Index

a

active compliance control methods

admittance control 278

Advanced Stirling Radioisotope Generator
(ASRG) 82

air-bearing tables (ABT) 300

alpha particle X-ray spectrometer (APXS)
38

Analytical Laboratory Drawer (ALD) 44

angular random walk (ARW) 204

Apollo Lunar Roving Vehicle (LRV) navigation
system 184

application program interface (API)

artificial intelligence 169

Automated Planning and Scheduling Initiative
(APSI) 356, 358

— architecture 360

— consumable resources

— domain theory 360

— linear reservoir resource

359

273

366

359

359

— reusable resources

— rover domain 361

— state variables 358

— timelines 358

Automated Scheduling and Planning
ENvironment (ASPEN) 355

automatic direction finding (ADF) technique
204

autonomic robotics 395

Autonomous Sciencecraft Experiment (ASE)
339

autonomous-navigation 141

autonomy

— communication latency 321

— definition 321

— environment uncertainty 321

— mission operation see mission operation

— operational cost 322

— reconfigurable see reconfigurable autonomy
Autonomy Generic Architecture, Tests and
Application (AGATA) 364

b
Beagle 2 arm 260
Beagle 2 lander 28

bilateral control 291
C

calibration 106

— error-influence 125

— geometric-calibration 121

— radiometric-calibration 124

Canadian Space Agency (CSA) 200, 240

CASPER software 340

Chang’e 3 mission 42

Chemistry and Mineralogy (CheMin) 41

CHOP 363

classical planning methods 344

Close-Up Imager (CLUPI) 44

collision avoidance 288

command dispatcher reactor 387

Command Packet File (CPF) 335

commercial off-the-shelf (COTS) 195

Common Allocation Scheduling Tool (CAST)
335

compliance control 278

computed torque control281

constraint satisfaction problem (CSP)

Consultative Committee for Space Data
Systems (CCSDS) 325

Continuous Activity Scheduling Planning
Execution and Re-planning (CASPER) 356

coordinate measurement machines (CMM)
298

Curiosity rover 39, 266

Curiosity rover navigation system 188

345

Contemporary Planetary Robotics: An Approach Toward Autonomous Systems, First Edition.

Edited by Yang Gao.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2016 by Wiley-VCH Verlag GmbH & Co. KGaA.

403



404

Index

d

DALA rover 391

DARPA Robotics Challenge (DRC) 310

Deep Space 1 (DS1) 155

Deep Space Network (DSN) communication
system 200

design specifications

— autonomous capabilities 266

— dexterous workspace 264

— mass 265

— number of degrees of freedom 265

— on/oft-board processing 266

— payload 265

— power 265

— reachable workspace

— redundancy 266

— size 265

— software control algorithms

design trade-offs

— arm kinematics

— sensors 269

— structure and material

Designing LoA 294

dexterous workspace 265

digital elevation model (DEM)
204, 211, 220

digital signal processor (DSP) 198

direct force control methods 274

direct-to-Earth (DTE) link 38

Domain Definition Language (DDL) 354

Domain-Specific Views 325

Doppler effect 195

dual-arm manipulation 304

dust deposition 55

Dust Removal Tool (DRT) 41

dust storms 268

dynamic control 278

— electrical motor model 281

— feedforward plus feedback control

— mechanical motor model 280

— torques 279

dynamic model-based control methods

265

266
268

269

129, 135, 186,

281

274

e

Earth’s Deep Space Network

electric heaters 92

Electrical Power Subsystem (EPS) design 68

electro-dynamic screen (EDS) 81

ESA’s Ground Operation System (EGOS)

