First National Workshop on Control Architectures of Robots - April 6,7 2006 - Montpellier ;‘ I'N R I

ssssssssss

ORCCAD, a framework for safe robot control design and
implementation

Daniel Simon, Roger Pissard-Gibollet and Soraya Arias
INRIA Rhone-Alpes
655 avenue de I'Europe, Montbonnot
38334 Saint-Ismier Cedex, France
http://sed.inrialpes.fr/ O ccad/

PAp

A RT ORccaD CAR’06 —p.1/34


http://sed.inrialpes.fr/Orccad/

First National Workshop on Control Architectures of Robots - April 6,7 2006 - Montpellier ;‘ IN R I

Open Robot Controller Computer Aided Design =~

OrccaD : http://sed.inrial pes.fr/ O ccad/
* A set of concepts, methods and programming tools for
robotics

* Handling automatic control and reactivity
* Tools and methods used from design to run-time
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General framework

* Complex mechanical systems: many degrees of freedom,
non-linearities, coupling
I'= M(q)§ + N(q,9)

* Possible switches in the model (e.g. walking machines,
dynamic vision)

® |nteraction with the environment, the environment Is
dynamic and uncertain

* Needs for reliability (e.g. hostile environment, cooperation
with humans)
* Hybrid aspects
o Sampling for sensing and periodic servo-loops
o Discrete Events for decisionnal processes
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Guidelines

* Many robotic actions can be stated efficiently in the
framework of Automatic Control theory
Task-function approach, Sensor-based control. . .
(Bottom-up approach)

* A robotic system has several kinds of users, each of them
must be provided with dedicated CAD tools
(Different use-cases...)

e Software for robotics must be reliable and reusable
(Validation, formal verification, automatic code
generation. . .)

* The overall system performance strongly relies on
Implementation of real-time programs
(Various constraints and co-design)
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Main structures

* Robot-Tasks (RT) model basic robot’s actions
Control law + Logical behaviour
Control aspects are predominant

* Robot-Procedures (RP): logical and temporal composition
of RTs and RPs for incremental design of actions with
variable complexity
Logical aspects are predominant

PRk
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the Robot-Task: an hybrid object

* Algorithmic aspects:
Parameterized control law the structure of which iIs invariant
along the RT duration
= Trees of object classes
=the leaves are real-time tasks
=|nstantiated via a G.U.I.

* Reactive aspects:
Specification of the logical behaviour of the RT
=Encoded with Esterel
=-Coherency with higher levels (RPSs)
=Formal verification

The reactive behaviour encapsulates numerical computations

The RT external view is a Discrete Event System.
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Control law design

Task-function : control goal in the task space
Control law structure:

~ [ Oe Oe Oe ~  ~ [ Oe A
['=—kEM| — D —— == — N-—M| —

Several control laws can be given according to the choice of
models,e.g.

e M diagonal and N = 0 : fixed gain decentralized PD

e explicit computation of M and N : computed torque
control. ..
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Modular Specification of a Robot-Task
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ORCCAD TOOLS
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Modules

Several kinds of Modules

* class algorithms:
° numerical computation and/or observers
° temporal attributes : period, duration,
synchronizations. ..
® class physical resource: interface with the process (drivers)

* class Robot-task Automaton: reactive behaviour (e.g.
encoded with EsTeREL)
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Algorithmic module
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* Functional attributes:
* Temporal attributes : Synchro., Priority, CPU ID, WCET

name and location of C files
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Control and temporal constraints

Goal : achieve control performance w.r.t. available computing
power

Theoretic background : few quantitative results, esp. for
non-linear systems

Current practice :

® sampling rate : 0.15 < wh < 0.5 (rule of thumb)
* latency << period, or change the control algorithm
* Jjitter ???, very sensitive on identification

Specify time dependencies through synchronisation
Assign priorities according to the relative urgency of tasks
Synchronised tasks must have the same priority

The best data is the freshest one = single slot links

Take care with shared data and synchronization side-effects
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Verification of temporal constraints

e Partial synchronization to specify precedence constraints
* Timed Petri nets (marked graphs)
* Deadlock analysis by checking the liveness of p-invariants

* Analysis of temporal properties using linear models in the
(max,+) algebra (periodicity, stability, respect of
deadlines...)

