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This dissertation proposes two novel frameworks for color face super-resolution recon-
struction with higher-order singular value decomposition in four basic color systems such as
RGB, YCbCr , HSV and CIELAB color system. The first framework is based on the linear
regression model with MPCA since a color face image can be naturally described as tensors
or multi-linear arrays. We find that the traditional method does not consider the correlation
of data in each color channel. Therefore, there is an error in the face reconstruction pro-
cess. In this dissertation, we investigate the performance of our proposed method in sense
of effect of number of eigenvalue, effect of noise and complexity respectively and we can
reconstruct the reasonable color face images which are compared with the ground truth color
face images. In the second framework, we decompose each pair of low and high resolution
training face images into a small patches and apply higher-order singular value decompo-
sition in a tensor space. In color face reconstruction process, there are two steps : the first
step tends to reconstruct a global face. Next step, the local detail is hallucinated from small
overlapped patches. The experimental results from standard color facial database show that
our second proposed framework can effectively reconstruct the color face images than the
previous method. However, decomposing small patches in the training process will result in
a more cbmplicated process than that of the first framework.
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model. (a) original HR images (30 x 30); (b) input LR images (15 x 15) with
noise variance 107, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA; (d) different image of face hallucination result with 90
percent MPCA; (e) face hallucination result with 95 percent MPCA; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA; (h) different image of face hallucination result
with TOOperceREMPCA; "NREEEN . 2=, | . . . o B B . - - 7l o« St
Color hallucinated face images with training set size 120 images in RGB color
model. (a) original HR images (30 x 30); (b) input LR images (15 x 15) with
noise variance 10~%, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA; (d) different image of face hallucination result with 90
percent MPCA,; (e) face hallucination result with 95 percent MPCA; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA; (h) different image of face hallucination result
with 100 percent MP ORISR . . o« x5 5o ro om0 o ag B | o an s
Color hallucinated face images with training set size 240 images in RGB color
model. (a) original HR images (30 x 30); (b) input LR images (15 x 15) with
noise variance 10~%, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA,; (d) different image of face hallucination result with 90
percent MPCA,; (e) face hallucination result with 95 percent MPCA; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA; (h) different image of face hallucination result
with 100 percent MPCAZ .. .. Be0tt . o c DUl ek« v s BBEEE: = <= s v e 0c v oo
Color hallucinated face images with noise variance 107 in RGB color model.
(a) original HR images (30 x 30); (b) input LR images (15 x 15) with noise vari-
ance 107, motion and blur in LR images; (c) face hallucination result with 90
percent MPCA; (d) different image of face hallucination result with 90 percent
MPCA; (e) face hallucination result with 95 percent MPCA; (f) different image
of face hallucination result with 95 percent MPCA; (g) face hallucination result
with 100 percent MPCA; (h) different image of face hallucination result with
100 percent MEGH: . . M. .. . B8 . 8% . . . B . ...ocnessms s QB s s
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Figure

4.24

4.25

4.26

4.27

4.28

Color hallucinated face images with noise variance 2.5 X 10~° in RGB color
model. (a) original HR images (30 x 30); (b) input LR images (15 x 15) with
noise variance 10, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA; (d) different image of face hallucination result with 90
percent MPCA; (e) face hallucination result with 95 percent MPCA,; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA; (h) different image of face hallucination result
with 100 percent MPCA; . . . . cocve i ioatiee e onaneeeeis ns
Color hallucinated face images with noise variance 2.5 X 10~* in RGB color
model. (a) original HR images (30 x 30); (b) input LR images (15 x 15) with
noise variance 104, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA,; (d) different image of face hallucination result with 90
percent MPCA; (e) face hallucination result with 95 percent MPCA; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA; (h) different image of face hallucination result
with 100 percent MPCA; ... .. ... . .. ...
Color hallucinated face images with noise variance 1073 in RGB color model.
(a) original HR images (30 x 30); (b) input LR images (15 x 15) with noise vari-
ance 1073, motion and blur in LR images; (c) face hallucination result with 90
percent MPCA; (d) different image of face hallucination result with 90 percent
MPCA; (e) face hallucination result with 95 percent MPCA; (f) different image
of face hallucination result with 95 percent MPCA; (g) face hallucination result
with 100 percent MPCA; (h) different image of face hallucination result with
100 percent MPCA; . . . . . . Silam vt v @it - vv oo nnmes s a s e
Color hallucinated face images with noise variance 10~ in YCbCr color model.
(a) original HR images (30 x 30); (b) input LR images (15 x 15) with noise vari-
ance 10~¢, motion and blur in LR images; (c) face hallucination result with 90
percent MPCA; (d) different image of face hallucination result with 90 percent
MPCA; (e) face hallucination result with 95 percent MPCA,; (f) different image
of face hallucination result with 95 percent MPCA; (g) face hallucination result
with 100 percent MPCA; (h) different image of face hallucination result with
100percent MPCA; . . ... i it i
Color hallucinated face images with noise variance 2.5 x 10~® in YCBCr color
model. (a) original HR images (30 x 30); (b) input LR images (15 x 15) with
noise variance 10~%, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA; (d) different image of face hallucination result with 90
percent MPCA; (e) face hallucination result with 95 percent MPCA; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA; (h) different image of face hallucination result
with 100 percent MPCA; ... ... . . ..
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Figure

