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Motivation

» Space exploration Is a challenge
» New missions carry more science instruments
» Go deeper Into the space

»On-board autonomy can be helpful to
» Maximize science return
» Minimize risks
» Reduce operators workload

Photos: ESA
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Autonomy levels

» Decision making capability (Al)
» According to ESA standards
On-ground control (teleoperation)

On-board scheduler for on-ground commands
Event based autonomous operation

Goal oriented and mission replanning
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Autonomous controllers 8z de Alcal4

»Integration of P&S (Planning & Scheduling) in robotics
» P&S i1s used for on-ground operations

»Most common schema: 3T (3-Tired)

»Wide research field

»ESA: GOAC

» NASA: IDEA, RA

»UAH: MoBAr Execution
Functional
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Open Issues

»No appropriate software to facilitate operation
»Lack of experimentation
»Hard to extract meaningful data
» Approaches are validated with few scenarios
» Difficult to generate reproducible experiments
— Tests can be seen as proof of concept
- Difficult to compare approaches
— Hard to trust in autonomy
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Objectives

» Create a framework for autonomous controllers
characterization and evaluation

» Testbench methodology

» Performance metrics

» Compare at least two controllers

» Ease deployment and operation
»Improve trust in autonomy for robotics
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Planetary exploration case study

» Perform scientific tasks in different locations
» Limited communication opportunities
»E4 autonomy: user provides initial goals
» Common scenario for autonomous controllers testing
» Requires
» Task planning

I

» Path planning
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Path planning :;:;.‘

» Obtain feasible and optimal paths Navigation

»2D binary grid map
»Used In real missions

» Deterministic algorithms
» A*
» A*PS
* Theta*

More about 2D path planning:
P. Munoz and M.D. R-Moreno. On Heading Change Measurement: Improvements for Any
Angle Path Planning. Novel Applications of Intelligent Systems, ch. 6 (2015)
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Path planning

» Planetary robotics require more realistic terrains with

» Terrain characteristics (cost maps)
» Altitude (DTM)

» Field D* (MER/MSL operations) exploits cost maps
» Modified A* can use different DTM representations
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Path planning — 3Dana

»3Dana: path planning on realistic surfaces
» Accurate lineal interpolation
» Allow DTM and/or cost map
» Path cost = path length x cell cost
» Heading changes heuristic

® Known altitude
@ Interpolated altitude

»Terrain slope

cell cost—"
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Path planning — 3Dana &4 de Alcald

» Evaluation on Mars DTM
»3Dana provides safer paths
»Slope limitation

» Reachability map

At
3Dana
3Dana (20%2)
3Dana (aw = 0.5, 202)
3Dana (152)

W= 3Dana (aw = 0.5, 159)

More results:
P. Munoz, M.D. R-Moreno and Bonifacio Castano. 3Dana: Path Planning on 3D Surfaces.
In procs. of the 36" SGAI International Conference on Artificial Intelligence (2016)
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Task planning — The UP2TA planner

» Exploration requires to achieve multiple goals

»UP2TA (Unified Path planning & Task planning Architecture)
» PDDL planner: FF

MoveTo
* Path planner: 3Dana TakePicture | [Picture 1 -
MovePTU Picture P2 -+ &
. . . . Communicate Position PO =f--
' ObJeCtlve Optlmlze the plan PDDL Domain PDDL Problem DTM

» Minimize travelled distance

» Best task ordering

PDDL-Planner € Path-Planner
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Task planning — The UP2TA planner 494 de Alcald

More results:
P. Munoz, M.D. R-Moreno and D. F. Barrero. Unified Framework for Path Planning and Task
Planning for Autonomous Robots. /In Robotics and Autonomous Systems, vol. 82, pp. 1—14 (2016)
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An evaluation framework

»Hard to compare autonomous controllers
» Objective

» Generation of meaningful execution data

» Analysis integration of P&S in robotics

» Generation of reproducible/comparable testbenchs
»Based on

» A methodology to quide the testing phase

» A set of metrics to assess P&S integration

» A software tool to
» Automate testbenchs
» Improve autonomy support for users
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Methodology

