©1972 IEEE. Reprinted, with permission, from IEEE Transaction

on Computers, Vol.C-21, No.2, pp.161-170, February 1972

A Prototype Intelligent Robot that Assembles
Objects from Plan Drawings

MASAKAZU EJIRI, TAKESHI UNO, HARUO YODA,
TATSUO GOTO, anp KIYOO TAKEYASU

~ Abstract—An intelligent robot that recognizes and assembles three-
dimensional objects by of vidicon cameras, an articulated mechan-
ical hand, and a digital computer is described. Its problem-solving func-
tions include three tial parts: the recognition of macro-instructions
from a h ter, the recognition of the objects to be handled, and
the decision making for executing the necessary tasks.

The instruction is in the form of a three-view plan of a simple poly-
hedral assemblage whose overall spatial configuration is recognized to-
gether with its component parts. In this process the set of planes of the

blage is di bled into open shells; these are then reconstructed
into closed shells to find the parts by solving a linear equation where the
shell vectors are taken into consideration.

In the object recognition, all the geometric features of polygonal
prisms in the field of vision are extracted to find the specific parts required
for the assembly. Further computation is made to search for the assembly
procedure and is based on the restraint vectors of each object and con-
sequent disassembly tree. Finally, the mechanical hand starts the autono-
mous manipulation of the parts so as to accomplish the assigned bly.

Index Terms—A bly procedure, puter manipulation, decision
making, drawing recognition, intelligent robot, object recognition, ortho-

graphic drawing, pictorial instruction, polyhedra, problem solving.

1. INTRODUCTION

IMING AT the realization of a future intelligent robot
A system, several studies have been made on automatic
machines which are capable of recognizing three-
dimensional objects or the external world and moving their
hands or bodies in response to the results of the recognition
to perform certain missions. Emphases of these intelligent
machines are placed on the problem-solving techniques that
will be necessary for the realization of a visual device to take
the place of human eyes and a coordinated mechanical sys-
tem to simulate movements of human hands.

The first attempt to control a mechanical hand by means
of a computer was made by Ernst [1], and Roberts [2] was
the first to try to make a machine capable of recognizing
three-dimensional objects. His computer program was able
to input a photographic image of three-dimensional objects
through a facsimile scanner and figure out the three-dimen-
sional configuration of the photographed objects. Nilsson
and his associates [3], [4] made a mobile automaton that
recognized simple objects such as rectangular and triangular
prisms by visual data processing, thereby proceeding to form
a model of the external world. McCarthy et al. [5] con-
structed a computer system with eves, hands, and also ears,
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thus making it possible to instruct the robot by a spoken

language with a comparatively simple syntax. Another lead- -

ing group in the field of artificial intelligence is that of
Minsky, which led to the Guzman program [6] capable of
performing complex scene analysis to identify individual
objects.

These studies have resulted in posing as many new prob-
Iems as solutions. One such problem is how to give the robot
macroscopic instructions. Most existing machines, such as
numerical control machine tools, are operated by micro-
scopic instructions which are programmed in advance with
one-to-one correspondence to each step of the machine
movements. The instructions for the robot systems men-
tioned above are much more macroscopic, but as they are
usually linguistic, it seems that a sequence of instructions
related to the machine behavior in some manner is still neces-
sary when a complex mission such as the assembly of objects
is commanded.

The robot now being described operates by pictorial
macro-instructions that have no relation to the specific move-
ments of the machine. The instructions are in the form of
graphical plans on which the objectives of jobs are illustrated,
thus making it possible to adapt the machine to new jobs
and giving a versatile system. This is a prototype of an in-
tegrated intelligent system that has the problem-solving func-
tions for recognition of the drawing and of the three-dimen-
sional objects, and for the decision making needed to manip-
ulate the objects. Its development represents basic research
directed toward building the automated visual cognition and
handling techniques for an intelligent production system in
future assembly processes. This robot consists of three sub-
systems: eyes, a hand, and a brain. Looking at the given
assembly drawing with one of the eyes, the robot under-
stands the overall spatial configuration of the object shown
in the drawing, as well as the shapes, the numbers, and the
mode and order of assembly of the component parts that
make up the object. With the other eye, the robot looks at
the real parts placed on a table and understands their geomet-
ric features such as their shapes, orientations, positions, and
sizes. Furthermore, it identifies the specific parts required for
each step of assembly, and makes a decision on how to
manipulate these parts to assemble them into the form speci-
fied on the drawing. In accordance with the decisions thus
reached, the robot automatically starts to move its hand to
do the assembly work. The study described in this paper has
made it possible for a computer system to handle the in-
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formation not only on individual objects, but also, to some
extent, on the corelationships between them, although the
objects to be dealt with are limited to polyhedra so far. In
this paper it is the intention of the authors to give a detailed
description of this intelligent robot incorporating the three
techniques—the drawing-recognition technique, the object-
recognition technique, and the decision-making technique
for object handling.

