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ABSTRACT

In this prper we discuss issues of design for software
systems for computer controlled manipuletors.

The aim of the paper is to present the experience obtained
in designing and implementing MAL, s stend-clone software sy-
stem for controlling and nrogromming a two-orms monipulator.

That system supnplies the user a simple multi-~task program-
ming lengunge, with o BASIC-like external form, and operating
instruections for compiling, executing, editing end saving the
program,

We will emphagize how menagement of multiprocess cepaobili-
ties, synchronization of different devices, error hendling end
other desirable feetures cen be inserted in a simple systenm,
implemented on a small minicomputer, suiteble for industriol
applicetions.

I - INTRODUCTION

Since comnuter controlled menipulators were introduced as
general purpose mechenisms for industriel automation, the metho-
dology of controlling ond progremming them for specific tasks
has seen a gresat deal of development.

Programmable automation consists of 2 set of multidegree-
of—freedom manipulators and sensors under computer control; the
se systems can be programmed to perform a task and can be applied
to new Jobs by reprogramming them, Although vrogrammability is
an importent aspect of these systems, the development of software
for controlling ~nd programming them has just started.

The only vnrogremming method in common industrial use todey
is called "teach mode"; in thet case, no text of the nrogron,
expressed in any vprogromming langunge, 1s obtained, but only a
seguence of absolute menipulator nositions is memorized.

The resgecrch in nrograomming lenguages has widely demonstra-—
ted the importance of developing software systems for robot pro-
gramming [1][71[87[91 . Flexibility, genernlity, ease in repro-
gremming, documentability, are only the most important edvantoe-
ges pnroduced by the introduction of o softwore system, while on=
ly few shortcomings are added. It is, of course, herder to ex-
press by & formal lenguage the human experience about how the
meninulaetor hordware can be used to accomplish =2 tosk,

Previous resecrches in Machine Intelligence have been pri-
marly directed to general and very-high-level systems, while



-12-

little attention has been paid to computetionsl costs, program-
ming difficulties, real applications. Now the decreasing in the
costs of compubter components and the large introduction of micro-
computers meke 1t possible a new era in programmable industrial
manivulation,

The design of complete and simple pnrogremming systems for
asutometion represents an importent research area, in which some
real-time softwore problems can be approoched together with so-
me softwore—-engineering requirements. In this direction NAL
(Multipurpose Assembly Languonge) hes been designed and implemen-
ted at Mlilen Polytechnic,

MAL is a complete softwore system for controlling ond ovro-
gramming the Supersigma robot, a two-arms robot mainly designed
for assembly operations., AL was designed with emphosis on nor-
tability to different computers and to different robots, ease in
programming and multi-tosk orgenigzetion. It is o stend-olone sy-
stem, supporting intercctive editing, comniletion and execution
of vrogroms,

Resides, the nrogremmability of the Sunersigmae robot is ex-
tended to different levels. The control structure, constituted
by & set of microcomputers, allows vrogrsmmability ot o level u-
sually fixed by the herdware [2J . The connection with o peneral
purpose compulter allows developing higher-level software nimed
ot maneging ervor recovery and decision toking [4] .

IT - Mg POILOSOPHY OF ROBOT PROGRANMITMG

For o robot system, progrommability meons the system 13 f-
ble to lenrn how to perform o tosk from its humon teacher. MHever
theless the direction of d velovning progromming lengucges for
describing assembly tasks hoas not been widely investipgoted.

In industricl applications robots are commonly programmed
by guiding the mechinicrl device through the scquence of onera-
tions required to perform the sgsgembly nrocess. A Joystick or o
button box 1s used to ingcrt in the control memory the positions
that must be remenbered. The vosition seauence mey be ploved
beck, to couse the crm to 2ccomplish the trosk., This method, com-
monly called teach-mode, ig » non-textunl cvnrocch, It does not
reguire to write o progrom and does not reauire to associate ab-
stract symbols with wmenipuletor movements,

The exccution of the tesk i obitrined nloving hrceck ¢ fixed
seguence of movements, 2nd the impossibility of exnrescsing con-
ditional actions mekes 1t imvmonsible to use force gsensors or o
introduce any adaptetion, while the lack of & text produces the
impossibility of maintaining, documnenting and nmodifyving the nro-
Zrem,

We will develon textual lensurges for robot nrogramaing be-
couse o text crn be remd by users, can be saved in en underston-—
deble form ond cen fit different situntions.
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Textual lanpunges hrve the blg adventoge of introducing ve-
riables, control structures ond interfrce with neonle, Veriobles
allow to obtrin informetion during the execution and to modify
the behevior of the progsrem according to the results of fTesots,
Control structures allow brenching ond conditions]l ccetivity cce-
cording to the sensor outnut. Interfirce with peonle ~llows
ting, modifying and documentiag progrrma, ond supnlies focllities
in progromaing.

The texturl annrooch to robot nrogramming introduces 1in ro-
botics the nhilosopnhy snd the experience of sgoftwrre sysien de-
gign. JTn fact, new lenpurges for robot nropsrsmming are necescnry
becruse gencr: 1 vurpose longucges cre generclly not ocdecucte.

