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Face Recognition System and Method

TECHNICAL FIELD

[0001] The present invention relates to the field of automatic face recognition
systems and methods. The invention has application in, for example, the fields of security

and surveillance.

BACKGROUND

[0002] Humans have a remarkable ability to identify faces in a rapid and
seemingly effortless fashion. It develops over several years of childhood and results in
the intelligence to recognize thousands of faces throughout our lifetime. This skill is
quite robust, and allows us to correctly identify others despite changes in appearance, like
aging, hairstyle, facial hair, and expression. It is also unaffected by the face orientation
and lighting conditions.

~ [0003] For decades, building an automatic electronics system to duplicate
human face identification capability has been a fascinating goal for many academic
researchers and commercial companies around the world. Various attempts in the past
were hampered by a lack of appropriate image acquisition means, efficient face
identification algorithms with required accuracy, and computation power that implements
these algorithm in real-time. To date, existing face identification systems have not been
as successful or widely applied as would be desired.

[0004] Fundamentally, the human face is a three-dimensional (three-
dimensional) object, and each face has its unique three-dimensional geometric profile.
Almost all existing face identification systems, however, use only two-dimensional face
images as their input. The two-dimensional facial images are inherently vulnerable to
changes in light condition and face orientation. Facial reco gnition techniques based on
two-dimensional images are also not robust in dealing with varied facial expressions.

[0005] Thus, some limitations of the existing two-dimensional face
identification techniques include: (1) vulnerability to changes in face orientation (< £15°);

2

(2) vulnerability to changes in illumination condition; (3) vulnerability to changes in
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facial expressions; (4) requires cooperative subjects, otherwise the face image acquired
may be off-angle. Each of these factors decrease the accuracy of matching an input face
against a face database.

[0006]  These fundamental restrictions prevent current face identification
systems from effectively and reliably performing face recognition in field-deployable
conditions. As a result, the successful match-rate for existing face identification systems
in real-world applications is typically very low (below 90%).

[0007] The typical two-dimensional recognition systems include a suite of
software that compares two-dimensional surveillance pictures with a database of two-
dimensional facial images and ranks matches between surveillance pictures and database
images based on a scoring system. The theory is that the higher the score of two-
dimensional image matching, the greater the probability that there is a ‘match’ of the
human subject.

[0008] Although such systems use different approaches to sorting faces and
narrowing the possible matches, they all rely on being able to match key facial features
with baseline images stored in a face image database. And, although such systems can
map and identify more than one hundred features on each face, with fewer than 20 feature
matches a successful match is highly unlikely.

[0009] Traditional two-dimensional face recognition systems often claim
relatively high accuracy rates (in excess of 95%), but these rates are achieved under very
controlled conditions. Only if both the database and surveillance images are taken from
the same straight-on angle and with consistent lighting and facial expression, is such
accuracy possible. If the image captured by a surveillance camera has an angle from the
side, above or below the subject, or if the lighting conditions are significantly different
from the database pictures, accuracy rates drop dramatically.

[0010] These limitations on the orientation and illumination mean that the use
of facial recognition must be limited to access control points where a cooperative subject
is standing still, facing the camera, and lighting is controlled. Furthermore, the matching
program is looking for known suspects. If an individual has not yet been identified as a
suspected person or if the existing photos of their face are not straight on or under good

lighting conditions, then the probability of finding a match drops significantly.
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[0011] A series of recent studies carried out by U.S. Army, Department of
Justice and the National Institute of Standards and Technology (NIST) suggest that using
three-dimensional face shape features in a face identification system could potentially
increase matching accuracy and recognition speed. However, the approaches considered
in these studies still could not solve the deterioration of performance under changes in
facial orientation, lighting conditions, and facial expression.

[0012] The facial images captured by real-world surveillance cameras are
usually not in fore-frontal orientation (i.e., straight on) and are usually not captured in
evenly illuminated conditions. Most of them have quite large side-view and/or top-view
angles, and lighting sources are usually from ceiling or sideways thus an evenly
illuminated facial image is hard to get. Additionally, the expression of the human face
varies constantly. Comparing facial images capture at an off-angle and in poor lighting
with facial images taken fore-frontally in well lit conditions, (i.e., images in a database)
would certainly result in a quite high recognition error rate.

[0013]  Attempts have been made by researchers to store images of the same
subject captured from multiple viewing perspectives. The practical dilemma of this
approach is that collecting multiple images of the same subject is a lengthy and costly
operation. Furthermore, it is difficult to collect multiple images to cover the possible

range of side-view and top-view angles and various lighting conditions.

SUMMARY

[0014]  In one of many possible embodiments, the present invention provides a
method of automatically recognizing a human face by developing a three-dimensional
model of a face; and generating a number of two-dimensional images based on the three-
dimensional model. The generated two-dimensional images are then enrolled in a

database and searched against an input image to identifying the face of the input image.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The accompanying drawings illustrate various embodiments of the
present invention and are a part of the specification. The illustrated embodiments are

merely examples of the present invention and do not limit the scope of the invention.
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[0016] Fig. 1 illustrates an automated facial recognition system according to
one embodiment of the present inverjltion.

[0017] Fig. 2 illustrates a software module for, and method of, providing face
images in different orientations accoi‘ding to an embodiment of the present invention.

[0018] Fig. 3isan examfale of the 3D Orientation Software Module according
to an embodiment of the present invjention.

[0019] Fig. 4 illustrates a software module for, and method of, providing face
images in various lighting conditi0n$ according to an embodiment of the present
invention.

[0020] Fig. 5 shows the Basic relationship and the bi-directional reflectance
distribution function (BRDF) definition.

[0021] Fig. 6 illustrates ‘:the concept of generating multiple face images under
various lighting conditions from a sihgle three-dimensional face model according to an
embodiment of the present inventioﬁ.

[0022] Fig. 7 illustrates a software module for, and method of, providing face
images in various expressions accorcjling to an embodiment of the present invention.

[0023] Fig. 8 illustrates sjome examples of digitally prepared two-dimensional
images with different facial expressijons based on a three-dimensional model.

[0024] Fig. 9 illustrates aimethod of creating and using a face recognition
database according to an emb(')dimeﬁt of the present invention.

[0025] Fig. 10 illustrates ?an experiment performed using an embodiment of
the present invention.

