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Abstract

Occlusions in face images such as eyeglasses, hairs and
whiskers decrease the performance of face recognition al-
gorithms. Addressing this problem, this paper proposes a
method for restoring occluded regions in face images. The
proposed method employs Fast Weighted Principal Compo-
nent Analysis (FW-PCA), which computes PCA only with
effective pixels. The use of FW-PCA makes it possible to de-
tect and restore occluded regions in face images. Through a
set of experiments using public face databases, we demon-
strate the effectiveness of the proposed method compared
with the conventional methods.

1. Introduction

Occlusions in face images such as eyeglasses, hairs, etc.
are a major cause to decrease the performance of face recog-
nition algorithms. To improve the performance of the face
recognition algorithms, it is required to detect and restore
occluded regions in the face image. So far, the occluded-
region restoration methods have been reported in Refs.
[15, 13, 14, 8, 9]. These methods can be broadly classified
into model-based and appearance-based methods.

The model-based methods [15, 13, 14] extract facial fea-
ture points by fitting the face models [2, 3, 1] such as Active
Appearance Model (AAM) to the face image, and detect oc-
cluded regions according to the position of feature points on
the face image. Although the accurate occluded regions can
be detected if the model fitting is successfully applied, the
model fitting approach is not robust against the occluded re-
gions in the face image. On the other hand, the appearance-
based methods [8, 9] detect and restore occluded regions
using texture information of the face images. Although the
detection accuracy of occluded regions for the appearance-
based methods may be lower than that for the model-based

methods, the appearance-based methods are successfully
applied if the occluded regions is not too large compared
with the face region. Also, the appearance-based methods
can be applied to generic objects. In this paper, we focus
on the appearance-based methods to detect and restore oc-
cluded regions in the face image.

In the appearance-based methods, Principal Component
Analysis (PCA) is the fundamental technique for image re-
construction. Image reconstruction using PCA computes
the principal component scores from a part of the input im-
age and reconstructs the whole input image according to
the principal component scores. Using only effective pix-
els which are not occlusion, occluded regions can be re-
constructed by using PCA. The reconstruction accuracy de-
pends on the detection accuracy of occluded regions, since
it is necessary to accurately detect occluded regions and
compute the principal component scores only from the ef-
fective pixels.

Refs. [7, 12] have proposed the method to compute the
principal component scores from images with occluded re-
gions using multiple sampling sets. Leonardis et al. [7]
have reconstructed occluded regions of the input image by
weighted PCA using a set of pixels randomly selected from
the input image. This method may take several minutes,
since it is required to compute weighted PCA using least
squares optimization. Storer et al. [12] have proposed Fast
Robust PCA (FR-PCA) which detects the effective pixels
using small eigenspaces computed from pixels randomly se-
lected from training images and reconstructs the input im-
age using the detected effective pixels. FR-PCA is required
to store all the small subspaces computed in the training
process and cannot detect the whole occluded regions.

Addressing the above problems, this paper proposes Fast
Weighted PCA (FW-PCA) and the novel occluded-region
restoration method using FW-PCA for face recognition.
Unlike FR-PCA, the proposed FW-PCA can compute the
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Figure 1. Flow diagram of image reconstruction using FR-PCA.

principal component scores from a part of pixels of the in-
put image using only the eigenspace of training images. The
proposed restoration method can detect the reliable position
of the occluded regions by iteratively updating the weight of
FW-PCA and restore the occluded regions according to the
position of the detected occluded regions. Through a set of
experiments using public face databases such as FRGC [5],
MBGC [10], FERET [11] and Multi-PIE [6], we demon-
strate the effectiveness of the proposed method compared
with the conventional methods.

2. Related Work

In this section, we briefly introduce the image recon-
struction methods using PCA [7] and FR-PCA [12].

