient
with all thenecessaryfunctionality, in orderto createauni�ed look
andfeel.

5.2.1 Motivationfor predicate�elds
Thissectiongivesthreemotivationsfor theuseof predicate�elds.
First, we realizedthatall objectssharethe samecharacteristics

while beingedited.Implementation1 connectedtheuserinterface
tree's nodes(statement,device, . . . ) with viewersof theappropri-
ateobjects.However, it causedtight couplingbetweentheobjects

Figure 8: Example of the Visual Studio .NET editing concept.
The user is editing or browsing in the left frame. On the right
hand side is a property frame that shows the contentsof the
curr ently selectedobject (or the mutual properties of several
selectedobjects). Each editable property provides a way to
changeits value (selectingfr om a list, opening a new window,
writing text dir ectly, . . . ).

in theuserinterfacelayerandtheobjectsin thebusinesslogic layer
resultingin the crosscutting modi�cation problemmentionedin
Section5.1.1. The informationrequiredwhenediting an object
consistsof four parts:theobjectdatastructure,thepossiblevalues
for each�eld in thisstructure,thestoragelocationof each�eld, and
the connectionbetweenthe different�elds. This led us to design
a dynamicobject,whosestructureis de�ned by predicateson its
state.The�elds carryall the informationthat is usedto edit, save,
andload them. We have alsodecidedto adoptthe Visual Studio
.NET editingconcept(seeFigure8). Every objectthat is selected
hasthe samepropertypagecreatedusinga PropertyGridgadget.
The PropertyGridgadgetqueriesthe objectaboutits �elds using
re�ection andpresentsthemin a readableway to theuser. Having
objectswith similar interfacegreatlysimpli�ed the taskof wrap-
ping thoseobjectswith an object that canbe queriedby a Prop-
ertyGrid. The outcomeis a very homogeneouslook and feel for
the userinterfaceandgreatlyreduceduserinterfacedevelopment
effort.

Second,thelevel of uncertaintyin which thedevelopmentteam
had to work pushedus into generalizingbeyond Implementation
1, which wasitself highly �e xible. Implementation1's knowledge
level includeddevices,device types,andcommands.Usingpredi-
catestoemulatedynamicreclassi�cationinto subclassesallowedus
to move thestatementhierarchyfrom theoperationallevel into the
knowledgelevel. Predicate�elds alsoenabledus to insertdevice
types' userinterfaceinformationinto theknowledgelevel. More-
over, controllingtheentireknowledgelevel with predicatesallows
�ner control over the operationallevel. For example,the devel-
opercanusea predicateto forcetheExperimentDesignerto sup-
ply additional information when using a speci�c ScopeX and a
differentpieceof informationwhenusingScopeY. Therefore,the
augmentedknowledgelevel is highly con�gurableandthelevel of
re-usabilityis increased.Finally, by having each�eld containall
the knowledgeneededto edit, load, and save it, the Knowledge
Level Editor caneasilyusethe predicatesto supportnew devices
whicharecombinationsof theexisting �elds.

Third, usingdynamicclassi�cationpermittedus to improve the
userinterfaceby allowing thedesignerto changethetypeof edited



objectswithout removing the old one and creatingthe new one.
Thechangedobjectsretainall their mutualinformation,saving the
ExperimentDesignerthetroubleof supplyingthesameinformation
repeatedly.

5.2.2 PredicateUse
In Implementation2,dynamictypes,�elds, �eld types,andpred-

icates,describedin Section3, werede�ned aspart of the knowl-
edgelevel in the database.Whenthe ExperimentDesigneris de-
signingtheexperiment,theExperimentOperatoris viewing a run-
ning experiment,or theKnowledgeLevel Editor is modifying the
system's knowledgeof the physicalworld (Cables,Devices,. . . ),
thesysteminstantiatesobjectswith theappropriatedynamictype.
An object's visiblestateis modi�ed (or viewed)by theappropriate
userandwhenachangein thestatecausespredicatesto beful�lled
or unful�lled, theobject's structureis updated.

