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METHOD AND APPARATUS FOR DETECTING 
OBJECTS USING STRUCTURED LIGHT 

PATTERNS 

[0001] This application claims priority to US. patent 
application Ser. No. 10/052,953, ?led Jan. 17, 2002, entitled 
METHOD AND APPARATUS FOR DETECTING 
OBJECTS, Which claims priority under 35 U.S.C.§119(c)(1) 
to US. Provisional Patent Application Ser. No. 60/262,925, 
?led Jan. 19, 2001, and entitled OBJECT DETECTION 
USING MOIRE INTERFERENCE, Which are both incor 
porated by reference herein in their entirety. This application 
is related to US. patent application Ser. No. 09/716,002, 
?led Nov. 17, 2000, entitled OBJECT DETECTION, US. 
Provisional Application No. 60/275,879, ?led Mar. 14, 
2001, entitled SAFETY CAMERA, and US. patent appli 
cation Ser. No. 09/981,928, ?led Oct. 16, 2001, entitled 
OBJECT DETECTION, Which are all incorporated by ref 
erence herein in their entirety. 

FIELD 

[0002] The present invention relates to object detection, 
and more speci?cally, to object intrusion and/or presence 
detection Within a monitored area or region. 

BACKGROUND 

[0003] Motion detection and object detection systems are 
Well knoWn in the art. Frequently, such systems monitor a 
user-de?ned area to detect When an object enters or passes 
through a monitored area. Such systems typically include an 
image capture device (such as a video camera or still 
camera) capable of capturing an image of the monitored area 
and, if required, a device for digitiZing the captured images. 
The digitiZed images are analyZed in an attempt to detect 
Whether an object has entered the monitored area. There are 
many different knoWn methods and algorithms for analyZing 
digitiZed images for determining When an object has entered 
a monitored area. One of the most common methods is 
generally referred to as a change detection method. 

[0004] Change detection is often accomplished by eXam 
ining the difference betWeen a current live image and a 
reference image, Where the reference image contains only 
the static background of the monitored area. A reference 
image can be thought of as a representation of the monitored 
area as it Would appear if no transitory objects Were in vieW. 
Change detection algorithms often take tWo digitiZed images 
as input and return the locations in the ?eld of vieW Where 
differences betWeen the images are identi?ed. 

[0005] Object detection systems are commonly used in 
environments that have dynamic lighting conditions. For 
eXample, in industrial settings, moving shadoWs can be cast 
on a monitored area or region, Which can cause signi?cant 
changes in ambient lighting conditions. Many existing 
object detection systems, including those that use change 
detection algorithms to detect objects, can be challenged by 
such shadoWs and/or other dynamic lighting conditions. 

SUMMARY 

[0006] The present invention overcomes many of the 
disadvantages of the prior art by providing an object detec 
tion system that is less susceptible to dynamic lighting 
conditions, and/or more sensitive to three-dimensional 
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object motion and/or presence. This is preferably accom 
plished by projecting one or more patterns onto the moni 
tored area, capturing one or more live images of the moni 
tored area including the one or more patterns, and detecting 
objects in the monitored area by detecting changes in the one 
or more patterns in selected captured images. 

[0007] In a ?rst illustrative embodiment of the present 
invention, a pattern is projected onto the monitored area. 
One or more live images of the monitored area are then 
captured at selected times, and analyZed to detect changes in 
the projected pattern. The changes in the pattern may 
indicate a topographical change in the monitored area, and 
thus the entry or movement of an object in the monitored 
area. Because the pattern is projected onto the monitored 
area, changes in the ambient lighting conditions may have 
less effect on the ef?cacy of the object detection system. In 
some embodiments, the projected pattern is provided at a 
Wavelength Which Will not be affected or at least substan 
tially affected by ambient lighting. For eXample, a near 
infrared or infrared Wavelength may be chosen since such 
Wavelengths are not as strongly affected by visible light 
variations in the region of interest if the visible lighting in an 
area changes. The particular pattern may vary Widely, and 
may be static or dynamic. Additional variations and embodi 
ments are further eXplained beloW. 

[0008] In another illustrative embodiment, an object 
detection system includes a step of providing an unequal 
illumination pattern to an area to be monitored, Where the 
unequal illumination pattern contains a predictable pattern. 
At the same time, an image of the area to be monitored is 
captured, and data analysis is performed to determine 
Whether the captured image contains the predicted pattern. 
The predictable pattern may be considered to be a form of 
data, and the monitoring of the area comprises a determi 
nation of the eXtent to Which the data cast in the illumination 
pattern is altered as measured by the capture of the image. 
As such, the illustrative embodiment relies not only on the 
area to be monitored to provide data for analysis, but also 
uses the illumination pattern to observe additional data. The 
information in the illumination pattern does not necessarily 
arise from activity Within the ?eld of vieW of the image 
capture apparatus, Which may be, for eXample, a camera. 
Thus events outside the ?eld of vieW of the image capture 
apparatus may be monitored by the present invention. 

