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Goal:Goal: Develop an intuitive, adaptive, and flexible Develop an intuitive, adaptive, and flexible 
architecture for controlling intelligent mobile robotsarchitecture for controlling intelligent mobile robots

An An architecturearchitecture is a unifying, coherent form or is a unifying, coherent form or 
method of construction, which provides the foundation method of construction, which provides the foundation 
for creating powerful intelligent systems.for creating powerful intelligent systems.

Intelligent Intelligent ::
Pragmatic definition of intelligencePragmatic definition of intelligence

Must act autonomouslyMust act autonomously

Must perform appropriate action in controlled and uncertain Must perform appropriate action in controlled and uncertain 
situationssituations

IntroductionIntroduction
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Intelligent behaviourIntelligent behaviour

Performing appropriate actions demonstrating Performing appropriate actions demonstrating 
behaviours that are working towards completing behaviours that are working towards completing 
the systemthe system’’s objectivess objectives

Difficulties:Difficulties:
Selecting the correct action among a very large set of Selecting the correct action among a very large set of 
possibilitiespossibilities

RealReal--time constraintstime constraints
Reaction to danger and other eventsReaction to danger and other events

Noisy sensors and imprecise actuatorsNoisy sensors and imprecise actuators
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MotivationMotivation

Developing, maintaining, Developing, maintaining, 
and modifying systems to and modifying systems to 
control intelligent mobile control intelligent mobile 
robots in the real world robots in the real world 
can be a daunting task.can be a daunting task.
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Motivation (II)Motivation (II)

Systems often limited by initial designSystems often limited by initial design
New architectureNew architecture’’s focus:s focus:

AdaptableAdaptable: deals with noise and uncertainy: deals with noise and uncertainy

FlexibleFlexible: add new tasks, change & remove existing : add new tasks, change & remove existing 
taskstasks

ExtensibleExtensible: add new sensors/actuators: add new sensors/actuators

IntuitiveIntuitive: make the things above easy: make the things above easy
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Test DomainTest Domain

Robotic soccerRobotic soccer
Requires common fundamental skillset for mobile Requires common fundamental skillset for mobile 
robotsrobots

RealReal--time controltime control

PerceptionPerception

AwarenessAwareness

PlanningPlanning

Coordination and CommunicationCoordination and Communication
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Robotic soccer researchRobotic soccer research

Excellent testbed for researchExcellent testbed for research
Dynamic and complex domainDynamic and complex domain

Large community of researchersLarge community of researchers
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BackgroundBackground

Architecture classificationsArchitecture classifications
Domain Relevance vs. Domain IndependenceDomain Relevance vs. Domain Independence
Analysis vs. SynthesisAnalysis vs. Synthesis
TopTop--down vs. Bottomdown vs. Bottom--upup
Deliberative vs. ReactiveDeliberative vs. Reactive
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Domain Relevance vs. Domain Domain Relevance vs. Domain 
IndependenceIndependence

Domain Relevance: specialized for a Domain Relevance: specialized for a 
domain/taskdomain/task

Domain Independence: functions for multiple Domain Independence: functions for multiple 
domainsdomains

Matter of Utility vs. EfficiencyMatter of Utility vs. Efficiency
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Analysis vs. SynthesisAnalysis vs. Synthesis

Analysis: starts with an Analysis: starts with an 
intelligence modelintelligence model

Synthesis: starts with a Synthesis: starts with a 
basic unit/component of basic unit/component of 
intelligence (unified field intelligence (unified field 
theory)theory)
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TopTop--down architecturedown architecture

The first type of architectureThe first type of architecture
KnowledgeKnowledge--drivendriven –– takes a problem and decomposes takes a problem and decomposes 
it to further subit to further sub--problemsproblems
Good for simple/routine tasks, however cannot cope Good for simple/routine tasks, however cannot cope 
with errors well.with errors well.
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BottomBottom--up architectureup architecture

More reactive by designMore reactive by design

Good for dealing with unexpected situationsGood for dealing with unexpected situations

