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What is CLARAty? 

CLARAty is a unified and reusable 
software that provides robotic 
functionality and simplifies the 
integration of new technologies 
on robotic platforms 

A research toolfor 
development and 

technology 
maturation 
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A Two-Layered Architecture 
CLARAty = Coupled Layer Architecture for Robotic Autonomy 

Declarative model-bad 
ssion and system constraints 

G€obal pf. g 

THE FUNCTIONAL LAYER: 
Object-oriented abstractions 
Autonomous behavior 
Basic system hctionality 

Adaptation to a system 



Adapting to a Rover 
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The Decision Layer 
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Data Structure Components 
- Array, Vector, Matrix, Map, Container, LinkedList, Bit 
- Image, Message, Resource 

Generic Physical Components (GPC) 
- Locomotor, Arm, Mast, Spectrometer, . . . 

Specialized Physical Components (SPC) 
- K9 Locomotor, K9 Arm, R8 Mast, FIDO Motor ,... 

Generic Functional Components (GFC) 
- ObjectFinder, VisualNavigator, StereoProcessor, 

Specialized Functional Components (SFC) 

- - - - 

Localizer 
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Functional Layer Components 

n / \ 
/ h Instrument 

CoordMotors 

Specialized Datu Structures 

Path 
Resource HTrans 
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Generic Technologies & Algorithms 

Technologies that are generic by design should 
not be constrained by the software architecture & 
implementation 
Non-generic technologies should be 
accommodated on the appropriate platforms 
- Example (Generic): if you are working in navigation, 

you would not care about H/W architecture difference 
among different rovers 

- Example (Specific): if you are doing wheelherrain 
interaction research, you might require specific 
hardware which one of the vehicles would support 

Assumptions are made explicit 
December 17, 2002 

~ ~- 
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Levels of Integrations 

Encapsulated 
Uses CLARAty components to interact with rover 
Does not support a CLARAty API 
Runs on multiple platforms 

Encapsulated & Integrated: 
- Supports a CLARAty API 
- No standarized access to internals of code 

Re factored 
- Uses all CLARAty abstractions and components 
- Reusable code intemals 
- Access to all data products/supports messaging 
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Software Development Process 

[ Rocky 8 ] 
(FIDo] 
[-) 

enchtopslj] 

. Some CLARAty Statistics 
-1 70 Modules (reusable entity) 
-31 Packages (module grps) 
-3 rovers 
-250,000 lines of C++ code 
-Java/scripts/ and models 

45 
40 

35 

30 

25 

20 
15 

10 
5 

0 
FYOO FYOI FY02 

ExtendedTeam 
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Infrastructure & Platform Support 

Operating System 
VxWorks - Tornado 2.2 Beta 

AFS backbone 

ACE for OS independence 
Qt for Graphics Display 
Operating Systems & Architectures: 

YaM for collaborative distributed environment 

Arch 
PPC 

VxWorks - Tornado 2.02 
VxWorks - Tornado 2.02 
Solaris 2.7 

- -  

x86 
sparc 
sparc 

(Linux - Red Hat I x86 1 
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Challenges in Interoperability 



Currently Supported Platforms 

. .  

FIDO 
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6X 



Custom Architecture/Variabilitv 

Rocky 7 

I I Video Switchdr 

Accels 

f3 
Gyros 

tl 
m 

VME Arch AI0 
m68k Arch 
Framegrabbers 
Digital I/O 
Analog I/O 
Wireless ethemet 1- 

b Parallel Custom Interface 
MUX/Handshakin 

Potentiometers 
PID Controllers 

Actuator/Encoders 
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Centralized Hardware Mapped Architecture 

I Video Switcher I 

I PC104 
x86 Arch 
Framegrabbers 
Digital I/O 

RS232 
Serial 

Fide PID control in Software Wireless ethemet 

Potentiometers 

Actuator/Encoders 
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Examples of CLARAty Reusability 