BRIEF DESCRIPTION OF DRAWINGS 

[0009] FIG. 1A is a schematic diagram shoWing an illus 
trative object detection system in accordance With one 
embodiment of the present invention; 

[0010] FIG. 1B is an overhead vieW corresponding to an 
image captured by the illustrative object detection system of 
FIG. 1A; 

[0011] FIG. 2A is a schematic diagram shoWing an illus 
trative object detection system in accordance With another 
embodiment of the present invention; 

[0012] FIG. 2B is an overhead vieW corresponding to an 
image captured by the illustrative object detection system of 
FIG. 2A; 

[0013] FIG. 3A is a schematic diagram shoWing an illus 
trative object detection system in accordance With yet 
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another embodiment of the present invention, this time 
illustrating an object in the ?eld of vieW of an image capture 
apparatus; 

[0014] FIG. 3B is an overhead vieW corresponding to an 
image captured by the illustrative object detection system of 
FIG. 3A; 

[0015] FIGS. 4A-4C illustrate a simpli?ed subtraction 
algorithm Which may be used for object detection With some 
embodiments of the present invention; 

[0016] FIG. 5A is a schematic diagram shoWing an illus 
trative object detection system in accordance With yet 
another embodiment of the present invention, this time 
illustrating the detection of an object outside of the ?eld of 
vieW of an image capture apparatus; 

[0017] FIG. 5B is an overhead vieW corresponding to an 
image captured by the illustrative object detection system of 
FIG. 5A; 

[0018] FIGS. 6A-6B are schematic diagrams including a 
number of identi?ed lines to aid in explaining a ?rst illus 
trative analysis of pixel displacement; 

[0019] FIGS. 7A-7D are schematic diagrams including a 
number of identi?ed lines to aid in explaining a second 
illustrative analysis of pixel displacement; and 

[0020] FIG. 8 is a schematic diagram including a number 
of identi?ed lines to aid in explaining a third illustrative 
analysis of pixel displacement. 

DETAILED DESCRIPTION 

[0021] The folloWing description should be read With 
reference to the draWings Wherein like reference numerals 
indicate like elements throughout the several draWings. The 
detailed description and draWings represent select illustra 
tive embodiments and are not intended to be limiting. The 
?gures are not necessarily shoWn to scale. 

[0022] The present invention provides an object detection 
system that may be less susceptible to dynamic lighting 
conditions, and/or may be more sensitive to object motion 
and/or presence than prior art systems. The system is also 
sensitive to three-dimensional extraneous objects that 
intrude into the monitored area. This may be accomplished 
by, for example, projecting one or more static or dynamic 
patterns on the monitored area, capturing one or more 
images of the monitored area including the one or more 
patterns, and detecting objects in the monitored area by 
detecting changes in the one or more patterns in selected 
captured images. 
[0023] FIGS. 1A-1B are schematic diagrams shoWing a 
?rst illustrative object detection system in accordance With 
the present invention. The illustrative object detection sys 
tem of FIG. 1A includes an illumination source 2, an image 
capture device 4, an image storage device 6, and a process 
ing device 8. In some embodiments, the illumination source 
2, image capture device 4, image storage device 6, and 
processing device 8 are integrated into a common device, 
While in other embodiments, separate devices are provided, 
as desired. 

[0024] The illumination source 2 is located above a moni 
tored area 14, such as near a ceiling. The illumination source 
2 illuminates the monitored area 14 With a desired pattern. 
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The pattern may be generated by, for example, projecting 
through a patterned grating, projecting interference patterns 
Where the interference fringes are formed by a phase or 
Wavelength shift, projecting a pattern using a scanning 
mechanism, or any other suitable method. As shoWn in FIG. 
2B, the monitored area 14 may include an alarm Zone 14A 
and safety Zone 14B, Where the system is con?gured to set 
off an alarm if the alarm Zone 14A is entered, and the system 
shuts doWn the device 18 if the safety Zone 14B is entered. 

[0025] For several embodiments of the present invention, 
a static or dynamic pattern may be generated having a 
number of dots or other spatially de?ned elements created 
by providing a collimated light source (i.e. a laser source) as 
illumination source 2, diffusing or splitting the output of the 
illumination source 2, and directing the diffused or split light 
output through an aperture array. The apertures in the array 
may vary in siZe or shape to improve the resultant pattern on 
the monitored area 14. For example, given a centrally 
located illumination source 2, apertures near the edges of an 
aperture array may be made smaller, since a greater distance 
may be covered and hence greater dispersion of the output 
portion passing through the smaller apertures Will occur. If, 
instead, the illumination source 2 Were placed on one side of 
the monitored area 14 (Which con?guration is not shoWn in 
FIG. 1A), With the image capture device 4 on an opposing 
side of the monitored area 14, the apertures may vary from 
smaller to larger across the aperture array. The distances 
covered may be suf?ciently small in many applications that 
dispersion of the output Will be minimal, and variation of 
aperture siZes Will not be desired or Will have nominal effect. 

