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Abstract

Less than half of the individuals of working age with visual
impairments are employed, and a significant barrier to em-
ployment is effective computer access. Some of the screen
reader applications offer some help but have limited con-
text sensitivity and are of limited use in applications with
dynamic “interfaces” like web pages. Sophisticated screen
readers provide aid through application-specific scripts but
their full potential is reduced by a users’ limited awareness
of the scripts and the difficulty in programming and modify-
ing scripts. Technologies such as plan recognition and the au-
tomation and optimization of script generation that provide a
more adaptive interface for the user will significantly improve
computer accessibility to the visually impaired. In this paper,
we discuss the addition of probabilistic plan recognition ca-
pabilities and supporting framework to an industry leading
screen reader to improve accessibility of computers to the vi-
sually impaired at work and at home. We discuss both the un-
derlying model-based probabilistic procedural model as well
as the system developed.

Intr oduction
Effectiveaccessto computersis becomingincreasinglycru-
cial for academicandvocationalsuccess.It is predictedthat
60 percentof U.S. jobs will requirecomputerskills within
the next ®ve years(U.S. Departmentof Education1996).
Currently, lessthanhalf of the individualsof working age
with visual impairmentsareemployed (McNeil 1993),and
asigni®cantbarrierto employmentis effectivecomputerac-
cess.In particular, manipulatinginformationon theWWW,
our applicationfocus, is rapidly becominga crucial com-
puterskill.

Screenreaders,applicationsthat audibilize the text on
computerscreens,provide somesupport. For example,a
visually impairedusermusthit the downarrow or tab keys
to move to a subsequentline of text, which is audibilized
(readaloudto theuservia text to speechtechnology)asthe
userperformsthenavigation. Whenwebbrowsing,another
keystrokemovesfrom link to link, audibilizingthelink con-
tents(text and URL). However, manually®nding relevant
informationandlinks on web pagescaninvolve dozens,if
not hundreds,of manualnavigationactions,is very dif®cult
to repeat,and takessubstantialtime to wait for text to be
read.

Scriptscanautomatesuchnavigation tasks,but the few
screenreadersthatsupportscriptsarestill limited in a num-
ber of ways. For example,usersneedto learnthat scripts
exist beforethey caninvokethem(usuallywith akey combi-
nationthat'sboundto ascript),andtherearedifferentscripts
associatedwith differentapplications(e.g.,onesetof scripts
for a particularword processor, anotherset of scripts for
a differentword processor(with somescriptsappliableto
both),anothersetof scriptsfor a particularspreadsheet,...).
Knowingwhichscriptsareavailableandhow to invokethem
presentsasteeplearningcurveto new andevenintermediate
users.

Often the userwould be bestsuitedwith a fully or par-
tially customizedscript. Writing scriptsis typically a very
dif®cult prospectfor mostusers,andany developmentthat
makesgeneratingor customizingscriptscangreatlybene®t
a user. Screenreadersat thetime our projectstarteddid not
provideany mechanismfor usersto easilycreatenew scripts
norto easilymodify them,relyinguponstandardeditingand
debuggingparadigmsthataren't tailoredto thevisually im-
paired.

Futhermore,a fundamental�a w in all screenreadersis
that they generatetheir outputbasedstrictly uponanappli-
cation'svisualdisplaywithoutany regardto thecurrentcon-
text of the application(Raman1997). Given that browser
applicationschangelittle or not at all while theunderlying
data– thewebpagesthatarethereal focusof theuser– can
changeredically from web pageto web page,the current
screenreaderfunctionality and scriptsprovide little more
thana startingpoint to the user. Failing to appreciatethe
stateof an applicationand the user's goalscausesscreen
readersto 1) provide unnecessaryinformation,2) overlook
relevantconnectionsbetweenoutputin differentpartsof the
display, and3) fail to emphasizeespeciallyimportantdata.