Thedeveloperscreateddynamictypesfor all thedifferentobjects
usedin viewing and editing the experimentsand physicalstruc-
ture(Devices,DevicesTypes,Statements,Signals,Setups,Groups,
. . . ).

Thesystemdevelopers,notusers,obtainthebene�tsof predicate
�elds. The KnowledgeLevel Editor interfacewas createdusing
predicate�elds andallows controlledchangesto them. However,
theusersareobliviousto theexistenceof predicate�elds.

6. EXAMPLE USESOF PREDICATE FIELDS
We will examinethe useandeffectsof the predicate�eld' s li-

brary throughseveral examples. In Section6.1, an Experiment
Designermodi�es anexperiment.In Section6.2,a developeraug-
mentsthestatementhierarchywith anadditional�eld andexercises
�ne-grainedcontrolover thedatasuppliedby theExperimentDe-
signer.

6.1 Experiment Designerinteraction
Using the partial de�nitions in Figure 9, we will observe two

modi�cationsto anexistingexperiment:addingastatementwhose
purposeis to sendtheautomaticstartcommandto vacuummachine
#2,andreplacinga manualstatementwith anautomaticstatement.

6.1.1 Creatingandspecializinga new object
The ExperimentDesignerstartsthe processby selecting“add

new statement”from a pop-upgeneratedfrom the selectedstate-
ment.Thenewly createdobjectsatis�esonly thepredicatefor be-
ing a statement,PStatement.Sincethe predicateis satis�ed, two
�elds, StatementType (usedto imitatesub-typing)andname, are
added(exposed)to thedynamicobject. Those�elds arevisible to
theExperimentDesignerin theuserinterface.

WhentheExperimentDesignersetsthestatementtype to auto-
maticstatement,anew predicatePAutomaticStatement is satis-
�ed andtwo new �elds, device typeandnumberof iterations,are
addedto thedynamicobject(andto thestatementpropertiesform).
The ExperimentDesignercannow setthe device type to vacuum
machine(chosenfrom a list of device types)andsincea new pred-
icateis ful�lled the command �eld is addedto thestatement.The
designercanselectthestartcommandfrom thelist of vacuumma-
chinecommandsandvacuummachine#2from thelist of available
vacuummachines,completingtheconstructionof thestatement.

6.1.2 Changingthedynamictypeof anobject
Supposethe ExperimentDesignerwishesto changea manual

statementto anautomaticstatementin anexperiment.1 Whenthe

1We startedintegratingthesystembeforeall thehardwarewasde-

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 demonstratespecializinga statementand changing a state-
ment's type.

ExperimentDesignerchangesthetypeof thestatementfrom man-
ual to automatic,the systemdetectsthat the PManualStatement
predicateis no longersatis�ed andthat the PAutomaticStatement
predicateis satis�ed. The systemremovesaccessibilityto all the
�elds connectedwith PManualStatement,possiblycausingmore
predicatesto be unsatis�ed. Then, the systemaddsall the �eld
controlledby the newly satis�ed predicatePAutomaticStatement.
It is importantto realizethatthose�elds which aresharedby both
statementtypeswill retaintheir valueover this exchange,even if
they areeliminatedandthenrevived. The reasonis that they are
savedin thesameplacein thedatabase.

6.2 Developer interaction
As anexampleof thedeveloper's interactionconsideraugment-

ing thestatementhierarchywith themax repeat �eld discussedin
Section5.1.1.2 The ExperimentDesignerusesthis �eld to limit
how many timesa certainstatementcanbeexecutedby theExper-
imentOperator. Threechangesto thesystemarerequired.

First, the developeraddsa max repeat �eld to the knowledge
level. The new �eld' s type is unsignedAndInfinity (this �eld
typeallowsthein�nity valueaswell asany positive integer)andits
predicateis thestatementpredicate.Thedefault valuefor this �eld
is in�nity (for backwardcompatibility).