Example: BrooksExample: Brooks’’ Subsumption Subsumption 
ArchitectureArchitecture
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Hybrid ArchitectureHybrid Architecture

Incorporates the advantages of both TopIncorporates the advantages of both Top--down and Bottomdown and Bottom--up up 
designdesign

But also the disadvantagesBut also the disadvantages
Importance is on finding a balanceImportance is on finding a balance

Examples: 3T, Atlantis, Aura, RCS, SSSExamples: 3T, Atlantis, Aura, RCS, SSS
BeliefBelief--DesireDesire--Intention (BDI) ArchitectureIntention (BDI) Architecture
Blackboard ArchitectureBlackboard Architecture
Ubiquitous Robot ArchitectureUbiquitous Robot Architecture
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Behaviour SpecificationBehaviour Specification

There are some specialized languages for behaviour There are some specialized languages for behaviour 
languagelanguage

eeXXtensible tensible AAgent gent BBehavior ehavior SSpecification pecification LLanguage (anguage (XABSLXABSL))
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DesignDesign

Requirements: adaptable, flexible, extensible, and Requirements: adaptable, flexible, extensible, and 
intuitiveintuitive

Archangel architectureArchangel architecture
Sensor and Actuator modulesSensor and Actuator modules

World ModelWorld Model

SequencingSequencing

Timing ConstraintsTiming Constraints

MRClientsMRClients
Flexible Behaviour Selection MechanismFlexible Behaviour Selection Mechanism

Explicit Representation of behaviour specificationsExplicit Representation of behaviour specifications
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Design OverviewDesign Overview
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Sensors and ActuatorsSensors and Actuators

Sensors and actuators use a looselySensors and actuators use a loosely--coupled coupled 
methodology to allow for extensibilitymethodology to allow for extensibility

i.e. perceptual processing routines and command i.e. perceptual processing routines and command 
generator abstracts hardware from logical generator abstracts hardware from logical 

Use perceptual processing routines to link Use perceptual processing routines to link 
sensors to World Modelsensors to World Model

Filtering of object coordinates Filtering of object coordinates –– e.g. obstacles, balle.g. obstacles, ball

Useful to deal with errorsUseful to deal with errors
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World ModelWorld Model

Very useful for purposeVery useful for purpose--driven (proactive) behavioursdriven (proactive) behaviours

Can be used when sensors failCan be used when sensors fail
For example, when the ball gets hidden behind another robot For example, when the ball gets hidden behind another robot 
from the camera sensorfrom the camera sensor
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SequencingSequencing

Different levels of sequencingDifferent levels of sequencing
Task Sequencing Task Sequencing –– ordering subtasks to complete ordering subtasks to complete 
the goalthe goal

E.g. Steal the ball, go behind the ball, then kickE.g. Steal the ball, go behind the ball, then kick

Action Sequencing Action Sequencing –– e.g. a set of waypoints to move e.g. a set of waypoints to move 
to destinationto destination

Actuator Command Sequencing Actuator Command Sequencing –– more more 
performance relatedperformance related

E.g. help smooth out turnsE.g. help smooth out turns
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Sequencing (II)Sequencing (II)

TrendTrend
Units more abstract up the pyramidUnits more abstract up the pyramid

Fewer units queued up the pyramidFewer units queued up the pyramid

More queuing More queuing usualsusuals means better efficiency, however means better efficiency, however 
less reactivityless reactivity
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Timing ConstraintsTiming Constraints

Necessary to deal with realNecessary to deal with real--time constraintstime constraints

Minimum time allowed for behavioursMinimum time allowed for behaviours
Useful to avoid behaviour oscillationUseful to avoid behaviour oscillation

Maximum time allowed for behavioursMaximum time allowed for behaviours
Useful to avoid local minima/maxima situationsUseful to avoid local minima/maxima situations
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Mobile Robot ClientMobile Robot Client

Controls one (physical) robotControls one (physical) robot
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Behaviour SystemBehaviour System
Uses competition as Uses competition as behaviourbehaviour selectionselection