Non-Resuable Layer 

0 
Na r i o n a 1 
S e  m I c o n d id c I O  r 

HW reusable Widget Board 
Non-reusable 
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Code Reusability 
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Capabilities of Wheel Locomotor 
Type of maneuvers: 
- Straight line motions (fwd / bkwd) 
- Crab maneuvers 
- Arc maneuvers 
- Arc crab maneuvers 
- Rotate-in-place maneuvers (arc tum r=O) 

Driving Operation 
- Non-blocking drive commands 
- Multi-threaded access to the Wheel Locomotor class - e.g. one task can use 

Wheel - Locomotor for driving while the other for position queries 
- Querying capabilities during all modes of operation. Examples include position 

updates and state queries 
- Built-in rudimentary pose estimation that assumes vehicle follows commanded 

motion 

December 17,2002 CLARAty MTP Tech Infusion - I.A.N. 25 
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Example: collaborative development for locomotor 

Version 1.0 

Designed for Rocky 7 
Used Motor class 
Separated wheel 
control from locomotio 
Built-in pose estimatio 

Version 2.0 
Generalized design for wheeled 
locomo tors 
Full and partially steerable vehicle 
Used generic motor classes 
Implements fixed axle model 
Developed continuous driving t 
Adapted to Rocky 8, Rocky 7, and Sim 

JPL - 1998 1 // JPL - 2001 

L Redesign/ 
mature 

\ Version 3.0 
Version 4.0 

Use device and tele 
infrastructure 

Separated model from contro 
Add separate locomotor state 
Add concept of wheel and 
steerable wheel, Drive Cmd, 
Drive Sequence 
Adapt to ATRV, Sim, 

Future 
ARC - 2003 CMU - 2002 
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Code Resuability Results 

Analysis of amount of resuable code across impiementations: 

Module Lines of Code status 

Wheel Locomotor 1445 Reusable 

Motion Sequence I 540 I Reusable 
~ ~ ~~~~~ 

Matrix, Vector, Array 1083 Reusable 
1D Solver 356 Reusable 

Location, Homogeneous Transforms 34 1 Reusable 

Depends On 
Motion Sequence, 1D Solver, 
Homogeneous Transforms 
Vector 

Rotation Matrix. Point 2D 
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<<acti\ e>> Decision Layer 

Gestalt Navigator 
Asynchronous 
e.g. Rate Set at: 5 Hz 

Mapper 

I I  Grid Mapper I 
I ”  

_ -  

I 
Asynchronous 

Terrain Sensor 

Stereo Engine I Id- 

I Global Cost F d c  h-1 
I D* Path Planner 

\ : Locomotor 

S ynchronous:or 
Asynchronous 
e.g. Rate Set at: lOHz 
used by other activitie 

29 
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Navigation Architecture 

in t e G  ce 
Na visa tor Callback 

Navigator Locomotor 
1 .  

1 1 

1 

I 1 

O..* 1 1 

interface Action Selector State Estimator 
Waypoint 

L 

- 

I I 

I MapBasedSelectG 1 
II I+ 

Fuzzy Logic Selector Rover Bug Selector Vehicle Model 

3 

1 
I 
\ 
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GESTALT Navigator on Rocky 8 
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CLARAty Software Packages 
I. 



1 

Decision Layer Package 

General Planners Activity Database 
Basic planner infrastructure . Generic Activity database structure 

Planner Implementations . CASPER . ASPEN 

Executives 
- TCM - Task Control Management used by TDL 
- , TDL - Task Description Language 

Interfaces 
Functional Layer Interface . ... 

34 December 17, 2002 CLARAty MTP Tech Infusion - I.A.N. 



I 

Base Package 
Base Package 

Share . Common Definitions . Math Constants . Function Operators . Display Functions 

Array . 1D Arrays . 2DArrays . Sub Arrays 

Matrix . 1D matrices (math) . 2D matrices (math) 
Fixed size matrices . Rotation matrices 

I Transforms . Homogeneous Transforms . Quaternions 

Frame 
= Coordinate Frames . Locations (Poses) 

Point 
2-D Points . 3-D Points 

Resource . Timers 
Tasks 

Numeric Solvers 
Newton Rhapson . Nedler-Mede 

GPC & GFC . Device 
9 Telemetry . Periodic Objects 

State . State data logging . Database 

Greyed Out - in progress 
Orange 
Green - JPL-non-CLARAty development 

non-,IPl- iioii-CL AKA[q de\ clopment 
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Input Output Package 