Second,the developer createsa storagelocation for the new
valuein thedatabase.It canbeanadditionalcolumnin thestate-
menttableor in any tabledirectly connected(by foreignkey rela-
tion) to the statementtable. Sincethe last two modi�cations are
doneto the knowledgelevel, they caneven be donewhile an Ex-
perimentDesigneris working. TheExperimentDesignerwill see
this new �eld andwill have theoptionto changeits value.

The third changeis doneto the code. The new �eld cannotbe
usedin anautomatedway (presentinga description,sendingsetup
to thedevice) but requiresbehavior changes.Thedevelopermodi-
�es theexecutemethodof thestatementclass(a realtype)residing
in thelogic tier to countthenumberof timesit hasbeenexecuted,
prohibitingexecutionaftermax repeat times.

6.2.1 Fine­grainedcontrol

veloped. For hardware with known interface,we connectedthe
device's commandsto thenull device driver until thedevice driver
wasdeveloped. For deviceswith unknown interface,the Experi-
mentDesignerusedmanualoperationsasplaceholdersfor thereal
operations.When the speci�c device type was incorporatedinto
the system,the ExperimentDesignerreplacedthe manualstate-
mentwith theappropriateautomaticcommand.
2This wasnot real a modi�cation in Implementation2, as it was
part of its initial design. However, this modi�cation wasa user-
requestedchangeto Implementation1, which resultedin many
cross-cuttingmodi�cations, andpartly triggeredthe useof predi-
cate�elds.



Predicate�elds support�ne-grainedcontrolover objects.As an
example,considerthecasewheredeveloperswereaskedto helpthe
usersdetectpower failuresin thefacility. Therequestwassimple:
eachread-resultsstatementsentto scope#3neededtobemarkedby
auniquenumbersetby theExperimentDesigner.Thesolutionwas
equallysimple: thedevelopersaddeda predicatefor thespeci�ed
device (device = scope#3) anda temporary�eld which appeared
only whenthispredicateis satis�ed(scope#3 is chosen).Avoiding
settingadefault valuefor this �eld forcestheExperimentDesigner
to seta valuein this �eld whenit is partof theobject.

7. EXPERIENCE
In this section,we discusstheexperiencegainedby usingpred-

icate�elds in our implementation.We offer insight into the tech-
nique's strengthsandweaknessesaswell astheprocessthedevel-
opersand(affected)userswentthroughfrom resentmentto accep-
tance.

Section7.1discussestheeffectsof thelibrary on developersus-
ing thedynamicobjects.In Section7.2we observe theinitial neg-
ative reactionof thedevelopersto the library, andspeculateon its
origin. Section7.3 demonstratesthe acceptanceof the library by
thedevelopers.Finally, Section7.4 summarizesthe limitationsof
our library andthedisadvantagesof usingit.

7.1 Developersusing the library
User interfacedevelopershadto interactwith the dynamicob-

jects. A dynamicobjectprovidesa simple interfaceto query the
valuesof its �elds. In addition,it exposedeventsfor someof the
�elds. Thoseeventsare�red whenthecorresponding�eld' s value
is changed.Thedeveloperonly hadto instantiatetheobject(with
theappropriatedynamictype),andpossiblychoosea storageloca-
tion. Finally, thedevelopercanpassthedynamicobjectto a wrap-
per object that canbe usedfor re�ection (for examplepassingit
to PropertyGridgadgetfor editing).Thosedevelopersreportedthat
dueto its simpleinterfacethedynamicobjectswereeasilyusedand
theresultwasa signi�cant decreasein developmenttime. Someof
thedeveloperswereevensurprisedby theeaseandquicknessof the
developmentprocess.

7.2 Modifying the knowledgelevel
Developersaddingsupportfor new requirementsand features

had to modify the dynamictypes(rarely), �elds, �eld types,and
predicates(morefrequently). Thesemodi�cations demandedun-
derstandingthe interactionbetweenthe different datastructures.
Addingnew predicatesand�elds andmodifyingexistingoneswas
initially dif�cult for mostof the developers.This initial dif�culty
canbeattributedto � ve factors.

