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The immediate purpose of the research on Intelligent Aubomata
is toe have an autonomous machine able to understamd wncomplicatod com-
mands and to manipulate simple objects without human intervenl ion.

This thesis is5 concerned with the programing of a special oulpuot
device of the present machine exlsting at Project MAC: an arm with
eight degrees of freedom, made of our identicel segmenta. Clasaical
approaches through hill=climbing and optimsel contral techniques are
discussed,

Howevwer a now method is proposed to decompose the problem, in
an #ight-dime¢nsional space, into 8 séquénce of subproblems im spaces with

Fewetr dimensions,

Each subproblem can then be solved with simple analytical geometry.
A simulation program, which applies this method, is able to proposc
geveral configurations for a given goal (expressed as a point in a {ive-
dimensional space}.
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As An Introduction

In the next few years man will step on the moon, and think of poing
further. But, preceded by machines, he may not be the first explorer
on Mars or Venus. To build these machines is part of the challenge Tor
artificial intelligence and advanced programming, a challeng®to every level
of engineering.

The tranait time and the bandwidth limitations will restrict the
communication between machine and man, The remote device must have a large
autonomy of decision in acting and in tranamitting data to earth. Such
autonomy requires the ability to analyze the enviranment and from these
nbaervgtinns toe plan a sequence of actions which will alter the envircmment
with respect to the machine,

Two perceptibly different approaches could be taken. One considers
guch a device as a remote manipulator, and the other is a research on
intelligent automata; equipped with special purpose output or input hard-
ware [11] [13]. One may use a particular technique of the other but they
differ by the leading idea.

Remote manipulation - the task involves a human operator and a machine.

It is most practical when the environment is #not too distant and has =
geometry which i familiar to man. Research was initiated after World
War Ii, when it became necessary to use a remote manipulator in experi-
ments using radicactive materials. Most of the present manipulators are
not different from the early models.

One trend 1s toward man-machine symbiosis [%]. Using force-feedback

and spatial correspondence, one hopes that the sense of remotenoss will



disappear. Time delay 1is an important limiting factor, in such a concep-
tion.

The other tendency [15] calls for a "Supervisory Controlled Manipula-
tor.," The manipulater and the task site are consldered as a system to be
controlled by an operator, aided by a computer. The remote device may be
equipped with its own small computer, able to make quick decisions under
small changes in the environment, to interpret commands and to send back
data from the sensora.

The validity of the results which will be obtained in studying remnte
manipulation seems to me limited in time. The goal in such research is to
have a man-machine system, where each component assumes the part of the
task for which it is the best adapted. 1 suspect we know a lot about
man but very little sbout the machines. By machines I mean not only the
computers we have now but also the ones we will hawve in the next five years.
An extrapolation of the progress, made in Computer Technolegy during the
last few years, invite us to think that machines of decreasing size will
be able to assume more and more of the task. Thus a balance between man
and machine iz a result which may be scon outdated, because of the new
machines.

Intelligent automata = Tt seems to me that the limitations imposed by

the task itself lead to a type of approach which relies eggentially on the
machine alone [Nnz] (0],

For an artificlal explorer on Mars or Venusn, the time delay would
n;k& uselesaly slow any system using anything than general, goal secting

commands and transmitting to earth anvthinmg ethir than the essentizl elements



of the envirvonment .

Research on intelligent automata started at M.I,T, with the ploneer
work by H. Ernst [ | | as early as 1961, on a "computer-operated mechanical
hand." The major effort began August 1965,

The purpose of such research is explained in the first progress report
[Ne), August 1966
"[the] goal is to develop techniques of machine perceptiorn, motion control,
and coordinatien that are applicable to performing real word tasks of object-
recognition and manipulation...[the] aim is to have & computer controlled
system actept a relatively uncomplicated command and without human assistance,
locate, grasp and assemble parts of a simple mechanical device."
The components of the ROBOT Project - At the present time the system is
composed of:
= a large, general purpose computer (DEC) PDP6, which can deal with the
generality and the flexibility required at this early stage of the project.
Certain functions may be assumed later by special purpose hardware components.
= apecial input and outpute devices: a TV camera, an image dissectar for
controlled #can analysis, tactile Qensnr, several oil-powered manipulators,
mare or lesa versatile,
- programs to analyze the visual scene, control the motion of the haid,
plan and control the overall activity. [N:] [11].
Programming the new arm - This thesis is concerned with the programming
of a special output device - the arm MA-3[¢], tie "new arm." It comes
as the third irm, after Ernst's and the AMF vers-ran arm.

It was initially deeigned with four jointa -ach of these having tweo

degrees of froedom. It has actually three whole joints, and cne half-joint



at both ends, which still makes eight degrees of freedom. Its modular de-
sign makes it extensible.

The design is original with respect to any other arm actually available,

The eight degrees of freedom are supposed to give the arm a great
versatility, in particular, the ability to move around objects. The
sultiplicity of solutions, for example, to reach a point within the range,
makes it difficult to find any solution at all.

In 1967, M. Beeler [F#] developed a "hill climbing" or error reducing
iterative program. The method he has been using has not proved fullw
satisfactory, in his opinion, essentially because of the irregularity
of the convergence of the process = and it seems also because in an attempt
to find a solution he gives up the possibility of finding more than one
solution.

I have set his program and certain research in molecular biology
[6+] as the starting point for a reflexion on the methods used generally
to control an object or a model with several degrees of freedom.

Chapter II stresses what good may be expected from these methods and
what are their limitationa, 1In Chapter IIT, the prnhlcm.in an eight-
dimensional space 1s decomposed into a sequence of subpreblems in spaces
with fewer dimensions. Each subproblem essentially uses simple analytical

EoometTy.

The method has been tested in a simulation program (writtem im LIZF),
and real world experiments. It is apparently more successful than the

previous ones.



Chapter II 4

Critique of the existing methods

The parameter space will also be called solution space, and the pgoal
iz given in a goal space, with a number of dimensions equal to or less
than that of sclution space.

One mav assume that the initial descripticon of the arm 1s an appli-
cation of the solution space onto the goal space, G=A(3). Applicaticn,
which may be obtained from the descriptiom of the joints and of the seg-
ments. Our problem is to find B, application from the goal space into the

"l A.

solution space such: B
Where the mumber of parameters, or degrees of freedom, exceeds three,
it is difficult to find for B an expression valid over the whole goal space,
even when A is given by an analytical expression (then complete). To find
numerical values with a relaxation method does not seéem applicable as the
number degrees of freedom Iincrease.
Wher the goal space has fewer dimensions, B ig not unigue. Iz it possibl
to describe the multiplicity of B's and to choose among them?
Hill-climbing techmiques give up the overall knmowledge one may have
on A, and expect simplification from local considerations.

Optimal control theory attempts at the same time & means to finding

a solution and the best one according to a chosen (how arbitrarily) cost

interior.

Hill climbing -~ A sclution to a "hill=-climbing" problem is a set of values
X10% Xagr e ¥gg which minimizes (or maximizes) the wvalue of a function
F{Hl-pl'::-prr!-.lu..lq F{.:-l’.x:’ U l,xuj - F{11D|320|11+1“u} ':-ﬂﬂ h¢ ’.t'ltE'f'FlrEtEI'l



as a "distance" to the goal. The hill-¢limbing technique conaists in start-
ing from one point in the space (X,xK,---xMu), and exploring locally around
that point, in moving in the direction of the steepest variation (either
down, if one seeks & minimum, or up).