Input Output Package 

I/O 
I/o 

= Digitalyo 
Composite Digital YO 
Analog Input . Analog Output 

Bits 
Bits data structure . Bit manipulatiodmasking 
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Motion Control Package 

Motion Control Package 

Motor 
Open Loop Motors . Controlled Motors 

Trajectory 
Trajectories 

= Trajectory Generators 
Continuous Profiling 

Coordinated Systems . Motor Coordinators 

m 
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Locomotion Package 

Locomotion Package 

Wheel Locomotion . Wheels/Steerable Wheels . Locomotor models . Locomotor State . DriveCommands . Motion Sequences . 2-D Wheel Locomotion algorithms . 3-D Rocker Bogie Locomotion . Continuous driving modules 

Legged Locomotion . Legged Locomotors 

Hybrid Locomotion . WheelILegged Locomotors 
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d Vision Package 

~ Data Structures . Images . Image Pyramids . Image I/O . Color Images . Camera Images . Point Clouds . Meshes 

Vision Package 
Camera . Framegrabbers . Cameras (single, multi) . Stereo Pairs . Camera models 

Stereo Vision . S tereoprocessor 
StereoEngine 

Basic Image Processing . 2-D Image processing 
- Filtering & smoothing 
- Edge detection 
- Blob detection 
- Corner feature detection 

Visual Tracking 
= 2-D Feature extraction . 3-D Feature extraction . Affine Tracking . 2-D Tracking algorithms . Shaped based tracking 

Combined 2-D & 3-D tracking . Visual odometry 

Stereo Implementations . JPL Stereo engine 
S R I  Srereo engine (cc)iiimer-cial) 
c\mes Stereo eng1ne 

39 
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Estimation Package 

Data Structure 
Measurements 
System models 
Generic Kalman Filter 

Kalman Filter Algorithms 
3 DOF EKF pose estimation 
6 DOF EKF pose estiiiiation 

Pose Estimators 
Wheel-based Pose Estimators 
Legged-based Pose Estimators 

CLARAty MTP Tech Infusion - I.A.N. 40 
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dd. Navigation Package 
Navigation Package 

Local Navigators 
Action Selectors . Mapped-base Action Selector . Waypoints . Generic local navigator structure 

Path Planner 
Generic path planner structure 

Navigation Implementations 
MEWGESTALT Navigator 
\lorphln (C'hlL') Na\ igator . Fuzzy Navigator 

CLARAty MTP Tech Infusion - I.A.N. 41 
December 17,2002 



Manipulators . Joints . Links . Generic Manipulators . Generalized Fwd Kinematics . Gencralired Inverse Kincmatics 
Limited DOF manipulators . Redundant manipulators . End effectors 

Manipulation Package 



Simulation Package 
Simulation Package 

Simulator Connectors 
m Interfaces to ROAMS simulation . Rover Sim . Navigator Sim 

9 Locomotor Sim . Motor Sim . YO Sim 
m IMU Sim 

Simulation Implementations . ROAMS Rover Simulation (JPL) 
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~~ 

Temperature Sensors 

Sensor Package 

Voltage & Current Sensors 
Generic inertial measurement 
unit infrastructure 

. Generic Electronic Tilt sensors 
m Generic Accelerometers 

. Generic Gyros structures 
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Science Package 

Spectrometers 
Generic Spectra classes 
- Calibrated Reflectance Spectrum 
- Uncalibrated Spectrum 

Generic Spectrometer classes 

Science Cameras 
Special science cameras 
(inherits for Cameras of Vision Package) 

Science Package 

Analysis Algorithms . Carbonate Analyzer . Edge Layer detector 
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Communication Package 

Ethernet 
Socket Communication 

m TCP Comm 
’ UDP comm 

Messages 
Object serialization 
Socket messages 

Communication Package 

Serial I/O 
SerialComm 

Connector 
Clienthewer comm. 
Executives 
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Path Planning Package 
Path Planning Package 

Global Path Planners 
Generic path planner structure 

Path Planner Implementatioi s . D-s Path Planncr (CML') . Pangcnt Graph Path Planner ( J P L )  . IStz Parh Planner (CblL)  

December 17,2002 CLARAty MTP Tech Infusion - I.A.N. 47 



Behavior Package 
8. 