[0026] The illumination of the monitored area 14 may be 
modulated to prevent any adverse effects of continuous 
illumination over a long period of time. Such continuous 
illumination may, for example, cause physical changes in the 
surface beneath the monitored area 14. Modulation may also 
alloW for the use of a higher intensity illumination source 2 
Without creating dif?culties With heating of the monitored 
area 14. 

[0027] The pattern may be static or dynamic. A dynamic 
pattern is one Where the spatial position of the light areas and 
dark areas changes over time, and in general the movement 
is periodic in nature. One possible use of a dynamic pattern 
is to increase the effective detection resolution of the system 
by preventing an object from “hiding” betWeen illuminated 
portions of a static pattern. 

[0028] One Way to realiZe a dynamic moire pattern is to 
project an interference pattern from a Mach-Zender inter 
ferometer, Which may include a mirror on a pieZo-actuator. 
The frequency of movement of the mirror may determine the 
frequency of interference fringe movement. A simpler 
dynamic pattern may also be realiZed by using a moving 
aperture array element. For example, With a centrally located 
illumination source 2, a pattern of dots may be used as an 
aperture array element to create a pattern; rotating or oth 
erWise moving the aperture array element can then create a 
dynamic pattern. 

[0029] It is contemplated that the monitored area 14 may 
be rectangular, round, or any other shape, as desired. As 
shoWn in FIG. 1B, the illustrative monitored area 14 extends 
around three sides of a machine 18. De?nition of the shape 
and extent of the monitored area 14 may be performed in 
data processing (by ignoring data from un-monitored areas), 
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light reception (by use of a mask, for example, or by 
providing a limited array of light detectors), or illumination 
(by use of light-shaping devices such as a mask). 

[0030] It is contemplated that the illumination source 2 
may be any type of illumination source capable of projecting 
a desired pattern on the monitored area 14. Examples of 
suitable illumination sources 2 include an incandescent or 
?uorescent lamp With a patterned mask and illumination 
optics. Other examples of suitable illumination sources 2 
include a lasing source such as a modulated light-stripe 
illumination module, or a laser diode source uniformly 
illuminating a patterned grating With the grating re-imaged 
onto the monitored area With an objective projection lens. A 
suitable illumination source 2 may also be an infrared 
source. Using a portion of the spectrum not ordinarily found 
in or subject to Wide variation in the ambient lighting 
conditions, such as the near infrared, may help keep the 
projected pattern from being overWhelmed by ambient light, 
and may also help enhance the differentiation betWeen the 
projected pattern and other sources of light in the environ 
ment. The image capture device may be a sensor (CCD, 
photodiode, or the like) that is attuned to a desired spectrum, 
such as the spectrum of the illumination source. 

[0031] In a further embodiment, multiple Wavelengths 
may be used simultaneously, Where the use of the tWo or 
more Wavelengths may help detect Whether a change is a 
result of a variation in the ambient environment that affects 
one Wavelength more than another. For example, if a change 
is observed at one Wavelength but not the other, the change 
may be attributed to an ambient condition, rather than an 
intrusion. Such a variation may also be adapted depending 
upon the type of intrusions Which are anticipated or Which 
are permissible. For example, if an intrusion by an object 
having a knoWn spectroscopic signature is to be alloWed, 
then the use of tWo Wavelengths may alloW objects generally 
to be detected, While alloWing objects having knoWn and 
anticipated absorbing effects to be ignored. The multiple 
Wavelengths may each be given distinct patterns or dynamic 
features as Well. 

[0032] The illumination source 2 preferably projects at 
least one pattern on the monitored area 14. The pattern used 
may depend on the particular application at hand. For 
example, in one illustrative embodiment, the pattern may be 
any pattern that has transitions betWeen areas that have 
illumination (e.g. light areas) and areas that lack illumina 
tion (e.g. dark areas). Generally, the maximum distance 
betWeen the centroids of illuminated area should be no more 
than one half the siZe of the smallest object for Which 
detection is desired, although this is not required. Examples 
of suitable patterns included striped or checker board pat 
terns Where illuminated and non-illuminated areas alternate. 
Another suitable pattern is one in Which a collection of dots 
are de?ned against a general background, With either the 
dots or the background being the illuminated area. It should 
be noted that the ?gures are not necessarily draWn to scale 
and the particular resolutions, siZes and features described 
beloW are merely illustrative and not intended to be limiting. 