European Cooperation for Space
Standardization (ECSS) 5, 289

— level of autonomy (LoA) 329

— onboard and ground segment 323

— SSM and the Domain-Specific View 325

182

332

— telemetry and telecommand packet
utilization 325

European Space Agency (ESA) 199

European Space Operations Centre (ESOC)
332

ExoMars mission 27, 111, 119, 202, 207

ExoMars rover 43

Extended Information Filter (EIF) 215

Extended Kalman Filter (EKF) 215

Extensible Universal Remote Operations
Planning Architecture (EUROPA) 356

extra-vehicular activities (EVAs) 184

extrinsic calibration 121

f
feature integration theory (FIT) 159
feedforward plus feedback control 281

field of view (FOV) sensors 202

field programmable gate array (FPGA) 111
force control

— active compliance control methods 273

— admittance control 278
— compliance control 278
— direct 274

— dynamic model 274

— hybrid force/motion control 275
— impedance control 275

— indirect 274

— parallel force/motion control 275

— robust and adaptive robot 273
— static model 274
— stiffness control
force torque sensors
fuel cells (FCs) 88

277
270

g

geographic information system (GIS) methods
209

Geographical Image Database Server (GIDS)
154

geometric-calibration 121

Goal-Oriented Autonomous Controller

(GOAC) 384,385, 340
— 3DROV environment 389
- DALA 391

— DDL.3 language 387

— deliberative reactors 386
— design 394

- LoA 392

— reactive reactors 386

— 3-layered autonomous software designs
385

— T-REX agent 386

— timelines 387



graphical processing unit (GPU) 198
graphical user interface (GUI) 331
gravity 49

ground control interface reactor 386

ground vision processing 128

— compression-decompression 129

— offline-localization 133

— 3D mapping 129

— visualization-simulation 135

ground-based vision processing 7

ground-penetrating radar (GPR) 44

Guidance, Navigation and Control (GNC)
332

— application layer 369

— housekeeping layer 372

— mission operations impact 376

— ontology design 372

— planetary rovers 367

— Rational Agent design 374

h
H.E.A.R.D scale 69
HazCams 190

Heuristic Scheduling Testbed System (HSTS)
355

Hierarchical TimeLine Network (HTLN)
350

High Resolution Imaging Science Experiment
(HIiRISE) camera 183

high-level robotic arm control strategies

— LoA 289

— path planning 289

— tele-manipulation see tele-manipulation

— Shared control/E3 LoA 293

— Supervisory control/E2 LoA 293

— Traded control/E4 LoA 294

HiRISE imagery 209

Huygens lander 25

270

i

Imager for Mars Pathfinder (IMP) camera
144

impedance control 275

incremental bundle adjustment (IBA)
algorithm 133, 185

Indexed Time Table (IxTeT) 355

indirect force control methods 274

Inertial Measurement Units (IMUs)
203

infrared (IR) cameras 245

“Infrared Spectrometer for ExoMars” (ISEM)
44

instrument deployment device (IDD)
259

192, 195,

38,

Index

International Planning Competition (IPC)
352
iterated closest point (ICP) algorithm 211

J

Johnson Space Center (JSC) 311
k

kinematic calibration 298
kinematic control 271

/
laser-induced breakdown spectrometer (LIBS)
41
level of autonomy (LoA) 289, 329
light detection and ranging (LiDAR)
localization technologies and systems
— autonomous navigation 219
— celestial localization 214
— control strategy 227
— example systems 218
— global path planning 225
— inertial measurement units 203
— local path-planning and obstacle avoidance
224
— mapping 220
— orbiting asset/earth-based localization 212
— orientation estimation 201
— particle filters 216
— path planning 223
— rover-to-orbiter digital elevation model
matching 211
— rover-to-orbiter horizon matching 211
— rover-to-orbiter imagery matching 209
— simultaneous localization and mapping
216
— speed sensing 208
— star trackers 203
— Sun finding 202
— terrain assessment 222
— 3D visual odometry 208
— vision techniques 204
— visual odometry 205
— wheel odometry 205
loop heat pipes 95
Low Complexity Lossless Compression
(LOCO) software 129
low intensity low temperature (LILT) silicon
solar cells 30
low-level robotic arm control strategies
— dynamic control see dynamic control
— force control see force control
— position control 271
— trajectory interpolation 285

118,195

405



406

Index

low-level robotic arm control strategies
(contd.)

