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Abstract— In this paper, a global face reconstruction 
framework for face hallucination is proposed to globally 
reconstruct a high-resolution (HR) version of a face from an 
input low-resolution (LR) face, based on learning from LR-HR 
face pairs using orthogonal canonical correlation analysis 
(orthogonal CCA). In our proposed algorithm, face images are 
first represented using principal component analysis (PCA). 
CCA with the orthogonality property is then employed to 
maximize the correlation between the PCA coefficients of the LR 
and the HR face pairs so as to improve the hallucination 
performance. The original CCA does not own the orthogonality 
property, which is crucial for information reconstruction. In this 
paper, we utilize an orthogonal variant of CCA, which has been 
proven by experiments to achieve a better performance than the 
original CCA in terms of global face reconstruction.  

I. INTRODUCTION 

Human face super-resolution (also known as face 
hallucination) [1] is a recent, hot research topic which aims to 
generate a high-resolution (HR) face image from one or 
multiple input low-resolution (LR) face images. It can be 
applied to various real-life tasks such as video surveillance, 
face recognition, image-based rendering, etc. In general, face-
hallucination techniques can be divided into two categories: 
reconstruction-based methods [2-3] and learning-based 
methods [4-10]. The first group of methods reconstructs a HR 
image based on its LR counterpart only, without any 
referencing to additional, external information. The learning-
based methods explore the correlation between a set of HR 
face images and their corresponding LR counterparts in the 
reconstruction of the HR version of a LR face image. Due to 
the fact that human faces are highly, structurally symmetrical, 
learning-based hallucination methods can generally achieve 
superior performances to reconstruction-based hallucination 
methods, especially when the magnification factor is large; 
say, 4-8 times [4]. In this paper, we focus on learning-based 
face-hallucination algorithm based on a single input face 
image. 

For most of current learning-based face-hallucination 
methods, they can generally be divided into two steps: global 
face reconstruction and residual face compensation. The first 
step is to model the global face appearance using subspace 
methods. However, the global faces obtained in this step 
always look blurred and lack facial features. Therefore, the 

second step is to compensate the reconstruction errors 
introduced in the first step, and to reduce blocky artifacts in 
the reconstructed images. Liu et al. [5] proposed a two-step 
statistical modeling approach, which combines a global 
parametric model and a local nonparametric model. This work 
has proven the necessity and efficiency of the two-step face-
hallucination approach, and also proven that better global face 
will help achieve more reliable hallucinated faces.  

In the global-face reconstruction phase, a subspace 
representation based on PCA [5], Kernel PCA [6], locality-
preserving projection (LPP) [7], etc. is usually applied. 
However, directly applying these subspace transformations 
will lead to substantial differences between the projected LR 
and HR coefficients [8]. So, how to increase the correlation of 
the LR and HR manifolds remains to be studied. Among all 
the different methods, face hallucination based on canonical 
correlation analysis (CCA) has received promising results 
[8][9]. In the global reconstruction step, CCA is applied to 
project the PCA coefficients of both the LR and the HR 
training images into a coherent subspace, where the 
correlation between them is maximized. When given a novel 
LR face input, the corresponding reconstruction coefficients 
and weights are computed in the subspace to form the global 
HR face. However, regardless of whether 1D or 2D CCA is 
used in these works, the direction vectors learned are not 
orthogonal; this makes the reconstruction with pseudo-inverse 
lose some correlation, and thus makes the final global 
reconstruction less precise. We call this kind of CCA the 
'original CCA' in this paper. To improve the performance, 
some constraints are added to the original CCA so as to obtain 
orthonormal direction matrices for perfect data reconstruction 
[10], and results have shown its superior performance on 
feature fusion. 

Our proposed method is inspired by the previous CCA-
based face-hallucination methods and the orthogonal variant 
of the original CCA method. We will show that, after 
including the orthogonality constraint on the original CCA, 
the direction vectors derived will be more correlated and will 
also facilitate reconstruction. Compared to [8], which simply 
maximizes the correlation between the HR and LR 
coefficients, our method can further improve the quality of the 
global reconstruction result. We believe that by obtaining 
better global face will further assist the overall face 
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hallucination performance which holds a potential for real-life 
applications. 

The remainder of this paper is organized as follows. In 
Section II, we briefly review the theory of CCA and the 
orthogonal CCA. We will present the realization of our 
orthogonal CCA-based global face reconstruction method in 
Section III. The experiment results and analysis are given in 
Section IV, and the conclusions are provided in Section V. 