2.1. Image Reconstruction Using PCA

Let xl = [xl1 xl2 · · · xlN ]
T be an N -dimensional vec-

tor consisting of pixel values (xl1, xl2, · · · , xlN ) of the
training image. Let X = [x1 x2 · · · xL] be the training im-
ages, whereL is the number of images. We calculate the co-
variance matrix from X and obtain the eigenspace E which
consists of eigenvectors [e1 e2 · · · eD] (D ≤ L). Using the
eigenspace E calculated by PCA, the reconstructed image
x̂ is obtained by

x̂ � Ep

(
⇐ x̂i �

D∑
d=1

edipd

)
, (1)

wherep indicates the principal component scores and is cal-
culated by projecting the input image x onto the eigenspace
E as

p = ETx

(
⇐ pd =

N∑
i=1

edixi

)
. (2)

In the case that the missing pixels such as occlusion are
included in the input image, the reliability of the principal
component score p is not high. Addressing this problem,
the principal component score p is calculated only from a
set of the effective pixels H in the input image. The recon-
struction error C(p) in a set of effective pixels is defined

by

C(p) =
∑
i∈H

(xi − x̂i)
2 =

∑
i∈H

(
xi −

D∑
d=1

edipd

)2

. (3)

The principal component score p̂ having minimum recon-
struction error C(p) is estimated by using the least squares
optimization. If the missing pixels of the input image are
correctly selected, we can reconstruct the input image us-
ing weighted PCA as described above. On the other hand,
image reconstruction using weighted PCA with the least
squares optimization takes more time than the general PCA.

2.2. Image Reconstruction Using FR-PCA

We describe the image reconstruction method using FR-
PCA. This method detects the effective pixels of the input
image using small eigenspaces generated from randomly
sampled pixels of the training images and reconstructs the
input image. Fig. 1 shows a flow diagram of the image
reconstruction method using FR-PCA which consists of (i)
training process and (ii) reconstruction process.
(i) Training process

First, the eigenspace E is computed using all the training
images. Next, M pixels are extracted from each training
image according to S random sampling patterns. Then, the
small eigenspace Fs (s = 1, · · · , S) is computed for each
sampling pattern.
(ii) Reconstruction process

Subsamplings ys (s = 1, · · · , S) are generated from
the input image according to S random sampling patterns
used in the training process. For each ys, the reconstructed
image ŷs is estimated by using the corresponding small
eigenspaceFs. Then, the reconstruction error rs is obtained
by

rs = |ys − ŷs|. (4)

According to the reconstruction error rs, the effective pixels
are detected. j-th pixel of the subsampling ys is removed as
a missing pixel, if the reconstruction error rsj satisfies the
following condition

rsj > μsr̄s or rsj > r̄, (5)
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Figure 2. Flow diagram of image reconstruction using FW-PCA.

where r̄s is the average of the reconstruction error ys, r̄ is
the average of all the reconstruction errors, μs is a param-
eter value depending on r̄s. Among the remaining pixels,
i.e., the effective-pixel candidates, K pixels are selected in
ascending order of the reconstruction error r s as a set of
effective pixels H.

The input image is reconstructed by using Eq. (3) and
the estimated effective pixels H. However, the missing pix-
els may be included in H. To reduce the missing pixels in
H, the pixels having a large error between the input and
reconstructed images are removed from H. After T -time
iterations of the above process, we obtain the reconstructed
image. Note that the above iteration process is repeated un-
til the effective pixels are reduced to the specified number
in Ref. [12]. In this paper, we employ the number of iter-
ations to compare the conventional method using FR-PCA
with the proposed method.

As described above, the use of FR-PCA makes it pos-
sible to achieve fast and robust image reconstruction. On
the other hand, this method is required to hold the small
eigenspaces Fs and to iteratively perform weighted PCA
with the least squares optimization. Also, this method can-
not detect the whole occluded regions in the input image.

3. Image reconstruction using FW-PCA

This section describes FW-PCA and the image recon-
struction method using FW-PCA proposed in this paper.

3.1. FW-PCA

The key idea of FW-PCA is to reduce the computation
time of the principal component scores by approximating
the correlation coefficient between the input image and the
eigenvectors and the amplitude of the input image.