H. THE SYSTEM CONFIGURATION OF THE INTELLIGENT ROBOT

Fig. 1 shows a block diagram of the hardware of this intel-
ligent robot. The visual system of the robot consists of two
vidicon cameras operating at a scanning speed of 60 fields/s
and their peripheral equipments. One of the two eyes is used
for the recognition of the assembly drawing given by human
master and the other is used to see the real world for the
recognition of three-dimensional objects.

The effective visual field of the eye is divided into image
blocks of 60 (high) X 80 (wide), and each block is divided into
picture elements of 4X4, so that the entire image area con-
sists of 240320 picture elements. The optical image is con-
verted into a 5-bit (32-level) digital image by means of a
sample-and-hold circuit with a 667-ns sampling period and
an A-D converter. One picture element from each block is
entered in real time into the control computer, which con-
stitutes the brain system of the robot, through a small-
capacity buffer register capable of holding the information of
40 picture elements. In this case, the commands from the
computer can determine which part of the field of vision and
which picture element from each block are transmitted into
the computer, thus permitting the video information within
a rectangular opening with optional size being fed in from
any desired part of the field of vision at the three modes of
fineness: fine, medium, and coarse.

The handling system of the robot is an articulated mechan-
ical hand with seven degrees of freedom of motion in all,
including a parallel-jaw type grasping mechanism. Each joint
of the hand is coordinated by controlling seven independent
servomechanisms simultaneously. The computer sends to the
seven registers the data corresponding to the desired dis-
placement of the hand, which in turn are converted into 400
Hz phase signals by means of a pulse distributor and seven
digital phase modulators. These signals are then compared
with the phase signals of svnchroresolver type position detec-
tors, and the error signals are amplified and fed into dc
servomotors through thyristors to control the motion of each
joint of the hand with continuous path mode.

The eyes and the hand of the robot are linked through data
channels with a HITAC 7250 digital computer with a 32-
kiloword 16-bit word length core memory and a 512-kilo-
word magnetic drum. The cycle time is 2 us, and the max-
imum data transfer rate is 4 Mbits/s.

All the recognition and decision-making functions of this
robot are given as the software of this computer. Except for
a few assembly language routines, this application software
is written in Fortran and comprises three major programs—
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Fig. 1. System configuration.

the drawing recognition program, object recognition pro-
gram, and decision-making program—and their subpro-
grams.

III. DRAWING RECOGNITION ALGORITHM

The macro-instruction for this intelligent robot is given in
the form of an assembly drawing. The drawing is an ortho-
graphic projection showing three sides of the required as-
semblage, and is, at present, composed only of straight solid
lines; accordingly, the assemblage must be a polyhedral
structure composed only of flat planes. The drawing recogni-
tion algorithm converts the drawing into three-dimensional
information and distinguishes the individual component
parts that make up the assemblage. First, the image of the
drawing picked up by the vidicon camera is fed into the
magnetic drum through the core memory of the computer;
thereafter this digitized information is used to detect all the
lines in the top, front, and side views of the drawing, which
provides a list of nodes, lines, and loops. The trenching
method, which will be discussed in the section on object
recognition, is employed in the detection of the straight lines
in the drawing.

The drawing recognition algorithm then carries out the
conversion of the detected nodes in the two-dimensional
image into spatial vertices. Since the three-view drawing is
the orthogonal projections of an object on the planes xy, yz,
and zx in the xyz Cartesian coordinate system, the x and y
coordinates of a spatial vertex must be expressed in top view,
the y and z coordinates in front view, and the z and x co-
ordinates in side view. Therefore, the following set of spatial
vertices P can be obtained from the coordinates of the ith
node in the front view, the jth node in the side view, and the
kth node in the top view, examining the corresponding rela-
tionships between all the sets of nodes in the respective
views.

