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SENSOR BASED CONTROL FOR AUTONOMOUS ROBOTS
G.R. Meijer, G.A. Weller, F.C.A. Groen, L.O. Her&zlger
Computer Science Department (FWI), University ofsiendam

Kruislaan 409, 1098 SJ Amsterdam, The Netherlands

Summary. In this paper the work of the computeresys group on robotics and sensor
systems is presented. Based on a functional decsitiggoof actuator and sensor modules, a
control system for autonomous robots is developée. interface level between actuator- and
sensor systems is described in terms of high Iseelsor modules. The sensor modules
themselves are able to monitor their performanad adfjust internal model parameters to
increase the reliability of the sensor readingmadel is developed in which the sensor output
is used for monitoring, diagnosis and exceptiondting for the control of the autonomous
robot. To make efficient use of this control systeoff-line programming and simulation
techniques have been realized. The sensor basélceystem is both tested on assembly
applications and a mobile robot.

Keywords. Sensors; Sensor data processing; Sensmisles; Off-line programming; Error
handling; Robots; Artificial intelligence; Assemiudj; Manufacturing processes.

1. INTRODUCTION

In the area of flexible production automation iragi@g emphasis is put on the requirements
of autonomy. The objective of this interest is xte@d the control capabilities of robot systems to
cope with changes of the external conditions of rilgot during run-time. The bottleneck for
generating more flexible robot systems is oftenaishortcoming of the mechanical capabilities of
the manipulator or the physical sensor system,libatin the control software and the proper
interpretation of the sensor data. Current statbefrt control software lacks the general dexisio

making capabilities to handle abnormal situationar adequate manreg.4

This paper addresses the problem of equipping at reystem with a control- and sensor
system that realizes autonomous behavior of thetrdkhat is, the robot system is capable of
handling deviations from a priori defined operaticwnditions, which changes the pre-planned
flow of actions. Our solution to this problem is add three capabilities to the control system.
These capabilities are monitoring, diagnosis andwery. These modules do not only appear at the
level of actuator control, but are also essentiatlie processing of sensor data.

Reliability of the sensor system is of great impooe since all the actions of the robot will

essentially be based on the information that isimed and interpreted by the sensor sy§t@rﬂ
Equipping the sensor system with a means to magimg reliability will increase the overall
performance of the robot system. Techniques tletrause are for example statistical techniques

in which, on basis of more than one measuremesiitsstically best measurement is cho8éh
These techniques use the concept of redundancsfitee rtheir measurements or even to reject

non-fitting measurementd
In our control model, the sensor system is sptib isensor modules, each having their own

functionality. This idea has been proposed by Hesufe et. alll.12 Each sensor module is
equipped with tests to verify certain charactarssiin its input and with tests to verify derived
properties in its output. A negative test resulplies a sensor module failure.

We are using two types of tests. The first arestésat verify demands on the input of the
sensor module that must be fulfilled at all tim&ke other type of test verifies demands on the
input of the sensor module that only need to bidlad under certain conditions. These conditions
originate from restrictions in the sensed environin@he latter tests are latent present and are

1 * This work is supported by: -Esprit project 623: dpgtional Control for Robot Systems Integratior iGiM,

Systems planning, Implicit and Explicit ProgrammingNWO/SION project: "Intelligent Sensors".



activated only in those specific situations. A nmegbm is introduced that allows activation of
these latent tests on basis of the environmentaditons. When a test gives a negative result the
sensor module starts a recovery procedure. Thiseduoe is based on adjusting the parameters of
the algorithm and/or demanding adjustments of ipet to the sensor module. These adjustments
are available in the form of rules. Every sensodue is equipped with its own set of rules.

We have developed a control model which contaiesréguired monitoring, diagnosis and
recovery planning functions. For this purpose acfmmal decomposition of the actuator and
sensor modules is made. This control model is dasttiin the next section. A detailed description
of the actuator modules is found in section 3 dradensor system with its own mechanism for
handling exceptions is presented in section 4.i@e& contains a discussion and presentation of
the results.

