


 

CONCORDIA UNIVERSITY 

 

SCHOOL OF GRADUATE STUDIES 
 

 
This is to certify that the thesis prepared 
 
By:  Waziha Kabir 
 

 Entitled: New Multimodal Biometric Systems with Feature-Level and Score-
Level Fusions 

 
and submitted in partial fulfillment of the requirements for the degree of 
 

Doctor Of Philosophy  (Electrical and Computer Engineering) 
 
complies with the regulations of the University and meets the accepted standards with respect to 
originality and quality. 
 
Signed by the final examining committee: 
 

 

                                          Chair 

 Dr. Luis Amador-Jimenez 

 

                                                                             External Examiner 

 Dr. Henry Leung 

 

                                                                              External to Program 

 Dr. Chun-Yi Su 

 

                                                                              Examiner 

 Dr. William E. Lynch 

 

                                                                              Examiner 

 Dr. Wei-Ping Zhu 

 

                                                               Thesis Co-Supervisor  

 Dr. M. Omair Ahmad 

 

                                                               Thesis Co-Supervisor  

 Dr. M.N.S.Swamy 

 

 

  

Approved by                                                                                                           

     Dr. Rastko Selmic, Graduate Program Director  

 

 

April 9, 2020   _____________________________________________         

    Dr. Amir Asif, Dean 

    Gina Cody School of Engineering and Computer Science 

 

































































