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Abst rac t 

A versatile assembly system, using TV cameras and 
oomputer-controlled arm and moving table, is described. 
It makes almple assemblies such aa a peg and rings and 
a toy car. It separates parts from a heap, recognising 
them with an overhead camera, then assembles them by 
feel . It can be instructed to perform a new task 
with different parte by spending an hour showing it 
the parts and a day or two programming the assembly 
manipulations. A hierarchical description of parts, 
views, outlines etc. is used to construct models, and 
a structure matching algorithm is used in recognition. 

1, Introduction 

A computer-controlled versatile assembly system 
has been programmed during the past 12 months using, 
the Edinburgh hand-eye hardware (Barrow aid Crawford ) 
The equipment (Fig. 1) consists of a moveable table, 
a mechanical hand with sensors and rotating palms, 
and two TV cameras, a l l conneoted via an 8X Honeywell 
316 to a 128K time-shared ICL 4130 running POP-2 
programs. Several other programs are running on 
thia equipment, including a program for recognising 
irregular objects and one which packs arb i t rar i ly 
shaped objects into a box (Mlchie et al ). The 
program described here is our most ambitious effort . 
It is capable of assembling a variety of structures, 
and much of our effort has been spent in enabling the 
machine to acquire descriptions of the parts for 
i tse l f using an overhead TV camera. 

Related work has been carried out at Hitachi 
(EJiri et al), at MIT (Winston45 ) and at Stanford 
University (Feldman). The Hitachi program could 
build a variety of simple structures of blocks from 
line drawings of the structure, the HIT programs can 
learn concepts about structures and copy an arbitrary 
structure of simple blocks given spare parts, and a 
recent Stanford program can assemble a simple auto
mobile water pump using preprogrammed hand manip-
ulations. 

2. The TAsk 

A number of parta are placed by the operator in 
a heap on the table (Fig. 2, peg and rings). The 
machine's task is to separate the parts and recognise 
them, then to assemble them into some predetermined 
configuration (Fig. 3). Figs. 4 and 5 show another 
example, a toy oar. We are currently thinking in 
terms of up to a dozen parts with outlines described 
by up to twenty or so straight or ourved segments from 
any one view, possibly with some holes of similar 
complexity. 

In order to explore the capabilities of a 
computer-controlled system aa opposed to a 
conventional electromechanical device we seek a 
versatile assembly system. The demand for versa
t i l i t y is also calculated to raise interesting 
aspects from an Ar t i f i c i a l Intelligence point of view. 

Our goal has been to develop a system which 
enables one to:-

( i ) think up a new aaaembly involving a k i t of 
parta which have not been used before, 

( i i ) spend a day or so familiarising the machine 
with the appearance and manipulation of the parts and 
instructing it how to assemble them into the required 
structure, 

( i i i ) leave the machine unattended, busily making 
the structures ad nauseam, provided that a fresh heap 
of parte is dumped on the table from time to time. 

We have achieved this goal for simple structures. 
We can show the machine half a dozen new parts and 
instruct it how to lay them out ready for assembly in 
about two hours; interactively programming the 
assembly operations themselves takes four hours or so. 
The machine can make the structures l ike the peg and 
rings, the toy car or a toy ship unassisted,but slowly, 
taking an hour or two to find and assemble the parts. 
It completes the assembly correctly about four times 
out of f ive. It should be possible to ease the 
programming of the assembly operations somewhat, but 
removing the need to program movements in terms of 
numerical co-ordinates would need a new approach. 
The system is about 50K of POP-2 code. 

3. How The Syatem Performs the Task 

The system transforms a heap of parts into a 
completed assembly, typically going through the 
following s t e p : -

Layout: Identify parts visually and put them in 
standard positions. 

1. Locate a l l parts or heaps of parts on the 
table using the side camera (wide angle). 

2. Inspect each part or heap with the overhead 
camera. If it is recognisable as an isolated part 
pick it up and lay It out in a standard position and 
orientation. 

3. If there are no parts or heaps l e f t , or if 
a l l the required parts have been found go to step 5. 

4. Using the overhead oamera look for a 
protrusion in the smallest heap, grasp the protruding 
part or parts and separate them from the heap and go 
to step 1. If it has no protrusions try to break up 
the heap by picking it up as a whole and turning it 
over so that it fa l ls apart. If this does not work, 
t ry pushing it with the hand at various heights. If 
s t i l no success, try another heap. Go to step 1. 

5. If some parts are missing, complain. If 
there are more parte than are needed, clear them away. 

Assembly : 

Pick up each part from its standard position and 
insert it into the assembly, by feel . A workbench 
with a simple vice and various working surfaces is 
used. 

The program is written as two quite distinct sub
programs, layout and assembly. At present they do 
not communicate; they both know the standard 
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pos i t i ons and o r ien ta t ions of the pa r t s . The layout 
subprogram uses descr ip t ions of the par ts , acquired 
dur ing the i n s t r u c t i o n phase, to recognise them, p ick 
them up, t u rn them over if necessary and put them 
i n t o standard pos i t i ons . The assembly subprogram 
works b l i n d , using no i n t e r n a l descr ipt ions of the 
p a r t s . I t i s w r i t t e n i n t e r a c t i v e l y dur ing the 
i n s t r u c t i o n phase. 

The system car r ies cut the steps l i s t e d above at 
'execut ion t i m e ' . I t is able to do so because the 
f o l l ow ing steps have been car r ied out prev ious ly at 
' i n s t r u c t i o n t i m e ' . 

A. I n s t r u c t i n g the layout program 

For each par t in each s tab le state ( e .g . r i g h t 
way up, or on i t s s i d e ) . 

1. The operator places the part on the table 
under the v e r t i c a l camera, the machine takes a 
p i c tu re and creates from i t an i n t e rna l deacr ip t ion of 
that view of the p a r t . This is repeated several 
t imes, and the machine adjusts i t s descr ipt ions each 
t ime, tak ing note of the va r i a t i ons caused by 
r eo r i en ta t i on of the par t and imperfect p i c tu re 
in fo rmat ion . 

2, The programmer types in on- l ine commands to 
move the hand, to p ick up the ob jec t , tu rn i t over, 
put i t down and p ick i t up again i f necessary, then 
to put i t down in the standard pos i t i on and o r i e n t 
a t i o n , ( i f the assembly has several i d e n t i c a l par ts 
separate commands are given f o r pu t t i ng each one down 
in i t s own p lace. ) The programmer intersperses these 
commands w i th i ns t r uc t i ons to remember the current 
s t a t e , e .g . when the hand has closed over the p a r t . 
The system takes a note of these spec i f ied states and 
at execute time constructs a sequence of act ions to 
put the par t i n t o i t s standard pos i t i on and o r i e n t 
a t i o n , 

B. Wr i t ing the assembly program 

For each par t 

1. The programmer puts the part on the table in 
i t s standard p o s i t i o n and o r i e n t a t i o n , and he i n t e r 
a c t i v e l y devises and ed i t s some POP-2 program to make 
the machine p ick up the par t and f i t i t i n t o the 
assembly. His program uses basic move and grasp 
operat ions, and two high l eve l manipulation operations 
provided f o r constrained moves and hole f i t t i n g . 

4. The Layout Subprogram; Descript ions 

We must f i r s t exp la in the k i nd of i n t e rna l 
descr ip t ions of par ts used in the layout program. 
We can then show how it creates these descr ip t ions at 
i n s t r u c t i o n time and how it uses them to recognise 
partB at execution t ime. For c l a r i t y we have 
s i m p l i f i e d a few programming d e t a i l s , g loss ing over 
some unnecessary or un in te res t ing d i s t i n c t i o n s . 

The program works in terms of a hierarchy of 
concepts c a l l e d e n t i t i e s , each represented by program 
data s t r uc tu res , having other e n t i t i e s as i t s com
ponents. The e n t i t i e s used are summarised in 
Table 1 and Table 2 gives a b r i e f descr ip t ion of each. 

TAble 
. - — ' . 1 1 . 

Hierarch ica l s t ructure o f e n t i t l e s 
An e n t i t y is e i t he r a table top, or an ob jec t -se t , or 

an ob ject , or a pa r t , or a hand, or a workbench, or 
a heap, or a stable s ta te , or a view, or a reg ion , 
or a ho le -se t , or a ho le , or an o u t l i n e , or a seg
ment. 

A table top has an ob jec t -se t . 
An ob ject -set has objects . 
An object is e i t he r a p a r t , or a hand, or a workbench, 

or a heap. 
A part has stable s ta tes . 
A stable s ta te has a view. 
A view has a reg ion. 
A region has an out l ine and a ho le -se t . 
A hole-set has holes. 
A hole has an ou t l i ne . 
An ou t l i ne has segments. 

Table 2 

The e n t i t i e s used 

The Table top is the whole c o l l e c t i o n of things on the 
t ab le . 

An Object is any physical t h ing on the table which can 
be seen or touched; i t is i n i t i a l l y d is t inguished 
from i t s surroundings by c lear space on the t ab le . 

A Part is one of the separate pieces needed f o r the 
assembly e .g . one of the wheels of the car. 

A Stable-state is one of the states in which a par t 
can res t on the tab le , i r respec t i ve of o r i en ta t i on 
or pos i t i on e .g . on i t s s ide , upside down. There 
should be only a small number of d is t inguishable 
such s ta tes . 

A View is an analysed TV p i c t u r e . 
A Region is a connected l i g h t area in a p i c t u re , 

possibly w i t h darker holes (we use l i g h t objects 
on a dark background). 

A Hole is a dark area ins ide a reg ion . 
An Outl ine is the outer boundary of a region or ho le . 
A Segment is a segment of a c i r c l e (up to 360 ) w i th 

spec i f i c length and curvature (zero curvature 
means a s t ra igh t segment). The i r r e g u l a r boundary 
of a region or hole is analysed i n t o a small number 
of segments by curve f i t t i n g ( F i g . 6 ) . 

Bach e n t i t y e i ther has an n- tuple of components, 
or it has a aet of components. The size of the 
n-tuple is f i xed as in the above ' syn tax ' , f o r 
example a region has a pa i r of components; but the 
size o f the set i s not f i x e d u n t i l i n s t r u c t t ime, 
f o r example the system discovers that the hole-set of 
a car body side view has two holes. 

An e n t i t y may possess proper t ies and some 
re la t i ons (at present only binary ones) may subsist 
between i t s components. The proper t ies and re la t i ons 
have names and may be t ru th-va lued or take values in 
some other domain such as numbers. 