BehaviourBehaviour with the largest activation with the largest activation 
((applicability+rewardapplicability+reward) value:) value:
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Command Generator Command Generator && SenderSender

Relates to the actuator command sequencingRelates to the actuator command sequencing

Abstracts the physical actuatorsAbstracts the physical actuators
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Explicit RepresentationExplicit Representation

Using eUsing eXXtensible tensible MMarkup arkup LLanguage (anguage (XMLXML) to ) to 
describe behavioursdescribe behaviours

Different types of behavioursDifferent types of behaviours

HighHigh--level complex behaviour representationlevel complex behaviour representation
BehaviourBehaviour--tree Compositiontree Composition

Finite State MachineFinite State Machine

LowLow--level action behaviourslevel action behaviours
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Sample Sample BehaviourBehaviour RepresentationRepresentation
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ImplementationImplementation

RobotsRobots

System: Linux, QT3System: Linux, QT3
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EvaluationEvaluation

Difficult to evaluate robot architecture.  Difficult to evaluate robot architecture.  
(No universally accepted standard)(No universally accepted standard)

User study User study –– costly (time, money, and other resources)costly (time, money, and other resources)

Evaluation between architectures are more of a question Evaluation between architectures are more of a question 
of efficiency rather than computabilityof efficiency rather than computability –– R.C. ArkinR.C. Arkin

Anecdotal evidence on several challenge tasksAnecdotal evidence on several challenge tasks
Used soccer domainUsed soccer domain

RoboCup challenge tasksRoboCup challenge tasks

BiasBias
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ChallengesChallenges

Simple tasks required of mobile robots Simple tasks required of mobile robots 
applicable to many domainsapplicable to many domains

Path Tracking (Racetrack)Path Tracking (Racetrack)

Obstacle Avoidance (Obstacle Run)Obstacle Avoidance (Obstacle Run)

Path Planning (Treasure Hunt)Path Planning (Treasure Hunt)

GoalGoal--Scoring (Shooting)Scoring (Shooting)

Robotic Interaction (BallRobotic Interaction (Ball--Passing)Passing)
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Robot’s Path
Obstacle

Path TrackingPath Tracking
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Path TrackingPath Tracking

Sample stateSample state

370 50VS.
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Robot’s Path

Treasure

Treasure HuntTreasure Hunt
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Treasure HuntTreasure Hunt
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Treasure HuntTreasure Hunt
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Robot’s Path

Obstacle

G
oal A

rea

Obstacle RunObstacle Run
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Obstacle RunObstacle Run

Impossible scenario using single destination Impossible scenario using single destination 
pointpoint
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Obstacle RunObstacle Run

Explicit trigger mechanism for zoneExplicit trigger mechanism for zone
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Obstacle RunObstacle Run
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Obstacle RunObstacle Run
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Robot’s Path

Ball

Goal ScoringGoal Scoring
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Goal ScoringGoal Scoring
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Goal ScoringGoal Scoring
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Robot’s Path

Ball

1

2

3

4

Passing challengePassing challenge
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PassingPassing

PassingPassing

SubSub--behavioursbehaviours::
GoBackHomeGoBackHome

PassingDrillPassingDrill

PassingDrillPassingDrill
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PassingPassing
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PassingPassing
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EvaluationEvaluation

How easy is it to add/change/remove behaviours?How easy is it to add/change/remove behaviours?
Variations in tasksVariations in tasks

MetricsMetrics
Lines of Code (Lines of Code (LoCLoC) for changes) for changes

Time required for changesTime required for changes
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ResultsResults

Nov. 17, 2005

Results (II)Results (II)
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ConclusionConclusion

Lines of code is imperfect measurementLines of code is imperfect measurement
How much of the code is functional?How much of the code is functional?

Time required difficult to remove implication of Time required difficult to remove implication of 
biasbias

Future WorkFuture Work
Additional domains and tasksAdditional domains and tasks

The EndThe End

(Questions?)(Questions?)