[0033] In an illustrative embodiment, once the monitored 
area 14 is illuminated the image capture device 4 captures a 
reference image of the monitored area 14. The reference 
image is preferably an image of the monitored area 14 With 
no transitory objects in the monitored area 14. The reference 
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image is preferably stored, at least temporarily, in the image 
storage device 6. A neW reference image may be captured 
periodically, if desired. Once a reference image is captured, 
the image capture device 4 may capture successive live 
images of the monitored area 14, preferably at a selected 
time interval. Like the reference image, the live images are 
preferably stored, at least temporarily, in the image storage 
device 6. The image storage device 6 may provide the 
reference image and the live images to the processing device 
8 for processing. 

[0034] The processing device 8 preferably analyZes the 
live images to detect changes in the illuminated pattern. In 
some embodiments, the monitored area is divided into a 
number of image segments called mask WindoWs. The siZe 
of each mask WindoW is preferably chosen so that it is no 
bigger than the approximate siZe of the smallest object for 
Which detection is desired. While objects smaller than the 
mask WindoW may be detected, the probability of detecting 
such objects decreases With object siZe. The position of the 
various mask WindoWs may be chosen so that the entire area 
to be monitored is covered by overlapping mask WindoWs. 
The image area that corresponds to each mask WindoW may 
be analyZed separately for object detection, if desired. In 
addition, it is contemplated that the analysis method that is 
used to analyZe the various mask WindoWs may differ across 
the image, and the triggered response may vary depending 
on Which mask WindoW detects an object, if desired. 

[0035] The comparison betWeen a reference image and a 
live image can be accomplished in any number of Ways. One 
method is to simply do a pixel-by-pixel comparison of the 
projected pattern in the images. If there is no entry or 
movement of objects in the monitored area, the projected 
pattern in the tWo images Will substantially cancel out. 
HoWever, if there is entry or movement of an object in the 
monitored area, part of the projected pattern shoWn in one 
image may be shifted or otherWise deformed relative to the 
pattern shoWn in the other image. A threshold value may be 
used to help determine if there is a suf?cient difference 
betWeen the reference image and a live image to indicate a 
detected object, as further described beloW. 

[0036] Another method for comparing one image to 
another is to calculate a difference betWeen the value of the 
brightness levels corresponding to the light areas of the 
pattern (such as in a mask WindoW), and the value of the 
brightness levels corresponding to the dark areas in the mask 
WindoW of the reference image. Asimilar calculation may be 
made for the mask WindoWs of a live image. Whenever the 
second calculation is different from the ?rst calculation by a 
speci?ed amount, a change may be inferred. A further 
discussion of this and other methods for comparing images 
is included in co-pending U.S. patent application Ser. No. 
09/716,002 entitled OBJECT DETECTION, Which is incor 
porated herein by reference. 

[0037] Yet another method for comparing one image to 
another is to measure a correlation betWeen each pixel and 
some neighboring pixels and/or a correlation betWeen 
selected features, and then compare the correlation values. 
Whenever the correlation values are different by a speci?ed 
amount, a change may be inferred. Alternatively, or in 
addition, the image analysis may extract the moire spatial 
frequency and phase using a Fourier transform. Other image 
analysis techniques may also be used, such as, for example, 
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unsharp masking, thresholding, contrast segmentation, ?l 
tering processing, skeletoniZation processing, multi-resolu 
tion analysis, deformable contour modeling, image cluster 
ing, morphology, etc. These comparison methods are meant 
to be only illustrative, and any suitable method may be used 
to compare selected characteristics of the images, depending 
on the application. 

[0038] It is also contemplated that the reference and/or 
live images may be preprocessed before they are compared. 
For example, the reference image and/or live images may be 
provided to a ?lter that helps removes speckle, provides 
smoothing, changes overall intensity, or otherWise cleans-up 
the images. In one illustrative example, the images may be 
modi?ed to re?ect changes in ambient light intensity by, for 
example, taking into account the average received intensity 
across an entire image. 

[0039] Changes that are detected in the illuminated pattern 
may indicate a topographical change Within the monitored 
area 14, and thus entry or movement of an object in the 
monitored area 14. When an object is detected, the process 
ing device 8 may sound an alarm, shut doWn the machine 18, 
and/or provide some other alarm or action. Images of the 
monitored area With the detected object present may be 
retained for subsequent analysis, and/or sent to a monitoring 
station if desired. 

[0040] FIGS. 2A-2B and 3A-3B are schematic diagrams 
of another illustrative embodiment. FIG. 2A illustrates an 
approximation of the operation of an illustrative embodi 
ment. An illumination source 20 projects an output 22 to a 
location on a surface 28 beneath an area of interest. The 
operation of the illumination device and the form of the 
output 22 may be generally as described above. The output 
22 strikes the surface 28 and a re?ected portion 24 is 
received by an image capture device 26. It should be noted 
that the several Figures herein are not intended to be ray 
tracing diagrams, and instead generally shoW light paths 
Which may also rely on dispersion effects. Thus the re?ected 
portion 24 is merely a part of the incident light Which is 
shoWn as output 22. 