4.29

4.30

4.31

4.32

4.33

Color hallucinated face images with noise variance 2.5 x 10~ in YCbCr color
model. (a) original HR images (30 x 30); (b) input LR images (15 x 15) with
noise variance 10, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA; (d) different image of face hallucination result with 90
percent MPCA; (e) face hallucination result with 95 percent MPCA; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA; (h) different image of face hallucination result
withsl00 pergent MPGEI . onssallinedh . B 8. . . - ol . - -« & L« . -
Color hallucinated face images with noise variance 10~2 in YCbCr color model.
(a) original HR images (30 x 30); (b) input LR images (15 x 15) with noise vari-
ance 1073, motion and blur in LR images; (c) face hallucination result with 90
percent MPCA; (d) different image of face hallucination result with 90 percent
MPCA,; (e) face hallucination result with 95 percent MPCA; (f) different image
of face hallucination result with 95 percent MPCA; (g) face hallucination result
with 100 percent MPCA; (h) different image of face hallucination result with
108 perGefit MBCR:: . . .. . . BOCSSall SL 0 B BB . . . . . .0 4 . e .
Color hallucinated face images with noise variance 107¢ in HSV color model.
(a) original HR images (30 x 30); (b) input LR images (15 x 15) with noise vari-
ance 10~°, motion and blur in LR images; (c) face hallucination result with 90
percent MPCA; (d) different image of face hallucination result with 90 percent
MPCA,; (e) face hallucination result with 95 percent MPCA; (f) different image
of face hallucination result with 95 percent MPCA; (g) face hallucination result
with 100 percent MPCA; (h) different image of face hallucination result with
100 percent MPCA: . ... . . e I, . ¢ 5 & & s 5 ¢ 5 5% 55 508 5
Color hallucinated face images with noise variance 2.5 x 107> in HSV color
model. (a) original HR images (30 x 30); (b) input LR images (15 x 15) with
noise variance 10>, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA; (d) different image of face hallucination result with 90
percent MPCA,; (e) face hallucination result with 95 percent MPCA; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA; (h) different image of face hallucination result
with 100 percent MPCA; . .. . ... .. . .
Color hallucinated face images with noise variance 2.5 x 10™* in HSV color
model. (a) original HR images (30 x 30); (b) input LR images (15 x 15) with
noise variance 10~%, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA; (d) different image of face hallucination result with 90
percent MPCA; (e) face hallucination result with 95 percent MPCA; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA; (h) different image of face hallucination result
with 100 percent MPCA; . .. .. .. .