Behavior Package 

I Behaviors I 

Behavior Coordination 
Arbiters . Behavior combinators 
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Hardware Drivers 

Motor Controllers 
~~ 

HCTL 1 100 Motor Controller 

LM 629 Motor Controller 
~ 

0.. 

FramegrabbersNision 

Imagenation CX 100 Framegrabber 

Imagenation PX6 10 Framegrabber 

1394 Camera Driver 

0.. 

Hardware Drivers 

I/O Boards/Chips 

VPARlO - Digital I/O Board 

Sensoray S720 Digital I/O Board 

VADC20 - Analog Input Board 

MAX186 Analog to Digital Conv. 

MAX528 Digital to Analog Conv. 

Custom Boards 

Widget Board - Motion Control 

Widget Board Firmware 

e.. 

Other 
VISA - Vme to ISA Converter 

12C Master Controller 

I PCI Controller 
~~ 

Crossbow DMU - Interial Measurement Unit I 0.. 
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Rocky 8 Package 
Rocky 8 Package 

Rocky 8 Specialized Physical Components . Rocky 8 Motors 

. Rocky8lMUs . Rocky 8 Hardware Map . Rocky 8 Digital I/O . Rocky 8 Analog I/O 

Rocky 8 Cameras 

Rocky 8 Specialized Functional Components 
9 R8 Locomotor . R8 Contrained Locomotor . R8 Navigator . R8 Rover 

CLARAty MTP Tech Infusion - I.A.N. 50 December I7,2002 



K9 Package 
K9 Package 

K9 Specialized Physical Components 
K9 Motors . K9Cameras 
K9IMUs . K9 Hardware Map . K9 Digital YO . K9AnalogUO 

9 K9 Locomotor . K9 Contrained Locomotor 
9 K9 Rover 

~ 

K9 Specialized Functional Components 

. K9 Navigator 
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Rocky 7 Package 
Rocky 7 Package 

Rocky 7 Specialized Physical Components 
Rocky 7 Motors 
Rocky 7 Cameras 
Rocky 7 Accels 
Rocky 7 Gyros 
Rocky 7 Hardware Map 
Rocky 7 Digital I/O 
Rocky 7 Analog I/O 

~ 

Rocky 7 Specialized Functional Components . R7 Locomotor . R7 Contrained Locomotor . R7 Navigator 
= R7 Rover 
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FIDO Package 
FIDO Package 

FIDO Specialized Physical Components . FIDO Motors 
FIDO Cameras . FIDO Accels . FIDO Gyros 
FIDO Hardware Map 

= FIDO Digital YO . FIDOAnalogYO 

FIDO Specialized Functional Components 
9 FIDO Locomotor 

m FIDO Navigator 
FIDORover 

FIDO Contrained Locomotor 
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CLARAty Testbed (1/2) 
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Summary 

CLARAty provides a repository of reusable software 
components at various abstraction levels 
It attempts at capturing well-known robot technologies in 
a basic framework for researchers 
It publishes the behavior and interfaces of its components 
It allows researchers to integrate novel technologies at 
different levels of the architecture 
It is a collaborative effort within the robotics community 
It will run on multiple heterogeneous robots 
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Background & Objectives 

Why are we doing this work? 
To capture and preserve robotics expertise from 
JPL and other centers 
To provide, a framework for future NASA rover 
technology development and integration 
To reduce the cost of integrating new technologies 
To operate various robots from a unified 
framework 
To eliminate cost of redeveloping basic robotic 
infrastructure 
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Goals 

Capture and integrate a wide range of 
technologies 
Leverage existing tools 
T . 

0 

a 

0 

Leverage experience and tools of the larger 
software development community 
Apply appropriate design patterns to the domain 
Provide an infrastructure 
robotic development 
Capture experience 
implementations 

that enables rapid 

of technologists 
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How? 