We make an important d i s t i n c t i o n between two 
kinds of e n t i t i e s : model and i n d i v i d u a l . Bach has 
e n t i t i e s of i t s own k ind as components. An individual 
e n t i t y is an i n te rna l descr ip t ion generated by a 
p a r t i c u l a r exposure to a physical objeot using 
informat ion from TV camera and hand aensors. Thus 
when the operator puts a car body on the t ab le , the 
machine takes a p i c tu re , turns it over and takes 
another p i c t u r e , one i n d i v i d u a l e n t i t y of type ' p a r t ' 
is generated and two i n d i v i d u a l e n t i t i e a of type 
'view' are generated, together w i t h i nd i v i dua l out 
l i n e s , ho les, segments e t c . A model e n t i t y , on the 
other hand, is a summary or composite of a number of 
such experiences. The end resu l t of the i n s t r u c t i o n 
phase is a co l l ec t i on of model e n t i t i e s incorpora t ing 
the system's knowledge about the p a r t s , t h e i r v iews, 
out l ines e t c . ; the i n d i v i d u a l pa r t s , view and ou t -
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l i n e s which gave r i se to these w i l l have been d i s 
carded. 

The important operat ion in recogn i t ion is the 
c rea t ion , from v i s u a l and t a c t i l e sense data, of an 
i n d i v i d u a l e n t i t y which matches a model e n t i t y and 
whose components match the components of the model 
e n t i t y . The i n d i v i d u a l e n t i t y contains a po in te r to 
i t s model and one to i t s sense data, thus binding 
them together; i t a lso contains c e r t a i n spec i f i c 
in fo rmat ion , e .g . p o s i t i o n and o r i e n t a t i o n , not 
appropr iate to model e n t i t i e s . 

There are a few exceptions to the above. The 
system does not create models f o r i t s hand or the 
workbench at i n s t r u c t i o n t ime; these are given 
beforehand. There is no model f o r a heap since an 
i n d i v i d u a l heap is generated by e l i m i n a t i o n , on 
f a i l u r e to recognise a p a r t , hand or workbench. 

The system has a data s t ruc ture f o r each model 
e n t i t y and i nd i v i dua l e n t i t y ; these are POP-2 
records l i nked by po in ters to t h e i r components i n t o 
t ree s t ruc tu res . There is a lso a data s t ruc tu re f o r 
each e n t i t y c l ass , f o r example the c lass 'v iew' and 
the c lass ' r e g i o n ' . Each model or i n d i v i d u a l e n t i t y 
belongs to some c lass and c e r t a i n data per ta ins to 
the c lass as a whole - f o r example a l i s t of the 
p roper t ies which an entity of that class enjoys and 
funct ions fo r computing t h e i r va lues. 

To b u i l d e n t i t i e s the machine needs raw mater ia l 
which we sha l l c a l l 'sense data1, in format ion from 
the TV camera or poss ib ly the hand sensors which has 
not yet been recognised as r e f e r r i n g to any known 
e n t i t y . The recogn i t ion process, which we describe 
below, takes a model e n t i t y and some sense data and 
t r i e s to create an i n d i v i d u a l e n t i t y which corresponds 
to the model. 

Table 3 summarises the fou r not ions of e n t i t y 
c lass , model e n t i t y , i n d i v i d u a l e n t i t y and sense data 
showing what in fo rmat ion is associated w i t h each. 
The use of t h i s in fo rmat ion w i l l be c learer when we 
discuss the recogn i t ion process. 

The matching process which recognises par ts 

To understand the recogn i t ion process l e t us 
consider what happens when the system has taken a TV 
p i c tu re and t r i e s to i n t e r p r e t i t as a side view of a 
car body. This may be dur ing the instruct ionphass when 
i t has been t o l d tha t i t i s look ing a t the side view 
of a car body, or dur ing the execution phase a f t e r i t 
had found an upr igh t car body and turned it over. Or 
again i t might be deal ing w i t h an unknown ob jec t , and 
•sideview of car body' might be j u s t one possib le 
i n t e r p r e t a t i o n among several which i t was t r y i n g . 

The TV p i c t u r e , a 2-dimensional a r ray of b r i g h t -
ness l e v e l s , cons t i t u tes a sense datum, d in D, A 
matching func t ion is now app l ied to t h i s sense datum 
and the model of the s ide view of the car body. 
This func t ion produces a set of i n d i v i d u a l side views 
of car bodies, an empty set i f there is no way of 
i n t e r p r e t i n g the p i c t u re as such a view, otherwise one 
element f o r each possib le i n t e r p r e t a t i o n . Thus 

matchi Sense data x Models -> Set of i n d i v i d u a l s 

The matching func t i on works i t s way recu rs i ve l y 
down the h ierarchy from top to bottom, comparing 
gross proper t ies on the way down and f a i l i n g if they 
are too d iscrepant . Thus i t might f a i l because the 
area o f the reg ion i t i s look ing a t i n the p i c t u re i s 
too small f o r a car body, wi thout bother ing to 
analyse the ou t l i ne of the reg ion . As i t goes down 
i t re f i nes the sense data, us ing a t h r e s h o l d i n g 
reg ion f i nde r rou t ine to set region l e v e l sense data 
from the view l e v e l br ightness a r ray , f i n d i n g holes 
w i t h the same rou t ine to get hole data and f i t t i n g 

curves to the perimeters to get segment data. (We 
have ca l l ed the region f i nde r and curve f i t t e r 
'component f i n d i n g f u n c t i o n s ' ) * When i t gets to the 
bottom l e v e l the recurs ion unwinds and passes up the 
h ierarchy descr ip t ions o f i n d i v i d u a l e n t i t i e s , using 
t h e i r f i n e r proper t ies and r e l a t i o n s between them to 
es tab l i sh correspondence w i t h the model. At each 
l e v e l the matching func t ion produces a set of 
i n d i v i d u a l e n t i t i e s each of which might correspond to 
the model, thus deal ing w i t h ambiguity essen t i a l l y as 
would a 'back- t rack ' or nonde tem in i s t i c process. 

To be more prec ise , the func t ion 'match' works 
as f o l l o w s t -

Function mateh(d,m) 
Let c be the e n t i t y c lass of m. 
Let f be the spec ia l matching func t ion of class 

c. 
r e s u l t = f(d,m) 

The spec ia l matching func t i on f may vary from 
c lass to c lass , but normal ly f is 'genera l -match ' , 
def ined as f o l l ows : -

general-match : Sense data x Models -> Sets of i n d i v i d u a ; s 
Funct ion general-mateh(d,m) 

Let c be the e n t i t y c lass of m. 
Let F be the set of p roper t ies f o r c lass c. 
For each p in P, oompare f ( d ) , the value of 

p roper ty d f o r the senaePdatum, w i t h the value of 
p in the model m. If there is too much d i s -
crepancy e x i t w i th r e s u l t = empty se t . 

Case 1. m has an n- tup le of components, m 1 . . . , m . . 
Apply the component f i n d i n g func t ions of the 
c lass c to d, to f i n d sense data re levant to the 
components say d1..........,dn . As each d. is com-
puted, match i t against the oomponentJm,, thus 
l e t I i =match (d . fm, ) . I f some I . i s empty then 
e x i t Immediately w i t h r e s u l t " e m p t y se t . 
Otherwise use each element of. I ( the 
Cartesian product of the setsJof I n d i v i d u a l 
components) to construct a new i n d i v i d u a l w i t h 
these components. The r e s u l t is the set of 
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these i n d i v i d u a l s . 

Case 2. m has a set of components, S . 
Apply the component f i n d i n g funct ions f o r class 
c to f i n d a set of sense data re levant to the 
components, S . . Use the r e l a t i o n value f i n d i n g 
funct ions of e, f f o r r in R, to compute the 
values of re la t i ons between the Sd. Compare 
these wi th the known values of the r e l a t i o n s f o r 
the S , and use the r e l a t i o n a l s t ruc tu re matching 
a lgor i thm (described below), together w i t h the 
func t ion match, to f i n d the largest subsets of 
3 . which correspond. I f these subsets are 
s u f f i c i e n t l y large construct a new i n d i v i d u a l 
e n t i t y from eaoh correspondence among the com
ponents. The resu l t is the set of i nd iv idua ls 
so constructed. 

5 Matching Rela t iona l Structures 

A set of segments forming the ou t l i ne of a par t 
can be regarded as a r e l a t i o n a l s t ruc tu re endowed 
w i t h p roper t i es , such as length and cu rva tu re , and 
r e l a t i o n s , such as adjacency, distance or r e l a t i v e 
o r i e n t a t i o n , s i m i l a r l y f o r holes or objects on the 
tab le top . Although the proper t ies and re la t ions 
usua l l y take numerical values ( length) i t w i l l 
s i m p l i f y the discussion to t a l k in terms o f t r u t h 
valued ones ( l o n g , medium, s h o r t ) . In the a lgor i thm 
given in the l a s t sect ion there is a point (case 2) 
where we need to put two sets (o f segments, say) i n t o 
correspondence on the basis of these proper t ies and 
r e l a t i o n s . TV p ic tu re processing being what i t is 
we expect discrepancies (segments missing, two seg
ments coalesced) but we want to match as many 
elements as poss ib le . P ig . 7 shows two simple out
l i n e s and corresponding r e l a t i o n a l s t ruc tu res ; they 
have several common substructures, e .g . 
{ 1 1 ' , 3 2 ' , 54*, 43'). 

More p rec i se l y , by a r e l a t i o n a l s t ruc ture we 
mean a set S of elements together w i t h a set of 
p roper t ies P and a set of r e l a t i ons R over it (we 
consider only b inary re l a t i ons here) . Given two 
r e l a t i o n a l s t ruc tu res <S,,P,R> and <S2,P,R> we def ine 
a match between them as a set T1 C s1 a set T2C S2 
and an isomorphism, ~ , between T1 and T2 preserving 
p roper t ies and r e l a t i o n s . Thus s1 = s2 impl ies 
p(s1) i f f p(s2) f o r each p in P, also S1=S2 and 
■' s1 imply r(S1,S1') i f f r ( s2 ,s2 ' ) f o r each r in R, 
and a match represents a common substructure in our 
two r e l a t i o n a l s t ruc tu res . 

We can f i n d matches as f o l l ows . 
ment we mean a p a i r <s1,s2> with s1 

By an assign-
nwijiv we mean a pair <a1,a2> with s1 in Sj and s2 in 
S2 such that p(s1) i f f p(s2) f o r each p in P. In 
Fig. 7 the assignments are 1 1 ' , 1 2 ' , 1 4 ' , 23' , 3 1 ' , 
3 2 ' , 3 4 ' . e t c . We say two assignments <s1S2> and 
<s1',s'> are compatible i f r ( s 1 , s ' ) i f f r ( s „ , s | ) f o r 
a l l r in R, New by d e f i n i t i o n a match is j u s t a 
set of assignments such tha t each assignment is 
compatible w i t h every other assignment in the se t . 
Indeed we may th ink of the assignments as forming 
the nodes of a graph w i t h compa t i b i l i t y as the 
(symmetric) r e l a t i o n forming the arcs . Our problem 
then i s to f i n d t o t a l l y oonnected subsets o f t h i s 
graph, o f ten ca l l ed c l i ques . 

