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The ProblemThe Problem

nn Recent paradigm - agent-oriented systemsRecent paradigm - agent-oriented systems
nn Agent-environment interaction fundamentalAgent-environment interaction fundamental
nn Poor understanding of semanticsPoor understanding of semantics
uu agentagent
uu environmentenvironment
uu interactioninteraction



Agent-Environment ResearchAgent-Environment Research
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The ContributionThe Contribution

nn New formalism for reasoning about action andNew formalism for reasoning about action and
changechange

nn Application of formalism to semantics of agent-Application of formalism to semantics of agent-
environment systemsenvironment systems



OverviewOverview

nn Reasoning About Action and ChangeReasoning About Action and Change
nn New Event LogicNew Event Logic
nn Simple BDI Agent ModelSimple BDI Agent Model
nn DiscussionDiscussion



Reasoning About Action & ChangeReasoning About Action & Change
nn Model the world and how it changesModel the world and how it changes
nn Additional entitiesAdditional entities
uu statesstates
uu fluentsfluents
uu events & actionsevents & actions

nn Aim to make predictions/deductionsAim to make predictions/deductions
uu E.g., Temporal Projection Problem: “Given anE.g., Temporal Projection Problem: “Given an

initial description of the world, the occurrence ofinitial description of the world, the occurrence of
some events, and a notion of causality, what is truesome events, and a notion of causality, what is true
after the events have occurred”after the events have occurred”



Example: Yale Shooting Problem
(Hanks & McDermott 1986)
Example: Yale Shooting Problem
(Hanks & McDermott 1986)
nn Concerns Mary attempting to shoot FredConcerns Mary attempting to shoot Fred
nn FluentsFluents::
uu alive(F) - Fred is alivealive(F) - Fred is alive
uu loaded(G) - the gun is  loadedloaded(G) - the gun is  loaded

nn Events:Events:
uu load(M,G) - Mary loads the gunload(M,G) - Mary loads the gun
uu wait(M) - Mary waitswait(M) - Mary waits
uu shoot(M,G,F) - Mary aims the gun at Fred and pullsshoot(M,G,F) - Mary aims the gun at Fred and pulls

the trigger at point blank rangethe trigger at point blank range



Some IssuesSome Issues

nn Tractability problemsTractability problems
uu expressing large numbers of facts: non-effects,expressing large numbers of facts: non-effects,

consequential effectsconsequential effects

nn Qualification problemsQualification problems
uu ability to reason from incomplete information: manyability to reason from incomplete information: many

preconditions, possible external eventspreconditions, possible external events

nn ConcurrencyConcurrency
uu ability to handle concurrent eventsability to handle concurrent events
uu desire to providedesire to provide compositional compositional semantics semantics



Non-monotonic ApproachesNon-monotonic Approaches

nn Proofs:Proofs:
uu deductions from the absence of informationdeductions from the absence of information
uu defeasible deductionsdefeasible deductions

nn Validity:Validity:
uu certain models are preferred over other modelscertain models are preferred over other models

nn Examples:Examples:
uu circumscription (McCarthy 77)circumscription (McCarthy 77)
uu chronological minimisation (chronological minimisation (Shoham Shoham 88)88)
uu negation as failure (negation as failure (Kowalski Kowalski & & Sergot Sergot  86) 86)



YSP (Hanks & McDermott 86)YSP (Hanks & McDermott 86)

nn Simple NM Formulation of YSP :Simple NM Formulation of YSP :
uu introduce abnormality predicate introduce abnormality predicate AbAb(f,e,s)(f,e,s)
uu Holds(f,s) & ~Holds(f,s) & ~AbAb(f,e,s) -> Holds(f, Result(e,s))(f,e,s) -> Holds(f, Result(e,s))
uu Holds(loaded, Result(load,s))Holds(loaded, Result(load,s))
uu Holds(loaded,s)->Holds(loaded,s)-> Ab Ab(alive, shoot, s)(alive, shoot, s)
uu Holds(loaded,s) -> Holds(dead, Result(shoot,s))Holds(loaded,s) -> Holds(dead, Result(shoot,s))
uu Holds(alive,s0), s1=Result(load, s0),Holds(alive,s0), s1=Result(load, s0),

s2=Result(wait,s1), s3=Result(shoot,s2)s2=Result(wait,s1), s3=Result(shoot,s2)
uu “minimise” “minimise” AbAb



