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method uses an affine transformation approximating the
unknown algorithm within the FRS and the match scores
provided by the FRS to determine the coordinates of the
unknown target template. The coordinates of the unknown
target template are then applied to a pseudo-inversion of the
affine transformation to produce a reconstructed image tem-
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RECONSTRUCTION OF BIOMETRIC IMAGE
TEMPLATES USING MATCH SCORES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a non-provisional of co-pending U.S.
Patent Application No. 60/594,187, entitled “From Scores to
Face Templates; A Model Based Approach,” filed Aug. 6,
2007, which is fully incorporated herein by reference.

STATEMENT OF GOVERNMENT INTEREST

This invention was made with Government support under
U.S. Department of Defense Contract No. DCA20002D5014
awarded by the Dept. Homeland Security/CIA and Unisys
Corp. The Government has certain rights in the invention.

FIELD OF INVENTION

This invention relates to biometric recognition systems;
more specifically, a method of reconstructing image tem-
plates used by biometric recognition systems.

BACKGROUND OF THE INVENTION

Biometric technologies have become an integral part of
many secure access systems. Biometric-based authentication
systems are being deployed in both low-risk secure systems
such as laptops and cell phones to relatively high-risk secure
systems such as military bases and airports. The use of bio-
metric technologies has a number of advantages over pass-
word or smartcard-based technologies, such as user conve-
nience, high security, and less fraud. However, like many
other authentication technologies, biometric-based systems
are also vulnerable to security breaches. The cost of replacing
a biometric token or template is higher to that of a password
or a smart card, with severe security and privacy implications.
The templates can be reused over digital networks or can be
used to reproduce synthetic biometric templates such as fake
fingers or model faces. In the case of face templates, there is
an additional risk that the identity of a person using a biomet-
ric access system in a highly secure facility can be revealed.
Several sources of security breaches in biometric-based
authentication systems have been found. Some countermea-
sures have also been proposed to nullify such threats and the
standardized biometric application programming interface
(BioAPI) is continuously updated with countermeasure
guidelines such as encrypting templates, avoiding storage and
transmission of original templates, and performing quantiza-
tion of match scores.

In general, most biometric authentication systems have
four major modules, a biometric template acquisition sensor,
a matching module to compare a new template to an enrolled
template, a decision module using predefined thresholds for
particular operational points, and a database for enrolled tem-
plates (template gallery). In many applications, it is not pos-
sible to integrate all these modules to one unit. In such sce-
narios, the information is passed from one unit to the other
through digital channels and/or stored in digital media for
offline processing. Each module possesses different levels of
security threats, and different countermeasures are necessary
to nullify such threats. For instance, ‘aliveness’ detection at
the sensor unit will detect any attempts to hack the system
with synthetic templates. Similarly, a secure database or a
secure digital channel will prevent any unauthorized access to
templates over a network. In applications, where the match-
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2

ing module and decision module are not integrated together,
the ‘match scores’ must be stored in a digital media or trans-
mitted through a digital channel to a decision module. Secu-
rity breaches resulting from attacks on match scores can
occur in distributed network cluster biometric systems with a
central decision unit. Such networks are common in wide area
monitoring contexts.

The dominant approach for a match score-based attack on
a biometric system is based on hill climbing. C. Soutar was
the first to propose an iterative template adaptation method,
popularly known as the hill climbing attack, to break into a
biometric system based on match scores. Biometric System
Security, Secure, vol. 5, p. 46-49 (2002). As shown in FIG. 1,
hill-climbing approach 1 attacks the account of a subject,
referred to as the targeted subject, by starting from arbitrary
face template 2 and iteratively refining 3 it. Face recognition
system (FRS) 15 outputs match score 4, which is the distance
between arbitrary face template 2 and target subject 41. At
every iteration, if the modified template results in a better
score than the previous match score 7, then the modified
template is retained 9, or else, it is discarded and prior tem-
plate 8 is modified again. The process is iterated until the
template is accepted 6 as the targeted subject. With this
method, a break-in may be achieved using a final template
that does not look like any real face, as long as it deceives the
system. In other words, it is not a face reconstruction method
but just a break-in strategy.

One countermeasure for the first generation of hill climb-
ing approaches is to quantize the match scores. In this
approach, the FRS outputs match scores, but does not alter the
match scores with small changes in input images. With appro-
priate quantization, it is not possible to get the incremental
feedback needed by these approaches. Therefore, A. Adler
developed a modified hill climbing attack for a face recogni-
tion system with quantized match scores using an additional
independent set of eigenfaces. Images Can Be Regenerated
from Quantized Biometric Match Score Data, Proc. Canadian
Conf. Electrical and Computer Eng., p. 469-472 (May 2004).
In Adler’s modification, after initializing the process with an
arbitrary face template, at every iteration, the previously
updated template is multiplied with randomly selected eigen-
faces having different weights. This generates templates far-
ther away from the previous template. The face template that
results in a better match score is retained as the updated image
for the next iteration. The process terminates when there is no
further improvement in match scores. Experimental results
on a commercial face recognition algorithm show that after
nearly 4,000 attempts, a high match score is achieved with
99% confidence. Later, Adler extended this idea to work with
encrypted face templates. Vulnerabilities in Biometric
Encryption System, Proc. Int’l Conf. Audio and Video-Based
Biometric Person Authentication, p. 1100-1109 (July 2005).

Security breaches are possible not only in face biometrics
but in other biometric applications also. U. Uludag and A. Jain
extended the hill climbing approach to break into minutiae-
based fingerprint recognition system. Attacks on Biometric
Systems: A Case Study in Fingerprints, Proc. SPIE-EI 2004,
Security, Steganography and Watermarking of Multimedia
Contents, p. 622-633 (January 2004).

