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Abstract 

Detecting object boundaries in the presence of cast shadows is a difficult task for machine vision 
systems. A new edge detector is presented which responds to shadow penumbras and abrupt 
object edges with distinguishable signals. The detector requires the use of spatially extended 
light sources and sufficient video resolution to resolve the shadow penumbras of interest. 
Detection of high fi-equency noise is suppressed without requiring image-dependent adjustment 
of signal thresholds. The ability of the edge operator to distinguish shadow penumbras fi-om 
abrupt object boundaries while suppressing responses to high frequency noise and texture is 
illustrated with idealized shadow and object edge intensity profiles. Selective detection of object 
boundaries in a video scene with a cast shadow has also been demonstrated with this operator. 



The goal of this project was to carry out basic exploratory research to improve the performance 
of certain machine vision algorithms. Machine vision offers the promise of significantly 
improving the quality and efficiency of the manufacturing process in a wide variety of industries. 
Effective vision systems can provide faster and more reliable product inspection, part 
identification and locating, measurements for process control, product sorting/grading, and 
detection of hazardous product defects which occur infrequently. Unfortunately, applications of 
vision technology in industry are hampered by poor performance and high costs of existing 
technology. The cost is partly a consequence of the inability of existing systems to handle 
general scenes with arbitrary lighting and shading. This forces expensive custom design of 
specialized systems with specialized lighting for nearly every company that uses the technology. 
The development of a more generally applicable vision approach could significantly reduce the 
cost of utilizing the technology by reducing the need for complete system re-design for every 
user. 

Machine vision also could have a greater impact on advanced materials characterization 
techniques if improvements are achieved. A large number of advanced characterization 
techniques (e.g., SEM, TEM, photoluminescence imaging, infrared imaging, optical microscopy, 
EBIC, x-ray diffraction, MEED, STM, etc.) provide important information on material structure 
and quality via two-dimensional images. Crystal growers, process developers and other material 
scientists oRen need fast, reliable repetitive and extensive quantitative results from these imaging 
techniques --- requirements that are difficult to meet through visual inspection of the images. 
Some of these images exhibit combinations of fine-detail features which the detection technique 
should find (e.g. dark line defects) and high fiequency features which should be ignored (e.g. 
texture and noise). These properties are difficult to handle with existing edge detection 
techniques. The development of a more generally applicable vision approach would help 
automate these characterization techniques. 

Machine vision also plays an important role in a variety of safeguards and military applications. 
Intrusion detection requires the rapid detection, position determination and evaluation of objects 
in the visual field. This detection process must be insensitive to changes in outdoor illumination 
and ideally should not be confused by shadows. Fast boundary detection is accomplished in 
some Sandia systems through motion detection, rather than by static edge detectors. However, 
the ability to separate the effects of illumination from object boundaries could provide improved 
performance by providing better object boundaries and object position for evaluating the type of 
intruder. This advantage would only be useful if an inexpensive, real- time implementation 
could be achieved. 

This LDRD project focused on improving the low-level feature extraction operations of the 
machine vision algorithms, i.e. edge detectors, in order to develop new versions of these 
operators for detecting object boundaries and new operators for detecting fine-detail defects and 
features. The LDRD research focused on two key limitations of existing vision techniques which 
affect performance in these applications: sensitivity of existing edge detectors and template 
matchers to varying illumination conditions and shadows; inadequate selectivity of edge and 
template operators to specific spatial features, so that high contrast features with the wrong 
spatial properties can be confused with lower contrast features of interest. The most novel feature 
of this research was the use of knowledge about the human visual system to guide the 
development of the mathematical algorithms. In particular, our research attempted to determine 
what the effective "primitives" of the visual system were being computed from images in order 
to achieve the perception of object boundaries, shadow boundaries, and high spatial frequency 
details. 

The primary success of this project was the development of two new edge detector operators 
which separately detect "isolated" object boundaries and "illumination" boundaries. An 
important aspect of these operators is that they depend on specific sets of spatial features for 



detection, rather than the strength of a derivative as in common edge detectors, and so are not 
fooled by other (non-edge) features that have high contrast. Separate detection of these features 
provided a considerable degree of immunity of the computed object edge results to varying 
illumination conditions, as observed in a variety of video images of scenes that we created with 
fixed arrangements of tools but varying light source positioning. This approach prevents shadow 
boundaries in the image fiom appearing as false object boundaries. The mathematical details of 
these operators are described in the appendix. 

