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Abstract: After a slow and somewhat tentative beginning, machine vision systems are now finding
widespread use in assembly processes. The paper describes the integration of Vision Tools in the
stages of sequential assembling of a mechanical product and final checking of its integrity. Vision
Tools represent a powerful category of feature detection and measuring operators. They are used
to detect a number of arc-shaped edges in the greyscale image of the final product in predefined
areas, corresponding to the correct placement of assembly components. Experimental results are
reporting concerning the integration of multiple Adept Robot Vision systems into a flexible
assembly line and the real time quality and control of final assembly products.

Keywords: assembly robots, artificial intelligence, robot vision, intelligent control, flexible

manufacturing systems.

1. VISUAL MEASUREMENTS AND
INSPECTION BASED ON Al
TECHNIQUES

Measurements represent user-defined
descriptors which either extend the set of
scalar/space domain features for object
recognition or operate locally, within specified
areas of interest of objects, to evaluate particular
geometric features of their boundary, body, or
holes (Borangiu, 2001), (Klaus, 1987), (Lee,
1993).

Since the nineties, Automated Visual Inspection
has concentrated at a great extent on mass-
produced objects including assemblies, because
the high cost of designing and building an
inspection system has made it uneconomic to
apply vision techniques to other types of
artefacts.

However, there are several possible applications
areas for industrial vision inspection systems

that have been almost totally neglected at the
beginning of the last decade and which are now
progressively considered for implementing:

¢ Objects made in small quantities

e Complex (monolithic) objects: car engine
blocks, castings, mouldings

o Assemblies of components: electric motors,
hair-driers, printed circuit boards (PCB),
computer keyboards, etc.

e Mass-produced goods which are deliberately
made with a high degree of individual
variation, to simulate their being hand made

¢ Objects which have, by their very nature, a
high degree of variability products in the food
manufacturing industry)

¢ Objects which are either flexible or consist of
assemblies of jointed parts

o Natural objects which also exhibit a high
degree of variability and which have ill-
defined quality criteria (Batchelor, 1991).
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Automated Visual Inspection will have an
increased impact on manufacturing and
processing these products for the reason that,
using Al techniques, it becomes more cost-
effective. Al technigues can be used to assist in
the analysis of images, to control feature search
patterns, and in the creation of complex
measurements.

There can be defined three major, closely inter-
linked AVI topics under the general heading of
Al-based measurements:

(a) Model-based inspection, for use when there
exists a model, drawing, CAD database or
other specification of what an object should
look like.

(b) Rule-based inspection, in which the
knowledge of a human inspector can be
encapsulated in a set of rules to design and
interpret the results of running visual
measurements.

(c) Declarative programming, in which the user
specifies what the vision system can expect
to see.

Implementing  the Al  techniques  for
measurements is based on vision tools, which
specified areas-of-interest — AOI (or windows
region of interest — WROI). Since several
different vision tools may be placed in the same
area, it must be possible to predefine areas-of-
interest, so that they can then be used by
multiple tools.

1.1 Search patterns and predicates

Fixed inspection sequences account always for
the same location of AOIs and for invariant
sequences of measurements. This is the case
when the type of objects to be inspected is a
priori known, as well as their location in the
image plane.

However, the more general case is that of
inspection sequences which cannot be predicted
beforehand, because either the scene's content is
random (as type and location of objects) or there
is not a priori complete knowledge about what,
where and how features should be detected and
evaluated by measurements for an object.
Obvious requirements are then for:

e some mechanism for searching for named
features (for example, it may be necessary to
look for an edge, a corner, a hole or some

other nominated feature on the object that is to
be examined);

e some technique for placing vision tools
relative to features detected at run time and/or
reference frames generated dynamically by
other vision tools,

which allows easily repositioning groups of
tools based on new image data.

We shall therefore discuss search patterns and
predicates assisting the search by points, lines,
and landmarks.

1.1.1 Scan and search patterns

There are several feature-search methods which
are useful when searching for features in a scene
or object image (Lin, 1987), (Moreno, 1998,
1998a). They are presented next.

e  Extreme-feature location

Extreme-feature location is one of the most
common and conceptually simplest, types of
search used in model-based inspection.