The d-th principal component score pd can be calculated
by the inner product of the input image x and the d-th eigen-
vector ed as follows

pd =

N∑
i=1

edixi = ‖ed‖‖x‖ cosθd, (6)

where ‖x‖ and ‖ed‖ indicate the amplitude of the input im-
age and the d-th eigenvector, respectively. cos θd indicates
the correlation coefficient between the input image and the
d-th eigenvector. If the input image has the missing pixels,
cos θd and ‖x‖ cannot be directly calculated. Therefore,
cos θ̂d and ‖x̂‖ are approximated by

cos θ̂d =

∑N
i=1 wiedixi√∑N

i=1 wix2
i

√∑N
i=1 wie2di

, (7)

‖x̂‖ =

√∑N
i=1 e

2
di

√∑N
i=1 wix2

i√∑N
i=1 wie2di

, (8)

where w = [w1 w2 · · ·wN ]T is a weight and each element
wi is assigned 1 for the effective pixel or 0 for the missing
pixel. Replacing cos θd and ‖x‖ with Eq. (7) and Eq. (8),
respectively, Eq. (6) can be rewritten as

p̂d = ‖ed‖‖x̂‖ cos θ̂d =

∑N
i=1 e

2
di

∑N
i=1 wiedixi∑N

i=1 wie2di
. (9)

Note that Eq. (9) is equivalent to Eq. (6) if the input image
has no missing pixel.

As descrived above, the use of FW-PCA makes it pos-
sible to quickly calculate the weighted PCA for the input
image having the missing pixels, while the conventional
PCA-based method needs to iteratively calculate the princi-
pal component scores using the least squares optimization.

3.2. Image Reconstruction Using FW-PCA

We describe the image reconstruction method using FW-
PCA. Fig. 2 shows a flow diagram of the image reconstruc-
tion method using FW-PCA which consists of (i) training
process and (ii) reconstruction process.
(i) Training process

The eigenspace E is computed using all the training im-
ages. The standard deviation of the reconstruction error for
each pixel σ = [σ1 σ2 · · ·σN ]T is also computed.
(ii) Reconstruction process
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Figure 3. Flow diagram of the proposed method: (a) preprocessing and (b) occluded-region restoration.

First, the initial weight for FW-PCA is determined using
the subsamplings of the input image. M pixels are extracted
from the input image according to S random sampling pat-
terns. Considering the extracted pixels as the effective pix-
els, the reconstructed image x̂s (s = 1, · · · , S) for each
sampling pattern is computed by using FW-PCA, i.e., Eq.
(9). Then, the reconstruction error rs between x and x̂s is
obtained by

rs = |x− x̂s|. (10)

According to Eq. (5), the initial value of the weight is de-
termined.

The reconstructed image x̂ is obtained by FW-PCA with
the input image x and the weight w. Comparing the recon-
structed image x̂ and the input image x, the weight w is
updated by

wi =

{
1 if (|x̂i − xi| < θi)
0 otherwise

(i = 1, · · · , N), (11)

where θi = ησi is the threshold for each pixel and η is
a coefficient for σi. After T -time iterations of the above
process, we obtain the reconstructed image x̂ and the weight
w which represents occluded regions in the input image.
In addition, the above method can be applied to the color
images by using the same weight w for each color channel.

4. Occluded-Region Restoration Using FW-
PCA for Face Recognition

We apply the image reconstruction method using FW-
PCA to the occluded-region restoration method for face
recognition. The proposed method consists of the training
process and the restoration process.

4.1. Training process

The training images are normalized by (i) face detection,
(ii) feature point extraction and (iii) geometric normaliza-
tion as shown in Fig. 3 (a). In the step (i), for each training

image, the face region is extracted using face detector [16].
In the step (ii), 6 feature points on eyes, nose and mouth are
extracted using facial feature point detector [4]. In the final
step (iii), for each training image, parameters of linear trans-
formation are estimated by using Procrustes analysis based
on the feature points on the average face image x̄ generated
from all the training images, and then the position of the
training image is normalized. The pixel values of training
images are also normalized so that they has a prespecified
mean and variance. After normalization, the eigenspace E
and the standard deviation of the reconstruction error σ are
computed from the normalized training images.