Although hill climbing-based attacks can successfully
break a particular targeted account, effective countermea-
sures for such attacks can also be created. One property of hill
climbing-based attacks is that they require a large number of
attempts before success. Therefore, one possible countermea-
sure for such attacks is to restrict the number of consecutive,
unsuccessful attempts. However, this still leaves the system
vulnerable to a spyware-based attack that interlaces its false
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attempts with attempts by genuine users (successtul attempts)
and collects information to iterate over a period of time.
However, in most hill climbing-based attacks, the templates
at the ith attempt (iteration) are generated from the (i-1)th
attempts (iterations) and are similar to each other. Therefore,
if all unsuccessful attempts for a particular targeted account
within a fixed time interval are monitored, a pattern of similar
faces with decreasing dissimilarity scores will be found.
Therefore, a continuous observation of unsuccessful match
scores will help to detect hill climbing-based spyware attacks.

Recently, a method of modeling of a face recognition algo-
rithm using an affine transform was developed. P. Mohanty, S.
Sarkar, and R. Kasturi, Designing Affine Transformations
Based Face Recognition Algorithms, Proc. IEEE Workshop
Face Recognition Challenge (June 2005). Starting from dis-
tances computed by any face recognition algorithm, such as
the Face Recognition Grand Challenge (FRGC) baseline
algorithm, the modeling process calculates the best affine
transform that approximates it. The modeling process is a
closed-form solution based on classical Multidimensional
Scaling (MDS).

Attempts to find vulnerabilities have focused on modifica-
tions of the hill-climbing technique; however, these tech-
niques have become identifiable by recognition systems as
attacks because of their iterative nature. Discovery of vulner-
abilities in recognition systems, therefore, needs to be
expanded beyond variations of the hill-climbing technique, in
order for countermeasures to be designed to further prevent
security breaches resulting from a recognition system’s vul-
nerabilities. Although a process of modeling a face recogni-
tion algorithm is available, the process needs modification
and improvement to better model a FRS and a method is
needed to utilize the improved modeling process to identify
vulnerabilities in recognition systems.

SUMMARY OF INVENTION

The present invention includes a non-iterative method of
reconstructing unknown image templates of biometric sys-
tems using match scores. The method includes providing an
array of known image templates, providing a recognition
algorithm, wherein the recognition algorithm computes the
distance between the unknown target template and an image
template selected from the array of known image templates,
providing an affine transformation approximating the recog-
nition algorithm, and providing the coordinates of the known
image templates in the approximation model.

The recognition algorithm may be known or unknown. The
image templates in the array of known image templates are
preferably distinct from one another. The image templates
may be face image templates.

The method further includes finding unknown coordinates
in the approximation model such that the distance between
the unknown coordinates and the coordinates of known image
templates equals the distances computed by recognition algo-
rithm, calculating the pseudo-inversion of the affine transfor-
mation, and applying the unknown coordinates of unknown
target template to the pseudo-inverted affine transformation.

The application of the unknown coordinates to the pseudo-
inverted affine transformation results in a reconstruction of
the unknown image template. Once this template has been
reconstructed, it can be used to ‘break in’ to the recognition
system, thereby exposing the system’s vulnerability.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the nature and objects of the
invention, reference should be made to the following detailed
description, taken in connection with the accompanying
drawings, in which:
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FIG. 1 is a block diagram of the hill climbing approach, a
prior art method. The hill climbing attack is an iterative pro-
cess that starts from a face template and then iteratively
updates the template until the template is accepted by the
system.

FIG. 2 is a visualization comparing the search process of a
hill climbing attack and the present model-based method. The
dotted line represents a possible path in a hill climbing attack
starting from a chosen template. At each point on the path, the
distance to the template is needed. The solid arrow represents
a one-time comparison of templates of the targeted subject
with members of the break-in set templates that is needed by
the present method.

FIG. 3 is a simplified block diagram of the overall method
of the present invention. The method is a non-iterative,
model-based approach and employs multiple face tem-
plates—the break-in set.

FIG. 4 is a block diagram of the modeling process of the
present invention. Starting with a set of face templates (break-
in set), a rigid and a nonrigid transformation is estimated that
approximates the behavior of the recognition algorithm ofthe
face recognition system in terms of distance measure on these
templates.

FIG. 5 is a block diagram of the embedding process of the
present invention. After estimating the affine transformation
A, the distance between a template of the targeted subject and
selected break-in set templates is used to compute the coor-
dinate of the targeted subject in lower dimensional space.

FIG. 6 is a block diagram of the template construction
process. Once the coordinates of the targeted subject in the
lower dimensional space are known, the pseudo-inversion of
the affine transformation is used to reconstruct the original
template of the targeted subject.

FIG. 7 is a detailed block diagram of the overall method of
the present invention integrating the modeling, embedding,
and template construction processes.

FIGS. 8A-8B are a series of sample images from (A) the
break-in set and (B) the gallery set. The gallery set and the
break-in set are independent of each other and have no sub-
jects in common.

FIGS. 9A-9C are a series of line graphs of the eigenvalues
of'the B matrix for the three face recognition algorithms: (A)
baseline algorithm, (B) Bayesian algorithm, and (C) commer-
cial algorithm. This distribution of eigenvalues provides an
estimation of the dimension of the corresponding multidi-
mensional scaling (MDS) space for each algorithm.

FIGS. 10A-101 are images of the top three dimensions of
the affine approximation for the three face recognition algo-
rithms: baseline algorithm (A-C), Bayesian algorithm (D-F),
and commercial algorithm (G-I). The darker shades represent
the variation captured along that particular dimension.

FIG. 11 is a series of reconstructed face templates using a
break-in set with 600 images: the first row represents the
original templates; the second, third, and fourth rows repre-
sent the reconstructed templates for the baseline, Bayesian,
and commercial algorithms, respectively.

FIG. 12 is a series of reconstructed face templates for the
three recognition algorithms using five different break-in sets
with 75, 150, 300, 450, and 600 images. The first column
represents the original template of the targeted subject. The
first, second, and third rows represent the reconstructed tem-
plates for the baseline, Bayesian, and commercial algorithms,
respectively.

FIG. 13 is a bar graph showing the probability of break-in
using five different break-in sets for the three recognition
algorithms at a 1% false acceptance rate (FAR) on the Facial
Recognition Technology (FERET) gallery set.
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FIG. 14 is a table of images comparing reconstructed tem-
plates using the present method and reconstructed templates
using the hill-climbing approach.

