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METHOD OF COUNTING OBJECTS IN A
MONITORED ENVIRONMENT AND APPARATUS FOR THE SAME

Cross-Reference To Related Application

Technical Field

[0002] The present invention generally relates to video surveillance, and more specifically to
a computer aided surveillance system for determining the numbers of objects included in a

monitored environment.

Background

[0003] The current heightened sense of security and declining cost of camera equipment
have resulted in increased use of closed circuit television (CCTV) surveillance systems.
Such systems have the potential to reduce crime, prevent accidents, and generally increase

security in a wide variety of environments.

[0004] A simple closed-circuit television system uses a single camera connected to a display
device. More complex systems can have multiple cameras and/or multiple displays. One
known type of system is the security display in a retail store, which switches periodically
between different cameras to provide different views of the store. Higher security
installations, such as prisons and military installations, use a bank of video displays each
displaying the output of an associated camera. A guard or human attendant constantly

watches the various screens looking for suspicious activity.
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[0005] More recently, inexpensive digital cameras have become popular for security and other
applications. In addition, it is now possible to use 2 web cam to monitor a remote location.
Web cams typically have relatively slow frame rates, but are sufficient for some securily

applications. Inexpensive cameras that transmit signals wirelessly to remotely located

computers or other displays are also used to provide video surveillance.

[0006] As the number of cameras increases, the amount of raw information that needs to be
processed and analyzed also increases. Computer technology can be used to alleviate this raw
data proéessing task, resulting in a new breed of information technology device -- the
computer-aided surveillance (CAS) system. Computer-aided surveillance technology has
been developed for various applications. For example, the military has used computer-aided
image processing to provide automated targeting and other assistance ;o fighter pilots and
other personnel. In addition, computer-aided surveillance has been applied to monitor activity

in swimming pools.

[0007] On a macroscopic level, a video surveillance frame depicts an image of a scene in which
people and things move and interact. On a microscopic level, a video frame is composed of a
plurality of pixels, often arranged in a grid-like fashion. The number of pixels in an image
depends on several factors including the resolution of the camera generating the image, the
display on which the image is presented, the capacity of the storage device on which the images
are stored, etc. Analysis of a video frame can be conducted either at the pixel level or at the
(pixel) group level depending on the processing capability and the desired level of precision. A

pixel or group of pixels being analyzed is referred to herein as an “image region.”

[0008] A given video frame can further be divided into a background and objects. In general,
the background remains relatively static in each video frame. However, objects are depicted in

different image regions in different frames. Several methods for separating objects in a video
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frame from the background of the frame, referred to as object extraction, are known in the art.
A common approach is to use a technique called “background subtraction.” Of course, other

techniques can be used.
Summary of the Invention

[0009] CAS systems can be used for purposes other than security. For example, CAS systems
can help provide useful information to business operators. For example, business
establishment operators often want to determine traffic patterns within their establishments.
Firms are hired to manually count the number of people who travel into, through, and out of
stores to determine prime traffic times and locations. Similarly, turnstiles detect traffic flow
through stadiums, transportation depots, and other establishments. Human monitors are easily
distracted and are limited by their own fields of view and limited vantage points. Turnstiles

can be jumped and are difficult and costly to rearrange for changes in an environment.

10010} Some tracking systems maintain an inherent count of objects that they track. Tracking
systems, in general, aim to monitor the movement of specific objects as those objects move
through a monitored environment. 1racking, while uscful for some applications, may require
significant processing power, and like luman monitors, many tracking systems are overly

limited by the fields-of-view of the cameras the systems employ or a lack of understanding of

the environment that the cameras monitor. Many tracking systems also suffer from reduced

performance when analyzing low frame rate video, which is used by many surveillance
systems. In one embodiment, the present invention may overcome such problems, and others,
by providing a CAS system that can provide statistically useful object counting information for
a vatiety of monitored environments without requiring the CAS system to track any objects

within the monitored environment.
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[0011] n one aspect, the invention relates to a computerized method of video analysis that
includes receiving first and second video frames generated by first and second image sources.
The fields of view of the first and second video sources overlap at least in part. The method also
includes determining a number of objects, without tracking each of the objects in the first and

second fields-of-view based on the video frames.

[0012] In another aspect, the invention relates to computerized method of video analysis that
includes receiving first and second pluralities of video frames from first and second image
sources. Each plurality of video frames was generated over a period of time. The fields-of-view
of the image sources overlap, at least in part. The method also includes determining a number of
objects, without tracking each of the objects, in the first and second fields-of-view at one instant

in time based on the video frames.

[0013] In yet another aspect, the invention relates to a computerized method of video analysis
that includes receiving a video frame and subsequent video frame generated by an image source.
The image source has a field-of-view in a monitored environment that includes off-camera
regions and an environment gateway. The method includes determining a mumber of objects,
without tracking each of the objects, included in the off-camera regions. In one embodiment, the
method also includes determining a number of objects in the monitored environment. In another
embodiment, the method also includes receiving a second video frame and a subsequent video
frame. The second video frames are generated by a second image source having a second field-

of-view in the monitored environment.

[0014] In a further aspect, the invention relates to a system for video analysis that includes a
receiving module configured to receive first and second video frames generated by first and
second image sources. The fields of view of the first and second video sources ovetlap at least in

part. The system also includes a processing module configured to determine a number of
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objects, without tracking each of the objects, in the first and second fields-of-view based on the

video frames.

[0015] In another aspect the invention relates fo a system that includes a receiving module
configured to receive first and second pluralities of video frames from first and second image
sources. Each plurality of video frames was generated aver a period of time. The fields-of-view
of the image sources overlap, at least in part. The method also includes determining a number of
objects, without tracking each of the objects, in the first and second fields-of-view at one instant

in time based on the video frames.