[0026] Fig. 11 illustrates ia method, according to an embodiment of the present
invention, of manipulating a subject iimage to increase the likelihood of successful
identification. ‘

[0027] Fig. 12 illustratesjﬁducial points characterizing a particular face.
[0028] Flg 13 illustrates%a three-dimensional surface (the shaded area) to

show the parameters involved in thejthree—dimensional—GHT algorithms.

[0029] Fig. 14 is an exarrjlple of an R-Table for 3D GHT



10

15

20

25

30

WO 2004/059573 PCT/US2003/040162

[0030] Fig. 15 shows a set of results of three-dimensional face feature
(fiducial points) extraction based on the Gabor transform and comparison based on three-
dimensional-GHT according to an embodiment of the present invention.

[0031] Fig. 16 shows a three-dimensional face model as used in embodiments
of the present invention.

[0032]  Fig. 17 illustrates the acquisition of multiple two-dimensional facial
images for use in a three-dimensional model according to embodiments of the present
invention.

[0033]  Fig. 18 illustrates a method of using a two-dimensional image to create
a three-dimensional facial model according to embodiments of the present invention.

[0034] Fig. 19 illustrates the propagation of soft tissue deformation as used in
the modeling methods of embodiments of the present invention.

[0035] Fig. 20 illustrates a Face Plane and Nose Vector for use in
embodiments of the present invention.

[0036] Fig. 21 illustrates the process of defofming a generic face model in (x,
y) space and relying upon the depth profile of the generic face to represent the z-axis
shape of the face.

[0037]  Fig. 22 illustrates a Cylindrical Projection Screen (CPS) coordinate
system for use in embodiments of the present invention.

[0038]  Tig. 23 illustrates an automatic boundary determination technique,
called the “equal distance” which is used in an embodiment of the present invention.

[0039] Fig. 24 illustrates the use of a fuzzy weight function to smooth out the
boundary area on a combined texture map according to an embodiment of the present
invention.

[0040]  Throughout the drawings, identical reference numbers designate

similar, but not necessarily identical, elements.

DETAILED DESCRIPTION

[0041] Disclosed herein is a revolutionary new approach for face identification
based on three-dimensional imaging technology. The three-dimensional features (such as

length of nose, surface profile of chin and forehead, etc.) on a human face can be used,
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together with its two-dimensional texture information, for a rapid and accurate face
identification.

[0042] The system is able to compare a subject image acquired by surveillance
cameras to a database that stores two-dimensional images of faces with multiple possible
viewing perspectives, different expressions and different lighting conditions. These two-
dimensional face images are produced digitally from a single three-dimensional image of
each face via advanced three-dimensional image processing techniques. This scheme will
greatly reduce the difficulty for face-matching algorithms to determine the similarity
between an input facial image and a facial image stored in the database, thus improving
the accuracy of face recognition, and overcoming the orientation, facial expression and
lighting vulnerabilities of current two-dimensional face identification algorithms.

[0043] Currently, there is no other technology that is able to solve the
orientation variance and lighting condition variance problems for face identification
systems. The proposed three-dimensional face identification concept is able to
significantly advance the biometric identification system technology and expand its uses.

[0044] A preferred means of acquiring the three-dimensional images used to
generate the two-dimensional image database is disclosed, for example, in U.S. Patent
No. 5,675,407, issued October 7, 1997 to Geng; U.S. Patent No. 6,147,760, issued
November 14, 2000 to Geng and U.S. Patent No. 6,028,672, issued February 2, 2000 to
Geng; U.S. Provisional Patent Application No. 60/178,695, filed January 28, 2000,
entitled “Improvement on the 3D Imaging Methods and Apparatus;” U.S. Provisional
Patent Application No. 60/180,045, filed February 3, 2000, entitled “A High Speed Full-
Frame Laser 3D Imager;” U.S. Patent Application 09/617,687 filed July 17, 2000, entitled
“Method & Apparatus for Modeling Via A 3D Image Mosaic System;” U.S. Patent
Application No 09/770,124, filed January 26, 2001, entitled “3D Surface Profile Imaging
Method & Apparatus Using Single Spectral Light Condition;” and U.S. Patent
Application No. 09/777,027, filed February 5, 2001, entitled “High Speed 3D Imager.”
All of which are incorporated herein by reference in their entireties.

[0045]  Fig. 1 illustrates the proposed face identification scheme. Given a
three-dimensional facial image, we use three-dimensional rendering software to

manipulate the lighting conditions, facial expression and orientation of a three-

6



10

15

20

25

30

WO 2004/059573 PCT/US2003/040162

dimensional facial image through a specific set of pan, tilt and rotation angles, and
generate a set of two-dimensional facial images with multiple orientation angles. The
resulting database (101) of two-dimensional images (See Fig. 3) is then used in automated
facial recognition.

[0046] A two-dimensional surveillance camera (102) provides an input image.

Software (103) extracts the subject face from the input image. The extracted face is then
compared against the database (101) by a search engine (104). Action can then be taken
appropriately if the extracted face matches one of the various images in the database
(101).

[0047] The method of creating the database (101) of this system is illustrated
in Fig. 2 and 4. Fig. 2 illustrates a lighting module (200) of the database creation
software. As shown in Fig. 2, a three-dimensional facial image is first acquired (201).
The three-dimensional facial image can be any type of three-dimensional images, such
those acquired by three-dimensional cameras, scanners, or digitizers, or produced via
computer graphics approaches. The three-dimensional facial image can also be
processed images, such as the “Eigen Face” image produced by summarizing multiple
facial images.

[0048] Multiple two-dimensional images of the same person are then
generated by virtually placing the three-dimensional original face model at the center of
the world coordinate system, and moving the virtual viewer’s position in various pan and
tilt angles, as well as rotating the viewer’s field of view with respect to the world
coordinate system (202). The resulting set of two-dimensional facial images (shown, for
example, in Fig. 3) represents a collection of possible two-dimensional images of the
person viewed from different angles.

[0049] Automated facial recognition (203) can then be performed using the
resulting database (101, Fig. 1) of two-dimensional images. This is described above in
connection with Fig. 1.

[0050] One great advantage of acquiring a three-dimensional digital face
model vs. a two-dimensional face image for a subject to use in creating the face
identification image database is that all three-dimensional geometric information of the

face profile is preserved so that we can artificially manipulate the facial expression,
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viewing angle and illumination source(s) to generate multiple simulated face images
under conditions — all from single original three-dimensional digital face model. The
multiple face images are generated based on the three-dimensional face geometry, surface
reflectance function, location and strength of the added light source(s), and original high-
resolution texture map. In contrast, in a two-dimensional face image, it is impossible to
create any geometric-based lighting appearance because of the lack of three-dimensional
information.