Problem (cont.)Problem (cont.)

nn Model 1Model 1
uu s0: alives0: alive
uu s1: alive&loaded, s1: alive&loaded, AbAb(alive,shoot,s1)(alive,shoot,s1)
uu s2: alive&loaded, s2: alive&loaded, AbAb(alive, shoot, s2)(alive, shoot, s2)
uu s3:s3:

nn Model 2Model 2
uu s0: alives0: alive
uu s1: alive&loaded, s1: alive&loaded, AbAb(alive, shoot, s1) ,(alive, shoot, s1) , Ab Ab(loaded, wait, s1)(loaded, wait, s1)
uu s2: alives2: alive
uu s3: alives3: alive



Problems (cont.)Problems (cont.)

nn Led to:Led to:
uu a cycle of new logics & new counter-examplesa cycle of new logics & new counter-examples
uu lots of analysis of range of applicabilitylots of analysis of range of applicability

nn Non-standard semanticsNon-standard semantics
nn Inherently non-Inherently non-compositionalcompositional
uu cannot combine deductions about sub-systemscannot combine deductions about sub-systems
uu cannot compose concurrent eventscannot compose concurrent events



Monotonic ApproachesMonotonic Approaches

nn Explicitly state that all Explicitly state that all relevantrelevant information is information is
givengiven
uu deductions come from explicit information, ratherdeductions come from explicit information, rather

than properties of the logicthan properties of the logic
uu deductions not defeasibledeductions not defeasible

nn Challenge: compactnessChallenge: compactness



Explanation Closure (Schubert94)Explanation Closure (Schubert94)
nn Main monotonic techniqueMain monotonic technique
uu State all possible explanations for changeState all possible explanations for change

(Explanation Closure axioms)(Explanation Closure axioms)
uu State that no such event occurredState that no such event occurred
uu Deduce that no change occurredDeduce that no change occurred

nn Tractability:Tractability:
uu compact representation ala predicate completioncompact representation ala predicate completion
uu only state what only state what doesdoes affect a fluent affect a fluent

nn More “robust” than N.M. approachesMore “robust” than N.M. approaches



Explanation Closure & YSPExplanation Closure & YSP
nn Example effect axiom:Example effect axiom:
uu ~Holds(loaded, Result(e, s)) <- e=shoot~Holds(loaded, Result(e, s)) <- e=shoot
uu shoot loaded become falseshoot loaded become false

nn Example Explanation Closure axiom:Example Explanation Closure axiom:
uu ~Holds(loaded, Result(e,s)) ->~Holds(loaded, Result(e,s)) ->

e=shoot | ~Holds(loaded, s)e=shoot | ~Holds(loaded, s)
uu onlyonly shoot make loaded become false shoot make loaded become false

nn We can deduce (from wait ~= shoot):We can deduce (from wait ~= shoot):
uu Holds(loaded, s) -> Holds(loaded, Result(wait,s))Holds(loaded, s) -> Holds(loaded, Result(wait,s))



Explanation Closure ProblemsExplanation Closure Problems

nn E. C. axioms too strongE. C. axioms too strong
uu e.g., cannot now introduce unload event withoute.g., cannot now introduce unload event without

retracting old E.C. axiomsretracting old E.C. axioms

nn Difficult to apply to compound eventsDifficult to apply to compound events
uu large number of compound events, some of whichlarge number of compound events, some of which

do affect the do affect the fluents fluents (e.g., shoot||(e.g., shoot||chewGumchewGum))



New Event Logic: AimsNew Event Logic: Aims

nn monotonicmonotonic
nn compositionalcompositional
nn clean semanticsclean semantics
nn avoid undesirable consequencesavoid undesirable consequences



New Event Logic: ResultsNew Event Logic: Results

nn monotonic - yesmonotonic - yes
nn compositionalcompositional - yes - yes
nn clean semantics - yes F.O.P.C.clean semantics - yes F.O.P.C.
nn avoid undesirable consequences - yesavoid undesirable consequences - yes