[0016] In yet another aspect, the invention relates to a system for video analysis that includes a
receiving module configured to receive a video frame and subsequent video frame generated by
an image source. The image source has a field-of-view iﬁ a monitored environment that includes
off-camera regions and an environment gateway. The system also includes a processing module
configured to determine a number of objects, without tracking each of the objects, included in
the off-camera regions. In one embadiment, the processing module is further configured to
determine a number of objects in the monitored environment. In another embodiment, the
receiving module is configured to receive a second video frame and a subsequent video frame.
The second video frames are generated by a second image source having a second field-of-view

in the monitored environment.

Brief Description of the Drawings

[0017] The foregoing discussion will be understood more readily from the following detailed

description of the invention, when taken in conjunction with the accompanying drawings.

[0018] Fig.1 is a block diagram of an illustrative overall computer-assisted surveillance

("CAS") system utilizing one aspect of the invention.
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[0019] Fig. 2 is a high-level block diagram of an illustrative CAS computer according to one

embodiment of the invention.
[0020] Fig. 3 is a schematic depiction of an illustrative monitored environment.

[0021] Fig. 4 is a flow chart of a method for determining the number of objects included in

overlapping fields-of-view according to one embodiment of the invention.

[0022] Fig. 5 is a schematic Distinct field-of-view region data structure according to one

embodiment of the invention
[0023] Fig. 6A is a schematic diagram of sample overlapping video frames.

[0024] Fig. 6B is a schematic diagram of samplec overlapping video frames as they appear

individually.

[0025] Fig. 6C s a schematic diagram of sample overlapping video frames divided into analysis

image regions.
[0026] Fig. 7 is a more detailed flow chart of part of the method of Fig. 4.

[0027] Fig. 8 is a flow chart illustrating another method of counting a number of objects in

overlapping fields-of-view according to one embodiment of the invention.

[0028] Fig. 9 is a flow chart of a method of subdividing analysis image regions according to

one embodiment of the invention.

[0029] Fig. 10 is a schematic diagram of sample overlapping video frames divided into

analysis image regions.

[0030] Fig. 11 is a schematic depiction of the contents of a Distinct field-of-view data structure

after subdivision of an.analysis image region.

[0031] Fig. 12 is a schematic depiction of a second monitored environment.
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[0032] Fig. 13 is a flow chart of a method of determining a number of objects located in an off-

camera region of a monitored environment according to one embodiment of the invention.
[0033] Fig. 14 is a more detailed flow chart of part of the method of Fig. 13.

[0034] Fig. 15 is a schematic depiction of an illustrative field of view that includes an

environment gateway.

[0035] Fig. 16 is a flow chart of a method of determining a change in the number of objects that

are included in a monitored environment.
DETAILED DESCRIPTION

[0036] In a surveillance system, cameras capture image data that depicts the interaction of
people and things in a monitored environment. Types of cameras include analog video cameras,
digital video cameras, or any device that can generate image data. The word “camera,” is used as
a generic term that encompasses any sensor that can output video data. In one embodiment, the
CAS system observes a monitored environment through a number of input sensors although its
primary sources of information are video cameras. The majority of CCTV installations usc
common visible-light video cameras. In such installations, the CAS system employs advanced
video analysis algorithms for the extraction of information from analog NT3C or PAL video.
These algorithms, however, ate not limiled to the visible light spectrum; they can also be

applied to infrared video or even imagery from radar or sonar installations if available.

[0037] Fig. 1 shows an illustrative computer-assisted surveillance ("CAS") system 100. A
plurality of cameras or other image input devices 102 provide image inputs to a computer 104
programmed to provide image analysis. CAS computer 104 can include a display 106
providing a graphical user interface for setup, control and display. CAS computer 104 can

also include one or more user input devices (not shown) such as keyboards, mice, cfc. to allow
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[0038] CAS computer 104 performs advanced image processing including image feature
extraction and object counting. CAS computer 104 can automatically detect objects and
activity and can generate warning and other information that can be transmitted over a digital
communications network or other interface 108. CAS computer 104 also uses interface 108 to
retrieve data, such as previously recorded video stored on recorder 112 or information stored
on other computers. CAS compuler 104 provides the outputs of the various cameras 102 to a
multiplexer 110 for recording, typically continuous or stop-frame, by recorder 112 and for
display on one or more displays 114 via a switcher 116. An additional user interface (e.g.,
provided by another computer 118 and user input including, for example, a joystick 120) can
be used to allow an opcrator to control switcher 116 to select images to view and to control
other parts of system 100 including CAS computer 104, Mutiplexer 110 and/or switcher 116
can respond to external alarms that occur when Certain types of activity have been
automatically detected (e.g., an alarm generated by a motion sensor) and record or display
video appropriately. These alarms can also be generated by CAS computer 104 based on

detected activities in the video streams.

[0039] The illustrative CAS Computer 104 system integrates seamlessly into any existing
security infrastructure. The illustrative embodiment CAS system 100 is compatible with, for
example, legacy analog vidco sources, in addition to newer digital video sources such as USB,
FireWire, or IP cameras on wired or wireless networks. The CAS computer 104 acts as a
passive repeater of its input signals, so that in the unlikely event of a CAS computer 104
failure, the remainder of the security infrastructure continues to function without the CAS

computer 104.

[0040] While video cameras 102 are the typical primary sensors for the CAS system 100, the

-10-
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system can also accommodate other commonly-used sensors, such as motion detectors, smoke
detectors, spill detectors, microphones, point-of-sale (POS) recordings, electronic article
surveillance (EAS) systems, and access control systems. The illustrative CAS system 100
combines information from these sensors with the video analysis results to provide an even
richer description of activities in the world. For example, POS information may be used with

video images to verify that a customer purchased a particular product.

