Robotica (2001) volume 19, pp. 217-231. Printed in the United Kingdom © 2001 Cambridge University Press

Behaviour-based robot program invariance

Giovanni C. Pettinaro

Mechatronic Group, Dept. of Systems Engineering, ABB Corporate Research, Gideonsbergsgatan 2, S-721 78 Vasteras,

(Sweden).
E-mail: giovanni.pettinaro@secrc.abb.se

(Received in Final Form: August 5, 2000)

SUMMARY

Despite the numerous technical improvements, robot pro-
gramming is still today a very tedious activity requiring
considerable efforts for fine tuning programs written off-
line. Moreover, such programs are usually not particularly
portable from one robot to another, sometimes even when
the robots are from the same maker.

The issue addressed in the work reported here is how to
overcome these shortcomings. In this respect, the argument
isto develop programs within the behaviour-based assembly
paradigm which views tasks in terms of goal-achieving
entities (behaviours). The focus on the description of atask
more than its implementation is the key to generality and
portability. As shown with the aid of two similar, but not
identical, assembly benchmarks, behavioural programs are
independent of any specificity of each assembly kit and can,
indeed, be constructed using the very same code.

KEYWORDS: Behaviour-based robotics;, Robot programming;
Assembly robots.

1. INTRODUCTION

Asitiswell known, industrial robots are still today nothing
more than dummy playback machines which repetitively
perform the same sequence of actions time after time
without any real understanding of what they are actually
doing or even simply any awareness of their surroundings.*
Thus, it is clear that robust and reliable programming of
them is very difficult, because it requires substantia
experience on the operator side in both the process to be
automated and the programming means to be employed.

In order to simplify such an activity and to ease the
human-machine interaction (HMI), the trend, since the
beginning of the Eighties, has been to introduce gradually
cheap computers on the factory floor. Such atrend allowed
over the years a plethora of computer-like programming
languages to emerge,>® however, none has so far been good
enough to dominate and replace the others. Indeed, they
have all shared the same limiting characteristic of being
machine-oriented.

Having acknowledged the problem, the research commu-
nity has devoted, since the end of the Seventies, great efforts
to simplify and ease the activity of robot programming. The
result was a progressive investigation of task-level planning
systems.”® As opposed to the more conventional off-line
programming ones, task-level systemsaim at taking asinput
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simply a description of the job to be carried out in terms of
macroscopic tasks to be accomplished rather than in terms
of the single atomic motions to be performed. It is then up
to the task planner to generate as output the corresponding
robot program in terms of the required manipulator motions
necessary to carry out each macroscopic task, and hence the
assigned job.

The advantage which these systems could potentialy
offer the operator is the possibility of reasoning about atask
in terms of the logics with which it should be carried out
rather than the details necessary to perform it. Such a
characteristic would considerably raise the level of abstrac-
tion (HMI) with which to view industrial tasks; however, its
implementation unveils al the complexities of human
reliability and robustness which are till core problems to be
solved in order to build successful autonomous intelligent
systems. Thus, despite considerable research efforts, the
prototypes proposed and built so far have up to now failed
to be reliable and robust enough to convince industry, and
they are dtill today no more than expensive academic
toys.lo’”

The reasons for such a failure can be traced back to the
fact that many of the characteristics of dexterity and
flexibility, which we commonly ascribe to humans, are far
too often superficially oversimplified by introducing sensing
equipment, often of one single kind, without actually
tackling the real problem which is understanding what is
perceived. In this regard, it is true that reliability and
robustness with respect to the unknown are for humans or
other animals inherently bound to their capability of sensing
their surroundings and react accordingly; however, the basic
principles underlying perception and awareness of the
external world are still not well understood. Thus, athough
external sensors are a necessary condition in order to have
artificial autonomous systems, electronic sensors, which are
mere transducers of physica phenomena into electric
pulses, cannot always provide a comprehensive picture of
the surroundings, and hence guarantee a reliable and
truthful response of the agent. Because of this reason, all
commercia robot systems manufacturers have always been
very cautious in introducing them at all. Indeed, they have
rather preferred to re-engineer the robot surroundings so as
to eliminate any source of possible unpredictability. The
result of such a policy is till visible today on modern
industrial manipulators where the limited, if not totaly
absent, availability of on-board sensing capabilities requires
a large program in order to perform even a simple task
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reliably and robustly within a restricted working world, and,
if this is not enough, the success of the whole task itself
depends strictly on the kind of strategy employed. Such an
observation is particularly noticeable in industrial assembly
where the optimal solution for one assembly may well be
not easily extendible to other cases, such as different
members of the same family.*

Since the real world is well known to be neither perfect
nor ideal, it is plain that the use of sensors provides more
genera solutions in a more unstructured world. However, it
is also true that automatic planners face a complexity
explosion in the attempt to synthesise sensor-based pro-
grams capable of taking into account al the details
concerning tolerances and strategies to be employed.

For along time it was thought that the bottleneck was due
to the algorithms used in the planners; thus a great deal of
research efforts were devoted to the development of more
efficient ones. However, the successful introduction of the
behaviour-based approach®? in the field of mobile robotics
showed that, besides the classic sense-plan-react solution of
the problem of robot navigation, there exists aso an
aternative one which completely rejects the use of any
planning. Since it is not possible for assembly agents to get
away from plans because of the inherently structured world
they have to deal with, theideas of the behavioural approach
were transated into the behaviour-based assembly archi-
tecture™ which may be seen as a hybrid. Basically, such a
system requires still a planner to generate the robot
program; however, thisis defined in terms of task-achieving
units called behaviours rather than in terms of manipulator
motions.

The advantage gained with the use of such an approach is
twofold: On one hand, it alows a plan to be totaly
insensitive to the uncertainty embedded in the real world,
and, on the other, it provides considerable independence of
the plan from the actual hardware onto which it will be
executed as long as such a hardware (manipulator agent) is
capable of performing al the behaviours required by the
plan.

The paper herewith focuses on the latter of the two
aforementioned advantages provided by the behaviour-
based assembly approach. The discussion is developed as
follows: Section 2 describes the related research works in
this specific topic; Section 3 states the assumptions
underlying the experimental research reported here; Sec-
tions 4 and 5 discuss the two assembly experiments carried
out in order to show the invariance of the software written
within the lines of the behaviour-based paradigm; Section 6
then discusses the results obtained from the experimental
work and their implications; concluding remarks are given
in Section 7.