There are two cases in which the method fails. If the hill-climber
reaches the tegi;:-n of a local extremusm which 13 not absolute, and if the
step by which £t moves in the space is small compared to the dimeneions of
that regfon, it will certainly be trapped. The "mesa-phenomenon' [ ]
in which the space (X,x —===xXu) is cemposed of large regions where F does
not wary, separated by amaller ones where F changes for any of the parameters,
may also occur.

The "nesa—phmmemn"- ﬂ;!ema unplikely te occur when there are few
parameters. For a well designed device - one may expect a change for any
of their variations. Ome still has to worry about la:al-zxtreua. real
or apparent. A point may appear as :ﬁ extremum along the directions of
exploration, but not along other diré#tinns (such 1is a 3 .ddle point).

The only program existing for the n:ir arm [ RiC] cumhina.s hill-¢limbing
matﬂnds with the use of language nﬁlklplltrsi Apparently all the apparent
extrema are often of one Cype and 1t%L: easy to get rid of cthem. But there
are still cases where the program geis trapped at points which are not easily
identifiable; these are probably Iaca% extrema. I suspect this is due
essentially to the phyaical limitatio|s to the mobility of the different
parts of the arm: EH

the point {11, *

2’"'"1u.} iz restricted to |".|I'Iltle region of the solution

apace, a value of F on the 1limit may appear as a .\\FEH:J. extremum when the
teal extremum (which is probably absolute) is oubsile l.’-tk:‘- allowed region.
LY
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There are unfortunately few facts to support this claim. One i= a
counter example om a similar problem: the manipulation of computer models

of proteins. The other will be an illustration with a two-bar plane linkage.
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Two-bar plan lin = A mechanism operating in a plane needs at least

two degrees of freedom to reach any point in a certain two—dimensional
portion of that plame. If it has a fixed point it must be made of two
levers, at least. The arm, we consider, is of that simplest type, made of
two levers of equal lemgths (1), to avoild any superfluous complication,
rotating about a shoulder and an elbow, each with one degree of freedom.

A natural definition for F is the euclidean distance from the hand
{H) one of the extremities of the second lever, to the goal 1o, The
gtate of the arm is described by 8; and 83, the angles of rotation of the
levers around the shoulder and the elbow, respectively.

Given a goal it is possible to represent the corresponding variations
of F by the curves of equal distance in the (8y, fz) plana. There are three
families of figures, depending onm the ratio of the distance from the shoulder
to the goal, to the common length of the levers. The curves show an ex-
pected double periodicity (2n, 2Zn) and a symmetry with regard to a &;-axis,
which absciss 8p 18 the value of the angle between the origin axis, in the
original plane, and the line from the shoulder to the goal. For each perilod
F has three extrema, an absolute maximum corresponding to E%-- 245G,
and two absolute minima Fed. The existence of the two minima is an inter-
pretation of the fact that, given any polint in the original plane within

4 cirele of radius 21, there exists a solution made of two couples of walues

such as (0;g,%20).
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o Goal

Figure 1. Two—bar plan linkage
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Let ug first assume no restriction on the real values which can be
taken by 0; and 93. To find a solution we can apply any hill-climbing al-
gorithm. One of the simplest is the following:

1} move the first lever, stop when HG 1s minimum

2) move the second lever, stop when HG is mindimum

3} if the walue of FeHG is less than E, the goal has been reached, the
couple of values (8;, ;) i= part of the solution - otherwise go to

1.

We may have a problem with any saddle point (By+2ur, 0), but it is not
difficult to get rid of it, |

Anyway, the algorithm we may use iz not important as scon as it is
of the steepest-descent type. It is easy to convince oneself, looking
either at the (8), f6:) plane or at the afiginal (x,¥) plane, that start-
ing from any position the hand can reach any goal at a distance equal to
or less than 21 from the shoulder.

Let's now assume a finite area for the domain of F in the (81, 82)
plane. The important condition there is that it is finite and not that
it could be inside a square of area less than #nz,

For the sake of simplicity the domain is limited by a rectangle.

It is possible to follow on one of the two figures, how the hand can get
trapped in a position (8, B;) correspoending to a point near a corner of
the domain, and on the limit.

To realize this one can think of the following fact. One can reach
with only one hand nearly any point in one's own back. But this has to
be done eithe- from above or from below. There ls a region that can be

reached from toth positions, but starting from a "below" position it is



impossible to go upward, outiside that region in the continuous move and
starting from an "above" pesition it is impossible to go outside, downward.
Does there exlst an algorithm to get out of such situations with a

reagonable amount of computatiom?

Figure 3. Effect of the physical limitations



There 18 no general answer to that gquestion.

An idea fs to go back inside the domain with a sufficfently large
gtep and in such a directionm as to get out of the dangerous region. The
method may be successful 1if it is easy to predict size and shape of such
a région. But hill-climbing is a local method precisely used because one

cannot give a global picture of the variety F(x_, Xyr U ¥u) in the 3x{:11:2++.

i
xXu space, and likely any region of large size with respect to the step of
the search.
Beeler uses a very ingemious way Co compute the step of reentry in the
domain, generally along a direction perpendicular to the limit. But this
ig not an abdolute parry.
In two-dimensions there seems to be one, ueing the symmetry of the
problem (which suggests that it s a general solution for all two-dimensional
problems, instead of just this particular problem).
13 the hand is trapped in poaition (Hl.ﬂzj, go to 2.
2) gtart the search from {ED-EI,EEJ.
if mo success, go to 3.

33 gtart from {&1'-52}

4y  start from {HD-EI.-?E}
this must be a success.
Bemark: the four points must beé within the domain. 8o there is
eventually a simple transformation (e.g. homothety of center EEH.EIJ
to be performed initially on {El.ﬂz} See figure 12,

My claim, ¢asily checked, is that if there i{s a golution It can be
found using the first algorithm and that simply parry. Unfortunately this

is inapplicable when the number of dimensions of the parameters space

increases, The amount of computation grows exponentially. For example,

with the new arm having eight degrees of freedom, we would have to start
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the search from Iapnintni Poes there exist a powerful heuristic to choose
among those points?

Another idea ia to go out of the domain, with the hope of coming back
lute; with acceptable wvalues of the parameters, i.e. for wvhich the search
converges. It may or may not work depending om the particuler problem.
With the new arm it does not, If the two-dimensional model 1s generalizable
it 18 easy to ses why. Once gut of the domain (which is convex) the point
{B8y.02) will not come back but go to the next depression and stay there.

If we try to infer the "inner" sclution from the "guter" one, we are
led to a search similar to the foregoing parry, which is inapplicable in
an eight-dimensional space,

There iz at the present time po other idea to improve or assist the
hill-climbing method,

I have shown that the physical limitations imposed on the movement
of the arm are suffficient to make the use of hill-climbing techniques in-
ef ficient, even in the simple non-redundant two-dimensional case. To
reduce the width of the domain of sach parameter by P is to shrink the domain
in the solution space by EP}H, if there are N parameters. This may be bad,
if N is ;nrgt enough.