[0041] Fig. 2 shows a high-level block diagram of an illustrative CAS computer 104. For
illustrative purposes, the computer companents are grouped into two main classes: single-view
processing blocks 202 (SVPs) and multi-view processing blocks 204 (MVPs). Each image
input source is attached to a SVP 202. Imagc input sources include cameras 102 aswell as a
variety of storage devices including, for example, computer disks, VHS tapes, and digital
videotapes. For purposes of data analysis, image dala outpuited by a video storage device is
the equivalent of image data generated by a camera. Each SVP 202 typically performs video
processing tasks that require only a single video stream. The outputs of the SVP 202 are
connected to a MVP 204 that processes multiple video streams at once. Depending on the
embodiment, a processing module includes a MVP 204, or a combination of one or more SVPs
202 and one or more MVPs 204. The CAS computer also includes memory modules (not
shown) for receiving and storing incoming image data. The memory modules can be a part of

the processing modules, or they can be separate from the processing modules.

[0042] The single-view processing components 202 and the multi-view processing components
204 typically analyze data as a series of video frames depicting a scene. In one embodiment,
image data is analyzed directly from a camera. In another embodiment, the analyzed image data
can originate from a storage device. The image data originating from the storage device could

have been generated by cameras directly connected to the CAS system 100, In addition, the

11-
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CAS computer can analyze image data generated by remote cameras. For example, the CAS

system could provide forensic analysis of third party surveillance tapes.

[0043] Some cameras and video storage devices create and store image data on a frame-by-
frame basis. Other storage systems may only store video frame updates, i.¢. detected changes to
the scene. To carry out analysis of image data, the CAS computer 104 constructs a video frame

from image data that may be stored in a variety of devices and formats.

[0044] A video frame is composed of a plurality of pixels. The number of pixels in a video
frame typically depends on, among other factors, the resolution of the camera generating the
video frame, the display on which the video frame is presented, and the capacity of the storage
device on which the video frames are stored. Analysis of a video frame can be conducted either
at the pixel level or by analyzing groups of pixels depending on the processing power available
and the level of precision desired. A pixel or group of pixels to be analyzed is referred to herein

as an “image region.”

[0045] Image regions can be categorized as constituent image regions or analysis image regions.
Constituent image regions are the smallest group of pixels (in some cases a single pixel) for
which information is maintained within a CAS computer 104 for a given variable. To reduce the
processing requirements, the CAS computer 104 can group one or more constituent image
regions into analysis image regions. The CAS computer 104 then operates on the analysis image

regions.

[0046] Fig. 3 is a schematic depiction of an illustrative monitored environment 300 (e.g., aretail
store). Monitored environments are areas monitored by one or more cameras. The illustrated

monitored environment 300 is surveyed by two cameras 102. The first camera 102(1) has a first
field-of-view 302. The second camera 102(2) has a second field-of-view 304, A portion 306 of

the first and sccond fields-of-view 302 and 304 overlap. That is, if an object were included in

-12-
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the monitored environment 300 within the overlapping portion 306, the object would be visible

(barring any obstructions) in video frames generated by each camera 102(1) and 102(2).

[0047] The monitored environment 300 also includes a number of objects 308(1)-308(n)
(collectively 308), wherein n is the total number of objects 308 within monitored environment
300. A first object 308(1) is included only within the first field-of-view 302. Second objects
308(2), 308(3), and 308(4) are included only within the second field-of-view 304. Joint objects

308(5) and 308(6) are included within both fields-of-view.

[0048] If a CAS computer 104 were to determine a total object count of the number of objects
308 included within the two fields-of-view 302 and 304 by determining the number of objects
308 included in each field-of-view 302 and 304 separately, and then adding those numbers
together, the CAS computer 104 would count the joint objects 308(5) and 308(6) twice, thus
resulting in frequently imprecise total object counts. Some embodiments of the invention may
improve the precision of a total object count by taking into the consideration the fact that a single

object 308 may appear in more than one field-of-view 302 and 304 at the same time.

[0049] Counting objects is not the sume as counting people. An object is any group of pixels
that the CAS computer determines is not part of the background. That is, an ohject can be, for
example, a person, an animal, a moving inanimate object (e.g., a pushed gracery cart or rolling
ball), etc. An object could also be several people gather together in such a fashion that, at least
from a camera’s perspective, the people overlap. Similarly, a single person may appear to a CAS
computer as more than one object (e.g. if a person were observed standing behind a railing, a
CAS computer might determine that the pixels above the railing constitute one object, and that
the pixels below the railing constitute a second object. Determining whether one more objects

correspond Lo one or more persons requires analysis that is beyond the scope of this invention,

13-
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and which, for the purposes of the invention, is also unnecessary. Knowing a number of objects

can be used to estimate a number of people.