2. RELATED RESEARCH

Since the end of the Seventies, when textual robot
programming languages were first introduced,™ al robot
manipulator manufacturers, such as Unimation, Fanuc,

* Two assemblies belong to the same family if they require the
same sequence of operations in order to be realised.
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Cincinnati Milacron, I1BM, or ABB, have each introduced
their own programming languages exploiting particular
hardware features of their own models. By doing so, they
not only fiercely battled against each other for increased
market shares, but they aso prevented any possible
standardisation.***

Nowadays few of the initial pioneering companies
actually survived; however, the trend did not change. Robot
programs written in those languages are still today tailored
to the specific task to be carried out by a particular
manipulator. Such a limitation is especialy evident in the
field of industrial assembly where dightly different varia-
tions of the components can seriously affect the successful
accomplishment of a program, even when the sequence of
operations required remains unchanged (family of assem-
blies).

The idea proposed in this work aims at bridging the gap
between standardization and generality within a specific
task domain. In this regard, one of the first serious attempts
tackling this problem was the research carried out by
Malcolm and Smithers at the Department of Artificial
Intelligence at the University of Edinburgh.® The system
which they introduced and implemented (behaviour-based
assembly) was greatly inspired by Brooks subsumption
architecture,*? one of the first pioneering work in behaviour-
based robotics. They maintained that Brooks argument
against planners did not actually suit industrial manip-
ulators, which have to face and solve problems in a well
defined and structured world. In fact, an industrial manip-
ulator, as opposed to a mobile platform, requires to know in
advance what it has to do and it can not afford a delay
during the work cycle.

The paradigm introduced with the behaviour-based
assembly system still assumed to have a planner for
synthesising a robot program; however, such a plan was
expressed in terms of reactive task achieving units (behav-
iours) instead of low-level robot motions. Such an
assumption meant that atask could be thought of in classical
terms and executed in behavioural ones. As a consequence,
as long as different behavioural agents can understand and
perform the aforementioned task-achieving units (behav-
iours), programs described in such terms could be totally
portable from one agent to another regardless of the actual
maker. Aswas later implicitly proposed by Pettinaro,*® such
a characteristic recalls very much the principle underlying
Java™ applets running on different hardware.

The question which now spontaneously emerges from the
implementation of a behaviour-based assembly architecture
concerns the number of different behaviours required in
order to have arunning system. In this regard, an interesting
early work by Nevins and Whitney” showed that the world
of industrial assembly could be subdivided into a well
defined and limited set of 12 different processes of which
screw tightening and peg-in-hole insertion were the most
common categories. They aso showed that, in order to ease
the design and installation of automation equipment, the
most common assembly attitude was vertically down.

Nowadays assembly processes, as well as methods used,
have both changed. However, despite the considerable
increase of assembly automation in industry, the number of
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different operations has instead not changed significantly.
Indeed, as shown by Balch,’® their number is at most no
bigger than 25, which, by considering the same classifica-
tion used by Byrne® that covers 80% of al the assembly
processes, it shrinks to a mere 10, as shown in a previous
work of the author.

The accomplishment of each of these 10 operations can
be viewed by an external observer as the result (goal)
achieved by a macroscopic behaviour performed by the
executing robot agent. In this regard, | would like to point
out that each behaviour may have different implementations
(behavioural modules), though, as long as they all achieve
the same goal, they would be considered as the same
behaviour. Thus, programs expressed in terms of these
modules would be not only portable but also robust with
respect to future optimizations or developments of each
module itself.

As discussed by the author,® one set of behavioura
modules implementing the aforementioned 10 operations
can be viewed as a basic universal set of behaviours with
which to represent by composition any other behaviour
within arestricted assembly world made of rigid prisms and
cylinders. As shown in reference 16 such a result is
sufficient to infer and find, within the constraints of such a
world, a behaviour-based robot language whose programs
are portable and of more general use.

The modules as intended by Malcolm and Smithers recall
very much the principles underlying object oriented pro-
gramming. In thisregard, it is worth mentioning the work of
Zielinski? which describes the introduction of a software
library containing building blocks for the construction of
multi-robot system controllers tailored to meet specific
demands of atask at hand.

On a similar line of research, the ORCCAD project
carried out by Simon et al.”® presented a programming
environment for robotic systems capable of gathering, on
the one hand, control laws in continuous time at low-levels
and, on the other, logical aspects in discrete time at higher
levels. The argument advocated in it was that, based upon a
formal definition of robotic actions, complex applications
could be designed, verified, and generated incrementally.

Metal Benchmark

Jig L-Shape
Plate Peg

Fig. 1. Benchmark family parts.
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Asfar asrobot behavioura programming robustness with
respect to unknown environment, | finally would like to
mention the research pursued by Liu and Qin* which
addressed the issue of self-organization of behaviours for a
mobile agent aimed at coping and adapting to its dynamic
surrounding environment.

3. RESEARCH ASSUMPTIONS

In order to discuss the invariance of behaviour-based
assembly programs, the first assumption | make concerns
the kind of parts | want to deal with. Since the manipulation
of flexible objects is not so common in assembly, | restrict
my discussion just to rigid bodies. Moreover, since | assume
to work with a rather common robot manipulator with a
simple two-fingered jaw gripper, | limit my assembly world
just to prisms with parallel faces and to cylinders.

In order to carry out the experiments on program
invariance, | chose afamily of two similar benchmarks: One
made of metal, specifically aluminium (small benchmark),
and the other made of wood (big benchmark).

As shown in Figure 1, each member of this family is
composed of four pieces (a jig, an L-shape, a plate and a
peg) and the process consists simply in mating these four
parts together. In this regard | would like to point out that
such a task could be accomplished in different ways
depending on the particular strategy adopted for the actua
parts mating.

The reason why | selected this particular kind of
assembly task is that even in its smplicity it requires one of
the most common and tricky manufacturing operations in
industry: peg-in-hole.’

The assumption underlying the two kits belonging to the
same family of assemblies is that they are similar but not
equal, in the sense that they are not a mere scale of each
other. This means that the behavioural program accomplish-
ing the final assembly should be able to deal with it a a
logical level by coping with the occasional differences
among the various family members without requiring any
specific tailoring to each of them. In other words, the only
concern of the program should be with the similarities
among the various assembly procedures of the same family

Wooden Benchmark

Jig L-Shape

Plate Peg
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rather than with the actual assembly operations required for
each particular set.