6(r; — x) - 6(ye — )

P = {p§p=(ﬂi9]‘:k>’ .
'3{2.* - ;..,‘) = 1}

where
ifa=20

1
if a = 0. )

8a) =

b
0,
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If the given drawing is perfectly described with no ambiguity,
that is if the projections of all vertices of the three-dimen-
sional assemblage are sufficiently represented as nodes in
each view, the set of spatial points thus obtained only from
corresponding relationships will be a perfect one. However,
in general the set P contains excess vertices which do not
exist in the real assemblage, because (1) is a necessary but not
sufficient condition for obtaining the spatial vertices. These
kinds of unnecessary information are excluded at the subse-
quent stage of processing, as will be mentioned later.

However, there are more complex drawings involving
some degree of ambiguity in description. For example, there
is a case as is seen in Fig. 2, in which nodes 1-5 on the front
view have no corresponding nodes on the other views. This
is due to the omission of the broken lines for expressing the
invisible lines. The assemblage shown in Fig. 2 is composed
of a grooved block (an octagonal prism) B, and two triangu-
lar prisms B, and B; mounted on top. Node 1 in front view
is a false point created by the overlapped view of these two
triangular prisms. This can be deduced from the fact that
node 1 is T-shaped and has no corresponding nodes in the
top view despite of its uppermost position in the front view.
Therefore, assuming that the line segment 6, 1 is the visible
section of 6, 7, node 1 is eliminated from the set of nodes in
the front view and 6, 7 is registered instead of 6, 1 in the set
of lines in the front view. Regarding the internal nodes with
no corresponding nodes in other views, such as nodes 2-
5, it is assumed that there are lines, perpendicular to the
drawing, that pass through these nodes; thus the edge lines
not expressed in other views are taken into consideration.
By means of these two processes, the addition and the elim-
ination of the two-dimensional information are performed
and the corresponding nodes are located again by (1) to
find all spatial vertices. As these two are rather special
cases selected among others, they are not sufficient to deduce
all kinds of ambiguity. However, these two processes usually
give fairly good results for the recognition of the assemblage
constituted mainly by polygonal prisms.

Next, the lines are converted into spatial information.
Whether or not a line segment exists between any two vertices
pn=C(i, j, k) and p,=(’, j/, k) in the set P of spatial vertices
can be determined by checking the existence of its projected
line segments #/’, jj’, and kk’ in the set of lines in the respec-
tive views. Sometimes, a spatial line is projected into a point
in one of the views; in this case it is regarded that a projected
line segment exists. Thus the set of spatial lines L is obtained
and its element / is expressed as the set of two spatial ver-
tices {pm, pn}, which are the endpoints of the line segment.

The spatial planes are then computed. The two-dimen-
sional loops in the drawing are already expressed by the
chains of nodes in the respective views. As the assemblage is
limited to a group of polyhedra, each loop can be regarded
as a projection of a loop of spatial vertices. Therefore the
candidates for spatial planes are determined from these loops
in the respective views and are investigated to see that all
spatial vertices in each candidate lie on the same plane. If
this is the case, they are registered as spatial planes. On the
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Fig. 2. Example of orthographic projection
and its spatial configuration.

other hand, there also is a case in which a spatial loop is
projected on a single line segment in some view. Therefore
it is possible to obtain from the set of spatial lines, which are
projected on a single line in the respective views, spatial loop
information as a candidate of a spatial plane. The ultimate
set of spatial planes S is the union of the sets obtained by
these two methods.

