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The cost of feeding parts to a robot for either machine loading or for assembly has
been recognized as excessively expensive. The lack of a cost-effective generic part-
presenter has prevented the flexibility of the overall manufacturing automation to
be fully exploited. For this reason, the design concept of an integrated micropro-
cessor-controlled vision sysiem based on retroreflective vision sensing has been
developed at the Material Handling Research Cenler in Atlanta. Where the orien-
tation of a part can be characterized by its silhouette, outline, or structured “‘en-
gineering landmarks,”’ the concept of using retroreflective materials in vision-guided
part-presentation system has been proven to have significant potential for improving
reliability, reducing computation, and lowering implementation cost.

This paper presents optic design concepts for collocated illumination for cost
effective part-presentation. The design concepts are illustrated with practical ap-
plications and experimental results. The uniformity of the image irradionce across
the sensor surface, in general, depends on several factors such as the intensity
distribution of the light source, the reflectance characteristics of the object and
background, end the geomeirical relationship between the imaging sensor, the il-
lumination source, and the target. The frust of this paper focuses on ihe analytical
model which characterizes the influences of these factors for optic design of retro-
reflection. This engineering basis is not only necessary for developing practicel yet
potentially cost-effective optic design concepts, but also provides a useful tool for

performance prediction to drive the design for vision-guided part-presentation.

1 Introduction

Even though machine vision can add considerably to flex-

ibility by simpiifying grippers, component feeders, and loca-
tion tooling, and can reduce engineering time for system
implementation, vision system applications for part verifica-
tion, kitting, and presentation for robot assembly have been
limited. Two major problems often associated with the use of
machine vision are poor reliability and excessive image proc-
essing time. Both of these depend on the illumination tech-
nigue, the complexity of the geometry, and the surface
reflectance of both the background and the objects to be han-
dled.

IHumination and its measurements are, perhaps, among the
least understood technologies. Discussion and communication
of desired operating parameters of optics are complicated by
a plethora of nomenclatures for seemingly similar units of
measurements. Furthermore, system specifications for illu-
mination are often vague and left to the final user. As a result,
illumination deficiencies must often be compensated for with
expensive digital hardware/sofiware. When illumination de-
ficiencies become apparent, it is then that critical light param-
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eters such as luminous intensity, illumination uniformity,
spectral output, and image spectral irradiance become an un-
welcome part of our vocabulary. Direct symptoms of an unfit
light source are not only long exposure times, but can also
include inaccurate image characteristics due to nonuniform
illumination. The uniformity of the image irradiance across
the sensor surface depends on several factors: the intensity
distribution of the light source, the reflectance characteristics
of the object and background, and the geometrical relationship
between the imaging sensor, the illumination source, and the
target.

Retroreflection is not commonly found on the surfaces of
most objects which exhibit a combination of diffuse and spec-
ular reflection. The ideal retroreflector returns the incident
radiation in the direction of its arrival. Elsewhere the author
and his coworkers describe the concept of retroreflective vision
sensing for generic part presentation [1] and its application to
flexible part-feeding for assembly automation [2] [3]. Retro-
reflective vision sensing improves vision realiability, reduces
computation, and lowers implementation cost by providing a
reliable contrast between the object and its background re-
gardless of the surface reflectance.

Special retrorefiective materials have widely been used in
traffic control and safety sign on highways and airports [4}

