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Background: Integrated Learning System

• Poirot [Burstein et al., AAAI-2008; Burstein et al 2007]
– Learn how to perform complex procedures from an expert 

demonstration trace
– Integrate a wider range of learning methods with different 

strengths 
– Knowledge validation with experiment and practice problems

Meta-reasoners:
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New or Changed for Phase 2

Service
Matchmaker

(CMU-RI)

Service
Matchmaker

(CMU-RI)
Integrated in Phase 2

Integrated Learners
- Trace interpreters
- Trace generalizer
- Trace explainer
- Hypothesis integrator
- Workflow constructor
- Workflow executor
- Experiment designer
- Question Asking
- …
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Select Patient p from R
(with highest priority)

lookupAirport
(Origin(p), radius=100)

Select apoe = first of A

Select flight 
f = first of F

lookupPlane
(apoe,apod,avail,LAT(p))

Found Airports A

setPatientAPOE(p,apoe)

getAmbulanceTime
(p, origin(p), apoe, available(p))

setPatientAvail(p,arrivalTime)

lookupAirport
(Dest(p), radius=100)

Select apod = first of A

setPatientAPOD(p,apod)

lookupFlight
(apoe, apod, avail, LAT(p))

Found 
Flights F

getAmbulanceTime
(p, apod, destination(p), arrival(f))

setPatientArrival(p,arrivaltime)

No Flights
Found

Select first Plane

Choose max
(avail@APOE, 
planeAvailable)

setMissionDeparture
(depTime)

proposeFlight
(planeID, apoe, apod, …)

setPatientFlight#(p,flight#)

For all proposed
flights F

publishFlight(f)

For all patients
in Requirements R

reserveSeat(p, flight#)

Loop

Loop

Select Flight f from F 

End Loop

Select Patient p from R 

DONE

For all patients
in Requirements R

lookupRequirements

Start

arrivalTime

Found Airports A

End Loop

If Not 
Found:
Increase 

radius

ArrDest

If Not 
Found:
Increase 

radius

Yes
Loop

End Loop

No

Loop

Loop

Requirements

Known flights 
match?

Found flights?

Expert Workflow 
(not fully demonstrated)

ArrDest < LAT?

Yes

No Choose 
Alternate

Flight*

Learning Complex Procedural Knowledge
from One Expert Demo Trace

- Step Orderings
- Branches and 

loops
- Preconditions
- Task 

decompositions
- Object selection 

criteria
- …

[Burstein et al 2007]
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Meta reasoning for integrated learners 

• Coordinate activities of different agents based 
on their capabilities and status of learning 

Object
Level

Monitoring and 
Controlling

Learning 
Progress

Ground
Level

Doing

Action
Selection

Perception Learning
results

Metareasoning
about Learning                  

Reasoning to 
Learn
(by integrated 
learners)

Learning
Goal/task
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Challenges

• Assess learning status and progress of learning 
over time
– Systematically addressing issues (gaps, competing 

hypotheses and failures) that arise during the 
learning.

• Reason about what to do next 
• Supporting flexible interactions among agents 

that pursue different learning strategies. 
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MAVEN
(Moderating ActiVitiEs of iNtegrated learners)

A meta-reasoner for organizing activities by integrated 
learners and other agents

Inspired by 
– PRS-style BDI (belief, desire and intention) agents[Ingrand et al.,92]
– Meta-leval reasoning capabilities for interactive knowledge capture 

[Kim and Gil 2007; Kim and Gil 2003]
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MAVEN
A meta-reasoner for organizing activities by integrated 

learners and other agents

• Internal state: assess learning status and reason about 
what to do next
– Meta-Models: keep track of body of knowledge formed and 

changes over time
– Meta-Goals and Meta-Plans: Explicit representations of learning 

goals and a set of meta plans to reason about the situation and 
create goals

– Meta control criteria and goal selection strategies

• External state: the blackboard where all agents post results
– Effectors(control): Maven posts meta-goals (tasks) to blackboard 

that can be achieved by other learning agents
– Sensors (monitor): Maven access learning results from agents
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Meta Models

