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Abstract

The processof how knowledg is acquired
and formulatedin knowledg-intensiveAl
is difficult for a studentto grasp without
practical experience Often, Al text books
andlecture notescontainexamplesoflogic
formulaor structuedknowledg represen-
tationswhich are well refinedandbug free
Thesepolishedexamplesare then usedto
showreasoningmedianismsor the execu-
tion of Al seach methods.The processof
how the knowledg representationghem-
selvesare acquired and validatedis often
negylected. In this paperwe describethe
useof a tool called GIPO for teading Al
students.GIPO helpsstudentaundestand
and integrate aspectf knowledg acqui-
sition, knowledg engineering automated
planningand madine learning We show
how the tool’'s featules supportsteading
andthe students learning experienceand
helpsintegratethetheoryandpracticein a
range of Al andrelatedsubjectareas.

1. Introduction

Very often Al practical classes,Al text
booksandAl lecturenotesstartwith exam-
ples of logic formula or structuredknowl-
edgerepresentationghich arewell refined
andbug free. Thesepolishedexamplesare
then usedto shov reasoningmechanisms
or the execution of Al searchmethods.
For example,in Al planning,studentsare
givena setof craftedactionrepresentations
and are then shovn how planning algo-
rithms reasonwith thesestructureso gen-
erateplans. Both the structuredepresenta-
tions employed, and the reasoningmecha-
nismsthemseles, aredifficult for students
to grasp,andthey requireasetof integrated
knowledgefrom previous courseson logic
andcomputerscience.

The peculiarproblemsto do with acquir
ing andcraftingknowledgebasesaboutac-

tionsandchangeds anotherfactorasto why

the teachingof knowledge-intensie Al is

difficult. Studentsmay have encodeddy-

namicknowledgein otherpartsof the cur

riculum: they representdynamic systems
informally in object-orientedanalysisand
design,or formally usinga processlgebra.
However, representingcnowledgeaboutac-

tions and changefor automatedreasoning
purposepresentsnoreproblems.

The processof how knowledge is ac-
guiredandengineereds not easyfor a stu-
dentto graspwithout practical experience
of the process. As is the casewith pro-
grammingand design,it seemghatan in-
tegratedtools ernvironmentthat allows the
studentto effectively apply the theoryin a
practicalscenarids desirable.This should
give the studenta high level platform from
which to learn advancedconceptswithout
the needto worry abouteditorsandsyntax.
From our experience a usefultool to help
in theteachingof Al within the computing
curriculumshouldintegratea rangeof the-
ory taughtduringlectureswith the applica-
tion of the theory during practicalclasses,
supportinga wide rangeof the Al curricu-
lum. Its interface should have a familiar
look andfeel, andallw the studentto pro-
ducenon-trivial Al implementations.It is
also useful if the tools helpsintegrate Al
with other subjectareastaught at under
graduatelevel. Traditionally Al hasbeen
taughtwithin practicalsessiongy the in-
troductionof declaratve programmingan-
guagessuchas Prolog, Lisp and Haslell.
While theseprogrammindanguagesanbe
usedfor a wide rangeof Al topics, it is
not easyto lead studentsto build or inte-
grateadwancedAl functionsfrom the ba-
sis of a programminglanguage. The tutor
would implementAl algorithmsto expose
their workings, but knowledgeintensie is-



suessuch as domain modelling would be
harderto illustrate.

Herewe describethe useof a tool called
GIPOfor teachingAl students.It hasbeen
usedsinceits creationin 2001 for knowl-
edge engineeringof Al Planning knowl-
edge We arguethatGIPOmeetghecriteria
in the paragraphaboutand helps students
understandndintegrateaspectf knowl-
edge acquisition, knowledge engineering,
automatedplanningand machinelearning.
We shov how the tool’'s featuressupports
teachingand the student’s learning expe-
rience, and helpsintegrate the theory and
practicein arangeof Al andrelatedsubject
areas.