1. Using a declarative approach.Sinceusingpredicate�elds
in our library implies using a declarative approachrather
thantheusualproceduralapproach,developershadtochange
their way of thinking. Combiningobject-orienteddevelop-
mentwith thepredicate-orientedapproachis somewhatsimi-
lar to switchingfrom procedurallanguagesto object-oriented
ones.In addition,thedeclarativeapproachcanmakeit harder
to understandthebehavior of speci�c components.

2. Far-reachingeffects. Knowledge level modi�cations have
far-reachingeffects. This combinedwith the intrinsic type
un-safety(objectschangingtheir type dynamically)of the
dynamicobjects,occasionallycausedunexpectedsystembe-
havior following changesto the predicate�elds. As exam-
ples,thedevelopersobserved thatcertain�elds failedto ap-

pearwherethey should,or the systemwould report3 many
instancesof the “�eld not found” run-timeexception. The
commonpracticewasto puttheblameonthepredicate�elds
library until theactualproblemwasfound.

3. Modi�cations donedirectly in the database.Until proper
toolshadbeendeveloped,knowledgelevelmodi�cationswere
done directly into the database. A developer making the
modi�cationshadto visualizein hisheadtheconnectionsbe-
tweenthe different�elds, �eld types,andpredicates.Most
developersfoundit to beveryannoying.

4. Predicate�elds areimplementedasa library, ratherthanas
a languageextension.De�ning �elds andpredicatesis more
cumbersome,comparedto regularclasses.Thesoftwarewas
moreverboseandthus lessreadable.Finally, performance
wasaffectedby calculatingpredicatesandaccessing�elds.

5. Type safetyproblems. Objectsappearto changetheir type
dynamically. Combinedwith thelibrary implementation,static
type checkingis very hard. Considerthe following exam-
ple for type unsafety. Observe Figure 11. In our system
the name �eld of o is accessedwith the s["name"] com-
mand.Theunderlyingassumptionis thato hasa�eld named
name. Sincethis assumptioncan't beveri�ed until run time,
statictypecheckingcannotbedone. We proposeswitching
to theSmalltalksolutionof dynamictypesafetyveri�cation
by writing many testscases.Wecouldcreatea framework to
allow thedeveloperto specifyassumptionsaboutthesystem
andobjects'interaction.For example,aslongasa statement
hasa device type�eld, it shouldalsohave a command�eld.

7.3 Developer reactions
Whereasthedevelopersinitially disliked thepredicate�elds li-

brary, all of them reportedthat once they becamefamiliar with
de�ning predicatesand �elds (usually after the �rst two or three
predicatesthey de�ned), they wereableto proceedwith ease.They
alsofoundout that their perspective towarddesigningtheuserin-
terfacehaschangedandnotedthatoneresultof usingthepredicate
�elds wasthatalmostnocustomformshadto bebuilt.

For example, the developmentteamhad to supporta require-
mentfor changingobjects'visibility andmodi�ability in thediffer-
entcontexts— for example,prohibitingtheuserfrom makingcom-
mandchangeswhenrunninganexperimentwhile allowing him to
makesetupchanges.Weaddedcontextsandinformationaboutnor-
mal andunusual�eld behavior in thedifferentcontexts. Usingthis
solutionit tookonly a coupleof daysto supporttherequirement.

Anotherdeveloperhada task to designa client for the knowl-
edgelevel modi�cationsdoneby theKnowledgeLevel Editor. This
client is usedto addnew device typesinto the system,andother
amendmentsin the system's physicalworld knowledge. The de-
velopersuggestedthatusingcustom-madewizardswouldbeeasily
implementedandtheresultinguserinterfacewould beclearer. Af-
tersomebitterarguments,thedevelopmentteamdecidedto imple-
mentthe wizardsusingthe predicate�elds library with a slightly
different version of the PropertyGridgadget. Somedevelopers
found it to be an unexpecteduseof the predicate�elds library.
However, the implementingdeveloper, who hadinitially opposed
the proposal,reportedthat in retrospectit was much easierand
moregeneralto implementit with thelibrary.