[0051] Fig. 4 shows the flowchart of the three-dimensional lighting module
(400) software for facial identification applications. As shown in Fig. 4, the three-
dimensional model of each face is acquired (401). Then, the three-dimensional model is
digitally manipulated to account for various different lighting conditions (402). The two-
dimensional images produced under various lighting conditions are added to the database
(101, Fig. 1). Facial recognition can then be performed (403) with the lighting conditions
of the input image having a substantially reduced impact on the system’s ability to make
accurate facial identifications.

[0052] The three-dimensional face identification matching algorithms (403)
could select images for search that have the similar illumination patterns to the input
image. Thus, the matching efficiency and accuracy of the system will be increased
greatly. Because these simulated face images have a variety of appearances, the face
identification matching algorithms may be able to find a correct match for a poorly-lit
subject image that was previously not possible for the search-engine match based on a
single two-dimensional face image.

[0053] A challenging problem is to create three-dimensional face images with
various light illumination conditions based on a single three-dimensional model and its
texture information. The traditional approach of mapping a two-dimensional face photo
onto a three-dimensional geometric model can only provide one illumination condition. It
usually fails to appear realistic under changes in lighting, viewpoint, and expression. The
problem is that the reflectance properties of the face are complex: skin reflects light both
diffusely and specularly. The reflectance varies with spatial locations.

[0054] Some embodiments disclosed herein use a unique method to produce

various face images based on the “three-dimensional modulation” of the two-dimensional
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texture map with the three-dimensional reflectance model. Fig. 5 shows the basic
relationship and the bi-directional reflectance distribution function (BRDF) definition.
The reflectance theory essentially guides us to use computer graphics methods to generate
appropriate appearance and shading of a three-dimensional surface based on the surface
normal, geometric locations of light source(s) and viewpoint.

[0055] Fig. 6 illustrates the concept of generating multiple face images under
various lighting conditions from single three-dimensional face model and a few sample
examples. We simply combined the two-dimensional texture (r;, g, b;) information at
pixel i with the modulation my calculated from the reflectance model based on the three-
dimensional geometric shape under the various artificially placed lighting source(s). The
final color component at the pixel i becomes m;*( 1, gi, b;).

[0056] Lastly, A three-dimensional based morphing algorithm to produce face
image with different expressions. Fig. 7 shows the flowchart of the three-dimensional
expression module (700) software for facial identification applications. As shown in Fig.
7, the three-dimensional model of each face is acquired (701). The three-dimensional
model is the morphed or deformed to show different facial expressions (702). The three-
dimensional image is registered onto a generic three-dimensional deformable model using
multiple feature points (such as corners of eyes, nose tip, corners of moth, etc.). The
software (700) will then be able to deform the generic model into a subject specific model
via the corresponding point registration. After the registration, the deformable model is
used to simulation the deformation of the face to show various expressions. Fig. 8 shows
a set of examples.

[0057] The two-dimensional images produced for various emotions and
expressions are added to the database (101, Fig. 1). Facial recognition can then be
performed (703) with the facial expression of the input image having a substantially
reduced impact on the system’s ability to make accurate facial identifications.

[0058] In summary, the method and system described use a three-dimensional
face image to generate a set of associated two-dimensional face images having different
orientations, lightings, facial expressions, and other variations. A searchable database is
then created by enrolling these two-dimensional and three-dimensional images into an

image library that can be searched with a face identification search engine. Some person’s
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two-dimensional images can be named the same name (e.g., John_Doe) or different
names (e.g., John_Doe 001, John_Doe_002, ...). The match produced by any one of
these two-dimensional images would result in a match of the person corresponding to the
original three-dimensional model.

[0059] Based on an ear-to-ear three-dimensional face model, we can use the
three-dimensional rendering method described herein to produce multiple two-
dimensional face images of the same person in different conditions. This will greatly
reduce the difficulty for a two-dimensional face-matching algorithm to determine the
similarity of a facial image with that stored in the database, since there are many images
from multiple perspectives and conditions for the same subject in the database.

[0060] The proposed three-dimensional face identification system has two
functional phases: the enrollment or database creation phase and the identification phase.
Both phases are illustrated in Fig. 9. As shown in Fig. 9, we first acquire three-
dimensional facial images or models using a three-dimensional camera (901). This
includes acquiring three-dimensional color images of those persons who are supposed to
be in the database. Once a three-dimensional facial image is taken, three-dimensional
image processing software will be able to process it automatically and generate
systematically multiple two-dimensional images from pre-defined number of orientations
(perspectives), illumination conditions and/or facial expressions (902). The software will
also provide automatic feature location (such as positions of both eyes) and normalize the
images to meet the requirements from three-dimensional Face identification algorithms.

[0061]  Next, the database is enrolled (903), meaning that the various two-
dimensional images for each three-dimensional model are associated as identifying a
particular subject and are arranged in a searchable format. This completes the enrollment
phase.

[0062] Then, the identification phase begins when a subject image (904), e.g.,
a two-dimensional surveillance image, is taken and input to the system. A search engine
(905) then seeks for a match between the incoming subject image and an image in the
enrolled database. A match may be made based on a score from analyzing the similarities

between the subject image and an image from the enrolled database.
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[0063] In one initial experiment, illustrated in Fig. 10, a database was prepared
as described above using a three-dimensional imager and searched using the Facelt®
software search engine of Identix Incorporated, formerly Visionics. (1) First, we acquired
three-dimensional face images of 15 individuals using, for example, a three-dimensional
camera described in the patents noted above to Geng. (2) We then manually produced 42
frames of two-dimensional images from each three-dimensional original (side-view from
-60° to +60°, tilt angle from -50° to +a50°) using a visualization software platform “3D
Mosaic®” available from Genex Corp. of Maryland. (3) These images are then enrolled
into a NIST two-dimensional face image database with 156 individuals. (4) We then take
an image of one of 15 individual we enrolled in the database, and utilize the Facelt®
software search engine of Identix Incorporated to search for a match within the database.