A c l i que is sa id to be maximal i f no other 
c l ique p roper ly includes i t . F inding max ima l 
c l iques is a w e l l known problem (Karp7) A 
graph of n assignments may have (n/2) maximal 
o l iques in a t heo re t i ca l bad case, but at leas t we 
can f i n d each maximal c l ique in time propor t iona l 
to n (or n log n if we push i t ) . We can do th i s 
by using a refinement of a simple b inary search 
a lgor i thm given by Bu rs ta l l 8 . KnSdel? gives a 
s i m i l a r a lgo r i t hm. In fac t f o r our recogn i t ion 
problem it seems adequate to generate only la rges t 
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heap long enough. Our program does not detect 
i n t e r n a l l i n e s , r e l y i n g on the ou t l i ne of the heap. 
I t a t tacks the smallest heap f i r s t . 

The f i r s t t a c t i c used is to look f o r a pro-
t rus ion in the heap ou t l i ne w i t h a 'neck' which 
might i nd ica te a par t which is eas i l y separable. A 
number of possible hand pos i t ions are then considered 
so as to p ick up the pro t rud ing par t or par ts wi thout 
f o u l i n g the res t o f the heap. I f i t succeeds i n 
p ick ing something up the machine examines both t h i s 
and the res t of the heap, t r y i n g to recognise an 
i so la ted p a r t . The second, cruder, t a c t i c is to t r y 
and p ick up the whole heap, then ro ta te the palms to 
l e t pieces f a l l o f f . The t h i r d is to push the heap 
wi th the hand at var ious he igh ts . Clear ly there are 
sub t le r ways of p ick ing objects out of a heap, but 
f o r the time being our simple t a c t i c s s u f f i c e . 

Overal l con t ro l aspects of the layout program 

The con t ro l s t ruc tu re of the layout program is 
qu i te s imple. At the top l e v e l there is a simple 
loop. We may t ranscr ibe the POP-2 code thus 

This snables it to cope w i t h too many or too few 
p a r t s . I f one of the lower l e v e l rou t ines enoounters 
d i f f i c u l t i e s i t simply jumps out to loop . At a 
lower l eve l var ious rou t ines on entry assign a l abe l 
to the var iab le p i c k - u p - f a i l , and f a i l u r e to p ick 
something up s a t i s f a c t o r i l y causes a jump out to the 
current l a b e l . 

Our recogn i t i on process is bas i ca l l y recurs ive 
(we have experimented w i th some process-swapping 
techniques but they are not in our program at p resent ) . 
This does not lead to too much r i g i d i t y , because we 
make ra ther extensive use of 'memo-functions' (Michie14 ) 

f o r example, when an ana lys is of the ou t l i ne of a 
region is requ i red the analys ing func t ion remembers 
the r e s u l t and, when asked f o r i t again, simply 
re tu rns i t immediately. Thus ou t l i ne analys is i s 
only done when needed and never repeated. 

6. The Assembly Subprogram 

This program works b l i n d , using only hand 
sensing. I t i s w r i t t e n i n t e r a c t i v e l y a t i n s t r u c t i o n 
time in terms of basic hand moving and sensing 
operations together w i th two higher l e v e l operat ions. 

The basic operat ions include ' ra ise z centime-tea', 
'move to ( x , y ) ' , 'grasp to w cent imet res ' , ' r o t a t e 
palm by O ', and funct ions f o r reading forces on the 
hand by means of s t r a i n guages, namely g r i pp ing fo rce , 
weight of the object held and torque. There are two 
higher l e v e l operat ional constrained move and hole 
f i t t i n g . 

Constrained move. This operat ion has two 
parameters, both force vec to rs , f a force opposing 
movement and f a cons t ra in ing force, ( F i g . 9 ) . Let 
u and u be Tne u n i t vectors in these two d i r e c t i o n s . 
Let 6 and £ be small scalar d istances. The 
hand attempts t o move i n d i r e c t i o n -u u n t i l i t i s 
opposed by a force la rger than f . ~2t the same time 
i t keeps in contact w i t h a surface which o f f e rs a 
r e s i s t i n g force f . The r e s u l t i n g movement w i l l not 
necessar i ly be in d i r e c t i o n -u but a long the sur face 

Til ^ * 

according to the component of -um tangent ia l to 
the sur face. The operat ion works in d e t a i l as 
f o l l o w s : -

ment which a s ing le c a l l on the constrained move 
operat ion might produce. The const ra in ing fo rce 
parameter may be l e f t undefined g i v i ng an unconstrained 
move in d i r e c t i o n -u u n t i l an opposing force is f e l t . 
This operat ion was suggested to us by work at HIT 
Draper Laboratory (Kevins et a l 1 5 ) . 

The wooden car assembly gives an idea of how the 
program proceeds. A 'workbench1 is used, f i x e d to 
one corner of the tab le ( F i g . 10) . I t has a ' v i c e ' 
f o r ho ld ing a wheel whi le an axle is being i nse r ted , 
cons is t ing of an L-shaped corner piece and a p ivoted 
bar which the hand closes so tha t the wheel is held 
between the bar and the L. It a lso has a v e r t i c a l 
' w a l l ' so tha t the car body can be held f i r m l y whi le 
the second wheel is pushed onto each ax le . 

The sequence of events, in ou t l i ne i s : -

( i ) The hand puts a wheel in the v ice and 
i nse r t s an a x l e . 

( i i ) I t turns the car body upside down, p icks up 
the axle w i th the wheel on i t and i nse r t s i t i n t o the 
body. 

( i i i ) Repeat ( i ) and ( i i ) f o r the second wheel and 
a x l e . 

( i v ) Put the car body against the wa l l upside 
down wi th the two wheels against the w a l l . 

(v) Push the remaining two wheels onto the 
p ro t rud ing ax les . 

( v i ) Pick up the assembled oar and place it on 
the t a b l e . 

Assembly programming i s s t i l l qu i te ted ious , 
i n v o l v i n g choice of numerical parameter* f o r distances 
and fo rces , and we have some ideas f o r easing i t , 
Popplestone16 , There is c l e a r l y a l o t o f t h i n k i n g 
to be done before we could make the assembly phase 
as v e r s a t i l e and eas i l y ins t rucab le as the layou t , 
e . g . by rep lac ing numerical commands wi th i n s t r u c t i o n s 
using r e l a t i o n s l i k e 'on top o f and ' f i t t i n g i n t o ' o r 
by showing the machine intermediate assemblies. In 
p a r t i c u l a r our present assembly subprogram does not 
use the i n t e r n a l descr ip t ions of the par ts which have 
been acquired dur ing i n s t r u c t i o n by the layout pro-
gram. Such descr ip t ions would have to be recast so 
as to be use fu l f o r assembly as we l l as recogn i t i on . 

7, Concluding Remarks 

W r i t i n g t h i s program has been a valuable exercise 
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from the po in t of view of understanding- what problems 
are important f o r an in tegra ted assembly system. By 
t a c k l i n g a d e f i n i t e task but imposing the requirement 
of v e r s a t i l i t y , We hare ra ised some i n t e r e s t i n g 
A r t i f i c i a l I n t e l l i g e n c e questions wi thout w r i t i n g a 
program j u s t to j u s t i f y A . I . dogmas. We hope to 
work in f u tu re on ( i ) making the learn ing system more 
coherent ( i l ) extending the v i s i o n system to deal 
be t te r w i t h side views (essen t i a l l y r equ i r i ng 
3-dimensional teohnigues) and to analyse half-completedl 
assemblies, and ( i i i ) making i t easier to program 
assembly manipulat ions, being less spec i f i c about 
nuaer ica l co-ordinates and the magnitudes of fo rces . 
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Abs t rac t 

The Jet P ropu ls ion L a b o r a t o r y is engaged in a 
robot r esea rch p r o g r a m . The p r o g r a m is a imed at 
the development and demonst ra t ion of technology 
r e q u i r e d t o i n t e g r a t e a v a r i e t y o f r o b n t i c f u n c t i o n s 
{ locomot ion , man ipu la t ion , sensing and percep t ion , 
dec is ion mak ing , and man- robo t in terac t ion) into a 
work ing robot unit operat ing in a rea l w o r l d e n v i r o n 
ment and deal ing w i t h both man-made and na tura l 
ob jects . Th is paper b r i e f l y descr ibes the hardware 
and sof tware sys tem a rch i tec tu re of the robot b r e a d 
board and s u m m a r i z e s the developments to date. 
The content of the paper is focused on the unique 
planning cons idera t ions invo lved in i nco rpo ra t i ng a 
manipu la tor as par t of an autonomous robot sys tem. 
In p a r t i c u l a r , the effects of sys tem a r ch i t ec tu re , 
a r m t r a j e c t o r y ca lcu la t ions , and a r m dynamics and 
con t ro l are d iscussed in the context of planning a r m 
mot ion in complex and changing sensory and w o r k 
space env i ronments . 

KEY TERMS: Robot sys tem; Robot system 
planning; Robot breadboard a r ch i t ec tu re ; A r m m o 
t ion p lanning; A r m con t ro l ; A r m dynamics ; Sensors 
for man ipu la t ion ; Manipu la t ing in na tu ra l and con
s t ra ined env i ronment . 

1. 0 i n t roduc t i on 

Autonomous goa l -d i rec ted coord ina t ion of 
locomot ion , man ipu la t ion , and sensat ion and pe rcep 
t ion in a s e m i - n a t u r a l env i ronment is the capabi l i ty 
being sought by the J P L Robot Research P r o g r a m . 
The i n i t i a l goal of the p r o g r a m is to demonst ra te 
the in teg ra t ion of sensory and moto r funct ions in the 
autonomous pe r fo rmance of man ipu la t ion and l oco 
mot ion tasks in response to g lobal commands issued 
by an opera to r . The long- range goal is to develop, 
tes t , and d isp lay concepts of robot s t r uc tu re , sys tem 
in tegra t ion and opera t ion , and machine in te l l igence 
for the des ign and use of adapt ive autonomous m a 
chines for advanced space and p lane ta ry exp lo ra t ion . 
The J P L p r o g r a m ut i l i zes resu l t s o f p rog ress ob
tained at other ins t i tu t ions engaged in robot ics and 
artificial intelligence work reviewed in Ref. 1. 
(Ref. 1 contains an extensive l i s t of re la ted l i t e r a 
t u r e . ) The robot breadboard i t s e l f is a mobi le 
vehic le ( s i m i l a r to that used by the astronauts on the 
moon) equipped w i t h a s ix d e g r e e - o f - f r e e d o m m a n i p 
u la tor (a mod i f i ed ve rs ion of the Stanford E l e c t r i c 
A r m , see Ref. 2), a complement of sensors ( T V , 
laser range f i n d e r , navigat ion and guidance sensors , 
tac t i le sensors , and, eventual ly , p r o x i m i t y sensors) , 
and a loca l m i n i - c o m p u t e r in commun ica t ion w i t h 
remote c o m p u t e r s , graphic d i sp lays , and operator 
consoles. 

*Th i s paper presents the resu l t s of one phase of r e 
search c a r r i e d out at the Jet P ropu l s ion Labo ra to r y , 
Ca l i f o rn ia Ins t i tu te of Technology, under Contract 
No. N A S 7 - 1 0 0 , sponsored by the Nat iona l A e r o 
naut ics and Space A d m i n i s t r a t i o n . 