There may be other causes of falflure, but certalnly not to be found
out easily.

It would help with angles as parameters to make them vary with an
amplitude of Zv. Any solutiom would be made (2Zr) inside the domain,
and the amount of computaticon to bring it back effectively would only grow
linearly with the number of parameters. But unfortunately such a case

bears no reality, we may only hope to approach It as close as the materiality



of the arm permits it.

The manipulation of computer models

of molecular structures [6%] = (The discusslon refers to a series of programs
written under the direction of Professor C. Levinthal.)

The reactions between the small molecules of the living cell are
specifically catalyzed by protein molecules, the enzymes., The framework
of a protein is a chain of peptide groups to which are attached amino acid
groups in a characteristlc sequence,

To describe such a molecule the number of parameters can be reduced
from several thousands to several hundreds on the assumption of the rigidity,
due to chemical constraints, of certain parts. The plane configuration
of the peptide bond allows the representation cf the path of the central
chain by the sequence of the rotation angles, two of which define the re-
lation of two successive peptide groups. The specifications on the side
chains are stored for each of the varieties of amino acid.

Such a description is suitable for study om a computer ofthe deforma-
tions of the molecule toward a minimal configuration.

The function one wishes to minimize may be the total energy of the
copnfiguration, orf more simply the distance between two points of the mole-
cule,

The search is done through local methods, either hill-climbing or
Euler-Lagrange equations with a close formula for the derivatives.

From all the atomlc Interactions a set of constraints is chosen,
among the® the van der Waal forces which are a way of taking inte account

the finite voluse occcupled by an atom. Checkimg for these constraints



can be bypassed. The user may also introduce his owvm set of interactions
and eventuslly reduce the number of degrees of freedom of the model by freez-
ing any part of it.

Twe kinds of trouble may appear durimg thf.aearch. Small rotations
can produce a large variation of the total energy, so angles have to vary
by wverv small steps. But inm other reglons of the parameter space, Chese
steps mav be too small to produce any interesting change. It takes a large
amount of computations to reach a wseful configuration. At the present

time the program does...
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time the program does not have the ability to recognize such things happening
a5 the user can generally do.

This defect reminds one of the mesa phenomenon and requires the same
type of correctlon: larger steps In the search, and some sophisticated
heuristice to transcend the hill=climbing.

Itz cause i3 undoubtedly in the large number of parameters. If intro-
ducing a new arm with a comparable amount of degrees of freedom appears
seductive, because, as we will see, we no longer need be concerned sbout
the physical limitaticns, we must think about imtroducing new defects.

A5 expected, the search can get trapped in a local minimum, which
is not absolute. BSuch minimum does not exist for the real molecule, The
thermal vibration gives it encugh energy to reach the next absolute mini-
mum (the binding force is small, unless the atoms are very close). The
program dees pot simulate this vibration and the intervention of user
which makes small alterations of structures 1s required.

S0 far nothing new of our concernm (for an arm) seems to have happened.
But one has to look a little bit closer. Any function F used in the
gearch depends on a very large number of parameters. The total energy
is sensible to any small variation of any of these parameters. So the
clogest relative minimem of such a function may be extremely close indeed
to the absolute minimum, the goal nf.the search., Said differently, the
gize of the domain where F has only one extremum is extremely asmall,
compatred te a demain where any angle parameter could have a variation of
ten or twenty degrees. There may be simpler functions than the total
energy, #impler in a sense; they do not depend equally on all the
paramecers in any region of the parameter space. One would expect such

functions behave more "smoothly" in larger domains.



As o matter of fact there may exist for any problem a function,
cont inuous and with as many continuous derivatives as required, that will
have its minima at the selution points alone. An Iinteresting theorem would
be one telline <1t least for someé typical problems) whether the search for
such a4 function would be jusitifed by the economy of computation on the
whole hill-climbing process.

In the aolecule=modeling problem & simpler function is for example
the distance between the tm.extremitien of the chain, as wsed in the
"elage" poutlne,

To consider such 2 function does not suppress the local minima,

Let ws assume for example the chain is a portion of planar spiral wound up
several cimes about the origin., To reach a far enough point in the
game plane, it has to unwind and along the process the euclidian distance
between the extremity of the chain and the goal goes through several local
minims. But the distance between these minima, in the domain 1s rather
important l:ﬁ'%p

S0 there is a relatively large reglon where the only minimum of the
funct ion is the one to which the search is directed.

Thut region is where the spiral (or the helix) has unwound enough.

This i= not the only reglion. The chain can he frozen in an helix,
ahout a curve which iz alao an helix, and 80 on..., l.'l‘_re process is itera-
tive. Tt has leen effectively used and with succoss, l:he. CLOSE routine
for example, ef Fectively ¢loses an open chain., The control on the FREEZE

procadure is at the present time by the uger, but It does not seem so



sophisticate that it could not be implemented in the program.

The use of a function F as simple as it may be does not free the
program of the physical limitations. These limitations which are not
directly on the angles but which result from the fact that any physical
entity occupies a volume in space, that it canmot share with any other
entity. The consideration of these limitations can be simply skipped in
perfect lepitimacy, as we have seen. In conclusion, for a simple functicn

we have a simple heuristic to pass the relative minima:

G‘Hll—

oAl
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If the minimum is not a solution
LY unwind the helix
2) switch off the routine on the physical limits

do 1 and 2 until the function decreases.

We have now a model for an arm, with a large number of degrees of free-
dom. To consider movements restricted to theose of helix-like configurations
may appear as a very inefficient use of such an arm. But this inefficiency
may be the price we must pay to have a totally reliable device in a range
we know well.

Unfortunately, such a model cannot be realized, at the present Cime;
the lack of a joint of reasonable silze which would allow the angles between

. |
twe limiting segments to wvary over a large domain 2ui:h-ﬂid:h equal to or
A i

greater than 2n).

The optimal control theory approach - Both foregoing programs may use,

aceording to the relative number of parameters and constraints, Euler-
Lagrang equations, taken from the control theory techniques.

Typical approach along an exclusive optimization eriterion have been
made: on a manipulator with several degrees of freedom by Mergler and
Hammond [ % ], on the "target approach in biclogical systems" by Tomovié
and Petrovied | V6 ], (What follows is a eritique of this particular article
and not of the whole work by Tomowié.)

The chofce of an optimization eriterion directs the search toward a
golution which iz a unique set of values of the parameters. The computation
reduces to the Iintegratiom of a set of differential equations.

To use dirferentiation one needs a mathematlcal description of the



|
constraints and of the optimzation critnrium.!ﬂn enact degseription may

)
be diffienlt when the asystem has a large pyube! of degrees, so linear ap-
|

proximations are used. This adds to the met?nﬁ a problem of step-by-step

|
search. i

Moving an arm is not stearing a boat, [1ﬁurxﬁﬁnrelh y Tomovic keeps

the comfusion im neglecting the constraints JI geuch a problem, thus skipping

one step of the solutiom, optimizing the sufrch baefore knowing whether the

search will po anywhere. o
{

The optimization reduces generally IF guch a panarea 1ike minimizing
I

4
_/Hi dxl de ur/(u*/xiﬂ flf,.i_ ?')dt
de ./ de
2

f
where r 1s a real number, x, are the haradters of the system and ¢ paraster

for the optimal curve from the iui.tiéll poaition to the goal. TIn HMergler
and Hammond study, such a eriterium feaulta in movements which the author
finds unsatisfactory. Tomovié more I'-.Ilntereatad in the timing of the moves,
presents the uninteresting example u£ia movement slong a straight line in
a free space, with a two=-bar linkage hﬁvtng three degrees of freedom.