[0041] FIG. 2B is a schematic diagram of a representative 
image captured by the image capture device 26. FIG. 2B 
shoWs an illustrative illumination pattern including several 
dots 30, 31. The surface 28 is illuminated in several bright 
areas 30, 31, While other portions of the surface 28 are 
represented as a dark portion 32. The pattern shoWn in FIG. 
2B, because no interfering objects are in the area of interest 
over the surface 28, may be treated as a reference image 
pattern. 

[0042] FIG. 3A shoWs the illustrative embodiment of 
FIG. 2A, this time including an object 34 placed on the 
surface 28. The illumination device 20 again produces an 
output 22, but this time the output 22 strikes the object 34 
and a re?ected portion 24 re?ects from the object 34 toWard 
the image capture device 26. FIG. 3B illustrates the effect of 
the object 34 on the data received by the image capture 
device 26. In particular, While most of the bright areas 30 
remain the same, one of the bright areas has moved from an 
original bright area 31 (shoWn in dashed lines) to an altered 
bright area 31A. 

[0043] The reference pattern in FIG. 2B and the received 
pattern in FIG. 3B may then be used as illustrated in FIGS. 
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4A-4C, Which shoW a simple subtraction comparison. By 
subtracting the image of FIG. 2B from the image of FIG. 
3B, one Would obtain a result as shoWn in FIG. 4A. The ?eld 
is clear except for a portion designated 4B, Which is 
expanded and shoWn in FIG. 4B. FIG. 4B also illustrates a 
grid having numbers and letters for indicating individual 
pixels. The subtraction results in a ?rst region 36 indicating 
greater light in the received pattern, and a second region 38 
indicating greater light in the reference pattern. An intersec 
tion of the dots 31, 31A (FIG. 3B) results in another region 
40 in Which the light in both patterns is about the same. 

[0044] It can be seen that the pixels may not exactly 
correspond in shape or position to the regions 36, 38. In an 
actual system, the individual pixels Would be sensed indi 
vidually and either subtracted in analog or digital fashion, 
Where each pixel is represented as a value of light received 
represented in terms of a voltage, for example for analog 
subtraction, or in terms of a number value generated by 
analog-to-digital conversion (AT D) for a digital subtraction. 
If subtraction occurs using analog methods, an ATD step 
may folloW the subtraction to yield results as schematically 
demonstrated in FIG. 4C. Each pixel, after the subtraction 
step, is given a value representing the magnitude of the 
difference betWeen the reference image and the received 
image. Threshold values are then set for determining 
Whether an intrusion has occurred. 

[0045] The steps for comparing a received image to a 
reference image are knoWn in the art, and any acceptable 
methodology may be used. The method illustrated by FIGS. 
4A-4C is merely provided for the purpose of illustration. 

[0046] FIGS. 5A-5B shoW an illustrative embodiment in 
Which an object is detected even though it does not fall 
Within the ?eld of vieW of the image capture apparatus. The 
basic set-up is similar to that of FIGS. 2A and 3A, With an 
illumination device 20 producing an output 22. HoWever, an 
object 46, Which may represent, for example, the arm of a 
person, is in the path of at least part of the output 22. A 
portion 22B of the output 22 is blocked by the object 46 and 
does not reach the capture apparatus 26. In addition, the 
image capture apparatus 26 has only a limited ?eld of vieW 
27, and the object 46 is outside the ?eld of vieW 27. Even so, 
as shoWn in FIG. 5B, a void is created by the object 46 
Which blocks out certain of the dots 30 in the received 
image. The background level 32 is captured Where missing 
dots 48 (shoWn in phantom) Would otherWise be. The 
illustrative embodiment of FIGS. 5A-5B shoWs hoW a 
system may sense an object in a de?ned space Without 
actually observing the object in a ?eld of vieW. Because the 
volume being monitored need not be entirely Within the ?eld 
of vieW of the image capture device(s), a greater volume 
may be monitored by a image capture device having a 
smaller ?eld of vieW than may be required With prior 
systems. 