NOVEMBER 1994, Vol. 116 421



[5] 16]. Retroreflector material has also been used as a non-
contact position sensor of a large space structure [7] and more
recently, in field tracking of automated guided vehicles (AGV)
[8]. Using unique features of retroreflective materials as a cost-
effective means for presenting parts to robots, the orientation
of which can be determined from the silhouette or by modifying
part design to include ‘‘landrnarks,” was conceptualized by
Lee et al. {1]. The basic principle of retrorefiective vision sen-
sing for part-presentation is the use of retroreflective surfaces
to maximize the ability of a vision system to reliably and quickly
locate parts. One way is to make the surface of a parallel
retroreflective so it appears much brighter than objects on it.
Alternatively, retroreflective landmarks can be intentionally
created on objects to aid in location tracking. Since the retro-
reflective material has a distinctive surface reflectance that is
not commonly found in natural or man-made objects, it en-
ables reliable digital images with high object-to-background
contrast to be obtained without a prior knowledge of object
geometry and surface reflectance. The location and orientation
of the part can then be determined with relatively simple, high-
speed computation without the need for a detailed reflectance
map of the part.

In order to establish an engineering basis for cost-effective
vision-guided part-presentation, this paper presents the optic
design concepts for flexible part-feeding apphcations. The de-
sign concepts have been developed on the basis of retrore-
flective vision sensing. The remainder of the paper is organized
as follows: The fundamental equations of optics for retrore-
flection are presented in Section 2. Then optic design concepts
and the sensitivity of the operational parameters to image
characteristics are described, followed by z presentation of
illustrative applications. Finally, conclusions are drawn and
further work is suggested.

2 Fundamental Equations of Optics

Consider an optical aperture located at a distance f from
the image plane as shown in Fig. 1{e). The solid angle of the
cone of rays leading to the patch on the object is equal to that
corresponding patch in the image [9].

30 cosé [D7)?
34, cos B [wfjl @

where
80 = patch area of the object surface,
64; = patch area on the image,
B8 = an angle between a light ray and the surface normal,
and
¢ = an angle beiween a light and the optical axis.

The amount of light radiated from a surface is called the
radiance which is the power per unit area per unit solid angle
(W.m™%.sr~'—watts per square meter per steradian). Thus,
the power of the light originating on the patch and passing
through the lens is

§P=L 0O Q cos 8 2
where
2 = solid angle subtended by the lens as seen by the patch,
and
L = radiance of the object patch 8O in the direction toward
the lens.

The amount of light falling on a surface is called the irradiance
I or the power per unit area (W/m>—watts per square meter)
incident on the surface. The irradiance of the image at the
patch under consideration is given by [ = 8P/54,. Substituting

of 8O from Eq. {1) into Eq. (2), the irradiance of the image
is given by
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Eaquations (1)~(3) are valid for a pin hole as well as a Jens of
diameter 4, as shown in Fig. 1(#) since rays passing through
the center of the lens are not affected. The solid angle that the
lens subtends when viewed from the lght-emitting surface is
illustrated in Fig. 1(b). Figure 1(c) illustrates the solid angle
for the case of a pin-hole. Thus, the solid angle can be expressed
by Eq. (4):

_x _dicost

T4 (D' /cos 6F “)

For a pin-hole, d; = d, where d, is the diameter of the pin
hole. Equation (3) leads to

I =z cos’é
71 F ®

where
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for a lens

{f/d!.
B f/d, for a pin hole.

Scene radiance depends on the amount of light that falls on
a surface, the fraction of the incident light that is reflected,
and the geometry of light reflection. In other words, the ra-
diance of a surface, L, generally depends on the direction from
which it is viewed as well as on the direction from which it is
illaminated. The radiance of the retroreflective sheeting is typ-
ically characterized by the coefficient of reroreflection R*{x,5)
[51 which is defined as follows:

' _ 1
Ritew =g ®
where

I, = luminous intensity of the retroreflector in the direction
of observation in watts/sr, candela, or Im/sr.

E = illuminance at the retroreflector on the plane perpen-
dicular to the direction of the mmdent light in Lux,
A, = retroreflecting surface area, m?,
o = observation angle which is the angle between the oh-
servation axis and incident light ray, and
g = entrance angle which is the angle between the surface

normal of the target plane and the incident light.