CLK1(5ms) CLK2(10ms)

qd,qd N
ASYN/SYN ASYN/ASYN

q.q
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TF.TT.JS

ee
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U
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A RT ORrRccaD CAR’06 — p.12/34




First National Workshop on Control Architectures of Robots - April 6,7 2006 - Montpellier E‘(I N & ! AA

Schedulability analysis

complex synchronisation and scheduling schemes :
orccab GUI => ERrs solver in (max,plus) algebra

T2 Ti

; ¢t Periode du systeéme [(temps contracte): 817471
Période du systeme (temps réel): 100001
DEG: actiwite autonome [(temps contractel:
[1[[o,6280[]
DEG: activite preemptes:
108106) [00189411(8106) ]
Taux d'ipactivite: 189410000
Cz DEG: activité préemptée (normalisée):
’7 108106) [001894)11(8106]) ]
e O
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Feedback scheduling
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Events

Synchronization

Preconditions <
Measure (timeout)

Synchro. signal

Type 1 (weak)

Exceptions
Suspend

Type 2 (strongQ)

Timeout

UngtableCam Type 3 (fatal)

Control law (Discretized time)
ABORT . .
Synchronization
SENSOR_FAILED Postconditions
Measure (timeout)

T2_Un ?ﬁleCa
STARTED

External view (Discrete events)
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The RTA module
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trap TZ in

trap BF in

[
await Abort Local KeepStableCam;
emit StartTransite VORTEX;

=mit KeepStableCamTransite{?HKespS3tableCam Start);
exit PAbort;

]
|
loop

await Centered; emit TreatCentered(?KespStahlalam Start)
aend loop

await UnStableCam; emit T2 UnStakleCam; exit TZ2
LLI
halt;

11: ==it BF; ]

ORccAD CAR’06 —p.16/34



Esterel
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Synchronous language with imperative style
Modularity using parallelism at specification time
Powerfull escape mechanisms

Multiform time

Deterministic behaviour = formal verification
Inputs and outputs are signals (pure or valued)
Communication based on synchronous diffusion
Compiles into efficient deterministic automata

ssssssssss
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Main statements
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emit S

await S

P.q

plla

call P (X1,X2)(el,e2)
exec T ()() return R
loop p end

loop p each S end
present S then p else g end
abort p when S
weak abort p when S

diffusion of a signal
await the next occurence
sequence

parallel

extern procedure call
extern task launch
Infinite loop

temporal loop
branching

strong preemption
weak preemption

ssssssssss
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Exception processing

decisionnal level

(Mission)
replanning reques

_

new procedure

control level

(Procedures)
ho possible W
revgvery

exgeption

afety
behaviour

type 2 exception

functionnal level
(Robot-tasks)

type 3 exgeption

type I €

local
processing
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A Robot-Task Controller
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Robot-Procedure specification

ssssssssss

Incremental design of complex actions (nominal and degraded

modes)
Exception handling

Semi-automatic code generation

ESTEREL . Sequence, parallel, loops, watchdogs, traps. ..
We don’t have a FSM in mind at design time

Robot- Procedure Editor
File Tools Ctr

EEEE
Help

BB o3

Main program YKeepSiable

Task Froc

p.J

case T3_KeepStablelUS do exit T3 controle VkeepStable
end await

]
.

loop
[
% Component KeepStableCam
[await immediate L_TZ Stabilized;
% call KeepStableCam_fileparameter()(?KeepStableCam_Start, “filename);
call KeepStableCam_parameter()(?KeepStableCam_Start J;
call KeepStableCam controler()( ?KeepStableCam_Start),
emit START_KeepStableCam;
awvait
case BF_KeepStableCam
case [2_UnStableCam do emitL_TZ_UnStableCam;

case T3 KeepStahleCam do exit T3 controle_YVkeepStable
end await

]

Il

[

% Component keepStablelJs

[await immediate L_T2_UnStableCam;