[0047] FIG. 6A is a schematic representation illustrating 
one method of detecting and determining dot displacement 
for an illustrative example. An illumination device 60 and an 
image capture device 62 are illustrated for monitoring a 
region of interest over a surface 64. A dashed line 66 
represents the height h of an object placed on surface 64. A 
center line 68 is de?ned halfWay betWeen the illumination 
device 60 and the image capture device 62. 
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[0048] FIG. 6B aids in showing by simple geometry With 
similar triangles the following: 

The area of the triangle MNO can be Written in tWo Ways: 

2 2 : Area 

Then: 

Using FOV as the ?eld of vieW, one Writes: 

L focalilength 
FOV _ imagerisize 

Then: 

d _ 2}’ * h * focalilength 

F 0V _ L2 *imagerisize 

Treating X as the location of the pixel going to the left on 
FIG. 6, the Pythagorean theorem states that: 

L2=(Y+x)2+H2 
Then the folloWing results: 

pixelfshift: pixelsiiniFOV * 

Where pX represents the number of pixels in the ?eld of vieW 
in the x-direction, and WX represents the imager siZe in the 
x-direction. It can be seen that as X increases (i.e. the 
disturbance occurs farther aWay from the center of the ?eld 
of vieW), the pixel shift is reduced. 

[0049] For example, given H=3.0 meters, h=40 millime 
ters, Y=1.0 meters, focal length=3.6 millimeters, imager 
siZe=4.8 mm, and pixels=480, then at x=0, the pixel shift is 
2.88. Thus, an illumination feature (such as a portion of a 
dot) that Would have been sensed at one location Without the 
object having h=40 millimeters Would be sensed 2.88 pixels 
aWay. Optimal detection Will occur When the angle betWeen 
illumination device and the image capture device is 90 
degrees. As can be seen from the above formula for pixel 
shift, one Would seek to maximiZe Y and minimiZe H to 
achieve better sensitivity; hoWever, it should be noted that 
distortion Will increase as Y gets larger relative to H, so there 
is a tradeoff to take into consideration. 

[0050] As a further example, if the data processing system 
associated With a particular safety camera can reliably detect 
or sense a shift of a single pixel across a border from light 
to dark in a pattern, a pixel shift of 1.0 may be used as a 
detection threshold. Then the folloWing formula may be 
used to determine hoW far above the surface 64 an object 

Feb. 23, 2006 

must be (or if the object lies on the surface 64, hoW thick the 
object must be) to be detected reliably for the illustrative 
system: 

If H=3.0 meters, Y=1.0 meters, focal length=3.6 millimeters, 
imager siZe=4.8 mm, and pixels=480, using pixel shift of 1.0 
and assuming that the region of interest Which Will be 
monitored has borders that are 1 meter aWay from the center 
of the camera ?eld of vieW such that x is less than or equal 
to 1 meter, then the minimum value for h Which Will be 
reliably detected at any place in the region of interest is 1.8 
centimeters. The actual values at any given location in the 
region of interest Will vary, With even thinner objects 
detected toWard the center of the region (as x goes to Zero, 
h becomes smaller) More sensitive electronics or data treat 
ment schemes may alloW for use of lesser pixel shift 
minimum values to achieve higher overall sensitivity to 
objects Which are quite near the ground. Note also that the 
1.8 centimeter value is actually the minimum height or level 
for an object entering sensed in the region of interest. Thus 
a very thin item such as a piece of paper Which enters the 
region of interest some distance greater than 1.8 centimeters 
above the surface 64 can be sensed regardless of hoW thick 
it is. 

[0051] FIG. 7A is another schematic representation illus 
trating another method for detecting and determining the 
extent of an intrusion into a region of interest. FIGS. 7B-7D 
aid in the understanding of the geometric approach to 
understanding the schematic of FIG. 7A. Note that in FIGS. 
7A-7D, line S is the ?xed center axis for the image capture 
device, With 0 being the angle betWeen the ?xed center axis 
for the image capture device and a line normal to the surface 
64. 

[0052] The analysis for FIGS. 7A-7D uses D as the dot 
displacement perpendicular to the camera axis. Referring to 
FIG. 7B, triangle mnt is similar to triangle qpo, given that 
each is a right triangle and taking advantage of the paral 
lelism of the lines that de?ne line D and line nt. Therefore: 

slo me 

Then, using similar triangles again: 

A a dH h 
7_§an 7_§ 

Therefore: 

H_Y_A 
h_y_a 
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Also, the area for triangle utm may be Written tWo Ways: 

So therefore: 

Using focal length=s and image displacement=d, the similar 
triangles on opposing sides of a lens Will yield: 

[0053] Next, referring to FIG. 7C, it can be seen that line 
S has been divided into tWo portions, S1 and S2. Taking 
advantage of the rule of similar triangles again, the tWo 
angles labeled 6 are equal angles. Both lines labeled S1 are 
of equal length as Well, since the lines are opposing lines on 
a rectangle. Using the de?nitions of sine and cosine, then, 

Using p as pixel displacement, W as imager siZe, and n as 
pixel count, 

If the camera is aligned such that 6=0, the X term drops out 
and leaves: 