Theresearchperformedandthesoftwaredevelopeddur-
ing this projecthasbeenfocusedon a sophisticatedscreen
readerwith scriptingcapabilitycalledJAWS 1. First, JAWS
hasbeenextendedto simplify andspeedscript generation.
This has beendone by developing a macro recorder, de-
velopingalgorithmsto reasonaboutthe goal of the setof
macro-recordedactions,anddevelopingalgorithmsthatrea-

1Freedom Scientific Blind/Low Vision Group, 11800 31st
Court North, St. Petersburg, Florida 33716.



sonabouthow to producea script that is muchshorterand
more ef®cient than that producedusing a typical simple
macro recorderscheme. In addition, we have developed
the infrastructurerequiredto recognizeexisting scripts to
identify when the user is manuallyperforminga task for
which a script is available. Performingthis detectionand
subsequentlynotifying theuserof this facthasthepotential
to save theusertremendoustime. This sameinfrastructure
alsosupportsusingexistingscriptsasthebasisfor recogniz-
ing scriptssimilar to theuser's particularneedsthatcanbe
usedwith minimal tailoring, furthersimplifying andspeed-
ing script generation.In summary, what this meansto the
enduseris1) thatthey will bemadeawareof theexistanceof
thescriptsthatthey areperformingmanuallyandinstructed
onhow to executethematchingscript,2) thatthey will beal-
lowedto makeerrorsduringscriptgenerationandwebpage
navigationandstill be ableto constructively performthose
tasks,3) that they will ®nd it mucheasierto generatenew
scriptsthat arecompactandef®cient, and4) that they will
beabletailor existingscriptssigni®cantlyeasier.

EnhancingA ScreenReader: Overview
One capability that providesa signi®cantimprovementin
screenreadertechnologiesis theability to identify theuser's
intentionsastheuseris performinga task. This capability,
calledplan recognition, canprovidesassistanceto theuser
as well as to provide useful contextual information to our
scriptgenerationandoptimizationextensionsdiscussedbe-
low. Our plan recognitionmechanismis basedon the AS-
PRN(AutomatedSynthesisof PlanRecognitionNetworks)
system's probabilisticmodeling theoriesand implementa-
tion (Huber1996;Huber, Durfee,& Wellman1994). AS-
PRNtakesproceduresasits input,in thiscaseJAWSscripts,
andproducesspeciallyconstructedprobabilisticmodelsthat
we call PlanRecognitionNetworks (PRNs,a particularin-
stantiationof beliefnetworks)thatmodelsthoseprocedures.
BecausePRNcomputationsarebasedonprobabilisticmod-
els and relationships,belief networks are well suited for
dealingwith uncertain,con�icting, or extraneousinforma-
tion, somethingoftenencounteredin userinterfaces.Other
plan recognitionalgorithmsusingprobabilisticrepresenta-
tions, for example((Kaminka, Pynadath,& Tambe2002;
Paek & Horvitz 2000; Goldman,Geib, & Miller 1999)),
might be applicableto screenreaders,but only ASPRNis
basedon the directly executableplan representationsthat
arecrucial to this domain. Furthermore,userswill almost
certainlydeviatefrom standardtasktemplateswhetherit be
intentionallyor unintentionally, somethingnon-probabilistic
representationschemes(e.g., (Broverman,Huff, & Lesser
1987;Vilain 1990;Goodman& Litman 1990))cannotdeal
with in anaturalor pragmaticway.

Our system's designis shown in Figure 1. All of the
componentsillustratedin Figure1 have beenimplemented
andareoperational.The JAWS screenreaderis centralto
all of our currentwork, providing a good basisof exist-
ing functionalityandinternalrepresentationsfor improving
computeraccessto thevisually impaired.