II. RELATED WORK 

In this section, we will give a brief overview of the CCA 
theory and its applications. We will also introduce the concept 
of orthogonal CCA as one of its important variants to show its 
efficiency for data reconstruction. 

A. Canonical Correlation Analysis (CCA) 
CCA is a learning method which seeks basis vectors for 

two sets of variables, say x and y, such that their projections 
onto the basis vectors have a maximized correlation [11]. 
Denote X and Y as the matrices whose columns are the sets of 
variables x and y with zero mean, respectively. Suppose that 
M and N are the respective direction matrices for X and Y, 
and the corresponding canonical variate matrices of the 
projection coefficients are denoted as U and V, i.e. T ⋅U=M X  
and T= ⋅V N Y . Then, CCA maximizes the following 
correlation: 

2 2
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where T represents the transpose operation; XXC  and YYC  
denote the within-set covariance matrices of X and Y, 
respectively; and XYC  denotes the covariance matrix of X 
and Y. It can be shown that the optimal direction matrices M 
and N are the eigenvectors of 1 1

1 XX XY YY YX
− −=R C C C C  and 
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− −=R C C C C , respectively.  

B. Orthogonal CCA 
In [10], the original CCA is extended to orthogonal CCA 

(oCCA). The orthogonality property is crucial for data 
reconstruction, and can make the PCA projections more 
consistent. Therefore, in our proposed face super-resolution 
framework, we also apply oCCA to impose extra constraints 
on the original CCA. The orthogonal direction matrices M 
and N can be computed in an iterative way as follows: 
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where km  and kn  are the kth column vectors of the direction 
matrices M and N, respectively. The first two constraints are 
to impose orthogonality on the direction vectors, while the 
last two are additional constraints on the norm of km  and kn . 
The details of deriving the direction vectors can be found in 
[10]. Having computed the orthogonal-direction matrices, we 
can further normalize them to become orthonormal. 

To visualize the correlation between the projected HR and 
LR coefficients of different subspace methods, we show their 
lower-dimensional geometry using LLE [12] from 800 
randomly chosen training samples. As illustrated in Fig. 1, the 
difference between the HR and LR manifolds of the PCA 
coefficients is the largest. Both the original CCA and the 
orthogonal CCA can preserve the intrinsic correlation well 
based on the similarity between the LR and HR manifolds. 
This shows that using orthogonal transformation will not 
reduce the correlation, and it can also provide a better 
performance in terms of reconstruction, which will be 
discussed later.  

 

III. GLOBAL FACE RECONSTRUCTION BASED ON 
ORTHOGONAL CCA 

In this section, we will present our global face 
reconstruction framework based on the proposed orthogonal 
CCA. PCA is first applied to both the LR and HR demeaned 
training faces. This is necessary because some noise can be 
removed, and the dimensionality of the face samples can be 
reduced so that the matrices involved in the orthogonal CCA 
are non-singular and the direction matrices can be computed 
more efficiently. 

Suppose that the LR and HR training face images are 
represented as XΙ  and YI , respectively, which are in the face  
form of matrices, with each column representing one face. 
The corresponding mean faces of the LR and HR training 
images are denoted as Xμ  and Yμ , respectively. By applying 
PCA, the orthonormal eigenvector matrices XE  and YE  can 
be obtained, with the leading eigenvectors containing 98% of 

(a) (b) (c) 
Fig. 1. Comparison of the correlation between the manifolds of the 
projected LR and HR coefficients based on (a) PCA, (b) original CCA, 
and (c) proposed orthogonal CCA. The first row shows the manifolds of 
the projected LR coefficients, while the second row shows those of the 
projected HR coefficients. 
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the total variation. The projection coefficients XB  and YB  
can be computed as follows: 

( )T
X X X X= −B E I μ , and 

( )T
Y Y Y Y= −B E I μ .            (3) 

It can be proven that the two coefficient matrices are also 
zero-centered. Thus, we can directly apply the orthogonal 
CCA to XB  and YB , as described in Section II. After 
rescaling, two orthonormal direction matrices XP  and YP , as 
well as two projected coefficient matrices XO  and YO  with 
increased correlation, can be obtained, i.e. 