New Event Logic: StructureNew Event Logic: Structure

nn Raw event logicRaw event logic
uu new concept of event instancenew concept of event instance
uu axiomatic descriptionaxiomatic description
uu first-order predicate calculus semanticsfirst-order predicate calculus semantics

nn Enhanced event logicEnhanced event logic
uu new syntactic types - event types, actionsnew syntactic types - event types, actions
uu abbreviations for event instance expressionsabbreviations for event instance expressions
uu proof by algebraic manipulationproof by algebraic manipulation



What is an Event? Possible viewWhat is an Event? Possible view

nn Behaviour - a sequence of statesBehaviour - a sequence of states
uu E.g.E.g. Yale Yale Shooting Problem (a=alive,l=loaded) one Shooting Problem (a=alive,l=loaded) one

behaviour is [(a), (al), (al), ()]behaviour is [(a), (al), (al), ()]

nn Event as set of behaviours?Event as set of behaviours?
FF E.g. load = {[(a), (al)], [(), (l)]}, etc.E.g. load = {[(a), (al)], [(), (l)]}, etc.

uu Problems when dealing with concurrent eventsProblems when dealing with concurrent events
FF Behaviours where event performed aloneBehaviours where event performed alone
FF Behaviours where other events occur as wellBehaviours where other events occur as well
FF Can’t derive one from the otherCan’t derive one from the other



Introduce Event InstanceIntroduce Event Instance

nn Consider a behaviour where an event occursConsider a behaviour where an event occurs
uu E.g., this talk - “presenting a talk” event occursE.g., this talk - “presenting a talk” event occurs

nn Not all changes relate to event occurrenceNot all changes relate to event occurrence
uu E.g., change in price of BHP sharesE.g., change in price of BHP shares

nn Take event instance to be behaviour +Take event instance to be behaviour +
indication of relevant changesindication of relevant changes



Example InterpretationExample Interpretation

nn Annotate sequence of states with changesAnnotate sequence of states with changes
uu E.g., load includesE.g., load includes

FF [()+l(l)] - Fred dead and gun caused to be loaded[()+l(l)] - Fred dead and gun caused to be loaded
FF [(a)+l(al)] - Fred alive and gun caused to be loaded[(a)+l(al)] - Fred alive and gun caused to be loaded

nn Some changes may not be part of eventSome changes may not be part of event
uu E.g., load also includesE.g., load also includes

FF [(a)+l(l)] - Fred happens to die during load[(a)+l(l)] - Fred happens to die during load
FF [()+l(al)] - Fred resuscitated during load[()+l(al)] - Fred resuscitated during load

uu Can’tCan’t deduce what happens to “a” from a statement deduce what happens to “a” from a statement
“load occurs”“load occurs”



An event “on its own”An event “on its own”

nn Can derive behaviour of event on its own:Can derive behaviour of event on its own:
uu Given a set ofGiven a set of fluents fluents: select instances where all: select instances where all

changes in thosechanges in those fluents fluents are effects are effects
uu E.g., load occurring on its own (with respect to aliveE.g., load occurring on its own (with respect to alive

and load): {[()+l(l)], (a)+l(al)]}and load): {[()+l(l)], (a)+l(al)]}
uu Note: [(a)+l(l)] and [()+l(al)] excluded since changeNote: [(a)+l(l)] and [()+l(al)] excluded since change

in “a” not caused by instancein “a” not caused by instance

nn CanCan deduce that “a” stays the same from deduce that “a” stays the same from
statement “load occurs on its own”statement “load occurs on its own”



BenefitsBenefits

nn Tractability problemTractability problem
uu “system” solution presented in thesis“system” solution presented in thesis

nn Qualification problemQualification problem
uu State non-effects of eventsState non-effects of events
uu State events that happenState events that happen
uu State that these events occur “alone”State that these events occur “alone”

nn MonotonicMonotonic
nn Avoids Explanation Closure AxiomsAvoids Explanation Closure Axioms
uu no statements about other events requiredno statements about other events required