The coefficient of retroreflection of a typical retroreflective
sheeting is displayed in Figs. 2(b) and 2(c) as a function of
observation and entrance angles, respectively, where the no-
menclature is defined in Fig. 2(2). Within an angle of 0.2 deg.
from the principle axis of incident light, typical retroreflective
sheeting will reflect with over 250 times the intensity of a typical
diffuse white surface.

_ Consider an incident light from a spectral illuminator of
wavelength A falls on a retroreflective sheeting characterized
by the coefficient of retrorefiection R'(a, £). Since

, Efe)
L=R"(c,5) (Dcosey )
where E(¢) is the illuminous intensity distribution of the spec-
tral illuminator; ¢ is the angular displacement of an incident
light measured from the optical axis of the source; and D is
the illumination distance defined in Fig. 2{a). Thus, the image
irradiance can be expressed as

Es($)R' (=,
TEEEfon

The linearity of the gray-scale response of an imaging sensor
is specified by an exponent “gamma v.”’

M=KE" )

where E is the time integral version of image irradiance, X is
a constant, and M is the amplitude of the sensor output signal.
A gamma of unity yields a linear response, whereas less than
unity compresses the bright end of the response curve and
greater than unity compresses the dark end. Many video im-
aging sensors have gamma of less than unity to compensate
for video monitors that exhibit the opposite effect. Thus, the
output signal of the imaging sensor element is of the form

Es(‘f’)R'(ar 2) 4 v
F% (D/cosey B] ’ (10)

M=K ['r
where 7 is the effective exposure time. Equation {(10) provides
an analytical model for predicting the output signal corre-
sponding to a retroreflective patch in terms of the following
parameters: coefficient of retroreflection, illumination inten-
sity distribution, and geometry. The applications of the ana-
Iytical model to design cost-effective optic systems for use with
retroreflective vision sensing and to predict the sensitivity of
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the parameters on the image characteristics are discussed in
Section 3.

3 Pinhole Optic Design for Retroreflection

Lenses are often used with a camera to gather light reflected
from (or emitted by) the object, to magnify the field-of-view,
and to improve the image guality. However, actual lenses tend
to introduce certain geometrical distortion in the image. The
factors which limit the accuracy of dimensional measurements
made with simple machine vision are the nonlinearity of the
Iens and the state of focus. The ability of retroreflective vision
sensing to generate a high contrast digital image with relatively

Jlow illumination intensity offers the potential of eliminating

the need of lenses for light-gathering. In addition to the sim-
plicity of the pinhole design, pinhole, optics offer freedom
from the geometrical distortion and virtually infinite depth of
field.

Consider a point P on the detector plane as shown in Fig.
i(c). The radius of the pin-hole projection from the point P
on the target plane can be derived from the geometry to be

R _1/( [
D 2F (1+D’)'

The intensity of the point P on the detector is proportional to
the overlapping area between the pinhole projection and the
bright area on the target plane. The highest and lowest inten-
sities, Jqa and I, are corresponding to the cases when the
pinhole projection is completely covered by the bright and
dark areas, respectively. If 60 is the area of pin-hole projection
and 84 is the portion of the object patch which reflects light
into the dectector, then

ao 1—~[cos"‘s SNATEH)

181=1,

where S = s/R and the displacement 5 is measured from the
edge between the dark and bright areas to the center of the
pmho]e projection along the x-axis on the target plane. Since
s is given by

(11

g=x-D" tan Bo

where S, is the entrance angle defined at the edge on the target
plane. The normalized distance S can be expressed as a function
of A as follows:
DI

=R (tan B—tan o). 2

The image irradiance model which describes the normalized
output signal of the imaging sensor along the x-axis can be
used to characterize the edge Jocation. By noting that the in-
tensity of the point P on the detector is proportional to 54/
80, the image irradiance mode! along the x-axis on the target
plane can be expressed as:

E; (PR (e, B) cos’f 64 ] 4

FYD/cosp¥ 60O (13

The constraint imposed by the small lateral distance d, where
d is the distance between the illumination source and the optical
center as shown in Fig. 2(e), Hmits physical design and the
heat generation of the illuminator. Unlike general purpose light
sources which have a wide angular range of illuminance for -
uniform lighting on the factory floor, the illuminator for the
retroreflector is designed to have a relatively narrow anglular
range of illuminance, generally no more than that required for
the field-of-view (FOV). For a given array size of a CCD or
CID detector, the FOV is defined as the cone angle of the

directions encompassed by the scene being imaged and is iven
by

M=K [‘r
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Table 1 Comparison between three spectral light sources

Source wWavelength|Unit Cost [Life Power

{nm) 15}
LED lamps 570-630 1.00 5,040,000 houzs 106
{MTBF)
Lager Dicde [790-B40 200,00 250,000 hours 1w
{HTTE} ipeak pulse power)
Xenon f£iagsh-1830-106¢ {10.00 1,000,000 f£lashes 25w

tuhes {0.3-4 flashesssect {500 V nominal}

1V iw
FOV = e A il i
OV = wetan 3= s$={an 27

where W and w are the diagonal dimension of the FOV and
the detector, respectively. As discussed by Lee et al. [1], it is
desired that the collocated source be chosen to have a spectral
characteristic which is distinctive from the general ambient
lighting and be optimal for the photodetector response. Table
1 offers a comparison of three typical light sources for retro-
reflection; namely light-emitting diode (LED) [10], laser diode
{11], and Xenon flashtubes {12].

Two illumination concepts are demonstrated for pin-hole
optics. In order to investigate the influences of the optic pa-
rameters on image characteristics, the design is simulated using
the optical model given above. The simulated target is a flat
encapsulated glass-bead retroreflective sheeting. The charac-
teristics of the simulated retroreflective sheeting are shown in
Figs. 2(b) and 2(c) which were calibrated for 3M Scotchlite
3870 using computer photometry by the manufacturer (3M
Traffic Control Material Division, St. Paul, MN). The coef-
ficient of retroreflection, as shown in Figs. 2(b) and 2(c), can
be represented by the following polynomial:

(14}

10
R'(@, B=—4")= Y afa/2), 0=a=2".
i=0

The coefficients (a;, i = 0, . . , 10} are 3.548E3, 2.419E2,
—~4.023E3, -6.919E4, 5.954ES5, -2.131E6, 4.429E6,
—~5.,763E3, 4.642E6, ~ 2.117E6, and 4.172E5. The coefficient
of retroreflection as a function of entrance angles for & =
0.2° is approximated by

R'(z= 0.2°, 8)=297.97+1.1208 §—0.0882 8 (16}

where
5°=%B=65".

The LED spectral characteristic used in the computation is
shown in Fig. 3 [10]. The luminous intensity ranges from 2.9
to 8.4 candles for the LED with typical values of 4.0 candles.
The maxiznum junction temperature of the LED is limited to
110°C.

3.1 Optical Design I. Figure 4(e) illustrates a collocated
illumination scheme for imaging small components (size less
than 12 mm), which combines 2 beam splitter with a single
high intensity LED, A beam splitter is an optical component
that has the property of reflecting some portion of the light
that strikes it and transmitting the remainder. Beam splitters
appear transparent and are generally spectrally nonselective.
A typical ratio of transmission-to-reflectivity is 50 percent/50
percent. Although the effective illumination efficiency of the
scheme is 25 percent, the beam splitter which transmits illu-
mination along the same optic axis allows small parts to be
observed by the imaging sensor at a relatively short observation
distance.

As shown in Eq. (8), the image irradiance is inversely pro-
portional to the square of the illumination distance D). Other
parameters shown in Fig. 4(b), which could significantly in-
fluence the image characteristics, are
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angle of niisalignment between the observation and il-
lumination axes,

¢ = angular displacement of light ray measured from the
illumination axis, and
b = viewing angle.