This result is illustrated in FIG. 7D, Where it can be seen that 
the tWo displacements P1, P2 shoWn Within an image 
capture device 62 are the same siZe, even though generated 
at different locations. The displacements P1, P2 Will remain 
equal as long as the re?ection is from the same height above 
the surface 64 and the illumination source 60 remains in the 
same location. The result implies that, With the image 
capture device 62 placed such that the camera or lens axis is 
perpendicular to the surface 64, there is no distortion of the 
received image that depends upon the distance X from the 
axis. Other sources of distortion may remain present, but at 
least this one source may be eliminated. 
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[0054] For an illustration, if height H=3.0 meters, object 
height h=40 millimeters, separation B=2.0 meters, focal 
length s=3.6 millimeters, imager siZe W=4.8 millimeters, and 
pixel count n=480, With 6=0 then p=3.2 pixels of pixel shift. 
With this neWer formulation, using 6=0 alloWs a more 
simple determination of the minimum height at Which an 
object can be detected, because the calculation does not 
require alloWing for different pixel displacements depending 
on position. For example, regardless of the value of X, With 
6=0, using p=1 as a threshold and With H=3.0 meters, B=2.0 
meters, s=3.6 millimeters, W=4.8 millimeters, and n=480, 
the minimum height at Which an object can be detected 
Would be calculated by: 

Which results in h=12.5 millimeters for a minimum height 
at Which an object Will be detected reliably using p=1 as a 
threshold for reliable detection by electronics. 

[0055] FIG. 8 is a schematic diagram including a number 
of identi?ed lines to aid in explaining a third illustrative 
analysis of pixel displacement. FIG. 8 may be useful in 
setting the sensitivities of analytical analysis by providing a 
frameWork for determining the minimum pixel shift that 
should be sought. As shoWn in FIG. 8, an illumination 
source 60 illuminates an area 64 and images are captured 
With an image capture apparatus 62. The image capture 
apparatus 62 is displaced a distance Xc from the edge of the 
area 64. An object having a height h is to be imposed over 
the area 64. The area 64 has a Width W. 

[0056] The image capture apparatus 62 captures images 
across an area de?ned by the angle (D0 from the position of 
the image capture apparatus 62 to the far edge of the area 64. 
As such the angle (D0 may be de?ned by the folloWing 
formula (note Xc is treated as negative When measured as 
illustrated): 

W 
tan((1)0) = 

Three angles 80, 82, 84 are de?ned by the imposition of an 
object With the height h. The ?rst angle 80 is the initial angle 
formed at a location x With respect to the image capture 
apparatus 62 and a vertical axis, and can be de?ned by: 

tan(Angle80) : H 

The second angle 82 is the larger angle formed by the neW 
re?ection from a height h and can be de?ned in tWo Ways, 
the latter being the simpler: 

tan(Angle82) : H 
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The third angle 84 is the difference between these ?rst tWo. 
Using these angles and the number of pixels N, a pixel shift 
p may be de?ned as: 

An! 
N 8684: 

(1)0 

NoW, let Z equal: 

z=x+Ax+Ay 

Using simple geometry, the following tWo equations are 
readily calculated. 

Thus, 

To further simplify the expression, one may use the folloW 
ing expression: 

h 
(AX'I' Ay) = mofs — Xc) 

Making a substitution in the original equation for Z above 
results in: 
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NoW, substituting x+Ax+Ay for Z in the equation for p given 
above yields: 

Using the above equations for p and Z one may readily 
determine a desired resolution for detection of an object 
having a predetermined height h. For example, using N=400, 
h=15 mm, H=200 cm, Xc=—5 cm, XS=105 cm, W=100 cm, 
and x=50 cm, then Z=50.83 cm and p=3.19 is the pixel shift 
that Would be sensed at that location given that height. Thus 
the data processing equipment and/or programming Would 
need to be set up to sense a pixel shift of 3.19 or greater to 
detect an object ?fteen millimeters high in the middle of the 
area of interest. 

[0057] In many applications the borders of the area of 
interest Will be Where such calculations are made, ie when 
x=0 or x=W. Using the same values as above, except for x, 
then p=3.44 for x=0 and p=2.69 for x=W. Making Xc=0 
improves performance by increasing the loWer of the pixel 
shifts (pixel shift farther aWay from the image capture 
apparatus 62), so that p=3.42 for x=0 and p=2.74 for x=W. 
To avoid Wasting pixels, the ?eld of vieW should correspond 
to the siZe of the area to be monitored. Selecting the longest 
focal length for the image capture apparatus 62 that covers 
exactly the area to be monitored alloWs for maximum 
resolution With minimum distortion. 

[0058] Any of a Wide variety of actions may be performed 
in response to detection of an intruding object either indi 
vidually or in combination. For example, a machine in 
operation in or near the area being monitored may be turned 
off in response to a detected intrusion. An audible or visible 
alarm may be sounded. A message or signal may be sent to 
a remote location such as a police station or other authori 
ties. Additionally, images may be recorded in a permanent or 
semi-permanent fashion in response to a detected object, for 
example, Where images are captured and discarded in a 
FIFO or LIFO manner, once an object is detected subsequent 
images may be placed into a separate memory and not 
discarded. 