Further investigation is made as to whether or not the re-
sulting spatial vertices, spatial lines, and spatial planes give
a complete description of three-dimensional assemblage.
Since each element s; in the set S of spatial planes is expressed
as the set of spatial lines composing the plane,

In other words, all the unions of s; with respect to 7 give the
set of spatial lines L. Now consider the following two sets of
lines obtained from all elements in S:

L' =\ (s; N sy),
L=\ (ng ij‘\ S‘k),

i# ] 3)
i#Z,i# bk k#EL 4)

Obviously, L’ is the set of edge lines each of which is con-
tained in two or more planes and similarly L is the set of
lines contained in three or more planes. Also it is evident that
LDL'DL"”. Now we consider the set L—L’. This is the set of
edge lines such that each of the lines belongs to only one
plane. Therefore the plane s;, where (L—L")N\s;# &, is an
isolated plane which does not compose a three-dimensional
body. In general, this is the excess information and for this
reason it is excluded from the set S of planes. An example
of such an isolated plane is given in Fig. 5 which will appear
later.

On the other hand, L'— L’ becomes the set of edge lines
each of which is contained only in two planes. Therefore the
two planes s; and s;, which have the common / where /&
(L'—L"), always compose the same solid. Let us say that
two planes having such / are united together with a tight link.
In contrast, when s; and s; have in common the edge line
contained in L, they do not necessarily compose the same
solid and therefore this case is called the loose link.

Next, the set of planes S, from which all isolated planes



164

have been eliminated, is divided into subsets Sy, Ss, - - -, S,
by grouping the planes, so that the planes in each subset are
united with each other only with tight links. These subsets
are usually the open shells whose openings are composed of
the edge lines in L. This process is shown in Fig. 3, where,
for instance, S, is a shell constituted by planes 1-5, which
are united only with tight links, and S is also a shell consist-
ing only of plane 6. An upper diagram in Fig. 3 shows the
connections among the planes and the numbers in the circles
represent the plane numbers. A solid can be obtained by
putting together some of these shells to construct a closed
shell with no openings. This procedure corresponds to ob-
taining the independent solutions of a linear equation using
shell vectors.

First, the column vector whose dimension is equal to the
number m of elements in L” is defined as the following equa-
tion for each shell s;: '

§; = col (a;x,aig, o ,a,‘m), 7=

where
1, if the jth element in L is contained in the
shell S,

Aq; = {
EO, if it is not contained.
As a result, “/” elements in s; correspond to the edge lines
of the opening. Therefore the opening of the newly formed
shell, obtained by uniting the shell S; and S;, has the edge
lines corresponding to / elements of the vector s;+s; which
will be obtained by an algebraic addition with modulo 2. If
the sum of several arbitrary shell vectors is zero, the opening
is closed. In other words, the combined shell by this sum is
a closed shell which forms a solid. Therefore, the indepen-
dent solutions of the following equation by an algebraic
operation with modulo 2 correspond to the three-dimen-
sional objects, where M is an mXn matrix (Si Sz, * * *, S»):

Mwv=20 (6)
“where

v = col (g, 2, * * *, V).

In other words, the union of shell S; for all i such that the
element v; of v is not 0 is a solid.

The resulting solids By, B, - - - are geometrically closed
shells, but the same spatial region might still be involved in
two or more solids. Therefore these solids must be separated
so that each solid has its own spatial region. For this pur-

pose, let ¢;; be an arbitrary point on an arbitrary plane of the .

set B,— B;; that is, ¢,; is on the plane which composes the
solid B; but does not compose B;. And let V; denote the
spatial region inside of the solid B,. Then the flow diagram
shown in Fig. 4(a) represents the method of obtaining inde-
pendent solids having no space region in common. In Fig. 4,
if there is a plane which composes the solid B; but does not
compose Bj, that is, if B,— B;> ¢J, an arbitrary point ¢;; on
the plane is checked to see if it is involved in ¥;. When in-
volved, it is assumed that the solid B; is inside of the solid
B,, and B; is reorganized by replacing co-owned planes
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B.N\B; of B; with the not co-owned planes B/ N\ B, of B;. This
process is shown in Fig. 4(b). In this case, whether or not ¢;;
is included in V; can be determined by checking to see if one
side of an arbitrary straight line passing through g;; inter-
sects the planes of B; by an odd number of times or by an
even number of times. Similarly, when ¢,; is not involved in
V;, the same procedure checks whether or not the solid B;
involves the solid B;. Of course there will possibly be some
pairs of objects one of which is partially and not completely
involved in the other. Even in this case, this flow will give a
set of independent solids having no space region in common
by repeating the computation along the flow until no modifi-
cation is needed for all the pairs of solids, B; and B;. The
solids which have been isolated by this process are hereafter
called the parts.