The influences of these parameters on image characteristics
are illustrated as follows:

Figure 5{(¢) presents the computed result of Eq. (10) for
several different gamma values, where the relative sensor out-
puts are plotted as a function of entrance angles for & = 90°,
€ = 0°. As shown in the computed results, the effects of sensor
nonlinearity and nonuniform illumination distribution can be
reasonably well characterized by the following model:

M __ Y
Mpa | +altan®g)

(a7
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Figure 5(2) compares the model (2 == 230} with the computed
resuit for v = 0.9. Since (tan B} is linearly proportional to the
radius of the illumination projection on the target plane, the
model given by Eq. (17) indicates that illumination nonuni-
formity has & similar effect on greyscale computation as the
geometrical radial distortion introduced by @ typical lens.

As shown in Fig. 6, the illumination nonuriformity has a
significant effect on the threshold selection as well as the image
irradiance mov A which describes the normalized intensity along
a path penpendicular to an edge, as given by Eq. (13). For a
nonuniform source, the image irradiance model, in general, is
location dependent. The effects of the misalignment angle ¢
and the viewing angle on ilumination nonuniformity are shown
in Figs. 7 and 8, respectively.

3.2 Optic Design II. TFor relatively large components
(typical component size of 150 mm), the use of a single wide
angle LED to achieve a desired image intensity is likely to
require a long exposure time. An alternative scheme using
multiple LEDs arranged in circular rings around a pin-hole is
shown in Fig. 9(a), along with the geometrical parameters
iflustrated in three-dimensional space in Fig. 9(5).

The constraint imposed by the small lateral distance, d =
{(d+ dyz)n's, Hmits the maximum number of LEDs which can
be effectively packed around the pin-hole. Figures 1012 pre-
sent the computed results using a design where twelve LEDs
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are arranged at the vertices of two regular hexagons with the
nominal radii of 6 mm and 12 mm. Bquations (15) and (16)
were used to characterize the targeted retroreflective surface
in the simulation with the observation angle of o = 0.2°.

In Fig. 11, the LED spread factor indicates the relative
spacing between the adjacent LEDs from the nominal design
which is characterized by a spread factor of unity. The design
trade-off is clearly between overall uniformity and absolute
intensity, both of which depend or the spread factor and the
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cone angle of the LEDs. However, for a given LED arrange-
ment at a nominal radins, there exists an optimal observation
distance with respect to both illumination uniformity and in-
tensity as demonstrated in the simulated results in Fig. 12. The
optimal viewing distance for the particular design occurs at
approximately 36 inches.

4 THustrative Applications

Retroreflective materials can be used as background In part-
presentation or as a landmark on parts. The choice clearly
depends on the part design and manufacturing process as re-
ported by the avthor and his coauthor [1]. If the orientation
of a part can be characterized by a two-dimensional object
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sithouette, the retroreflective materials can be used as a back-
ground in generic part-presentation. In order to eliminate the
need to apply retroreflective materials on each of individual
trays, it is desired that a generic egg-crate-style tray be trans-
parent such that when it is placed on a retroreflective surface,
the object will appear as a dark silhouette against a reliable
bright-field background. The concept feasibility was demon-
strated experimentally using an integrated vision system [13]
which allows a Motorola 68000 micro-processor {¢P) to have
direct control of the Texas Instruments charge-coupled-device
(CCD).

4.1 IHustrative Example 1: Small Component Imaging.
Small components (typically less than 10 mm) are often kitted
in a egg-crate-style waffle pack for assembly. The pack may
contain all the components necessary to assemble one product.
Since the pack can be identified by the cell controller either
by a bar code on the pack itself or by a bar-coded label stuck
on the base assembly component, the pack may handle many
components for several varieties of the same product.