FIG. 15 is a bar graph comparing the probability of break-
in at 1% FAR for the commercial algorithm with the first 100
subjects on the FERET gallery set. The commercial algorithm
is set to operate at a predefined threshold such that TAR=99%
at 1% FAR.

FIG. 16 is a bar graph showing the probability of break-in
at 1% FAR for the commercial algorithm with quantized
scores. The value of quantization parameter AS is set to 0.001,
0.01, 0.1, and 1 to quantize the original match score at four
different levels.

FIG. 17 is a table of images showing the effect of quanti-
zation of match scores on reconstructed templates.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

In the following detailed description of the preferred
embodiments, reference is made to the accompanying draw-
ings, which form a part hereof, and within which are shown
by way of illustration specific embodiments by which the
invention may be practiced. It is to be understood that other
embodiments may be utilized and structural changes may be
made without departing from the scope of the invention.

The present invention provides a method of reconstructing
biometric image templates using the match scores of distinct
images from a face recognition system (FRS). When the
reconstruction method of the present invention ‘breaks in’ to
a FRS, it creates no obvious patterns in the match scores,
preventing detection by the FRS. Known countermeasures
are not effective in preventing security breaches caused by the
method, and new countermeasures will be difficult to design
because of the absence of an obvious pattern in the match
scores.

FIG. 2 is a schematic of the search process illustrating the
differences between hill climbing attack 1 and reconstruction
method 10 of the present invention. Reconstruction method
10 requires the distances, or match scores, between the image
of' the targeted subject 9 and a set of distinct images from the
break-in set 17. Whereas a hill climbing-based attack com-
putes scores for faces along a trajectory of incremental scores
from an arbitrary template 2 to that of targeted subject 9. The
statistically decreasing dissimilarity scores generated by a
hill climbing-based approach can be used to detect such
attacks, but such detection strategies cannot be applied to
reconstruction method 10. Hill climbing attack 1 is a “break-
in’ strategy to a FRS, whereas reconstruction method 10 is a
template reconstruction scheme. In addition, attacks on an
FRS are more feasible in real-time applications by recon-
struction method 10, because the number of attempts is pre-
defined by the number of images in the break-in set, instead of
potentially unlimited, as in hill climbing attack 1.

A simplified diagram of reconstruction method 10 is
shown in FIG. 3. A set of face images different from the
gallery and probe sets is used as ‘break-in’ set 17. Modeling
process 20 creates a model of FRS’s 15 face recognition
algorithm. FRS 15 is treated as a complete black box and no
reverse engineering is performed on it. Instead, an assump-
tion is made as to the type of face recognition algorithm used
by FRS 15. It may be possible to identify the recognition
algorithm given score matrices of known algorithms, but this
is not necessary for the success of the present method.

Modeling process 20 is an offline procedure and needs to
be constructed only once for a given recognition algorithm.
Once the model is built, templates are presented from break-
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in set 17 to FRS 15, which calculates match scores 46 to
unknown target template 41. Unknown target template 41
represents an enrolled template in the FRS, which when
reconstructed results in a successful ‘break-in’. Embedding
process 40 then uses match scores 46 to embed unknown
target template 41 in the model. Finally, template construc-
tion process 60 manipulates the model to construct unknown
target template 41.

Modeling Process

Modeling process 20, illustrated in FIG. 4, is used to model
the face recognition algorithm of FRS 15 using approximat-
ing affine transformation 30. The inversion of this transfor-
mation is then used by embedding process 40 and template
construction process 60 to reconstruct unknown target tem-
plate 41. The inputs to FRS 15 are two distinct face templates
x, and x; selected from break-in set 17 and the output is a
match score or distance d 25 between the two templates.

Typically, a face recognition algorithm of an FRS trans-
forms the given image into a point in a low-dimensional space
and then performs a distance measure on this model space.
This low-dimensional space is usually constructed by statis-
tical methods such as PCA, linear discriminant analysis
(LDA), or independent component analysis (ICA) or con-
structed out of low-level features detected in the images, such
as in the elastic bunch graph matching approach.

The face recognition algorithm of FRS 15 is unknown to
modeling process 20. Modeling process 20 models a face
recognition algorithm, even feature-based ones, by an affine
transformation. Modeling process 20 finds approximating
affine transformation 30 by combining orthogonal (or rigid)
transformation 32 and nonrigid (shear and stretch) transfor-
mation 33 transformation. Nonrigid portion 33 of transfor-
mation 30 enhances performance of modeling process 20.
Approximating affine transformation 30 preserves distances
25 among templates 17 generated by FRS 15. Any template
can be embedded in space 30 based on its distance d 25 from
a known set of templates, break-in set 17.

Modeling process 20 must determine approximating affine
transformation A 30 such that when given images Xx,’s, are
transformed to affine space 30, the euclidean distance
between the transformed coordinates of the images are simi-
lar to the distances computed by FRS 15. In this notation, x,’s
are N-dimensional row-scanned representations of the
images, and affine transformation A 30 has dimensions MxN,
with M<N.

To find approximating affine transformation 30, the given
distances (or their monotonically increasing transformation)
are expressed between known images (images contained in
break-in set 17) as a dot product distance between vectors 28
and then, affine transformation 30 is constructed between
these vectors and the images.

(Herein, matrices are denoted by bold capital letters A and
column vectors by bold small letters a. The identity matrix is
denoted by L, a vector of ones by 1, a vector of zeros by 0, and
the transpose of A by A7)

Modeling Process: Dot Product Distance

To determine dot product distances between vectors 28, dot
product distance matrix D 38, must first be created 37. To
create 37 the dot product distance matrix D 38, d,, represents
the distance between two image templates of break in set 17
x;and x;, (x,"€R ) as computed by FRS 15. The distances d,;
are arranged as a KxK matrix D:[dijz], where K is the number
of' images in break-in set 17.

This process assumes that FRS 15 outputs dissimilarity
scores 24 of the two templates. However, if FRS 15 computes
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similarities 22, the similarity scores s, can be converted 23
into distances using a variety of transformations, such as

(1-s;), —log(s;), and

— -1

S

Modeling Process: Metric Distance Conversion

For some recognition algorithms, the observed dissimilar-
ity matrix D 38 may not exhibit metric properties 34a. In such
cases, distance matrix D 38 must undergo metric distance
conversion 26. A distance measure d is called a metric if it
satisfies the following properties:

1. d(x, y)=0 iff x=y (reflexive).
2. d(x, y)20 Vx=y (positivity).