Some important capabilities remain to be developed in future work. Typical imaging conditions, 
such as the use of video cameras (which introduce noise) and the presence of very dark shadows, 
can prevent the operators from producing complete boundaries. Instead, the operators produce 
fragmented boundaries which contain gaps. It will be necessary to develop appropriate grouping 
algorithms to produce complete object and shadow boundaries from the results of these 
operators. The ability to mimic human perception of fine-detail, unlike the perception of object 
boundaries and illumination boundaries, remained incompletely understood at the end of this 
project. A key difficulty is the strong contribution of camera noise in the high spatial frequency 
range in which fine detail is detected. Approaches which worked well in distinguishing fine 
detail in simple imagery were observed to fail in the presence of video camera noise. It is the 
author's view that a better understanding of the human perceptual mechanisms associated with 
fine-detail perception will provide the most promising path for addressing this problem. 

Appendix 

DETECTION OF OBJECT EDGES IN IMAGES CONTAINING CAST SHADOW 

Introduction 

Edge detection and contrast perception have been extensively studied both fiom the machine 
vision (Roberts (1 965), Prewitt (1 970), Marr (1 980), Rosenfeld (1 970), Nalwa (1 986), Torre 
(1986), Haralick (1 984), Canny (1 986)) and the psychophysical (Campbell (1 974), King-Smith 
(1 975), Hall (1 977)) points of view. Few of these studies have addressed the problem of 
distinguishing illumination variations (e.g. shadows) from reflectance variations. This problem is 
quite difficult since the eye and the video camera receive only the combined effects of 
illumination and reflectance. For example, it is not clear whether a dark region in an image is due 
to the presence of a shadow (weak illumination) or a dark object (poor reflectance). Nevertheless, 
the human visual system is remarkably successful at separating these effects and estimating the 
reflectance magnitudes of points in a scene (Gilchrist (1 984), Rock (1 984)). Machine vision 
systems are typically not robust against varying illumination conditions such as are encountered 
in normal outdoor scenes. The attention to lighting methods which is required in industrial vision 
applications (Batchelor (1 985)) further attests to the sensitivity of machine vision systems to 
illumination conditions. A method for separating the variable effects of changing illumination 
conditions from the typically invariant reflectance 
properties of physical objects should add desirable robustness to machine vision systems. In this 
appendix we address the specific case of detecting abrupt object boundaries in video scenes 
which also contain cast shadows. 

One possible cue for recognizing cast shadow boundaries is the presence of spatially extended 
penumbras at the borders of shadows. Most light sources which are encountered (e.g. the sun, 
moon, incandescent and florescent bulbs, flames) are in fact physically extended, and these 
extended light sources create shadow boundaries that are not abrupt. Any illuminated object 
completely blocks the direct illumination from the source in the main region of the shadow and 
blocks none of the direct illumination at locations sufficiently far away from the shadow, but the 



shadow penumbra between these two regions is only partially blocked from the illumination 
source. The intensity in the penumbra linearly increases (for a uniform source) as less of the 
extended light source is blocked, and the width of the penumbra region depends on the angular 
extent of the light source and the separation of the opaque object and the surface that the cast 
shadow falls on. This intensity profile is schematically illustrated in Fig. 1. 

The ramp profiles of shadow penumbras are unlike the boundaries associated with most physical 
objects. Such physical boundaries are often quite abrupt, and give rise to intensity profiles such 
as that illustrated in Fig. 2. These physical boundaries typically give rise to reflectance 
differences between the objects and their backgrounds (which do not depend on illumination 
conditions) and, for three dimensional objects, can also give rise to illumination differences 
across the boundary. The profile in Fig. 2 might represent the slightly shaded edge of an object, 
where the degree of contrast difference across the boundary due to highlights or shading on either 
side depends on the lighting conditions but the presence of the boundary occurs independently of 
lighting conditions due to the reflectance difference. 