In order to achieve such a result, | undertake a stepwise
approach by developing first the partial mating of L-shape,
plate and peg (partial benchmark assembly), and then the
full mating of the four parts (full benchmark assembly). The
aim of such abottom up policy isto show incrementally that
the behavioural program for assembling one kit can be used
for assembling a similar one belonging to the same family
without any alteration to the code whatsoever.

Concerning the execution of the experiments themselves,
| adso make two further basic assumptions. First, the
assembly jig, whose role in the case of the partial assembly
is played by the L-shape part, is assumed to be fixed onto
the working table, and second, the manipulator gripper
employed as an end-effector is assumed to be equipped just
with asimple differential touch sensor wrapped around each
finger and capable of detecting only contact event signatures
(Figure 2).

The first assumption is important for constraining the
uncertainty due to eventual part sippages along the table,

Piezo-Film ——

Fig. 2. Touch sensor.
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Fig. 3. Edinburgh gripper.
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whereas the latter to show that the entire assembly task itself
does not require very complex sensing capabilities in order
to be accomplished.

The use of such a simple form of sensing enforces a
further assumption concerning the initial home location of
each assembly kit part. In fact, since my agent has no way
to determine autonomously the locations on the working
table where the assembly parts can be collected, | need to
assume that such information is provided as input to the
robot by means of taught world locations referred by
appropriate labels.

As far as independence from the actual assembly family
being handled is concerned, | assume my agent to be
equipped with ageneral form of parallel jaw gripper (Figure
3) capable of grasping, as assumed at the beginning of this
section, any prismatic object with paralel faces within its
maximum gripping capability which is 103 mm.? Notice
that such an end-effector (which | labelled Edinburgh
gripper) can also grip cylinders and spheres, as long as the
contact points are located at their diameter and, in the case
of cylinders, also at the level of their centre of mass.

Motor

Small Gear

Big Gear

= ~a
Big Screw
2

Washer


https://doi.org/10.1017/S0263574700003015

Robot program

Thanks to the above hardware assumption (general jaw
gripper) and to its associated system of reading gaps
between itsfingers' inner faces, it is easy to make my robot
agent realise autonomously which specific set a parts it
holds actualy belongs to. The only information which
cannot be obtained by using solely such a gripper is the
length of the peg shaft.

As discussed in one of my previous papers® such
information is crucial for establishing when a peg is fully
inserted into a hole, or when, because of jamming or
wedging, it is actually stuck. Notice that this information
would not be required for the successful accomplishment of
this kind of parts mating, if more powerful sensing
capabilities such as vision would be employed. In such
cases, in fact, the agent would be able to obtain it
autonomously by simply processing its sensory vision data.

Nevertheless, even employing a very simple sensory
system such as the one assumed, | can still make my agent
measure the length of the peg shaft by itself. | can achieve
this simply by first vertically griping the peg at its home
location by its head with its shaft pointing downwards, and
then by putting it down on the table: the length of the shaft
would be computed as the difference between the vertica
component of the location where the peg tip touches the
table with respect to the robot frame system and the table
height itself (Figure 4).

Notice finally that the technique assumes to find the
position of the table surface by shifting the gripper +15 cm
away from the position of the jig along the robot X-axis.

4. PARTIAL BENCHMARK ASSEMBLY
As pointed out in Section 3, the assembly experiments
chosen as a testbed for showing the invariance of behav-

-4
Gripper
Finger
Contact
Table
Surface ' Normal
Table Height
x 0

Step 1: Determination of Table Height

Fig. 4. Peg shaft length determination technique.
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ioural assembly programs are the benchmark assembly
(Figure 1), which consists basically in placing first two
hollow parts with coaxial holes (L-shape and plate) on top
of atilted jig and then in fixing them by inserting a peg
through the common hole. However, in line with the choice
of working with a bottom up approach, | temporarily
disregard the jig and consider the assembly of just L-shape,
plate and peg (partial benchmark assembly). Indeed, |
consider two different sets of these parts: one made of metal
(aluminium) and one made of wood (Figure 5).

By experimenting with this simplified version of the
benchmark assembly, | aim at providing a gradual and clear
understanding of the problems involved in this task as well
as at identifying the behavioural components required to
accomplishit. Thefinal goal of this assembly experiment is
to generalize opportunely these components so that they can
be used to regardlessly assemble the metal benchmark kit as
well as the wooden one.

As aready described at the beginning of this section, the
description of this assembly task is very trivia, since it
simply consists in a sequence of one stacking operation
(plate on top of L-shape) and one insertion (peg into a
hole). Thus, taking into account that each part needs to be
collected before being stacked, this assembly can be viewed
asatypical pick-and-place problem. This meansthat what is
needed is first of al one module for collecting parts (pick-
up) and then one module for laying one part onto another
(stack). A further module is then also required in order to
perform the insertion operation (peg-in-hole), that is to
insert the peg into the tandem hole passing through the other
two parts (plate and L-shape).

As can be easily understood, the main result emerging
from this task anaysis consists in the three kinds of

00

Gripper | o

Finger

Contact
Table
Surface ' Normal

Table Height
1

x 0

Step 2: Determination of Shaft Length as
Shaft Length = Peg Height - Table Height
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Metal Partial Benchmark

Fig. 5. Metal and wooden partial benchmarks.

components required to achieve it: pick-up, stack, and peg-
in-hole. In thisregard | would like to recall that a thorough
analysis and discussion of peg-in-hole within the frame-
work of the behaviour-based assembly paradigm can be
found in a previous work of mine® thus | dedicate
Subsections 4.1 and 4.2 to the other two components and
Subsection 4.3 and Subsection 4.4 to summarise the partial
benchmark implementation and experimental work, respec-
tively.

4.1 Pick-up module

As outlined above, this module is responsible for collecting
an object lying at a certain location. Stable grasping is the
key to a successful execution of the task, and much research
has been carried out for both simple paralel jaw-grippers
and multifingered end-effectors.?” The former type is less
versatile than the latter, because it can only manage just
about 40% of the total number of possible manipulations
which a human 5-fingered hand can do.® Incidentally, |
would like to point out that a three-fingered gripper would
reach at |least 90% of them.