The shape of a part can be judged by the shapes of planes
forming the part and the relative positions of the planes. The
corelationships between the parts B; and B; can be judged
from the set of planes D;;= B:N\B;. If D;;= &, B; and B; are
apart from each other. If D;;> ¢J, they are in contact with
the surfaces which are the elements of D;;.

Fig. 5 shows some examples of such drawing recognition
plotted by means of an XY plotter. Fig. 5(a) shows the three-
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Fig. 5. Examples of drawing recognition. (a) Orthographic projection. -

(b) Edge structure. (c) Spatial configuration. (d)-(f) Parts.

view plans recognized as two-dimensional information from
the images which are fed in the computer through a vidicon
camera, and Fig. 5(b) shows the sets of edge lines obtained
by calculating the correspondence between the nodes and
lines in the drawings. Fig. 5(c) represents the spatial con-
figuration of assemblages obtained by calculating the spatial
planes from the information on spatial edge lines in (b).
Especially in example (1), it is shown that the excess edge
lines are excluded as they constitute an isolated plane.
Furthermore, (d)-(f) show the component parts disinte-
grated from the information in (c). Here for the display
purpose, both the hidden lines and the information of con-
tacting surfaces which are equivalent to, so to speak, pasted
portions of planes are eliminated in (c)—(f).

IV. OBJECT RECOGNITION ALGORITHM

The object recognition algorithm is aimed at recognizing,
by a vidicon camera, all the geometric features such as
shapes, positions, orientations, and sizes of three-dimen-
sional objects placed in the real world. If we use only mon-
ocular vision with a fixed field, it is usually impossible to
recognize all of the geometric features from the two-dimen-
sional projected image. To allow complete recognition, some
means by which a point on an object and a point on its
image are related to each other is necessary, as well as some
extent of restriction on the shape of the object. Here, the
objects to be recognized are restricted to the polygonal
prisms placed on a table. The vidicon camera looks down
these objects obliquely and the geometric relation between
the surfaces of the table and the image plane on the vidicon is
calibrated in advance by an equation in which the distance
and angle between them are used as parameters. The objects
to be recognized are white colored and are arbitrarily ar-
ranged on a black table in random positions and orientations
within a field of vision of about 30 by 30 cm. In this case the
objects in the image must at least be separated from each
other for the extraction of all the geometric features.

The digitized image with 5-bit brightness information,
which has been fed into the computer, is first thresholded to
distinguish the object areas from background. Then the
number of objects is found by labeling each object area
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Fig. 6. Labeling process for finding each object area.
(a) Digitized camera image. (b) Numbered image.

in the image with a number. Fig. 6 shows an example of the
brightness image and the labeled image printed out on a line
printer, where the total field of vision is represented by
thinning out the picture elements. Here, the same number is
given to the picture elements composing the same object.
This number is stored in some bit positions of the corre-
sponding word in the same memory area as of the digitized
image. Then the digitized image /;; is converted into the
spatially differentiated image Z;; by using the adjacent
2X 2 picture elements as the following equation:

Zis= 3| Ly = Tijri + Tijor — Tinsn|
+ [ L+ Ty = Tigor = Lingn L ). (D

Though this unipolar spatial differentiation uses the minimal
number of picture elements, it gives a good contour image
with the edge lines emphasized, as the differential gain is
fairly constant regardless of the contour directions. The
spatially differentiated image is also stored in the same area
as the original image as a 5-bit digitized image.

From the differential image thus obtained, one of the ob-
ject parts of the image is selected in the order of numbers
given by the above labeling process and the edge lines of the
object are detected one by one by the trenching method. In
this method, the intersection points between edge lines and
two parallel searching lines are found first. Secondly, the
position and direction of an edge line are roughly estimated
from the combination of the intersection points. Then a slit-
like mask with wings is put on the roughly estimated edge
line, and its inclination and length are adjusted so that it fits
the edge line to the maximum degree. Finally, the converged
mask is regarded as a line segment. In this case, the wings are
used for finding the direction of the modification. Though
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Fig. 7. Image processing. (a) Original digitized image. (b) Spatially
differentiated image. (c) Process of line detection where first line
segment is under investigation.

this method gives accurate line segments, it has a disad-
vantage of complexity in setting up an oblique mask on the
image which is digitized as a rectangular array. Fig. 7 shows
the procedure of detecting the line segments by this method.