The differing spatial configurations of the ramp-like shadow boundaries and the abrupt 
object/reflectance boundaries offer a means for distinguishing shadow boundaries and abrupt 
object/reflectance boundaries and further suggest that edge detection techniques might be useful 
for this purpose. In fact, the human visual system produces distinguishable perceptual responses 
at these two types of intensity boundaries. The abrupt object boundaries (e.g. Fig. 2) are correctly 
perceived as abrupt intensity edges, while the shadow penumbras are incorrectly perceived as 
containing additional illusory bright and dark Mach bands (Ratliff (1965)). The Mach bands can 
be seen in the gray scale version of Fig. 1 (not shown) and their apparent positions on the 
intensity plot are labeled by arrows. The intensity values perceived in these bands are not real. 
Mach bands have long been regarded as artifacts associated with lateral inhibition in biological 
visual systems (Ratliff (1965)). Lateral inhibition is a form of second derivative operation which 
acts on the input intensities (Levine (1 985)). Fig. 1 illustrates that the positions of the Mach 
bands occur roughIy where the second derivative of the intensity profile is nonzero. 

Here we present a new edge operator which is designed to respond at the boundaries of shadow 
penumbras and at abrupt object boundaries with distinguishable signals at each type of boundary. 
The penumbra boundary signals are patterned after the human perception of Mach bands and 
label the expected presence of illumination changes. Signals at the abrupt edges are analogous to 
the human perception of object boundaries and label the expected presence of reflectance 
changes. Insensitivity to high frequency noise and texture is obtained in a way which avoids the 
use of low-pass blurring filters, so that the distinction between abrupt and spatially extended 
edges is not filtered out. 

Edge Operator 

The edge detector is defined as follows. Directional second difference values defined by 

D2I (x) = I&x) - 2 1 ~ ( x + E )  + 1~(x+2&)  (Eq. 1) 

at each pixel location x in a row (on a grid of pixel width Eo) are examined for the following 
conditions: 

and 
sign @2I~(x-iE)) = sign @2I~(x-&/2)) (Eq. 2b) 



The IE(x) values are intensity averages over a width E along a row of pixels. The second 
difference operators model the effects of the receptive fields which produce lateral inhibition in 
the human visual system (Levine (1985)), and each trio of adjacent pixels corresponds to one 
receptive field. The conditions of Eq. 2 are satisfied at image locations where the second 
difference values are approaching zero. The requirements on the signs of the two D2I also serve 
to reduce the aliasing response of the operator to some high frequency components. These 
conditions on the second difference operators are examined for a set of effective pixel width 
values. The use of multiple E values increases the spatial frequency bandwidth of the edge 
detector response. Large E values are obtained for the video operator by averaging intensities 
over a set of adjacent pixels. The pixel widths are 

E = m*Eo, m=2, ..., 8 

The intermediate position (x-&/2) in Eq. 2 is generalized to be the truncated (or rounded up) 
integer value for the +/0 (or O/+) case described below when the pixel width E is an odd integer 
in the video case. 

If the above conditions are satisfied for a particular E ,  then the total edge signal (Signal(x)) is 
increased by the contribution: 

where 

DI%(X) = IE(x+R ) - IE(x). (Eq. 5) 

Im is the difference between the largest and smallest intensity values in the entire image. The 
total Signal(x) is the sum of the SignalE(x) for the set of K values, provided that the SignalE(x) 
contribution from the operator with the smallest effective pixel width (=2Eo) is nonzero, 
otherwise the Signal total at position x is set to zero. This condition is necessary to prevent 
multiple replicas of a single edge due to the use of multiple E values. Two separate Signal(x) 
sums are maintained, with the second sum corresponding to using E's in Eq. 3 with negative 
signs. These two sets of signals will be represented as +/0 and 0/+ , and correspond to requiring 
that the second difference magnitudes decrease to the right (+/O, positive E values) or to the left 
(O/+, negative E values). The +/0 and 0/+ signals are separately examined for edges along the 
pixel rows, and one edge is assigned at the location of the largest absolute value in each set of 
adjacent nonzero signal pixels with the same sign. 

The issue of extending these one-dimensional equations to two dimensions is handled by making 
row and column one-dimensional scans through the video image. Conflicts between edges 
detected vertically and those detected horizontally are handled by accepting abrupt edges over 
Mach band edges and accepting the edge with the largest signal magnitude if both are abrupt or 
Mach band types with the same sign. In principle it is possible to include various diagonal scans, 
but that possibility is not considered further here. 