» Evaluation consists on 3 sequential phases

1. Evaluation design

2. Tests execution

3. Performance report
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Methodology

1. Evaluation design

» Objective of the test

» Application scenario and robotic platform
» Controllers configurations
» Operative conditions

» Nominal

» Contingency

» Goal injection

» Normalized performance metrics
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Methodology

2. Tests execution

» Scenario and controller instantiation
» Controllers execution

» Monitoring of metrics data

» Collection of average behaviours
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Methodology

» Data synthesis

u®= 100 » Generation of objective evaluations
» Meaningful data representation

H2

- 3. Performance report

Hs

[- Nominal: 181.0 -Goal injection: 268.0 -Exec. failure: 280.0]

Execution times (seconds):
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General metrics

» Characterize autonomous behaviours
» Enable different controllers comparison
*Four groups

*Plan accuracy
:I- Model
» Planner model adequacy
» Planner performance :I_ Controller
» Planning & Execution (P&E) integration

» These groups fit in the graphical report
» Easy to focus on particular characteristics
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General metrics

» Characterization of plan accuracy Execution ends

. . Communication _
Minimum _ Lower
PanTItUnit I MovingTo I FointingAt I— d.ff
' |
duration gopotaase : .
e e e Higher diff
Camera l TakingPicture | <
Maximum [ T Carmanatng ]
duratlon PanTIlItUnit I MovingTo I PointingAt I
RobotBase
Camera I TakingPicture I
Time(s) .. = 11w s awm e a0 4 s = en es 7 7s eo

» Planning performance
»Time
*Memory
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General metrics

»Integration of P&S with underlying layers of the controller
» Analysis of information flow
» Characterization of reaction time to unexpected events

Plan

Execution

|

\ Functional

Commands Sensor data

Unexpectedeven
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The OGATE software

» OGATE (On-Ground Autonomy Test Environment)
» Designed to support autonomy

» Simplify controllers deployment/operation

» Monitor P&S features |
. OGATE Repo"tﬁ
» Perform automatic testbenchs| .
Ground Control Station plug-in Metricsand evaluation
* Plug-ins —— == | |E =

*Implements the methodology |
and metrics collection L

» Allows user-defined metrics

More info:

P. Munoz, A. Cesta, A. Orlandini and M.D. R-Moreno. First Steps on an On-Ground Autonomy Test
Environment. In procs. of the 5" IEEE Conference on Space Mission Challenges for Information Technology (2014)
Benchmarking Autonomous Robotics Controllers — ESA/ESTEC Dec. 7" 2016
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The OGATE software 2 de Alcald

File Execution Reports Help

Vitre [ MissionManager ] - connected
yoac USCC |2011.297 06:58:15| spacecrart:| 3drov | server: [
me Camidle

20010 R e S e fo = ¢ nication.communication Commidle +inf]
1:56633 ) 3drov  online DB loaded - ¢ n communication_window Failed +inf)
jon_timeline | TakePicture{01_A id=1, 02 B X=6, 03_C_v=0, 04_D_pan=

5 +inf]

100 2011.297 06:11:14 (127.0.
100 2011.297 06:11:14 {127.

Oppidle
FointingAt {Pan=0, Tit=0}

I-m display [AGOO1 E il 2011.297 06:58:15 ﬂ 1] Reaaaey “:":4

TICK Current tick 58 — 2011.297 06:58:13( | SoingTolaserx=6, 1
TOBT On-board time 1319433495 —— 2011.297 06:58:15) At (x=0 Terrain.terrain FlatTerrain
TAUL Autonomy level El - 2011.297 PointingAt (X=0,
PNGS No. goals in plan 0 - 2011.297 bty

3 o Z Dox
Sls e o cmiae EEE

1 t t1 Idle

OBCP  Active OBCP - 2011.297 Drillldle mp-oprs (XP52:3300): APSI-TREX to DALA: (APSI-TREX-CMD APSI-TREX 0 (InitialiseRobot))
TPOS Robot position (_0.000,_0.000,_-0.000) -- 2011.297 mp-oprs (XPS2:3300): DALA to APSI-TREX: (APSI-TREX-REPLY 0 OK NIL).
TSOC % battery charge 66.4596% -— 2011.297 06:58:15 mp-oprs (XPS2:3200): APSI-TREX to DALA: (APSI-TREX-CMD APSI-TREX 1 (MoveRobotLaser 6 0