— visual servoing 283

low power high torque actuators (LPHTAs)
263

Lunar Reconnaissance Orbiter (LRO)
183

lunar-vision 142

Lunokhod 1,31

Lunokhod II 184

Lunokhod missions 77

143,

m

manipulability 269

mapping process 220

Markov decision processes (MDPs)

Mars Ascent Vehicle (MAV) 63

Mars exploration missions 162

Mars Exploration Rovers (MERs)
290, 322

— curiosity rover navigation system 188, 189

— digital elevation model (DEM) 186

— in-mission flight software 188

— offline processing 185

— path-planning 186

— terrain assessment module

— visual odometry 185, 188

Mars Local Geodesic (MLG) frame 229

Mars Multispectral Imager for Subsurface
Studies (Ma-MISS) 44

Mars Orbiter Laser Altimeter (MOLA) data
186

Mars Organic Molecule Analyzer (MOMA)
44

Mars Pathfinder (MPF) 34

Mars Polar Lander (MPL) 23

Mars rovers GOAC see Goal-Oriented
Autonomous Controller (GOAC)

Mars Sample Return (MSR) campaign 63

Mars Science Laboratory robotic arm 261

Mars Surveyor 98 robotic arm 256

Mars Surveyor 2001 robotic arm 256

Mars Surveyor Program (MSP) 23

Martian regolith 258

Martian soil 165

MastCam 39

mechanical motor model 280

Micro electro-mechanical systems (MEMS)
204

Miniature Integrated Camera And
Spectrometer (MICAS) 155

Mission Control System (MCS) software

mission operation 322

— CCSDS standards 325

351

36, 259,

187

334

— design considerations software 331
- ECSS 324
— ground operation software 332

— ground segment 323

— Mars rovers see Goal-Oriented Autonomous
Controller (GOAC)

— onboard operation software

— onboard segment 323, 329

— P and S see planning and scheduling (P&S)
343

336

— performance measures 341

— procedures 326

— Vand V see Validation and Verification
(V&V)

Mission Specific Data Processing (MSDP)
153

Mixed nitiative Activity Plan GENerator
(MAPGEN) 334

mobile manipulation

— autonomous 309

— DRC 310

-JSC 311

— research platforms 309

Monitor, Analyse, Plan, Execution -
Knowledge (MAPE-K) loop 365

Mossbauer Spectrometer (MB) 38

multi-agent systems 396

Multimission Image Processing Lab (MIPL)
145

Multi-Mission Radioisotope Thermoelectric
Generator  MMRTG) 82

n

NASA 199

NASA Discovery Program 25

NASA MRO Context Camera (CTX) 6m
imagery 210

NASA Resource Prospector mission 241

Navigation Cameras (NavCam) 41, 119, 190,
229

Navigation Service Set 370

Near Earth Asteroid Rendezvous (NEAR)
156

neoclassical methods 344

New Domain Definition Language (NDDL)
353

Noise Equivalent Spectral Radiance (NESR)
125

o

onboard-vision-processing

— autonomous-navigation 141

— compression-modes 138

— stereo-perception-software-chain 139



— visual-odometry 140

on-line trajectory generation 286

Open Procedural Reasoning System
(OpenPRS) 339

optical depth (OD) 55

p

“Pan-Tilt Units”(PTU) 130

Path Planning module 232

path planning 289

phase spectrum of quaternion Fourier
transform (PQFT) 158

Phoenix Mars Lander robotic arm 258

Phoenix mission 24

photovoltaic/solar cells 80

plan-space planning (PSP) 346
planetary landers 105
planetary robotic arms

— Beagle 2arm 260

— Mars Surveyor ‘98/01 256

- MSL 261

— Phoenix 258

planetary robotic system design

— atmosphere and vacuum 51

— autonomous functions 76

— Beagle 2 lander 28

— Chang'e 3 rover 42

— cold case 92

— curiosity rover 39

— drivers identification 17

— dust 55

— ExoMars rover 43

— functional analysis 14

— functional requirements 15

— gravity 49

— heat management 94

— heat provision 92

— lander mission 19

— launch environment 59

— length of local day 53

- liquid 56

— locomotion subsystem options 17
— long-term mission concepts 47
— Luna sample return landers 20
— Lunokhod 1,31