Spatial properties of computed edges 

Fig. 3 illustrates the types of edge signatures that are produced at penumbra boundaries and at 
abrupt contrast edges. The idealized intensity profile is shown at the top of the figure and the 
corresponding computed +/0 and O/+ Signal(x) values are shown at the bottom. Arrows indicate 
the positions of computed edges occurring at the peaks of the Signal responses. We note that a 
slightly modified set of pixel widths (which are intended to better model the human perception of 
Mach bands) rather than that in Eq. 3 was actually used for the results in this figure and Figs. 4-5. 
The penumbra ramp at left produces two closely spaced pairs of edges, one straddling each end 
of the ramp. Each pair consists of a +/0 edge and a 0/+ edge, both with the same sign. These pairs 
of peaks occur roughly at the boundaries of where the illusory Mach bands are perceived, with 
negative (positive) signal edges corresponding to bright (dark) bands, respectively. 

The abrupt contrast edge at right produces a coincident pair of +/0 and 0/+ edge peaks with 
opposite signs. Since the two signal peaks occur at the same location, only one edge is produced. 
Note that the abrupt contrast edge can be thought of as the limiting case of the penumbra ramp as 
the ramp width decreases to zero. One might expect that bringing together the edges at the left of 
the figure would produce two coincident edges with opposite signs (which is obtained at right) 
plus two more edges on either side of the first pair. In fact, all previous quantitative models of 
Mach bands predict exactly that result (Ratliff (1 984)). However, humans typically do not 
perceive Mach bands at abrupt edges. This discrepancy has been a long standing puzzle in the 
field of Mach band study (Ratliff (1 984)). The present model suppresses the outer edges through 
the high frequency aliasing suppression action inherent in Eq. 2. As the penumbra ramp width 
goes to zero, the inner edges increase in Signal magnitude while the outer edges decrease, until 
the inner edges merge and the outer edges vanish. Thus, the present model produces no 
calculated Mach bands at abrupt contrast edges, in agreement with human perception. This result 
simultaneously resolves the long standing theoretical difficulty with lateral inhibition action on 
abrupt edges and provides a signature for distinguishing computed Mach edges fiom computed 
abrupt contrast edges. This latter result follows from the qualitative differences between nearby 
Mach bands (with nonoverlapping 4- and +/+ edge peaks) and abrupt contrast edges (with 
overlapping -/+ edge peaks). Note that these +/- edge peaks are related to the zero crossings of 
the second derivative which form the basis of many prior edge detector methods (Man (1 980), 
Torre (1 986), Haralick (1 984)). 

Figs. 4 and 5 explicitly demonstrate that suppression of signals from some high spatial frequency 
noise and texture is intrinsic to the edge operator. The idealized intensity profile at the top of Fig. 
4 shows an abrupt contrast edge and a shadow penumbra, both of which are corrupted with high 
frequency noise signals. The computed edge signals at the bottom of the figure look qualitatively 
similar to those obtained in Fig. 3. No edge signals are produced by the high frequency signals 
due to the conditions in Eq. 2. Fig. 5 contains a set of abrupt edges with varying proximity to 
each other. The closest pair corresponds to a single pixel with a low intensity, and this pair 
produces strongly suppressed edge signals due to the aliasing suppression effects of Eq. 2. As the 
distance between neighboring abrupt intensity changes is increased, first one edge signal tums on 
and then both of the +/- pair signals are nonzero. These results illustrate that the operator 
responds strongly to relatively isolated abrupt edges but responds weakly or not at all to higher 
frequency edge signals. 

Noise thresholds for the edge operator 

Figs. 4 and 5 illustrate that some high frequency signals are ignored by the edge operator. 
However, to obtain a more complete picture of the high frequency noise response it is necessary 
to examine the fiequency-dependent response of the operator to idealized penumbra waveforms 
(trapezoids) and abrupt edge (sawtooth, square wave) waveforms as described in Osbourn 
(1991). Fig. 6 shows the strengths of the calculated edge signals fiom these three waveforms at 