The Script Library maintainsall of JAWS' application-
speci®cscripts,eachof which accomplishesa small, spe-

ci®c, task. The commerciallydistributedversionof JAWS
comeswith a largecorpusof scripts.Thesescriptsareuse-
ful only for usingapplicationslikeInternetExplorerin ways
thatarenot contentspeci®c.Thepre-existingJAWS scripts
were thereforeof limited usefor web access.Early feed-
back from visually-impairedclients of The Lighthouseof
Houston2 suggestedthatwe initially concentrateon several
tasksthatthevisually impairedfrequentlyperformwith web
browsers(e.g.,retrieving aweatherforecast,onlinepurchas-
ing, checkingstockticker values)ratherthananything job-
speci®c. With this in mind, we developedscriptsfor per-
forming eachof thesetasksandalsoa numberof subscripts
thatperformcommonrudimentaryfunctions. The latter of
these,thelow-level subscripts,ultimatelyplay animportant
role in distinguishingbetweenscriptswhenmultiple strate-
giescanbeusedinterchangeablywithin a singlehigh-level
task and when multiple high-level tasksare differentiated
basedonwhichstrategiesareused.

Before a userinteractswith the system,we presentthe
scriptsin the Script Library to ASPRNfor convertion into
PRNs. The resultingPRN ®les arecollectedandplacedin
whatis calledthePRNLibrary.

The Script GenerationInterface (SGI) takes a macro-
recorded sequenceof user actions (from the Macro
Recorder)and createsan optimized script which is then
addedto the Script library andpassedthroughASPRNto
createaPRNto addto thePRNLibrary. In additionto script
optimization,the SGI presentsan interface3 to the userso
that thepre-andpost-optimizedscriptcanbereviewedand
modi®edby theuserin a numberof waysbeforebeingac-
ceptedor rejected.

ThePlanRecognitionEngine(PRE)accessesthePRNsin
thePRNLibrary andusestheseprobabilisticmodelsin com-
binationwith informationabouttheuseractionsandcontext
to determinewhetherandhow bestto assisttheuser. At the
currenttime, the PREis usedprimarily by the SGI during
macro-recordedscriptoptimization.

Constructing Belief Networks
Structure
The execution�o w that ASPRN follows is shown in Fig-
ure2. ASPRN®rst parsesa JAWS script®le, possiblycon-
tainingmany JAWSscriptsandfunctionde®nitions(thefor-
mer possiblyinvocableby users,the latter only accessible
at theprogramminglevel), into agenericinternalprocedural
model.This internalobject-orientedrepresentationprovides
a reusableframework into which to parseproceduralcon-
structsubiquitousto programminglanguages:

• Simplesequencesof actions

• Hierarchicalinvocation(e.g.,subfunctions,subgoals)

• Conditional execution (e.g., IF-THEN-ELIF-ELSE in
programmingandscripting languageslike JAWS, AND
andORconstructsin AI/agentlanguages)

2The Lighthouse of Houston, 3602 West Dallas, Houston,
Texas, 77019.

3Tested and evaluated to make sure it is accessible to the visu-
ally impaired
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Figure2: The ASPRNprocessof taking a JAWS script andconstructinga specially-designedbelief network calleda Plan
RecognitionNetwork (PRN).

• Iteration(e.g.,WHILE andDO loops)

For simple,abstractexamplesof JAWS instancesof the
constructslisted above, seeFigure4(A), (B), (C), and(D),
respectively. The JAWS scripting languageis a complex,
fully featuredprogramminglanguage,including all of the
above programmingconstructsabove as well as features
suchasdeclarationsanduseof constantsandvariables,pa-
rametersto function, value returnsfrom functions,events,
andnested®le inclusion.4

ASPRNcomputesaPRNtopographybasedonthesyntac-
tic natureof theproceduresparsed(seebelow). After this,
the conditionalprobability valuesassociatedwith the PRN
instancearecomputedbasedon a domain-independentpro-
ceduralmodel. The proceduralconstructsin JAWS scripts
canbeinstantiatedinto PRNsfor any possiblecombination
of chaining,nesting,andhierarchicalinvocation(exceptre-
cursion)and resultsin a coherentprobability distribution
over theentirenetwork.

For debuggingandanalysispurposes,ASPRNnext deter-
minesa visual layoutfor thePRNfor whenit is loadedinto
belief network visualizationapplications.Finally, ASPRN
writes out the completedPRN into a ®le (in eitherBIF or
DNET formats- standardformatsfor belief network ®les)
for addingto the PRN Library andsubsequentuseby the
PRE.