— Lunokhod 2,32

— Mars 2020 rover 46

— Mars Sample Return (MSR) campaign 63

— Mars surveyor lander family and successors

23
— mass 59
— medium-term mission concepts 47
— mission concept 19
— mission definition 14

Index

— mission-driven system design drivers 58

— operation sequence 72

— orbital characteristics 52

— Philae lander 29

— planetary bodies and moons 56

— power generation 80

— power storage 84

— power subsytem 79

— Prop-M rovers 33

—rock 54

— scoring system 17

— SFR design evaluation 68

— SER subsystem design drivers 65

— SFR system design drivers 64

— Sojourner rover 34

— spirit and opportunity rovers 36

— Sun distance 53

— surface conditions 54

— surface deployment 60

— surface operation 63

— tade-off options 96

— target environment 59

— technical requirements 15

— teleoperation vs. onboard autonomy 77

— temperature 49

— thermal subsystem 90

— Viking landers 21

— warm case 92

planetary robotics

— performance characteristics 4

— robotic agents 5

— robotic explorers 6

— robotic manipulators 8

— robotics assistants 6

Planetary Robotics Vision Scout (PRoViScout)
field trials 241

planetary robots 106

planetary surface navigation 7, 181, 228

— Canadian Space Agency (CSA) 240

— cooperative robotics and mobility concepts

242

— ExoMars rover 229

— future navigation technologies 235
— future rover missions 234

— Mars 2020 rover 233

— Mars precision lander 234

— NASA and CSA 236

— orbital imagery 245

— processing capabilities 244

— Resource Prospector mission 234

— SEEKER field trial 239
— sensors 244
— SLAM Systems 242

407



408

Index

PLanetary Undersurface TOol (PLUTO) 28

Planner Service Set 370

planning and scheduling (P&S)

— APSI framework see Automated Planning

and Scheduling Initiative (APSI)

— ASPEN 355

— CASPER 356

— classical planning methods

— EUROPA 356

— handling uncertainties

— HSTS 355

— IxTeT 355

— neoclassical methods 344

planning languages see planning languages

— scheduling problem 350

— solving strategies 346

— temporal planning 347

Planning Domain Definition Language (PDDL)
352

planning languages

- DDL 354

- NDDL 353

- PDDL 352

— PDL 354

— STRIPS 351

planning-graph algorithms 346

position adjustable workbench (PAW)
260

position and velocity sensors 270

Powder Acquisition Drilling System (PADS)
41

Predicted Events File (PEF) 335

printed circuit board (PCB) 50

Problem Definition Language (PDL) 354

Prop-M rovers 33

344

350

28,

r

radiators 94

radio service 370

radiometric-calibration 124

Rational Agent design 374

reachable workspace 265

reconfigurable autonomy

— AGATA 364

— GNC see Guidance, Navigation and Control
(GNC)

— model-based autonomy plant engine 364
— ontology-based cite method 365

— rationale 362

— self-managed software architectures 363

— service-based methods 363
— taxonomy 365
Re-engineered Space Flight Operations

Schedule (RSFOS) 335

Reliable Autonomous Surface Mobility
(RASM) system 221

Remote Agent Experiment (RAX)

Remote Micro Imager (RMI) 41

Resource Prospector mission 234

Robot Operating System (ROS) 395

Robot Sequencing and Visualization Program
(RSVP) 136

Robot Service Coordinator

robotic arm control

— collision avoidance

339

369

288

— high-level control strategies see high-level
robotic arm control strategies 289

— low-level control strategies see low-level
robotic arm control strategies

— trajectory generation 270

robotic arm system design

— design specifications 264

— design trade-offs see design trade-offs

— environmental design considerations

— performance requirements 264

267

robotics vision 105

Rock Abrasion Tool (RAT) 38

Rover Environmental Monitoring Station

(REMS) 41

Rover Integrated Planning Team (RIPT) 327

rover navigation system

— Apollo Lunar Roving Vehicle (LRV)
navigation system 184

— communication system 182

— computational resources 198

— design decisions 194

— “direct-to-Earth” communication system
183

— Earth 182

— environmental requirements 192

— functional components 194
— gravity differences 183
— interface requirements 193