Two directiong in robot softwsore design, ©5 described in [8L
mey be noted. The Ffirst of them, ciolled exvlicit-programmiing, re-
auires explicit instructions Tor every ecition the robot wmust teo-
ke. The second, colled world-modeling, trieg to mrle the robhot
respongsible for trking some decisions according to its knowled-—
ge, While explicit-progremming systems mey be inserted by now in
factory uses, world-modeling systems cre in the resecorch stoge.
They tend to reguire o lot of commuter nower, but they are obhle
to accept very cbstroct ond high-level instructions [1] [3][5][6] .

Becruse of some procticrl rersons, o8 our limited commuter
facilities, and becruge of the nim of our nroject ¢t develoning
gsystems sulteble for industricl uses, we decided to develon on
explicit-programming system.

In the next section we will illustrcote AL, an explicit-nro__
gramming system that introduces new feotures in the stendord of
the present menipulator lenguages. BDecause MAL is operetionsl 2l
Milan Polytechnic, we will 1illustrate the nroject lines, the che-
racteristics of implementation and the way of using it.

IIT - DESTIGH CRITHRIA OF KAL

Our resenrch in malti-task systems for robot progremming
was motivated by the need of developing the programming system
for the Supersigms robot. Supersigma is o certesicn axes monipu-
lator, with two arms. Bach arm has three degrees of freedom vnlus
the hand opening. Its mechanical structure is the seme as Sigma
robot of 0Olivetti Co., while its electronic control hes been com
nletely redesigned and implemented with a set of microcomnuters
[ZJ , each one devoted to the control of one motor, and using a
minicomputer as CPII., The structure of the system is illustroted
in FPig, 1.

The lack of an adequete control and progromming system for
our robot convinced us to design and implement o complete softwa-
re system supporting the vriting, the verification and the execu
tion of programs. This system is celled MAL (Multipurpose Assem-
bly Languoge).

Moreover, the lack of similar systens adeguate for industrial
apnlications constituted an important incentive to develop & so-
tware system for general use in computer controlled monipulotion.
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We will now illustrate the major design issues we bore in
mind and we inserted into MAL,

In our opinion, the langusge used to describe assembly tasks
should be unspecialized, in the sense that it should not be a
single-problem oriented language. The external form should be as
gimilar as possible to the form of some widely known language,
to inerease the readability of the program and to reduce the trai
ning time. MAYL has a BASIC-like external form; the choice of
BASIC is motivated by the wide use of this language in industrial
applications, the ease in editing and modifying the program, the
readability with respect to other languages used for industrial
control.

A language for robot programming should minimize the number
of steps between the initial writing of the program and the final
testing. This organization is important in real applications be-
cause it reduces the time necessary to program the robot for a
new task and incresses the reliablility of the system. With MAL
the turn-around time after a revision is very short, and the pro-
gram has not to be restarted after a change., This last feature
is called "hot editing” [9] . It may be very easily obtained in
an interpreter; in our system it is obtained by partially compi-
ling the program into an internsl form which can be fastly inter-
preted.

The parallel execution of different tasks i1s another funda-
mental feature of a robot programming system. In the case of a
robot with two or more arms that aspect is particularly important
since it makes it possible to write a different task for each
arm. Parallel progremming is useful when different control acti-
vities can be executed by a robot co-operating with external de-
vices. MAL allows the independent programming of different tasks
and provides semaphores for synchronization,

Other desgsign issues for a robot programming system are more
related to implementation aspects.

The gystem should run on a small computer because costs are
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a fundamental aspect in industrial applications. The minicompu-
ter we employed has 24K memory words of 16 bits; MAL requires
less than 20K words, although it is written in FORTRAN and not
optimized.

Last, the system should be portable. Portability for =
control language has to be defined not only in relation to the
computer but also to the manipulotor. MAL is implemented in
FORTRAN IV (except for a small interface to the robot which is
written in assembler)., Moreover MAL is implemented in such o way
that the change of the controlled robot would not require a com-
plete rewriting of the system. For instence, the conversion from
e cartesian robot to a polar one should reguire chenges only to
2 given module; likewise, the system should be able to control
more than one robot, possibly working in co-operation, at the sa-
me time,

IV -~ PROGRAMIMING BY MAL

MAL is made up by two different parts, one devoted to the
compilation of the input lengueoge into an internal form, the o-
ther devoted to the execution.

The compilation part gives the user facilities to create,
update and maintein the source program. The execution part has
the responsibility of executing the sequence of operations de-
scribed in the user program. The debugging of the progroam is e~
agy, #nd the user can modify the text oand immediately check it.

To develop a progrem the user hog to express the assembly
task as a sequence of elementary operotions. If the task requi-
res some perallel activities, the programmer writes the diffe-
rent parts as they are independent and then synchronizes them.
MAL compiler trenslates the program into an essily interpreta-
ble object code. The user may, at ony given moment, list his
program, modify it and save it on 2 mass storage.