I 
unity contrast as a function of spatial frequency. The results show a desirable signal response at 
the lower fiequencies, a gap in the sensitivity where no edges are detected, and some residual 
edge detection at high fiequencies due to undesirable aliasing. The aliasing signals at fiequencies 
greater than 0.75/E have waveform periods less than the smallest pixel width of the operator. 
The aliasing response can be suppressed in an optimal way (ie., with minimurn reduction of the 
observed low fiequency signal strength) by selecting a Mach edge threshold at the signal 
magnitude given by the horizontal dashed line in the figure. This threshold is at the maximum 
signal strength of the aliasing response of intensity patterns with the strongest edges (those with 
abrupt contrast edges). Thus signal strengths above this threshold in the figure must be due to 
low frequency patterns. Note that this threshold is not an adjustable parameter, but is determined 
entirely from the computed aliasing response to intensity patterns with the strongest aliasing 
signals. The sensitivity to shadow contrasts (as represented by trapezoidal penumbra intensity 
patterns) obtained in this way compare favorably with measured human vision values. However, 
the sensitivity to abrupt edges obtained in this way is nearly a factor of 10 smaller than those of 
the human visual system. 

A modest improvement in the sensitivity can be obtained by noting that the low fiequency 
responses to intensity patterns with abrupt contrast edges reach a plateau with a large signal 
magnitude which continues indefinitely with decreasing frequency. This unique low frequency 
response OCCUTS because all of the individual operators with different E values respond strongly 
to relatively isolated abrupt edges. Fig. 7 illustrates a quantity which represents the effective 
number of responding operators (ENRO), defined by 

ENRO = C Signal&/ max (Signal& (Eq- 6)  

where the summation and the maximum are over all iE values. ENRO values for square and 
sawtooth patterns are shown in the figure. This parameter can have a maximum value of seven, 
equal to the number of pixel sizes used in the model. Note that this value is achieved when all 
operators respond with equal strength, not when all operators respond with arbitrary signal 
levels. ENRO values are measures of the frequency bandwidths associated with edges, so that 
abrupt edges with many large-amplitude Fourier components produce the strongest ENRO 
values. The ENRO values are also qualitatively similar to the signal strengths for the case of 
abrupt intensity edges. The ENRO values in the aliasing frequency regime reach values of 7 at 
el/Eo, 2/Eo, etc. This is a consequence of using integer pixel sizes, and could in principle be 
avoided if a variety of noninteger pixel widths were available. The alias signals from the 
operators with integral pixel widths coherently add up at multiples of the frequency (l/Eo) =l. 
Examination of the Mach signal strengths at the frequencies where the alias ENRO values are 
large reveals that the signals are generally small and nearing zero. This suggests a useful tradeoff 
approach for enhancing the abrupt edge sensitivity while minimizing the amount of aliasing 
signal detected. In particular, if a reasonably large ENRO threshold is artificially selected, then 
only the alias frequencies with larger ENRO responses and modest signal values need further 
attention. The response from these alias frequencies can be further suppressed by introducing an 
additional signal threshold for the edge peaks which are identified as abrupt edge signals. Values 
of 4.8 and 0.2 are used for the ENRO and abrupt edge signal thresholds, respectively, in this 
work. The abrupt edge signal threshold is lower than the 0.6 value required for Mach edges, so 
that the abrupt edge detection sensitivity is somewhat improved with this modified video 
ENRO/signal threshold approach. However, the improvement still falls short of that achieved by 
human vision. Other methods for M e r  improving the sensitivity of the abrupt edge detector 
will be the subject of future work. 



Video results 

The performance of the video version of this edge detection approach has been examined by 
computing object and shadow boundaries for laboratory images of simple objects and tools (a 
pencil, an Allen wrench, a file). The lighting source is varied in location to create different 
shadow patterns for fixed object locations. The computed results demonstrate that the cast 
shadows are successfidly ignored by the object boundary edge operator. The abrupt edges of the 
objects are successfully detected except where the shadow occludes them or where the edges are 
not well isolated (as in Fig. 5). As discussed in Osbourn (1991), additional operators are needed 
to selectively detect high frequency texture and closely spaced edges. It should be noted that the 
Allen wrench and the file as well as parts of the pencil are as dark as the interior of the cast 
shadows. This illustrates that darkness alone cannot in general be used to successfully recognize 
the presence of shadows in real video images. 