< J
=) am<

]
[START] [OprsReactor]::synchronize()
[START] OprsReactor:sendobservations()
v

I'nl display [AGO04  OPEN GRD | 2011.297 06:58:15

(20058 _ (GetRobotEnv) )

2011.297 06:58:15|
-- 2011.297 06:58:15)
-- 2011.237 06:38:15)

(20057_OK_(STATE-ROBOT-ENV_0.0

[END] OprsReactor::sendobservations()
[END] [OprsReactor]::synchronize()

[Delibrative reactor - MissionManager] [synchronize]
[Deliberative reactor - MissionManager] [haswork]
No

Camera.camera

Communication.communication
rill dril IS

MissionTimeline.m
Platine.platine
ase.robot_base

cienceAgent. s

>

<
No data available

File Execution Reports Server config Help

©J Vitre [ MissionManager ] - connected OGATE metrics Beta-tests [GOAC] 288
Plcture: 45} Camidle. 1163 +inf] | | TREX.Proxy TRE | TREX.Opt |
e T [Communicating =23 | Commidie 1263 +inil] ||| ' goalsPosted ] 30 180 00
ook [ 7 (163 +ir11] ||| observationsPosted | 00 7.0 280
e o tionl. 1=2,04_D_pan=-35, 05 E lilt=-45} e GoTo{01 X=0, 02 ¥=0} e KTime | 00 1107 0015
R o) fron | 386503067 2 37 o
L0152} {STETR01) from [Escoite PointingAt Di=-35, V=451 [ MoungTo 0t=0, Y=03 PointingAt D=0, Y=0F | 0.0020 46208 0.402
e e ko AL {X=2, Y=2} At X=0, Y=0} | 00019 00010
2 IolngTol ser =0, Y=0p ot X=0. | 0.003515337423312886  0.007484662576687106  9.018404907975465E-4
| 1 0.
Lop Loell L2o Lo L 1
N o | 3.3128834355828247E-4 11.74493251533742 0.04808588957055211
A ey S —— - Im_active () pendin{(2) Control Interface ) ||| MacsyncTime |
. START] [OprsReact. li | 0.0 0.0 0.0
and - L% necercinale] fo e : = END] [OpreReactor] “ ‘ w u Mean: del | 0.0 0.013134969325153375 0.0
7 z e goa fom pendng: (et iatneiPo e
J missionTime | 162893.0 162895.0 162896.0
(START] [0prsReactorlssynchronize()
START] OprsReactors:sendobservations() Update J ([ eworttote | separaton . | [ Exportto csv
[END] OprsReactor::sendObservations()
[END] [OprsReactorl::synchronize(
: GOATE temparal matrice: Gaals received ——— LJOO] e B L e I T OGATE temparal metrics: deliberationTime
- SR W (7 C (5 (- st s 0) (4 (- 02 50D 00) 20 5
No IST ( (RS (- 001 S0LIK)) (RIS (- 392 TLD))3)) 8 5
- [Deliberative reactor - TREX.MissionManager] [handleTickStart] R e 7 3, .
TICK = 135 4 Te H £
2 2, S
[START] [OprsReactor]: :handleTickStart () g° 2 s
CURRENT TICK = 135 =4 23 ®
m waitRecall = false 25 g, 3
m_active () pending goals S2 § 5
[STOP] [OprsReactor] 1 |I ° o
[TakingPieture) _canide D B & % % & k% %o 0005 B E) 75 100 1= B0
Commide Commide Comm
[START] [OprsReactor] : :symeaton — [ TRex.HissionManager — TREX OprsReactor] [ETRex.HissionManager — TREX OprsReactor]
[START] Qmeiine TakePicture TakePicture OGATE temporal metrics: notifyTime [BE0a OGATE temporal metrics: synctime
[END] Op oppide 200

tickTime
notifyTime
syncTime

[END] [OprsReactor]::synd Fontingét__[Mounglo| Portingat [MosingTo|_Pointing#: _|MovingTo| PointingAt __|MowngTo|_Fointingat as +
At |GoingToLss: At GoingToLaser A |GoingToLaser 1136 +inf| a0 0125 + 250
[Deliberative reactor - TREX.MissionManager] [synch FiatTerrain s i
[Deliberative reactor - TREX.MissionManager] [hasWd 3 § 0.100 200
No e 25 0.075 + + 150
15 0.050 - + 100
L [ W0 L

REX MissionManager — TREX.OprsReactor]

TREX MissionManager — TREX =
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» Current deployment: mission planning

. i Local time:
GOAC-single-APSI-allGoals:[generic] Ty amy— g
at May 122: o

[ Del:all log J Report o m w O
(" System status:
Timelines IN EXECUTION ; GOAC-single-APSl-allGoals [...