Study software implementation of various robots 
Study interactions of elements in various systems 
Identify reusable/recurring elements in robotic systems 
Identify implicit assumptions made 
Project potential advances to these elements 
Design a generic/flexible implementation of these elements 
Adapt to a number of robotic systems 
Test and study the limitations of the design 
Go back to design and iterate 
Modify/extendredesign to address limitations and 
variability across systems 

Your generic base is reusable 
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Domain knowledge guides design 
Layers of abstraction help master complexity 
Abstractions also provide a classification of 

Information hiding protects implementation 
various technology elements 

variability 
Small modular components are more reusable 
than monolithic blocks 
Interfaces define behavior of various elements 
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Things to be aware of 

Over-generalizing leads to ineffectiveness 
- More general -> less functionality -> more work for 

results 
- Number of abstractions vs. complex hierarchies 
- Modular elements with strongly typed interfaces 
- Algorithm generality influences abstraction design 

- Challenges in combining hardware/Grmware/software 

- Need for both cooperative and pre-emptive scheduling 

Runtime models vary across systems 

architectures in most effective manner 
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Component Analysis 

Queries 

Object 
Services Creates Links tc - 

L 

I -  

r Local Estiination State Machines 

c State Handler 

1' 
Estimator i 

Sub-object 

- optional link \ 
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Relationships with Other Components 

CoordMotionSystem 1 
qosition: Vector 
- velocity: double 
- acceleration: double 

changeqosition(Location& loc) 
change velocity(doub1e vel) 
setqosition(Location& loc) 
set-velocity(doub1e vel) 
getqosition() 
get-velocit y() 
- compute-angl e$) 

Functionality encoded 
within the objects 

Provides trajectory' planning 
based on a selection criteria 
possibly by the Decision Layer 

r I 

Locomotor 1 Manipulator I 

Wheeled-Locomotor I I - Wheel 

1-1 Steering I Legged-Locomotor 

December I 7,2002 CLARAty MTP Tech Infusion - I.A.N. 66 



R8 Specific Rover Implementation 

Iniplements general fL3.d & 
in\,. kinematics &joint ctrl 

*Attaches proper motors 
*Restricts Steering to 2 \+.heels 

*Speciali/ed i n k .  Kinematics (oberrides default) 
*Attaches proper motors i 

f 
! *Attaches proper cameras for mast 

*Adds filter \\heel 

A 

Tech Infusion - I.A.N. December 17,2002 CLARA@ MTP 1 67 



R7 Specific Rover Implementation 
Non reusable Code 

Implements general fkvd Cy: 
inv. kinematics &joint ctrl 

*Attaches proper motors 
*Restricts Steering to 2 \I heels 

*Speciali/ed i n k .  Kinematics (o\,en-ides default) 
*Attaches proper motors 
*Attaches proper cameras for mast 

i I 
*Adds filter ~vheel 

I \ /- 
. 

Device Drivers 
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Original Design New Design 
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Vehicle State 

Vehicle State 
Contains 6DOF pose 
Mechanism state contains variable #qosition:hcation 

Mechanism information 

#-time:double 
vehicle parameters #-specific :Mechanism-Statc 

encapsulated in a separate class 
(bridging) 
Potential for dynamical state or 
other descendant state classes 

I 

I Skid State 4Wheel 

I #-wheel-base: float 
#-tke-diameter:float 
#_inter-axle-distance:floal 

Ackerman State 4Wheel I 
I #-wheel-base: float 

#-tire-diameter: float 
#_inter-axle-distance: float 
#-steering-angle: float 
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0 

0 

0 

0 

0 

Public interface for navigation 
capability 
Provides a bridge between evalu 
and execution 
Manages waypoints 
Multi-threaded 

Callback provides hook to triggc 
navigation events 

- Interface available while executing 

- Periodic science on the fly 

. Navigator 

#queue < Waypoint* > -waypoints 
#Action-Selector & -sit-evaluator 
#Locomotor & -locomotor 
#State-Estimator & -estimator 
#Navigator-Callback * -callback 
#boo1 -active-waypoint 
#boo1 -stop-nav-loop 