3. d(x, y)=d(y, x) (symmetry).
4. d(x, y)=d(x, z)+d(z, y) (triangle inequality).

First, examine each of the metric properties more closely
on D. Two different templates with little variation always
produce a nonzero dissimilarity. Therefore, it can be assumed
that the reflexive and positivity properties always hold unless
small scores are forcefully suppressed to zero. Even if the
scores are rounded off to the nearest number or small scores
are suppressed to zero, as long as there is not a sparse distance
matrix with few positive entries, an embedding in the model
space can be found that can approximate the distance matrix
D.

Second, if the distance matrix D violates the symmetric
property, then this property can be reinstated by replacing D
with 15(D+D7).

Finally, if D violates the triangle inequality, then the tri-
angle inequality can be enforced by adding a constant factor
€ to non-diagonal entries of D, where {Zmax, ; ,1d, +d,,~d,,].
The value of € is learned using break-in set 17 templates only.
Using an offline copy of FRS 15, the pair-wise distance
between every template of break-in set 17 is computed, result-
ing in a full distance matrix D with diagonal elements repre-
senting self-distance that is set to zero. The learned value of T
is used in computing the distance from the targeted subject to
each template in break-in set 17. T is added to the non-
diagonal entries of D irrespective of genuine and impostor
scores; therefore, the overall performance of FRS 15, as rep-
resented by the distance matrix, is not aftected by the addition
of T to the computed distances. Once matrix D 34 is metric, it
must be determined if matrix D 34 is euclidean 35.

Modeling Process: Euclidean Distance Conversion

In many cases, the distance measure may not be euclidean
35a. Then distance matrix D 34 must be transformed 27 to the
equivalent euclidean distance matrix. Although the process of
converting 27 a noneuclidean distance matrix to an equivalent
euclidean distance matrix is not feasible in all cases, an
approximation to noneuclidean distance matrix D 34 can be
used. Before conversion 27 to a euclidean distance matrix can
be achieved, matrix D 34 must consist of distances that are
metric 34b.

The procedure for conversion 27 of noneuclidean distance
matrix (D) to a euclidean distance matrix (D) was adapted
from E. Pekalska, P. Paclik, and R. Duin. 4 Generalized
Kernel Approach to Dissimilarity-Based Classification, 1.
Machine Learning Research, vol. 2, no. 2, pp. 175-211
(2002). A distance matrix D 34 is euclidean 355 if and only if
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B=_-HDgH
51V

is a positive semi-definite metric.

A euclidean distance matrix can be determined by finding
a constant h such that h=-2} , is the smallest (negative)
eigenvalue of HDH, where

1
H=(1——11T]
K

and using it to modify the original distance matrix according
to the formula

1
@ +m2, i+

Once a metric 345 and euclidean 354 distance matrix is
established, the configuration points can be determined 34.

Modeling Process: Determine Configuration Points

For each image, vectors y’ must be found such that y, y, =T
(d,;), where f{( ) is a monotonically increasing function, and
yizleER. For biometric systems, if the original match score
between two templates is not modified based on other tem-
plates on the gallery, then a monotonically increasing trans-
formation of the distances does not affect the model of the
system. The choice of this monotonically increasing function
depends on the face recognition algorithm under consider-
ation.

Here, metric multidimensional scaling (MDS) is used to
determine 36 a set of configuration points that preserve the
pair-wise distances given by a distance matrix. Given the
euclidean distance matrix D, K vectors {y,, . . . y,} must be
found, such that D.(i, j):(yl.—yj)T (yi~y;)- (“Equation (1)”).
The configuration points y,’s are not unique. Any translation
or rotation of vectors y,’s can also be a solution. To reduce
such degrees of freedom of the solution set, the solution set is
centered at the origin and the sum of the vectors is constrained
to zero, that is, Z,y,=0.

Equation (1) can be compactly represented in matrix form
as D =c'17+1-¢"=2Y”Y (“Equation (2)”), where Y is a matrix
constructed using the vectors y,’s as the columns Y={y,, . . .
y.}, and ¢ is a column vector of the magnitudes of the vectors
y;’s. Thus, c=[y,7y,, ..., vyl " (“Equation (3)”). Equation
2 is then pre and post multiplied on each side of the equation
by centering matrix

1
H:(I— —11T],
K

resulting in HD H=Hc-1"H+H1-c"H-2HY?YH=-2Y"Y
(“Equation (4)”), the constraint is found for the centered
solution set, that is, 2,y,~0 and HY?=Y7. Using B to represent
-15HD_H, the search for the coordinates can be cast as
B=—VHD H=Y"Y (“Equation 5”). Because D is a euclid-
ean matrix, matrix B is also a distance matrix, representing
dot product distances between the vectors y,’s and is a sym-
metric positive semi-definite matrix.
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Modeling Process: Determining Equivalent Dot Product Vec-
tors

Next, a set of coordinate vectors Y must be found 28 such
that the euclidean distance between these coordinates is
related to the distances computed by the FRS 15 by an addi-
tive constant. Therefore, a set of coordinate vectors Y, must be
found such that YZY=B, where B is the dot product distances
derived from the monotonically increasing transformation of
the distances computed by FRS 15. To find 28 the set of
coordinate vectors Y, the eigenvalue decomposition (EVD) of
B can be used. Because B is a symmetric positive semi-
definite matrix, it can be assumed that the rank of B is M=N,
so B has M nonnegative eigenvalues and N-M zero eigenval-
ues. Therefore, B=V ., A0V 2’ (“Bquation (6)”), where
Az is NxN diagonal matrices where the first M diagonal
entries represents the nonzero eigenvalues of matrix B sorted
in ascending order. V ., represents the corresponding eigen-
vectors of B. The solution is then given by

1.7 (“Equation (7))
Y= (V%DA%DZ)

28, where A, is MxM diagonal matrices consisting of M
nonzero eigenvalues of B, and V ;™ represents the corre-
sponding eigenvectors of B.