( )
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From these equations, we can see that, after applying 
orthogonal CCA to the PCA coefficients, we actually project 
the input samples on to an orthonormal, consistent subspace, 
which is formed by multiplying the orthonormal projection 
matrices on the right-hand side of original eigenvectors. We 
denote X X X=E E P  and Y Y Y=E E P . Then, we can verify 
that 

( ) ( )X X X X
T

X
T

X ⋅ = ⋅ =E E E P E P I , and 

( ) ( )Y Y Y Y
T

Y
T

Y ⋅ = ⋅ =E E E P E P I ,                                          (6)            

where I is an identity matrix. The projected eigenvector 
matrices remain orthonormal, so they can be used directly for 
reconstruction. None of the existing face-hallucination 
methods based on the original CCA possesses this feature. 

To reconstruct the global face, we compute the PCA 
coefficients lb  of the input LR face image lI . Then, these 
coefficients are projected on to a more correlated subspace 
using orthogonal CCA: 

T
l X l= ⋅Po b .             (7) 

Since human faces have a similar structure and texture, the 
projected coefficients of the input LR face can be represented 
as a linear combination of the projected coefficients of its K 
nearest neighbors { } 1

K
Xj j =
o  from the training LR face images 

XO . This is realized by minimizing the reconstruction errors 
as follows: 

2

1
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where Xjo  is the jth nearest neighbor of the input LR face, 

and g
jw  is the corresponding weight for Xjo . This is a 

constrained least-squares fit problem, which can be solved by 
using the method in [13]. 

As mentioned previously, the basic assumption of the 
learning-based face-hallucination approach is that the same 
neighborhoods are preserved in both the HR and the LR 
manifolds. Based on this assumption, the corresponding 
projected PCA coefficients of a desired global HR face can be 
represented as a linear combination of its K nearest neighbors 

{ } 1

K
Yj j =
o in YO , using the same weight contributions as 

follows: 

1
j

K
g

h Yj
j

w
=

=∑o o .                                                                     (9)

Similar to (4) and (5), ho  is also related to the global HR 
face as follows: 

( ) ( )g gT T T T
h Y Y Y Y Y Yhh h= ⋅ = ⋅ − = −P P E Eb I μ I μo ,               (10)

where hb  represents the PCA coefficients of the global HR 
face computed by projecting its demeaned face onto the HR 
eigenvector matrix. Thus, the global HR face can be obtained 
as follows: 

.g
Y h Yh = ⋅ +EI o μ                                                                (11)

IV. EXPERIMENT AND ANALYSIS 

To compare our proposed global reconstruction framework 
with other face-hallucination methods, the CAS-PEAL-R1 
dataset [14] was used. This dataset contains 1,040 individuals 
with different poses, illumination, backgrounds, etc. In our 
experiments, we chose all 1,040 frontal faces with neutral 
expression and normal lighting from the dataset. All of these 
faces are cropped to include the face region only and are 
aligned based on the two eye centers to form the HR face 
images of size 128×128 pixels. Then, all the HR faces are 
blurred with low-pass Gaussian filtering and are down-
sampled to the size of 32×32 pixels. For experiment 
evaluation, we randomly selected 1,000 face images as a 
training set and the remaining 40 face images as a testing set 
in each experiment. The experiment is repeated five times, 
and the average results are measured. 

In this section, we will firstly compare the global face 
reconstruction results of our proposed method with other 
state-of-the-art face-hallucination methods. Then, we will 
discuss some of the important parameters used in our method.  
A. Global face reconstruction 

In order to evaluate our orthogonal CCA method in terms 
of the performance of global face reconstruction, we compare 
it with another three related methods: original CCA [8], 2D 
CCA [9], and LPH [7]. In [8], the original CCA algorithm is 
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applied to increase the correlation of the HR and LR 
coefficients without considering the reconstruction issue. In 
[9], 2D CCA is directly applied to the training and testing 
image data without performing vectorization and PCA. In [7], 
global faces are reconstructed based on the LPP method, 
followed by the use of the radial-basis-function regression.  
For the original CCA and LPH methods, we set all the 
parameters the same as in [9]. We also follow the same setting 
of 2D CCA in [9], which partitions faces into three parts and 
applies 2D CCA to each part for reconstruction. For our 
method, leading eigenvectors of 98% of the total variation are 
used, and the number of nearest neighbors K is set at 200 in 
the nearest-neighbor searching. 