XVi

Page



Figure

4.34

4.35

4.36

4.37

4.38

Color hallucinated face images with noise variance 103 in HSV color model.
(a) original HR images (30 x 30); (b) input LR images (15 x 15) with noise vari-
ance 1073, motion and blur in LR images; (c) face hallucination result with 90
percent MPCA; (d) different image of face hallucination result with 90 percent
MPCA; (e) face hallucination result with 95 percent MPCA; (f) different image
of face hallucination result with 95 percent MPCA; (g) face hallucination result
with 100 percent MPCA; (h) different image of face hallucination result with
100, pagcent BIPCA; . SRR . armnallnad. Ne* ¥ . .. . 4. .. . ... ¢4 ..
Color hallucinated face images with noise variance 10~6 in CIELAB color model.
(a) original HR images (30 x 30); (b) input LR images (15 x 15) with noise vari-
ance 107, motion and blur in LR images; (c) face hallucination result with 90
percent MPCA; (d) different image of face hallucination result with 90 percent
MPCA; (e) face hallucination result with 95 percent MPCA; (f) different image
of face hallucination result with 95 percent MPCA; (g) face hallucination result
with 100 percent MPCA; (h) different image of face hallucination result with
100 percefit MBCHE . . . . . . Bl S 2R L B ERER. - « -« o g 0. . < .
Color hallucinated face images with noise variance 2.5 x 10~° in CIELAB color
model. (a) original HR images (30 x 30); (b) input LR images (15 x 15) with
noise variance 10~°, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA; (d) different image of face hallucination result with 90
percent MPCA; (e) face hallucination result with 95 percent MPCA; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA; (h) different image of face hallucination result
with 100 percent MPCA; . ... . ... ..
Color hallucinated face images with noise variance 2.5 x 10~* in CIELAB color
model. (a) original HR images (30 x 30); (b) input LR images (15 x 15) with
noise variance 10~*, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA; (d) different image of face hallucination result with 90
percent MPCA; (e) face hallucination result with 95 percent MPCA; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA; (h) different image of face hallucination result
with 100 percent MPCA: . 881 - 3558 : - - Al namalt i El = A E]: « - ~ -
Color hallucinated face images with noise variance 103 in CIELAB color model.
(a) original HR images (30 x 30); (b) input LR images (15 x 15) with noise vari-
ance 1073, motion and blur in LR images; (c) face hallucination result with 90
percent MPCA; (d) different image of face hallucination result with 90 percent
MPCA; (e) face hallucination result with 95 percent MPCA; (f) different image
of face hallucination result with 95 percent MPCA; (g) face hallucination result
with 100 percent MPCA; (h) different image of face hallucination result with
100 percenti MPCASSE S | . B SRR . . o BB« oc oocms s o o oL = 5 s
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Figure

4.39

4.40

4.41

4.42

4.43

4.44

Partially occluded face hallucination results in RGB color model. (a) original
HR images; (b) input LR images with noise, motion, blur and left eye occluded;
(c) face hallucination result in RGB color model with 100 percent traditional
PCA; (d) face hallucination result in RGB color model with bilinear method; (e)
face hallucination result in RGB color model with 95 percent MPCA; . . ... ...
Partially occluded face hallucination results in YCbCr color model. (a) original
HR images; (b) input LR images with noise, motion, blur and left eye occluded;
(c) face hallucination result in YCbCr model system with 100 percent traditional
PCA; (d) face hallucination result in YCbCr model system with bilinear method;
(e) face hallucination result in YCbCr model system with 95 percent MPCA; . . .
Partially occluded face hallucination results in HSV color model. (a) original
HR images; (b) input LR images with noise, motion, blur and left eye occluded
in HSV color model; (c¢) face hallucination result in HSV color model with 100
percent traditional PCA; (d) face hallucination result in HSV color model with
bilinear method; (e) face hallucination result in HSV color model with 95 percent
MEBOA .. 5% T .- o« ..o nn el S B LR , | . . . . . e
Partially occluded face hallucination results in CIELAB color model. (a) original
HR images; (b) input LR images with noise, motion, blur and left eye occluded
in CIELAB color model; (c) face hallucination result in CIELAB color model
with 100 percent traditional PCA; (d) face hallucination result in CIELAB color
model with bilinear method; (e) face hallucination result in CIELAB color model
with 95 percent MPCA; . . .. .. .. . . . .. . ..
Color hallucinated face images in RGB color model. (a) original HR images
(30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in LR
images; (c) face hallucination result with bilinear interpolation method; (d) face
hallucination result with Liu method; (e) face hallucination result with 90 per-
cent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face hallu-
cination result with 100 percent MPCA; (h) face hallucination result with Tensor
(5 x 5) patches method and 95 percent MPCA; ... ....................
Color hallucinated face images in YCbCr color model. (a) original HR images
(30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in LR
images; (c) face hallucination result with bilinear interpolation method; (d) face
hallucination result with Liu method; (e) face hallucination result with 90 per-
cent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face hallu-
cination result with 100 percent MPCA; (h) face hallucination result with Tensor
(5 x 5) patches method and 95 percent MPCA; . ... ...................
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Figure