• Maven creates Meta Models for knowledge formed or 
changed by agents
– Interpretation of Input data 

e.g. interpretation of expert demo trace
– Methods, Choice criteria, Conditions, …

• Maven assesses individual Meta Models
– Issues, coverage
– Workflow generatable or not
– Validation status

• Maven relates MMs to one another
– e.g. superseding, competing,  

find best models
Learner B

μ(A,a1)
μ(A,a2)

M1

Learner A

μ(WIT,a1)
μ(WIT,a2)
μ(WIT,m3)
…

M2
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Explicit Meta Goal Hierarchy in Meta KB

LearnFrom
ExpertDemoTrace

Initial
DemoTrace

GeneralizeTraceInterpretTrace

Analyze
DataFlow

Create
MethodHypotheses

Integrate
DataFlows

Alternative
DataFlows

…
…

: Goal triggering
from meta model
assessment

Create
ChoiceCriteria

Unknown
ChoiceCriteria

: Goal decomposition

: Goal ordering
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Explicit Meta Goal Hierarchy in Meta KB
(for Experiment Control)

Validate
StepSequence
WithExperiment

Propose
Experiment

Select
Experiment

Design
Experiment

ToRun
Run

Experiment
Analyze

Experiment
Result

AmbiguityIn
StepSequence

NoExperiment
WithHighUtility

: Goal triggering
from meta model
assessment

: Goal termination
from meta model
assessment

Loop

: Subgoal
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C4ML: Four Control Criteria to Drive Learning

Built on Knowledge Acquisition Principles (Kim and Gil, IJHCS 2007)
• Capability: achieve skill for one (or few) situations

– Example: I am capable of driving since I know the rules
– System has a model about each action or method that can be used to 

generate+execute at least one plan (e.g. the user’s  demonstration)
• Succeeds sometimes 

• Confidence: achieve skill for well-specified situations
– Example: I am confident that I can drive from the airport to my house
– System has used models about each action or method successfully for a well-

specified kind of situation
• Knows when it will succeed

• Coverage: achieve skill for a broad range of situations
– Example: I could drive a stick-shift and can handle NY traffic
– System is able to generate+execute plans for a broad range of situations

• It will succeed in a broad range situations
• Competence: achieve skill that is not suboptimal

– Example: I can drive to the airport in less than 30 mins
– System is able to generate+execute good quality plans for a range of problems

• It can succeed by choosing better plans
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Phases of Learning

LearnFrom
ExpertDemoTrace ValidateK By

ReproducingTrace

Build
Capability

Increase
Confidence

ValidateK
WithExperiment

Increase
Coverage

Check K
with Practice

Problems
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3-Layer of Meta-Reasoning

• Top-level layer: C4 criteria
– Increase capability, confidence, coverage, 

(competence), currently in different phases
• Middle-layer: Meta Model and Goal assessment

– Meta Model assessment: issues, coverage, status, ..
Trigger and create meta goals

– Assess cost/benefit of pursuing goals 
Influence goal selection

• Bottom-layer: Meta Models are created, refined, 
tested 
– Post meta-goals to be resolved by learners, planner, 

experiment designer etc.
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Extend & Assess
Models

Internal state
Trigger

Meta Goals

Create Meta Models Decompose & 
Select

Meta Goals

External state Goals for 
AgentsDemoTrace Agent 

Output

Learners and other
Agents

Post Goals for Agents
Retrieve

Agent Output

KB
(definitions of 

meta goals and 
meta models)

Meta Plans &
Control strategies 

monitor control

Maven Cycle
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TraceNotInterpretedAssess

Demo
Trace

STITCH-DATAFLOW

IntegratedDataFlow

LearnerA

LearnerB

DataFlow

DataFlow

M4

Goal:Interpret
DemoTrace

Trigger&Select
MetaGoal

Task:.. : AgentTask posted on 
Blackboard

agent
: agent posts

results on Blackboard

: Currently active MMs

Assessment

…

Interpretation of Demonstration Trace

M1Create
MetaModel

Goal:Integrate
Interpretations�

Trigger&Select
MetaGoal

M2

Create
MetaModel

M3

Assess
Competing
DataFlows
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M4