ConcIusions 

An edge detection approach for selectively detecting abrupt contrast edges in the presence of cast 
shadows is presented. The edge detector produces qualitatively distinguishable edge signatures at 
the linear ramp intensity boundaries of shadow penumbras and the sharp intensity jumps of 
abrupt objectheflectance boundaries. A key element of this approach is a method for suppressing 
noise which does not require low-pass filtering of the image prior to edge detection, so that 
abrupt edges are not blurred before edge detection takes place. The high frequency noise 
suppression properties of the operator have been explicitly demonstrated from both the real-space 
and frequency-space points of view. The edge operator is applied to a representative video image 
with multiple objects and a cast shadow. The video results verify that abrupt objectheflectance 
boundaries are detected and shadows are successfully ignored while maintaining insensitivity to 
high frequency noise. 
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INTENSITY PROFILE 
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PERCEIVED EDGES 

MACH edges 

Fig. 1 Illusory Mach bands at the borders of an ideal (linear intensity ramp) shadow penumbra. 
The image at top shows the intensity variation in a shadow penumbra and the schematic diagram 
indicates the intensity magnitude as a function of lateral position. Illusory bright and dark Mach 
bands are indicated by arrows at the top, and the approximate positions of the pairs of Mach 
edges associated with these bands are indicated by arrows in the bottom diagram. Inspection of 
the true intensity pattern in the diagram at bottom verifies that the apparent intensities in the 
Mach bands are not real. 



IlYlEWSITY PROFILE 
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PERCEIVED EDGE 

Fig. 2 Abrupt contrast edge indicated directly in the top image and schematically in the bottom 
diagram. Object and reflectance boundaries typically produce intensity patterns approximately 
like that shown in the figure. 

MACH AND ABRUPT EDGES 
DETECTED AND DlSTlNGUlSHED 

INTENSITY PROFILE 

COMPUTED EDGE SIGNALS 

Fig. 3 Computed edge signals (bottom) for an intensity pattern (top) which includes a linear ramp 
and an abrupt contrast edge. The +/0 (O/+) signals are given by the solid (dotted) lines, 
respectively. The peaks of the edge signals determine the positions of the computed edges as 
indicated by the arrows. The ramp at left produces two Mach bands (four Mach edges total) and 
the abrupt contrast edge produces two edge peaks at the same position (i.e. one discernible edge). 



INSENSITIVITY TO HIGH FREQUENCY 
NOISE SIGNALS 

INTENSITY PROFILE 

COMPUTED EDGE SIGNALS 

Fig. 4 Illustration of the insensitivity of the edge operator to high spatial frequency noise. The 
high frequency signal has a period of 2lEo and is superimposed on an intensity pattern like that 
of Fig. 3. The +/O (O/+) operator signals are represented by solid (dotted) lines, respectively, in 
the bottom portion of the figure. The closely spaced high frequency edges are ignored by the 
operator, but the Mach band edges and the abrupt contrast edge are detected. 

CLOSELY SPACED ABRUPT EDGES 
SUPPRESS DETECTION 

lNTENSrrY PROFILE 

COMPUTED EDGE SIGNALS 

Fig. 5 Illustration of the insensitivity of the edge operator to closely-spaced abrupt contrast 
edges. This results from the alias suppression properties of the edge operator. The intensity 
profile is at the top of the figure and the computed edge signals are at the bottom, The +/0 (O/+) 
signals are represented by solid (dashed) lines, respectively in the bottom portion of the figure. 
The relatively isolated abrupt contrast edge at left produces the usual pair of coincident computed 
edges. The pair of abrupt contrast edges in the middle are close enough to each other to inhibit 
the signal from one of the coincident edge peaks, leaving a single strong edge peak for each 
abrupt contrast edge. The pair of abrupt contrast edges at the right are associated with a single- 
pixel-wide dip in the intensity. These edges are so closely spaced that all of the edge peak signals 
are strongly suppressed. 
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Fig. 6 Computed edge strengths fiom the edge operator. The low frequency signals are for a 
trapezoid pattern (Mach edges) and for the square wave and sawtooth wave patterns (abrupt 
contrast edges), and the alias signals at high frequencies are from the square wave and sawtooth 
patterns. The horizontal dashed line gives the Mach signal threshold. 
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Fig. 7 ENRO (effective number of responding operators) for the edge operator. The limitation of 
integer pixel width values causes the alias responses fiom the different individual second 
difference operators to add coherently as the frequency approaches multiples of (l/Eo)=l. 
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