Earlier in Section 3, | assumed to employ a paralel jaw-
gripper as my agent’s end-effector. The implication of such
an assumption is that what my agent can safely and stably
grip consists basically in prismatic objects with parallel
faces. However, | ought to observe that such a prehensile
tool can allow my agent to grasp cylinders and spheres too,
assuming of course to grip them at their diameters.*

Several studies have analyzed and modeled object
contacts with hard fingers. In this regard, an interesting
exception, considering my assumption of using a differ-
ential touch sensor wrapped around rubber padded fingers,

* Cylinders can actually be grasped also by their parallel bases, if
their height is within the range of the parallel jaw-gripper.
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is represented by the work of Akella and Cutkosky,” in
which they propose an analytical modeling of stability
conditions during contact between an object and soft
fingertips filled with powders or plastic fluids.

As far as stability is concerned, grasps can be sorted out
in two classes: spatial and contact grasps.* The former may
be regarded as the tendency of the grasped object to return
to an equilibrium location in space, whereas the latter as the
tendency of the points of contact to return to an equilibrium
position on the object’s surface. Concerning contact itself,
the problem of resolving its location and of determining
forces and moments involved with it is addressed by Bicchi
et al.* in which they propose amethod for gathering contact
information by measuring robot internal forces and
torques.

There are specific positions which guarantee optimal
gripping stability. In this respect, an algorithm for calculat-
ing non-graspable regions of a part is proposed by van
Bruggen et al.** The method suggested in such an algorithm
reduces the 3D grasp planning problem to a number of 2; D
subproblems based on the mechanical properties of indus-
trial grippers. A different approach is proposed by Caselli et
al.* who managed to develop a tool for selecting feasible
grasps of arobotic hand under various situations by using a
rule-based expert system with a neural net based classifier.
Another solution for planning robust grasping operations is
suggested by Joukhandar et al.** in which they propose the
use of a technique employing physica models, labelled as
physically-based, which allows one to analyze the dynamic
object/hand interactions.

Interesting because it involves grasp planning for a two-
fingered gripper with parallel faces, is the work carried out
by Taylor et al.® in which they resolve the problem of
grasping unmodeled 3D objects by using visual informa-
tion. In this regard, it is also worth mentioning the method
proposed by Rodrigues et al.* in which they search for
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Fig. 6. Pick up diagram.

suitable gripping points on the outline of generic shapes
gathered by avision system.

As shown above, the use of powerful sensing capabilities
such as vision and force-torque sensors allows an agent
mani pulator to plan how to grip an object without requiring
particular knowledge about it.*” In this respect, | have to
point out that | initially assumed to employ a very simple
form of adifferential touch sensor which can only detect on/
off event signatures (cf. Section 3). Because of such an
assumption, the behavioural module performing pick-up
requires to have a work-cell location to which to drive the
agent manipulator as an input parameter. Incidentaly, |
would like to observe that some parts such as hollow
cylinders may be actualy grasped by closing the gripper
jaw-fingers as well as by opening them. Thus, in order to
specify which kind of gripping has to be performed, | need
to feed a second input parameter which encodes both the
gap between fingers to be used for the grasping and the kind
of gripping to be performed which can be by opening or
closing fingers. The speed to be used to approach the
vicinity of the part to be collected (gross motion) can aso be
encoded in this second input parameter.

Summarizing, pick-up requires the following two param-
eters as input:

» awork-cell location, and
* apickup command.

At this point, having discussed the module input/output
requirements, | can now analyse its internal structure in
more detail. In this regard, | ought to point out that in order
to drive the agent manipulator above the target location
where the object to be collected is located, | first of all
require a gross guarded motion. Then, if no obstacles have
obstructed the way there, | need afurther guarded motion to
approach the target location. If again no obstacles have
obstructed this second move, then | can activate a gripping
module which would close or open the fingers according to
the gripping command given initially as input to the picking
module. If the clamping is successful, then | finally need to
lift the gripped part.

As aremark to the task description given above, | would
like to observe that | basically require two guarded motions
for positioning the gripper above the object and approaching
it, a grasping module for the actual collection, and finally
another guarded motion for departing from the current
location.
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The part collection analysis as outlined here is syn-
thesised in graphic terms in the diagram reported in Figure
6.

Considering pick-up as structured above, several out-
comes are possible (cf. its diagram given in Figure 6). First,
let me point out that if al the operationsinvolved are carried
out successfully, then the result of the whole module may be
viewed as a successful part collection. All the other module
outcomes come from possible failure along the sequence of
operations involved in the collection. A close examination
reveals four more outcomes besides the one corresponding
to a successful pick-up.

In conclusion, | could say that the possible exit states of
the part collecting module (pick-up) are:

(i) Part successfully collected

(ii) Obstacle obstructs part lifting

(iii) Part to collect not found

(iv) Obstacle abstructs part during downward approach

(v) Obstacle encountered on the way to the location above
part.

In order to test the implementation of pick-up as outlined
above, | considered 3 prismatic parts (a plate, an L-shape
part, and a peg with a prismatic head), and 2 cylindric ones*
(alarge ring, and hollow tube).® * Then, | set aseries of 10
collections for each part and recorded every time a
successful collection. As aremark, | would like to point out
that my pick-up module does not perform any grasp
planning and it assumest that the gripping position given as
input corresponds to a stable grasping. As regards the
aforementioned cylinders, | have to stress that | tested both
inner and outer part collection and recorded success each
time. However, | ought to stress again the point that outer
grasping of cylinders is possible only if performed at their
diameter and at the level of their centre of mass.

4.2 Sack module

A stack module may be regarded as a particular form of fine
motion, which implies a part to be laid down at a specified
work-cell location. In this regard, since | am not employing

* These parts are taken from a kit of common electric torches
whose assembly was analysed and reported in two previous works
of mine. %%

T Thisisin line with the assumption of having a hybrid planner
which provides this information to the module.
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sophisticated sensors, | need to assume, as previously done
with pick-up, to feed such knowledge as an input
parameter. Incidentally, | would like to remark that a part
may be released on top of another one either by opening the
gripper fingers or by closing them. Thus, stack and pick-up
likewise require a second input parameter (stacking com-
mand) encoding the speed to be used to reach the vicinity of
the stacking site and the way in which a part has to be
released,* and hence stacked, on top of another one once the
site has been reached.

As previously done for pick-up, after having discussed
the input requirements of my stack module, | can analyseits
internal structure.