Due to digitizing and effects of lighting conditions, it
sometimes happens that the endpoints of some line segments
do not precisely coincide with others or that a line is ex-
pressed as two adjacent lines. In these cases, a finishing pro-
cess rearranges the lines and makes the necessary corrections,
such as eliminating unnecessary twigs, binding together some
endpoints as a vertex, and comtining two adjacent line seg-
ments into a single line. Since the line segments which form
a loop usually constitute a plane, the loop information is
preferentially reserved in this process. Fig. 8 includes the
results of this process on XY plotter. The above algorithms
for line detection and correction are also employed in the
previously discussed drawing recognition process.

By means of such processing we determine the set P of
vertices, the set L of line segments and the set S of planes (or
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Fig. 9. Set of edge lines in the two-dimensional image of a pentagonal
prism, illustrating the process of spatial structure analysis. L’
= {11, [2, Iz, 143 and L= {ls, 13, 17;‘.

loops) in the two-dimensional projected image. Next we
proceed to the structure analysis. Since the object to be
treated is restricted to a polygonal prism, we first find a
subset L’ (CL), composed of more than two parallel line
segments with equal length. as illustrated in Fig. 9, and as-
sume it to be the set of edge lines of the column of the polyg-
onal prism. If the direction of this column is denoted by r,
it can be proved that one of the extreme points p(EP),
whose coordinate position is maximum or minimum in the
direction r, constitutes at least the polygonal surface s S),
which we may call the characteristic surface of a polygonal
prism. Moreover, it can be proved that the edge line /., which
has the largest angle with » among all the lines passing
through the extreme point p,, is included only in a plane s,
without fail. Therefore the candidate of the characteristic
surface s,&S such that /,Es, is at first obtained, and the
vertices with local maximum and minimum in the direction
¥’ (perpendicular to r) are found among the vertices which
constitute the loop s.. At these vertices, the image field is
divided into several strips parallel to » and the set of lines
L'"(Cs.) is determined in which the odd-numbered lines in
s, are involved, when viewed in the direction ». Then each
IEL" is moved in parallel in the opposite direction of » as
much as the assumed column length of the prism. If the
coincident line segment is found in L even partially, it is
concluded that /&L’ is the column of the prism and s, is the
characteristic surface, and therefore the structure analysis is
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completed by adding hidden points, lines, and planes to the
sets P, L, and S, respectively. The above algorithm usually
yields good recognition results even if some of the column
lines are missing.

In the case of a polygonal prism, there are only two kinds
of typical orientations; that is, the characteristic surface is
parallel or perpendicular to the table surface on which it is
placed. Therefore, by assuming the vertices and edge lines at
lower positions in the image are in contact with the table sur-
face, it is possible at this stage to calculate the spatial co-
ordinates of the vertices from thé-previously calibrated rela-
tionships between the coordinates of the table surface and
those of the image plane of the vidicon camera, thereby de-
termining the position of the object in xyz coordinates on
the table. This process is illustrated in Fig. 8.

The above process is repeated for every object in order and
finally all the objects in the image are recognized. With this
method, apart from the limitation of the resolution of the
vidicon camera, it is generally possible to recognize any num-
ber of any polygonal prisms when they are independently
arranged from each other and their characteristic surfaces
are visible. In this case, it is possible to recognize even a con-
cave polygonal prism where part of its surfaces is hidden by
other parts of itself.

The accuracy of recognition is about + 2-3 mm in terms of
the coordinates on the table, due to the digitizing error of the
field of vision and the linearity of the vidicon camera.

V. HANDLING ALGORITHM

The completion of drawing and object recognition pro-
cesses is followed by the decision-making process for han-
dling the objects. The handling algorithm is aimed at de-
ciding on a sequence of manipulation steps in assembling
the objects on the table so as to complete the assemblage in-
structed on the given drawing.