4.2. Restoration process

The restoration process consists of (i) preprocessing, (ii)
image reconstruction using FW-PCA and (iii) occluded-
region restoration as shown in Figs. 3 (a) and (b).
(i) Preprocessing

The input image is normalized as well as the training
images. The face region of the input image is extracted
by using the face detector [16]. The facial feature points
are detected by using the facial feature point detector [4].
The position of the input image is normalized by using Pro-
crustes analysis so as to minimize the distance between the
feature points on the average face image x̄ and the input
image. Thus, we have the normalized input image x.
(ii) Image reconstruction using FW-PCA

The normalized input image x is reconstructed using the
method described in Sect. 3.2. Note that the pixel values of
x is normalized so that they have the same mean and vari-
ance of x̄ during each iteration. The pixel values of effec-
tive pixels in the final reconstructed image x̂ is normalized
so that they have the same mean and variance of the nor-
malized input image x.
(iii) Occluded-region restoration

As mentioned above, we reconstruct the whole input im-
age using the eigenspace E. The reconstructed image x̂
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Figure 4. Examples of face images used in the experiments (up-
per: face image without occlusions, and lower: face image with
occlusions).

may result in the smoothed image of the input image x.
Therefore, only the missing pixels of the input image x are
replaced by the pixels of the reconstructed image x̂. The
restored image x̃ is obtained by

x̃i =

{
xi if wi = 1
x̂i otherwise

(i = 1, · · · , N). (12)

Finally, we can restore only the occluded regions of the in-
put image.

5. Experiments and Discussion

This section describes the performance evaluation of the
proposed method using the public face databases. In or-
der to exhibit the effectiveness of the proposed method,
we compare the proposed algorithm with the PCA-based
method described in Sect. 2.1 and the FR-PCA-based
method described in Sect. 2.2.

5.1. Experimental Condition

In the experiments, we use the public face databases such
as FRGC [5], MBGC [10], FERET [11] and Multi-PIE [6].
From these databases, we select 5,000 frontal face images
as the sample images, where 4,500 images have no occlu-
sions such as eyeglasses, hairs and whiskers and the remain-
ing 500 images have some kind of occlusions on the faces.
From 4,500 images without occlusions, 4,000 images are
used as the training images and the remaining 500 images
are used as the input images. All the 500 images with oc-
clusions are used as the input images.

Fig. 4 shows examples of face images used in the ex-
periments. These face images are 64 × 64-pixel normal-
ized images obtained by preprocessing. The experiments
are performed using both gray-scale and color images.

Table 1 shows a set of parameters for each method. The
performance of FR-PCA is evaluated by changing the num-
ber of effective pixels K , while the performance of the pro-

Figure 5. Occluded patterns used in the experiments (gray region
indicates the effective pixels).

Table 1. A set of parameters for each method.

PCA FR-PCA Proposed
# of dimensions D 32
# of sampling patterns S — 1024
# of sampling points M — 256

# of effective pixels K —
256, 512,

2048
1024, 2048

# of iterations T — 4 0, 1, 2, 4
Coefficient η — 2

posed method is evaluated by changing the number of iter-
ations T . The other parameters are determined so that the
computation time of FR-PCA is comparable with that of the
proposed method.

In order to evaluate the reconstruction accuracy, each in-
put image is added to the seven occlusion patterns as shown
in Fig. 5. The input images with occlusion patterns are
restored using the procedure described in Sect. 4. In the
case of PCA and FR-PCA, PCA and FR-PCA based im-
age reconstruction methods are used instead of FW-PCA in
the step (ii) of the restoration process. In the step (iii) of
the restoration process, the final weight w obtained by each
method is used to restore the occluded regions. Note that
the reconstructed and restored images obtained by PCA are
the same, since the weight w is always 1.