To start with, let us observe that my agent needs first to
perform a gross guarded motion in order to locate the
gripper above the stacking location. Then, if no event
contact has been detected, it needs to perform afine guarded
motion in order to approach the targeted stack. At this stage,
if no hindrance has obstructed the approaching, it needs to
release the part held by the gripper according to the stacking
command given as input. If the release is successful, the
result of the entire module is a successful part stacking.
Other possible outcomes which may derive from part
stacking are all caused by possible failures of the operations
involved in stacking. In this regard, looking back at the task
description discussed above, | can summarise the exit states
of stack asfollows:

(i) Part successfully stacked

(ii) No part to be stacked

(iii) Obstacle obstructs stacking location approach

(iv) Obstacle encountered on the way to the location above
stack.

As aremark to the discussion of part stacking given above,
| would like to observe that what | need is basically a
guarded motion for driving the manipulator above the
stacking site, a further guarded motion for approaching the
site itself, and finally an ungrasping module for releasing
the part held by the gripper.

As previously showed with pick-up, the analysis of stack
provided in the text above is synthesised in the implementa-
tion reported in graphic terms in the diagram of Figure 7.

In order to test such an implementation, | took the same
5 parts considered for pick-up: aplate, an L-shape part, a

* Either by opening or closing finger.
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peg with a prismatic head, a large prismatic ring, and
hollow tube. Then | set a series of 10 stackings at a specific
location on the table for each part and recorded success each
time. By opportunely fixing obstacles during part stacking,
| also tested the other task outcomes mentioned above.

4.3 Partial benchmark assembly implementation

As adready discussed at the beginning of this section, the
three main behavioural components allowing my agent to
achieve the assembly of the partial benchmark are pick-up,
stack, and peg-in-hole.

As far as the peg-in-hole is concerned, | would like to
point out that a thorough analysis and discussion is reported
in another work of mine.”® Here, | would like simply to state
again the possible outcomes which the execution of its
implementation may lead to:

(i) Peg successfully mated.

(if) Insertion aborted.

(iii) Obstacle detected during search for hole, and
(iv) Hole not found.

Now recalling the plan for accomplishing the partia
benchmark assembly and recalling the other possible
outcomes due to failure in picking up and stacking (plate
not found, stacking failed, and peg not found), which |
outlined at the beginning of this section, | can synthesise al
the assembly task outcomes with 7 possible states (Table
).

As far as inputs are concerned, two parameters are
required in order to perform the first part collection
(gripping command and plate location), then two more to
perform the stacking operation (stacking command and L-
shape location), then again other two to perform the second
collection (peg), and finally three more to carry out peg-in-
hole (peg length, hole distance, and tilt angle). In this
respect, | would like to point out that this simplified version
of benchmark assembly is not tilted, thus the tilt angle
parameter is set to 0°.

As previoudy done for pick-up and stack, | show in
Figure 8 a flow chart-like graphic representation of the
behavioural decomposition of the experimenta testbed
chosen for my investigations. Notice that such a description
omits the measurement of the peg shaft because strictly
speaking it is not actually part of the assembly process.
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Fig. 7. Stack diagram.
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Table |. Partial benchmark outcomes.

Partial Benchmark

Code Exit States

peg inserted in hole and assembly successfully completed
peg insertion failed
Obstacle detected during search for hole
Hole not found
peg not found
plate stacking failed
plate not found

~NO O~ WNE

As a last remark, | would like to point out that the line
labelled with activate and fed as input to the four modules
in the aforementioned diagram, has to be interpreted as the
flow of the robot manipulator control.

4.4 Partial benchmark assembly experiments

After having successfully presented and discussed the
modules required for the partial benchmark assembly as
well as its entire behavioural plan (cf. Figure 8), | now
report the experiments | carried out concerning the invar-
iance of such a plan. As a matter of fact, | would like to
point out that my aim here is not only to show that two
specific different kits can be assembled using the same
behavioural program, but also to show that, using the
modules | developed, if my agent is taught (programmed) to
assemble one kit, it can automatically assemble any other
similar one.

As done for peg-in-hole,® | use two different kinds of
kits: One made of metal parts (aluminium kit) and one made
of wooden ones (wooden kit). The two following para
graphs describes the experiments concerning each of them.

4.4.1 Partial metal kit. In order to accomplish the first
assembly experiment | started by stably fixing the L-shape
part a a known location on the table, then, after having
recorded with a teach pendant both plate and peg home
locations, | finally implemented the task as synthesised in
Figure 8 by taking advantage of the implementations of
pick-up, stack, and peg-in-hole discussed in Subsections
4.1, 4.2 and® respectively.

As observed earlier, the assembly of the partia bench-
mark requires 9 parameters as input. Two of them (plate and
peg pick-up command descriptions) carried specific infor-
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mation on how to approach and grasp a part such as the
speed to be used and the gripping gap between fingers. In
this regard, | have to remark that providing gaps which are
just enough to clamp these particular parts (metal plate and
peg) would make the assembly program too bound to a
gpecific benchmark kit. Thus, | decided to feed pick-up
command descriptions encoding the maximum gap between
fingers for both cases.

With regards to plate and peg home location, it is
needless to point out that they are very important in order to
accomplish successfully the assembly task, and that an
inaccurate placement of them may lead to a failure. Thus, it
is crucia to arrange carefully these parts at their home
location each time a new assembly trial is performed.

With regards to the three input parameters to peg-in-hole
(peg length, hole distance, and tilt angle), | would like to
make afew remarks. First, | need to point out that my partial
assembly is carried out on a table which is not tilted with
respect to the X-Y plane of the robot frame system, thus the
benchmark dlant is assumed to be aways 0°. Second, the
peg length is assumed to be determined beforehand
according to the technique outlined earlier. Third, the hole
distance from which | assume to start the peg insertion is set
to be 10 cm above the stacking position of the plate. In this
regard, | would like to observe that this particular parameter
is actually independent of specific part sizes.

Using the aforementioned premises, | performed a series

of 50 experiments and recorded 48 successful assemblies
(96% success rate). The two failures were due to peg
insertion failures (4% failure rate). The first one was
brought about by an inaccurate positioning of the plate at its
home location which caused a misalignment between plate
and L-shape part greater than 3 mm, and the second one by
peg wedging.
4.4.2. Partial Wooden Kit. The second experiment | report
concerns the wooden kit. The am | set here is to
opportunely generalise the modules developed earlier and
tested on the metal kit so that they could be re-applied with
no modification to the wooden kit, which, |1 would like to
stress, is similar to the metal one but not a mere scale of
it.*

As previously done for the meta kit, | first fixed the
wooden L-shape part at a specific work-cell location on the

* The two kits have different sizes and different proportions
despite similar overall shape.
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table and then recorded the home location of both plate and
peg. In order to test the applicability of the behavioural
program developed for the metal kit, | set the same pickup
and stacking commands used there as inputs to this
assembly.