[0050] Fig. 4 is a flow chart of a method 400 for determining the number of objects that are
included within overlapping fields-of-view, (e.g., the fields-of-view 302 and 304) which may
help reduce occurrences of counting a single object multiple times. The counting method is
based on the analysis of video frames generated by image sources (e.g., the first and second
cameras 102(1) and 102(2)) having overlapping fields-of-view (e.g, fields-of-view 302 and 304).
The CAS computer 104 receives a first video frame from the image source (step 402) and
receives a second video frame from the second image source (step 404). In one embodiment, the
first vidco fiame is received (step 402) from the first camera 102(1) info 2 memory module of an
SVP 202(1) responsible for the first camera 102(1), and the second video frame is received from
the second came;ra 102(2) into a memory module of an SVP 202(2) responsible for the second
camera 102(2). In another embodiment, the video frames are received from their respective
cameras 102(1) and 102(2) into a memory module of the MVP 204. In still another embodiment,
the first video frame is received (step 402) from a video storage device (e.g., a VCR, or computer
hard drive, optical drive, etc.) that is outputting video frames previously generated by the first
camera 102(1) or another first camera, and the second video frame is received (step 404) from a
video storage device that is outputting video frames previously generated by the second camera
102(2) or another second camera. The CAS computer 104 determines a number of objects that
are included in first and second fields-of-view 302 and 304 without tracking any of the objccts
308 (step 406). The determined number is based on the video frames and knowledge of how the

fields-of-view 302 and 304 overlap.

[0051] Fig. S is an illustrative Distinct Ficld-of-View Region (DFOVR) data structure 500

maintained as part of one embodiment of the invention. The illustrative data structure 500 is in

-14-




10

15

20

25

WO 2005/038717 PCT/US2004/033177
-13-

table format. In other embodiments, other data formats, including linked lists, arrays, data files,
etc. may be employed to store the information. The portion(s) of the monitored environment 300
that are included within at least'one camera field of view 302 or 304 are divided up into a
plurality of DFOVRs 502. Each DFOVR 502 represents a distinct part of the monitored
environment 300. The CAS computer 104 creates and maintains the data structure 500 that
stores correspondences between analysis image regions 504 and DFOVRs 502. If two or more
analysis image regions 504 overlap, the DFOVR data structure 500 indicates that those
overlapping analysis image regions 504 correspond to the same DFOVR 502. For a non-
overlapping analysis image region 504, the DIFOVR data structure 500 indicates a one-to-one
correspondence between the non-overlapping analysis image region 504 and its corresponding
DFOVR 502. The DFOVR data structure 500 and its purpose can be beller understood with

reference to Figs. 6A—-15.

[0052] Figs. 6A—6C are schematic depictions of the sample video frames 600 and 602 generated
by the first and second cameras 102(1) and 102(2) monitoring the monitored environment 300.
The video frames include a plurality of constituent image regions 608. The constituent image
regions 608 are the smallest image regions for which the CAS computer 104 stores overlap data.
Fig. 6A indicates how the fields-of-view 302 and 304 of the cameras 102(1) and 102(2) ovetlap.
The dashed lines 606 superimposed on the first video frame 600 and the second video frame 602
illustrate the boundaries of constituent image regions 608. In this example, each video frame
600 and 602 is divided into sixty-four constituent image regions 608. In other embodiments,
video frames 600 and 602 can be divided into a larger number or a smaller number of constituent
image regions (e.g., 16 or 256). In addition, the first video frame 600 can be can be divided into
a different number of constituent image regions than the second video frame 602. To reduce
processing requirements the CAS computer 104 can group constituent image regions into

analysis image regions.

-15-
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[0053] Fig. 6B is a schematic depiction of the first video frame 600 and the second video frame
602 as each video frame 600 and 602 is analyzed by the CAS computer 104 in one embodiment
of the invention. Asin Fig. 6A, the dashed lines 606 illustrate the boundaries of the constituent
image regions 608 of the video frames 600 and 602. The shaded region 610 is superimposed on
the video frames 600 and 602, for illustrative purposes, to indicate the portion of cach video

frame 600 and 602 that overlaps with the other video frame 600 or 602.

[0054] The CAS computer 104 has knowledge of the overlap 610 depicted in the video frames
600 and 602 of Fig. 6B. Tn one embodiment, the CAS computer derives the knowledge of
constituent image region 608 overlap using a method for determining corresponding image
regions described in the U.S. patent application entitled “Computerized Method and Apparatus
for Determining Field-of View Relationships Among Multiple Image Sensors,” filed on
September 11, 2003, which is hereby incorporated herein in its entirety. The computerized
method dynamically determines which constituent image regions correspond to one another by
analyzing a series of video frames and calculating lift values and/or correlation coefficients
between pairs of image regions. Constituent image regions are considered to be overlapping if
the correlation coelficient and/or the lift value between the image regions surpass an overlap
threshold. Such a method does not require any knowledge of the real-world relationship between

fields-of-view.

[0055] In another embodiment image region overlap is programmed into the CAS computer on
an image region-by-image region basis. In another embodiment, the overlap is programmed into
the CAS computer on a pixel-by-pixel basis. The preprogramming can be achieved, for example

by, using a paint program or by manually entering overlap data.

[0056] In embodiments that maintain pixel-by-pixel overlap information, the CAS computer 104

considers constituent image regions o overlap if the majority of pixels in the constiluent image

-16-
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regions overlap. Similarly, the CAS computer 104 may consider an analysis image region 504 to

be overlapping if the majority of its constituent image regions 608 are ovetlapping.

[0057] Fig. 6C schematically depicts the first video frame 600 and the second video frame 602.
For illustrative purposes, the shaded region 612 indicates the constituent image regions 608
determined to be overlapping image regions based on the known overlap. For initial counting
purposes, each video frame 600 and 602 has been divided into four analysis image regions 504,
A,B,C,D, A2,B2,C2, and D2. The solid lines 614 superimposed on the video frames 600 and
602 indicate the boundaries of the analysis image regions 504. Each analysis image 504 region

includes sixteen constituent image regions 608.

[0058] Fig. 7 is flow chart illustrating, in more detail, one embodiment of a method 700 of
counting the number of objects in the first and second fields-of-view 302 and 304. In the
embodiment, the CAS computer 104 creates a DFOVR data structure 500 as described above
(step 702). The video frames 600 and 602 are divided into DFOVRs 502. The DFOVRs 502 are
entered into the DFOVR data structure 500 élong with their corresponding analysis image

regions 504.