The basicmodelingtheories,algorithms,andkey appli-
cation conceptsfrom the original ASPRN system(Huber
1996;Huber, Durfee,& Wellman 1994)were modi®edin
a coupleplacesto suit the speci®csof the JAWS scripting
language.For example,the agentplan languagesmodeled
to dateallow for multiple possibleplansfor eachsubgoal

4Describing all of the details of the JAWS scripting lan-
guage is beyond the scope of this paper, but can be found at
www.freedomscientific.com/fs support/doc scriptfunction.asp.

invocation,unlike JAWS scripts(and mosthigh-level pro-
gramminglanguages),in whichthereis auniquefunctionor
macrode®nition for eachcall in a script. This resultedin
muchsimplerPRNsdueto the removal of the necessityto
modeltheone-to-many relationship.Conditionalexecution
semanticsalsodifferedenoughbetweenagentlanguagesand
JAWS scriptsto warranta signi®cantmodi®cation. In this
case,agentplanscontainedAND/OR constructsthatarenot
mutuallyexclusive asthey arein standardIF-THEN-ELSE
stylesof conditionalexecution. In this situation too, the
resultingPRNsaresimplerthanthosefor agent-basedlan-
guages.

More detailsof how ASPRNcreatesbelief networks for
thevariousJAWS scriptproceduralconstructsareshown in
Figure3 andFigure4. NoteagainthatduringPRNconstruc-
tion, ASPRNcomposestheindividualbeliefnetwork pieces
built for eachscript constructinto a singlefully-connected
belief network. In Figure 4, ovals representrandomvari-
ablesandarcsrepresentprobabilisticrelationshipsbetween
variables.Belief network nodesarecreatedin aregular, sys-
tematicway. Eachnodeis associatedwith a certainseman-
tic type by ASPRN,accordingto the JAWS script element
that it is modeling.Four semantictypesarecurrentlymod-
eled: eachscript noderepresentsa script,whetherthatpar-
ticular script is beingexecuted;eachaction noderepresents
a script action/function,i.e., whetherthat action hasbeen
performed;anevidence nodeis associatedwith eachaction
nodeto modelthe®delity of thesystem'sability to correctly
sensewhenthe actionhasbeenperformed(typically a do-
main speci®crelationship);andeachcondition nodesrep-
resentthe booleanexpressionsof IF-ELIF conditionsand
WHILE loops.

ConnectionsbetweenPRNnodesarecreatedin a regular,
systematicway. ASPRNmaintainsa semanticmodelof the
arcsbetweennodes,rememberingthe reasonthe link was



Procedure Construct_PRNs {
for each top_level_script {

create_procedure_node top_level_script_name
Map_Procedure top_level_script

}
Calculate_Probabilities

}

Procedure Map_Procedure {
for each construct in procedure {

Map_Construct construct
link_constructs prior_construct construct

}
}

Procedure Map_Construct {Sequence} {
for each construct in sequence {

Map_Construct construct
link_constructs prior_construct construct

}
}

Procedure Map_Construct (IF-ELIF-THEN-ELSE) {
for each branch in construct {

create_condition_node branch_condition_expression
for each construct in the branch {
Map_Construct construct
link_constructs prior_construct construct
link_constructs construct condition_node

}
}

}

Procedure Map_Construct (Iteration) {
create_condition_node loop_continuation_expression
for each construct in loop body {

Map_Construct construct
link_constructs prior_construct construct
link_constructs construct condition_node

}
link_constructs construct construct_after_loop
link_constructs construct_after_loop condition_node

}

Figure 3: Pseudocodefor ASPRNs key modeling algo-
rithms.

createdbetweena parentnodeand a child node. The arc
semanticscreatedby ASPRN for JAWS scriptsareparent
script arcsthatoriginateat ascriptnodeandterminateat all
nodesdirectly relatedto the script, prior action links that
originateat an actionnodeandterminatein a nodefor the
next executableaction(s),evidence links thatoriginateat an
actionnodeandterminateat its evidencenode,andcondi-
tion links thatoriginateatactionnodesthatprovideevidence
for their truth valueandterminateat aconditionnode.