Modeling Process: Determining the Approximating Affine
Transformation

Approximating affine transformation A 30 must relate
coordinates Y to the images X such that Y=A(X-p), (“Equa-
tion (8)”) where L is the mean of the images in break-in set 17.

Transformation 30 is not restricted to be orthonormal or
rigid. Instead, approximating affine transformation A 30 is
composed of two subtransformations: non-rigid transforma-
tion A, 33 and rigid transformation A, 32, thatis, A=A A .

Rigid transformation A, 32 can be arrived at by any analy-
sis 31 that computes an orthonormal subspace from break-in
set 17. PCA was used here for the rigid transformation. The
PCA coordinates corresponding to the nonzero eigenvalues is
denoted by X,=A (X-p).

Non-rigid transformation A, 33 is estimated 29 by relating
these rigid coordinates X, to the distance-based coordinates
Y: Y=A, X, (“Equation (9)”). Substituting equation (7) in
equation (9), gives

1T (“Equation (10)”)
Ap Xy = (Vg/DAgVDZ) -

Multiplying both sides of Equation (10) by X,” and using the
result that X, X, "=A,.,, where A, is the diagonal matrix
with the nonzero eigenvalues computed by PCA, gives

N - (“Equation (11)”)
Apr = (Vg/DAgVDZ) X7 Apta-

Non-rigid transformation 33, allowing for shear and stress,
and rigid transformation 32 together model the face recogni-
tion algorithm. Rigid transformation 32 is not dependent on
the face recognition algorithm; only non-rigid part 33 is deter-
mined by distances 25 computed by FRS 15.

Embedding Process

Once modeling method 20 determines approximating

affine transformation 30, embedding process 40, as illustrated
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10
in FIG. 5, must embed 43 unknown target template 41 in
modeled affine transformation space 30. Once unknown tar-
get template 41 has been embedded 43, coordinates 44 of
unknown targeted template 41 can be determined 45.

Embedding process 40 does not have or need access to
unknown target template 41; however, distances 46 of
unknown target template 41 to any given image in break-in set
17 are needed. FRS 15 takes a template from break-in set 17,
compares it to stored unknown target template 41 and outputs
match score 46. Match score 46 is stored 47 in distance vector
d4z2, creating a:[al, az, Ce, aK]T. This process is repeated
until a sufficient number of distances between break-in tem-
plates 17 and unknown target template 41 are calculated and
stored in distance vector d 42. If y, represents coordinate
vector 44 of unknown target template 41 embedded in affine
space 30 and Y=[y,, ..., V] represents a matrix of coordinate
vectors of K image templates from break-in set 17, then,
based on the nature of the modeled affine transformation 30
and taking into account the euclidean correction factor found
in modeling process 20, distances in distance vector d 42,
would be equal to the euclidean distances between unknown
target template’s coordinate vector y, 44 and the correspond-
ing break-in set 17 template’s coordinate vector y,.

Mathematically, if unknown target template’s 41 coordi-
nate vector y, 44 is unknown, d,~|y,~y. Pl P+l P2y,
Ty, Vi=l, . .., K (“Equation (12)”). Subtracting d,> from
a(i+ 1y and simplifying, results in Ey,=F, y,=E>**F (“Equation
(13)”), where E'=|(y,-y )", (vs=y2)"s - - .. (yAK_YK.l)TJs
(‘Equation  (14y") and  F'=[f],  £=14[(d, ~ly[*)-
A, 2¥,.11P)], (“Bquation (15)”) and E' represents the
pseudoinverse of E. Here, it assumed that E does not map all
points to the null space of F; therefore, the pseudoinverse of E
exists.

Because, E consists of all projected points y,’s in the model
space, a very low rank of E, such as, two or three, indicates
that either the face recognition algorithm computes the dis-
tance between two templates in such low-dimensional space,
or the templates in break-in set 17 are similar to each other
and, therefore, lying in a subspace of dimension two or three.
The later can be avoided by selecting distinct templates in
break-in set 17; however, if the recognition algorithm projects
the templates to two or three-dimensional spaces, then the
performance of the system will have a low False Acceptance
Rate (FAR), and any arbitrary template has a high probability
of breaking into FRS 15.

Given distances d=|d,, d,, . . . , dx| 42 of unknown target
template’s coordinate vector y, 44 from coordinate vectors y,
of K images in break-in set 17, Equation (13) can be used to
compute coordinates of y, 44 in approximating affine space
30.

Template Construction Process

Once coordinate vector y, 44 of unknown target template
41 in affine space 30 is obtained, template construction pro-
cess 60 rebuilds unknown target template 41, as shown in
FIG. 6. Affine space 30 is inverted (or pseudo-inverted) 65
and then the vector coordinates of to construct the template.
Mathematically, ify, is the embedded coordinate of unknown
template x_, then A, A x_=y_. Solving for the unknown target
template x, 41 yields x,=A,“A, Ty, (“Equation (16)”).

A detailed diagram of the overall method of the present
invention including modeling process 20, embedding process
40, and template construction process 60 is shown in FIG. 7.
Validation

The reconstruction method was tested using three funda-
mentally different face recognition algorithms: PCA with the
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Mahalanobis cosine distance measure, the Bayesian intra-
extrapersonal classifier (BIC), and a feature-based commer-
cial algorithm.

The face images were selected from the FERET and FRGC
face databases. To ensure the distinctiveness of the break-in
set with the gallery set, the break-in set was chosen from a
subset of the FRGC training set and all the images from the
FERET gallery set, containing 1,196 images from 1,196 sub-
jects, were reconstructed. The FERET face database is a
widely used public database, and the gallery set is predefined
in that database. The Colorado State University (CSU) Face
Identification Evaluation System was used to normalize the
original face images. The normalized face images have the
same eye locations, the same size (150x130), and similar
intensity distribution. FIG. 8 shows some of the preprocessed
face images for the break-in set (FIG. 8A) and the gallery set
(FIG. 8B). For break-in sets, a subset of the FRGC training set
was selected with 600 controlled images from the first 150
subjects (in the increasing order of their numeric 1D) with
four images per subject. In order to validate the effectiveness
of the reconstruction method and break-in strategy, the
selected face recognition algorithms must have high recogni-
tion rates at low FAR. Because most of the face recognition
algorithms perform poorly on a data set with one or more
variations in face images, the experiments were restricted to
controlled frontal face images only. Similarly, current tem-
plate-based algorithms require the images to be scaled to the
same size with the same eye location, so a preprocessing step
is inevitable for such algorithms.