4.45

4.46

4.47

4.48

4.49

4.50

Color hallucinated face images in HSV color model. (a) original HR images
(30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in LR
images; (c) face hallucination result with bilinear interpolation method; (d) face
hallucination result with Liu method; (e) face hallucination result with 90 per-
cent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face hallu-
cination result with 100 percent MPCA; (h) face hallucination result with Tensor
(5 x 5) patches method and 95 percent MPCA; . ......................
Color hallucinated face images in CIELAB color model. (a) original HR im-
ages (30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in
LR images; (c) face hallucination result with bilinear interpolation method; (d)
face hallucination result with Liu method; (e) face hallucination result with 90
percent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face
hallucination result with 100 percent MPCA; (h) face hallucination result with
Tensor (5 x 5) patches method and 95 percent MPCA; . .. ...............
Color hallucinated face images in RGB color model. (a) original HR images
(30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in LR
images; (c) face hallucination result with bilinear interpolation method; (d) face
hallucination result with Liu method; (e) face hallucination result with 90 per-
cent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face hallu-
cination result with 100 percent MPCA; (h) face hallucination result with Tensor
(5 x 5) patches method and 100 percent MPCA; .. ....................
Color hallucinated face images in YCbCr color model. (a) original HR images
(30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in LR
images; (c) face hallucination result with bilinear interpolation method; (d) face
hallucination result with Liu method; (e) face hallucination result with 90 per-
cent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face hallu-
cination result with 100 percent MPCA; (h) face hallucination result with Tensor
(5 x 5) patches method and 100 percent MPCA; ......................
Color hallucinated face images in HSV color model. (a) original HR images
(30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in LR
images; (c) face hallucination result with bilinear interpolation method; (d) face
hallucination result with Liu method; (e) face hallucination result with 90 per-
cent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face hallu-
cination result with 100 percent MPCA; (h) face hallucination result with Tensor
(5 x 8) patches method and 100 percent MPCAS . i v i css:suvusnrnsnenre
Color hallucinated face images in CIELAB color model. (a) original HR im-
ages (30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in
LR images; (c) face hallucination result with bilinear interpolation method; (d)
face hallucination result with Liu method; (e) face hallucination result with 90
percent MPCA,; (f) face hallucination result with 95 percent MPCA; (g) face
hallucination result with 100 percent MPCA; (h) face hallucination result with
Tensor (5 x 5) patches method and 95 percent MPCA; . .. ... ... ... ...
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Figure