TraceInterpreted
CannotPlanDemoTrace

Goal:GeneralizeTrace

LearnerC

LearnerD

H3

H4

M5
H3

M6
H4

TraceGeneralized

Goal:Integrate
Hypotheses

M7
H3+H4

STITCH-Methods

H3+H4

Goal:.. :  Goals for agent
posted

agent
: agent posts

output

: Currently active 
meta models

Assessment

…

TraceGeneralized

…

Generalize Trace:
Generation and Creation of Method Hypotheses

Competing
Method Hypotheses
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Increase Confidence on Step Orderings 
with Experiment

M7

Goal:Design
Experiment

ExpDesigner

Experiments

- methodHypotheses
- M1, M2, …

-methodsValidated: none
- ambiguous step orderings

- experiments: EXP1, EXP2, …
- expExecuted: none
- expToRun: noneSelected

Goal:Select
Experiment

ExpSelector

Experiment1

- experiments
- expExecuted: none
- expToRun: EXP1

ExpExecutor

ExeRes13

Goal:Execute
Experiment (Tace11)

… (loop until no exp selected)…

- methodHypotheses
- M1, M2, …

- methodsValidated: 
M3,M5, …

-experiment:
- EXP1

- executionResult:
ExeResult11

ExeResAnalyzer

ValidatedOrderings3

Goal:Analyze
ExpResult (ExeRes13)

M8
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Meta Reasoning for Experiment Control
(joint work with Clayton Morrison)

• Deciding when to perform experiment
– Ambiguity in step orderings found during hypotheses 

integration
• Deciding which experiment to perform

– Utility estimation for experiments (experiment 
execution goals)

• Cost: number of remaining experiments in testing the 
sequence

• Benefit: number of methods covered by the sequence

• Deciding when experiment is done
– No experiment has high utility
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Increase Coverage

M9

Goal:Create&Execute
Workflow

WFCreator

W1,P1

- workflowGeneratable
- workflowSatisfies
Rqmts (demoProblem)
- workflowExecution
Failed (Practice P1)
Succeeded (Practice P2)
-Scope: specialNeeds

(Nurse)
…

WFCreator

W2,P2

Goal:Interpret
Traces

M13

…

…

Goal:Create
Method
Hypotheses

Learner1

Learner2

H3

H4

TM14
H3

TM15
H4

Goal:Integrate
Hypotheses

workflowNotGeneratable
(Practice P1)

- workflowGeneratable
- workflowSatisfies
Rqmts (demoProblem)
- workflowExecution
Succeeded (Practice P1)
Succeeded (Practice P2)
-Scope: specialNeeds

(Nurse, Translator )
…

LearningDone

M16

Practice
Problems
P1 P2

…
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Related Work

• Acquiring complex knowledge from user 
instructions (Allen et al., 2007)

• Learning goals for question asking (Gervascio
and Myers 2008)

• Goal-driven approaches for learning (Ram and 
Leake 1995)

• Combining results from multiple learners 
(Dietterich 2000)

• Utility models for agent control (Russell and 
Wefald 1991)
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Current Status

• Explicit hierarchical relations among goals and subgoals
in ontologies of goal trees (in OWL)
– augmented with trigger conditions and termination/achievement 

conditions

• Simple goal selection strategy
• Meta Model Assessment is simple

– One assessment annotation per meta model 
– Relating models: competing ones only
– One best model

• A simulation of agent interactions during demonstration 
interpretation and generalization
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Future Work

• Meta Plans and Meta Goals
– More complex non-hierarchical relations among goals and 

subgoals
– More complex goal selection strategies
– Apply competence criteria 

e.g. Learn efficient procedures

• Meta Models and Assessment
– Learning results are interpreted based on issue details 
– Rich assessment of meta models

• Credit and blame assignment
– Diverse relations among meta models 
– Handle multiple best models
– Assessment based on learning history

• Full integration with learning agents