Firstly, the correspondence of the parts is investigated by
referring to the list of the disassembled parts from the draw-
ing and the list of the real parts recognized, and by selecting
the required parts for the assembly. For this correspondence
of the lists of polygonal prisms, the chain information of
both the interior angles and the line lengths of the charac-
teristic surfaces are utilized as well as the information of the
column lengths of the prisms. When there exist more objects
with the same shape than the number specified on the draw-
ing, only the required number of parts are regarded as the
necessary parts. In this case, the parts at positions nearer to
the origin on the table and the parts with orientation closer
to the orientation specified on the drawing are preferentially
selected to make handling easier.

Secondly, the assembly order is decided. It is an interesting
puzzle to determine a practical order of assembly from the
given drawing. For the decision of the assembly order, not
only must the corelationships between the parts in the as-
sembled form be considered, but also the restrictions arising
from the structure and function of the handling mechanism.
The greater the number of required component parts in-
volved, the more difficult the problem-solving method would
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Fig. 10. Restrained planes and their directions. Restraint vectors of
each part are: u1=(0,0,1,0,0, 1), u2=(0,0, 1, 1, 1, 1), and u;
=(0,0,0,1,0, 1).

be. However it is comparatively easy to solve the problem if
we adopt a method of judging how to disintegrate the as-
semblage from the assembled state to the arranged state.
Obviously, the assembly order is the reverse of this disas-
sembly order.

Whether the disassembly is possible or not can be judged
on the basis of plane vectors. These are the vectors which are
perpendicular to each surface of the object and are directed
toward the outside of the object. The direction of the vector
is decided easily by checking whether the line perpendicular
to the plane in question pierces through other planes of the
object by an odd or even number of times. By the drawing
recognition, we have already obtained the list of the parts
By, Bs, - - - as the sets of planes which compose each part.
We also have obtained the list of the planes as the sets of
edge lines composing them, the list of the edge lines as the
sets of their spatial endpoints, and the list of points with their
x, ¥, and z coordinates described. On the basis of the above
information, the contact surfaces between the component
parts are first calculated from B, \B;, and a list of the con-
tact surfaces, including the object number being contacted
with them, is made for each part B;. To each list thus ob-
tained is added a plane, if one exists, such that the z coordi-
nate is 0. This is one of the bottom planes of the assemblage
and comes into contact with the table surface when the part
is assembled. The above two kinds of contact planes are
hereafter called the restrained planes. Now it is possible to
obtain the vectors of the restrained planes in each object. An
example is shown in Fig. 10. In a relatively simple assembly
like this, the plane vectors point only in the three main di-
rections Xx, y, and z. If there is a contact plane in an oblique
direction, we may consider its component vectors in the x,
y, and z directions. Therefore it is sufficient to consider a
total of six directions including both positive and negative
direction of each coordinate axis. :

Now the restraint vector u; of the part B; is defined as fol-
lows:
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Ui = (Qpzy Aoty By Ay A psy As) 8
where
(1, if the part is restrained in the direction r

a, =
’ {O, if the part is not restrained.

It is evident that the unrestraint vector of the part can be
obtained by substituting each component a, of u; by its
logical complement a@,. The logical possibility of disassem-
bling the part from the assemblage can be calculated by the
following logical formula:

S 1, possible
Apxllg Ay Ayp =

This shows that it is possible to disassemble the parts when
it is free in the upper direction and both x and y are free in

-.—either the positive_omthe negative direction. However. since
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(e) (f)

Some phases of assembly sequence for case shown in part (3)
of Fig. 5. (a). (b) Handling of first object. (¢), (d) Handling of second
object. (), (f) Handling of third object.

(d)
Fig. 13,

V1. DiscussioN

The major concern of the present work is the development
of the computer algorithms dealing with the information
about objects. For this reason, no special efforts have been
‘made so far on the processor hardware, and only a conven-
tional-type control computer HITAC 7250 has been used.
The whole software system for this robot requires a memory
capacity of 400 kwords, including the operating system and
the working area for the visual image. Moreover, more than
90 percent of the programs are written in Fortran for this
particular computer whose speed no longer seems to be high
enough. These are the main reasons of taking comparatively
long periods of time for computations, such as 240 s for
image processing, 20 s for drawing recognition, 50 s for
object recognition, and 10 s for decision making, on the
average. It is probably possible to reduce the working time
to 1/10 or even to 1/20 by refining the programs. However
the development of a low-cost processor based on a new con-
cept, which has at least the parallel processing capability,
seems to be essential for the solution in future industrial ap-
plication.