3Thesystemcontainedmostthrown exceptions,allowing theusers
to recover andcontinuetheir work in the faceof certaintypesof
errors.



Sinceour developmentmethodologyis incremental,we post-
ponedthesignalspackagedevelopmentto latein thedevelopment
process.Signalsis a ratherlarge packagethat took extensive ef-
forts to implementin Implementation1. A signal is the output
of a measurementdevice and constitutesthe basisfor the gath-
ering, presentation,and analysisof the results. The complexity
of signalslies in automaticswitching (the systemshoulddeduce
switchingfrom theuser's chosenhardware)andresultsprocessing
(measurement-devicesresultsshouldbeseparatedinto thesignals
granularity, stored,analyzed,andretrieved in this level). Thesig-
nalspackagewasinsertedin a relatively smalleffort (comparedto
the previous implementation)usingpredicate�elds to control the
amountof signalseachmeasurementdevicesupportsin additionto
beinganintegral partof theresultanalyzer.

7.4 Limitations
While usingpredicate�elds, wehave observedsomelimitations

and pitfalls. Most problemsresult from the library syntax and
would have hadlessimpacthadpredicate�elds beenimplemented
asa languageextension.

First,sincesystembehavior heavily dependsonmetadata,changes
to the metadatacan have far-reachingaffects. It was often the
casethata carelessdevelopermadea seeminglysimplechangeto
the predicate�elds de�nitions, only to discover that the system
had becomeunusable. This requirescareful modi�cation, well-
documentedknowledgelevel structure,andunit testing.

Secondly, partof the resultingsoftwarecanbeharderto under-
stand. Sincewe areusingdeclarative de�nitions, it is very hard
to graspa component's full structure(even if we did not take into
accountdynamicstructuremodi�cations).

Thirdly, implementingpredicate�elds asa library ratherthanas
a languageextension(asis thecasewith all previously predicate-
orientedprogrammingproposals)cancausethesoftwareto beless
readable.It canalsoincursomeperformanceoverheadwhenmodi-
fying theobjectstructureandaccessing�elds within theobject,but
thisoverheadis negligible sincedynamicobjectsareusedprimarily
in theuserinterface.

Lastly, sincetypesarechangeddynamically, typesafetycannot
be guaranteed.However, developerscanusetheproposedtesting
schemeto transformtheirbeliefsaboutthecorrelationbetweenthe
object's stateandits setof �elds, into tests.

8. LIBRAR Y LOW­LEVEL
IMPLEMENT ATION

We now summarizethekey capabilitiesthatareprovidedby the
predicate�elds library. The dynamicobjectabstractclassis Dy-
namicObject. Its interfaceallows addingand removing �elds as
well asregisteringfor the�eld' svaluechangeevent.Theextending
classesincludeDatabaseDynamicObject,MemoryDynamicObject,
andXMLDynamicObject,eachloadingandstoringtheinformation
from adifferentlocation.TheFieldsAdapterclassis responsiblefor
addingandremoving �elds in thedynamicobjectasthepredicates
becomesatis�edor unsatis�ed.ObjectPresenteris a wrapperclass
that serves as the mediatorbetweenthe dynamicobject and the
PropertyGrid(a .NET userinterfacegadgetthat usesre�ection to
provide a userinterfacefor browsing the propertiesof an object).
The ObjectPresenterappearsto the PropertyGridto be an object
correspondingto thecurrentcontentsof the relevant dynamicob-
ject. TheObjectsBinderallows theuserto simultaneouslyedit the
similar structureof agroupof objects.