Combining Event InstancesCombining Event Instances

nn Can combine effects: “+” operatorCan combine effects: “+” operator
uu Only if behaviours identicalOnly if behaviours identical
uu E.g., [(a)+l(l)] + [(a)-a(l)] = [(a)+l-a(l)] - load andE.g., [(a)+l(l)] + [(a)-a(l)] = [(a)+l-a(l)] - load and

die concurrentlydie concurrently

nn Can concatenate behaviours: “;” operatorCan concatenate behaviours: “;” operator
uu Only if end & start states matchOnly if end & start states match
uu E.g., [(a)+l(al)] ; [(al)-a(l)] = [(a)+l(al)-a(l)] - loadE.g., [(a)+l(al)] ; [(al)-a(l)] = [(a)+l(al)-a(l)] - load

and then dieand then die



Raw Event LogicRaw Event Logic
nn Types:Types:
uu fluentsfluents, (e.g., a, l), (e.g., a, l)
uu fluent values, (e.g., true, false)fluent values, (e.g., true, false)
uu event instances, (e.g., i1+i2, i3;14)event instances, (e.g., i1+i2, i3;14)

nn Predicates:Predicates:
uu RelateRelate fluents fluents and event instances and event instances

FF E.g.,E.g., val val(a, true, [(a)+l(al)]) , nab(a, [(a)+l(l)])(a, true, [(a)+l(al)]) , nab(a, [(a)+l(l)])

uu Event typesEvent types
FF E.g., load(i1), wait(i2)E.g., load(i1), wait(i2)

nn Semantics:Semantics:
uu first order predicate calculusfirst order predicate calculus



Not Syntactically ConvenientNot Syntactically Convenient

nn Verbose:Verbose:
uu e.g. “i=i1;i2;i3 & load(i1) & wait(i2) & shoot(i3) &e.g. “i=i1;i2;i3 & load(i1) & wait(i2) & shoot(i3) &

i occurred”i occurred”
uu cumbersome dealing with event instancescumbersome dealing with event instances

nn Event Event typestypes more natural description: more natural description:
uu e.g., “instance of  (load;wait;shoot) occurred”e.g., “instance of  (load;wait;shoot) occurred”
uu problem - event types are second-orderproblem - event types are second-order



SolutionSolution

nn Event types as abbreviations/Event types as abbreviations/macrosmacros
uu µµ(load, i) (load, i) ≡≡ load(i) load(i)
uu µµ(E1;E2, i) (E1;E2, i) ≡≡ i=i1;i2 &  i=i1;i2 & µµ(E1,i1) & (E1,i1) & µµ(E2,i2)(E2,i2)
uu µµ([alive], i) ([alive], i) ≡≡ val val(alive, true, i)(alive, true, i)

nn Allows concise description of scenariosAllows concise description of scenarios
uu YSP    load;wait;shootYSP    load;wait;shoot
uu YSP    [alive  ]YSP    [alive  ]
uu ∴∴  YSP     YSP    ΣΣ;[~alive];[~alive]

⊃

⊃

⊃



Fluent EventsFluent Events

nn Event types describingEvent types describing fluents fluents
uu f has value vf has value v
uu f changes value from v1 to v2f changes value from v1 to v2
uu no changes to f are effectsno changes to f are effects

FF used to state non-effects of eventsused to state non-effects of events

uu all changes to f are effectsall changes to f are effects
FF used to state an event “occurs alone”used to state an event “occurs alone”



Event OperatorsEvent Operators

uu concatenation : E1 occurs and then E2 occursconcatenation : E1 occurs and then E2 occurs
uu intersection : event of type E1 and E2 occursintersection : event of type E1 and E2 occurs
uu concurrent composition : E1 occurs and in parallel aconcurrent composition : E1 occurs and in parallel a

different E2 occursdifferent E2 occurs
uu coco-occurrence : E1 occurs and E2 occurs-occurrence : E1 occurs and E2 occurs
uu union : event of type E1 or E2 occursunion : event of type E1 or E2 occurs
uu negation : event not of type E occursnegation : event not of type E occurs



Not First Order?Not First Order?

nn Event types not first-order objectsEvent types not first-order objects
uu no quantificationno quantification

nn Proof by algebraic manipulationProof by algebraic manipulation
uu algebraic properties derived from instance axiomsalgebraic properties derived from instance axioms

and abbreviation definitionsand abbreviation definitions
uu e.g., E1;(E2;E3) = (E1;E2);E3e.g., E1;(E2;E3) = (E1;E2);E3