In all cases,a scriptnodeis connectedto eachof its com-
ponentactionswith a link. A link is alsocreatedbetween
actionnodesif theactionsthey representareconsecutive in
ascript,with thearcgoingfrom theprior actionto theposte-
rior action,to modelthetemporalorderof execution.Figure
4(A) illustratesthis, showing how a sequenceof actionsin
a script is convertedinto a linearly connectedconstruction
of randomvariablesrepresentingtheorderof theactionsin
the sequence.As mentionedabove, eachscript primitive
actionalsohasan associatedevidencenodethat is usedto
modelthe reliability of observationsandis typically where
observationsare ascribedto during plan recognition. Our
modelingof temporalrelationshipsbetweenactionsmaybe
changedto a2-stepor 3-steptemporalmodelin thefutureif
it is deemedadvantageous.

In Figure4(B), we illustratehow iterationis modeled.In
this case,theactionsequencewithin theloop is modeledin
isolation. ASPRNthenconstructsa conditionnoderepre-
sentingthe loop continuationexpression.All of theactions
insidetheWHILE loop consituteevidencethattheloop ex-
pressionis true, so an arc is addedfrom all of the actions
within theloopto thisconditionnode.Furthermore,the®rst
action just pastthe loop re�ects negatively upon the truth
valueof the loop condition (as do the subsequentactions,
but ASPRN doesnot model this) and an arc is addedbe-
tweenthenodefor this actionandtheconditionnode. The
evidencenodesin thisandsubsequentmodelsarenotshown
to savespace.

Figure4(C) illustrateshow JAWS' conditionalbranching
is modeled.First, theactionsequencesfor eachbranch(i.e.,
the IF branch,any ELIF branch,any ELSE branch)is con-
structedin isolation,with theonly links createdat thispoint
being to eachaction nodefrom the parentscript and any
prior actions. Becausethereis a condition expressionas-
sociatedwith eachbranch,exceptfor the®nal ELSEaction
sequence,a new conditionnodeis createdto representeach
of theseexpressions.A link is thencreatedfrom eachaction
in a branchto its respective conditionnode,re�ecting the
truthvalueof theexpression.

JAWSscriptsareoftennested,with scriptsinvokingfunc-
tionsandotherscripts.Figure4(D) illustrateshow a multi-
level scriptis modeled.In suchacase,thescriptof function
beinginvokedis ®rst treatedlikeany otheraction,with links
createdto it from thenodesrepresentingtheinvokingscript,
any prior action,etc.,andfrom it to any conditionnodesand
subsequentactions. Then the script nodefor the invoked
script/functionis treatedasif it werea top-level scriptnode
andits own scriptis thenconstructed,recursively.

Functionandscriptargumentsarenotmodeledwithin the
belief network topology or probabilitiesexplicitly, but are



maintainedaspartof thedescriptionof eachbelief network
nodefor subsequentusewhenaddinguserobservationsas
evidenceduring the plan recognitionprocess.This repre-
sentsa signifant improvementover the ASPRN described
in (Huber, Durfee,& Wellman1994;Huber& Durfee1995;
Huber1996)asit allowsfor muchbetter®delity in matching
observationswith PRNactionnodes.

Probabilities

To specifytheprobabilitiesfor eachPRN,we identi®edall
classesof combinationsof arcsfor eachnodetypethatmight
ariseandspeci®edvaluesfor eachstatevaluefor eachtype
of variable(GOAL, ACTION, CONDITION, andEVIDENCE).
Throughcarefulselection,sometrial anderror, andquitea
bit of experienceapplyingPRNsto problems,wehavedeter-
minedagenericsetof priorandconditionalprobabilitiesthat
work well acrossmultiple domains(Huber& Hadley 1997;
Huber & Simpson2003). The pattern–basedapproachto
probability determinationthat we constructedrequiresa
fairly largenumberof patterns(32). However, this mecha-
nismsigni®cantlyreducesthetotalnumberof manualprob-
ability assessmentsrequiredto createfully speci®edPRNs,
which is its primary purpose. It shouldbe notedthat the
probabilitiesencodeddonot representactualstatisticalrela-
tionshipsbetweendomainactionsandscripts(e.g.,top-level
scriptsare given equivalent priors), but the structuraland
execution/observation relationshipsbetweenscript compo-
nents.As such,theposteriorsproducedby thePRNsdonot
representtrue statisticalposteriors(e.g.,0.10doesnot rep-
resenta10%chanceof occurrence)but canbeevaluatedfor
relativechangeandcomparingvaluesbetweennodes.