2. MODEL OF THE CONTROL SYSTEM

The aim of the control system is to provide a rafyattem with autonomous capabilities. An
off-line programming and simulation environmentseded to create the off-line program. The
correctness and functionality of this program can tbsted and adapted in simulation. The
simulation environment should be transparent toabailable robot hardware. This allows the
program, when it is sufficiently tested in simutetialso to be downloaded to the actual robot
controller and executed on-line. To execute thetgoogram, most current robot controllers run
an interpreter which executes the language statisnoéthe robot program one by one. Executing
the program the control system makes use of sensdules which provide the actual value of the
environment variables.

An off-line program is generated by transferringlabal task description into a sequence of
subtasks. The structure of the off-line prograntet$ the precedence of the subtasks. A subtask
consists of elementary operations of the robot.

In this off-line programming system, it is oftenryédnard to model the work environment of a
robot or to predict the value of relevant environtag variables. Many environmental variables
have a discrete nature and complex relations wtitlers. As a result, the internal model of the
robot environment often only partly reflects théuat status of the environmental variable.

At the subtask level small deviations of the enwinental variables can be handled in a
closed loop control. All environmental variablesigihare not handled in the various control
loops, but are of importance to the successful wi@t of a robot task are considered to be
constant. They are ranging from part positions siméds in an assembly robot system to obstacle
locations in an inspection robot.

If the actual environmental variables are out of thoundary values of the operating
conditions for a subtask, an exception has occuflredse exceptions may prevent the robot from
achieving its task. To handle these exceptionsnamously, the control system needs three
additional functions.

In the first place the control system must be chgpab detecting deviations of environment
variable values from their expected value. This aoimg activity is performed in parallel to the
execution of the off-line program. The sensor sysie thus used both for the realization of pre-
planned closed control loops and for detectingot@irrence of exceptions.

Once a fault condition is detected, a diagnosih@fcurrent state of the environment is needed
to reveal the cause of the fault condition andlassify the exception. For this diagnosis activity
the control system again makes use of the sensiermy A successful classification of the
exception opens up the way for a recovery planniogule to plan corrective actions. The aim of
these actions is to restore the environment suaththie pre-planned program can be continued. In
figure 1 the model of the control system is graplycrepresented. The internal mechanisms of the
actuator modules are described in the next section.

The sensor system provides all sensory data foattiee feedback loops, the monitoring
module and the diagnosis module. It is our view tha processing of sensor data so that the
system produces reliable information, is an all bitial matter because of the sensor data
interpretation. Because the control system modatesoften only concerned with higher level



sensor data abstractions, the sensor data progéssioncentrated in a separate sensor system.

Replanner
Program executer

Monitor ‘ Diagnoser

_

Sensor System

Y

Robot Transducers

OO

Figure 1. Modéel for sensor based control

A consequence of the modular sensor system appigdcht different sensor data processing
strategies can easily be incorporated in the olveoatrol model. The sensor system itself controls
the acquisition of sensor data through transduaedsthe subsequent processing and analysis of
the data. During this process the sensor data paaseus levels of abstraction due to the concept
of sensor module that we apply. Similar to theagitin with robot programming, exceptions or
fault conditions can occur. Therefore a similar hatdsm of monitoring, diagnosis and recovery
functions is realized within the sensor modules.

3. ACTUATOR MODULES

The aim of the actuator modules is to execute atrpbbgram and to handle exceptions in an
appropriate manner. A production task like partdive] or assembly consists of a number of
subtasks which have a dependency relation givethéyapplication. The dependency relations
indicate the necessary order in which subtasks twabe carried out. The order constraints can be
of a geometrical nature like the assembly problémstacking several parts upon each other. Also
the availability of parts or production resources @mpose constraints on the allowable order of
the tasks.