+Navigator(Locomotor &loc, Action-Selector &eval,StateEstimator 
+void set-callback(Navigator-Callback * new-callback) 
+int goto-waypoint(Wayp0int & wp) 
+void abort-waypoint(void) 
+boo1 is-waypoint-active(void) 
+void run(void) 
+void stop(void) 
+void nav-loop(void) 
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Action Selector 

1 Navigation algorithms 
provide this interface 1 Used to determine the nt 
motion the vehicle shoul 
take 

Action Selector 

#Vehicle Model & model 
#Waypoint * - -  cur wayqoint 

- 

+Action Selector(Vehic1e-Model &mod) 
+void update(Vehic1e-State & robotstate) 
+void set waypoint(Waypoint & wp) 
+Drive Sequence get best-action(Vehic1e State tit curstai - - - 
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Generic base class extends 
matrix 

through maps in arbitrary 
directions 
c Goodness Map 

Coordinate Iterator c-----l 
Map Iterator 

Plane Fit Map F 
Region El 
4 

Circular Regi Square Regio El& 
75 December 17, 2002 CLARAty MTP Tech Infusion - I.A.N. 
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CLARAty Level I Milestone 

/ I -  I 
I 

A 

I Connector 
I 

FUNCTIONAL A 
LAYER Rover 

I , R7 Rover 7 R8-Rover I 
Navigator - 

Position Estimator 

Locomotor Model - 

I 
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FY03 Plans 

01 -Dec-02 

01 -Dec-02 

15-Dec-02 
15-Jan-03 
31 -Jan43 

01 -Feb-03 

15-Feb-03 

01-Mar-03 

15-Mar-03 

01 -Apr-03 

15-May43 

01 -Jun-03 

15-Jun-03 

30-Jun-03 

CLARAtyI 
MDS, LT, IP 

LT, IP 

LT 
LT, IP 

LT 

IP 

LT 

IP 

LT, IP 

IP 

LT 

IP 

IP 

CLARAty testbed: Rocky 8, Rocky7, six 
embedded mockups for R8, R7, FlDO 
CLARAty/ROAMS open-loop locomotion with 
simulation of closed-loop wheel control 
EKF position estimation for (x,y, heading) 
Visual Odometty on Rocky 8 and Rocky 7 
Sun sensor heading estimation 

2D Visual Tracker with obstacle awidance on 
Rocky 8 and Rocky 7 
ROAMS/CLARAty with reasonable R8 data 
(kinematic, mass inertias, etc) with locomotion, 
wheel control, IMU, and pose estimation 
GESTALT navigator on Rocky 8 and Rocky 7 
(encapsulated latest MER wrsion) 
CLARAtyMllTS - demonstrate uplink and 
downlink of a single command (e.g. Hazcam) 
Two navigators designed with CLARAty 
inhstucture - Morphin++, Gestalt 
Stereo-based manipulation infrastructure - 
control/coordination/sensing for Rocky 8, PDM, 
and K9 Arms and masts 
CLARAtyMllTS - demonstrate commanding for 
locomotion (driving) and navigation 
CLARAtyIROAMS interface for rowr-based 
manipulators 
CLARAtyMllTS - demonstrate manipulator 
commanding for Rocky 8 
Define format for shared models 

ROAMS with wheel control 
simulation 

RMSA - Slope Navigation 
FlDO - sun sensor code - legacy 
Rocky 7 - sun sensor code - legacy 
RMSA - Visual Tracking 

ROAMS wrsion with IMU simulation 

MER - GESTALT navigation software 

WITS wrsion to support interface 

Morphin++ - navigation software 
MER - GESTALT navigation software 
PDM - legacy instrument placement 

ROAMS simulation of manipulator 
kinematics and interface 
WITS wrsion to support Rocky 8 
commanding interface 

01 -Now02 

01 -Sep-02 
15-Now02 

01 -Now02 

01 -Dec-02 

01 -Dec-02 

01 -Feb-03 

01 -Dec-02 

01 -Apr-03 

01-Mar-03 
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