%4 call keepStableUs_fileparameter()i 7K eepStableUs_Start, "filename");
call KeepStablelS_parameter()(?KeepStablelS_Start ;
call KeepStableUS controler()i?KeepStablelUs_ Start);
emit START KeepStablelUs;

awrait

case BF_KeepStableU3

case T2 Stabilized do emit L_TZ_Stahilized

case T3_KeepStahlelS do exit T3_controle_VkeepStable
end await

I
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Specification of a guarded alternance
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®* no dead-lock nor endless loop
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® actions are guarded by T2 emitted by other actions
® actions are mutually exclusive

M| Robat— Procedure Editor [x
E E: @ | Tash Froc

Main program Essai
emit START_KeepStableCam;
stemit T1BIS_Centered
await
case BF_KeepStableCam
case T2_UnStableCam do emit L_T2 LInStableCam

case T3_KeepStableCam do exit T3_controle_Essal
end await

1

1 Al At x
end loop Gardes

I =

loon Stahilized UnEtableCam

awalt immediate G_KeepS3f
[ Taches
%4 Component KeepStahlg
KeepStableCam KeepStahlels
% call KeepStablels. file
call KeepStablelJS_para
call KeepStablelJ3_cont
emit START KeepStablg
await

Apply

Cancel

case BF_KeepStablel
case T2_Stabilized do emitL_T2_Stabilized
case T3_KeepStahlelS do exit T3_controle. Essai
end await
1
]
end loop
when [BF_KeepStableCam or BF_KeepStablelUs]
when Stop

ssssssssss
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a domain specific language

do
SEQ(do
KeepSt abl eUS
until Stabilized
i oop
PAR(when T2_Stabilized \C/l\hen T2_UnsSt abl eCam
do o)
KeepSt abl eCam KeepSt abl eUS
until UnStableCam until Stabilized)
end | oop
until Stop

a graphical version would be better???
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Switching RTs

Switching signals
Robot Task 1 Robot Task 2 from/to automaton

Comments

- post—condition

or
type 2 exception

Transite

<=1 Resume

e | = Resume_ok
= e Init
Init_ok

Control_stop

Control_stop_ok

— | o Control_start

Suspend

- Suspend_ok

Decision for switching to RT2

Resume real-time tasks (MTs)

Task initialization
Checking for pre—conditions

Stop of control application

Start of control application

%l 1 N

#ActivateOK_ROV
iactivae Q839

0037
fActivaIeOK_ROV

©C40

!IL-BF_RTMovePA10. !L-START_RTKeepStableUS . | Transite

@itOK ROV
Y T

0C41

AMiItOK_ROVray,

\j#l nitOK_ROV

0G4 0c43

|EndSispend 2AnitOK_ROV . |EndSuspend

#Ag:‘tivateOK_ROV
0OC46 OC48

(OCAT -
2CmdStopOK_ROV . IActivate  ?ActivateOK_ROV
#CmdStopOK_ROV
IL-BF_RTKeepStableUS . !L-START_RTROV . ! Transite

849

Complex logic + real-time scheduling (overlap during transite)

PAp
ART

ORrccAD CAR'06 — p.24/34

RIA

RHONE-ALPES



First National Workshop on Control Architectures of Robots - April 6,7 2006 - Montpellier E‘(I N R I

Formal verification : requirements

Once a mission has been defined, check that:
* |ts specification is correct (corresponds to the desired goal)
® |ts programming conforms to specification
* real-time implementation does not disturb its behaviour

e Safety properties (fatal exceptions are always correctly
handled)

* Liveliness properties (the goal is always reached in nominal
executions)

* Conflicts detection (mutual exclusion)
* Conformity with the requirements
PAp * Help to specification (abstract views)
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Safety properties

fatal exceptions are always correctly handled

ssssssssss

abstract action: “Error = /Water_Leak? and not /Accent!”

PAp
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7 Mame | Inspect States 55 Transitions G40
i— Cnitical properties Abstract views
Liveness Robot-task Level
Action Level

Conflicts

Coherence with the specification

Procedures Tasks Exceptions
Movedrm || hovePATD _AiUnStableCam
Vi eepStable KeepStablelJS Stahilized

K.eepStableCam Joint_Limit
Stop

0T_FAIL .#50FT_FAIL . #SENSOR_FAIL .#CPU_OVERL

@
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Liveliness properties

the goal is always reached in nominal executions
e.g. there are no endless loops. ..