In this paper , we focus on the pa r t i cu l a r p lan 
ning cons iderat ions involved in i nco rpo ra t i ng a 
man ipu la to r as par t of a to ta l robot sys tem operat ing 
in a complex sensory env i ronment and deal ing w i t h 
both man-made and na tura l ob jec ts . F i r s t the a r 
ch i tecture of the J P L robot breadboard and then the 
d i f fe rent aspects of planning man ipu la to r mot ion are 
d iscussed. 

2. 0 B readboard System A r c h i t e c t u r e 

The breadboard is d iv ided into six funct ional 
subsystems: locomot ion , man ipu la t ion , env i ronment 
sensing and percep t ion , comput ing and data handl ing 
f a c i l i t i e s , robot execut ive (REX) , and ope ra to r -
robot i n te r face . Each subsystem contains both h a r d 
ware and so f tware . Subsystem design is based solely 
on c r i t e r i a of funct iona l compa t i b i l i t y , pe r f o rmance , 
g rowth capab i l i t y , and convenient i n te r fac ing . To ta l 
robot system in tegra t ion w i l l be studied e x p e r i m e n 
ta l l y and d i f fe ren t concepts w i l ! be demonst ra ted in 
successive stages. 

2. 1 Breadboard Hardware 

The ma jo r subsystem hardware e lements are 
shown in F i g . 1, ind icat ing also the physica] size of 
the m o v i n g pa r t of the b readboard . 

F i g . 1 . B readboard Hardware Conf igura t ion 

The veh i c l e , on loan f r o m M a r s h a l l Space 
F l i gh t Cen te r , p rov ides a f l a t and re l a t i ve l y stable 
p l a t f o r m fo r mount ing breadboard e lements to be 
moved around in the env i ronment . To ta l e f fect ive 
load capaci ty o£ the vehic le is about 500 pounds. 
T rave l speed w i l l be l i m i t e d to 1 m i l e / h o u r . The 
vehic le has A c k e r m a n - t y p e double s teer ing ; the two 
ends can be s teered in the same or opposite d i r e c 
t i ons . A l t e r n a t i v e l y , one or the other end only can 
be s teered . Each wheel is independent ly d r i ven by 
a DC torque m o t o r . C u r r e n t l y , the veh ic le has only 
dynamic b rak ing . The suspension has a mod i f ied 
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independent spr ing act ion at each whee l . Inputs to 
the vehic le nav igat ion , guidance, and con t ro l sys tem 
are fu rn ished by odometers mounted on the f ron t 
wheels (p rov id ing vehic le center l ine distance t r ave l 
i n fo rma t i on ) , a " r ugged i zed " d i r ec t i ona l gyro c o m 
pass (p rov id ing d i r ec t i ona l re fe rence) , and wheel 
d r i ve moto r tachometers (p rov id ing i n fo rma t i on on 
vehic le ve loc i t y ) . 

The man ipu la to r is a mod i f i ed ve rs ion of the 
Stanford E l e c t r i c A r m descr ibed in deta i l in Ref. 2 . 
I t has s ix degrees of f r eedom, a l lowing any des i red 
hand pos i t ion and o r ien ta t ion in an open or s l i gh t l y 
obscured workspace . The reachable set of points 
(the workspace) is w i t h in a radius of 52 inches m e a 
sured f r o m the o r i g i n of the manipu la tor base r e f e r 
ence f r a m e . (See F i g . 2. ) The s ix jo in ts connecting 

TV cameras which w i l l p rov ide 'd ig i t i zed stereoscopic 
input to both scene analys is and operator d isp lay 
(Ref. 5). A 729 by 729 reso lu t ion sequent ial column 
d ig i t i ze r furn ishes video data for compu te r - r a te 
d ig i ta l p ic tu re process ing and operator d isp lay . The 
TV cameras and laser are mounted on a pan and t i l t 
mechan isms re ferenced to a common coordinate 
system and w i l l be used as an in tegrated scene ana l 
ys is subsystem. A r m - m o u n t e d p r o x i m i t y sensors 
{descr ibed in Ref. 6) and tact i le sensors w i l l at a 
la ter date augment the env i ronment sensing and 
percept ion subsystem. 

The p r o x i m i t y sensor is a sma l l (about 0. 3 
cubic inch) e l ec t ro -op t i ca l device w i th a sma l l 
e l l i pso id -shaped sensi t ive volume permanent ly f o 
cused at a distance of a few inches in f ront of the 
sensor . I f this p r o x i m i t y sensor is mounted to an 
appropr ia te place on the hand, the sensi t ive volume 
w i l l move w i t h and ahead of the hand at a known d i s 
tance re la t i ve to a re ference point on the hand. A 
vol tage signal w i l l appear when the sensi t ive volume 
" touches" a sol id surface as the hand approaches the 
sur face. Th is voltage s ignal can be used to guide 
and cont ro l the t e r m i n a l mot ion of the hand in d i rec t 
response to sensed re la t i ve hand-object posi t ion and 
o r ien ta t ion . Of course , severa l p r o x i m i t y sensors 
can be mounted on the hand, prov id ing several sens i 
t ive vo lumes in a known pat tern around the hand and 
fac i l i t a t i ng the design of a ve rsa t i l e condi t ional t e r 
m i n a l guidance and cont ro l logic for hand mot ion . 

The comput ing and data handl ing subsystem 
a rch i tec tu re is cu r ren t l y based on a remote PDP-10 
in the ARPA net as an o f f - l i ne computer . This w i l l 
be connected to a local r e a l t ime computer p e r f o r 
ming rea l t ime robot con t ro l and I /O func t i ons . (See 
F i g . 3. ) The remote computer system w i l l be used 

F i g . 2 . Reference F r a m e s 
F o r .L ink-Jo int P a i r s o f A r m 

the l inks f r o m the base to the hand are in the f o l l o w 
ing sequence: two r o t a r y jo in ts (p rov id ing shoulder 
az imuth and e levat ion act ion) , a l inear j o in t { p r o v i 
ding in and out reach act ion) , and three ro ta r y j o in ts 
(prov id ing the w r i s t act ion) . The hand is p resent ly 
a s imple p a r a l l e l jaw mechan i sm. The jo in ts are 
d r i ven by permanent magnet DC torque moto rs 
geared d i r e c t l y to the cor respond ing l i nks . Depen
ding on the re la t i ve pos i t ion of the l i nks , the a r m 
can handle loads of up to 5-8 pounds Ea r t h weight . 
The a r m servo con t ro l u t i l i zes analog pos i t ion mea
surements f r o m the j o in t outputs and analog ve loc i ty 
measurements f r o m the moto r shaf ts. Hold ing 
torque at each jo in t is p rov ided by e lec t romagnet ic 
b rakes . The a r m ' s s t r u c t u r a l s t i f fness and t ight 
servo con t ro l can p rov ide hand pos i t ion ing accuracy 
w i th in a few tenths of an inch . A sui table a r t i cu la ted 
and adapt ive ly con t ro l l ed hand w i l l be added at a 
la ter date. 

Env i ronment sensing and percept ion is ma in l y 
obtained f r o m two sources: TV cameras and laser 
rang ing. The laser ranging device is a GaAs pulsed 
mode lase r w i t h fast pulse (~10 ns). The beam is 
pointed by a g imba l led m i r r o r and detected by a 
pho tomu l t i p l i e r . P rov is ions are made for mu l t i pu lse 
averaging using analog in teg ra t ion and var iab le 
averaging t i m e . The sensing range is tenta t ive ly 
up to 150 feet . The design is based on prev ious J P L 
exper imen ts (Ref. 3). Related data handl ing p rob 
lems are t rea ted in Ref. 4 . The v is ion system con
sists of two iden t i ca l and op t ica l l y pa ra l l e l v id i con 

F i g . 3. Comput ing and Data Handl ing 
Subsystem A r c h i t e c t u r e 

to process TV and laser p i c t u res , to const ruct the 
" w o r l d mode l , " to operate the d i f fe rent subsystem 
planning p r o g r a m s , and to execute top- leve l dec i s ion 
making p rog rams of the robot execut ive (REX) . REX 
is descr ibed in deta i l below. 

The rea l t ime computer w i l l in te r face w i t h the 
robot through input and output uni ts which contain 
A / D and D/A conve r te r s . A Cable Unit w i l l contain 
the necessary logic devices a l lowing the robot to be 
tethered to the CPU via a 50-100 foot cable. TV data 
f r o m the robot w i l l in te r face d i rec t l y (via the Video 
Conver ter ) to the CPU through a separate cable. A 
d isk storage unit w i l l be used for fas t , random access 
mass storage and w i l l serve to store the operat ing 

309 



sys tem rou t ines , robot eupport p r o g r a m s , TV and 
laser p i c t u r e s , and status f i les fo r the opera tor 
t e r m i n a l . A magnet ic tape uni t w i l l be used for 
p e r f o r m i n g sys tem diagnost ics and for en te r ing oper 
at ing sys tem p r o g r a m s and any robot subsystem p r o 
g rams developed in the o f f - l i ne computer . The 
opera tor console w i l l a l low opera to r i n te rac t i on wi th 
the sys tem and development of subsystem support 
p r o g r a m s . 

The o p e r a t o r - r o b o t i n te r face funct ions w i l l be 
p e r f o r m e d through an I M L A C t e r m i n a l connected to 
the r e a l t i m e compute r . (See F i g . 3.) Du r i ng p r o 
g r a m development , the I M L A C w i l l a lso be used for 
s imu la t ion s tud ies . The I M L A C t e r m i n a l inc ludes a 
CRT d isp lay , a te letype, and a r e a d / w r i t e casset te 
r e c o r d e r . 

2. Z B readboard Software 

The sof tware sys tem a rch i t ec tu re is essen t ia l l y 
h i e r a r c h i c a l w i t h the robot execut ive (REX) c o n t r o l 
l i ng and m o n i t o r i n g the var ious sof tware subsys tems. 
REX p e r f o r m s p r o b l e m so lv ing , in te rac ts w i t h the 
human input command s t r uc tu re , manages the " w o r l d 
m o d e l , " and ca l l s the ma jo r subsystem sof tware 
modules (veh ic le , a r m , e t c . ) . The m a j o r subsystems 
are designed to be la rge ly independent of each o ther . 
Necessary data concerning the state of the robot and 
env i ronment used by the var ious subsystems are f u r 
n ished through the " w o r l d mode l , " 

A M a s t e r Con t ro l P r o g r a m (MCP) t ies the 
var ious subsystem p r o g r a m s together and acts as an 
opera t ing sys tem for them. Presen t plans are to 
design the M C P in the remote computer us ing the 
mechan isms in SA IL (Stanford A r t i f i c i a l In te l l i gence 
Language , Re fs . 7 and 8) fo r the c rea t ion and con t ro l 
o f concu r ren t p rocesses . Operat ing sys tem m o d i f i 
cat ions are also planned based on the use of the 
TENEX paging system (Ref. 9) wh ich makes avai lab le 
i n t e r r u p t s of va r ious types not i nco rpo ra ted into 
SA IL , Subsystem p rog rams can be w r i t t e n in SA IL 
or poss ib ly in other languages. SA IL p rov ides easy 
l inkages to F O R T R A N and assembly languages. 