5.2. Experimental Results and Discussion

Fig. 6 shows an example of the experimental results.
The upper, middle and lower rows are the reconstructed im-
age, the weight and the restored image, respectively. The
white and black pixels of the weight indicate the effective
and missing pixels, respectively. FR-PCA can recover the
occluded region, while the reconstruction accuracy is not so
high, since the number of the effective pixels for computing
the weighted PCA is not enough to reconstruct the images.
The proposed method can completely recover the occluded
region, since the occluded region is correctly detected from
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Figure 6. Experimental results of occluded region reconstruction using the conventional methods and the proposed method (upper: recon-
structed image, middle: occluded region (weight w) and lower: restored image).

the weight. We empirically confirm that the reconstruction
results of the proposed method is converged within T = 4.
Figs. 7 and 8 show the restored results of each method
for gray-scale and color images, respectively. The use of
the proposed method makes it possible to recover the oc-
cluded regions correctly both gray-scale and color images
compared with the conventional methods.

We show the quantitative evaluation results for the con-
ventional and proposed methods. In order to perform the
quantitative performance evaluation, we use 500 images
without occlusion. The 500 images are added to the seven
occlusion patterns as shown in Fig. 5 and are restored by
using the conventional and proposed methods. The restora-
tion accuracy is evaluated by the Root Mean Square (RMS)
error between the original and the reconstructed or restored
images. In addition, the computation time is evaluated on
Intel Core2 Duo (2.2GHz) with C++ implementation of the
methods.

Tables 2 and 3 show the experimental results for gray-
scale and color images, respectively. In the case of the in-
put image without occlusions, the RMS errors of the recon-
structed images for FR-PCA and the proposed method are
high, since the input images are reconstructed by project-
ing the effective pixels onto the eigenspace. The RMS er-
rors of the restored images for the proposed method become
lower than those of the reconstructed images, since the pro-
posed method can correctly detect the occlusions from the
weight. On the other hand, in the restoration process, FR-
PCA selects the pixel values of the reconstructed image for
most of pixels, since FR-PCA detects the occlusions only
on the sampling points. Hence, the RMS errors of the re-
stored images for FR-PCA is comparable with those of the
reconstructed images. In the case of the input image with

Proposed
(T = 4)Input image PCA FR-PCA

(K = 2048)

Figure 7. Experimental results for gray-scale images (the results
of PCA are the reconstructed images and the results of FR-PCA
and the proposed method are the restored images).

occlusions, the RMS errors become higher than those with-
out occlusions. Among the experimental results, the RMS
errors for the proposed method become lower by increasing
the number of iterations T . As for T = 2, 4, the RMS er-
rors of the restored images is about 5 pixel values. This fact
means that the restored images are almost the same as the
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Figure 8. Experimental results for color images (the results of PCA
are the reconstructed images and the results of FR-PCA and the
proposed method are the restored images).

original images.
The average computation time of the proposed method

is about 60 msec and 150msec for the gray-scale and color
images, respectively. In terms of the computation time, FR-
PCA with K = 256 is faster than the proposed method,
while the RMS error of FR-PCA with K = 256 is high-
est. Although the computation time of the proposed method
is between FR-PCA with K = 1024 and K = 2048, the
RMS errors for the proposed method are lower than those
for FR-PCA. Comparing the number of iterations for the
proposed method, the proposed method with T = 2 is the
most balanced one in terms of the computation time and the
restoration accuracy.

As is observed the above experimental results, the use of
the proposed method makes it possible to achieve fast and
accurate occlusion restoration for face images compared
with the conventional methods.

6. Conclusion

This paper has proposed a method for detecting and
restoring occluded regions for face recognition. The pro-
posed method employs FW-PCA, which computes PCA
only with the effective pixels. Through a set of experi-
ments using public face databases, we have demonstrated
the effectiveness of the proposed method compared with

the conventional methods. The use of the proposed method
makes it possible to register face images without occlusions
on the face recognition system and to result in improving
the recognition accuracy of the system. In future work, we
will improve the restoration accuracy and the robustness of
the proposed method by combining the face model such as
AAM.
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