Figure 13(z) shows an example where small electrical com-
ponents are piaced in hemispherical pockets of a typical egg-
crate-style transparent plastic tray. Using the hemispherical
pockets (1 inch diameter), the objects are positioned approx-
imately in the center of the packet due to gravity. As a result,
the object are viewed at a close distance with low power il-
lumination since each of these small components require only
a relatively small field-of-view of imaging.

The optic design I consisting of a 50 percent/50 percent
beam splitter with a single narrow-angle LED as shown in Fig.

Journal of Engineering for Industry

Fig. 13{a)
trays

4(a) was used with a §.1 mm diameter pin-hole to investigate
the feasibility for these applications. Example images which
were taken with the beam-splitter 6 inches vertically above the
object surface are displayed in Fig. 13(b).

4.2 TiHustrative Example 2: Machine Component Imaging.
Backlighting (direct illumination of the background) has com-
monly been used to create a good contrast between the object
and its background in part-presentation. However, this ap-
proach cannot be used with nontransparent trays. This re-
striction has severely limited backlighting for applications where
the use of low-cost reusable trays or a conveyor for feeding
parts is an advantage, since it is generally very costly (f not
impossible) to keep the reusable surface of the tray transparent.
On the other hand, retroreflective materials can be painted on
trays. Thus, the techniques described in this paper can be used
with nontransparent trays in order to create a reliable object-
to-background contrast. The following example illustrates such
an application.

Figure 14{a) shows a typical example if two machine com-
penents. The object on the left is a typical component prior
to machine processing, its surface reflectance is “‘dull’’ or
diffuse. The object on the right is a partially machined com-
ponent of the same type, which has several “mirror-like’” ma-
chined surfaces. Common reusable pallets are used to transport
these components between several different machine processes.
The pallet could be a generic rectangular container with a
retroreflective surface on which an egg-crate-style transparent
tray can be placed. This pallet design offers several advantages:
(1) 1t reduces the application of retroreflective sheetings on
individual trays to a minimum. (2) It allows flexibility to
accommodate different part size without the needs to reapply
retroreflective materials for new part change-over. (3) It al-
Tows different tray configurations to be interchangeable for
use with the retroreflective container. Alternatively, nontran-
sparent trays painted with retroreflective materials can be used.
The use of retroreflective material as background eliminates
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the need for the active illumination source that would be re-
quired for back-lighting and thus significantly simplifies the
design and maintenance of the resuable trays.

For relatively large components, the imaging sensor must
be located at a considerable distance above the target plane in
order to have a sufficiently large FOV as well as a reasonably
uniform illumination. To avoid the prolonged exposure time
required with the pin hole optic design I (a signed LED and
beam splitter), a collocated illumination scheme similar to the
optic design I1 was designed and constructed for concept dem-
onstration. Bighteen narrow-angle LEDs were closely packed
around a pin-hole of 0.1 mm diameter. The LEDs were ar-
ranged in hexagons of diameters of 6mm, 10mm, and 12mm.
Due to the high refiectivity of the retroreflective materials, the

428 / Voi. 116, NOVEMBER 1994

simple optic allows low-power spectral source to faithfully
produce a high object-to-background image for location and
orientation computation as displayed in Fig. 14(b) and 14{c},
where a relatively simple thresholding technigue has been used
to detect the outline of the part.

5 Conclusions

Pinhole optic design concepts for applications of retrore-
flection for part-presentation have been presented along with
illustrative application, The concept of giving retroreflective
materials an integral role in vision sensing for generic part-
presentation has been proven to have significant potentials for
improving vision realiability, reducing the computation, and
lowering implementation cost for part-feeding applications.

The manner in which parts are fed to robots in an FMS
depends on the nature of the manufacturing processes, the
product design, and the material handling system as a whole.
The analytical model, which characterizes the design param-
eters that influence the image quality, will aid establishing
guidelines for part-design and packaging for high-performance
part-feeding. It it expected that the results of this investigation
will provide insight into the overall manufacturing system mod-
eling, simulation, and guidelines for part-presentation equip-
ment standardization.
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