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Robots need to become
self-adaptive.



Background .
Behavior Trees

e Kind of like a hierarchical state machine
e T[heftreeis ticked at the root, and this is propagated down.

e [achnodeiseitherin astate of 'Success’, Failure or
‘Running

e [here s quite nice library non-specific to robotics called
BT.CPP
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Based on Alberts et al. "Software Architecture-Based Self-Adaptation in Robotics."
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Background

WHAT WHY Function-driven Quality-driven
Task-based Changing path to reach Changing path to reach
destination since current destination since current path is
path is infeasible unsafe (many obstacles)
" Q-Arch
Architecture Adding a stabilization Utilizing an external rather than
-based component for path onboard camera feed for path
planning since the chosen planning since the external
path features uneven camera is more accurate.
terrain

Based on Alberts et al. "Software Architecture-Based Self-Adaptation in Robotics."
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Standard Behavior Trees (F-Task)

Three types of BT nodes:

Diagram adapted from Macenski et al. "The marathon 2: A navigation system." 2020 IEEE/RSJ Interational Conference on Intelligent Robots and

Systems (IROS). IEEE, 2020.
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Sequence
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Standard Behavior Trees (F-Task)

Three types of BT nodes:
e Control

A* Planner

/___/

Fallback

Sequence

—

1 Hz

™
! Fallback

Eirshasiait ] [Spin ] [wait]

Fallback

[TEB CantmllerJ [

Clear Local
Environment

Clear Global

Environment

Diagram adapted from Macenski et al. "The marathon 2: A navigation system." 2020 IEEE/RSJ International Conference on Intelligent Robots and 44

Systems (IROS). IEEE, 2020.



Standard Behavior Trees (F-Task)

Three types of BT nodes:
e Control
Sequence
e Decorators — ~~ r~
1 Hz | Fallback E“E'lﬁ::‘:lgnt ] [ Spin ] [ Wait]
' Fallback [TEB Controller, [ sCloanLocal, ]

Clear Global
Environment

A* Planner

Diagram adapted from Macenski et al. "The marathon 2: A navigation system." 2020 IEEE/RSJ International Conference on Intelligent Robots and 1o
Systems (IROS). IEEE, 2020.



Standard Behavior Trees (F-Task)

Three types of BT nodes: Fallback
e Control
Sequence
e Decorators —
(ine] ranvoc ] [ at oo | et
e Actions
Fallback TEB Controller| | [Clear Local

Emrlronment

Clear Global
Environment

A* Planner

Diagram adapted from Macenski et al. "The marathon 2: A navigation system." 2020 IEEE/RSJ International Conference on Intelligent Robots and 43
Systems (IROS). IEEE, 2020.



Quality Requirement Decorators (Q-
Task)

/scan : LaserScan System \( Movesafely
Reflection : .
| OUT: metric, status

IN: laser scan

|
SetAttributesinBlackboard

BT::Blackboard

ROS2 Publish/Subscribe ROS2 Service/Client

T, (POints to service) MoveSafely: Try to keep a velocity of below 0.18m/s while

---- an object is within the first 10% of the range of the laser.
| ROs2Node | ICREE |

[Q RDecuratnr] Action| Legend
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Quality Requirement Decorators (Q-
Task)

P
/scan : LaserScan System \( Movesafely !
————————————— - P 1
Reflection ' |ouT: metric, status l

| IN: laser_scan

SetAttributesinBlackboard

[GuTnPnsitinn]

BT::Blackboard

ROS2 Publish/Subscribe ROS2 Service/Client

T, (POints to service) MoveSafely: Try to keep a velocity of below 0.18m/s while

an object is within the first 10% of the range of the laser.