2. Overview of GIPO

GIPO ! the 'Graphical Interfacefor Plan-
ning with Objects’ (Simpsonet al. 2001)
(pronouncedseePo)s the nameof a fam-
ily of experimentatoolservironmentspro-
viding help for thoseinvolved in knowl-
edge acquisition, domain modelling, task
description,plan generationand plan exe-
cution. GIPOwasan outputof the PLAN-
FORM project (Planform 1999), and has
beendemonstrateth severalmajorAl con-
ferences GIPOwon the prizefor bestgen-
eral tool at the first internationalcompeti-
tion for knowledgeengineeringn Al plan-
ning, held at Monterey, USA in June2005.
Threeversionsof GIPO - GIPO I,ll, and
lll areavailablefor downloadingfrom the
website. GIPO integratesa rangeof plan-
ning tools to help the userexplore the do-
main encoding,and determinethe kind of
plannerthatmaybe suitableto usewith the
domain.In particularit has:

e graphicaltools and visual aids for the
input/display of objects, object classes
(sorts),predicatesgonstraintsstatespp-
eratorschemaandtasks. Therearefa-
miliar point and click, drag and drop
functionsto helpthe userbuild up anew
domainor reuseexisting components.

¢ validation checksfor consisteng across
parts of the developing domain model.
Once operator schemahave been de-
velopedGIPO featuresa 'plan stepper’
which helpsthe userbuild up their own
solutiongto problemsn akind of 'mix ed-
initiative’ mode.

¢ residentplan generatiorenginesandan
API for plugging in to third party Al

http://scom.hud.ac.uk/planform/gipo

planners. A plan animator/ visualiser
displaysaplannerssolutionto aproblem
in termsof the objectswhich areeffected
by theplan. This canbe steppedhrough
by the userto seethe effectsof operators
onobjectsandtheir properties.

A key designgoal in building the tool's
interfacehasbeento allow the creationof
a specificationin termsof imagesthat de-
scribe domainstructureat a high level of
generality The tool takes careof the de-
tail of the syntaxof the underlyingspecifi-
cation, makingit impossibleto constructa
syntacticallyill-formed specification. The
processof domainmodel developmenton
which this is baseds detailedin the litera-
ture,seereferenceg¢McCluskey & Porteous
1997;Liu & McCluskey 2000)for morede-
tails.

3. Capturing Domain Structure

Studentslearn how to use GIPO in two
ways: Firstly, they caninvestigateandexe-
cuteoneof theseveralpre-engineeredppli-
cationsdomainghatis suppliedwith GIPO.
The studentcanusetheseat an early stage
to seethe resultof domainbuilding. They
areableto bind the modelswith a planner
of choiceanduse GIPO to solwe planning
problemsand executethe solutions. Sec-
ondly, the studentcan use GIPO’s tutori-
als. Thesdeadthe studenthrougha staged
methodof domain developmentusing ap-
propriate examples. This is a similar to
the tutorial materialwritten for the Protege
tool (Gennarietal. 2003)whichintroduces
theuserto DescriptionLogic.
Thecentralconceptiorin domaincapture
is that planningessentiallyinvolveschang-
ing propertiesandrelationshipsof the ob-
jectsthatinhabitthe domain. This appeals
to computingstudentsintuition andis con-
sistentwith their studiesin object-oriented
programmingand design. Knowledge is
structuredaroundobjectdescriptionstheir
relationshipsandthe changeghey undego
as a result of the applicationof operators
duringplanexecution(in contrasto thetra-
ditionalliteral-baseapproachusedn Plan-
ning languagesuchas PDDL (Ghallabet
al. 1998)). The studentidentifiesthe kinds
of objectsthatcharacteris¢he domain,and
organisesthem arounddistinct collections
of objects,which we call sorts into a hi-
erarchy Objectinstancedor eachsortare
identified. Eachobjectinstancen a sortis
assumedo have identicalbehaiour to ary
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Figurel: Snapshoof the SortEditor

otherobjectin the sort. To assistin this el-
ementof the conceptualisatioisIPO pro-
vides a visual tree editor (Figure 1). Do-
main checkingat this initial stageinvolves
enforcing the tree structureand requiring
thatnodenameg(for sortsandobjects)are
unique.

Thenext stepif for the studento specify
thesortsin the domainby identifying pred-
icatesthat characterisghe propertiesof a
typical objectof eachsortandrelationships
that hold betweenobjects. GIPO provides
an editor to definepredicatedy a process
of drag and drop from the sort tree previ-
ously defined. Next, the studentspecifies
domaininvariants The mostimportantin-
variantsare thosecharacterisinghe range
of stateghatan objectof eachsortcanoc-
cupy. Theseform the basisof the static
validity checksthat can be carriedout on
thecompleteddomainspecificationFor ex-
ample, if the sort representinghe physi-
cal entity is 'door’, andthe predicatesare
closed,locked and unlocked, thenthe stu-
dentwould usethetool to statethattheonly
possibleinterpretationshatcanbetrueare:
lockedandclosed;
unlockedandopen;
unlockedandclosed

Any other combinations(eg open and
locked; or locked, closedandopen)are ex-

cluded. Thecollectionof all suchstatedor

the objectwill be suchthatat ary instance
in time exactly onesuchdescriptiorwill be
true of the object(seeFigure?2).