ActionsActions
nn May be successful or unsuccessfulMay be successful or unsuccessful
uu e.g., attempt to fire gune.g., attempt to fire gun

nn Related to event typesRelated to event types
uu event type of successful executionevent type of successful execution
uu event type of failed executionevent type of failed execution

nn Described by set of event instances (possibleDescribed by set of event instances (possible
executions) with results attachedexecutions) with results attached
uu e.g. {[(al)-l-a()]:S, [(a),(a)]:F, …  }e.g. {[(al)-l-a()]:S, [(a),(a)]:F, …  }
uu instance may be success for one action fail forinstance may be success for one action fail for

another actionanother action



Action OperatorsAction Operators

nn Build complex actions from simple actionsBuild complex actions from simple actions
uu conditional - if/then/elseconditional - if/then/else
uu iteration - while doiteration - while do

nn Correspond to programming constructsCorrespond to programming constructs



BDI AgentsBDI Agents

nn InternalsInternals
uu Beliefs - information about the worldBeliefs - information about the world
uu Desires - goals to achieveDesires - goals to achieve
uu Plans - means for achieving goalsPlans - means for achieving goals
uu Intentions - plans committed toIntentions - plans committed to

nn InteractionsInteractions
uu Beliefs updates by perception of environmentBeliefs updates by perception of environment
uu Environment modified by actionsEnvironment modified by actions



Simplifying AssumptionsSimplifying Assumptions

nn No parameters on No parameters on fluentsfluents
nn Primitive actions restricted to belief changesPrimitive actions restricted to belief changes
uu Execution of plans is a purely mental processExecution of plans is a purely mental process
uu Separate sensor processes update beliefsSeparate sensor processes update beliefs
uu Separate effector processors cause environmentSeparate effector processors cause environment

actions when triggered by beliefsactions when triggered by beliefs

nn Simple plan triggersSimple plan triggers
uu new belief - asynchronousnew belief - asynchronous
uu sub-goal - synchronoussub-goal - synchronous



Semantics of Plan ExecutionSemantics of Plan Execution

nn Defined using new event logicDefined using new event logic
uu plans = compound actionsplans = compound actions
uu triggering asynchronous plans = causal processtriggering asynchronous plans = causal process

nn Independent of environmentIndependent of environment



Semantics of InteractionSemantics of Interaction

nn Treat environment, sensors/effectors, planTreat environment, sensors/effectors, plan
execution as separate processesexecution as separate processes

nn CompositionalCompositional semantics of event logic defines semantics of event logic defines
parallel composition of processesparallel composition of processes

nn No problem dealing with multiple agentsNo problem dealing with multiple agents



ImplementationImplementation

nn Thesis contains implementation of simple BDIThesis contains implementation of simple BDI
agent model in Pythonagent model in Python
uu adds some featuresadds some features
uu about 20 pagesabout 20 pages



Application of FormalismApplication of Formalism

nn New simple BDI agent model with well-definedNew simple BDI agent model with well-defined
semanticssemantics

nn Capability to reason about agent-environmentCapability to reason about agent-environment
interactionsinteractions

nn Capability to reason about multiple agentsCapability to reason about multiple agents
nn Opens up new area of agent-environmentOpens up new area of agent-environment

researchresearch



DiscussionDiscussion

nn SummarySummary
nn Future DirectionsFuture Directions



New Formalism FeaturesNew Formalism Features
nn Rich language of eventsRich language of events
nn CompositionalCompositional semantics semantics
nn Well-understood semantics (FOPC)Well-understood semantics (FOPC)
nn Avoids introducing E. C. axiomsAvoids introducing E. C. axioms
nn HandlesHandles
uu concurrency concurrency & other compound events& other compound events
uu counterfactualscounterfactuals
uu causalitycausality
uu action failureaction failure



Future DirectionsFuture Directions

nn Event logic:Event logic:
uu handle continuous changehandle continuous change
uu handle probabilities rather than possibilitieshandle probabilities rather than possibilities

nn Simple BDI agent modelSimple BDI agent model
uu parameterised parameterised fluentsfluents
uu maintenance conditionsmaintenance conditions
uu metameta-level reasoning-level reasoning