As regards peg-in-hole parameters, | kept the same hole
distance as before and set the assembly dant to 0°. The
length of the peg shaft was then determined as done with the
metal kit by following the same technique (cf. Section 3).

Once again, using the premises above, | performed the
assembly of the wooden kit by running the behavioural
program developed for the metal benchmark containing a
new peg shaft length, new L-shape part, plate and peg
home locations, and the same other input parameters. As
done with the metal kit, | ran a series of 50 assembly
experiments and recorded 49 successful assemblies (98%
success rate). The only failure observed was due to a peg-
in-hole failure caused by peg wedging (2% failure rate).

As a final remark, | would like to point out that the
assembly of the wooden kit was achieved basically by
running the same program developed for the metal kit. This
was possible because such a program expressed in behav-
ioural termsis not only independent from specific part sizes,
but also from part motions.” However, because of the
limited sensing capabilities | initially assumed my agent to
be equipped with, | still need to provide it with specific parts
feature locations. Moreover, such aprogram still depends on
the assumption that part sizes are not so large to become a
hindrance when the initial part collecting movements are
performed.

5. FULL BENCHMARK ASSEMBLY

As pointed out at the beginning of Section 3, the assembly
task discussed here implies essentially the same steps as the
partial benchmark analysed earlier. The only difference
consists in carrying it out on top of a fixture (jig) whose
upper surface is slightly slanted with respect to the table.’
The presence of this fixture implies an extra step with
respect to the partial benchmark. Thus, this time the entire
assembly requires first the placement of the L-shape onto
the jig, then the placement of the plate onto it, and finally
the mating of the peg with the tandem hole passing through
both plate and L-shape (Figure 9)..

The goal which | aim at achieving by considering this full
scale benchmark assembly is twofold. First of al, to show
that generalizations of programs expressed in behavioura
terms are minimal, and then to show, once again, that if a
behavioural agent is taught (programmed) to accomplish
one assembly, then it can carry out without further tailoring
any other similar one belonging to the same family (i.e.
requiring the same steps).

In order to reach these two results, | first analyse the
assumptions concerning this specific task (Subsection 5.1),
then | outline my implementation of it (Subsections 5.2),

* Notice that this is achieved by not binding motions to specific
parts. they are picked up and stacked always following the same
path.

T The table is assumed to be parallel to the X-Y plane of the robot
frame system.
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Fig. 9. Full benchmark assembly

and finaly | summarise the experimental work | carried out
(Subsection 5.3).

5.1 Full benchmark assumption

Thefirst observation | would like to draw concerns the parts
composing the assembly. | would like, in fact, to point out
that, since this task requires to be performed on a surface
dlanted with respect to the table, both L-shape and plate
need to be positioned parallel to the slope in order to be
stacked on thejig.

With regard to sensing, | still expect my agent to rely on
the same simple differential touch sensor employed in the
case of the simplified version of this assembly.

Concerning testbeds, | consider also in this case two
types of kits: One made of metal (aluminium) and one made
of wood. Each of them is composed of an L-shape, a plate,
and a peg (cf. the partial benchmark) with the addition of a
suitable jig made of the same material (cf. Figure 1). In this
regard, | would like to draw attention to the fact that the full
benchmark, as opposed to the partia one, uses the jig as a
fixture. Thus, in order to avoid part slippages, this time |
need to assume the jig to be firmly fixed at a specific
location within the work-cell and not the L-shape (cf.
Section 3).

Asfar as the execution of the full assembly is concerned,
| would like to observe that, since this task involves a peg-
in-hole operation, my agent needs to cope with two specific
kit-dependent information details. specifically, the peg shaft
length and the tilt angle between table and the slanted upper
surface of the jig. As easily gathered by a previously
referenced work of mine,® the former is a crucia piece of
information which is used in my peg-in-hole implementa-
tion in order to allow my agent to realise when the peg is
fully mated. As shown later in this section, the latter is
instead important for part stacking.

Concerning the determination of the peg shaft length, the
technique discussed in Section 3 provides my agent with a
certain degree of autonomy by allowing it to measure such
a length by itself. The idea behind such a technique was
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simply to calculate the shaft length with respect to the
height of the table referenced to the robot X-Y plane. In
order to do so, the agent was required first to touch the table
with one of its fingers and then to record the contact
position. After that, it was required to collect the peg, to
make itstip touch the table, and finally to record this second
contact position. The difference between the heights of the
two aforementioned contact positions was then assumed to
be the length of the peg shaft.*

As far as tilt angle is concerned, | employed the same
underlying paradigm which consists in letting the executing
agent to find out by itself whatever it needsin order to carry
out its task. In this specific case, since peg-in-hole needs to
be opportunely provided also with the aforementioned tilt
angle, | let my agent autonomously determine it so that to
achieve independence from any specific kit. Before carrying
on, | would like to point out that | assume in the rest of this
discussion the jig to be arranged in such a way that the
height of its slope profile decreases when moving along the
robot + X-axis.

The agorithm for the angle measurement consists of a
sequence of three equidistant close touches of one of the
gripper fingertips with the upper face of the jig along the
+X-axis. Such a sequence of touches' is assumed to start
scm upward along the slope with respect to the prestored
location of the jig (Figure 10).

More technically speaking, the measurement requires the
manipulator gripper to approach the jig so that one of its
fingers touches the jig's upper face at point P,. Once the
contact takes place, the position held in that moment by the
agent is extracted and the height with respect of the X-Y
plane of the robot frame system (z;) is recorded. Repeating
the procedure further down the slope (P,), a second height
(z»,) isrecorded. Then again, moving further down the slope
for an equivalent space (P,), a final third height (z,) is
extracted and recorded. By using these three heights, the
agent is then able to compute the angle u,;, between the
dope P,P; and the table by means of the following
trigonometric identity:

{n.28n
XmZM&

u,, = arctan

Tilt Angle Computation

Fig. 10. Procedure to compute the tilt angle.

* Notice that in this technique | assume the peg to be gripped so
that both fingertips and bottom face of the peg head lie on the
same plane parallel to the X-Y plane with respect to the gripper
(cf. Figure 4).