[0059] Based on knowledge of the overlap 610 of the constituent image regions 608, analysis
image regions B, D, A2, and C2 are considered to overlap. More specifically, analysis image
region B overlaps with analysis image region A2, and analysis image region D overlaps with
analysis image region C2. The number of DFOVRs 502 is equal to the number of non-
overlapping analysis image regions 504 in addition to the number of sets of overlapping analysis
image regions 504 (e.g., analysis image regions B and A2 make up one set of overlapping
analysis image regions). Thus, the video frames 600 and 602 in Fig. 6C include six DFOVRs
502. The DFOVRs 502 and their corresponding analysis image regions 504 are stored in the

jllustrative DFOVR data structure 500.
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[0060] The CAS 104 computer initializes a Total Object Count for the video frames 600 and 602
(step 704). The CAS computer 104 selects a DFOVR 502 that has not yet been processed (step
706). In one embodiment, the DFOVR data siructure 500 includes a binary variable
PROCESSED? 506 that equals 0 before a DFOVR 502 has been processed, and that is set to 1
after processing. The CAS computer 102 selects a DFOVR 502 by choosing a DFOVR 502

from the DFOVR data structure 500 whose PROCESSED? variable 506 is equal to 0.

[0061] The CAS computer 104 calculates the number of objects that are included within the
DFOVR 502 (“the DFOVR object count 507”) (step 708).  The CAS computer 104 counts the
number of objects 308 included in each analysis image region 504 that corresponds to the
DFOVR 502. In one embodiment, the DFOVR 502 sets the DFOVR object count 507 to equal
the number of objects 308 included in the corresponding analysis image region 504 that includes
the most objects 308. For example, in analyzing DFOVR #4 508, corresponding to analysis
image regions D and C2, the CAS computer 104 would determine that analysis image region D
includes one object 308(6) and that analysis image region C2 includes two objects 308(4) and
308(6). The CAS computer 104 would therefore set the DFOVR object count 507 for DFOVR.
#4 508 to 2, as indicated in the DFOVR data structure 500. In another embodiment, the DFOVR
object count 507 is set to the average of the numbers of objects 308 included in the
corresponding analysis image regions 504. The Total Object Count for the video frames 600 and
602 is incremented by the DFOVR object count 507 (step 710) and the PROCESSED? variable

506 for the DFOVR 502 is set to 1.

[0062] The CAS computer 104 repeats the DFOVR counting process (steps 706—710) until all
DFOVRs 502 have been processed. The Total Object Count after all DFOVRs 502 have been
processed is the determined number of objects 308 in the first and second fields of view 302 and

304.
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[0063] The method 700 of determining a number of objects 308 in first and second fields of
view 302 and 304 from a single set of video frames 600 and 602 can suffer from reduced
precision if the CAS computer 104 analyzes the single set of video frames 600 and 602 using
analysis image regions 504 that are so large that the number of objects 308 included in the
analysis image regions 504 corresponding to a single DFOVR 502 frequently differ. In ordet to
improve precision, in one embodiment, the CAS computer 104 analyzes a plurality of video
frames generated by each camera 102 monitoring the monitored environment 300. Such analysis

allows for a determination of analysis image region sizes that produce a more accurate number.

[0064] Fig. § is a flow chart of a method 800 of counting objects 308 in first and second
overlapping fields of view 302 and 304 at one period in time based on analyzing a plurality of
video frames generated by the first and second cameras 102(1) and 102(2). For illustrative
purposes, the method 800 will be described in relation to the same illustrative video frames 600

and 602 described above.

[0065] The method 800 begins much in the same way as the method 700. The CAS computer
104 creates a DFOVR data structure 500 (step 802). The DFOVR data structure 500 can have
the same form as the DFOVR data structure 500 described with respect to method 700. The
Total Object Count for the instant in time is set to zero (step 804) and a first unprocessed

DFOVR 502 is selected from the DFOVR data structure 500 (step 806).

" [0066] The CAS computer 104 determines a DFOVR object count 507 for the DFOVR 502 (step

808). In one embodiment, the CAS computer counts the number of objects in each analysis
image region that corresponds to the DFOVR. The CAS computer then sets the DFOVR object
count 507 to equal to the largest of the corresponding analysis image region object counts. In
another embodiment, the DFOVR object count 507 is equal to the average of the number of

objects 308 included in the analysis image regions 504 corresponding to the DFOVR 502. If the
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DFOVR object count 507 is determined to be 0, the CAS computer 104 sets the DFOVR
PROCESSED? variable 506 to 1 and consults the DFOVR data structure 500 to determine if any

DFOVRs 502 remain to be processed (step 810).

[0067] In contrast to method 700, in the method 800, the CAS computer 104 maintains an
additional variable related to each DFOVR 502. The DFOVR data structure 500 maintains an
average of the non-zero DFOVR object counts 507 the CAS computer 104 has determined for
the DFOVR 502 over a plurality of sets of video frames (i.e., the DFOVR object average 510).
During proccssing of a DFOVR 502, if the CAS computer 102 determings that the DFOVR
object count 507 is greater than zero, the CAS computer 104 updates the DFOVR object average
510 (step 812). If such DFOVR 502 corresponds to only a single analysis image region 504
and/o‘lr the DFOVR object average 510 is less than a predetermined threshold, the CAS computer
104 increments the Total Object Count for the time instant(step 814), sets the DFOVR
PROCESSED? variable 506 to 1, and consults the DFOVR data structure 500 to determine if any
DFOVRs 502 remain to be processed (step 810). In one embodiment the threshold is between 1

and about 1.5. In another embodiment, the threshold is between 1 and about 2.