[ ROS2 Node ]|

[Q RDecuratnr] Action| Legend
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Quality Requirement Decorators (Q-
Task)

_ _ _scan:laserScan_|_ [ System " Movesafely )|
Reflection X '

OUT: metric, status
IN: laser_scan

|
SetAttributesinBlackboard
getlhput()

[GuTnPnsitinn]

BT::Blackboard

ROS2 Publish/Subscribe ROS2 Service/Client

T, (POints to service) MoveSafely: Try to keep a velocity of below 0.18m/s while

an object is within the first 10% of the range of the laser.

[ ROS2 Node ]|

[Q RDecuratnr] Action| Legend

16



Quality Requirement Decorators (Q-
Task)

_ - Jscan:laserScan_ _ | System {(" Movesafely !
Reflection : . |

| OUT: metric, status !

| J|IN: laser scan i

SetAttributesinBlackboard : :

getinput() E '

: [GuTnPnsitinn] :

BT::Blackboard

ROS2 Publish/Subscribe ROS2 Service/Client

T, (POints to service) MoveSafely: Try to keep a velocity of below 0.18m/s while

an object is within the first 10% of the range of the laser.

[ ROS2 Node ]|

[Q RDecuratnr] Action| Legend
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Software Architectural Adaptation
(F-Arch)

We allow modifying the software architecture of a ROS2 system in several ways:

o Removal and/or addition of components
o Achangein parameters of components

o Achangein the interconnections of components

—

[

b
=5
SetParameter % ArchitectureAdaptationlnternal [~~~ """"TTTTTTmmmTmS !
ChangeState E ArchitectureAdaptationExternal ' [ AdjustMaxVelocity '
o '€_ v | IN: max wvelocity,
E : Navigation
s ]
-
GoToPosition
Behavior Tree :

RO52 Service/Client

Legend

—_—
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Software Architectural Adaptation

(F-Arch)

We allow modifying the software architecture of a ROS2 system in several ways:

o Removal and/or addition of components
o Achangein parameters of components
o Achangein the interconnections of components

—

.....................

>
a
; Node | SetParameter .E :rc::tailu::;aﬁtatt_ionllzntl:rnall ;
J'—— ChangeState & | ArchitectureAdaptationExterna
< o [€—
Node
= ]
®
\// -

[

v | IN: max wvelocity,
' Navigation
L}

GoToPosition

Behavior Tree :

E [Adjustﬂaxvelucit!j :

Legend

RO52 Service/Client

‘Q [ Action ROS2 Nede | |adaptDecorator| imsi’:i_t;iﬁ"f}
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Software Architectural Adaptation
(F-Arch)

We allow modifying the software architecture of a ROS2 system in several ways:

o Removal and/or addition of components
o Achangein parameters of components
o Achangein the interconnections of components

—

=
=9
SetParameter |4 | ArchitectureAdaptationinternal
ChangeState E ArchitectureAdaptationExternal AdjustMaxVelocity
o E IN: max_welocity,
E Navigation
s ]
-
GoToPosition
- Behavior Tree

RO52 Service/Client

—_—

Legend




Let’'s put it all
together concretely.









A tree for our mission

[QRDemratur H Decorator ][ Action ]

_Root _
Sequence

[Adaptne:oratur] [ Control ] Legend

N

| FromExploreToDetect |

m Parallel

—_— —

Charge||MinBatterySys| [ MoveSafely ] | DetectPowerEfficiently|

— I
[ MO\FEQ-'UICkl'f ] [DetectﬂbjectsEfﬁcientlyj
[ MovePowerEfficiently ] |

- AdjustDetectionAttempts
FindFrontier][MmBattervNau l AdjustMaxSpeed ] [ J B J

[ visltFm ntier ] [visltubstacle] [ DetectObject ]




A tree for our mission

QRDecorator H Decorator ][ Action ]

Sequence :