The system is line-oriented; after an instruction has been
typed in, the compiler checks for syntactic errors and eventusl-
ly gives the appropriate error message. When the progrem is com-
plete the user may ask the execution of it.

The progrem may be particlly executed, by stopping it in
correspondance with an instruction or by typing a2 command from
the teletype. The execution can be restorted at any voint of
the program, because the values of the veriables and the physi-
cal vositions of the arms have not been changed., That feature,
called hot editing, is considered one of the most important re-—
guirements for manipulntor software.

Let us now insist on independent vrogremming of different
activities to be executed in parallel; thet seems to be a funda-
mental aspect of robot programming. Porallel progremming is use-
ful for multi-arm robots and when different control activities
can be carried out by a single-arm robot together with other me-
chonisms (as moving belts). Besides parallel activities are use-
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ful when different robots interact.

To execute perallel tasks, we ought to isolate every logi-
cally indenendent activity in order to minimize the interactions
between them. Lvery activity is separately nrogrammed as inde-
pendent. The second step is to dinsert into the progrom the in-
structions which manage synchronigzation nsnd information flow
between tasks. These instructions ¢re tests on semaphore varie-
bleg,

We will now show o gimple MAL progrom for repetitively mo-
ving an object from a pnosition to another through an intermedic-—
te position. Let us suppose the left arm moves the object to the
pogsition X = MP, and the right arm moves it to the fincl posi-
tion X = FP, as illustroted in Pig. 2.

2 [ﬁi:l I“}_T o L zR‘L{:Zk
4
[ 1] L

IP P

Pig, 2

In the vrogronms controlling ench orm we insert synchroniza-

tion instructions according to the following conditione:

i) no arm con recch MP when the other crm is in ity

ii) the right arm can go ond grasn the object in I'P only after
the left orm hes ungresped it in I7P.

The firet condition is handled by meongs of the semephore
vorieble FREFARTA, which is set to YES only when the ares upon
I'P is free., The second condition is monoged by ORBJECTREADY, who-
se value is YES when the object is placed in MP,

The complete MAL progrem is:

5 SFT IP=18, MP=158.5, FP="74f, TABL:E=15.7, UP=TABLE+4%
6 ET LEFTHAND = 8

7 SET VES = f, HO = 1, OBJRCTREADY = NO

8 TASK 2,15¢

g Me—— TASK MO. 1
14 MOVE W 2L = UP

15 SET PRINEAREA = YES

o4  MOVE W XL = IP

3  HOVE W 2L = TABLE

A% ACT TEFTHAND "close left hend

5¢  MOVE W 2L = UP

55 WATT T'REEAREA "may I access ny area?

il

LETT ARM ---
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57 SET FREWARTA = NO "ves., It'sg my own now!
60 HOVE W XL = MP

74 FOVE W 2L = TABLE

84 DEACT LEFTITAND "open left hend

85 SET OBJECTREADY = YES "object is in MP

9 GO TO 148 "repeat the sequence
106 SET RIGHTHAND = 9

149 "-~- TASK 0. 2 - RIGHT ARM --~
114 MOVEE W ZR = UP

115 SET FREBARBA = YES
120 MOVE W XR = TP
134 MOVE W ZR = TABLE

148 DEACT RIGHTHAND "open right hand
150 MOVE W ZR = UP
155 WAIT OBJRCTREADY, FRERAREA "wolting for on object in P

157 SET FREBAREA = MO
160 MOVE W XR = MNP

17¢ KOVE W ZR = TABLE
189 ACT RIGHTITAND "elose right hend
185 SET OBJECTREADY = ¥O "no object in NP
194 GO TO 114
Only a few notes 1 about that progrem. The values wcssigned

are in millimeters. TARLE is the height of the working nlene, UP
the minimum hend elevation to avoid collisions, LEPTIAYD and
RIGHTHAMD represent the honds, The W after INOVE meons that the
next instruction will be executed only after the occomnlishment
of the movement.

The progroms for the two arms are the samey for meking it
clenrer we incremented by 14 the line numbers of the second
task with respect to the first. The indentation is used to chow
the instructions required for cooperstion. The ' Wt arm starts
operating only when both conditions of line 155 -re met (object
present and area free). The two tasks are executed at the same
time, because all the actions not referring to the common area
are executed by each task if they were the only present in the
system,

It would be possible to program the same job using only
one arm, but in this case the adventages of a two-arms manipula-—
tor would be lost.

In a real operation we will modify every time the position
X or Y to reach objects in their actucl position. Here we suvpo-
se IP and FP moving belts.

V - CONCLUSIONS

We presented modern trends in robot programming and we di-
scussed about our experience in designing and implementing a
langurge for assembly, MAL.

Our project is still in evolution, because we intend to in-
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vestigate how to extend the intercctivity of the system and
how to make 1t really universal, For thet reason we are now
starting defining a new abstract mochine, whose instructions
will be interpreted ot the execution time. That machine should
be universal (the machine langucge for every robot) and should
improve the nortability of the system to different computers.
A very-high-level lenguege for robot progromning will be then
eesily implemented by transleting the external longusge into
the abstract machine languoage, and in thet case we will obtain
an universal gsystem,
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