" Plan & Exec ] [ %55 Runtime performance

[MissionTimeline] Sy B I
message-passer : RUNNING
[Communicatiorw] APSIplanner : RUNNING
GOAC-GUI : RUMNING
[Communication] _ Commidle OPRS DALA sim : RUNNING
TREX : RUNNING
[PanTiltUnit] | movingTo | PointingAt | MovingTo | PointingAt | Movingto | Pointingst | movingTo | Pointingat | TREX,Proxy C: READY
TREX.MissionManager DC: RUNNING
[RobotBase] —r oingTa oingTa TREX,CommandDispatcher DC: RUN..,
[Camera] I TakingPicture I Camldle I TakingPicture I
Jooaal | | | | | loooollonoolfocaalaaoalloaaallonnalloooolloncaloooolloooolfooonlloooolanaallonnallaaaa
0s 5 10 15 20 25 30 35 40 45 50 55 &0 65 7o 75 80 85 S0 95 100 105 11
L % dr
Goals Zoom (e (g) Costs () Altitude

X
v ﬁ Mission Goal - TakingPicture Add Goal 10m J._)Y
ﬁ TakingPicture 7&1 ity

odi

u?' Communicating

Remove
v ﬁ Mission Goal - TakingPict...
ﬁ TakingPicture view Domain

&\ Communicating

Costs:

8.0

GOAL STATUS

Plannad

- In Execution

Executed

Failed

- Removed
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The OGATE software

Current
status

zzzzzzzzzzzz

mmmmmmmm

[PanTittunit]

(Boborazs) I S O O S GO IG TN
ccccccc

mmmmmmm

v [§ Mission Goal - TakingPicture
K TakingPicture
ﬁ Communicating

v [B§ Mission Goal -TakingPick.. | rewes
@ - . ) mexecdtion
i) TakingPicture ‘
R conmunicatng |

aaaaaa

| Goals Map with rover

status and goals
positions
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» Current deployment: performance assessment

OGATE

@ GOAC-single:0:[POLICY0:LATENCY0:GOALS0:WINDOWS0:MAXDURATIONO:PLANNING_HORIZON_UBO] [run 3 of 10]

[ % Plan & Exec

J [ E Runtime performance l

Detail log

J Report

Local time:
Thu Nov 10 19:17:38 CET 2016

Og
0000

1. Select mertic:

LControHerProcessorUsage

2. Select components:

APSIplanner
TREX
APSIplanner

3. Select chart type:

|Line ‘vJ
Add chart »

OGATE metrics: Update

| APSlIplanner | TREX | o
Min: ControllerProc... | 0.0 0.25 b
Mean: ControllerPro... | 0.169889582419... 0.56533090848... ... Iy
Agg:ControllerProc... | 6.455804131925... 21.4825745224... ...
Max: ControllerProc... | 1.0 25
Min: ControllerMem... | 0,.600000023841... 0.0 .
Mean: ControllerMe... | 0982051283121... 0.09743589888... ...
Agg:ControllerMem... | 38.30000004172... 3.80000005652... ...
Max: ControllerMem... | 1.0 0.10000000145... ...
Min: ControllerDispa... | 0.0 0.0 .
Mean: ControllerDis... | 0.018216216216.. 5.67567567567... ...
Agg: ControllerDisp... | 0674 0.02100000000... ...
Max: ControllerDisp... | 0.293 0.002
Min: ControllerSensi... | 0.106 0.011 'y
Mean:ControllerSe...  4.711162162162.. 0.04135135135.. ...
Agg: ControllerSens... | 174.313 1.5299999999S... ...
Max: ControllerSens... | 41.49 0.213
Min: ControllerMonit... | 0.993 0.016
Mean: ControllerMo... = 3753956756756.. 0.04302702702... ..
Agg: ControllerMoni... | 1388.954000000... 159199999999... ...
Max: ControllerMoni... | 42.777 0.244
ControllerReaction... | 100.0 NaM
Min:PlannerDeliber... | 0.0 NaM
Mean:PlannerDelib... | 12.48802702702... NaM b
Agg:PlannerDeliber... | 462.057 NaM |8