The to ta l b readboard sys tem is of expe r imen ta l 
na tu re . Thus, the sof tware sys tem is intended to be 
expandable and evo lu t ionary . 

3. 0 Planning Man ipu la to r Mot ion 

Th i s task invo lves three separate e f fo r t s : s y s 
tem a r ch i t ec tu re ef fects, t r a j e c t o r y p lann ing , and 
man ipu la to r dynamics and c o n t r o l . These a r e , r e 
spec t ive ly , p lanning for man ipu la to r mo t i on , p lanning 
o{ mo t i on , and execut ion of p lanning. Planning tor 
manipu la to r m o t i o n occurs at the sys tem leve l in the 
se lec t ion , des ign, and p lacement of robot h a r d w a r e . 
Planning of mo t i on involves the se lec t ion and i m p l e 
menta t ion of methods of speci fy ing p a r t i c u l a r mot ions 
and mo t i on cons t ra in t s . Execut ion planning deals 
w i t h mo t i on con t ro l imp lemen ta t i on schemes. We 
now consider each of these th ree separa te ly . 

3. 1 System A r c h i t e c t u r e Ef fects 

P lacement of the man ipu la to r along the center 
l ine of the veh ic le about 8 inches f r o m the f r o n t edge 
of the veh ic le p l a t f o r m a l lows a reasonable workspace 
for the man ipu la to r on the ground (which is 18 inches 
below the p la t f o rm) wh i le s t i l l p e r m i t t i n g access to 
tools and sample storage bins near the center of the 
p l a t f o r m . Th is p lacement does, however , give r i s e 
to seve ra l mo t i on cons t ra in ts ; the man ipu la to r can 

eas i l y co l l i de w i t h the p l a t f o r m , the f r o n t edge of the 
p l a t f o r m , the whee ls , and the wheel d r i v e m o t o r s , 
even though the basic veh ic le was mod i f i ed exten
s ive ly to m i n i m i z e th is p r o b l e m . 

The se lec t ion and p lacement of sensors give 
r i s e to add i t iona l mot ion cons t ra in ts f o r the m a n i p 
u la to r as w e l l as a l low ing the man ipu la to r to know 
i t s w o r l d . The man ipu la to r makes use of both e x t e r 
nal and i n t e rna l sensors . In the i n i t i a l con f igura t ion 
of the robot , the p r i m a r y ex te rna l sensors to be used 
by the man ipu la to r a re the dual TV and laser range 
f i nder . These are used to de termine a p r i o r i m a n i p 
u la to r ta rge ts and are assumed to have suf f i c ien t 
reso lu t ion in the i n i t i a l s i m p l i f i e d robot env i ronment 
f o r e f fec t ive target spec i f i ca t ion . La te r operat ion of 
the robot in r i c h e r and mo re perceptua l l y complex 
env i ronments render ing the sole use of these sensors 
open to quest ion w i l l be accompanied by the use of 
condi t iona l a r m cont ro l loops regu la ted by d i rec t 
inputs f r o m tac t i le and p r o x i m i t y sensors . Use of 
these la t te r devices in conjunct ion w i t h an adapt ive, 
a r t i cu la ted t e r m i n a l e f fec tor w i l l p e r m i t the a r m to 
respond d i r e c t l y to re levant aspects of the e n v i r o n 
ment . 

F i g . 4a shows a p r o x i m i t y sensor mounted on 
the hand,, wh i le F i g . 4b shows the concept of p r o x i m 
i ty sensor app l i ca t ion fo r t e r m i n a l guidance and 
con t ro l of hand mo t i on in "d is tance seek ing" and 
"d is tance keep ing " modes of opera t ion . A mo re de
ta i led t rea tmen t of p r o x i m i t y sensor app l ica t ion to 
man ipu la to r con t ro l can be found in Ref. 10. 

i ■ UNIFORM DISTANCE BETWEEN A 
FIXED POINT ON THE HAND AND 
SOLID OBJECTS DURING MOTION 

CONCEPT Of PROXIMITY SENSOR APPLICATION 
FOR CLOSED-LOOP GUIDANCE AND CONTROL 
OP HAND MOTION 

F ig - 4 . T e r m i n a l Guidance and Con t ro l 
Of Hand Mot ion Us ing P r o x i m i t y Sensing 

Our robo t -hand app l ica t ion ca l l s f o r handl ing 
a va r i e t y of both regu la r (man-made) and i r r e g u l a r 
(na tura l ) objects of d i f fe ren t s ize and weight in v a r 
ious man ipu la t i ve tasks . T h e r e f o r e , a v e r s a t i l e 
hand- f inger mechan i sm w i l l u l t ima te l y be r e q u i r e d . 
An a r t i cu la ted and adapt ive ly con t ro l l ed hand (using 
design and con t ro l p r i n c i p l e s s i m i l a r to those app l ied 
in p ros the t i c hand r e s e a r c h ; see Re fs . 11 and 12) 
w i l l not r e q u i r e deta i led a p r i o r i i n f o r m a t i o n on ob 
jec ts to be handled and w i l l ease the c o n t r o l of many 
deta i ls of a g rasp ing mot ion since the hand, wh i le 
g r ipp ing an object and mon i to r i ng only one ac tua tor , 
adapts i t s e l f " r e f l e x i v e l y " to the shape, s ize , o r i e n 
ta t i on , and we igh t of the object . 

P lacemen t of tac t i l e and p r o x i m i t y sensors on 
the man ipu la to r i t s e l f c reates no new obstacles or 
add i t iona l c o n s t r a i n t s , but p lacement of the T V / l a s e r 
head is a Ber ious p r o b l e m . The present con f igu ra t i on 
places these sensors on a mas t above the a r m suppor t 
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post and represents a t radeof f between good v iewing 
angle and keeping out of the way of the man ipu la to r . 
Even so, i t is poss ib le fo r the man ipu la to r to co l l ide 
w i t h the T V / l a a e r head, e i ther in n o r m a l mot ion or 
in swi tch ing f r o m a r igh t a r m to left a r m con f i gu ra 
t ion . However , since the man ipu la to r and T V / l a s e r 
systems are not run s imul taneous ly in th is b r e a d 
board and the T V / l a s e r head is mounted on a p a n / t i l t 
mechan ism, these sensors can be moved out of the 
way. 

The phys ica l d imensions of the man ipu la to r 
have been mod i f i ed f r o m the o r i g i n a l Stanford design 
to p e r m i t a g rea te r workspace on the ground. Spe
c i f i c a l l y , the a r m suppor t post has been reduced by 
two inches and the extendable boom lengthened con 
s iderab ly . 

The i n i t i a l con f igura t ion of the robot thus p r o 
vides the tools fo r d e t e r m i n i s t i c planning of a r m 
mot ion based on a p r i o r i T V / l a s e r data w i th mot ion 
imp lementa t ion based on feedback f r o n v i n t e r n a l 
pos i t ion (pot) and rate (tach) sensors . Only p r i m i t i v e 
tac t i le feedback in the i n i t i a l conf igura t ion a l lows for 
some cond i t iona l mod i f i ca t i on of p lan. In subsequent 
con f igu ra t ions , p r o x i m i t y sensing and an adaptive 
t e r m i n a l e f fec tor w i l l p e r m i t mo re f lex ib le and 
env i ronmen t - respons i ve man ipu la to r mot ion p lanning. 
In a l l cases, rover hardware design const ra ins m a 
n ipu la tor mot ion by present ing a ser ies of permanent 
obstacles to the a r m . 

3.2 T r a j e c t o r y Planning 

The t e r m " t r a j e c t o r y " is here meant to re fe r 
to some d e s c r i p t i o n , p a r t i a l or comple te , of the 
path that the a r m fo l l ows . 

T r a j e c t o r y "p lann ing " is the ac t i v i t y preced ing 
a r m mot ion (that i s , t r a j e c t o r y execut ion), the p u r 
pose of wh ich is to cons t ra in or o therwise def ine 
that mo t ion . Ta rge t and env i ronmenta l obstacle i n 
f o r m a t i o n are here assumed to be prov ided by REX 
and the " w o r l d m o d e l . " 

The degree to which the t r a j e c t o r y is to respond 
to ex te rna l sensing dur ing t r a j e c t o r y execut ion de
f ines a cont inuum of t r a j e c t o r y p lanning. At one 
ex t reme i s pu re l y d e t e r m i n i s t i c t r a j e c t o r y p lanning. 
Any ex te rna l sensing to be done is p e r f o r m e d dur ing 
the planning stage; only a catast rophe hal ts execu
t ion of the planned path. I n te rna l sensing is used 
throughout execut ion to ma in ta in the adherence of 
actual mo t i on to p lan . D e t e r m i n i s t i c planning as
sumes a stat ic w o r l d dur ing a r m mot ion as we l l as 
su f f i c ien t a p r i o r i knowledge and execut ion accuracy 
capab i l i t i es , and l i m i t s adaptive c o n t r o l . Towards 
the other ex t reme is cond i t iona l p lanning, the nature 
of wh ich is h igh ly dependent on the spec i f ic ex te rna l 
sensors used. The benef i ts of condi t iona l planning 
are f l e x i b i l i t y of response and possib le reduct ion of 
planning t ime at the poss ib le cost of increased rea l -
t ime computat ion r e q u i r e m e n t s . 

In the i n i t i a l con f i gu ra t i on , d e t e r m i n i s t i c p lan 
ning s i m i l a r to that used in the Stanford hand-eye 
p ro jec t (Refs . 13 and 14) is to be employed. Reasons 
include the i n i t i a l lack of p r o x i m i t y sensing, the 
adequacy of T V / l a s e r a p r i o r i i n f o rma t i on in the 
i n i t i a l s i m p l i f i e d env i ronment , and the fact that most 
of the obstacles to a r m mot ion are ( in the i n i t i a l 
conf igurat ion) permanent obstacles known a p r i o r i 
and resu l t i ng f r o m the p lacement of vehic le ha rdware . 
Condi t iona l p lanning is to be imp lemented and i n t e r 
faced w i t h ex i s t i ng de te rm in i s t i c planning at a la te r 
t ime. 

A re la ted d is t inc t ion concerns the manner in 
which the t r a j ec to r y plan is spec i f ied. E i the r a 
sequence of a few points or the complete t ime h is to ry 
of the a r m (that i s , the path) can be planned. A r m 
mot ion in a constra ined workspace involves path 
p lanning. 