Such models do not pretend to rtl].r. on a deseription of what happens
In the living organisms. BSince their refults are umsatisfactory, the
beat models are still the living orgenisma, But the description by the
naturalists of the movements and their subjacent mechanisms are extremely
elliptic and of no use to formulate any serious hypothesis from thelr ex-

planatfons.

4ll one cin say 18 that the use of optimizatfon principle does not



seem adequate to describe what we see Iinm mature. It is difficult to pre-
tend that any action iz optimized from its start te its end, even the
gimplest, like reaching a pen on a table, In a first step using kinesthd is,
the arm moves its extremity in the neighborhood of the pen. In a second step,
viglon, tact and kinesthesis are used (How?) for guiding the hand in a
closer position to the right object. In the first step the arm knows
from where it starts but does not know where it will end. If there has
been optimization 1t is certalnly not the simple way one usually thinks.

Iz a gtyle in racing or dancing compatible with optimization?

I suspect the contrel theory approach mot to be the right one at
the present time. It I8 the attitude in which one does not look inte
things. Problems are ﬁut g0 complicated with the manipulators that we
cannot do that. Also it does not seem useful when the main problems are
still at the gear-and-bar level. A multidegree arm is capable of giving
several solutions for ome task; it is still interesting to know what they

are, at lesst at the primitive stage that we still are in.
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Chapter III

Programming the new arm - a geometrical approach

Amalytical geometry in two or three dimensions may be simple. The
medular conception of the arm suggests looking fer anm iterative process
te solve cur problem. Each step would be a problem in a space with fewer
dimensions than the selutlion space, so'  ible with analytical geometrical
REANSE,

Such an idealized process 1s presented on an idealized arm.

An attempt i1s made to adapt the solutiom to the real arm; this leads
to a slightly different method which may give more insight on the motion

cf living organisms (though it is neot the geal).

it is possible, given any polnt within the range of the arm, to find a
configuration of the linking segments which makes the hand-extremity co-=
incide with that point.
& method is given to generate any sclution from & particular solution.
The thecry is illustrated on an arm with four segments. Generaliza=
tion is possible as far as the segments are not too many. Movements of

such an arm In a three=dimensional maze are mot conslidered.

The arm - The relative position of two segments, say Su and Su-1, can

be found throwgh the walue of two angles, one is of rotation sbout 5u-1,
which can take any velue between 0 and Z2¢ Bd (eventually any real walue),
the other is of rotation abowt an axis perpendicular te 5Su and Su-1, which

poeg Chrough tae center of the joint between Su and Su-1. This angle can



N

ve ¢ in a smaller interval, e.g. from =/4 to +#/4 Rd.

There is no distinetion in the following deseription between g seg-

“, ot and its axis, between a joint and its center.

H}-E locus of the extremity of Su, opposed to the Jeint between Su and
5““1*%xx1 space fixed with respect to Su-l, is the portion of a sphere,
centere L ppo, Joint, with radius the length of Su, inside half a cone,
which sunhﬂ is the joint, whirs axis has the gsame direction as Su-1,

and which ar is =/2, |
;

We wish tﬂ‘x_q:ribe thefinEus of the extremity of Su in a system
attached to Su-p.. 5 1 seg fnts have the same length 1. P=2, The locus
is the volume generate !q;%h? foregoing portion of sephere moving about
Su-Z, with two d&greesﬁ’ffreednm, 1_$t the two angles which define the
relative pasition hetwtk Su=1 and 5ﬁ-2+

|

Due to the SFEMEtT}iE revolution of such & locus, it is easy to find

out what it ig:
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it has a mushroom=like shape limited by two curved faces. The convex face
can be defined by its gection in a plane which containa its axias:
a quarter of a cirele, with radius 21, centered on the Su-1, Su=-2
joint, completed at each extremity by an eighth of a circle, tangent, with
radius 1,
The concave face 18 a portion of a sphere centered on the Su=l, Su-2
joint.
p*Z. The lecus Lp can be generated by the rotatlon about Su-p of
a planar surface, which limits are that axias and the two following curves:
= ﬁart of a spiral made of p tangent eights of ecireles, which radii are in
arithemetic progression from pl to 1. The circle of radius pl is cen-
tered on the joint Su-p=-1, Su=-p

- part of a cirele centered on the same joint, which radius iz given by
the point of the spiral, clesest to the joint.

Eventually there may be a depression in the center of the inner face

of the locus. This depression appears for p=3 and disappears for p=6.

Existence of a solution - The first use we can make of Lp is to find

whether a given point in . the three dimensional space is within the range
of the arm with p segments. A point H is reachable if and only 1f it
belongs to the section of Lp by the plane defined par Su=p and M.

Ope may define the limits of that section by circles and by straight
lines separating them, cilrcles and sztraight lines defined by their equations
in a coordinate system attached to the plan, with origin at the joint

Sh=p+l&h-p:
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define the cuter face ,c ,2’,p the inner {ﬁe-

An algaricths to find the existence of a 5alutirﬁ ig:

f
|

1} Compute x and y, the coordinates of the p{ﬁﬂt in a coordinate system
which origin is the joint Su-p+lSu-p, Hhiﬁl x axls is Su-p, which
v axis is in the plane defined by Su-p ETL the polnt,

2} Evaluate some (a) of the Cj(x,¥), Pj{x,y;, ci(x,v), eventually (b)
e'(x,v) dnd p(x). This defines a Eignﬂfﬁattern.

%) There ia a solution if that signs patten is the one (a) of a point
belonging to the sectlon, :
{a) depending on p

(b} 3 s5pst

To be able to use thls algorithm one must know the signs patterm.
One has primarlly to figere out directly (making a drawing is the most di-
rect manner) how the gectien leoks like in order to eliminate circles and
lines in overlapping reglona. This iz simple if p im not too large (several

unitsl.

Algorithm for a seolution - Su-p is on the axis of Lp, with its remoter

extremity {towacd the shoulder) at the distance pl from the center of the



outer face of Lp. Then from Lp one can find simply where Bu-p 1s., A
methaod to find solution is then, with a p-joints arm:

- Once the point is known te be {n Lp

find one Lp=1 contalning the point

then Lp-2, ste.

then Li.

The configuration for the arm is Su-p, Su-p+l, im, Su where Su-j
Eurteghndn to the Lj found. It iz 5 solution. One may ask a question
about [inding Lp-1 after Lp. Tn principle it 4& is possible since Lp
is generated by Lp-1 mowing with Su-p+2, with respect to a gystem attached
to Su-p+l. But it is nat easy practically since Lp=1 1is a volume moving
in space with two continous degrees of freedom.

