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Fig. 7. Example of Walsh-Hadamard transform: expand each 3 × 3
neighborhood (left) in the periocular image using 9 Walsh basis images or
5 × 5 neighborhood (right) using 25 Walsh basis images. The coefficients are
treated as features assigned to the center pixel.

Local image characteristics can be captured by convolution
filters such as Walsh masks [62]. The Walsh functions may
be used to construct a complete and orthonormal basis in
terms of which any matrix of a certain size may be expanded.
In our experiments, we use Walsh masks to approximate
Walsh-Hadamard transform.

The Walsh matrices consist of two binary patterns,
1s and Š1s. Depending on the kernel size, those two patterns
are used to represent the local structure of an image. If “local”
means a 5 × 5 kernel window, the Walsh filters we use must
correspond to the 5 sample long discrete versions of the Walsh
function. Each set of these filters expands the 5× 5 image patch
in terms of a complete basis of elementary images. The Walsh
function:

W2 j+ q(t) = (Š1)
� 2

j �+ q [W j (2t) + (Š1) j+ q W j (2t Š 1)], (2)

where � 2
j � means the integer part of j/2, q is either 0 or 1.

We then sample each function at the integer points only, so
we produce the following vectors for size 5:
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2 = (Š1, Š1, 1, 1, Š1)

W T
3 = (1, 1, Š1, 1, Š1)

W T
4 = (1, Š1, 1, 1, Š1)

(3)

All possible combinations of Walsh vectors can be used to
produce 2D basis images. As shown in Fig. 7, there are 9
possible patterns using 3 × 3 neighborhood and 25 possible
patterns using 5 × 5 neighborhood. We can expand an image
in terms of Walsh elementary functions of even size:

g = W f W T , (4)

where the transformation matrix W , the input image neigh-
borhood f and the output transform g are all of the same
size, N × N (N is even). An even size transformation matrix
constructed from Walsh functions is orthogonal thus its inverse
is its transpose.

As shown in previous computation, odd-sized Walsh vectors
yield an odd-sized Walsh transformation matrix. Such a matrix

Fig. 8. Examples of the periocular images with the LBP/DT-LBP features
using 3 different kernel sizes. The left 3 columns are under no illumination
preprocessing, and the right 3 columns are under the MSR illumination
preprocessing.

is no longer orthogonal. In order to invert Equation 4, we
make use of the inverse of W . Then we shall have [62]:
W Š1g(W T )Š1 = f. So, we may use the inverse of matrix W
to process the image. Then we have: g = (W Š1)T f W Š1.

After Walsh-Hadamard transform, we use LBP to encode
the coefficients to form WHT-LBP, and the feature dimen-
sionality can be reduced to be the same as the size of input
image as shown in Fig. 8.

C. Discrete Cosine Transform Encoded LBP

In this subsection, we introduce the discrete cosine trans-
form encoded local binary patterns (DCT-LBP) which uses the
LBP to encode discrete cosine transform coefficients.

A discrete cosine transform (DCT) [45] is applied on each
N × N neighborhood in the original image and the N2

coefficients are treated as the features assigning to the center
pixel. The source neighborhood is transformed to a linear
combination of these N2 frequency squares which are the
combination of horizontal and vertical frequencies as follows:

Xk1,k2 =
M1Š1∑

m1= 0

M2Š1∑

m2= 0

xm1,m2

× cos

[
π
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1

2
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π

M2
(m2 +

1

2
)k2

]
. (5)

Once we have the DCT coefficients, we apply LBP to encode
them to formulate DCT-LBP.

D. Discrete Fourier Transform Encoded LBP

In this subsection, we introduce the discrete Fourier trans-
form encoded local binary patterns (DFT-LBP) which is uses
the LBP to encode discrete Fourier transform coefficients.