De te rm in i s t i c path planning can be pe r fo rmed 
in j o i n t - v a r i a b l e space or in 3-space. In the f o rme r 
case, the t ime h is to ry of each jo in t is planned; i t is 
the combinat ion of the t ime h is to r ies of the jo in t v a r i 
ables that descr ibes the mot ion of the a r m . In the 
la t te r case, it is the mot ion of a pa r t i cu la r point on 
the manipu la tor (commonly , a point on the hand) that 
is planned; the requ i red jo in t var iab le t ime h is to r ies 
are der ived f r o m the p lan. The advantage of planning 
in j o i n t - va r i ab l e space is that the plan is fo rmu la ted 
mo re d i r e c t l y in t e rms of the var iab les to be con
t r o l l ed dur ing mo t ion . The associated disadvantage 
is the d i f f i cu l t y in de te rmin ing where the var ious 
l inks w i l l be dur ing mot ion , a task requ i red to guar
antee avoidance of co l l i s ions w i th the other parts of 
the robot , the natura l env i ronment , or even w i th the 
arm itself. 

Const ra in ing the f inger t ips to descr ibe an 
e l l i p t i ca l arc is an example of planning in 3-space. 
In addi t ion to the d i f f i cu l t i es in f ind ing the path de
sc r ibed by other points on other l inks of the a r m , 
there is also the p rob lem of de te rmin ing the k ine 
mat ic sequence of jo in t var iab le values requ i red to 
imp lemen t the p lan. 

In the Stanford Hand-Eye Pro jec t (Refs. 13 and 
14), the focus to date has been on de te rm in i s t i c path 
planning in j o i n t - v a r i a b l e space, wi th some condi 
t iona l p lanning. Spec i f i ca l l y , the t ime h is to r ies of 
the jo in t var iab les have been speci f ied in te rms of 
sequences of po lynomia ls wi th cont inui ty of jo in t 
va r iab le value and i ts f i r s t two der iva t ives guaran
teed at the boundary points of po lynomia ls in the 
po lynomia l sequence. The number of po lynomia l 
segments and speci f ied mot ion contra in ts determine 
the to ta l number of coef f ic ients requ i red for a com
plete quant i tat ive spec i f i ca t ion of joint t r a j e c t o r y . 
The J P L robot research p r o g r a m uses a modi f ied 
ve rs ion of the Stanford planning a l g o r i t h m . 

F i g , 5a shows the t ime h is to ry of a jo in t v a r i 
able descr ibed by a cubic, a qu in t ic , and another 
cubic. It has been found that t r a j ec to r i es using 
po lynomia ls of degree f ive or h igher typ ica l l y wan
der , as shown. This behavior appears in observa
t ion as gross extraneous mot ion of the a r m . 

Use of a q u a r t i c - c u b i c - q u a r t i c t ra jec to ry r e 
veals a somewhat d i f fe ren t p rob lem. As shown in 
F i g . 5b, the des i re to assure an appropr ia te d i r e c 
t ion of depar ture and approach of the t e r m i n a l effec
tor can be thwar ted by the tendency of the q u a r t i c -
cub ic -quar t i c t r a j ec to r y to overshoot or undershoot 
i ts endpoint values. The Stanford Hand-Eye pro jec t 
used both of these po lynomia l sequences, e l im ina t ing 
overshoot by specia l code. 

A t h i r d po lynomia l sequence, f ive cubics, is 
being imp lemented for the J P L a r m . This t r a j ec to ry 
appears to m i n i m i z e the "wander " and "ove rshoo t " 
p rob lems . Typ i ca l l y , as in F i g . 5c, there is no 
overshoot ; wander , when i t occu rs , is s m a l l . 

Obstacle avoidance has been imp lemented for 
the J P L a r m in two ways. The f i r s t method consists 
of the spec i f i ca t ion of an addi t ional safe in te rmedia te 
pos i t ion fo r the jo in t (s ) mos t c r i t i c a l l y af fect ing a r m 
mot ion in the sensi t ive d i r e c t i o n . An addi t ional 
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cubic is r equ i red for each add i t iona l i n te rmed ia te 
pos i t ion spec i f ied . The effect of imp lemen t ing this 
type of obstac le avoidance is shown in the t r a j e c t o r y 
i l l u s t r a ted in F i g s . 6 and 7. F i g . 6 descr ibes j o in t 
va r iab le mot ion and F i g . 7 i l l u s t r a t e s the p ro jec t ion 
of the same planned t r a j ec to r i es in the base c o o r d i 
nate sys tem, as w e l l as the associated to ta l ve loc i -
t ies . 

As seen in F i g . 7a, the task is to l i f t an object 
f r o m the ground ( f r o m xQ = 20 " , yO= 30" , zQ - - 17 " 
in the base re fe rence f rame) and deposit i t on the 
vehic le p l a t f o r m at xQ = 10", yO = - 2 5 " , zO - 2". 
The hand o r ien ta t i on is also spec i f ied at both end 
points of the t r a j e c t o r y . F u r t h e r , to aid the de te r 
mina t ion of the l i f t - o f f and t e r m i n a l approach phases 
of the j o in t t r a j e c t o r i e s , two i n t e r m i t t e n t hand p o s i 
t ions are also spec i f ied . As seen in F i g - 6, j o in t 
t r a j ec to r i es #2 and #5 contain, respec t i ve ly , 9 and 8 
segments due to obstacle avoidance. 

A second method of obstacle avoidance is cal led 
the " f reeway method. " Precomputed safe t r a j e c t o 
r ies (called " f r eeways " ) re la t i ng c o m m o n l y accessed 
points are u t i l i zed in conjunct ion w i t h entrance and 
ex i t " r a m p s " re la t ing planned a r m conf igurat ions to 
ex is t ing f reeways . This f reeway method is poten
t i a l l y usefu l in avoiding obstacles permanent ly af f ixed 
to the veh ic le , such as the T V / l a s e r head and suppor t , 
the wheels and wheel m o t o r s , and the veh ic le p la t 
f o r m . P r e s e n t l y , there are 14 such permanent 
obstacles on the JPL robot . The f reeway method can 
be used mo re f requent ly i f the veh ic le is posi t ioned 
in a p rede te rm ined standard manner w i t h respect to 
objects of intended man ipu la t ion . 

Obstacle detect ion is p e r f o r m e d by the r e l a 
t i v e l y cumbersome method of checking for co l l i s i on 
w i th a l l poss ib le objects at va r ious points along the 
t r a j e c t o r y . Of cou rse , for many obstac les , the 
safety of severa l l i nks mast be examined. In the 
case of permanent obstac les, however , the invar ian t 
p roper ty of the re la t ionsh ip has been explo i ted to 
produce a ser ies of i nc reas ing ly complex tests. 
Thus , in many cases, s imple checks of j o in t va r iab le 
values can assure safe mo t i on , 

3. 3 Man ipu la to r Dynamics and Con t ro l 

Execut ion planning deals w i t h the spec i f i ca t ion 
of con t ro l laws and the design of con t ro l schemes 
whose imp lemen ta t i on w i l l assure that the phys ica l 
mot ion of the a r m w i l l fo l low the des i red mot ion . 

A r m motion between d is tant points wi thout 
p r e sc r i bed continuous t r a j e c t o r i e s between the points 
can s imp ly be con t ro l l ed by d r i v i n g each moto r at 
some preset rate and t e rm ina t i ng the m o t o r d r i ve 
at each jo in t when an appropr ia te s ignal (po ten t iome
ter or some ex te rna l sensor) ind icated that the j o in t 
pos i t ion had reached the preset or des i red t e r m i n a l 
value, A r m t r a j e c t o r i e s planned in t e rms o f con t i n 
uous space- t ime coord ina t ion of j o in t mot ions , how
ever , r e q u i r e that the jo in ts be d r i ven to comply 
s t r i c t l y w i t h the planned t ime h i s to r i es o f jo in t 
pos i t ions. 

Several techniques are ava i lab le to bu i ld a 
sui table pos i t ion servo for each jo in t d r i v e . (See 
Ref. 15.) An appeal ing compu te r -o r i en ted servo 
technique (used in the Stanford Hand-Eye pro jec t ) is 
to compute the requ i red torque or f o rce as a func 
t ion of t ime for each jo in t d r i v e , account ing also for 
gear r a t i o , e f f i c iency , and poss ib le non l i nea r i t i es , 
and cons t ruc t the j o in t pos i t ion servo loops around 

The dynamics of mot ion at the s ix jo in ts of the 
a r m is desc r ibed by a coupled set of s ix second o rde r 
nonl inear d i f f e r e n t i a l equations w i t h t i m e - v a r y i n g 
( in fact , w i t h s ta te -vary ing) coe f f i c ien ts . There is 
no s imp le p ropo r t i ona l i t y between torque {or force) 
act ing at one jo in t and the acce le ra t i on of the same 
j y i n t when severa l j o in ts are i n mo t i on s i m u l t a 
neously. Even if only one jo in t moves at a given 
t i m e , the p ropo r t i ona l i t y between torque and a c c e l 
e ra t ion is a complex funct ion of the actual con f i gu ra 
t ion of a l l l inks ahead of the mov ing jo in t and any 
load in the hand. The tota l va r ia t i ons in l ink i n e r 
t ias as seen at the j o in t d r i ves due to changes in a r m 
l ink con f igura t ion or load in the hand have been 
calculated for the J P L a r m (Ref. ] 6) and are shown 
in F ig . 9. 

In the case of s imul taneous mot ion of severa l 
a r m j o i n t s , the e f fec t ive torque (or fo rce) act ing at 
each jo in t is the sum of a number of dynamic c o m 
ponents: i n e r t i a l acce le ra t ion of the j o i n t ; react ion 
torques or fo rces due to acce le ra t ion and ve loc i ty 
a t other j o i n t s ; g r a v i t y t e r m s . The r e l a t i v e i m p o r 
tance of the va r ious dynamic components re la ted to 
the planned mo t i on displayed i n ' F i g s . 6 and 7 and 
computed fo r the actua l k inemat i c and i n e r t i a l pa ram
e ters o f the J P L robot research a r m is i l l u s t r a t e d 
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in F ig - 10. To s i m p l i f y the d isp layed va r i a t i ons , 
only mot ions and ine r t ias of the f i r s t three jo in ts are 
accounted for in the d iagrams of F i g . 10. I f the 
speed of mot ion (or ra ther , the tota l l ime of mot ion) 
is changed by a fac to r n, then the acce l e ra t i on and 
ve loc i t y dependent torque and fo rce-components of 
F i g . 10 can s imp ly be scaled by a fac tor n2. 

Two quest ions are c u r r e n t l y invest igated (Ref. 
16): to what extent should the reac t ion components 
be accounted f o r , and in what f o r m should the s ta te -
va ry ing dynamic coef f ic ients be speci f ied to ease 
con t ro l scheme imp lemen ta t i on . 