When specifying object states,the pos-
sible unificationsof variablesof the same
sort or betweenvariablesbelongingto the
samepathin the sorttree hierarchycanbe
restrictedusing a visual indication of uni-
fying variablesasshawn in thefigure. The
studentselectsrom a popupmenuhow an
individual variableis to unify with atamget
variableandif thedecisionis thatthey must
bedistinctthena not_equalsclauseis gen-
erated. This stratgy for dealingwith the
unification of variablesis penasie in the
GIPOtool set.

4. Capturing Domain Operators

The next stageof the knowledge acquisi-
tion method,andmostdifficult taskfor the
studentjs to specifyoperatorgepresenting
domainactions.Operatorsn GIPOarecon-
ceptualisedas setsof parameterisedbject
transitions,LHS = RHS wherethe LHS
andRHS arethe legal statedescriptionsof
the sort of the object parameter An ob-
jecttransitioncanhave differentmodalities
in an operator- normally it is necessary
which meansthe LHS is a preconditionof
the operator and after the operatoris exe-



[state View - Editing Sort [ block |

i'g M

SOrtS . Predicates .. Edit State State Definitj
S Allsorts || ||on_blockiblock black) 4[| on_block(B,BL aripped(p,C)
&[S block | |on_tatlefblock) 7|/ |clear(d) Same an_tlock(,B1)
0[5 gripper| | clearltlock) Differant clear(l)
gripped{block gripper) Optional ne(,B1)
busy(gripper) on_block(E 81)
Fiemmi i o
ne(f,81)
% ) on_table(f)
<< Ramave Add = clear(s)
Filter By .. on _tableif)

(I First Reference Only

State Variable Bindings ..

{7 All Referencad
® All Predicates

‘ & Refrash Selaction ‘

ne( B 1)

State Variable/ID ..

‘B | @ Change ‘

[a] Clear

B Add | % uUpdate | fi Delete

= Commit | 'F Restare

@ Verify States

@ Close

Figure2: Editorfor SpecifyingObjectStatelnvariants

cutedthe objectaffectedwill bein thesitu-

ation specifiedby a fully instantiatedRHS

The GIPO operatoreditor helpsthe student
createa graphrepresentatiorf an opera-
tor wherethe nodesarethe LHS andRHS
statesf the objectsortsinvolvedin the op-

erator Eachsuchnodecontainsaneditable
statedefinition(sed-igure3).

While the useof the'OperatorEditor’ is
adequatedo defineoperatorsstudentshave
difficulty primarily dueto the possibleco-
designatiorof variablesacrosghe different
nodespresentedo the user (althoughthe
underliningandright click mechanisnde-
scribedin the stateeditor is used). Using
this manualoperatortool illustratesto the
studentthe difficulty of knowledgeformu-
lation, particularlyto dowith actions.

5. Capturing Domain Operators
using Induction from Examples

A semi-automatedknowledge acquisition
tool in GIPO is 'OpMaker (McCluskey,
Richardson& Simpson2002): this helps
the userto createan operatorset simply
by providing example solution sequences.
The exerciseillustrates some of the con-
ceptsof 'Learning from Examples’in ma-
chinelearning- in particularinductive gen-
eralisation.

To helpexplain OpMaler, we usea plan-
ning domainthatis suppliedwith GIPO -
the’Lazy Hikers’domain.Two people(hik-
ers) go hiking and driving aroundregions
of the Lake District, with objectssuchas
tents,cars, regions andactionssuchasput-
down, load, getin, getout, drive, unload,
putup,walk, sleepintent They do one’leg’
of alongcirculartrackeachday, asthey get
tired and have to sleepin their tent to re-
cover for the next leg. Their equipmentis
heavy, sothey have two carswhich canbe
usedto carry their tent and themselesto
the start/endof aleg. To useOpMaler, the
studentmustfirst createa 'partial’ domain
model, containingobjects,sorts,predicates
andstateinvariantsdescribingthe problem
domain. The studentthenconstructgvia a
draganddrop process) solutionto a pre-
definedtask- for instancehefollowingis a
solutionto the taskof doing oneleg of the
circular track and being readyfor the next
leg in themorning:

put down
tentl fred kesw ck;
| oad
fred tentl carl kesw ck;
getin
sue keswi ck carl;
drive

sue carl keswi ck butternere;
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chine learning techniquesone can poten-
tially avoid the needto hand craft action
knowledge. They can comparetheseac-
quisitionmethods:After OpMaker haspro-
ducedthe setof inducedoperatorsanother
learning opportunity for the studentis to
comparethis set with the handcraftedset
suppliedwith GIPO. They canexplore the
problemsand limitations of learningfrom
examplesto do with corvergenceof gen-