Typical tasks are that of finding the leftmost,
rightmost, up most, down most edge point or
edge line of an object silhouette, the position of
the brightest/darkest point in an image or the
position of the largest/smallest hole in the body
of a blob.

Another extreme-feature location task is to find
the blob that is closest or furthest to a given
point X;,Y; or to a given line described by the

points X;,Y; and X,,Y,. The coordinates
X¢.Y. of the centroid of the blob so identified
are then computed relative to the axes of the
image plane, (Xyis, Yyis )-

e Raster scan

Raster scanning is important because it provides
the basis of the majority of systematic searching
procedures, and is the most useful technique in
those situations in which there is no, or very
little, prior knowledge about the location of a
feature of interest in an image.

The six important raster scan patterns are shown
in Fig. 1.

The raster scan patterns can be generated in
Robot Vision systems either from a stationary
camera by moving correspondingly the vision
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tools (for example rulers or finders) or from a
mobile (arm-mounted or hand-held) camera by
moving correspondingly the robot arm over the
scene.

The left-to-right, top-to-bottom pattern with
rapid "fly-back" is suitable for software (or
electronic) scanning, where rapid fly-back is
possible. The backwards and forwards pattern
with steady progress in the orthogonal direction
is suitable for scanning by a slow electro-
mechanical device, such as a robot manipulator
or xy-table. The spiral pattern may be square or

circular, linear or logarithmic. (Nayar, 1996).

= =
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Fig. 1. Important raster scan patterns. (a) Left-
to-right, top-to-bottom with rapid "fly-back".
(b) Backwards and forwards, with steady
progress in the orthogonal direction. (c) As
(b), but with incremental motion along the

"slow" axis. (d) Concentric circles. (e)
Spiral. (f) Wheel-spoke.

e Random scan

Random scanning is usually suboptimal as a
search strategy but if there is no prior
knowledge, it may be very effective at locating
large objects in an image or scene.

Random scanning is the basis of Monte Carlo
estimation techniques and it is possible to
perform mathematical integration of numerically
defined functions, using random search patterns.

e Space-filling scan

The Peano scan is a pace-filling curve. An
important characteristic of the Peano scan is that
it preserves clustering quite well, which makes
possible to find the larger blobs in a binary

image quickly and easily. However, it must be
noted that this procedure is not algorithmic.

The Peano scan is a particularly convenient
space-filling curve, because it fills a rectangular
space and uses movements that are always
parallel to the coordinate axes of the Cartesian
space. Moreover, the resolution of the scanning
pattern is controlled by a single parameter.

The 2-D Peano scan is most easily defined using
recursion; for this reason, it was very
conveniently expressed in Prolog+.

An equivalent search pattern can be defined
which performs a 3-D scan.

e Coarse/Fine scan search

Consider that the only knowledge is about the
fact that small objects are likely to be clustered
together in the image (scene) that is to be
searched (for example, defects on a web product
— sheet steel, glass, plastic, cloth, etc.).

A sensible search heuristic when clustering is
likely to occur is to use a coarse scan to find one
object and then hunt nearby for the others. This
is the basis for the coarse/fine scan search
method (O'Gorman, 1996), (Pau 1990).

An alternative reason for using coarse/fine scan
is to examine objects in varying detail. For
example, a car engine block might be located
first by using a low-resolution view of a wide
scene. Then, a high-resolution view might be
used to look for debris in its various holes,
exhaust ports etc.

Coarse/fine scanning can be achieved in several
ways:

(i) Mechanical — a coarse initial search by the
robot holding the camera is followed by a
finer one.

(if) Optical — the camera zoom lens is set to
"out" initially. When an object has been
located, the lens is automatically adjusted to
zoom in, to examine the object's shape in
more detail.

(iif)Camera — certain types of CCD sensors
offer random access. Such a camera is
supplied with an X,Y address and returns a
value representing the light intensity at that
point. With proper scanning software, a
random access camera can perform
coarse/fine  scanning, or edge/streak
tracking.
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(iv) Software — a high-resolution stored image is
sampled first to give a low-resolution image
which is then analysed. After an object has
been found, a small high-resolution WROI
is selected for more detailed scrutiny.