4. 0 Summary 

The in teg ra t i on of severa l robot subsystems 
into a funct ion ing autonomous adaptive machine r e 
qu i res s ign i f i can t planning cons idera t ions on a l l 
sys tem leve ls . The J P L robot r esea rch p r o g r a m is 
c u r r e n t l y focused on subsystem planning and design 
and is in the process of imp lement ing resu l ts in 
hardware and so f tware . The man ipu la to r i t se l f has 
been manufac tu red and is undergoing f i na l tes t ing . 
Veh ic le mod i f i ca t ions are pa r t l y comple ted . Con
s t ruc t i on of the TV and laser systems are in p r o 
g ress . Select ion of complementary sensors and 
other hardware and acqu is i t ion of a r e a l t i m e c o n t r o l 
l e r (the loca l computer ) are underway. The design 
and bui ld ing of the A / D and D/A in te r face uni ts are 
also underway. Development of the execut ive and 
subsystem sof tware and the m a s t e r con t ro l p r o g r a m 
have begun. The fu tu re concerns are ma in l y re la ted 
to the imp lemen ta t i on of subsystem execut ion p r o 
g r a m s , p lanning for subsystem i n te rac t i on , and the 
i n teg ra t i on of subsystems into a un i f ied robot b r e a d 
board . 

The out l ined considerat ions and resu l t s re la ted 
to the design of a se l f -conta ined planning a l g o r i t h m 
fo r man ipu la to r c o n t r o l , when the man ipu la to r is 
pa r t of a to ta l robo t sys tem, suggest conduct ing f u r 
ther w o r k in two d i rec t i ons : d i r e c t path planning in 
the object space; and t r u l y adaptive man ipu la to r con 
t r o l th rough un i f i ca t ion of d e t e r m i n i s t i c and cond i 
t iona l e lements in the planning a l g o r i t h m . 
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Session 11 Robot Implementations 

CONTROL ALGORITHM OP THE WALKER CLIMBING OVER OBSTACLES 

D.E. Okho ts imsk i , A .K , P la tonov 
U S S R 

A b s t r a c t . The paper dea ls w i t h t he p rob 
lem o f development t he m u l t i l e v e l c o n t r o l a l 
gor i thms f o r s i x - l e g g e d automat ic w a l k e r , 
which p r o v i d e the wa l ke r w i t h the p o s s i b i l i 
t y t o ana lyse the t e r r a i n p r o f i l e b e f o r e i t 
w h i l e moving over rough t e r r a i n , and to s y n 
t h e s i z e adequate, r a t h e r reasonable k inema
t i c s o f body and legs f o r w a l k e r ' s l o c o m o t i 
on a long t he rou te and c l i m b i n g over obs tac 
l e s on i t s way. DC s i m u l a t i o n and a n a l y s i s 
of w a l k e r ' s model moving image on DC d i s p l a y 
screen make i t p o s s i b l e t o eva lua te the a l 
go r i thms developed and t o f i n d ways f o r 
t h e i r improvement. 

Key words: s i x - l e g g e d wa l ke r , DC s imu
l a t i o n , c o n t r o l a l g o r i t h m , da ta p r o c e s s i n g , 
obs tac le overcoming. 

The paper dea ls w i t h t he problem of con
t r o l a l g o r i t h m syn thes i s f o r a s i x - l e g g e d 
w a l k e r . I t i s supposed t h a t the wa lke r i s 
s u p p l i e d w i t h a n onboard d i g i t a l computer . 
Rather a comp l i ca ted a l g o r i t h m may be used, 
which p r o v i d e s w a l k i n g over rough t e r r a i n 
and c l i m b i n g over some i s o l a t e d obstacles. l t 
i s a l s o supposed t h a t t he wa lker i s equipped 
w i t h a measurement system g i v i n g i n f o r m a t i 
on about t h e t e r r a i n r e l i e f . Measurement da 
ta are processed by DC and used when making 
d e c i s i o n . 

A n e f f e c t i v e method o f t e s t i n g the a l 
gor i thms i s t h e i r s i m u l a t i o n o n a d i g i t a l 
computer w i t h a d i s p l a y u n i t . I t i s p o s s i b l e 
t o s imu la te t he wa lker i t s e l f , t e r r a i n r e 
l i e f , measurement system f u n c t i o n i n g ! da ta 
p r o c e s s i n g , d e c i s i o n making and wa lke r con 
t r o l l i n g . Observ ing on t he CRT screen t he 
moving image o f t he v e h i c l e w a l k i n g over t he 
t e r r a i n , i t i s p o s s i b l e t o check the f u n c t i 
on ing o f t he a l g o r i t h m s , t o es t imate t h e i r 
e f f e c t i v e n e s s and t o f i n d ways f o r t h e i r i m 
provement . 

Th is paper dea ls w i t h t he a l g o r i t h m s i n 
t h e range f r om the environment i n f o r m a t i o n 
( i n p u t ) t o the v e h i c l e k i n e m a t i c s (ou tpu t ) . . 
The prob lem of t e r r a i n measurement da ta p r o 
cess ing and measurement c o n t r o l l i n g are a l s o 
i n v e s t i g a t e d . The s i m u l a t i o n r e s u l t s are 
d i scussed . 

On t h e f i r s t s tage o f t he c o n t r o l a l g o 
r i t h m s y n t h e s i s i t was assumed t h a t a l l n e 
cessary i n f o r m a t i o n about t he t e r r a i n r e l i e f 
was got and processed and was kept in t he 
computer memory i n t he f o rm conven ient f o r 
i t s f u r t h e r use i n t he dec i s i on -mak ing a l g o 
r i t h m . 

Seve ra l t ypes o f s i x - l e g g e d w a l k i n g sys
tem were i n v e s t i g a t e d . Schematic image of 
one o f them i s seen i n P i g . I . A l l s i x l egs 
o f the wa l ke r have equa l geome t r i ca l parame
t e r s and equa l o r i e n t a t i o n o f the j o i n t 
axes . Each l e g has t h r e e degrees of f reedom 
i n the j o i n t s : two i n t h e h i p j o i n t and one 
i n t he k n e e . The f i r s t hip-joint a x i s i s 
p e r p e n d i c u l a r t o t he p l a n e o f the v e h i c l e 
body, w h i l e t he second one i s p a r a l l e l t o 
t he body p lane and p e r p e n d i c u l a r to the 

t h i g h . The knee a x i s i s p a r a l l e l t o the s e 
cond h i p - j o i n t a x i s . The t o t a l number o f de
grees o f freedom in s i x l egs amounts t o e i g h 
t e e n . The v e h i c l e body has no k i nema t i c con 
s t r a i n t s , and t h e r e f o r e i t may have s i x de 
grees o f freedom i n i t s mot ion r e l a t i v e t o 
the s u p p o r t i n g s u r f a c e . 

The walker o f t h i s t ype has r a t h e r r i c h 
k i n e m a t i c f e a s i b i l i t i e s which may be used to 
p r o v i d e t he v e h i c l e ' s a d a p t i v i t y t o the t e r 
r a i n . The problem i s t o syn thes ize a p p r o p r i 
a te c o n t r o l a l go r i t hms which, cou ld o rgan ize 
the wa lker k i nema t i c in a reasonable way f o r 
t he e f f e c t i v e s o l v i n g o f d i f f e r e n t locomot ion 
t a s k s . 

I t was reasonable t o des ign c o n t r o l a l 
gor i thms as a m u l t i l e v e l h i e r a r c h i c a l system. 
The f o l l o w i n g 5 l e v e l s were adopted: 

1 . Leg. Th is l e v e l i s the lowest o n e . I t 
i s necessary t o syn thes ize l e g mot ion d u r i n g 
the suppor t and swing phases and to a v o i d 
s m a l l - s i z e o b s t a c l e s . 

2 . L e g c o o r d i n a t i o n . Th is l e v e l i s h i g h 
er than the p rev ious one. The l e g - c o o r d i n a t i 
on a l g o r i t h m s p rov ide support schedu l ing o f 
the l e g s , i . e . they generate sequences o f 
" up " and "down" t imes f o r a l l l e g s . The con-
d i t i o n must be s a t i s f i e d : The s t a b i l i t y mar
g i n of t he v e h i c l e shou ld be always no l e s s 
t h a n a g i ven va lue . 1 8 

3 . S tandpo in t sequence. Th i s l e v e l f i x e s 
i n advance s e v e r a l suppo r t i ng p o i n t s on the 
suppor t s u r f a c e . I n a s imple case, i f t he 
t e r r a i n r e l i e f a l l o w s i t , the l e v e l generates 
a r e g u l a r s tandpo in t sequence desc r ibed by 
two parameters : the gauge w i d t h and the 
s t r i d e l e n g t h . I n more comp l i ca ted cases i t i s 
necessary t o p l a n a n i r r e g u l a r s tandpo in t se 
quence, e . g . f o r some cases of c l i m b i n g over 
o b s t a c l e s . 

4 . Body. The ou tpu t o f t h i s l e v e l i s the 
parameters o f mot ion o f t h e w a l k e r ' s cen t re 
o f mass b o t h a long the r o u t e and i n v e r t i c a l 
d i r e c t i o n , and t he parameters o f body r o t a t i 
o n ( p i t c h , jaw, r o l l ) . 

5 . Route . The r o u t e p l a n n i n g l e v e l i s 
the h i g h e s t one. Up to now the r o u t e of t he 
wa lker has been p lanned by an o p e r a t o r . 

P i g . 2 shows i n t e r l e v e l i n f o r m a t i o n f l o w . 
The complex o f c o n t r o l a l g o r i t h m s is dash-
l i n e d . Do t ted l i n e s i n d i c a t e the f l ow o f t e r 
r a i n i n f o r m a t i o n t o d i f f e r e n t l e v e l s . 

I t was reasonable t o beg in d e s i g n i n g 
the a l g o r i t h m s f r om lower l e v e l s and then 
pass on to t he h i g h e r ones. When t e s t i n g the 
a l g o r i t h m s the ou tpu ts o f h i g h e r l e v e l s were 
i m i t a t e d . 

The i n i t i a l stage o f i n v e s t i g a t i o n d e a l t 
w i t h the l e g - c o n t r o l a l g o r i t h m i n the s imple 
case o f r e g u l a r g a i t o f the walker moving 
a long the r e g u l a r s t a n d p o i n t sequence. The 
body moved w i t h cons tan t v e l o c i t y . The i m i 
t a t i o n o f the l e v e l s h i g h e r t o the l e g - c o n 
t r o l l e v e l was, i n t h i s case, r a t h e r s i m p l e . 
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The leg-con t ro l a lgor i thm provided v e r t i c a l 
legs adaptation to small-scale t e r r a i n rough
ness. 

A specia l block was designed fo r synthe
s i z ing l e g - t i p motion dur ing the swing phase 
in the case of complicated small-scale r e 
l i e f . The ordinates of the l e g - t i p t r a j e c t o 
ry (F ig . 3) were calculated as the sum of 
the ordinates of the convex envelope of the 
r e l i e f (dashed l i n e in F i g . 3) and of the 
ordinates of a parabola w i th v e r t i c a l ax i s . 
The parabola was chosen in such a way that 
i t B ordinates were equal to zero both in the 
i n i t i a l and f i n a l po in t s . I t was assumed 
that the hor i zon ta l component of the l e g - t i p 
ve loc i t y was constant during the whole swing 
phase. 