[ Add ID || 4 Delete || £ Undo || & Redo |
Figure3: OperatorEditor Tool

get out

sue butternere carl;
unl oad

sue tentl carl butternere;
put up

tent1l sue butternere;
getin

sue butternere carl;
drive

sue carl butternere kesw ck;
get out

sue keswi ck carl;

wal k

sue fred keswi ck butternere;
sl eepi nt ent

sue fred tentl butternere
The studentis encouragedo think of each
action in terms of a sentencedescribing
what happens.For examplein the lastac-
tion we think of this as’Sue andfred sleep
in their tentin Buttermere’. Each‘action’
consistof anactionidentifierfollowedby a
sequencef objectsthatthe actiondepends
onor changesFromtheinputof aplansuch
asthe exampleabove, anda partialdomain
model, a full operatorsetcan be induced
with thetool (seeFigure4).

6. Student L earning Opportunities
From this stagein process,the students
learn the difficulty in acquiring knowl-
edge about actions, and how using ma-

eralisationsthe needfor knowledgerefine-
mentand the importanceof 'good’ exam-
plesin learning.

The constructiornof operatorgrovidesa
good opportunityto comparethe planning
modelwith work in formal specificatiorof
software. For example, mary of our stu-
dentsusedthe’B-toolkit’” (B-Core(UK) Ltd
) to createsoftwarespecificationsThe pre-
and post-conditionversionof a GIPO op-
eratorandan operationspecifiedin B have
greatsimilaritiesasthey bothspecifydeter
ministic, instantaneousctionsin termsof
predicatedescriptions.

7. Validation in GIPO

Continuingthe analogywith formal spec-
ification of software, oncethe studenthas
built up an initial modelof the world it is
naturalto wantto validateit. As in formal
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specificationthis splitsinto internalvalida-

tion: checkinghemodelfor inconsistencies

betweercomponenparts,andexternalval-
idation checkingthe model's accurayg with
respectto what is being modelled. With
tools such as GIPO, ’local’ consisteng
checkson nameuniquenessnd hierarchy
definitionareautomatiovhenthesecompo-
nentsarebeingbuilt. Additionally, internal
validation includescheckson global con-
sistencythrough various forms of ’static’
validation. Most effective in GIPO arethe
checkswhich verify that operatordefini-
tionsdo notcompromiseaheinvariants.

8. Dynamic Validation

The studenthas several opportunitiesto
learnaboutandcarryout’dynamic’internal
and external validationresultingin the re-
pair of inconsistentjnaccurateor incorrect
knowledge.

¢ the readability analysistool: after the
studenthasspecifiedstateinvariantsand
an operatorset, the studentcan usethis
tool to checkwhetherthe operatorsetis
sufficentto reachall statesallowedby the
invariants. The reachabilitytool canbe
usedn conjunctionwith OpMaler: it can
indicateif the deducedoperatorsdo not
giveanadequateoverage.Thisis shavn

by theexistenceof definedstateghatare
notreferencedy arny operators.

¢ theplanstepper the studentcandynam-

ically checkadomainis adequatelgpec-
ified againsta setof problemsby using
the plan stepper The studentusesdrag
and drop to selectoperators,and pop-
up menusto instantiatehem, effectively
attemptingto solve their own planning
problemsusingthe model. Eachopera-
tor is appliedin the currentstateto gen-
eratethe consequenstate. The student
proceedsn this mannetto verify thatthe
domainand operatordefinitionsdo sup-
port the known plansfor givenproblems
within the domain. The stepperoperates
asamanuaforwardplannerwith results
of eachobjecttransitioncausedy anop-
eratorshovn graphically(seeFigure5).
Thistool is veryusefulfor checkinghier-
archical operators thatis thosethaten-
capsulatetheroperatorsin Figure6 we
shav a snapshobf the useof the stepper
to executeplansinvovling hierachicabp-
erators.