[0068] Fig. 9 is a continuation of the flow chart of Fig. 8, indilcating the steps 900 taken by the
CAS computer 104 if a DFOVR 502 is determined to include at least one object, corresponds to
more than one analysis image region 504, and the DFOVR obj ect average 510 for the DFOVR
502 is greater than the threshold. Therefore, the CAS computer 104 removes the DFOVR 502
from the DFOVR data structure 500 (step 902) and divides the analysis image regions 504 that
corresponded to the DFOVR 502 into smaller groups of constituent image regions 608 (e.g., four
constituent image regions instead of the original sixteen)(step 904). The CAS computer 104

determines new DFOVRs 502 for the subdivided analysis image regions 504. Each new
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DFOVR 502 is added to the DFOVR data structure 500 ideniifying its corresponding new

analysis image regions 504 (step 906) with its PROCESSED 506 variable set to zero.

[0069] Fig. 10 is a schematic depiction of the first and second video frames 600 and 602 after

DFOVR #4 508 has been subdivided. As before, the dashed lines 606 overlaid on the video

frames indicate constituent image region 608 boundaries. The solid lines 614 overlaid on the

video frames indicate the boundaries of the analysis image regions 504 after the subdivision.
Analysis image region D has been divided into four smaller analysis image regions Da, Db, De,
and Dd. Analysis image region C2 has been divided into analysis image regions C2a, C2b, C2¢,
C2d. Based on the knowledge of overlap of the constituent image regions 608, the CAS
computer 104 determines that analysis image regions Db and Dd overlap with analysis image
regions C2a and C2c, respectively. As consideration of an analysis image region 504 to be'r
overlapping requires a majority of the constituent image regions 608 to overlap, and analysis
image regions Da, Dc, C2b, and C2d have an equal number of overlapping and non-overlapping
constituent image regions 608, analysis image regions Da, D¢, C2a, and C2b are not considered

to be overlapping. Instead the analysis image regions are their own DFOVRs 502. Therefore,

the video frames 600 and 602 now include 11 DFOVRs 502.

[0070] Fig. 11 is a schematic depiction of the contents of the DFOVR data structure 500 after the
analysis image regions 504 corresponding to DFOVR #4 508 are subdivided. After the new
DFOVRs 502 are added to the DFOVR data structure 500, the CAS computer 104 selects an
unprocessed DFOVR. 502 (step 806) from the DFOVR data structure 500 for analysis. After all
DFOVRs 502 have been processed, the CAS computer 104 considers the resulting Total Object
Count to be the number of objects 308 in the analyzed fields-of-view 302 and 304, and the CAS

computer 104 waits to analyze the next set of video frames, The precision of the count can be
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further improved by setting the Total Object Count equal to an average of the Total Object

Counts calculated for a number of sequential video frames.

i
|

[0071] As mentioned above, in one embodiment, the CAS computer 104 bases its overlap
information on a dynamic ficld-of-view correspondence determination. In embodiments using
such overlap determination methods, the CAS computer 104 may determine new overlap
information. If new ovetlap data is determined between the analysis of sets of video frames, the
DFOVR data structure 500 is reinitialized to incorporate the new overlap information. The CAS
computer determines new analysis image region overlaps 610 and new DFOVRs 502 with
corresponding analysis image regions 504, and stores the information in the reinitialized DFOVR

data structure 500 (step 816).

[0072} Monitoring systems usually do not observe closed environments. For example in retail
stores, customers enter and leave the store throughout the day. Entrance and exit points are
referred to herein as environment gateways. Monitored environments often also inctude regions
that are not monitored by camcras, (i.e. off-;:amera regions). For example, store managers may
not want to monitor restrooms based privacy concerns, or, to conserve resources, they may want
to only monitor important regions within a store (e.g., entrances, exits, high-value merchandise
displays, points-of-sale, etc.). One object of the invention is to maintain statistically useful
counts of objects within a monitored environment that includes an environment gateway and off-
camera regions. Generally, the number of objects included within a monitored environment is
equal to the sum of the number of objects within all fields-of-view included in the monitored
environment and the number of objects located within the off-camera regions of the monitored

environment.

[0073] Fig. 12 is a schematic illustration of a second monitored environment 1200 that includes

two fields-of-view 1202 and 1204, an off-camera region 1206 and an environment gateway 1208
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included within the first field-of-view 1202. Objeots 1210(1)-1210(13 )(collectively 1210) are
included within both fields-of-view 1202 and 1204 and within the off-camera region 1206.
Some objects 1210(12) and 1210(13) are included completely within the environment gateway

1208, and other objets 1210(10) and 1210(11) are only partially within the environment gateway

1208.

[0074] Tig. 13 is a flow chart of a method 1300 of determining a number of objects 1210 located
in the off-camera region 1206 of the monitored environment 1200. The method 1300 can also be
applied to a monitored environment 1200 that only has one field of view or more than two fields
of view. The fields-of-view 1202 and 1204 of the monitored environment 1200 overlap. The
method 1300 can also be applied to monitored cnvironments with non-overlapping fields-of-
view. For illustrative purposes, it will be assumed that the monitored environment being
monitored is the monitored environment 1200. The CAS computer 104 receives a first set of
video frames generated by first and second cameras 102(1) and 102(2)(step 1302). The CAS
computer 104 receives a subsequent set of video frames generated by the cameras 102(1) and
102(2) (step 1304). As with the method 400, the video frames can be received into memory
modules of SVPs 202 or the MVP 204, and the frames can be received from either cameras 102
or intermediate video storage devices. The CAS computer 104 determines a number of off-

camera objects based on the sets of video frames (step 1306).