A gearch, with discrete steps, for the values of the two parameters,

using the analytical expressions of the contours of Lp-1 in order to find
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the position Lp-1, for which the goal-point gives the right signs pattern,
may be time consuming.

If we just want to go one step further than with the methods seen in
Chapter I, we only need to find nn; solution for any goal point. We cam
restrict ourselves to planar solutioms, even to & par ticular type of solu-
tion, smong those whose plane contaizs Su=-p. -

What has been said about L] im the three-dimensional space can be
said about the section of Lj in that plane. The description is one parameter=-
less simpler. One could, in order te find a solution, use the analytical
expression of the curves limiting the section of Lj.

But there 1z a faster method.
= Lj has now the meaning: section of Lj in the plane of the solution -
Lj-1 is given, imside Lj, by the position of Sh-j, i.e. by an angle &
about the joint S5h- +1 Su-j+2.In a cilrcular coordinate system, whose center
is that joint, the poal-point M has a as angle coordinate, All one needs
is to relate § and @, in such a way that Lj-l can contain the goal-point.
For a value o there are ne unique solutions #, but one can choose one
of them in the following wavy.

The crigin sxis contains Su-f+l, by definitien. A cirele centered on
Su-j+15u-j+2 and containing M, crosses L] contours in two points whose

angle coordinates are +g and <. Then § iz chosen as:

m B
u—lll—ﬁ—-ij if a=0
B 1l
u—f-—i——-&} if a <0
b1
This means M

is taken on the positive side or on the negative side of

Li=1, outer coutour.



g is the coordinate of the intersectlon of two circles, which problem re-
duces to the resolution of a second degree equation.

Thus, to find a solution we first check the existence, then iteratively
apply the last method with i taking all the integers' values from p=-1 to
1, included.

The conditions are for the success of the global method:
= the existence of a symmetry which makes the problem reducible to a

problem im the plane
= the gimplicity of the contours . of the loci Lj.

The two conditions are & restriction om the nature of the joints.
Thev should be taken into account as much as possible for a later design
of the next arm. The last conditions could be a restriction on the number
of joints. But for a large number, anyway, we should start thinking of

other methods.

To find more solutions = let us call the joints starting from the shoulder
Jl, JE,...JI. Given a solution we can find more solutions, by rotating
the segments of the arm from 51 to BSu, about the SJk axis and the segment

8, to Sp, about the MIp-k axis. Given one solution this makes

k
2ulp=1) + 1 = Zp=-3 infinities of sclutions available.

For an arm with p joints, we have 2Zp parameters, the indetermination
about theose parameters for a point M in a three dimensionsl space is
2p—3.

Thus as ‘ar as that type of reasoning is valid one has here a way

to find any s lution.



Movements in a4 maze - The next step 1s to move the arm In the presence of

chjects some of which should not be knocked down. At the present time

the only reference on such a problem is & doctoral thesls by Whitney [ 1% ]
who limits himself to the rather uninteresting case of two dimensions.

To my opinion the three-dimensional case 15 a highly sophisticated task,
combining the use of kinesthesis, tactile and visual senses. Achieved,

it will be & decisive step for the ROBOT. But the preliminaries go through
the programming of a bar-and-gears device,

The foregoing method has not been simulated om a computer, since it
appeared more urgent to program the real arm., But it contains the initial
idea for the program actually running, to attack the problem with the
gimplest peometrical means. It is important to remark that the method
subdivides a problem in a Zp-dimensional space inte p problems in a 2

dimensicnal space.



Flgure &, More solutions



MOVING THE NEW ARM

Description of the arm MA-3 — The main parts are a shoulde: and an arm. This
device is made of four long tetrahedral segments or "Seass", with a doukle
symmetry about the longest med:ap in the direction of the corresponding per-
pendicular vertices, These four bones are related to each other through
three joirts, and through what may be considered as two half-joints to the
shoulder and to the hand in a symmetric design. The Joints are identical,
each of them has two degrees of freedom about two perpendicular axes, and

iz powered by twoe cylinders moved by oil pressure, the displacements of
which are measured either by linear or by rotational potentiometers.

The arm has, then, from the shoulder to the hand, elght degrees of

freedom. [ iirg]

Search for a method - With the ball-and-socket joints arm the search for

a configuration in 2p dimensions is found equivalent to a sequence of p
subproblems in two dimensiens.

The segments composing the arm are placed the clesest to the shoulder
first, by the consideration of geometrical figures {in two or three dimen-
gions) of decreasing complexity. Despite the variations of the complexity
the method used at each step is the same. This is due to the symmetry of
those fipures and to the relative simplicity to generate this description,
i.e. in fact due te the nature of the joints.

Such qualities of symmetry and simplicity are not found in the new
arm. .

4 priori the half-joints on both extremities disturb the uniformity



of the iteration process.

In the ball-and-socket joints arm one of the angles could vary from
0 to Zn Rd, which creates that useful symmetry of revolution about each
segment . Unfortunately here better angles can vary into an amplitude only

glightly preater than w/2 Rd.
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Whis creates odd shapes for L., L, ete. - apparently difficult to work with.
It could help instead of -symmetrical tetrahedra, having agymmetrical ones
with four right angles. But I do not think the improvement is worth the
madificat ton, It is more important to try to extend the amplitude of wvaria-
tion of angles-parameters.

The last disadvantage and the major ome at the present time is the faet
that the joiuts are without center, thelr two rotation axes do not meet
and by a non-negligable distance. This makes any nice portion of sphere
one could have expected become a portiom of forus.

This fact has been neglected in the first version of the program
then taken into account with error-correction formulas in the second
version.

Thus the method used for the ball-and-socket joints arm is not ap-
plicable from the shoulder to the hand.

Let us assume now the joints have a center, called ﬂu Cl EZ Eg ﬂﬁ
from the shoulder to the hand.

The position of Ci in a system attached to the shoulder is given
by the value of three parameters. Symmetrically in a svstem attached
to the hand, the position of CI iz also given by three parameters.

This suggests a way to solwve the following problems:
find the configuration of the arm which gives a known position of the
hand, defined by a point in the three dimensional space of the arm and
the orientationof a coordinate system attached te the hand, in the same
space.

In any configuration of the arm, Ez is in the common part of LEs’



which is L2 taken with the shoulder system as initial system, and of
Loys @0 L, with the hand system as initial system, Loy and L,y have
identical shapes. But any common point to L23 does not correspond to a
configuration since the joint between the second and the third segment
has phy=sical limltations.

Thus the method is:
and I

1) find the intersection of L then

Pt 2H'
2) check among the points of this intersection the physical limitations,
and keep theose which verify them.

One has now to define Lzs and L and find their intersection.

2H
Using exclusively analytical means do not seem workable, This leaves
two possibilities:
1} define LEH' ng by two tables of poines and take as their intersection
the couples of points which distance is less than a certain threshold,
) define LIH or L, by a table, and keep the points to which by apalytical
means, it is possible to associate three parameters' values in the
other system,
About one hundred points seem to define a good resolution for LE' This
makes the first possibility a little prohibitive in terms of amount of
computation. The second has been preferred as it has revealed success.
However, there is in the choilce of that method more than exclusive

pragmatical reasons, and compromises to adapt the method found for the

ball-and-socket joints arm.