However, if a face recognition system has high perfor-
mance without such restriction on the variation of face images
or size of the face images, then the reconstruction method can
be extended naturally to such systems.

The reconstruction method was evaluated on two template-
based algorithms and one feature-based face recognition sys-
tem: 1) PCA approach with Mahalanobis cosine angle as the
distance measure, 2) Moghaddam and Pentland’s algorithm,
popularly known as the Bayesian intrapersonal/extrapersonal
classifier, and 3) a commercial face recognition system based
ona Local Feature Analysis of face images. Both the baseline
and Bayesian algorithms were trained using the break-in set
from the FRGC training set. The commercial algorithm did
not require any training process and was used as a black box
in all experiments. Because all of the face images are normal-
ized with fixed eye coordinates ( ) and fixed-size (150x130)
face images, the face and eye detector module embedded in
the commercial face recognition system was not utilized.
Using the fafb probe set of the FERET distribution, the base-
line, the Bayesian, and the commercial algorithms had 97
percent, 95 percent, and 99 percent True Acceptance Rate
(TAR) at 1 percent FAR, respectively.

The three algorithms have different approaches to compar-
ing two faces and generate similarity and/or dissimilarity
scores with different distance measures. The baseline algo-
rithm uses a Mahalanobis cosine angle and has dissimilarity
scores between -1 and 1. Similarly, the Bayesian maximum
likelihood classifier reports the similarity between two faces
in terms of probability of difference image to the intraper-
sonal/extrapersonal space. For this experiment, the CSU
implementation of the Bayesian algorithm was used, where a
negative logarithm transformation is applied to the probabi-
listic similarity score to convert the score into a distance
measure. However, in order to have an upper bound for the
dissimilarity scores, the distances to the interval [0,1] was
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row normalized. The similarity measure used in the feature-
based commercial algorithm is not known, but the similarity
scores are within a finite range of [S,,,,, S,,..]. The similarity
scores were converted to distances by simply subtracting each
match score S,; from the maximum possible match score
(S-S 0. In the experiments, raw match scores from the
commercial system were used without any score normaliza-
tion. All three distance measures used by respective algo-
rithms exhibit the symmetric property but violate the triangle
inequality property. Therefore, the triangle inequality prop-
erty was reinforced in the respective distance matrices. The
values of T learned from the break-in set were 1.297, 2.094,
and 19.970 for the baseline, the Bayesian, and the commercial
algorithms, respectively.

The next objective was to model the behavior of each face
recognition algorithm in terms of an affine transformation.
The distance between two templates computed by these algo-
rithms should be close to the euclidean distance between the
two templates in the respective affine spaces. Some of the
intermediate results show the accuracy of the reconstruction
method and the behavior of the constructed affine spaces.

The graphs shown in FIG. 9 plot the eigenvalues of the
transformed distance matrices B defined in Equation (5) for
the baseline algorithm (FIG. 9A), the Bayesian algorithm
(FIG. 9B), and the commercial algorithm (FIG. 9C). The
eigenvalues of the individual algorithms reflect the nature of
the affine space for each individual algorithm. The plots
appear different due to different scales of eigenvalues for each
algorithm. FIG. 9A shows that the eigenvalues drop from 9.4
to zero at 360 index of the eigenvector, which is about 60
percent of the total number of images. Therefore, the baseline
algorithm uses top eigenvectors that contribute 60 percent of
the total energy. FIG. 9 also provides estimation for the
dimension of each affine space. For example, it is expected
that for the baseline algorithm, any break-in set with more
than 360 images will result in approximately the same prob-
ability of break-in.

However, in for the Bayesian algorithm, eigenvalues did
not drop to zero even with 600 images in the break-in set.
Therefore, the loss of sharp features is expected in the recon-
structed images for the Bayesian algorithm with 600 or less
images in the break-in set. Similarly, for the commercial
algorithm, a near optimal performance with 600 images in the
break-in set is expected.

FIG. 10 represents the top three dimensions of the affine
approximation of the three face recognition algorithms.
These dimensions indicate the amount of variations (darker
shades) captured by the affine transformation along the cor-
responding dimensions. Although individual dimensions of
the affine transformation for each algorithm differ, a collec-
tive observation at the top three dimensions reveals that each
algorithm tries to capture a similar variation in face images in
the first three dimensions of the respective affine transforma-
tion. For example, the second dimension of affine transfor-
mation of the commercial algorithm (FIG. 10/) is similar to
the third dimension of affine transformation of the Bayesian
algorithm (FIG. 10f). Similarly, the first dimension of affine
transformation for the baseline algorithm (FI1G. 10a) captures
similar variations as that of the second dimension of affine
transformation for the Bayesian algorithm (FIG. 10e). To
quantify the modeling error, the euclidean distance between
the projected images in the affine space is computed and
compared with the actual distance matrices computed by the
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respective algorithms after the correction of the additive con-
stant factor. The normalized error € is then computed as

where &ij represents the euclidean distance between projected
images 1and j in the affine space, and d,; represents the actual
distance computed by the recognition algorithm. The mean of
the normalized errors € are 0.002, 0.0457, and 0.1881 with
standard deviations of 0.1563, 0.0915, and 0.2554 for the
baseline, Bayesian, and commercial algorithms, respectively.

To demonstrate the effect of the number of images in the
break-in set on the quality of reconstructed templates and
break-in performance, five different break-in sets from the
FRGC training set were created. Two break-in sets contained
75 and 150 images with one image per subject and the other
three break-in sets contained 300, 450, and 600 images with
multiple images per subject. Sample images from the break-
in set and gallery set are shown in FIG. 8. All 1,196 images
were reconstructed in the FERET gallery set using each of the
five break-in sets. FIG. 11 shows some of the reconstructed
images using a break-in set with 600 images. FIG. 12 shows
the reconstructed templates of a particular targeted subject
with all five break-in sets. The reconstruction of the targeted
subject’s template improves with the number of images in the
break-in set. The noise in the reconstructed images is caused
by the break-in set and gallery set being from two distinct
databases collected in different environments.