[0075] Fig. 14 is a flow chart of one step of determining the number of off-camera objects (step
1306), according to one embodiment of the invention. The more detailed flow chart also
provides for a method of determining a number of objects 1210 in a monitored environment and

a change in a number of objects 1210 included in a monitored environment 1200,

[0076] In one embodiment, the CAS computer 104 utilizes several variables including Off-

camera objects, New on-camera objects, Old on-camera objects, and Monitored environment
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total count. The Off-camera count and New on-camera count are initialized to zero (steps 1402
and 1404, respectively). The CAS computer 104 selects the first set of received video frames
(step 1406). The CAS computer 104 sets Old on-camera objects to equal the New on-camera

objects (step 1408).

[0077] The CAS computer 104 determines the number of objects 1210 located within the fields
of view 1202 and 1204 in the monitored environment 1200 based on the set of video frames (step
1410). In one embodiment, the CAS computer 104 uses the method depicted in Fig. 8 to
determine the number of objects located in each DFOVR of the received video frames. The CAS
computer uses the methods 400 and 700 or 800 described above to divide the vidco frames into a
number of DFOVRs in order to reduce occurrences of counting objects 1210 repeatedly. If the
monitored environment 1200 were monitored by only one camera 102, or by multiple cameras
102 having non-overlapping fields-of view, each video frame could be considered a single
DFOVR. The CAS computer 104 sets New on-camera objects equal to the determined number

of objects 1210 located in the DFOVRs (step 1412).

[0078] In one embodiment, the CAS computer 104 caloulates an initial change in the number of
Off-camera objects (step 1414) by subtracting New on-camera objects from Old on-camera
objects. The calculation is based on net changes in object 1210 counts and not based on

determining whether any particular object 1210 left a field of view 1202 or 1204.

[0079] In general, objects 1210 that are no longer within the field-of-view 1202 or 1204 of a
camera 102 within the monitored environment 1200 could either have moved into the off-camera
region 1206, or the object 1210 could have lett the monitored environment 1200. In addition,
between sets of subsequent video frames, additional objects 1210 may have entered the
monitored environment 1200. Therefore, to refine the determination of the change in Off-

camera objects (step 1414), the CAS computer determines a change in the number of objects
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within the monitored environment (step 1416). By definition, objects 1210 can only enter or
leave a monitored environment 1200 through an environment gateway 1208. If the monitored

environment lacked an environment gateway 1208, this step could be skipped.

[0080] Tinvironment gateways 1208 can be classified into three categories, entrances, exits, and
entrance-exits. Entrances only allow objects to enter a monitored environment 1200. Exits only
allow objects to exit a monitored environment 1200, and entrance-exits allow for both entry to

and exit from a monitored environment 1200.

[0081] In one embodiment, a CAS system 100 operator or installer identifies environment
gateways 1208 to the CAS computer 104. In one embodiment, environment gateways 1208 arc
identified using a paint program where the operator or installer, viewing a video frame generated
by a camera 102 within the monitored environment 1200, paints a group of pixels to identify the
environment gateway. For example, the operator paints the pixels that can be seen through
environment gateway 1208 (i.e. pixels depicting the outside world). An example of such
painting is illustrated by the shading of the environment gateway 1208. In the illustrative
embodiment, pixels that depict the floor in front of the door, inside the monitored environment,
would not be identified as part of the environment gateway. Objects 1210(12) and 1210(13) are
included completely within the environment gateway, whereas objects 1210(10) and 1210(11)
are only partially included in the environment gateway 1208. The objects 1210(10) and

1210(11) overlap the environment gateway 1208.

[0082] Figs. 15A and 15B are examples of a field-of-view 1500 that includes an exit 1502
having glass doors. The area within the exit 1502 is shaded, indicating what a CAS computer
104 monitoring this field-of-view 1500 considers to be an environment gateway 1504 according
to one embodiment of the invention. Fig. 15B includes two objects 1506 and 1508. The first

object 1506, visible beyond the exit 1502, thtough the glass doors, is included completely within
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the environment gateway 1504. In contrast, the second object 1508 is only partially within the

shaded area, and thus only partially within the environment gateway 1504.

[0083] Fig. 16 is a flow chart of a method (step 1416) of determining a change in the number of
objects 1210 included in a monitored environment 1200. It is assumed that the CAS computer
104 has received first and subsequent sets of video frames (steps 1302 and 1304) that include at
least one environment gateway 1208. The CAS computer selects a first environment gateway
1208 included in the monitored environment 1200 (step 1602). Comparing the first and
subsequent set of video frames, the CAS computer calculates a change in the number of objects
1208 that are completely included within the environment gateway 1208 (e.g., 1210(12) and
1210(13)), Adoor (step 1604). An object is completely within an environment gateway 1208 if
all pixels that make up the object are included within the environment gateway 1208. In one
embodiment objects that are completely within the environment gateway 1208 are considered to
be outside of the monitored environment 1200. The CAS computer 104 calculates the change in
the number of objects that are partially included in the environment gateway 1208 (e.g.,
1210(10) and 1210(11)), Aoverlapping (step 1606). In one embodiment, objects that overlap an
cnvironment gateway 1208 are inside of a monitored chvironment 1200, in front of the

environment gateway.

[0084] If the environment gateway'1208 is an entrance, the CAS computer 104 calculates the
number of objects 1210 entering the monitored environment 1208 (step 1608) through the

entrance as follows:
M # Entered = max(Adoor,0).