[0064] The input image of the subject to be identified can also be manipulated
to make it more likely to match an image in the database (101, Fig. 1). For example,
given a two-dimensional face image acquired by a video camera, a software correction
module performs estimation of the orientation (pose), lighting, and expression, and
overlays the two-dimensional image onto the three-dimensional face model to generate a
subject-specific three-dimensional facial model. The software can then perform
corrections or modifications to pose, lighting and expression. The search to identify the
subject is then executed. This entire process is illustrated in Fig. 11.

[0065] An alternative and more comprehensive approach to applying the
proposed three-dimensional face identification technology is to develop advanced face
identification algorithms that are explicitly exploiting the three-dimensional features from
three-dimensional images, and locating matches based on these features. We now discuss
several key issues related to the proposed three-dimensional face matching algorithm.

[0066] Locations of Fiducial Points: In order to match two faces, we have to
first find identifying feature points that can be compared. The problem to be solved is
how to automatically find feature points on a three-dimensional digital face image? In
one solution, we can first apply the Gabor transform to the three-dimensional face image
to automatically identify the landmark points on a face for subsequent face matching. The
Gabor transform can be defined as a set of filters [M. Lades, et. al., “Distortion Invariant

Object Recognition in the Dynamic Link Architecture,” IEEE Trans. Comput., vol 42, no.
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3, pp. 300-311, March 1993, (incorporated herein by reference)], each with a kernel

— . k2 I 272
() by ()= "—zexp(—’; F
ag

- Yexp( ji7) — exp(— 2;)] , where 7 indicates the spatial location and

k indicates the frequency and orientation of the kernel. This kernel is designed to detect
various frequency and orientation components of the image as k takes on different
values, where k =k, e’% .

[0067]  In contrast to the conventional Gabor filter applications, where it is
operated on gray-scale two-dimensional images, in the proposed three-dimensional-face
identification algorithm, the Gabor filter is applied to three-dimensional distance
measurements. The result of convolving a Gabor filter with a three-dimensional image is
a set of measurements for each pixel of the image. These measurements, referred as the
Gabor features, define the shape, size, and orientation of the surface in the neighborhood
of that pixel. We establish a set of “feature templates” for face fiducial points using these
measurements. Then these Gabor features are calculated for a three-dimensional face
image to be recognized. If the calculated Gabor features are sufficiently close to the
“feature templates™ then the pixel associated with the Gabor features is classified as a
fiducial point location. A typical pictorial description of fiducial points is show in Fig.
12.

[0068] The feature vectors representing each three-dimensional-face image
must have the following key characteristics: all the feature vectors representing the same
individual must be “similar” in some sense, and feature vectors representing different
individuals must be “dissimilar” in some sense.

[0069] We use three components in each feature vector, which are known as
the distance feature (DF), angular feature (AF), and local curvature feature (LCF).
Although these features seem to be sufficiently discriminative for a small sample set, it is
expected that additional features may be introduced when the sample set size is increased
to many thousands of individuals. To meet such a challenge, the Gabor features may be
used as the additional feature component of the feature vector for representing three-
dimensional-face images. Gabor features are defined as the Gabor transform coefficients,
which are available at the end of the “feature location” stage because they were used for

locating the fiducial points.
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[0070] Next, an effective feature-matching algorithm for feature vector

matching is a three-dimensional Generalized Hough Transform (three-dimensional-GHT).

This approach is developed based on the Generalized Hough Transform (GHT) concept
proposed by Ballard [D. H. Ballard, “Generalizing the Hough transform to detect arbitrary
shapes,” Pattern Recognition, vol. 3. no. 2, pp. 111-122, 1981 (incorporated herein by
reference it its entirety].

[0071] The three-dimensional-GHT is to detect a three-dimensional structure
(object) that has no simple parametrical characterization, i.e., those three-dimensional
subjects that cannot be expressed by an analytical expression. Similar to the R table in the
generalized Hough transform proposed by Ballard, the first step of the three-dimensional-
GHT constructs an R-table. In Fig. 13, a three-dimensional surface (the shaded area) is
depicted to illustrate the parameters involved in the three-dimensional-GHT algorithms.
Each point on the surface is denoted as P and its location is at (x, y, z) . An example of
the R-table for the three-dimensional GHT is shown in Fig. 14.

[0072] After the R-table is constructed for a known structure (the template),
the three-dimensional-GHT algorithm for detecting a three-dimensional object with the
shape specified by the R-table is described below:

[0073] Step 1: Form a data structure A (an accumulator) whose indices are the

positions of the reference points at (x,, y,,z, ). Set all accumulator cell contents to zero, .
[0074] Step 2: For each on the unknown surface that has a normal vector ,
increase the content of all accumulator cells by a pre-specified amount,
Alxg, ypr2p) = Alxy, v5,25)+ A4, provided:
xp =x+7,(n, )cos(ﬂj (e )) COS(“J‘ (1)) s 7o =7+ T (nk)cos(ﬂj (, ))Sin(“j (m )) '
Zp=z+ rj(nk)sin(ﬂj (nk)) ’
where j={1,23,.,m }, and m is the number of pixels whose normal vector are », =(p,,8,).
The increment, A4 , in the above expression is proportional to the similarity measure

produced by the pixel (x, ¥, z) on the unknown surface and the pixel on the “template”

surface with the same #, », « and /. Note that the subscript j for », o and S, and

indicates that the about three expression have to be evaluated for j ={1,2,3,.,m }.
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[0075]  Step 3: The local maxima in the accumulator A(x,, y,,z,) indicate that
a match (complete or partial) occurred when the referent point is located at (x,, y,,z,) for
the unknown surface.

[0076] The above formulation of the three-dimensional-GHT does not take
the rotation and scaling of the unknown surface into consideration. In other words, if the
unknown surface is not appropriately aligned with the template (the model), rotation and
scaling operations to the model are required to compensate that effect. The following
expressions are the modified step 2 of the three-dimensional-GHT algorithm:

Xp =X+ rj(nk)S cos(ﬂj(nk)+ rﬁ)cos(aj(n,,)-!— ra) ’

Yr = y+rj(nk)Scos(ﬂj(nk)+ rﬂ)sin(aj(nk)—i-ra) '
Zp = z+rj(n,c)Ssin(ﬂj(nk)+rﬂ)

[0077)  where j={123,..,m }, and m is the number of pixels whose normal

vector are n, =(p,,6,). The scaling and rotating parameters S, 7,, and , vary in the range
that a user specifies. Note that when, §=1, ¢, =0, and r, =0, the two different

formulations for finding the coordinates of the reference point become the same.