An ASPRNnode's conditionalprobability tableis deter-
minedby thecombinationof thenode's own semanticsand
thesemanticsof thearcsincomingto the node. For exam-
ple, an action nodewith an arc from a parentscript node
anda prior actionnodewill have a differentprobability ta-
ble thananactionnodewith anarcfrom aparentscriptnode
but no prior action. It will alsobe differentfrom an action
nodewith an arc from a parentscript nodeanda prior ac-
tion that'sactuallyascriptnode.Thesepatterns,calledcon-
ditioning cases,areusedto specifya probability value for
any variablesgiven a particularset of incomingarcswith
speci®edparentstatevalues.Theconditioningcasepatterns
representedwithin ASPRNarean exhaustive list of possi-
ble combinations.Theseentriescoincidewith thepossible
arcsemanticsclassi®cations,oneentry for eachof the four
arc semanticclassi®cationslisted above. Eachentry � is
a pair, (
 ; �) , where
 ∈ { DONTCARE, NONE, ONE,
ONEORNONE, ONEORMORE, ALL} is a constraintspec-
i®cation, and� ∈ { Inactive, Active, Achieved } ‖ { Not-
Performed, Performed } ‖ { False, True } is a list of parent
statevaluesthat mustsatisfy the entry's constraintspeci®-
cation(for script,action,andconditionnodesrespectively).
Thesemanticsassociatedwith eachpossibleconstraintspec-
i®cationis givenbelow.

• DONTCARE – Ignoreany incomingarcswith thisentry's
semanticclassi®cation.I.e., thenodeis independentwith
respectto arcswith this semantics.

• NONE – No arcswith this entry's semanticclassi®cation
mayhaveaparent'sstatevaluespeci®edwithin �

• ONE – Only one of the arcswith this entry's semantic
classi®cationmay have a parent's statevalue speci®ed
within �

• ONEORNONE – Eitherno arc,or only onearcwith this
entry's semanticclassi®cationmay have a parent's state
valuespeci®edwithin �

• ONEORMORE – At leastoneof thearcswith thisentry's
semanticclassi®cationmust have a parent's statevalue
speci®edwithin �

• ALL – All of the arcswith this entry's semanticclassi-
®cationmusthave a parent's statevaluespeci®edwithin
�

Table1 showsanexampleof afully speci®edpattern.The
patternshown in this ®gurematchesthecasesfor anaction
(not the®rst action)in a simplesequenceof actionswhere
theparentgoal hasthe stateActive andtheactionimmedi-
atelyprior to thevariablefor which this probabilityis being
speci®edis eitherInactive (it couldbea script node)or Not-
Performed (it could be an action node). All incomingarcs
with othersemanticsare ignored. This probability pattern
doesnot apply to the ®rst actionof a simplesequencedue
to the constraintspeci®cationthat one (not zero,not more
thanone)incomingarcmustbefrom avariablerepresenting
the action immediatelyprecedingthe action for which the
probabilityis beingspeci®ed.

Associatedwith eachconditioningcasepatternis a set
of probabilitiesto assigndependinguponthestatevalueof
thevariablefor whichtheconditionalprobabilitiesarebeing
determined.In thecaseof a script node,� (
 ; �) = { 0.95,
0.04,0.01} correspondingto thestatevaluesof {Inactive,
Active, Achieved} respectively, while for an ACTION node,
� (
 ; �) = { 0.95,0.05}, which would correspondto state
valuesof {Notperformed, Performed}. All conditionalprob-
ability tableentriesfor all variablesin theplan recognition
network thathave a conditioningcasethatmeetsthis crite-
rion have their valuessetaccordingto this particularsetof
values.In short,PRNsstartwith agenericcase-basedmodel
of thesyntactic,temporal,andcausalrelationshipsbetween
belief network nodes,not theactualin-usestatisticalproba-
bilities (which caneventuallybelearned).