For the second l e v e l of leg coordinat ion 
- the algor i thm f o r support scheduling w i th 
prescr ibed s t a b i l i t y margin was designed in 
a general case f o r i r r egu la r standpoint se
quence . 

Two types of ga i t were invest igated: 
1. Tripod g a i t . Each of the two t r ipods 

consists of fo re leg and hind leg of one size 
and of middle leg of another s ize . Three 
legs of the t r i p o d swing simultaneously.Two 
t r ipods swing a l t e r n a t e l y . F ig . 4a i l l u -
s t ra tes the adopted log ics of ca lcu la t ing 
"up" and "down" times of the t r i p o d in the 
case when a l l legs of the same side use the 
same standpoint sequence ( "s tep- in -s tep" 
type of locomotion). The swing phase of the 
t r i p o d coincides w i th the time i n t e r v a l when 
the p ro jec t i on of the centre of mass of the 
walker moves between two dashed l ines ins ide 
the support ing t r i a n g l e formed by the legs 
of the other t r i p o d (F ig . 4a) . This log ics 
provides s t a b i l i t y margin of prescribed va
l u e . 

2. Wave g a i t . 1 8 The idea of t h i s type 
of ga i t was taken from one of the enthomolo-
g i c a l papers by D. Wilson.14 The swing waves 
propagate along the legs of each side of the 
walker beginning from the hind legs . The 
hind legs of both sides s ta r t a l t e rna te l y . 

Support scheduling log ics is shown in 
F i g . 4b, The time i n t e r v a l between the s t a r t 
of the hind leg and the standing of the fo-
re leg (wave propagation t ime) was calcu lated 
under condi t ion of prescr ibed s t a b i l i t y mar
g i n . Two equal i n te r va l s of simultaneous 
support of hind and middle legs, and of mid
dle and f r o n t legs were subtracted from the 
wave propagation t ime. The res t of the time 
was devided among three legs p ropor t iona l 
to t h e i r s t r ides (the r u l e o f constant l e g -
t i p hor i zon ta l v e l o c i t y . 

I t should be noted that in spec ia l case 
of regular standpoint sequence the ga i ts ge
nerated both by wave and by t r i pod a lgo
r i thms may coinc ide. But in. general case of 
i r r egu la r standpoint sequence algorithms 
synthesize d i f f e ren t g a i t s . 

The designed algori thms of t h i s l e v e l 
generated support schedule f o r both cons
tant and var iable v e l o c i t y of the body in 
general case of curve rou te . The body r o t a 
t i o n and the v e r t i c a l component of body ve
l o c i t y might be taken i n t o considerat ion. 

On the t h i r d l e v e l two versions of 
standpoint planning algori thms were designed 
which were able to generate standpoint se
quences f o r a r b i t r a r y curve route on the sup
por t surface w i th smal l-scale roughness. I t 
was assumed that each po in t of the surface 
might be used as a standpoint . 

Some algorithms were designed f o r gene
r a t i n g spec ia l i r r egu la r standpoint sequen
ces in case of overcoming obstacles. 

The f o u r t h - l e v e l algori thms formed body 
motion f o r curve route under the above men
t ioned condi t ion r e l a t i v e to the support 
sur face. Some cased of overcoming obstacles 
were considered. 

F i g . 5 presents an example of the walk
e r ' s locomotion along the curve rou te . The 
vehic le moved at f i r s t along the r e c t i l i n e a r 
segment AB. Then, at po in t B, it changed i t s 
route and began walking along the c i r c l e of 
the prescr ibed radius around the object l o 
cated ins ide the c i r c l e (par t BOB). At point 
B the walker continued i t s previous route 
(segment BD). 

The problem of overcoming i so la ted ob
stacles of some types was inves t iga ted . An 
obstacle may be considered as an i so la ted 
one when it is located on the support sur
face a l l po ints of which might be used as 
standpoints. For some obstacles it appears 
undesirable or impossible to use po in ts of 
the support surface in the v i c i n i t y of the 
obstacle due to geometrical r e s t r i c t i o n s 
associated wi th the neighbourhood of the ob
s tac le . 

Some types of i so la ted obstacles are 
shown in F i g . 6. One-parameter obstacle 
" c l e f t " (F ig . 6a) is f unc t i ona l l y equivalent 
to the domain forbidden f o r standing the legs. 
There are no geometrical r e s t r i c t i o n s in the 
v i c i n i t y o f the " c l e f t " . 

Two-parameter obstacle "boulder" (F ig . 
6b) , on the contrary, creates two r e s t r i c t e d 
spots close to i t . The spot before the bou l 
der is undesirable because of the p o s s i b i l i 
ty of contact ing the boulder in the support 
phase. The body of the boulder may make it 
impossible to stand leg t i p in the spot be
h ind the obstacle. I t i s permissible to 
stand legs of the walker on the boulder; i t 
is even des i rab le . 

The bottom of the three-parameter ob
stacle " p i t " (F ig . 6c) may be used to stand 
legs on it except two spots near the wa l l s . 

I t should be noted that " c l e f t " , " bou l 
der" and " p i t " from the geometrical po in t of 
view may be regarded as a combination of 
more simple obstacles of the types "s tep -
i n " and "step-down" ( F i g . 6d, e ) . I f the 
l ong i t ud ina l dimensions of the upper part 
of the boulder or these of the p i t bottom 
are large enough, the boulder and the p i t 
may be in te rp re ted as two separate i so la ted 
obstacles of the "s tep" type. I f the "steps" 
are pos i t ioned ra ther close one a f t e r ano
ther , there ex is ts in ter ference between 
them, and i t i s , apparent ly, more reasonable 
to t r e a t such a combination as a spec ia l 
type of obstacle w i th i t s own specia l method 
of overcoming. 
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It was assumed that the measurement sys
tem was able to estimate the distance between 
the f i x e d point of the vehic le and the point 
of i n te rsec t ion of the measuring beam and the 
support surface. The d i rec t i on of the beam 
may be constant. When the vehic le walkes, the 
beam s l ides over the t e r r a i n and measures i t s 
p r o f i l e . But t h i s may be i n s u f f i c i e n t . The 
angle between the beam and horizon must be 
small enough fo r the vehicle could get t e r 
r a i n r e l i e f information beforehand and has 
p o s s i b i l i t y of planning i t s actions in a rea
sonable way. On the other hand, it is c lear 
that f o r small beam-horizon angle rather long 
zones a f t e r obstacles are inaccessible to r e 
l i e f measurements. The increasing of the 
beam-horizon angle diminishes the inaccessible 
zones but diminishes simultaneously the d i s 
tance between the vehic le and the measured 
po in ts of the t e r r a i n . 

Some algorithms were designed f o r dec i 
sion-making concerning the reasonable a c t i 
ons of the walker overcoming the obstacle. 
I t was assumed that a l l necessary i n f o r m a t i 
on about the type and geometrical parameters 
of the obstacle are avai lable and may be 
used by decision-making algor i thm. 

As to the methods of overcoming obsta
c les , the basic p r i n c i p l e was assumed that 
the higher l eve l might be involved only in 
case of r e a l need. For instance, i f adapta
t i o n to email scale obstacles can be made by 
means of l e v e l " l e g " , t h i s must be done. If 
t h i s appears impossible, the special stand
po in t sequence and appropriate support sche
dule must be generated. If necessary, the 
spec ia l body motion has to be used. 

The algori thms fo r overcoming the c l e f t -
type obstacle were designed in greater details 
A spec ia l c l a s s i f i c a t i o n block estimated the 
s i t u a t i o n : standpoint sequence parameters, 
c l e f t width and i t s pos i t i on r e l a t i v e to the 
walker. Depending on the s i t ua t i on analysis 
resu l t s the fo l l ow ing decisions about the 
regime could be made: 

1. Nothing has to be changes. 
2. It is necessary to make longer one 

s t r i de before the c l e f t by changing the po
s i t i o n of two standpoints and s h i f t i n g them 
in such a way that one of them, the nearest 
to the c l e f t , would be posi t ioned on the 
b r i n k . The f u r t he r development of standpoint 
sequence may be regu lar , as before the c l e f t . 

3 . I t i s necessary to pos i t i on four 
standpoints on the br inks of the c l e f t (two 
on each b r i nk ) and to rearrange some other 
standpoints. 

4. To apply regime 3 but to s h i f t 
standpoints on the b r ink closer to the axis 
of the standpoint sequence. 

5. The body of the walker must be low
ered, and regime 4 must be appl ied. 

The standpoint sequences in F i g . 7 cor
respond to regime 2, whi le those in F ig . 8 
correspond to regimes 4 and 5. 

The regimes 1-5 are l i s t e d in order of 
growth of t h e i r complicacy and t h e i r f e a s i -
b i l i t i e s . According to the basic p r i nc ip l e 
the c l a s s i f i c a t i o n block t r i e d to f i n d out 
subsequently the p o s s i b i l i t y to use regimes 
1-5, beginning from regime I, and adopted 
the f i r s t of them which provided successful 
overcoming the c l e f t . 

Such an approach is evident ly a p p l i 
cable to designing reasonable methods of 
overcoming other types of obstacles. I t 
should be noted that f o r a p i t ra ther deep, 
or f o r a boulder ra ther h igh , or f o r an ob
s tac le l i k e the one in F i g . 10 it may be ne
cessary to t i l t the body of the walker and 
change i t s p i t c h angle in an appropriate way 
as a func t ion of time (F ig . 9, 10). I t is 
evident that when analysing the obstacle, 
t h i s regime, as the most complicated one, 
has to be tested in the las t t u r n . 

Some problems connected wi th measure
ments were invest igated: measurement data 
processing, obstacle i d e n t i f i c a t i o n , measu
rement con t ro l . 

Under the circumstances it was reaso
nable to cont ro l the beam d i rec t ion f o r more 
e f fec t i ve use of measurement system. One of 
the adopted rules was as fo l lows . A l l the 
time when it is possib le, some "smal l " beam-
horizon constant angle is used. This regime 
is used as long as the size of inaccessible 
zones is no more than a given value and each 
zone can be "overstepped", i . e . overcomed 
without p lac ing any standpoint inside the 
zone. If not , the add i t iona l measurements 
must be car r ied out when approaching nearer 
to the obstacle. The measuring beam must be 
i nc l i ned steeper to hor izon. 

I f measuring resu l t s indicate that i t 
is Impossible to place standpoints inside the 
zone a f t e r the obstacle in an appropriate 
way, the fu r the r locomotion is excluded. I f 
appropriate placing the standpoints is pos
s i b l e , the walker uses these points f o r s tan
ding i t s legs and walks on. 

The inves t iga t ion car r ied out confirmed 
that observing on the display screen the mo
v ing image of the vehicle walking on the t e r 
r a i n is a very e f fec t i ve method fo r tes t i ng 
the cont ro l algorithms and est imating t h e i r 
p roper t ies . The motion p ic ture made from the 
CRT screen of the display un i t gives an idea 
of the walker cont ro l algorithms e f f e c t i v e 
ness. 
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