¢ running planning engines: the student
can, of course,executeone of the sup-
plied plannerswithin GIPO on specified
tasks. Suchis the intractablenature of
planningproblemghathishasto becare-
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fully controlledby the tutor and GIPO.
Dependingon the planner/ task combi-
nation chosen,the solution may not be
found for a good period of time. GIPO
hasits own planningengines,but third
party plannersare easyto integrate (we
oftenusetheFF (Hoffmann2000)planer
which was a pastwinner of the Inter
nationalPlanningCompetition). After a
plannerhasreturneda solution, the stu-
dentcanstepthroughthe solutionusing
GIPO’s animatortool. Thistakesthere-
sultsof a plannerand producesa graph-
ical representatiorof the object transi-
tionsusingthesamdayoutasthestepper

We have outlined the main components
of GIPOabove - moredetailscanbe found
in the Al Planning literature e.g (Mc-
Cluskey, Richardson& Simpson2002).To
enableGIPOto beusedasageneradomain
modellingtool we have developedtransla-
tors betweenour internallanguageandthe
planningdomainlanguagd®?DDL (Simpson
etal. 2000).The API enablegxternalplan-
ning systemdo interfaceto thetools,to pro-
vide scopefor testingandfielding alterna-
tive planningalgorithmsto thoseinternalto
GIPO.

9. Using GIPO in Teaching and
Learning

GIPO hasbeenusedin the teachingof in-
termediateandfinal yearundegraduatesn
both introductory and advancedAl mod-
ules sinceits creationin 2001. It offersa
wide rangeof learningopportunitiesn Al,
throughknowledgeacquisition,knowledge
formulation,validationandmaintenancef
domainmodels,inductive learningand au-
tomatedplan generation. Although num-
bersof studentgroups(typically 15-20)are
too small to make ary statistical claims,
anecdotallyGIPOseemso helpstudentgo
integrate Al knowledgelearnedin lectures,
andto reacha deeperlevel of understand-
ing of 'dry’ subjectmatteron for example
theacquisitionandengineeringf symbolic
knowledge.

Studentsaresupportedy anonlinethree
part tutorial, which introducesthemto the
subjectmatterin a stepby stepfashion,by
leadingthemto develop a simple example
domainmodel. Part oneof the tutorial in-
troducesthe 'flat’ model, where operators
are primitive and separate. Part two in-
troducesa hierarchicalmodel of plan op-
erators,which amountsto a principled ap-
proachto HTN planning.Finally partthree
introducesthe OpMaler operatorlearning
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method. Whereasthe tutorials lead the
studentthroughthe featuresmethodically
for learning about specific featuresGIPO
has an online, hyperlinked user manual.
For thosestudentswvho needto dig deeper
(for example final year project students)
GlIPOalsohasalanguagemanuawhichde-
finesthe underlyingknowledgerepresenta-
tion language.

10. Conclusions

In this paperwe have illustratedthe useof
the GIPOtool, andshavn how it helpsstu-
dentsapplyAl theorythatthey havelearned
during lectures. Its interfaceand underly-
ing languageausesthe objectmetaphoisim-
ilar to othertools that studentsusein the
computingcurriculum. Studentsare able
to useit bothto gain experienceof a wide
rangeof Al topics(knowledgeacquisition,
automatedplanning, learning from exam-
ples) and to obtain a deep knowledge of
topicsin theseareas. For example,a stu-
dentmay learnaboutalgorithmsfor learn-
ing from examples,andrepresentationfor
planningoperatorsput without application
the knowledge is somavhat stale. Using
GIPO the studentcan use the OpMaler
tool to induceplanningoperatorsthusboth
sustainingtheir knowledge of theseareas

andintegratingthe two together Addition-
ally, we have amguedthat GIPO helpsstu-
dents see the commonalitiesbetweenAl

with othersubjectareashelpingthemtoin-
tegratenew knowledgewith other partsof
thecurriculum.

This year our final year undegraduates
will be usingthe award winning GIPO llI
softwareon the Al module. Amongstother
innovations, this version has an interface
basedon objectlife historiesThisformsan-
other knowledgeacquisitioninput into the
tool (in the sameway as OpMaler). It al-
lows the studentto entera diagramrecord-
ing the transitionsof objects,andit auto-
matically createsdomainoperators.It also
allows the userto re-usepre-storedobject
patternsthat representypical dynamicob-
jects. For example, Lazy Hiking domain
object behaiour can be derived from a
combinationof genericobjectswe call mo-
bile, bistateandportable(see (McCluskey
& Simpson2004)for details).
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