[0078] Experimental Results on the Proposed three-dimensional Face-
Matching Algorithm

[0079] We have performed preliminary experiments on the proposed three-
dimensional Face identification approach. Fig. 15 shows a set of results of three-
dimensional face feature (fiducial points) extraction based on the Gabor transform and
comparison based on three-dimensional-GHT. The face model to the left of Fig. 15
shows graphically the points extracted from a three-dimensional face model that can be
used to compare with other three-dimensional faces. The graph to the right in Fig. 15
shows a statistical result plot of a small-scale face comparison experiments where a three-
dimensional face image is compared with ten three-dimensional images from different
persons (Inter-person), and five images of the same person (Intra-person). The similarity
measures can clearly distinguish the features and separate them.

[0080] Even with 1arge number of face images stored in the image database
(101, Fig. 1), we can still use the existing two-dimensional face identification algorithms
efficiently. We can group the images according to the orientation and/or illumination.

Once a face image is send to the algorithm to search for match, we can first pre-
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processing the incoming image to classify its orientation and illumination types, then start
to the search with the set of database images that match the particular type of incoming
image. In this way, the size of the database to be searched could be reduced significantly.

[0081] In other words, the orientation and the illumination will be used as a
first level “Matching Key” in the database search. The image is then sent to a sub-
database for an efficient search for match. This search method will dramatically reduce
the search time and make the performance of the three-dimensional face identification
approach compatible with real-time applications. Also, with ever-increasing computer
speed, the number of images stored in the database will have less and less of an affect the
search speed and results.

[0082] Tn addition to the methods and means mentioned above for creating the
three-dimensional face models, there are also techniques that can be described for
generating three-dimensional face models based on a two-dimensional video stream or a
still picture of a subject. The proposed approach has two separate steps (1) Establish a
generic facial mesh model that preserves accurate deformation properties while
facilitating an acceptable computation speed. (2) Customize the generic facial mesh
model using subject-specific image data.

[0083] With certain level of approximation, a face can be modeled by a mass-
spring mesh consisting of sufﬁcieﬁt nodes (point masses) and links (connecting springs).
The number of points and the connecting configuration of links will be determined by the
generic shape of the human face. Highly curved area and areas will have finer triangles
to represent that complex shape while more flattened areas will be represented by less
number of nodes and larger triangles. Comparing with raw three-dimensional image data,
such a generic facial model results in efficient three-dimensional shape representation.

[0084] The spring forces will be linear (Hookean) or nonlinear (elastic
behavior). In a dynamic system, Newton’s Second Law governs the motion of a single

mass point in the lattice:

mi; ==y X; + Zpij + [
J

[0085] Here, m; is the mass of the point, x; € R is its position, and the terms

on the right-hand side are forces acting on the mass point. The first right-hand term is a
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velocity-dependent damping force, py; is the force exerted on mass 7 by the spring between
masses i and j, and f; is the sum of other external forces, (e.g. gravity or user applied
forces), acting on mass i.

[0086] We further decompose the dynamic tissue model into the following

format;

m;%; ="7/i5‘i+gi+hi+4i+zpij+fi
J

where m; is the mass of the node, x, € R’ is node’s position, y; is the damping

coefficient, g; is the gravity force, g; is the total volume preservation force at node I, p; is
the force exerted on mass / by the spring between masses i and j, and f; is the sum of other

external forces, (e.g. user applied forces), acting on mass i.

[0087] The force spring j exerts onnode i is: p; =c;(l; -17)s;
where /; and I are the current and rest lengths for spring j, s; =(x; —x;)/l;is spring

direction vector for spring ;.

[0088] Volume Preservation Forces: In order to faithfully exhibit the
incompressibility of real human face and skin in our model, a volume constraint force
based on the change of volume and displacements of nodes will be calculated and applied

to nodes. The volume preservation force element e exerts on nodes / in element e is:
g =k (7 =] + Iy (- —7)
where 7¢ and ¥ °are the rest and current volume for e, n is the epidermal normal for

node /, »* and 7° are the rest and current nodal coordinates with respect to the center of
mass of e, k; and k; are force scaling factor.

[0089] Numerical Simulation Method: The solution to the above dynamic
tissue model can be approximated by using the well-known, explicit Euler method. At
each iteration, the nodal acceleration at time t is computed by dividing the net force by
nodal mass. The nodal velocity is then calculated by integration once, and integration is
done to compute the nodal positions at the next time step t+At, as follows:

1
m,

i

a; =—(—y,v; +g; +h +q} +ZP,§- +f)
J

t+At

t+At
i i

Vi =yl Ata], x = x] + AP
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[0090]  Our “video-to-three-dimensional” modeling approach employs a
generic facial model with sufficient detail level of features suitable for facial recognition
purpose. The three-dimensional model is then deformed to fit to the two-dimensional
photograph(s) to obtain a subject-specific three-dimensional face model.

[0091] Human faces share common facial features. For example, the facial
contour resembles an ellipse, the spatial relationship and shapes of facial organs (eyes,
brews, nose, and mouth) are relatively steady. Therefore, a “generic” three-dimensional
face model can be established to represent these common features. Geometric
deformation can then be performed to “fit” this three-dimensional model to the face
profile of a specific subject.

[0092] A series of three-dimensional polygon models are used to represent
three-dimensional geometric profile of human faces. The detail levels of the polygon
models can be adjusted to suit for different levels of accuracy requirements. Fig. 16
shows a face model with about 900 facets that can be used by embodiments of the present
invention. This set of three-dimensional face models are generated by compressing a
three-dimensional face image acquired by a three-dimensional camera to different level of
polygon densities, and then manually process the compressed data. Two sides of the face
are symmetric and generated by mirroring one side of the facial data.

[0093] This existing three-dimensional face model is used to generate a
generic deformable three-dimensional face model. We can also extend the generic three-
dimensional face model approach by including a statistical average in the generic model
of a number of three-dimensional face images acquired by our three-dimensional cameras.

This approach allows us to understand the deformation characteristics of the three-
dimensional face model and establish a “face space” in which a limited number of
parameters will control the deformation and fitting.

[0094] The “two-dimensional-to-three-dimensional” Fitting Techniques - fit
the generic face model to subject-specific two-dimensional image to obtain three-
dimensional face model. Three different scenarios and associated fitting techniques will
now be described.