Figure 2 shows the global face-reconstruction results based 
on the different methods. It can be seen that our proposed 
method can achieve the best performance in terms of visual 
quality. It should be noted that we have aligned the face 
images roughly based on their eye positions only. However, 
this rough alignment leads to the results based on the original 
CCA, 2D CCA, and LPH suffering from a severe jagged 
effect around the mouth and the chin regions in the 
reconstructed face images. However, the global faces 
reconstructed using orthogonal CCA exhibit much less 
distortion in these regions and a better visual quality, as 
indicated by the red-dashed circles in Fig. 2(b). 

 

Table 1 Global-face reconstruction performances in terms of the means and 
standard deviations (mean±standard deviation) of the PSNR and SSIM of the 

different methods. 

 Orthogonal 
CCA 

Original CCA 2D CCA LPH 

PSNR 25.57 ± 1.08 23.05 ± 2.66 23.66 ± 2.64 23.87 ± 2.61 

SSIM 0.831 ± 0.02 0.792 ± 0.04 0.812 ± 0.04 0.804 ± 0.04 

 
We also compare our proposed orthogonal CCA with the 

original CCA and LPH for global-face reconstruction in terms 
of the peak signal-to-noise ratio (PSNR) and structural 
similarity (SSIM) [15]. In total, we produced 200 
reconstructed global faces after five trials. Then, the averages 
and standard deviations of the PSNR and SSIM of the three 
methods are measured, and the results are tabulated in Table 1. 
From the results, we can see an obvious improvement in both 
measurements with our method. Moreover, the results show 
that the orthogonal CCA method can reconstruct global faces 
with a more stable and uniform performance, as the standard 
deviations based on our method are smaller than other 
methods; this further shows the advantage of including the 
orthogonality property in reconstruction. Global faces 
reconstructed using 2D CCA achieve better visual results, but 

(a) (b) (c) (d) (e) 

 

(f)

Fig. 2. Global face-reconstruction results: (a) input LR faces, (b) global faces produced by our proposed orthogonal CCA, (c) global faces reconstructed using 
original CCA in [8], (d) global faces reconstructed using 2D CCA in [9], (e) global faces reconstructed using LPH in [7], and (f) the original HR faces. 
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the average PSNR is lower because applying projection 
directly onto face images inevitably introduces noise. 

 
B. Parameters for global face reconstruction 

For our proposed global face-reconstruction method, we 
investigate the effects of the training-set size and the number 
of nearest neighbors searched on the reconstruction 
performance. The size of the training set N is changed from 
500 to 1,000, with an interval of 100. For each of the training-
set sizes, the number of nearest neighbors K varies from 50 to 
350, with an interval of 50. The average PSNR and SSIM 
values of the 40 test face images for each case are computed 
and displayed in Fig. 3. It can be seen that, at each training 
size, increasing the number of nearest neighbors will lead to a 
higher PSNR and SSIM. However, if we search for a larger 
number of nearest neighbors, the computational cost will 
increase. From the experiment results, there will be a slight 
improvement in performance when K is larger than 200. 
Therefore, in our algorithm, K is set at 200. On the other hand, 
increasing the training-set size will constantly improve the 

reconstruction performance of our method. In the training 
phase, learning the orthogonal CCA direction matrices 
iteratively requires most of the computation. However, once 
the matrices have been learned, they can be used directly for 
the reconstruction of novel LR face images. More training 
samples can help the learning with orthogonal CCA becoming 
more accurate. As a result, we keep using the largest training 
set, i.e. N=1,000, in our method. Figure 4 shows some 
reconstructed global faces, with K=200 and different training-
set sizes. 

 

 

V. CONCLUSIONS 

In this paper, a global face reconstruction framework for 
face hallucination based on orthogonal CCA has been 
proposed. By applying orthogonal transformation to the 

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4. Globally reconstructed faces with different training-set sizes N, 
and K=200: (a) N=600, (b) N=700, (c) N=800, (d) N=900, (e) N=1,000, 
and (f) the original HR faces. 

(a) 

(b) 
Fig. 3. (a) The average PSNRs, and (b) average SSIMs of the 
reconstructed global faces based on our method under different training-
set sizes and numbers of nearest neighbors. 
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original CCA, the orthogonal CCA proposed becomes more 
efficient for data reconstruction. Experiments have shown a 
great improvement in global face reconstruction using our 
method. Our future work will focus on studying an efficient 
compensation framework to produce hallucinated faces with 
higher visual quality and applying the method to real-life 
applications. 
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