In the case of the Bayesian algorithm, the reconstructed
images appear much smoother than the original image. As
discussed earlier, the Bayesian algorithm requires more than
600 numbers of images in the break-in set for better recon-
struction. To quantify the performance of breaking into a
system with reconstructed images, the probability of break-
in, which is defined as the probability of breaking a randomly
chosen targeted subject, is computed by dividing the number
of successfully verified target subject using reconstructed
images by the total number of enrolled subjects.

The reconstructed templates of the targeted subject are
matched against the original templates of the targeted subject,
and a dissimilarity matrix is generated for each of the three
algorithms. From each of these dissimilarity matrices, the
TAR at 1% FAR from the respective Receiver Operating
Characteristic (ROC) curves is computed. The probability of
breaking into any particular face recognition system is com-
puted as the ratio between the number of accounts success-
fully broken at 1% FAR and the total number of accounts.
This performance measure for break-in is different from that
used in other related works, where the number of attempts is
considered as a measure of the breaking into a security sys-
tem. In this case, the number of attempts is fixed and is the
same as the number of images in the break-in set. FIG. 13
compares the probabilities of break-in for the three algo-
rithms with an increasing number of attempts. For the base-
line algorithm, only 300 attempts are sufficient to achieve a
100% success rate to break into the system. For the feature-
based commercial algorithm, 600 attempts are needed to
break into the system for a 73% success rate. For the template-
based Bayesian algorithm, 600 attempts are required to break
into the system to achieve a 72% success rate. At 1% FAR, the
probability of break-in with any random template after 600
attempts is 1%.

An FRS containing a commercial face recognition algo-
rithm was used to compare the reconstruction method of the
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present invention with a hill climbing-based approach pre-
sented by Adler and Uludag and Jain. A. Adler, Images Can
Be Regenerated from Quantized Biometric Match Score
Data, Proc. Canadian Conf. Electrical and Computer Eng.,
pp. 469-472 (May 2004); U. Uldag and A. Jain, Attacks on
Biometric Systems: A Case Study in Fingerprints, Proc. SPIE-
EI 2004, Security, Steganography and Watermarking of Mul-
timedia Contents, pp. 622-633 (January 2004). The eigen-
faces required to modify the previous template in a hill
climbing approach were created using 600 images from the
break-in set. At each iteration, a randomly selected eigenface
was added or subtracted from the previous template. Due to
the computational demand of the hill climbing process, the
hill climbing method was restricted to the first 100 subjects of
the FERET gallery set and a maximum of 600 attempts were
allowed per subject. The commercial algorithm was set to
operate at 1% FAR with 99% TAR, and the system decided
the acceptance or rejection of a probe template based on this
operational setup. The number of targeted subjects that were
successfully broken by the hill climbing method were
counted and compared with the number of successfully
accepted reconstructed templates using the break-in set with
600 images. Upon reconstruction of a targeted subject’s face
template, the reconstructed template was treated as an origi-
nal face template and matched with the gallery set. This
comparison shows the efficiency of the approach against the
hill climbing approach after 600 iterations.

FIG. 14 presents reconstructed templates from the hill
climbing approach at 300 and 600 iterations and the corre-
sponding reconstructed templates from the reconstruction
method of the present invention using the same number of
comparisons. The first column shows three different targeted
subjects enrolled with templates, marked as easy, moderate,
and hard accounts to break in to. The first row represents a
targeted subject (easy) whose account is broken by both the
hill climbing approach and the reconstruction method. How-
ever, the hill climbing approach requires 600 attempts to
break into this easy account, whereas the same result can be
achieved with only 300 iterations using the reconstruction
method. Similarly, the second row presents a targeted subject
(moderate) whose account cannot be broken by the hill climb-
ing approach after 600 attempts, but was broken by the recon-
struction method in 600 attempts. Finally, the third row pre-
sents a targeted subject (hard) whose account cannot be
hacked by either method.

FIG. 15 compares the overall break-in performance of both
methods using the first 100 subjects from the FERET gallery
set. The probability of breaking into the system with any
random template is equal to the FAR of the system, which is
0.01 in all experiments. The reconstruction method has a 47%
higher chance of breaking into a random account compared to
the hill climbing attack with 600 attempts. Adler shows that
this particular hill climbing-based approach requires approxi-
mately 3,000 to 4,000 iterations to successfully break an
account, which is much higher compared to the 600 iterations
used here. Images Can Be Regenerated from Quantized Bio-
metric Match Score Data, Proc. Canadian Conf. Electrical
and Computer Eng., pp. 469-472 (May 2004). This count
does notinclude the comparisons needed during the modeling
procedure, which is done offline.

One countermeasure to the first-generation hill climbing
attack is to quantize match scores. The systems with quan-
tized match scores do not alter the output match scores with
small changes in input images, which can prevent general hill
climbing attacks. In such cases, if two similar probe tem-
plates, when matched with a template of the targeted subject,
have the original match scores, say, 42.56 and 43.4, in the
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range [0, 100] and if the system quantizes the output match
scores to the nearest integer, then both the scores will be
quantized to 43. For such quantized scores, a hill climbing-
based approach will fail to observe the improvement in the
modified template and will fail to regenerate a template for
the next iteration. However, such quantization of match
scores has minimal effect on the reconstruction method.

The version of the hill climbing approach used here failed
with quantized match scores and, therefore, the break-in per-
formance of the hill climbing approach was not compared
with the reconstruction method. The reconstruction method
compares different face templates to the targeted subject and
does not need to observe any improvement in the match
scores; therefore, the reconstruction method does not have the
limitation of the hill climbing approach and can be used on
systems with quantized match scores.