[0059] Those skilled in the art Will recogniZe that the 
present invention may be manifested in a variety of forms 
other than the speci?c embodiments described and contem 
plated herein. Accordingly, departures in form and detail 
may be made Without departing from the scope and spirit of 
the present invention as described in the appended claims. 

What is claimed is: 
1. A method for detecting an object in a monitored area, 

the method comprising the steps of: 

illuminating the monitored area With a pattern; 

capturing a live image of the monitored area, including at 
least a portion of the pattern; and 

detecting an object in the monitored area When a change 
is detected in the pattern in the live image, the change 
being noted by comparing a reference image shoWing 
at least a portion of the pattern to the live image to 
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determine Whether any part of the pattern has moved, 
been removed, or undergone some deformation. 

2. The method according to claim 1 Wherein the detecting 
step detects an object in the monitored area When the change 
in the pattern exceeds a predetermined threshold. 

3. The method according to claim 1 Wherein the moni 
tored area is illuminated With a static pattern. 

4. The method according to claim 1 Wherein the moni 
tored area is illuminated With a dynamic pattern. 

5. The method according to claim 1 Wherein the reference 
image and the live image each have a number of mask 
WindoWs, and Wherein the comparing step compares 
selected mask WindoWs of the reference image to selected 
mask WindoWs of the live image. 

6. The method according to claim 5 Wherein the compar 
ing step compares the selected mask WindoWs of the refer 
ence image and the live image using one or more comparing 
algorithms. 

7. The method according to claim 6 Wherein the compar 
ing step compares tWo or more of the selected mask Win 
doWs using different comparing algorithms. 

8. The method according to claim 5 further comprising the 
step of performing a prede?ned action if the detecting step 
detects an object in one of the selected mask WindoWs. 

9. The method according to claim 9 Wherein the pre 
de?ned action is different depending on the mask WindoW in 
Which an object is detected. 

10. The method according to claim 1 Wherein the pattern 
de?nes a number of spaced dots. 

11. The method according to claim 1 Wherein the pattern 
de?nes a number of stripes. 

12. The method according to claim 1 Wherein the pattern 
is projected using an infrared Wavelength of light. 

13. The method according to claim 1 Wherein the pattern 
includes at least tWo discrete Wavelengths of light. 

14. A method for detecting an object in a monitored area, 
the method comprising the steps of: 

capturing a live image of the monitored area using an 
image capture apparatus having a ?eld of vieW; and 

detecting an object in the monitored area by comparing 
the live image to a reference image, Wherein the object 
need not lie Within the ?eld of vieW of the image 
capture apparatus. 

15. The method according to claim 14 further comprising 
the step of: 

illuminating the monitored area With a pattern. 
16. The method according to claim 15 Wherein the pattern 

comprises a number of dots. 
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17. The method according to claim 15 Wherein the pattern 
includes a ?rst pattern illuminated using a ?rst Wavelength 
and a second pattern illuminated using a second Wavelength. 

18. The method according to claim 17 Wherein the step of 
detecting an object in the monitored area by comparing the 
live image to a reference image includes making a ?rst 
comparison using the ?rst Wavelength and a second com 
parison using the second Wavelength. 

19. The method according to claim 18 further comprising 
comparing the ?rst comparison to the second comparison to 
determine Whether a difference betWeen the pattern in the 
live image and the pattern in the reference image is due to 
an object entering the area of interest. 

20. Asystem for monitoring a volume of space, the system 
comprising: 

an image capture apparatus placed to capture images of a 
monitored area; and 

an illumination apparatus placed to illuminate the moni 
tored area; 

Wherein the volume of space monitored includes a volume 
corresponding to the space de?ned betWeen the illumi 
nation apparatus and the monitored area; and 

Wherein the volume of space monitored includes a volume 
corresponding to the space de?ned betWeen the moni 
tored area and the image capture apparatus. 

21. The system of claim 20 Wherein the illumination 
apparatus is adapted to project a pattern on the monitored 
area. 

22. The system of claim 21 Wherein the illumination 
apparatus is adapted to project the pattern using light of a 
selected Wavelength. 

23. The system of claim 21 Wherein the pattern is a 
dynamic pattern. 

24. A system for detecting an object in a monitored area, 
the system comprising: 

an illumination device adapted to illuminate the moni 
tored area With a pattern; 

an image capture device adapted to capture a live image 
of the monitored area, including at least a portion of the 
pattern; and 

detection electronics adapted to detect an object in the 
monitored area When a change is detected in the pattern 
in the live image, the change being noted by comparing 
a reference image shoWing at least a portion of the 
pattern to the live image to determine Whether any part 
of the pattern has moved or been removed. 

* * * * * 