Runtime Operation

In thissection,webrie�y describehow ourenhancedJAWS
systemworks. All of thecomponentsillustratedin Figure1
havebeenimplementedandareoperational.

The modeof assistancefully implementedat this point
is during the generationof scripts. In this mode,the user
invokestheMacroRecorderto startrecordingactions(pos-
sibly containingmistakesof varioustypes),performstheac-
tionsrequiredto achieveaparticulartask,andthenturnsthe
Macro Recorderoff. The SGI is theninvoked,which uses
the PRE to analyzethe sequenceof actionsand eventsin
orderto optimizetheraw recordedcommandandeventse-



(B) Modeling iteration (WHILE loops)

Script loopy
   Action1
   while (condition==True)
      WhileAction1
      WhileAction2
   endWhile
   Action2
EndScript

� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �

loopy

� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �

Action1
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � �
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script action evidence condition

parent script prior action evidence condition

Figure4: PRNconstructsthatmodelvariousJAWSscriptconstructs.

Arc Semantics
Ω Π Classification

ONE Active Parent Script
ALL Inactive, Prior Action

NotPerformed
DONTCARE ANY Prior Branch
DONTCARE ANY Loop Condition
DONTCARE ANY Negative Loop Conditions

Table1: An exampleof anASPRNprobabilitypattern.This
patternmatchesall non–®rst–actionactionsof a sequence
(indicatedby a � valueotherthanANY in thePrior Action
row) within a plan wherethe parentgoal is Active andthe
previousaction/subgoalin thesequenceis eitherInactive or
NotPerformed.
Thereare31othersuchpatternsde®nedthatcoverall mod-
elednetwork possibilities.

PerformScript Tab()
PerformScript Tab()
PerformScript Tab()
PerformScript Tab()
PerformScript Tab()
PerformScript Tab()
PerformScript Tab()
PerformScript Tab()
PerformScript Tab()
PerformScript Tab()
PerformScript Tab()
PerformScript Enter()
WaitForWindowWithName("CNN.com")
PerformScript Tab()
PerformScript Tab()
PerformScript IEFind()
TypeKey("z")
TypeKey("i")
TypeKey("p")
TypeKey("Enter")
TypeKey("9")
TypeKey("2")
TypeKey("0")
TypeKey("5")
TypeKey("6")
TypeKey("Enter")

Figure5: The pre-optimizedscript for readingweatherat
CNN.com(asrecordedby theMacroRecorder).



Script checkWeather()
MovetoLine(39)
PerformScript Enter()
WaitForWindowWithName("CNN.com")
MovetoLine(3)
PerformScript IEFind()
MacroSetWindowText("zip")
EnterText("92056")

EndScript

Figure6: The post-optimizedscript for readingweatherat
CNN.com.

Figure7: Left, the PRN constructedby ASPRN(evidence
nodesnot shown). Right, the probability distribution for
thescriptbeingperformedby theuserwith no observations
(i.e., priors) at top, MoveToLine observed (second),Enter
observed(third),andall actionsobserved(bottom).Notethe
gradualprogressionfrom Inactive to Achieved (i.e., com-
pleted).

quence.ThePREusesASPRN'sAPI to makeobservations5

at several levels within the PRNs: at evidencenodeswhen
thereis uncertaintyrelatedto correlatingMacro Recorder
entrieswith scriptactions;atactionnodes(onelevelupfrom
theevidencelevel) whenthis canbe donewith surety;and
at thescriptnodeswhenthis canbedirectly ascertainedby
observations6. The PREthenusestheASPRNAPI to trig-
ger Bayesianupdatingin the PRNsandto query the PRN
for theposteriorsof nodesof interest.Basedon thevalues
of theposteriorsfrom thePRE,theSGI makesdecisionson
how bestto optimizethescriptby replacingmultipleMacro
Recorderraw actionswith a singlemacroor function invo-
cation.Theusercanreview andmodify theoptimizedscript
in a numberof waysbefore®nally acceptingor rejectingit.
Acceptanceor rejectionof thereplacementsuggestionswill
beusedby plannedfutureBayesianlearningcapabilitiesto
adjustthe internalPRN modelsto tailor the modelsto the
user.