Although a comparison could not be completed, the prob-
ability of break-in using quantized match scores for the com-
mercial face recognition system was calculated. The quanti-
zation index, Q,, that controls the level of quantization is
given

as: Sguant = (“Equation (18)”)
Sorig = Smin AS+S AS
[ ras s 0 sy
where S, .. S . .0 Spax @a0d S, represent the original, the

quantized, the minimum, and the maximum match scores of a
recognition system, respectively. AS controls the level of
quantization of the original scores and is defined as the length
of'the quantized intervals, that is, the difference between two
successive quantized scores. To be consistent with the vari-
able range of match scores for different algorithms, quanti-
zation index Q, is defined by normalizing AS over a possible
range of match scores of a recognition system. If the quanti-
zation index is set to 0.1, then the original scores are quan-
tized at 10 different points, and if Q, equals to 0.01, then the
original scores are quantized at 100 different points.

Four different levels of quantization were used by setting
the value of Q, t0 0.0001, 0.001, 0.01, and 0.1. FIG. 16 shows
the probability of break-in at 1% FAR for the commercial
algorithm with the proposed quantization of match scores.
The probabilities of break-in do not change significantly
when the original scores quantized with Q, equals to 0.0001
or 0.001, and the probability of break-in drops from 0.68 to
0.45 when Q, equals to 0.01. However, for Q, equalto 0.1, the
probability of break-in dropped from 0.45 to 0.22. FIG. 17
demonstrates the effect of quantization on a reconstructed
template along with the acceptance/rejection decision from
the system using that particular reconstructed template. With
an increasing value of Q. the quality of the reconstructed
template starts to degrade and will eventually be rejected by
the system. If the system outputs a very high level of quan-
tized scores, for example, with Q,=0.1, then the original
match scores are highly distorted, and the affine modeling of
the underlying algorithm is erroneous, and as a result, the
overall break-in performance is affected. However, such
quantization of match scores has a trade-off with the opera-
tional flexibility of a system. For example, if the recognition
system, with the range of original scores in the interval [0,
100], quantizes the original scores at 10 different points with
Q. equal to 0.1, then the system is restricted to operate only at
these 10 distinct operational points (thresholds) and lose the
flexibility to operate at any intermediate threshold or FARs.
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The reconstruction method of the present invention
exposes a potential source for security breach in FRSs. An
affine transformation is used to approximate the behavior of
the face recognition system using an independent set of face
templates termed as the break-in set. Selected subsets of
templates in the break-in set are then matched only once with
the enrolled templates of the targeted subject. Given the dis-
tances of the targeted subject’s template, that template is
embedded in the learned affine space and the modeling affine
transformation is inverted to arrive at the original template.

Advantages of the reconstruction method include it is not
based on a local search and it requires fewer attempts than
hill-climbing-based approaches. In addition, the reconstruc-
tion method is difficult to detect automatically and cannot be
neutralized by quantization of match scores, because it uses
distinct templates in each break-in attempt.

Itwill be seen that the advantages set forth above, and those
made apparent from the foregoing description, are efficiently
attained and since certain changes may be made in the above
construction without departing from the scope of the inven-
tion, it is intended that all matters contained in the foregoing
description or shown in the accompanying drawings shall be
interpreted as illustrative and not in a limiting sense.

It is also to be understood that the following claims are
intended to cover all of the generic and specific features of the
invention herein described, and all statements of the scope of
the invention, which, as a matter of language, might be said to
fall there between. Now that the invention has been described,

What is claimed is:

1. A method of reconstructing an unknown enrolled bio-
metric target template of a recognition system, the method
comprising:

inputting a plurality of known biometric templates into the

recognition system;
calculating a match score for each of the plurality of known
biometric templates and the unknown enrolled biomet-
ric target template of the recognition system;

converting the match score for each of the plurality of
known biometric templates into a plurality of dot prod-
uct distances;
determining a set of configuration points for the plurality of
dot product distances that preserves the match score for
each of the plurality of known biometric templates and
the unknown enrolled biometric target template of the
recognition system, wherein the set of configuration
points comprises a set of vectors wherein a sum of the
vectors in the set of vectors is equal to zero such that the
center of the set of configuration points is at the origin;

providing an affine transformation approximating the rec-
ognition system based upon the set of configuration
points;

identifying coordinates for each of the configuration points

in the set of configuration points in the affine transfor-
mation;
approximating coordinates for the unknown enrolled bio-
metric target template in the affine transformation; and

performing a pseudo-inversion of the affine transformation
to reconstruct the unknown enrolled biometric target
template.

2. The method of claim 1, wherein the plurality of known
biometric templates are distinct and independent.

3. The method of claim 1, wherein determining a set of
configuration points further comprising employing multidi-
mensional scaling to determine the set of configuration
points.
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4. A method of reconstructing an unknown enrolled face
image target template of a Face Recognition System, the
method comprising

inputting a plurality of known face image templates into
the Face Recognition System;

calculating a match score for each of the plurality of known
face image templates and the unknown enrolled face
image target template of the Face Recognition System;

converting the match score for each of the plurality of
known face image templates into a plurality of dot prod-
uct distances;

determining a set of configuration points for the plurality of
dot product distances that reserves the match score for
each of the plurality of known face image templates and
the unknown enrolled face image target template of the
Face Recognition System, wherein the set of configura-
tion points comprises a set of vectors wherein a sum of
the vectors in the set of vectors is equal to zero such that
the center of the set of configuration points is at the
origin;

providing an affine transformation approximating the Face
Recognition system based upon the set of configuration
points;
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identifying coordinates for each of the configuration points
in the set of configuration points in the affine transfor-
mation;
approximating coordinates for the unknown enrolled face
image target template in the affine transformation; and

performing a pseudo-inversion of the affine transformation
to reconstruct the unknown enrolled face image target
template.

5. The method of claim 4, wherein determining a set of
configuration points further comprising employing multidi-
mensional scaling to determine the set of configuration
points.

6. The method of claim 4, wherein the plurality of known
face image templates are distinct and independent.

7. The method of claim 4, wherein the match scores are
similarity match scores.

8. The method of claim 4, wherein the match scores are
dissimilarity match scores.

9. The method of claim 4, wherein approximating coordi-
nates for the unknown enrolled face image template further
comprises embedding the unknown enrolled face image tem-
plate into the affine transformation based on the match score
for each of the plurality of known face image templates.
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