%used

milliseconds

0.70
0.65
0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

0.09

ControllerProcessorUsage [3]

10 12 15 17 20 22 25 27
Execution time (seconds)

ControllerDispatchingTime [3]

32 35

37

T

15 17 20 22 25 27
Execution time (seconds)

-~ APSIplanner === TREX

~— . n ~ = s ra

v

"~ System status:
GOAC-single: 0 [Runningl

System time: 37
message-passer : RUNNING
APSIplanner DC: RUNNING
OPRS DALA SIM : RUNNING
GOAC-GUI C: RUNNING

TREX D: RUMMING
TREX.Proxy C: READY

Overall test progress:
T 0% ]

enchmarking Auto
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A comparison testbench

» Two controllers

» GOAC (Goal Oriented Autonomous Controller)
» ESA effort for autonomy in space (E1-E4)
» Timelines based planning (APSI-TRF)

» MoBAr (Model Based Architecture)

» UAH E4 controller
» Predicate based planning (UP2TA)

» Exploration domain, simulated TurtleBot 2

» OGATE carries out automated tests
»Nominal / Goal injection / Execution failure
» Reports summarize average behaviours

Benchmarking Autonomous Robotics Controllers — ESA/ESTEC Dec. 7" 2016
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A comparison testbench

» Report after 30 executions
MoBAr GOAC

PET CPU PET CPU
CMU

PTALB

CMT CMT

CRT CRT

PMA

PDT PDT

PDM PDM
CTDUB -

PSR
CTDLB PSF CTDLB PSF
Execution times (seconds): Execution times (seconds):
[-Nominal: 103.5 [l Goal injection: 148.6 [l Exec. failure: 101.6 ] [-Nominal: 128.6 [l Goal injection: 201.6 ]

More results:
P. Munoz, A. Cesta, A. Orlandini and M.D. R-Moreno. A Framework for Performance Assessment of
Autonomous Robotic Controllers. In procs. of the 2" Workshop on Planning and Robotics — ICAPS (2015)
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Demo ® . de Alcala

— EE53C & = £ & g1 @) domdic 419:06 {%

Local time: A=
Please select controllers to execute and press Play button a
| Sun Dec 04 19:06:00 CET 2016

- %% Plan & Exec _- % Runtime performance [ Z)| Detail log B Report

I Load config ‘ l (un)select all

Advanced:l Modify configuration I

Configuration File:

Available controllers: cFg/TEST.xml

I

Name: ‘ GOAC-single-APSI-allGoals-TurtleBot W

Executions: 1 Templates |
Description: The GOAC controller with a single deliberative reactor (using APSI-TRF). Objective is communicate 2 pictures usin : ; :
e g the All Goals planning policy. Using the GSI TurtleBot robot. Timeout (sec): 300 Metrics

Components |

Name: MoBAr-DALA-OPTIC-TurtleBot |

Executions: 1 Templates
Description: [The Model-Based Architecture from UAH, This version is specific for comparison with the GOAC controller. It us : T :
U es GenOM modules connected to the OPRS-DALA simulator and the PDDL files model a very similar problem to t Timeout (sec): 300 lﬁl
he DDL used in the planetary exploration case study, using the OPTIC planner. Test with the GSI TurtleBot robot.
Components |

Name: ‘ GOAC-single | Executions: 10 Templates
4 Description: [The GOAC controller using a single deliberative reactor controller with the APSI-TRF as the deliberative cormpan . : f -
& ent. You can configure different parameters by adding/remaoving template instances for: deliberative reactor plan Timeout (sec): 425 l WSk

ning policy and latency, goals, cormmunication windows, and rmaximurn activities duration (greater than 10; minimu

mis set to 10 seconds). Components
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