= T—Lan==



pevehologists bave published & large number of studies on motion. Thesa
studivs are esgentially descriptive and not wvery explicative about the con-
traol of motien, For human beings one explalnes generally that the cere-
bellum, which performs a complex and precise continuous action of control,
is analog to an "electronic computer controlling the flight of a guided
missile" [8]. At the present stage of anatomy, it is difficulr to say
more about the cerebellum and its organization but at the present stage
of computer science it is possible to say more about computers. In par-
ticular, one can say, after the unsuccessful attempts from the optimal
control theory, that moving an arm requires a substantially different
organization in a program than the one necessary to guide a missile.

Another possible source for help would be the work by Piapet.[i%]

But Pilaget's concern is at a rather higher intellectusl level than one
which could be useful for our primitive machine., As a matter of fact,
his studies on the child start too late for us when the baby has already
learned a lot of tricks, where one c¢ould hope finding one of those
hypothetical "primitive"” motions that a mechanical arm could copy.

S0 very little in fact can be taken from the natural sciences. But
program dees not pretend to be a model on its own, it mav be a link be=
tween the twe flelds.

Either through learaing or through "wired in" organization, we know how
to perform a certain pumber of mntiqnsihhpptﬁitf;wé implementation of
such an innate or acquired memory iz the table describing LEH' This
table simply means that the part of the arm, between the elbow I..2 and

the hand, dnows how to reach certain points in space.



Very often when a task is performed only one part of the body geems
to be under a nearly conscilous contrel, when what remains of the body seems
to "follow" the motions of that part, [..25 is just the portion of space
where the arm can follow the hand,

0f course, LIH and the method te find the intersection between LEH
and LER are very primitive features, For example, having only one LEH
does not take into account that many actions are transferrable to many
parts of the body. The same final resulting motion of the fingers may
lovolve the fingers alone as well as the whole arm.

But that program must be understood a5 a starting point. It iz an
dttempt to apply at an early stage, at the gear-and-bar level, that
common idea in Artd{ficial Intelligence, that sur activities even those
which seem simple, are controlled through a hierarchy of different
mechanisms.

In the organization of the program, the ordinary three-dimensional
space, or the five-dimensional space of the hand nritntatiﬁn—and—pnsitiﬂn
are considered as simply fiberspe c¢ where LIl is the base and where Lo
is the fiber over any element of LEE'

It is not worthwhile to go further now. I would like to think my
program s a starting point to put inte practise abstract ideas such

as those by Greene on control [5].

Image = As already said, the displacements of the joints are measured
either by lincar or by rotational potentivmeters. For comvenience, the
parameters of the program are angles. A configuratien of the arm can be

given by the w.lues of these angles {aﬁ.El,Eg.ﬂﬁ.Uu,ﬁ5lﬂﬁ,a?J or by the



corresponding values of the potentiometers.
Ope of the main tasks of the program is to find the intersection
belongs to that intersection 1if there

between L and L & point of L

23 2n° 2H
exlst cthree values of &p, @), 8z within their domains such that the cor-
responding Ly and the point of LZH coincide.

Descripbion of LEE: L25 iz the volume generated by Lla rotating
about the axis of the shoulder. Lls is the surface generated by CE when
the two peraneters of the first whele joint varv. 11E is a portion of a
torus. L, . corresond to the value O of 8,

M is the given point. Hl is the intersection of the circle, to which
M belongs and which has the same axis as the shoulder, and of Llsﬂ' Tha
difference between the arguments of 5m and SM1 in the plane of the circle
is dp.

A1 and &; are the parameters of Ml on Lliﬂ; they can be found if
one realizes that Ml can be obtained from the point (0,0,0) by displace-
ments of the joint about two perpendlcular axes, displacements of ampli-
tude @) and B=.

The only difficulty is that Lluﬂ iz not a simple surface, to take
the intersectionm with & civele in apace. In a first stage, leﬂ Was
approximated by a portion of sphere, cetnered in i:'l and tangent with
Llsﬂ on its loweat point (with respect te the showlder). Then the
approximation was tested using a funccion called IMAGE, whose three

arguments, used in a8 first step to generate the three cartesian coordi-

nates of M, had to be returned as intact as possible as values of



Figyrpo

1o,

L]=s0

yi



Bgs %, %2 found through the foregoing method (THI).
It was soon gquickly found that the output values of 4 and §; were
independent of the input (and output} value of fp. So the method was

tested through IMAGE (0.7 @83 8z) with 400 couples of values of &)

and 05, these angles varving between 1.4 and -0.5 Bd.

Both approximations on 8 and 8; are corrected with linear formulas,
which center the approximations on the input walues with a dispersion not
exceeding 7,3% of the domain amplitude, and whose mean value is between
4 and 3% of that amplitude.

In a very early stage, the method was tested on an arm with centered
Joints, IMAGE was able to return the values of 6y, 9;, and 87 without
any chanpe on the first five significant digirs. My opinion is that the
present results are satisfying. Esgentlally because any imprecision made
in an early stage of the program is corrected Iinm the following stages.
Remark: There is a region on L1 a0 where each peint corresponds Lo two

set: of values (&), ©2). So one may, and this is normal, obtain
two sets of values (fy, 6, B:) for one point M. This normal
ambiguity may or not disappear in the later stages.

Details on IMAGE can be found im annex.

After these explanations on the weak point of the pgﬁgrlm, I will

optbline the miin cperations it performs.

The program - step 0: Once and for all the “"table" describing L,
was computed. It 1s a 1list of couples of triplets (=xyz) (85 6y B7)

which represent the carteslan coordimates im a gratem attached to the



hand of the position of CE for the value g Bg Ay of the three last angle
pi]‘.‘ﬂ.ﬂlﬂtt"l’i .

step 11 The data is the position and the orientation of the hand.
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Afcer cogputation of the coordinates of the points of LEH im a system
dttached to the shoulder, step 1 performs a first elimination on those
points,

gtep 2@ Applies to each point the following procedure:

1} TMI which returns either TMPOSSIBLE lar a list of sextuplets (Agfqd.
Bs8gd7).
- if the result is IMPOSSIBLE 1, the program looks at the following
point or skip to step 3
= ptherwige it poes to 2.
2) The positive result from TMI, tells that there is a presumption of
golution. The phveical conditions are checked by VERIF, which result
may be IH?DSSIBLEE’?EQ 8y 8 85 B A7)
- if the result is IMPOSSIBLEZ, the program looks at the following
point or skip to step 3
- otherwise it goes to 3,
3) #@p, 9y, Bz, Bg, 85, By are fixed. The arm is then egquivalent to a
device made of two bars. &3 and By are computed such that the position
of the hand coin cides with the position of the goal. The result iz aither
(8 0y B; A3 By Bg O O9) or IMPOSSIBLETH. The result is put im & list L.
The program looks at the following point or skip te step 3.

step 3: Considers L, If L contains a 1ist a number (at least)
it is taken as a solution., If L does not contain any number, the program
considers pew points in the neighborhood of these for which either
IMPOSSIBLETH, or IMPOSSIBLEZ, or IMPOSSIELEL have been cbtained. [R].