A 2D discrete Fourier transform (DFT) [46] [44] of an input
image f (x, y) of size M × N is commonly defined as:

F(u, v) =
1

�
M N

MŠ1∑

x= 0

NŠ1∑

y= 0

f (x, y)eŠ j2π(ux/M+ vy/N),

u = 0, 1, . . . , M Š 1, v = 0, 1, . . . , N Š 1. (6)
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Fig. 10. ROC curves for FRGC Experiment 4 on periocular region only with no illumination preprocessing (left) and MSR (right). Comparisons of the best
LBP and the best DT-LBP for each subspace representation are shown.

at 0.1% FAR means 4,073 more entries are being
correctly veri�ed, which is signi�cant. Table V shows
the improvement of the best DT-LBP over the best LBP
on periocular region for all subspace representations.
From the results in Table V, we can achieve as high as
15.3% improvement in VR at 0.1% FAR using DT-LBP
feature, a giant leap over standard LBP feature.

8) Table V also shows the cross-illumination preprocess-
ing comparisons in VR on the best LBP and
the best DT-LBP. We can see that when shift-
ing from no illumination preprocessing to MSR, the
best LBP always drops in performance and the best
DT-LBP only drops at certain subspace representations.
It is important to notice that DT-LBP has 66.86%
lower standard deviation in VR across illumination
preprocessing schemes than LBP. This leads to a signif-
icant �nding that DT-LBP feature on average is much
less affected by different illumination normalization
schemes, thus more robust than LBP feature.

Fig. 10 shows the receiver operating characteristics (ROC)
curves of the best LBP and the best DT-LBP for each
subspace representation under the two illumination preprocess-
ing schemes.

VII. COMPARISON TO THESTATE-OF-THE-ART

DESCRIPTORS FORFACE RECOGNITION

In this section, we compare the proposed DT-LBP descrip-
tors to several state-of-the-art descriptors for face recogni-
tion. They are: (1) Gabor [75], (2) SIFT [76], (3) HOG
[77], (4) GLOH [78], (5) SURF [79], (6) BRIEF [80],
(7) DAISY [81], and (8) BRISK [82]. We have seen that a
majority of the latest efforts on unconstrained face recognition
(usually on the Labeled Facesin the Wild (LFW) database)
greatly reply on locating accurate and dense facial landmarks.
High dimensional descriptors are then extracted from each
of the landmarks to achieve good performances such as in
[83]–[87]. The need for accurate facial landmarks is due to the
fact that off-angle faces are being matched to each other under
unconstrained scenarios. In this work, since we are focusing

TABLE IV

AVERAGE VR DROP AT 0.1% FARFOR FRGC EXPERIMENT 4

ON PERIOCULAR REGION FROM FULL FACE

TABLE V

VR AT 0.1% FARFOR FRGC EXPERIMENT 4 ON PERIOCULAR REGION

FROM THE BEST LBP AND THE BEST DT-LBP FEATURES

on facial descriptors, we will constrain ourselves on frontal
or near-frontal facial images. Thus, we can ignore facial land-
marks because the facial image are very well aligned already.

In the following experiments, we will again utilize the
FRGC EXPERIMENT 4 for the evaluation of various state-
of-the-art descriptors. Without any training stage, we want
to match the probe set (8,014 images) directly to the target
set (16,028 images). For each periocular image, we extract
the best stand-alone DT-LBP feature: Legendre-LBP5, as well
as the eight other facial descriptors mentioned above. In this
evaluation, no dimensionality reduction is involved, and there-
fore for the sake of fair comparison, we will keep equivalent
dimensions among all descriptors. For example, the DT-LBP
descriptors have the same dimension as the input image, and
we can keep all 6,400 dimensions (the periocular image is
50 × 128 = 6400). However, for SIFT descriptor, at each
keypoint, a 128-dim feature vector is extracted. Therefore,
we uniformly sample the image for 50 keypoint locations and
perform SIFT at each keypoint. The resulting feature vector
is the concatenation of the feature vectors at all keypoints
(50× 128= 6400). This applies to many other descriptors.
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