A possible representation for the decompositioramfassembly task into subtask and their
dependencies, is a precedence graph. In a preadeagh, the subtasks are represented by nodes
and the dependency of two subtasks is representeahbarc, connecting the two nodes. The
dependency arc indicates that the node whichtiseatop end of the arc needs to be successfully
performed, before the node at the lower end cagxbeuted. In the case of assembly applications,



the precedence graph is also called 'assembly ‘giehuse as a benchmark a simple mechanical
assembly kit that consists of two side plates wifendulum like structure, the lever, in between.
The parts are connected by locker pins and spacers.

A robot program is generated by transferring a aldbsk description into a sequence of
subtasks. These subtasks are detailed enoughdicelotly expressed in the operating primitives of
the robot. These operating primitives are callesneintary operations. In table 1 the elementary
operations of a robot arm for assembly operatioadisted.

Elementary action Parameters
MovePtP goal, speed
MoveCs goal, speed
Grip part
UnGrip part
Insert goal, forces, speed
Approach goal, forces, speed
Depart goal, forces, speed
Comply goal, forces, speed

Table 1. Elementary operations

The resulting task structure of a robot program #nedcorresponding elementary operations
are graphically represented in figure 2.

assemble / h
part n- 1 ‘ part_n | part n+1 ‘
get move pIace
part n part n part n
move grip depart move approach insert ungrip

Fig. 2. Elementary operations and task knowledge for an assembly operation.

The off-line planned sequence of elementary opmratis called the normal program and
when the robot controller is executing the normedgpam without exceptions, we say the
controller is in normal operation.



Monitoring and diagnosis.

The robot control system must be capable of detgdaieviations of environment variables
from their expected value. To realize this, for re@tementary operation, a list of monitoring
conditions is specified. This list instructs the mtoring module which environmental variable
should be checked when the corresponding elementaation is executed. The sensor system
delivers the values of the environmental variabdsexception is detected by thresholding on the
relevant sensor module output. The values for tireshold operation are provided by the
parameters of the elementary robot operation wisichonitored.

After detection of an exception, a diagnosis iggrered to gain additional information on the
nature of the exception and to update the intenwalel of the robot environment. In general it is a
problem to decide which environment variables nepdating and which do not. We are using
fault tree structures to guide the diagnosis agtilihe input for the diagnosis is the set of senso
module output values which exceeded their boundalyes (as detected by the monitor). For each
entry in this list, a corresponding entry is giviem the fault trees. The fault tree for a specific
exception entry consists of a number of arcs amttsioEach node represents a query to the sensor
system to measure the value of an environmentblatiBased on the result of the query, a new
arc is followed which either leads to another sesystem request, or ends in a leave of the tree.
The leaves of the fault trees represent the p@ssilticome of the diagnosis.

We have analyzed the possible exceptions whichocaar during an assembly process. For
each measurable environmental variable, a fawdtwas constructed. The possible results of the
diagnosis activity is given in table 2. The excepsi are split in 5 groups and each group is further
divided in several variants.

COLLISION - Collision with unknown object
- Collision with unknown object at position P
- Colision with object O at position P

OBJECT ERROR - Object lost at unknown position
- Object lost at postion P
- Object moved in gripper

NOT REACHED GOAL - notreached goal in time,
now at position P
OBSTRUCTION BY FORCE

- Obstruction with unknown object
- Obstruction with unknown object at position P
- Obstruction with object O at position P

GRIPPER ERROR - Gripper containing unknown object
- Gripper containing object O

Table 2. Exceptions

Exception handling

Knowledge about the task structure of a robot @mogenables two approaches to exception
handling: recovery planning and task reschedulinghe first approach, an attempt is made to
recover from the exception by replanning the radmitons. The goal of the replanning activity is
to restore the operating conditions in such a way the off-line generated or normal program can
continue. One research direction to tackle thidler is to apply automatic planning systems.
These planning systems require a precise desgaripfithe environment and a detailed description
of the effects on the environment of planning ofmsa An alternative is to use a more heuristic
approach in which the exception handling mechanianesspecified as a sequence of planning
primitives for a particular application.

In (Meijer,1988a) two mechanism are described, lbased on recovery planning and one
based on task rescheduling for using exceptionlmanstrategies to guide the exception handling
activity.