T The increment between each couple of touches is assumed to be
fixed beforehand.
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Similarly, the angle u,; between slope P,P; and table, and
the angle u,; between the slope P,P, and the table can be
calculated as:

2 D7_
u,, = arctan n2d g arctan—nJ{ )
X2 X Dx
2 D
u,, = arctan 126 ¢ orotan mj ©)
X, 2 X, -D

By averaging on the angles u,,, u,; and u,;, the agent can
finally estimate the tilt angle a of the dlanted jig as the mean
value:

_ UptUuyptug

: @

In thisregard, | would like to remark that the third angle u,,
isintroduced in order to reduce possible uncertainties due to
the crudeness of the sensor used for measurement.

5.2 Full Benchmark Implementation

According to the behaviour-based assembly paradigm, any
assembly task may be viewed as a single grand behaviour
which can be coded with a program module expressed in
terms of simpler ones and whose execution leads to the
accomplishment of the task. Thus, as previously done for
the partial benchmark assembly, the first step is decompos-
ing this task into such terms.

Recalling the description given for the partial assembly in
Section 4, | can even in this case immediately identify two
modules: one for collecting the L-shape, and one for laying
it down on top of the jig. If both of them are carried out
without making the agent detect any obstacle, | need to re-
instantiate them for the plate. If, once again, they are
successfully performed, then the plate would lie down at the
end of the process stacked on top of the L-shape. In which
case it would be first required another collecting module to
pick up the peg from its home location, and then a peg-in-
hole one to insert it inside the tandem hole passing through
both plate and L-shape.

As pointed out for the partial version of this assembly
(Section 4), if all the operations described above are
successful, then the outcome of the entire process is
“assembly successfully accomplished”. All other possible
outcomes derive from failures of the operations during the
process. In this regard, | would like to recall that peg-in-
hole, in particular, may terminate in four possible states (cf.
Subsection 4.3): peg successfully mated, insertion aborted,
obstacle detected during search for hole, and hole not found.
The first one may be viewed as the outcome of successful
assembly, whereas the others can be regarded as three more
outcomes of the full benchmark assembly task. With regards
to the failures of the other modules composing the assembly
process, | may have L-shape part not found, L-shape
stacking failed, plate not found, plate stacking failed, and
peg not found. Thus, summarising the observations above, |
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Tablell. Full benchmark outcomes.

Full Benchmark
Exit States

Q
o)
o
@

peg inserted in hole and assembly successfully completed
peg insertion failed
Obstacle detected during search for hole

Hole not found
peg not found

plate stacking failed
plate not found

L-shape part stacking failed
L-shape part not found

ooo~NoOUhWNE

can say that the full benchmark assembly may terminate in
one of 9 possible states (Table I1).

Regarding inputs, | require two parameters to perform the
first collection module (an L-shape pickup command and
the L-shape location), two more to perform the first
stacking (an L-shape stacking command and the jig
location), other two to perform the second part collection
(plate), another one to perform the second stacking (aplate
stacking command), two more to perform the third part
collection (peg), and finally three to perform peg-in-hole
(peg length, hole distance, and tilt angle).

Extending the diagram of the partial benchmark assembly
(cf. Figure 8), | derive the more general behavioural
decomposition illustrated in Figure 11. Notice that such a
representation omits the measurements of peg shaft and jig
tilt angle because strictly speaking they are not actually part
of the assembly process. They are assumed to be carried out
following the two techniques discussed earlier.

As alast remark, | would like also in the case of the full
benchmark to point out that the lines |abelled activate, given
as inputs to the six modules of the decomposition in the

Robot program

diagram above, have to be interpreted as the flow of the
robot manipulator control.

5.3 Full benchmark assembly experiments

Having analysed the assumptions set in order to carry out
the full benchmark assembly aswell as having described the
implementation defined, | need now to report the experi-
ments run in order to show the invariance of the behavioural
program accomplishing the assembly of one set of parts
with respect to any other kit of the same family. As
previously done for the partial benchmark assembly, my
first concern was to set the work-cell and develop the
assembly program implementing the decomposition shown
in Figure 11 which, incidentally, makes use of the same
modules developed earlier for the partial assembly.

The goa which | aimed at achieving, even in this case,
was not simply to show that a metal kit, aswell asa similar
wooden one, could be assembled by the same program, but
aso to show that a task such as the full benchmark
assembly, which is close to the partial one examined earlier,
might be accomplished by an opportune simple general-
ization of the very same behavioural program developed for
the task akin to the present one (partial assembly).

In order to do so, | set asoin this case two different sorts
of experiments: Assembly of the metal kit and Assembly of
the wooden one. The following two subsections are
dedicated to describe and report the experimental results
involving each set of parts.

5.3.1 Full metal benchmark assembly. The first assem-
bly experiment | describe involves the metal kit. As aready
done in the case of the partial benchmark, | started first by
firmly fixing the jig at a specific location within the work-
cell. Subsequently, by means of the robot teach pendant, |
recorded the home locations of the various parts of the kit
(L-shape, plate, and peg). Once the work-cell was set and

Full Benchmark Assembly
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Fig. 11. Full benchmark assembly diagram.
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the parts home locations defined, | implemented the
program as outlined in the diagram illustrated in Figure 11.
Incidentally, | would like to stress again the point that | used
the same pick-up, stack, and peg-in-hole modules that had
been previously developed for the partial benchmark.

At this point, following the same experimental pattern
adopted for the partial benchmark, | achieved the afore-
mentioned program implementation with opportune input
parameters. In this regard, | would like to recall (cf. Sub-
section 5.2) that the assembly of the full benchmark requires
12 parameters as input, three of which (L-shape, plate, and
peg pickup commands) are quite specific to the particular
set being manipulated. They carry, as a matter of fact,
particular information on how to approach and grasp each
part, such as approaching speed and gripping gap between
fingers. Thus, in order to be independent from any particular
set, also in this case | fed pickup commands encoding the
maximum gap between fingers.

With regards to the two stacking commands, they are not
bound to a specific kit because they carry information
merely about how to stack a part such as the release mode
of a part on the stacking site.

As far as L-shape, plate and peg home locations are
concerned, | would like to remark that they are even in this
case very important for a successful accomplishment of the
task. The inaccurate placement of any of them may cause
the agent to fail, since, due to the assumptions set, it has no
other way to perceive their locations. Thus, it is crucia to
rearrange each part carefully at its home location every time
anew experiment is restarted.