During what we considernormal use of the extended
JAWS system, the user will be navigating betweenand
within web pageswhile JAWS observesthe user's actions
andscreeneventsand“pipes” themto thePRE.After each
observedaction/event,thePREaddsthis informationasev-
idenceinto thePRNsin thePRNLibrary andinvokesbelief
updating.ThePREsortsthescriptsbasedonposteriorprob-
abilitiesto determinethemostlikely scriptbeingpursuedby
theuser.

As anexample,theuserrecordedthemacroshown in Fig-
ure5. This relatively lengthy, overly verbosescriptwasop-
timzedby thesysteminto thescriptshown in Figure 6. Fig-
ure 7 illustrateshow PRNposteriorsreactto evidenceof the
user'sactions7

PRNs modeling scripts that are close but do not quite
matchtheevidencepatterndo not reactasstronglyandre-
sult in lower posteriorprobabilities,allowing the PRE to
discriminatebetweenalternatives.Oncea scripthasa suf®-
cientlyhigh likelihoodof beingpursued(initial userstudies
havedeterminedroughlyappropriatevaluefor thisbut more
needto be performed),thesystemcaninform theuserthat
a script exists that canperformtheir taskmuchmoreef®-
ciently or is closebut needsto be tailoredslightly for the
user's currenttask. The Bayesianlearningcapabilitiesthat
will beaddedat a laterstagewill take theuser's acceptance
or rejectionof thissuggestionandgraduallyadjustthePRNs
to theuser's preferences(the rateof which will alsobede-
terminedthroughuserstudies). This modeof operationis
almostfully implemented,lackinguserpromptingfor assis-
tanceand ®nal integrationof the action/event “pipe” with
thePRE.

5These are currently ascribed with certainty, but observations to
ASPRN can also be made as likelihood values.

6Evidence can be made at condition nodes as well but we have
not yet needed to do this.

7It is beyond the scope of this paper to describe how such a net-
work behaves for all observation patterns (e.g. those with irrelevant
or erroneous actions). For more details refer to (Huber, Durfee, &
Wellman 1994; Huber 1996).



Future Work
Thereremainsa large numberof future researchand im-
plementationissuesin addition to the possibilitiesalluded
to earlier. For example, we have performedsomeinitial
usertrials with experiencedJAWSusersto evaluatethesys-
temin wholeandin part,many moreaspectsof thesystem
needto be evaluatedin more depthbeforeactually ®eld-
ing it. For example,a numberof variationsand special-
izationsof PRN topographiesandconditionalprobabilities
needto be explored to determinethe optimal con®gura-
tion for screenreadertasks. Thereare tradeoffs in mod-
eling accuracy and computationaleffort that must be ex-
plored to ®nd the correct balance. Also, while we have
an internalobject-orientedproceduralmodel, we have yet
to take advantageof recent object-orientedprobabilistic
modeling research(e.g., (Barry, Laskey, & Brouse2000;
Pfeffer et al. 1999). Explicitly modelingtypical userde-
viations/errors(Calistri-Yeh1991)couldalsobeusedto ad-
vantage.

With respectto applicationdomains,our work to date
with the visually impairedhasfocusedalmostexclusively
on tasksthat areperformedon the World Wide Web. Our
continuingwork will also focuson the vocationalanded-
ucationalusesof the proposedsoftware involving off-line
applications.In addition,a formal experimentwill be con-
ductedto examinetheproposedsoftware'sability to reduce
thetime andcostassociatedwith (1) makinga worksiteac-
cessiblefor thevisually impairedand(2) traininga visually
impairedemployeeto useanaccessibleworkstation.
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