As an object 1210 cannot leave through an entrance, it is assumed that objects 1210 completely
within an entrance must have come from outside the monitored environment 1200. Similarly, as

it is assumed that no objects 1210 can enter a monitored environment 1200 through an exit, any
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decrease in the number of objects 1210 included entirely within an exit is assumed to be the
result of an object 1210 exiting the monitored environment 1200. If the environment gateway
1208 is an cxit, thereforc, the CAS computer 104 calculates the number of objects that exited the

monitored environment 1208 (step 1610) as follows:
(2)  #exited = max(—Adoor,0).

If the environment gateway is an entrance-exit, and A is nonzero, changes in the number of
objects 1210 being included completely within the environment gateway 1208 can be the result
.of either a recently entered object 1210 moving into the rest of the monitored environment 1200,

or a recently exiting object 1210 moving away into the rest of the outside world. The CAS
computer 104 takes into account the change in the number of objects 1210 that overlapped the
doorway. The CAS computer 104 determines the number of objects that entered and exited the

monitored environment 1200 (step 1512) as follows:

3) if Adoor > 0, #entered = Adoor + max(—Adoor, min(Aoverlapping ,0));
if' Adoor < 0,#exited = —Adoor — min(—Adoor ,max(Aoverlapping ,0)).

The determination is prone to occasional error. However, an erroneous determination of an entry
is equally as likely as an erroneous determination of an exit. Over tiine, therefore, the errors will
likely cancel each other out. After processing an environment gateway 1208, the CAS computer

104 determines if any other environment gateways 1208 need to be processed.

[0085] Referring back to Fig. 14, after the CAS computer determines a change in the number of
objects in the monitored environment (step 1416), the CAS computer adjusts the previously
determined change in off-camera objects (step 1418), in one embodiment, by summing Off-

camera object change with the monitored environment object change.

[0086] The CAS then adds the Off-camera objects change to Off-camera objects to determine an

updated Off-camera objects. The CAS computer determines the Monitored environment total

27-




10

15

WO 2005/038717 PCT/US2004/033177
-26 -

object count by adding the New on-camcra count with the updated Off-camera objects count
(step 1420). The CAS computer 104 is then ready to analyze the next set of received video
frames (1422). As with the field-of-view object counting method 800, precision can be
enhanced by averaging the Off camera objects count and the Monitored environment total object

counts over a series of several sels of video frames.

[0087] The data generaled through the methods described above can be utilized to determine a
number of useful statistics. In the case that monitored environment 1200 is a retail store, the
Monitored environment total object counts can be used to determine when the store is busiest.
For stores with multiple environment gateways, the #entered and #exited values can be used to
determine which exits and entrances are the busiest a‘t different times of the day. In combination
with POS data, the measurements can be utilized to estimate the fraction of customers who make
purchases. Individual or groups of video frames can be analyzed to determine high traffic areas
within the store. As none of this analysis requites real-time computation, proprietors of a
monitored environment 1200 can record video of the environment 1200 and later have the

recordings analyzed without having to invest in their own CAS computer 104.

[0088] What is claimed is:
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A computerized method of video analysis comprising:

a) receiving a plurality of first video frames, the first video frames being generated
over a period time by a first image source having a first field of view;

b) receiving a plurality of second video frames, the second video frames being
generated over a period of time by a second image source having a second field of
view, the second field of view having a known overlap with at least part of the first
field-of-view; and

c) sub-dividing the first and second fields-of-view into two or more image regions:

d) classifying each of the image regions in the first field-of-view overlapping with
image regions in the second field of view as an overlapping image region, classifying each of
the image regions in the second field-of-view overlapping with image regions in the first field
of view as an overlapping image region, and classifying the remainder of the image regions as
non-overlapping image regions; and

(e) determining a number of objects, without tracking each of the objects, in the first
and second fields-of-view wherein the number of objects equals the sum of the number of
objects included in each non-overlapping image region and the maximum number of objects

among each of the overlapping image regions.

2, The computerized method of video analysis of claim 1 further comprising maintaining

a data structure identifying the image regions as either overlapping or non-overlapping.

3. The computerized method of claim 2 further comprising: receiving updated overlap
information; and altering data in the data structure identifying image regions that correspond

to overlapping or non-overlapping image regions based on the updated overlap information.

4. The computerized method of claim 1 further comprising averaging the number of

objects included in the first and second fields-of-view over at least two instants in time.

5. A computerized system for video analysis comprising:
a) receiving module configured to receive a plurality of first video frames, the first

video frames being generated over a period time by a first image source having a first field-
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of-view and to receive a plurality of second video frames, the second video frames being

generated over a period of time by a second image source having a second field-of-view, the
second field of view having a known overlap with at least part of the first field-of-view; and
b) a processing module configured to (i) sub-divide the first and second fields-of-view
into two or more image regions, (ii) classify each of the image regions in the first field-of-
view overlapping with image regions in the second field of view as an overlapping image
region, (iii) classify each of the image regions in the second field-of-view overlapping with
image regions in the first field of view as an overlapping image region, (iv) classify the
remainder of the image regions as non-overlapping image regions: and (v) determine a
number of objects, without tracking the objects, wherein the number of objects equals the sum
of the number of objects included in each non-overlapping image region and the maximum

number of objects among each of the overlapping image regions.

6. The computerized system for video analysis of claim 5 wherein, the processing
module is further configured to maintain a data structure identifying the image regions

classified as either overlapping or non-overlapping.

7. The computerized system for claim 6, wherein the processing module is further
configured to receive updated overlap information, and to alter data in the data structure

overlapping or non-overlapping image regions based on the updated overlap information.
8. The computerized system for claim 5 wherein the processing module is further

configured to average the number of objects included in the first and second fields-of-view

over at least two instants in time.
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