If such a rescarch fails, the program ad&a new pointa to the liat which

enters step 2. IF this fails 1t returns RO SOLUTION.



Besults - The result may be expressed in Bd or in pot values. Since it is
difficult to find a possible geoal, a prieri, a small program generates
position end orientation of the hand corresponding to eight values 4,

81, 82, ®3, Oy, Bg, Gz, 87, The reasult gives the data for the main pro-
gram called RECHERCHE.

Une may or may not obtain the values back since Bg, 95, ©7 are not
necessarily values in the table representing LEH‘

The program works In a domain which is more restricted than by the
physical limitations (-0.2 < 6<1.2). The results being generally less
satisfying when one of the angles takes a limit value.

The number of lists obtained for a solution is valuable, oscillating
between one and more than tem.

The validity of a solution may be tested on the arm (there is a
emall program which permits one to give manually certain values to the
potentiometers of the arm).

Ancther way is to compute position and orientation of the hand from
the cbtained values.

The absclute error on the position of the hand {s less than 2" on
any axis, which represents 5% of the range of the possible motion. The
error on the orientation is more difficult to appreciate.

Despite their number the solutions generally proposed for an initial
goal are aot very different.

1 tend .o believe this is due to the physical limitations of the

arm, which makes the redundancy of the four bars less impres=ive than 1t

should be.



[R] remark: the last version of the program builds lists at each step

and applies the iteration process to the first list which containg anything
less than KIL. The first eliminstion process is such that if the answer

is HIL there is ne sclution.

Bo the program canm answer N0 SOLUTION wery early and mot only aftcr
the iteration process. The iteration process is not satisfactory at the
present time, 8o, I have tried to modify slightly the table and the
general search, in order to aveid iterationm.

THI' domain is Bx6, =-0.25 = 8 = 1.25

It can be easily extended but with a predictable but not controllable
logs of precielon.

HESSAI' domain {without iteration’ appears to be irregulsrly shaped
for angle walues between =0.25 and 0.25, but it seems to be dense enough for
values between 0.23 and 1,25, The prosecution b VERIF seems te be &
non-necessary refinement since MA 1s not very long.

The change of central table has shown that the initial list of proofs
1 an important contributing factor to the success of the method without
iteration, A greater density of points for the values of ﬂdﬂl.ﬂz between

-0.25; 0.25 may be the selution to skip any iteration.
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th the present time the program has not been tested In real Clme.
F;r that purpose it will have to be rewritten into a faster lower languagc.
Certainly at that point new improvements will be foumd. One may for
example wish to ha;; twe mades ;E aea;:h, glow and fast. In the faster
made, the search can be éndﬁd once the fatat :unfigutﬂt{u;1hus been found.
Another possible way to speed up the process is to skip a [ew steps at
the beginning of the program.

The manipulatibn of lists, as it is performed ﬁﬂw, requires some
stqrag;, That storage is certainly the price ﬁn be paid for the simplic-
ity of the ecomputations om each element.

The essential merit of the program remairs the ability of finding
several cuufigufatinns of the arm for one E”ﬂi;

I propose the following way to describe the different solutions.
o : .
Each segment has nine dis ré:: positions with respect to the paxt

to the shoulder, only the firgt segment has three positions with respect

ey

ta the shoulder.! The hand is

3 congidered as a fifth =segment ﬁith

three positions,

A configuration of the arm is

represented either by [11 I; Xy %, xE}

with ﬂs::«l-}.'lzll :
b Hé.;l+xﬁ=l,2;;i},5

or by



(W tigatigaug) (950v3.¥4475)
with

e e L T LA T LA B 1,2,3
The two descriptions are equivalent:

. =U

171

X -ui-l-{vi-l}ﬂ- 2 {84

1
]{3-\?3

The second descriptien is more suitable for a graphical representation

than the first one, one configuration of the arm can be represented by

two linear figures to be dravm among 33,

Example:

(18243) =(1,213) (312,3) = (1,213) sym (132,1)

I
/| -
/ /
/- | ' |
/ ~ o/

(1,213) (312,3) %mm (132,13

the two figures are not unlike the two projections of the arm onto

two perpendicular planes.
The following use could be made of such representation:
- the goal is pgiven by a point, the matrix orientation of the hand
and some idess about the configuration of the arm.

These ideas may be expressed using the foregoingy represencation.



- The program on the new arm proposes different configurations for the
goals (point, matrix orlentation) which may be expressed with the same
representation,

= The cenfigurations are chosen which have equivalent or clese descriptions.

Remark: such a discrete representation suggests a new way to describe

the new arm, 85 & patR. through a three-dimensional graph
{or five=dimensionall.

This may be ugeful later when planning the activities of the
arm will become less abstract,

Ancther arm? = In Chapter IT the proteln chain offers a model for an arm

with a large number of degrees of freedom.

Its usefulness still depends on an open question: Does there exilst
gimple functioms (like a distance) here for which the enly extrema can .
be solutions?

If the answer is wves - that is what I had to believe but cannot
prove it mow - iz adding new degrees of freedom, the way to get rid of
the disturbing saddle-like points?

There are two directions of improvements which deﬁends more op the
mechanical engineer, but where gears, bar and programming should be
gtudfied at the same time.

The symmetry of the arm should make it describable in geometrical
terms Eor any reasonably large number of degrees of freedom.

The physical limitations have to be pushed as far as possible
{to gain here i= exponential). It ig not the easiest problem if one
wants to have a device powerful enough with a reascnable size unless

one decides to send a weak gilant to the moom or to 1 space statiom.
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tumerical data on the Amm

segment
plate
; L.L5"
L —_ =
£ . L -
either 1.063" or 0.84375"
™ - ( joints 1 and 2}
I
'
l
L.15*
§= 7788'2"
i . Cylinderllungth varies between
7.30" and 10.30% .
B

AR = B 277"



MMEX LI

Here 1s outlined what three of the major features of the program do.

The coordinate axes were defined as they are
on the fipure, attached Eo a segment or to a

plata, All wvector coordinates are contravariant.

THL

x,v,2 are the coordinates of M in a svstem

|

attached te the shoulder.5,M,Ml are in the

game plane perpendicular te the z-axids of

p
Hfffj; the first segment.If it exists ﬁﬂ is the dif-

ference between the angle-coordinate of M

¥ and of Ml im the plane.The angle-coordinate
of Ml is solution of the equation:

1,125 sin g + 8.85829 cos £ =

%+t 4z + 1.125)° - 22,78
Ly el T

where

11,78 = {10.1250312 - [(1.125}1 +{E.EEEE?JE]

10.12503 being the radius of the sphere ap-

proximating L150 .

Y1 0% being two of the coordinates of M,in 2

system attached to the first segment , * is




golution of the eguation:

y, sin B - (1,125 +2,) cos @ = 1,125

X3 » ¥2 peing two of the coordinates of M,in a system attached to the first

plate, 52 is given by the expression:

"3 99213 - y, 1.125
1,125 + y, 9.9313

Arctg

*2
So far ml has been an approximate way of solving the following system of

equgtions,where ﬂJ e;‘&.! are the unbnown

= —

- . = T =
X 0 cos Eﬂ sir ﬂ} 1 0 0 -] L caa% sirﬂ] 1.125 | (0.0 125
vi| 0 -8l ﬂ co B 0 r_'mﬂ ~al1 & ~
] I 1 L 1} -si E.d l:n-sﬁ__ g a9 'y aelle. 9213
Lt 0o o (|0 s @t 0o wff 5 feop-1.25

The corrections made op 52 anclﬁl are given in the text.