8.1 Library codesample
Figure10 containsa partof thedynamicobjectinterface.A dy-

namicobjecthastheC# typeDynamicObject . TheDynamicOb-
ject constructortakesasanargumentthedynamictype,andsets
thedynamicobject'stypeto itsargument.TheDatabaseDynamic-
Object implementsadynamicobjectthatis loadedfrom andsaved
to the database.Its constructorhasan additionalargument,the
ID of the object. This ID may be an ID of an existing object
(which will be loadedfrom thedatabase)or a freshID createdby
the system(indicating whereto storethe object). The dynamic
object interfaceIDynamicObject containsa noti�cation mecha-
nism, which allows a usingcontainerto be noti�ed whena �eld
valueis changed.

Figure11demonstratesusingadynamicobjectin a treeof state-
ments. The statementsarestatementsin the MML programming
language(Mission Modeling Language,seeSection4.1), andthe
tree is the userinterfaceto that programminglanguage(seeSec-
tion 4.3).

SincetheMML statementsarepersistentin adatabase,thestate-
ment ID (eitheran existing statementto be loaded,or a new ID
createdby thesystem)is passedto theconstructorof DatabaseDy-
namicObject.Whenthenew dynamicobjectis createdthe predi-
cate(PStatement)is satis�ed, causingthe name �eld to be added
to the object. Also, when the userselectsa node(in the state-
mentstree), the tree OnSelect methodwrapsthe containeddy-
namic object with an object of type ObjectsPresenter . The
OnSelect methodthenpassestheObjectsPresented to a Prop-
ertyGridgadgetthatusesre�ection to presenttheobject's �elds to
theuser.

8.2 Field storagelocation
This sectionsummarizeshow our library determinesthestorage

locationfor �elds in adynamicobject.Thedynamicobjectscanbe
loadedfrom andsavedto persistentstorage.For anobjectstoredin
thedatabase,thetableusedto storeit is foundin thedynamictype
de�nition. Whena�eld is storedto or loadedfrom thedatabase,the
object's ID is usedto �nd theappropriaterow, andthe �eld' s col-
umnis usedto �nd thecorrectcolumnfor the �eld' s value. How-
ever, some�elds have to besaved in tablesotherthantheobject's
table. For example,theKnowledgeLevel Editor (Section4.3) can
de�ne commandson groupsof devices. Sincethe correlationbe-
tweendevicesandgroupsismany-to-many, thiscorrelationissaved
in its own table.Therefore,whena dynamicobject's device-group
�eld needsto beloaded,theprevioussuggestedmethodfails.

Wesolvedthisproblemby addinginformationto determinestor-
agein a tableconnected(by a foreign key relation) to the object
table. (This seemsto beenoughfor our purposes.In the future, it
maybevaluableto allow storingandloadingobject's �elds from a
tableconnectedwith a pathof arbitrarylengthto theobjecttable.)
This informationconsistsof two columnnamesanda tablename
addedto the �eld' s de�nition. As shown in Figure12, the library
locatestheadditionalrow (therow in thesecondtable,which con-
tainstheobject's data)by searchingthesecondtable(foundin the
�eld' s de�nition) for a valuefound in the objectrow (a row con-
taining the objectdatain the object's main table, taken from the
dynamictype).

9. RELATED WORK
Our work is the �rst, to our knowledge, to evaluatepredicate

�elds or otherpredicate-orientedprogrammingtechniquesin asub-
stantialreal-world application.However, theconceptsarenot new
andhave beendevelopedby previousresearchers.



// This delegate define the
// signature of an event which
// is thrown will a dynamic field
// changes its value.
public delegate void FieldChangedEventHandler

(object sender, string fieldName,
object oldValue, object newValue);

// The root of the Dynamic Objects inheritance tree.
// Instances of IDynamicObject may contain
// 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; // use default getter
set; // use default setter

}
DynamicType dynamicType {

get;
}

}

// Provides implementation for common methods
// for the DynamicObjects Hierarchy
public class DynamicObject: IDynamicObject
{

public DynamicObject(DynamicType dynamicType) {
this.dynamicTypeId = dynamicType

}
}

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

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

}
...