— localization technologies and systems see
localization technologies and systems

— Lunokhod I'and II 184
— Mars 182
— Mars Exploration Rovers (MERs) 185

— performance requirements 191

— planetary surface navigation see planetary
surface navigation

— resource requirements 193

— rover control strategy 199

— sensor 194

— software 196

— Sojourner Microrover

— Sun-sensing techniques

184
183



Rover Operation Control Centre (ROCC)
334

Rover Sequencing and Visualization Program
(RSVP) 335

S

Sample Analysis at Mars (SAM) 41

sample-fetching rover (SFR) 234

Satellite Control and Operation System 2000
(SCOS-2000) 334

Science Activity Planner (SAP) 335

Science Operations Working Group (SOWG)
327

self-collision avoidance

sensor

— absolute-localization 120

— active vision sensing strategies

— calibration 120

— dedicated-navigation-vision-sensors

— imaging sensor 116

— navigation-perception-stereo-vision 119

288

117

118

— passive optical vision sensors 116
— vision sensor 114

— visual-localization 119

sensors 194, 244

Sequence Generator (SEQGEN) 335

“Sequence Review Tool (SEQREVIEW)” 335

Service Module (SVM) 45

Service-Oriented Robotic Architecture
(SORA) 363

Shackleton crater 267

signal-to-noise ratio (SNR) 116

Simultaneous Localization and Mapping
(SLAM) 154,215,216

software control algorithms

soil analysis 164

Sojourner Microrover

Sojourner rover 34

Soviet Lunokhod 183

space robotics 157

space segment operability 324

Space System Model (SSM) 325

Spacecraft Language Interpreter and Collector
(SLINC) 335

Spacecraft Sequence File (SSF)

speed sensors 195

Speeded Up Robust Features (SURF) 217

Stanford Research Institute Problem (STRIPS)
351

state-space planning 346

static model-based control methods

stereo correlation 146

stiffness control 277

Stirling cycle generator 71

266

184

335

274

Index

Stirling process 83

Stored Chemical Energy Power Systems
(SCEPS) 84

Sun 202

Sun-sensing techniques 183

super-resolution restored (SRR) images

supercritical fluids (SCF) 93

133

t
Technology Readiness Level (TRL) 69
tele-manipulation

— bilateral control 291

— performance parameters
— unilateral control 290
teleoperation 199
temporal planning 347
testing

— coefficient of thermal expansion (CTE)
— kinematic calibration 298

— purpose of 297

— strategy 295

thermal control system (TCS) 90
thermal protection system (TPS) 60
3D digital elevation maps (DEM) 45
3D visual odometry 208
three-layer architecture

291

299

339

u
unilateral control 290
USSR’s Luna program 20

v

Validation and Verification (V&V)

- 3DROV 380

— dynamic and static methods

— low-fidelity simulators 380

— ontology-based system models

— realistic simulators tool 379

Venera landers 20

vision and image processing

— artificial intelligence and cybernetics vision
169

— ExoMars PanCam ground data processing
chain 152

— ExoMars-control-chaincontrol

378

383

150

409

— ExoMars-onboard-vision-testing-and-verification

151

— ground vision ground processing see ground
vision processing

— lunar-vision 142

— mapping-by-vision-sensors 112

— MER and MSL missions 109, 145

— onboard-requirements 110

— onboard-vision-processing 138



410

Index

vision and image processing (contd.)
— pathfinder 144

— physical environment 113

— planetary saliency models 157

— science-autonomy 166

— sensor-fusion 166

sensor 114

— Viking Lander camera system 143
vision sensors 7, 114, 194

visual odometry (VO) 133,185, 188, 193,
197, 205, 214, 230
visual servoing 283

w

wheel odometry 205

whole-body motion control 306

WISDOM data 168

Wrist and Turret Actuators (WATERs) 263