[Adaptne:oratur] [ Control ] Legend

[ FrnmEprnreTnDetect |

— —
Charge||MinBatterySys| [ MoveSafely ] | DetectPowerEfficiently|
— "
[ [ MO\FEQ-'UICkl'f ] ] [DetectﬂbjectsEfﬁcientlyj
MovePowerEfficiently |
[FindFrontierJ[HinEat:ervHav] | Adjustl‘-ll-axs — ] [Adiustﬂetec;innnttemptS]
[Uisltantier] [visltubstacle] [ DetectObject ]

25



A tree for our mission

_Root _
Sequence

S

[QRDemratur [ Decorator ][ Action ]

—

[hdaptnecoratur [ Control ] Legend

J

| FromExploreToDetect |

Switch
Charge||MinBatterySys| [ MoveSafely ] [DetectPn_v:;rEfficientlv]
— :
[ [ MO\FEQ-'UICkl'f ] ] [DetectﬂbjectsEfﬁcientlyj
MovePowerEfficiently |
[FindFrontier] [MinBatter\rNau] l A djustM-EI::Spee d ] [AdeStDEtECtiunAttemptsl

I I
[ VisitFrontier ] [vIsItDI;stacle] [ DetectObject ]
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A tree for our mission

[QRDemratur H Decorator ][ Action ]

_Root _
Sequence

[Adaptne:oratur] [ Control ] Legend

N

| FromExploreToDetect |

m Parallel

Charge||MinBatterySys| [ MoveSafely ] | DetectPowerEfficiently|

— '
MoveQuickl
[ Q Y ] i [DetectﬂbjectsEfﬁcientlyj
[ MovePowerEfficiently |

- AdjustDetectionAttempts
FindFrontier][MmBattervNau l AdjustMaxSpeed ] | A P ]

[ visltFm ntier ] [visltubstacle] [ DetectObject ]
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_ AdjustMaxspeed | Behind the scenes

<AdjustMaxSpeed
adaptation strategy="ucb strategy" adaptation options="0.10;0.18;0.26"

adaptation subject="max velocity" subject location="velocity smoother">

XML
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_ AdjustMaxspeed | Behind the scenes

Adapt mel!

Adaptation.Request
{current_utility : 0.5}

«ROS2 Python Node»
Adaptation Manager

Al
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_ AdjustMaxspeed | Behind the scenes

Adapt mel!

Adaptation.Request
{current_utility : 0.5}

MoveSafely
MoveQunckly

Al

MovePowerEfﬁcuently

«ROS2 Python Node»
> Adaptation Manager
AAL
I{isSatisfied(M Sfl)} !
1s>atisnie oveSafe
‘ N Y Umax Wmm
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[AdjustMaxSpeed] Behind the scenes

Two ROS? Nodes walk into a bar ..

«ROS2 Python Node»
Adaptation Manager

2 |

current utility

—

max_velocity
should be 0.10

»

«Python Module»
MultiArmedBandit :
AdaptationStrategy

2

or

«Python Module»
YourOwnStrategy:
AdaptationStrategy

2]
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_ AdjustMaxspeed | Behind the scenes

Two ROS? Nodes walk into a bar ..

BT

A

Adaptation.Response
{max_velocity : 0.1}

AAL

«ROS2 Python Node»
Adaptation Manager

Al

1

I{isSatisfied(MoveSafely)}—



Hopefully things can
often be simpler.
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A tree for our mission

[QRDemratur H Decorator ][ Action ]

_Root _
Sequence

[Adaptne:oratur] [ Control ] Legend

N

| FromExploreToDetect |

m Parallel
—

Charge||MinBatterySys| [ MoveSafely ] | DetectPowerEfficiently|

— '
MoveQuickl
[ Q Y ] [DetectﬂbjectsEfﬁcientlyj
[ MovePowerEfficiently |

- AdjustDetectionAttempts
FindFrontier][MmBattervNau l AdjustMaxSpeed ] [ J B J
1