}

Figure10: C# codefor thedynamic object interfaceof thepred-
icate �elds library .

Most work on enhancingobject-orientedlanguageswith predi-
cateshasfocusedon the dispatchmechanism,which givesa way
for differentobjectsto responddifferently to a particularmethod
invocation;examplesincludepredicatedispatchingandpredicate
classes.By contrast,predicate�elds give a way for differentob-
jectsto have different�elds at run time: thestructure,not thebe-
havior, of objectsis dictatedby run-timevalues. Predicate�elds
canbeusedto simulateaspectsof predicateclassesandpredicate
dispatch,andthat hasbeena commonusefor them(including in
our casestudy).

Predicateclasses[8] supporta form of automatic,dynamicclas-
si�cation of objects. They provide the functionality of predicate
�elds; additionally, they permitmethodsto specializeon theiden-
tity or stateof anargument,in additionto the receiver's type. An
objecthasthe type of a predicateclassif the object's statesatis-
�es the class's predicate.A predicateis an arbitrarybooleanex-
pression,includingsubtypechecksthatpermitemulatingsingleor
multiple dynamicdispatch.As in our implementation,objectsre-

// A tree of MML programming language statements
// is displayed in the MML user interface.
Class StatementsTreeView : TreeView
{

// Create a dynamic object for a statement
// and connect it to the appropriate node.
public newStatement(TreeNode node,

int statementId){
// In the stylized syntax of figures 1-6, as
// would be used in a language-based
// implementation of predicate fields, the
// body of this method would be:
// IDynamicObject o =
// new Statement(statementId);
// node.tag = o;
// o.name = "new statement";
// o.FieldValueChanged +=
// new FieldChangedEventHandler(Refresh);
IDynamicObject o =

new DatabaseDynamicObject(statementId,
Statement);

// Connect the object to its node in the UI.
node.tag = o;
o["name"] = "new statement";
o.FieldValueChanged +=

new FieldChangedEventHandler(Refresh);
}
public event Refresh(object sender,

string fieldName,
object oldValue,
object newValue){

... // Refresh the tree view in the UI.
}
// This method is called when the
// user selects one of the tree nodes.
public OnSelect(TreeNode n){

// 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 a tr eeof statements.

serve spacefor any �elds thatmight be inheritedfrom a predicate
object,andthevaluein sucha �eld persistsevenwhenthecontrol-
ling predicateevaluatesto falseandthe�eld is inaccessible.

Classi�ersin Kea[17,19,23] areaprevious,morelimited mech-
anism.Keaclassi�ersautomaticallydeterminetheeffectivetypeof
an object,which canaffect dispatching.However, Keais a func-
tional language,so no dynamicreclassi�cationever occurs. (The
sameis trueof Views [32], which offer differentobserver methods
onasingleunchangingobject.)Furthermore,Keaclassi�ersarede-
terminedby thevalueof a singleenumerated-typeattribute,or by
explicit instantiationof a particularsubclass.Our implementation
is similar, but permitsclassi�cationbasedon thevalueof a �eld of
arbitraryprimitiveor stringtype.CLOS[2] andDylan[1] areeven
morelimited: dispatchingcandependon the identity of an argu-
ment,but cannoteasilydependon a moregeneralconditionof an
argument.Objectsin theSelf language[31] haveanexplicit parent
pointerthatcanbereassignedat run time, permittingtheeffective
superclassof anobjectto change.