[0095] Deform three-dimensional face model based on dual-view two-

dimensional images: Assume that two still photos or two frames of video images of a
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subject can be obtained for the three-dimensional face modeling purpose (see Fig. 17).

Using the pose estimation algorithm (to be discussed later in this section), we can obtain
the orientation angles (pan, tilt, and rotation) from which the two-dimensional images
were taken. The converging angle 0 between two poses is then known.

[0096] Feature Points Selection: We then establish a set of “feature templates”
for face fiducial points using the Gabor analysis [M. Lades, et. al., “Distortion Invariant
Object Recognition in the Dynamic Link Architecture,” IEEE Trans. Comput., vol 42, no.
3, pp. 300-311, March 1993]. A typical pictorial description of these fiducial points is
show in Fig. 21(a). The more feature points are selected, the better fit the three-
dimensional face model will be.

[0097] Three-dimensional generic model deformation: We then establish the
same number of fiducial points on the generic three-dimensional face model. We then
project the generic model into the same pose as one of the two-dimensional photos.
Based on the projection geometry, we can use the relative positions among the fiducial
points in the two-dimensional photo to determine the locations of the corresponding
fiducial points on the three-dimensional face model (along the projection direction of the
first two-dimensional image). Using the three-dimensional deformation algorithms
discussed below, we can morph the fiducial points and neighboring regions on the three-
dimensional model to match the two-dimensional image. The result of this deformation
based on the first two-dimensional image is to align all the feature points and their
vicinity regions in the similar geometric relationship as the first two-dimensional image.
This process is illustrated in Fig. 18.

[0098] After the alignment to the first two-dimensional image, we determined
the location of any feature point to be on a projection ray defined by the location of
Camera 1 (Fig. 17) and the pixel position of the feature on the first two-dimensional
image. We the use the projection information from the second two-dimensional image
from Camera 2 (Fig. 17) to obtain the depth of all the feature points.

[0099] As shown in Fig. 17, the second camera, and the image taken by it also
define projection geometry. Together with the first camera geometry, the two images
form the “Epipolar line” [O.Faugeras, “three-dimensional Computer Vision, a Geometric

Viewpoint, MIT Press, 1993]. The projection line associated with a feature point P on the
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second two-dimensional image (p2) will have to intersect with the projection line (p1)
from the first two-dimensional image of the same feature. The three-dimensional depth of
the feature point P thus can be uniquely determined.

[00100] We use the same deformation technique for the first two-dimensional
image to perform the deformation of the three-dimensional model along the Z-axis, based
on the alignment information provided by the second two-dimensional image. A fully
“conformal” three-dimensional face model is then obtained.

[00101] Three-Dimensional Geometry Deformation Algorithm: (1) define the
propagation area and (2) compute vertices displacement within propagation area using
Gaussian weight function.

[00102] (1) Define the Propagation Area: Facial tissue is soft organ on which a
single point deformation propagates to its surrounding areas. The deformation of the
three-dimensional face model should follow the similar characteristics of tissue
deformation. We use two indexes to define the “propagation area” on facial tissue under a
perturbation from single “control point,” as shown in Fig. 19. Assume P, and P;
represents the original vertex point on the three-dimensional face model and the target
location after deformation of the same point. The first index is the “link length,” which
considers each edge of the three-dimensional mesh as a link, and use the stages of links
(an integral number) required to reach the original vertex as the measure of the
propagation. Fig. 19 shows an example of deformation on the cheek. This definition also
suits for areas with irregular meshes, such as the eye where moving upper lid should not
necessarily affect the lower lid.

[00103] The second way to define the propagation area is to use pure Euclidian
distance from the original vertex point. This index definition produces a regularly shaped
effect regardless of mesh density. Two indexes for defining propagation area can be
combined to produce optimal deformation results.

[00104] (2) compute vertices displacement within propagation area using
Gaussian weight function: Assume the distance between the original and target positions
of a vertex to be deformed is d=|| P, - P;j|. With the distance of propagation, there should
be lesser degree of deformation on the vertices around the point P,. We use a Gaussian

function to represent a smooth transition of displacement propagation: d=d; * exp(|| {(P))

19



10

15

20

25

30

WO 2004/059573 PCT/US2003/040162

/'s ||2), where I(P;) is the propagation index for the vertex i in the propagation area, s is a
coefficient that can be adjusted to tune the performance of the deformation. Notice that d;
can be calculated off-line as a look-up table, therefore real-time deformation performance
can be achieved.

[00105] Pose Estimation: Given a flat two-dimensional facial image, we would
like to estimate the pose of the face, i.e., the orientation angles under which the picture
was taken. In the human facial features , centers of two eyes and outer corners of mouth
form a plane (we call it the Face Plane) and the location of the nose tip is on the central
bi-section plane of the face plane (symmetry). The projection of the nose tip towards the
face plane forms a Nose Vector. When a face changes its pose, the spatial relationship of
eyes, nose and mouth remains rigid. Therefore the pose change can be represented as an
affine transformation. This is illustrated in Fig. 20.

[00106] If both images of a frontal and a side-view are given, the pose of the
side-view image can be found by solving the parameters of the affine transformation. If
only the side-view image is given, we will first use the line between eyes to correct the
rotation on the pose. We will then make an assumption of the height of the nose tip (say,
h), and use the discrepancy between the nose tip position and the central bi-section line
(say, &) to derive the pan angle o, i.e.: @ =sin™( 5/h).

[00107] In the cases where more than two two-dimensional pictures are given,
the least square iteration method can be used to refine the deformation of three-
dimensional face model by obtaining more accurate pose estimation, three-dimensional
positions of feature points, and less occluded visible area so more feature points can be
used.

[00108] Deform three-dimensional face model based on single-view two-
dimensional image: Two-dimensional photo offer cues to the three-dimensional shape of
an object. However, a single-view-based three-dimensional face deformation provides an
ill-defined result because the two-dimensional pixel location in a two-dimensional image
cannot help us determine the three-dimensional depth of the corresponding point on the
generic three-dimensional face model. With the assumption that face profiles are similar,
the single-view two-dimensional image is still very useful to mold the three-dimensional

face shape.
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[00109] The method uses the generic face profile as the standard depth profile
for the face. Although it is not totally accurate, it is better then nothing. Fig. 21
illustrates the process of deforming a generic face model in (x, y) space and relying upon
the depth profile of the generic face to represent the z-axis shape of the face.