Concerning the three peg-in-hole parameters (peg
length, hole distance, and tilt angle), | would like to make
a few observations. Since | wanted my agent to be both
autonomous and independent from particular kits, | needed
to compute two of them (peg shaft length and jig tilt angle)
before the whole assembly was started. | achieved this by
following the two techniques discussed in Section 3 and
Subsection 5.1, respectively. The two measurements
resulted in 24.1 mm for the peg shaft (real length 23.5 mm)
and 14° for the tilt angle (real dlant 15°). In this case, the
overestimation of the shaft length was due to an inaccurate
gripping of the peg which had its head bottom face and
fingertips plane not lying on the same plane. The third
parameter (hole distance) was set, as with the partial
benchmark, to be 10 cm with respect to the stacking
position of the plate. Incidentally, | would like to point out
that this particular parameter is independent of specific part
Sizes.

Constructing the assembly program with the parameter
settings presented above, | performed a series of 50
experiments and recorded 48 successful assemblies (96%
success rate) and two failures (4% failure rate). The first of
these failures was brought about by a slight misalignment
between peg and insertion axes caused by afew slippages of
the peg head between the gripper fingers during the search
for hole stage, whereas the second one was due to peg
wedging.

After having glued some emery paper to the outer skin of
the fingers, | repeated the same series of experiments and
thistime | recorded 49 successful assemblies out of 50 (98%
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success rate). Once again, the only failure was due to peg
wedging.

5.3.2. Full Wooden Benchmark Assembly. The second
experiment described concerns the wooden kit for which |
performed the same preliminary work-cell setups as
reported above for the metal kit. Thus, after having fixed the
jig and recorded its location together with L-shape, plate,
and peg home locations, | used the same program devel oped
for the metal kit opportunely instantiated with the parame-
ters specific to the wooden kit. In this respect, in order to
test the generality of the program, | fed the same pickup and
stacking commands and the new home locations.

With regards to peg-in-hole input parameters, | deter-
mined peg shaft length and jig tilt angle, as described
earlier, using the same two techniques outlined in Subsec-
tion 5.1. The two relative measurements resulted to be
31 mm for the peg shaft (real length 30.8 mm) and 11.5° for
the tilt angle (real dant 12°). As far as the hole distance
parameter is concerned, | instead kept it as before (10 cm).

Constructing then the same generalised assembly pro-
gram used for the metal kit with the new parameter settings
presented above, | performed a series of 50 experiments
recording 49 successful assemblies (98% success rate) and
one failure (2% failure rate) due to a peg wedging.

As a last remark, | would like to observe that the last
series of experiments mentioned above was carried out by
using emery papers wrapped around the outer skin of the
gripper fingers. Such atrick revealed to be very effective at
reducing the occasional part slippages which could aways
occur during the execution of the behaviours requiring parts
contacts.

6. DISCUSSION OF THE RESULTS

At thispoint, | would like to summarise the results emerging
out of the experimentation with the two assemblies
considered in this work, i.e. the partia benchmark and the
full one. It is interesting to observe, in this regard, that the
development of the assembly program was carried out
focusing more on the description of the task than on the
specificities of the particular sets of parts manipulated.
Thus, in line with the behaviour-based assembly paradigm,
each assembly was defined in terms of sensor-based
stacking and mating procedures (behaviours) operating on
the assembly component parts (jig, L-shape, plate and peg)
at an object level. In other words, the description of, for
instance, the full benchmark assembly was given in terms of
first placing L-shape on top of the jig, then laying the plate
on top of the L-shape, and finally mating the peg into the
tandem hole passing through both L-shape and plate.

As pointed out for both of the assembly tasks considered,
the goal which | aimed at achieving was twofold: first,
showing that each assembly task could be expressed in
terms of general-purpose task-achieving units (behaviours),
and second, showing that the behavioural program so
defined could have been used by my behavioural agent for
assembling two similar, but not scaled, versions of the same
problem* simply by opportunely instantiating the same
program.

* Two benchmarks belonging to the same assembly family.


https://doi.org/10.1017/S0263574700003015

230

As easily gathered by the experiments | analysed and
reported in Sections 4 and 5, both partial and full
benchmark were defined in behavioural terms. Indeed, the
modules defined and employed in the former were actually
re-employed in the latter exactly as they were. Moreover,
the generalization from the partial benchmark to its full
version was achieved smply by adding the extra stacking
behaviour (L-shape on top of jig) to the initial sequence of
steps.

As far as generality of the behavioural program devel-
oped is concerned, | would like to make a few comments:
First of al, | would like to stress the point that the two kinds
of assembly kits (metallic and wooden ones), athough
similar, were not a mere copy in scale of each other. They
held, indeed, some specificity, such as length of the peg
shaft and tilt angle of the jig upper surface, which had to be
fed in advance to the program. However, since | wanted to
keep my agent as independent as possible from this sort of
kit dependent instantiations, | had to devise a way to let it
find out the required information by itself. Bearing this in
mind, | developed two procedures, which could be viewed
as measuring behaviours, enabling my agent to estimate the
aforementioned specificities in complete autonomy.

The experiments performed on the two kinds of kits
(metallic and wooden ones) described and reported in the
previous two sections, showed clearly that programs
expressed in behavioural terms, by focussing more on the
description of the task than on its actual implementation,
transcend assembly particularities. The consegquent implica-
tionisthat if an agent is taught (programmed) to accomplish
a certain task, then it can automaticaly perform the same
procedures onto an entire class of them requiring the same
sequence of steps, i.e. getting in this way a sort of
generalization for free.

Stretching the aforementioned observation, | could say
that if two different behavioural agents can perform the
same set of basic behaviours, then any task expressed in
their terms could be executed independently by each of
them.*® In other words, if they are both knowledgeable in the
same domain, then they do not need to tailor any pattern of
actions (program) onto such a domain to their specific
characteristics. A behavioural program becomes in this way
totally portable from one platform to another. In thisregard,
it is interesting to draw a paralel to the philosophy
underlying JAVA™ which makes use of intermediate code
that can be run by different hosts.

7. CONCLUSIONS

As experimentally shown in this paper, assembly programs
developed within the behaviour-based assembly paradigm
hold an important characteristic: generality. A task
expressed in goal-achieving terms can, in fact, transcend the
great majority of the specificities of a particular set of parts,
and consequently be applicable to an entire family without
any sort of final tailoring. Indeed, aslong as different agents
can accomplish the same tasks, programs developed for a
specific robot could in theory be executed onto a different
one, even from a different maker, without requiring any
form of porting.
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