A method that is widely used in image
processing is that of quad-trees. A quad-tree is a
series of images derived from the same initial
image and of resolution:

2" x 2" pixels, 2" 1 x 2n-1 pixels, ...,
21 x 21 pixels, 20 x 20 pixels

Q).

The basic idea is that decision obtained on a
low-resolution image can guide the processing
of higher resolution images, thus avoiding
slow/costly image processing operations.

e Edge/Contour following

In many industrial inspection problems, images
must be analysed which contain few small-area
features, such as linear or curved arcs. These
often arise from edges, cracks or scratches. An
image of a scratch, for example, may contain a
total of 512 x 256 pixels (131072 pixels). If the
brightness of the background is nearly uniform,
there may be only a few hundred pixels,
composing the scratch, whose intensities differ
significantly from the average value. A great
deal of processing effort could be saved if it
were possible to concentrate upon such
"scratch"-type features, by a technique of
following edges, contours or streaks, as
appropriate.

There may be other advantages too, the most
important of which is that serial processes can
be implemented, which would not otherwise be
possible. There are two stages to such processes:

¢ Following segments of arcs which do not
contain breaks

e Jumping over breaks, between the extant
portions of a broken arc

For example, an edge might appear to be
"broken" after an edge detector and thresholding
have been applied to an image. In order to "join
up" the disconnected edge segments and thus
restore the complete edge contour, a serial
process of the second type mentioned above
could be used.

Window
moves
upwards

Exit 1 ﬁ

Exit 2

Skeleton of a

crack
Entry

Fig. 2. Using a small window region of interest
(WROI) "sitting across" a skeletonized crack
to decide where to place the next WROI.

The process of following arc segments which do
not contain breaks makes use of a small window
called Region of Interest (WROI). Processing is
limited to the WROI and this may employ
parallel algorithmic operations. Fig. 2. shows a
WROI "sitting across" the skeleton of a crack.
The process analyses the intensities of the pixels
within the WROI, to find where to place the
next WROI, which will then be analysed.
Various rules can be formulated which allow the
WROI to trace the stem, locate and label joints
(the points where stalks are attached to the
stem), and trace stalks.

e Navigating by landmarks

This is the most common type of search pattern,
used in model-based inspection.

To illustrate the general principle, suppose that
two features, for example the holes A and B,
have been identified and located on the surface
of an object. Then, it is often found that there
will be a third feature (C) whose position is
determined relative to A and B. It might be
specified, for example, that feature C is located
at a distance d along a line inclined at o
degrees to the line AB.

A series of predicates, called gauge predicates,
can be defined specially for such type of
situation, to assist in the tasks of searching
features by landmarks.

2. THE STAGES OF THE ASSEMBLY
APPLICATION

The application uses a conveyor system
composed by two belts, and two transfer areas
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which perform the transfer of palettes carrying
support bodies for the assemblies. The conveyor
system is supervised by a programmable
controller TSX Premium (Telemecanique). The
conveyor system has multiple proximity sensors,
pistons and indexing points to stop the palettes
and two reading/writing points where the
magnetic code of the pallet is accessed. This
code will specify whether the final product was
correctly assembled or not.

The assembly line is equipped with three Adept
robots (Adept One, Cartesian, Adept Cobra
600TT) which assemble the mechanical
components of the final product. The Adept One
robot has two cameras, the first one being used
to locate the first items to be assembled ("T"-
type parts) and the second one being used to
inspect the final product. The Cartesian and the
SCARA Adept Cobra 600TT are supervised by
a single controller. The Cobra robot retrieves on
the-fly "L"-type parts from a flexible feeding
device FlexFeeder 250, the belt o which is
monitored by a stationary, down looking
camera. The robots are connected with the PLC
through 1/0 lines.

The empty palettes carrying support plates are
delivered to the conveying system by an
automatic feeding/storing device (ASRS); the
final assemblies on the palettes are checked by
the Adept One vision system, and according to
the inspection result two decisions can be
produced:

o if the assembly is complete and the parts are in
the proper positions and orientations, the
product is stored in the ASRS.

e if some components are missing or have a
wrong placement the palette will be directed
to a container for rejected products.