With regard to drawing recognition, we have made it pos-
sible for the robot to recognize somewhat less than perfect
drawings by providing two imaginative functions. It will be
necessary in the future to enhance this imaginative function
by further analyzing the method by which man uses his
imagination to make up for missing information when read-
ing an imperfectly written message and to enhance the capa-
bilities of recognizing a drawing, including curved lines.

In this work the objects to be recognized are restricted to
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polygonal prisms, but most of the techniques used can be ex-
tended to the recognition of ordinary polyhedra. No restric-
tion will be needed if the purpose of object recognition is
merely to guess the shape of a given polyhedron. The above
restriction is imposed only because of the necessity to detect
even the spatial coordinate information on the attitude and
position of the object. We think it possible to raise further
the level of the recognizable objects by adopting new tech-
niques, such as the binocular stereoscopic viewing technique.

For finding the assembly order in the decision process, the
restraint vector is taken into consideration. The judgment of
the disassembly possibility by (9) is effective only when the
planes are butt-jointed. A proper modification is necessary
when the restriction is more severe, such as with fit-jointed
surfaces. In actuality there are many instances of assembly
such as when u,=(1, 0, 1, 1, 1, 1), for example, and where
there is freedom only in one direction and consequently some
restrained planes slide against each other when assembled.

Since the components of the restraint vector are supposed
to be binary values, the direction of approach in the as-
sembling operation is restricted to being from above and
from diagonally above at an angle of 45°. For some kinds of
assemblage, a more harmonious approach will result if we
consider, as the plane vector, an analog vector having some
relation to the geometric features of the plane such as a vec-
tor inversely proportional to the area of the plane. In the case
of complicated objects to be assembled, it is possible that
none of the components of the restraint vector are 0. There-
fore it will be necessary to devise a means in which new co-
ordinates are obtained by rotating the xyz coordinate axes
50 that at least one of the components of the restraint vector
is made to be 0 under the new coordinates, thereby obtaining
the assembly direction.

Examples given in this paper state the usual capabilities of
the robot. However, a quantitative analysis on what extent
of complexity of the assemblage would be handled is too dif-
ficult, and it has not yet been clarified. In the case of the
assemblage where one component is barely supported by
mounting another component on it eccentrically from its
center of gravity, removal of this component does not restore
the original geometric relations of the remaining compo-
nents. For such unstable assemblages, the handling algo-
rithm is powerless at present because the function for check-
ing stability has not yet been implemented, although drawing
recognition is normally performed. To make this possible,
the handling algorithm should be provided with a branch for
judging stability and with suitable decision-making algo-
rithms for judging unstable structures. Also, it would be
necessary to equip two or more manipulating hands or sup-
plementary tools for essential solutions to assembling un-
stable structures.

VII. CoNCLUSION

We have discussed a prototype of an intelligent robot that
is able to understand macroscopic instructions given in the
form of three-view plans, make decisions necessary to achieve
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the assignments indicated on the plans, and perform the as-
sembly work in accordance with the positions and orienta-
tions of the given objects. Usually all the human master need
do is change the drawing. The robot studies and understands
the given drawing even if it has never been exposed to the
plans before, and from it learns a new job.

The development efforts for this robot have mainly been
focused on the exploration of object information processing
techniques capable of handling information not only of in-
dividual three-dimensional objects, but also of the corela-
tionships between them. The drawing recognition capability
is one of the unique achievements of these efforts and
seems to be important not only as an attempt to give a
machine the intelligence to understand macroscopic instruc-
tions, but also as a basis for providing graphic display tech-
niques of three-dimensional objects which may lead to the
development of sophisticated computer-aided designing tech-
niques in the future.

The object recognition techniques previously have been
limited to comparatively simple shapes such as rectangular
and triangular prisms, as far as the recognition of all the
geometric features is concerned. In this paper this technique
has been extended to general polygonal prisms, both convex
and concave. The autonomous manipulation of the objects
by the aid of a computer system has also been made possible
by developing the basic decision-making algorithms for as-
sembly.

These techniques must be improved further for the realiza-
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tion of an intelligent system with more intensified problem-
solving capability.
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