It appears that anv input value 3“ gives two output values 6 ﬁ_u'.i}ne
iz very close to 6‘:1, the other is more dr less close Lo 'ﬂﬂ-ThiFl means
when, we Ery to puest 9“ from ﬂm we have to consicer only the part " he
figures close to the l.j.ﬂe

g._ﬂ:l.ﬂgiunﬂ‘

where by clanee we have the best appreximation for aﬁi‘

VERIF

checks 1! ‘ollowing conditions:




1. Hinges xz and “!' adre,onthe same plate, perpendicular i

=+ =
H2+H2 = 0

Y
X, ={ cos 8, cos @, + sin EU cos @) cos @,

cos dn (1 d']_ gin l2 ~ain !ID cos IEI2

sin ﬂllin EII
121 18 to the hand what KI i3 to the shoulder ,If{A)is the matrix whoge
columns are the vectors defining the direction of the harpd;
r -
X' = w Y,

The condition is ¢

- -
X (A)K, = U

2. The plate can only rotate within limits:

~a1n0.4 T, {stn 1.3 .

3.The third seg-ment can only rotate within limits about I.’!
~sin0.4 ¢ (Xp i)Y, sin 1.3 ,

2 and 3 gimply express the conditions;
0.4 ga.jg 1.3
_U-i-'!l' é.:' .il.a »
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The arm is equivalent to atwo-bar linkagu,whaaé segments are Eﬂlamﬂ a,.H.

- —»
EG]J'@"'EG 5

where © is the goal.

—
sTd’l = 50,( 8,,8,,8,) "
1 o EI‘| coR ﬂ&.‘liﬂﬂﬁﬂ
—ip T'llr _“*"lII
0, = |0 cosdy-sind,| (0]0; +|sin @,cos@,0| 04" ) )
0 =i a 0 01
- B nﬂ3 cos 3 i 3

ﬂl"ﬂli = (0, 0.84375,0)

-
u:TEﬂ' = 0.H (8,8,,8,)

The coordinates of G in the system attached to the segment are X,¥,Z,

the coordinates of H in the system atbached to the third segmentf,n,C.

g, is & solution of the equation:

(1) u 1:1:1554 + ¥ Ei“‘ﬂ‘ﬂ_ w £

EJ- 1=:

(2) Arc:gl:l'ﬂﬁ'a + ¥ Enﬂﬁ - X ainﬂl'# ¥ -&n

(1.063 + y cosd, - x sin@, ) + =t

MA solves (1) after having computed x,v,z,¥,7,Tthen applies (2).

sl



ANMEX I1II

BEELER'S PROGRAM

The goal is given by the coordinates of the point to reach x,y,%,two,orien-
tation measures”,functions of the coefficients of the matrix of oriemtation
of the hand, Hl’HE‘

K*F'E'HI'HE are approximated by close formulas of the following type:

a% ax A
% (ppsasPg) = % ¥ LApy Fp + Py gy Teeet P Fpg.

2
+ Ttay, 3° x + dgg, 2ox + hqg, 3o
E+p ap El+p 3-]:1 El+p ap
1 3 I 5 7
+ hgg, 321 + ﬂqﬁﬁ sz + &qﬁa 32 X ]
P, Tp 3Tp.2p 3%p 3"
Pa¥ Py Pg? Pg 5" Pa
X 323
in ﬂhith-g—— is an estimation of the partial derivative,and =—-~ 1=
FER 37p, 7 0y

defined for 'p'-'ltncrm-.asing and Py decreasing.
The main part of the program computes,using Legrange multipliers, pl,‘pz,
Pgr Tyqaces qﬁﬂiu-r:h
{ﬂpl +.§.ql]}2 + (&p, +£q2,}2 + {ﬁp] thgq g ~b qlii + (ap, *hn e = ﬂqzﬂ}z
4

2 2 2 A Z
(hpg +hag, = Bayy)" + (0pg +idgy = ba,g)” + (hpy = Bagy) + Ling Mgg)

he minimsum,



The result is a vector inm the B-dimensionnal parameter-space,each component
being the amount by which a potentiometer has to be adjusted.

Various tests are then performed im order to see if the point in the para-
meter-gpace will move outside the physical limits.If soc it may be ‘brought
back either onto the limit _at the next iteration the corresponding parameter
will not vary_or inside the limit at the clﬂ$l5£ point to the goal on a

straight linme defined by the starting position and the point outside.
The program iterates from the new position.

If the preceding method faills te brinmg the polnt cleser to the geoal a
systematic step by step exploration (with decreasing steps eventually)

is made about the starting point, in certain privileged directions.



iw g
Ll
R
LT
LR
Leal g
rqhuu
[Py
LE
vl
bile
L §w
(S
Jla

Wl

Mhd
Wi

Yud

Wiwd

(SR
[N
[SRENFY
Wi
w )
bl
Ll g
bwd
Wil
el
bl
bl
ke |
bkl
Wi
il
Ui
Wikd
[TLLN
(TR
wd
L g
w bl
[
Wl
W
TRy
TR}
Lud
bt s

Ll
Ly
Wi g
(LR
WL

o Lty

g s
bl

url
Ula

LERTI)
[T
Lixa
e
LE3
o el
(T
s
widd
Lo
vhe
(-
g
JLETL |
LERTE
Uiy d
(=]
LD
PR
Wil
Wi
[AR=1K}
12.].%
L
G
(=1 4
oo
SNV EL]
EFE TS |
wa

(ERF ] ]
U
[ER N
Lrrgry
L3

W
Uk
T

Tllee AamM

LR
HEg
L=a
T
e 4]
FEjs

¥

ANNEX IV

iifuryEs] A Bmall Program written in

iMapLrysay
JPALmEs MIDAS,to use the potentiometers.
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How f¢ uee the program on the ITE of the A.I. group at Project MAC.

The program ia on the DEC tape JYA under the name MOVE NEWARK, the
imitisl table fs under themname TABLE ARM. One has just to call a eer-
taln ounbéer of mmeclcal functione, from the binsry file LISP WIM 1 on
the gane tapa,

The procedure is tha following, in DDT

LISPSJ

dev «GL. LISPF NOML CR

8o

The machdne then asks for allocation.

Tee interesting functions for an experiment sre:

NEECH which takes as argumenta the cootdinates _l'nd the matrix o-
risotation of the goal, and returns either the angle-valuss
of the solutions or WO SOLUTION

TEST takes am arguments sight angle-valuss of thes parametars,
gives the same type of result as FRECH does,

HESSAL takes the same arguments as TEST, returns the solutions
expressed In angle and potvalues, and coordinates and
matriz orientation of the goal for sach solution.

SOLUTION takes ad argument the cocrdinates of a point in a system
attached to the hand, and the angle-values of the
parametara; returns mrdlln“u and matrix orientation

of tha goal,
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