4. THE SENSOR SYSTEM
The communication with the sensor system is redlimsuing a request to measure an
environmental variable. These requests are thevalgait of the elementary operations of the
actuator modules. The sensor system supplies amearte the request. For our work we have
defined a number of environmental variables, reievor the assembly application. These
environmental variables are used in the monitoaind diagnosis modules described in the former
section and are listed in table 3.

Sensor modules Description
Check Motion (CM) Measure movement of robot
Robot Forces (RF) Measure forces of the robot
Robot Free (RFR) Measure contact with objects
Plan Position (PP) Measure current position
Object Available (AO) Measure availability object in gripper
Object Orientation (O0O) Measure orientation object in gripper
Find Object (LO) Find location, orientation of object
Identify Object (10) Identify object using database

Table 3 Sensor primitives.

The sensor module

The sensor module concept opens up the way toecneany different sensor modules through
combinations of others, leading to a flexible sersy@tem structure. The sensor system is built up
hierarchically. (Figure 3)

measuring task request

‘ T request answer

sensor module a level 4
sensor module ¢ level 3

sensor module b

if

(transducer)

sensor module d level 2
sensor module e level 1

(transducer)

Figure 3. A hierarchical build-up sensor system. The transducers are at the bottom level and
at the top level we find the application specific sensors modules to measure the environment
variable values that are to be known for the assembly task.

A mechanism has been incorporated to handle am&ous' input to the sensor module and to
cope with it. In our approach we want to tracedtigin of the failure and try to recover from it by



adjusting the parameters of the sensor module ittigorand/or the input to the sensor module.
The scope of the tests in a sensor module is soiged to the input signal. During the execution
of the algorithm processing the input, certaingesll also be activated, increasing the ability to
pinpoint the exact location and nature of a sensmtule failure. A negative test result will inigat

a recovery stage. The recovery strategy is basem s@t of rules that are available locally to the
sensor module of which the test is a part. Thelss etermine the explicit recovery steps. In case
no recovery is possible a final attempt may bectovate an alternative sensor module in the sense

as proposed by Hendersbh

Sensor module tests

The tests may be either active or latent. An adidgt will always be executed. A latent test
will only become active if certain environmentainddtions justify such a test. If, for example, a
sensor system contains a sensor module that meashet colors are present in a camera picture,
this sensor module may have a latent test availabléhe distribution ratio of these colors in the
picture. This test need only be activated when sudistribution ratio is actually known. Latent
tests that have not been activated play no furtiler

The previous example showed how a test can beatetivbased on information concerning
the environment within which a measurement is peréml. We will call this additional
information, such as the distribution ratio, enmm@ental information. Activating latent tests to
verify such environmental information increasesrheber of active tests in a sensor module and
therefore the ability to locate and identify a pbkes sensor module failure more precisely.
Obtaining the demands that activate tests to véndyn is illustrated in the next example.

For the calibration of the cameras that are usethgllassembly, a sensor module called
'foreground’ is activated. This sensor module nmreas@rom a grey-valued input picture the
foreground that can be discriminated from the bemlgd on basis of a thresholding technique. In
this application the input consists of an imagehaf calibration picture made up of straight dark
lines on a bright background. This sensor modekerdhines the proper threshold and outputs a
binary image. The output is used by a subsequesbsenodule that measures straight lines in a
binary input picture and outputs the algebraic &égoa. These equations are input to a next higher
in hierarchy positioned sensor module that meadtieesoordinates of the cross points of the lines
which in their turn are input to the highest inraiehy positioned sensor module that uses these
cross points coordinates together with the knowdealgput the calibration picture and the position
of the camera to determine the camera parametBislast sensor module is the 'measure camera
parameters' module. After activation of this modtie aforementioned sequence of sensor
modules is activated in reverse order. At the ll@fethe 'measure camera parameters' module
knowledge is available on the geometry of the ussitbration picture. Furthermore there may be
knowledge available on the illumination conditiaimsder which the measurement is performed.
All this knowledge makes up the environmental infation. On basis of this information demands
can be formulated on the data at the various leskldata abstraction in the activated sensor
modules. Two problems can now be distinguished:

- Demands derived from environmental informatioattis available on a high logical sensor
level, must be applied to data only available ¢ovalogical sensor level.
- Even if the relevant data are still availableaohigh logical sensor level, it is advantageous
to verify their validity immediately when they aderived on a lower level. So the environmental
conditions have to be translated to the data reptasons at lower levels.
We want the demands on environmental informatibaf &are available on a high sensor
module level, also to be available on the low lesgsisor modules where they can be verified by
tests. This way we increase the total number @ t@sd the ability to measure a sensor failure in
an early stage.
After the execution of a test three situation camlistinguished:
situation 1- The input fulfils the demands preseditby the sensor module. The output fulfils
the demands prescribed by the logical sensor.

situation 2- The input fulfils the demands presetilby the sensor module. The output doesn't
fulfil the demands prescribed by the sensor module.

situation 3-  The input doesn't fulfil the demandssgribed by the sensor module.




Recovering from sensor module failures

On basis of a negative test result a sensor moglute is detected. The sensor is then in
situation 2 or situation 3. The next step is toteryecover from this error. There are three typies
rules which govern this recovery process
The strategy rules relate a negative test resukedaired changes in the output or other internal
available input derivatives that the test when atest again will lead to a positive result.
The adaptation rules translate these required @satagalgorithmic parameter changes.

The propagation rules translate required changdsnmnded input signal changes. A depiction of
the recovery based on these rules is given inexefigure.

no adequate adaptanﬁq
or propagation rule,

. output output
sensor module failure P P

. no
determine from

strategy rules adaptation
or propagation rule test_s_
positive ?

v v ’

are the

use use .

adaptation propagation execute algorithm
and tests

rule rule

m—

input

Figure 4. Control in the sensor module.

5. DISCUSSION AND RESULTS

In this paper we have presented the work on semased control for autonomous robots
currently being carried out in our research grofye. have argued that a basic prerequisite for
autonomous behavior is the ability of the contrpdétem to react appropriately to unexpected
interruptions of the pre-planned actions. To harbése exceptions the actuator modules of the
control system are expanded with monitoring, diaggand replanning functions. After the
occurrence of an exception a rescheduling schenmes to select an alternative task. This activity
can only performed if knowledge concerning the sask be performed and their common
precedence relations is given.

For the sensor system a similar mechanism for leteand handling of sensor failures is
developed. Detection of sensor failures is basedests on the signal of the sensor. We have
divided the tests into two groups, environment delpat- and environment independent tests. The
first group of tests verifies demands on the ingfua sensor module. The environment dependent
tests verify the demands on the input and outpubh®fsensor module that are determined by the
context within which this module is used. We hakieven how the latter group of tests increases
the ability of a sensor module to find a failurean early stage. We incorporated rules in each
sensor module as a means to recover from a sercdulenfailure. The recovery scheme uses
these rules to adjust parameters and/or the seanmdr

To realize the computational environment for thieotocontrol system with a real robot and




sensors, we have implemented a control schemesyitibolic computations expressed in Prolog
and numerical processing defined in the languageh@. system offers the possibility to evaluate
the functionality of monitoring, planning and repiéng modules and provides an easy access to
the underlying control mechanisms. A first versminthe domain knowledge for an assembly
application is specified. The modules are testedising simulated sensor module output. The
lower level sensor modules are being realized aticc@nsist of a wrist force/torque sensor and a
2D vision system using various filter techniques.

The control system is based on an object orientegramming approach and we have used
the workbench tool ART. It provides a symbolicade of the execution behavior of the robot
programs when exceptions are generated (Wondeg8),19

Also the user interface for the off-line programgiof exception handling strategies has been
realized. The system is based on an extension ekisting off-line programming system ROSI,
developed at the University of Karlsruhe (Dillmadfg6).
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