File Help
Hame | |nspect States 55 Transitions 540
Critical properties — Abstract views
Rohot-task Level
Safety | Action Level
Conflicts S
— Coherence with th
Procedures | |
hlovesrm bleCam
VieepStable R Z?d,
Lirnit
Criterion | alternstop See Clear Select | Delete Crit

Save Drelete All Crit
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Conflicts detection

two control laws must not compete to control the same robot

Procedure verification

Session  Property
Checked properties

1B I propertys

General informations
Property name

s perty

©C1 . ] o lpropertys

Comment

[conflicts
|safety

General informations

Property name
icnnflicts |
Comment Status

[Check whe DJ REJECTED

lbe contrall i
!same tirme | General in

Status | Properiy n [ Use an environment model
CHECKED | jsafety

Qumfﬁe&
[Check whet |
fcaught byt

ENINEY

IStartServoingVortex

= e

Environment model

O\
(@Y
H
D

Environm

tau [1Use an

Generate a neutral environment model... |

Observer description

. | Status
‘ Gener{ CHECKED

tau Observer | Environme

. Elements observed |

| [Usean|_.
. Signal T
?StoppedServoingVortex . _ [Reinit =,

IStartServoingVortex | Generd Task

Oc17

E— Observer g | =

/V\ Property pr | Check || Save || Revert |

©C20 tau ’Q@Om| " T
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Conformity with the requirements

Start KeepSt abl e;

‘weak abort
o | Start KeepSt abl eUS;
— [awalt T2 Stabilizel

Start KeepSt abl eCam

awalt T2 Unst abl e

| |

awal t T2 Unst abl e;

Start KeepSt abl eUS

await T2 Stabilized
when St op

PAp
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Summary of Orccad tools

Control tasks specification Procedure specification

Graphical Interfaces

Modules RTs RPs
Cfiles  Esterel files

Real-time analysis
Petri nets
(max,plus)

Control laws
RT behaviours
Mission specification

C/C++ code generator
virtual OrcObjects

Compilation with
run—time libraries

Esterel compiler

XES simulation Properties
. . Observers
source code animation

Code generation

Diagnosis

~

Robot modeling (ODE)
Numerical Integrator

Monitoring
Parameterizatiol -

P ~ P Exploitation

ART
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Real-time implementation

PAp
ART

%I INRIA

RHONE-ALPES

Input

Processing

Information Storage

Oe

Current
Input Signal:

Synchronous
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Manager

Asynchronous
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Asynchronous
Actions

[

Reactive Machine

Actions

Output

Processing

only uses the basic features of the RTOS

—Clocks
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Parameters
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Parameters

Controller

?ﬂl

DN

Outputs

| E—

| T™M
obs1

S
y

obs2

Parameters

Robot_Task 1

Controller
Ttme | | M

obs4

Parameters

Robot _Task 2

Controller \

FIFO

obs3

Asynchronous

Interface

Synchronous
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Using Orccad tools

e BIP2000 designers : control and/or mechanical engineering
* flexible and feedback scheduling

* underwater arm/vehicle high-level coordination

* specification/simulation of missions for a Mars rover

* control of vision-based tasks (Vimanco)

* teleoperation interface with force-feedback (Teleman)

T T T R Lal |

PAp
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Current release : Orccad V3.1
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Edition of modules : algorithmic, automaton and PhR
Edition of Robot-Tasks : single loop, multi-rate

Procedures . Semi-automatic generation of Esterel,
user-level language (MaesTro, no longer maintained)

GUI built on llogViews

Generation of C++ classes or C structures
targets : VxWorks, Solaris, Linux, RTAI
Verification : generic properties, Atg, observers
Monitoring interface

Maintained by Inria-RA staff

ssssssssss
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Current improvements (and dreams)

* Open-Source re-design (Kernel + plugins)

* Generic simulation templates

® Code distribution (including fault tolerance)

* Teleoperation (e.g. distributed vision based robot control)
* Flexible scheduling based on feed-back scheduling

* Graphical specification of procedures (Grafcet or
StateCharts like)

* More friendly verification tools
* Discrete events controller synthesis

Model Driven Architecture emerging standards and tools

PAp
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