4.51

4.52

4.53

4.54

4.55

4.56

Color hallucinated face images in RGB color model. (a) original HR images
(30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in LR
images; (c) face hallucination result with bilinear interpolation method; (d) face
hallucination result with Liu method; (e) face hallucination result with 90 per-
cent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face hallu-
cination result with 100 percent MPCA; (h) face hallucination result with Tensor
(10 x 10) patches method and 95 percent MPCA; ... ..................
Color hallucinated face images in YCbCr color model. (a) original HR images
(30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in LR
images; (c) face hallucination result with bilinear interpolation method; (d) face
hallucination result with Liu method; (e) face hallucination result with 90 per-
cent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face hallu-
cination result with 100 percent MPCA; (h) face hallucination result with Tensor
(10 x 10) patches method and 95 percent MPCA; . ....................
Color hallucinated face images in HSV color model. (a) original HR images
(30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in LR
images; (c) face hallucination result with bilinear interpolation method; (d) face
hallucination result with Liu method; (e) face hallucination result with 90 per-
cent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face hallu-
cination result with 100 percent MPCA,; (h) face hallucination result with Tensor
(10 x 10) patches method and 95 percent MPCA; ... ..................
Color hallucinated face images in CIELAB color model. (a) original HR im-
ages (30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in
LR images; (c) face hallucination result with bilinear interpolation method; (d)
face hallucination result with Liu method; (e) face hallucination result with 90
percent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face
hallucination result with 100 percent MPCA; (h) face hallucination result with
Tensor (10 x 10) patches method and 95 percent MPCA; . ...............
Color hallucinated face images in RGB color model. (a) original HR images
(30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in LR
images; (c) face hallucination result with bilinear interpolation method; (d) face
hallucination result with Liu method; (e) face hallucination result with 90 per-
cent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face hallu-
cination result with 100 percent MPCA,; (h) face hallucination result with Tensor
(10 x 10) patches method and 100 percent MPCA;. . ... ................
Color hallucinated face images in YCbCr color model. (a) original HR images
(30 x 30); (b) input LR images (15 x 15) with noise, motion and blur in LR
images; (c) face hallucination result with bilinear interpolation method; (d) face
hallucination result with Liu method; (e) face hallucination result with 90 per-
cent MPCA; (f) face hallucination result with 95 percent MPCA; (g) face hallu-
cination result with 100 percent MPCA; (h) face hallucination result with Tensor
(10 x 10) patches method and 100 percent MPCA;. . ... ................
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Figure

S

Some of experimental results (CIELAB color model) with a linear regression
model in MPCA method. (a) original HR images (30 x 30); (b) input LR images
(15 x 15) with noise, motion and blur in LR images; (c) face hallucination result
with 90 percent MPCA,; (d) different image of face hallucination result with 90
percent MPCA; (e) face hallucination result with 95 percent MPCA; (f) different
image of face hallucination result with 95 percent MPCA; (g) face hallucination
result with 100 percent MPCA,; (h) different image of face hallucination result

with 0 percent MPCATEN,. smelinedl. B ¥ . . . . 8 R - - - B | - .

Some of experimental results (RGB color model) with a linear regression model
in tensorPCA method. (a) original HR images (30 x 30); (b) input LR images
(15 x 15) with noise, motion and blur in LR images; (c) face hallucination result
with 90 percent tensorPCA; (d) different image of face hallucination result with
90 percent tensorPCA; (e) face hallucination result with 95 percent tensorPCA;
() different image of face hallucination result with 95 percent tensorPCA; (g)
face hallucination result with 100 percent tensorPCA; (h) different image of face

hallucination result with 100 percent tensorPCA; .. ... .................

Some of experimental results (YCbCr color model) with a linear regression
model in tensorPCA method. (a) original HR images (30 x 30); (b) input LR
images (15 x 15) with noise, motion and blur in LR images; (c) face hallucina-
tion result with 90 percent tensorPCA; (d) different image of face hallucination
result with 90 percent tensorPCA; (e) face hallucination result with 95 percent
tensorPCA; (f) different image of face hallucination result with 95 percent ten-
sorPCA; (g) face hallucination result with 100 percent tensorPCA; (h) different

image of face hallucination result with 100 percent tensorPCA; ... .........

Some of experimental results (HSV color model) with a linear regression model
in tensorPCA method. (a) original HR images (30 x 30); (b) input LR images
(15 x 15) with noise, motion and blur in LR images; (c) face hallucination result
with 90 percent tensorPCA; (d) different image of face hallucination result with
90 percent tensorPCA; (e) face hallucination result with 95 percent tensorPCA;
(f) different image of face hallucination result with 95 percent tensorPCA; (g)
face hallucination result with 100 percent tensorPCA; (h) different image of face

hallucination result with 100 percent tensorPCA; . .. ................ ...

Some of experimental results (CIELAB color model) with a linear regression
model in tensorPCA method. (a) original HR images (30 x 30); (b) input LR
images (15 x 15) with noise, motion and blur in LR images; (c) face hallucina-
tion result with 90 percent tensorPCA; (d) different image of face hallucination
result with 90 percent tensorPCA; (e) face hallucination result with 95 percent
tensorPCA; (f) different image of face hallucination result with 95 percent ten-
sorPCA; (g) face hallucination result with 100 percent tensorPCA; (h) different

image of face hallucination result with 100 percent tensorPCA; . ...........

XX11

Page