Otherresearchfocusesonmakingdispatchingmoreef�cient with-
out affecting the object's representation.Multiple dispatch(also
calledmulti-methoddispatch)[3, 7, 12,11] permitsdispatchingto
dependon therun-timeclassesof multiple arguments,not just the



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

receiver. Predicatedispatching[13, 9, 30,26,22] permitsarbitrary
booleanpredicatesto controldynamicdispatch;logical implication
betweenpredicatesis the overriding relationship. Predicatedis-
patchinggeneralizesobject-orientedsingleandmultiple dispatch,
ML-style patternmatching,predicateclasses,andclassi�ers;how-
ever, it doesnot directly supportpredicate�elds. Millstein [22]
givesthemostextensive previousevaluationof predicate-oriented
programming,showing that predicatedispatchingcan reducean
800-lineprogramto 700 lines. The work of Millstein et al. [11,
22] alsogivesa modularstatictype systemfor an expressive lan-
guage;otherapproaches,includingour own, rely on dynamictype
checking,which hasthedisadvantageof revealingerrorstoo late.

10. CONCLUSIONS
We have presentedanimplementationof predicate�elds asa li-

brary, anda casestudy in which the predicate�elds whereused
pervasively in a 100,000-linesystem.Developersfoundpredicate
�elds useful in practice. The library is usedsuccessfullyand in-
tensively in a project with very tight deadlines. This casestudy
providesconcreteevidencethatotherpractitionersshouldtry pred-
icate�elds, andthat researchersshouldcontinueto re�ne designs
andimplementations.

In the casestudy, developersusedpredicate�elds to support
greatersoftware�e xibility , bothfor themselvesandfor powerusers
(KnowledgeLevelEditors).Predicate�elds gavedevelopersgreater
control over objects,allowed �ned-grainedmodi�cations to spe-
ci�c �elds, andprovideda declarative approachto de�ning object
structure,which permittedchangesto be easilyre�ected through-
out thesystem.

Predicate�elds wereparticularlyusefulin providing a uniform
interface to an arbitrary (and dynamically changing)numberof
possibleobject structures,which wasachieved througha combi-
nation of re�ection and treatingdynamicobjects(createdby the
library) as real C# objects. Our experiencesuggeststhat predi-
cate�elds maybeparticularlyusefulin projectswith anextensive
user interfacewhich containsmany objectsorganizedhierarchi-
cally. Furthermore,predicate�elds area goodmatchfor projects
in which requirements(andpersistentobjects)changefrequently,
becausethey permitboththecodeandtheobjectsthemselvesto be
easilyadaptedto new circumstances.

Usingpredicate�elds, developerswereableto modelreal-world
objects(which appearto have differentattributesin differentcir-
cumstances,or whosestructurechangesover time) in a simpleand
naturalfashion.Thealternative— employing complex designpat-
ternsto capturethis information— is lessattractive.

Ourpredicate�elds implementationhasanumberof limitations:
it is implementedasa library ratherthanintegratedwith the pro-
gramminglanguage;it doesnot supportpredicatedispatchingor

predicateclasses;the syntax for predicatesis very limited; and
it usesdynamictype-checking,giving the possibility of run-time
typeerrors.Despitetheselimitations,theimplementationwassuf-
�ciently powerful to solve the problemsencounteredin building
the industrialcontrol system,andthe developersdid not feel that
(for example)lackof supportfor dynamicbehavior modi�cation of
objects(predicatedispatch)wasasigni�cant hindrance.Thisresult
is suggestive regardinghow muchlinguisticpower andcomplexity
is desirablein practice.

Thecasestudyalsorevealedsomepotentialdownsidesof using
predicate�elds, someof whichareconsequencesof theimplemen-
tationandsomeof whichareinherentto theuseof predicate�elds.
Languageandtoolssupportareimportantin reapingthepotential
bene�ts of predicate�elds. For instance,it would have beenbet-
ter to generatemostof theuserinterfaceautomatically, andbetter
syntaxcheckingwouldhavebeenwelcome.Thedeclarativenature
of thepredicateswasusefulin propagatingchangesthroughoutthe
system,but thesamecharacteristic(non-localcontrol)couldmake
componentbehavior dif�cult to understand.Thebiggestremaining
problemis lack of statictypesafety. In theabsenceof integration
into a widely acceptedprogramminglanguageimplementation(a
distantprospect),we have proposeda testingmechanismthatmay
mitigatethis problem.
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