The assembly sequence involves the following
stages:

e In the first stage the Adept One robot mounts
three guiding axes on the empty support plates
and then, using a stationary camera the robot
recognizes and locates one “T” component in
a local random storage, mounts the part in
predefined location and releases the pallet.
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Fig. 4. Stage 1 - The robot Adept One mounts
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e The Cartesian robot gets a “C” component
from a local stack and mounts it on the
support plate containing a "T" component.

..lli

Fig. 5. Stage 2 — The Cartesian robot mount the
"C" component.
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e The Cobra robot inspects the vision belt of
FlexFeeder 250 and, checks the proper
placement of one "L" component on the belt.
If the “L” component is not placed on the right
side (the SCARA robot cannot flip the
component) or the robot does not identify
collision-free  grasping  situations, the
component is left on the belt to be recycled. If
a "L"-part is recognized, located and the robot
finds a safe grasping point the component is
picked from the moving belt and mounted on
the palette. Then the Cobra robot extracts the
axes and mounts two fixing screws.

e In the final stage a second camera in the Adept
One robot workstation inspects the final
product, the result of the inspection being
written on the pallet label. If the product is ok
the pallet is stored in the ASRS, otherwise the
pallet is directed to a container for further
reprocessing.

Fig. 6. Stage 4 — a) The assembly is correct; b)
The assembly is incorrect (the inspection
routine outputs the message: "L" is missing
or is rotated. Screw no. 2 is missing".)

3. VISION-BASED GEOMETRIC
INSPECTION OF THE FINAL PRODUCT

For the geometric inspection of the final
product, V+ Vision Tools have been used. In the
present application the user must create and
implement special measuring functions related
to the particular, a priori known geometry of the
assembly based on the identification of arc-
shaped edges. Such measurements generally
apply to the inner and outer bounds of the
inspected object, or of his holes.

Most frequent geometric inspections based on
Vision Tool apply for:

(i). AVI applications
Inspection tasks) where:

(Automated  Visual

e the geometrical details must be evaluated
(edges lengths, angles between edges,
distances between hole centres or other
significant points, the presence of holes in
some zones of the objects) ;

e the correct placement of objects in the some
zones of the working space viewed in the
image window, or the relative correct
placement of different sub-assemblies.

(ii). RV applications (Robot Vision tasks)
where:

o the intrisic features (e.g. area, perimeter,
number of holes, compactness )of non
modelled objects,

¢ the inner or outer boundaries descriptions in
terms of weighted lengths and the outline
topology of modelled objects,

are not sufficient for object recognition or
inspection of the geometric features.
4. EXPERIMENTAL RESULTS

The final stage of the application verifies if the
product is correctly assembled. The inspection is
based on geometric features of the final product.
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Fig. 7. The inspection routine tries to find four
arcs (C1, C2, C3, C4) and two circles (C5,
C6).

The inspection routine tries to find 4 arcs and

two circles using the arc finder tool
(VFIND.ARC), based on greylevel image
processing.

Because the assemblies on each pallet have a n
invariant position, the arc finders are applied to
an predefined position and orientation, the
tolerance of the radius of the searched arcs being
1 mm (Adept, 2001).

To speed-up the inspection routine, the
verification is performed in a smaller window
including only the assembly.

In order to check the proper positions and
orientations of the assembly components the
routine tries to find 4 arcs (C1, C2 for “T”, C3
for “L” and C4 for “C”), and 2 circles for each
screw:

1.TRY TO FIND C1,C2,C3,C4,C5,C6
2.1F C1,C2,C3,C4,C5,C6

2.1 CORRECT ASSEMBLY
3.1IF NOT C1 AND NOT C2

3.1 “T” IS MISSING OR IS ROTATED
4.1F NOT C3

4.1 “L” IS MISSING OR IS ROTATED
5.IF NOT C4

5.1 “C” IS MISSING OR IS ROTATED
6.1F NOT C5

6.1 SCREW 1 IS MISSING

7.1F NOT C6
7.1 SCREW 2 IS MISSING

As a result, the routine is capable to signal if the
assembly is correct or not, and what part is
missing or is wrongly rotated.
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