[00110] Seamless texture mapping for three-dimensional face model: Accurate
texture mapping on a three-dimensional model is important since it provides the face with
more realistic complexion and tint. All three-dimensional objects (including the human
face) self-occlude, i.e., some features of the object occlude others in any given orientation.

Consequently, multiple two-dimensional images are preferred to provide data covering
the entire face surface. The task of seamlessly integrating multiple two-dimensional
irhages on to a deformed three-dimensional face model becomes very challenging. We
next discuss the process of extracting texture maps from input two-dimensional
photographs taken from various viewpoints and using those maps to render a seamless
and realistic texture on the deformed three-dimensional face model.

[00111] Common coordinate system for integrating multiple texture maps:
Since §Ve will be dealing with multiple two-dimensional images taken from different
view-angles, we need to define a common coordinate system within which these images
are integrated. A “Cylindrical Projection Screen (CPS)” approach, as shown in Fig. 22, is
preferred.

[00112] We first define a cylinder screen around the face model, the axis of the
cylinder coincides with the vertical axis of the face model. For each of N two-
dimensional images, we establish the pixel-wise projection relationship of the texture map
and surface points on the three-dimensional model. For example, the pixel (x; yy) is
projected onto a three-dimensional surface of the face model at the location p;. We then
make a cylindrical projection of the point p; onto the cylindrical projection screen (CPS)
at the location (», v). Carry out the same process for all the pixels for the image I, we
will obtain a deformed two-dimensional image on the CPS.

[00113] Notice that the cylindrical projection of surface points on the generic
three-dimensional model onto the CPS can be constructed prior to application of the
generic model to a particular subject. Therefore, the entire CPS computation is very

efficient.
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[00114] For each of N images, we obtain the CPS texture map T},(u, v),
i=1,2,...,N. The integrated texture map is the weighted sum of all texture maps
contributed by all images.

T(u,v)= i w; (u,v) T, (u,v), i‘, w;(u,v) =1

[00115]  The weights w; (u,v) in the integrated texture map calculation play an
important role in “blending” multiple texture maps seamlessly into a single coherent
texture map for the deformed three-dimensional face model. There are several desirable
properties that a weight map should have: (1) Occlusion: If the facial surface point p
corresponding to the texture map pixel (u,v) is not visible in the i-th image, the weight w;
(u,v) should be zero; (2) Smoothness: The weights in each weight map should change in
very smooth fashion to ensure a seamless blend between input images; (3) Surface
Normgl: If the normal of a surface point has large angle with respect to the viewing ray
from j-th camera, the quality of the image pixel at this location is poor, therefore the
weight associated with this texture contribution should be small.

[00116] Boundary Line Determination: The boundary between texture maps on
the cylindrical projection screen has to be established automatically. An automatic
boundary determination technique, called the “equal distance”, is illustrated in Fig. 22.
Given two overlapping three-dimensional images with arbitrary shapes on image edges,
the ideal boundary line can be determined on which each point possesses an equal
distance from two overlapping edges. ‘

[00117] We have also considered the quality of image data when we decide the
boundary. We define a confident factor for the image, based on the difference between
the surface normal and the line-of-sight of camera view. Generally speaking, a texture
map is more reliable and accurate in surface areas where the camera's viewing ray is close
to the normal of the surface. In the areas where camera's viewing ray has large angle with
the surface normal, the accuracy of texture data deteriorates. This geometric information
can be used to define the confidence factor.

[00118]  Combining the distance (denoted as "d") and Confident Factor
(denoted as "c"), we obtain a weighted sum as the criterion to determine boundary:

D =wd+w,c
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Determining a boundary line based on this criterion would result in a pair of texture
images that meet along boundaries of nearly equal confidences and distances.

[00119] Fuzzy Weight Function: Once the boundary between the two surfaces
is determined, we need to generate the merging texture with a smooth transition of
intensity or color along the boundary. To alleviate the sudden jumps in surface curvature
in the combined surface, we use a fuzzy weight function (FWF), similar to the fuzzy
membership functions defined in fuzzy logic literature. All the weights w; are first set to
1 if the corresponding point p is visible in image i. We then smoothly ramp the values
from 1 to 0 in the vicinity of boundaries using the fuzzy weight function. The merging
texture is calculated based on the average intensity or color between two texture maps.
Use of a fuzzy weight function can smooth out the boundary area on the combined texture
map. This is illustrated in Fig. 24

[00120] Automatic Feature Detection: Facial feature detection primarily deals
with the problem of locating the major facial features such as the eyes, nose, mouth, and
face outline. Detecting major features is a pre-requisite for performing many face
recognition tasks.

[00121] The vertical position of the eyes is initially determined by analyzing the
vertical greylevel profile of the face. Eyes are searched for in the upper half of the face.
Minima locations are determined using the first and second derivatives of the vertical face
profile smoothed beforehand by an averaging one-dimensional filter. Minima located in a
small neighborhood near others with less grey-level value than the former are discarded.
The pair of the remaining minima whose distance in pixels lies in a predefined range with
respect to the width of face is selected as the eyebrows and eyes.

[00122] The horizontal position of the eyes is determined in the similar fashion.

The horizontal face profile is evaluated from a region whose height lies in the
neighborhood of the initial vertical locations of the eyes. The maximum value of this
profile represents the x-position of the face, whereas significant minima from either side ‘
of the center whose distances are almost equal indicate the x-position of the eyes. The
initially determined eye locations are then refined by using template-based correlation.

[00123] Fit the generic face model to subject-specific two-dimensional image to

obtain a three-dimensional face model: The purpose of the generic face model is to
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provide an efficient computation structure to represent face shape and deformation
properties. It is not yet a subject-specific three-dimensional model. The parameters in
the generic model can be easily modified to implement deformation required by fitting to
specific subject’s face data. In face identification applications, we developed a method to
customize the generic model based on the three-dimensional surface images acquired by
three-dimensional cameras.

[00124] Matching the three-dimensional locations of these feature points on the
generic model with these extracted from the three-dimensional surface image data would
allow a proper customization (scaling, rotation, translation, deformation, etc). The result
of such customization will be a three-dimensional face model that has.a structure of the
generic model and the shape of the subject-specific images.