[ visltFm ntier ] [visltubstacle] [ DetectObject ]
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[Adjustnete ctiunAttempts]

| Behind the scenes

[ DetectObject ]

virtual bool evaluate condition() override
{
if (remaining power budget < 0.0) {
return change camera feed(ALTERNATE CAMERA);
}
if ((current darkness) > 0.70) {
if (remaining power budget >= power to be used &&
remaining power budget > 0.0) {
return increase picture rate() || change camera feed(ROBOT CAMERA);
}
else {

return change camera feed(ALT CAMERA TOPIC);

}
else {

return (reduce picture rate() || change camera feed(ROBOT CAMERA)) ;
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[Adjustnete ctiunAttempts]

| Behind the scenes

[ DetectObject ]

virtual bool evaluate condition() override

{

1if(remaining power hudaget 0.0) ¢

return change camera feed(ALTERNATE CAMERA) ;

}
if ((current darkness) > 0.70) {
if (remaining power budget >= power to be used &&

remaining _power budget > 0.0) {

return increase picture rate() || change camera feed(ROBOT CAMERA);

}

else {

return change camera feed(ALTERNATE CAMERA) ;

}
else {

return (reduce picture rate() || change camera feed(ROBOT CAMERA)) ;
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Something Interesting, and Future
Work

[QRDecuratnr ][ Decorator ]I Action ]

EEHHEHCE | AdaptDecorator| | Control | Legend

—-.\
[ FromExploreToDetect l
There is no tree.
i =0
Charge||MinBatterySys aneSafel*,r DetectPowerEfficiently
(Charge|| l ) J

|
[uetecmhjectsemcientlﬂ

[ anePowerEfficIentlv ] |
] | AdjustDetectionAttempts|

[ MoveQuickly ]

Sequence

Flm:l Frontie r] [ MinBatteryN a'.r] AdjustMaxSpeed

]
VisitFrontier VisitObstacle [ DetectObject ]
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Something Interesting, and Future
Work

[ Repeat ]
1

! Parallel I
Y

[ MoveSafely ] [DetectPowerEfﬁcientlv]

[ Move(;uickly ] 1 There is no tree.
= [DetectﬂbjectsEfficientlv]

[ MovePowerEfficiently ] |

N - -
[ BdiuctMavcnood ] [Ad]ustnetectlonﬁ.ttempts]

I
[Visitt);stacle] [ DetectObject J
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Something Interesting, and Future

——NMonito Work
-
Reflection [ Repeat ]
SetAttributesinBlackboard 1
Parallel Analyze #2
Analyze #1 —
| Movesafely [DetectPDWErEfﬁciently]

N | There is no tree.

MoveQuickl
[ ? B J [DetectﬂbjectsEfficiently]

MovePowerEfficiently |
Plan BediuctMavcnood d]ustDeteclI:mnAttemptlf]
| Pla n B ArchitectureAdaptationinterns

2
I - = l - SetParameter E‘ ArchitectureAdaptationExtern
[thﬁbstacle] [ DetectObject J <

[

Exequte




Something Interesting, and Future
Work

—Monitor—‘

System

NS T A

[ Repeat ] Each branch of the tree

e p : el entails its own realization of
Analyze # o)  Analyze#2 3 MAPEK loop. The
{ MoveSafely ] [DetectPqurEfﬁciently] management of these

= | separate loops can be

[ Move?uicklv J [DetectobjectsEfficiently] expressed through the logic

MovePowerEfficiently I already provided by BTs.
Plan AdjustMaxSpeed d]ustDeteclI:mnAttemptlf] )
| P | a n B ArchitectureAdaptationinterns

L
l SetParameter
ArchitectureAdaptationExtern
o

[Visitﬁbstacle] [ DetectObject J ChangeState <

1afe uoneydepy
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Exequte




Something Interesting, and Future
Work

e (Our implementation of QR metrics is quite rudimentary.

e More types of architectural adaptation are still to be
implemented for ROS2 e.q. redeployment of components.

We have an artifact
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