[00125]  The preceding description has been presented only to illustrate and
describe embodiments of invention. It is not intended to be exhaustive or to limit the
invention to any precise form disclosed. Many modifications and variations are possible
in light of the above teaching. It is intended that the scope of the invention be defined by

the following claims.
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WHAT IS CLAIMED IS:

1. An improved security surveillance process for comparing a plurality of 2D
pictures of individuals comprising a first group with 2D pictures of individuals
comprising a second group, said process comprising the steps of:

generating 3D image data for facial pictures of each individual in said first group;

generating a plurality of angularly offset 2D images from said 3D image data for
each individual in said first group;

generating a plurality of 2D picture images for individuals in a second group
within a surveillance field; and

comparing ones of said plurality of 2D images for an individual of said first group

with a 2D image for an individual in said second group.

2. The process of claim 1 additionally including the step of identifying an
individual of said second group based upon a best match of facial features with ones of

said plurality of 2D images for each individual in said first group.

3. The process of claim 1 wherein said step of comparing comprises the step
of optically or electronically comparing facial features data based upon triangular

measurements of like data for members of said first and second group respectively.

4. An improved surveillance system for identifying an individual based upon
previously recorded 3D facial image data sets for a plurality of individuals comprising a
first group of individuals, said system comprising:

a 3D camera for generating 3D facial image data of a plurality of
individuals comprising said first group of individuals;

means for generating a plurality of 2D images for each individual in said
first group by slicing said 3D facial data for each individual at a plurality of

predetermined angular offsets of said 3D image data;
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a 2D camera for generating pictures of a plurality of individuals comprising a
second predetermined group within an optical field of surveillance; and

a comparator for successively analyzing a plurality of 2D images of individuals of
said first group with 2D images of individuals of said second group to identify a possible

match of individuals included in both said first and second groups.

5. The improved surveillance system of claim 4 wherein said 2D image
generator generates a plurality of 2D images for each individual in said first group, each
image being at a predetermined angular offset to a selected reference point of said 3D data
set, and additionally including positioning means for selecting a predetermined angular

offset for facial angles for each successive 2D image.

6. The improved surveillance system of claim 5 wherein said comparator
comprises an optical or electrical comparator for comparing predetermined or selectable

facial feature data of individuals in said first and second groups of individuals.

7. The improved surveillance system of claim 4 additionally including a
memory for storing said plurality of 2D data images generated from said 3D data set for

each individual in said first.

8. A method of automatically recognizing a human face, said method
comprising:

developing a th;ee-dimensional model of a face; and

generating a plurality of two-dimensional images based on said three-dimensional

model.

9. The method of claim 8, wherein said two-dimensional images illustrate the

face of the model from different angles.

10.  The method of claim 8, wherein said two-dimensional images illustrate the

face of the model in different lighting conditions.
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11.  The method of claim 8, wherein said two-dimensional images illustrate the

face of the model with different facial expressions.

12.  The method of 8, further comprising developing a database of two-

dimensional images based on three-dimensional facial models.

13.  The method of claim 12, further comprising comparing an input image to

the images of said database.

14.  The method of claim 13, further comprising identifying conditions of said
input image and comparing said input image against a sub-set of images in said database

with conditions that correspond to said conditions of said input image.

15.  The method of claim 13, further comprising identifying an input image
with a particular person and three-dimensional facial model based on matching said input

image with an image of said database.

16.  The method of claim 8, wherein developing a three-dimensional model of

a face comprises imaging said face with a three-dimensional camera.

17.  The method of claim 8, wherein developing a three-dimensional model of
a face comprises mapping a two-dimensional image of said face onto a generic three-

dimensional model.

18.  The method of claim 17, wherein developing a three-dimensional model of
a face comprises mapping two or more two-dimensional images of said face onto a

generic three-dimensional model.

19.  The method of claim 18, further comprising:

extracting a texture map from each two-dimensional image;
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combining said texture maps to form a final texture map for said three-

dimensional model.

20. The method of claim 19, wherein said combining said texture maps further
comprises using a fuzzy weight function to create seamless transitions between texture

maps.

21. A system of automatically recognizing a human face, said method
comprising:

means for developing a three-dimensional model of a face; and

means for generating a plurality of two-dimensional images based on said three-

dimensional facial model.

22.  The system of claim 21, wherein said two-dimensional images illustrate

the face of the model from different angles.

23.  The system of claim 21, further comprising means for generating a
plurality of two-dimensional images of said three-dimensional model from different

angles.

24.  The system of claim 21, wherein said two-dimensional images illustrate

the face of the model in different lighting conditions.
25.  The system of claim 21, further comprising means for generating a
plurality of two-dimensional images of said three-dimensional model in different lighting

conditions.

26. The system of claim 21, wherein said two-dimensional images illustrate

the face of the model with different facial expressions.
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27.  The system of claim 21, further comprising means for generating a
plurality of two-dimensional images of said three-dimensional model by morphing said

three-dimensional model into different facial expressions.

28.  The system of claim 21, further comprising a database of said two-

dimensional images based on three-dimensional facial models.

29.  The system of claim 28, further comprising means for comparing an input

image to the images of said database.

30.  The system of claim 29, further comprising means for identifying an input
image with a particular person and three-dimensional facial model based on matching said

input image with an image of said database.

31.  The system of claim 21, further comprising a three-dimensional camera for

generating said three-dimensional facial model.

32.  The system of claim 21, further comprising means for mapping one or
more two-dimensional images of said face onto a generic three-dimensional model to

produce said three-dimensional facial model.
33. Software recorded on a computer-readable medium, said software, when
executed, causing a computer to generating a plurality of two-dimensional images based

on a three-dimensional facial model.

34.  The software of claim 33, wherein said two-dimensional images illustrate

the face of the model from different angles.

35.  The software of claim 33, wherein said two-dimensional images illustrate

the face of the model in different lighting conditions.
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36.  The software of claim 33, wherein said two-dimensional images illustrate

the face of the model with different facial expressions.

37.  The software of claim 33, wherein said software further causes a computer
to develop a database of two-dimensional images based on three-dimensional facial

models.

38. The software of claim 37, wherein said software further causes a computer

to compare an input image to the images of said database.

39.  The software of claim 38, wherein said software further causes a computer
to identify conditions of said input image and compare said input image against a sub-set
of images in said database with conditions that correspond to said conditions of said input

image.

40.  The software of claim 38, wherein said software further causes a computer

to identify an input image with a particular person and three-dimensional facial model

-based on matching said input image with an image of said database.
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