0XOWLPRGDO
%LRPHWULFV

0XOWLSOH
DOJRULWKPV

0XOWLSOH
VQDSVKRWV

0XOWLSOH
LQVWDQFHV

0XOWLSOH
WUDLWV

0XOWLSOH
VHQVRUV

2SWLFDO�	�FDSDFLWDQFH�VHQVRUV

/HIW�	�ULJKW�SDOPSULQWV

5LJKW�SDOPSULQWV ZLWK�
GLIIHUHQW�URWDWLRQV

0LQXWLDH�	�QRQ�
PLQXWLDH�EDVHG�

PDWFKHUV

)LQJHUSULQW�DQG�HDUSULQW



6
\V
WH
P

'
DW
DE
DV
H

7H
P
SO
DW
HV

�
Ăƚ
Ă�

�Đ
ƋƵ

ŝƐ
ŝƚŝ
ŽŶ

�
D
ŽĚ

Ƶů
ĞͲ
ϭ

&Ğ
Ăƚ
Ƶƌ
Ğ�

�ǆ
ƚƌ
ĂĐ
ƚŝŽ

Ŷ�
D
ŽĚ

Ƶů
ĞͲ
ϭ

^Ğ
ŶƐ

Žƌ
�

>Ğ
ǀĞ

ů�
&Ƶ

Ɛŝ
ŽŶ

D
Ăƚ
ĐŚ

ŝŶ
Ő�

D
ŽĚ

Ƶů
ĞͲ
ϭ

�
ĞĐ
ŝƐ
ŝŽ
Ŷ�

D
ŽĚ

Ƶů
ĞͲ
ϭ

&�
D

D
D

�
D

&Ğ
Ăƚ
Ƶƌ

Ğ�
>Ğ

ǀĞ
ů�

&Ƶ
Ɛŝ
ŽŶ

D
D

�
D

^Đ
Žƌ

Ğ�
>Ğ

ǀĞ
ů�

&Ƶ
Ɛŝ
ŽŶ

�
D

�
ĞĐ

ŝƐ
ŝŽ
Ŷ�

>Ğ
ǀĞ

ů�
&Ƶ

Ɛŝ
ŽŶ

�Đ
ĐĞ
Ɖƚ
ͬ

ZĞ
ũĞ
Đƚ

ZĂ
ŶŬ

ŝŶ
Ő�

D
ŽĚ

Ƶů
ĞͲ
ϭ

ZĂ
ŶŬ

�
>Ğ

ǀĞ
ů�

&Ƶ
Ɛŝ
ŽŶ ZĂ
ŶŬ

ŝŶ
Ő�

D
ŽĚ

Ƶů
ĞͲ
Ϯ

�Đ
ĐĞ
Ɖƚ
ͬ

ZĞ
ũĞ
Đƚ

�Đ
ĐĞ
Ɖƚ
ͬ

ZĞ
ũĞ
Đƚ

�Đ
ĐĞ
Ɖƚ
ͬ

ZĞ
ũĞ
Đƚ

�
D

�Đ
ĐĞ
Ɖƚ
ͬ

ZĞ
ũĞ
Đƚ

�
Ăƚ
Ă�

�Đ
ƋƵ

ŝƐ
ŝƚŝ
ŽŶ

�
D
ŽĚ

Ƶů
ĞͲ
Ϯ

&Ğ
Ăƚ
Ƶƌ
Ğ�

�ǆ
ƚƌ
ĂĐ
ƚŝŽ

Ŷ�
D
ŽĚ

Ƶů
ĞͲ
Ϯ

D
Ăƚ
ĐŚ

ŝŶ
Ő�

D
ŽĚ

Ƶů
ĞͲ
Ϯ

�
ĞĐ
ŝƐ
ŝŽ
Ŷ�

D
ŽĚ

Ƶů
ĞͲ
Ϯ

6
\V
WH
P

'
DW
DE
DV
H�
�

7H
P
SO
DW
HV

7H
P
SO
DW
HV

6
\V
WH
P

'
DW
DE
DV
H

7H
P
SO
DW
HV

6
\V
WH
P

'
DW
DE
DV
H�
�

�Ž
ǆͲ
ϭ

�Ž
ǆͲ
Ϯ

�Ž
ǆͲ
ϯ

�Ž
ǆͲ
ϰ

�Ž
ǆͲ
ϱ









&ĂůƐĞ��ĐĐĞƉƚĂŶĐĞ�ZĂƚĞ�;&�ZͿ

'
ĞŶ

Ƶ
ŝŶ
Ğ�
�
ĐĐ
ĞƉ

ƚĂ
Ŷ
ĐĞ

�Z
Ăƚ
Ğ�
;'

�
Z
Ϳ

&ĂůƐĞ��ĐĐĞƉƚĂŶĐĞ�ZĂƚĞ�;&�ZͿ

&Ă
ůƐ
Ğ�
Z
Ğũ
ĞĐ

ƚŝ
Ž
Ŷ
�Z
Ăƚ
Ğ�
;&
Z
Z
Ϳ

;ĂͿ ;ďͿ







;ĂͿ ;ďͿ ;ĐͿ ;ĚͿ ;ĞͿ ;ĨͿ



;ĂͿ ;ďͿ ;ĐͿ ;ĚͿ ;ĞͿ ;ĨͿ

;ĂͿ ;ďͿ ;ĐͿ ;ĚͿ ;ĞͿ ;ĨͿ



;ĂͿ ;ďͿ ;ĐͿ ;ĚͿ ;ĞͿ ;ĨͿ









DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϭ

^ĐŽƌĞ�>ĞǀĞů�
&ƵƐŝŽŶ�

;^ŝŵƉůĞ�^ƵŵͿ

�ĐĐĞƉƚͬ
ZĞũĞĐƚ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�Ϯ

EŽƌŵĂůŝǌĂƚŝŽŶ�ϭ

EŽƌŵĂůŝǌĂƚŝŽŶ�Ϯ

�ĞĐŝƐŝŽŶ�
DŽĚƵůĞ

^;ϭͿ

^;ϮͿ













DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϭ

^ĐŽƌĞ�>ĞǀĞů�
&ƵƐŝŽŶ�

;^ŝŵƉůĞ�^ƵŵͿ

�ĐĐĞƉƚͬ
ZĞũĞĐƚ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�Ϯ

ZĞƉĞĂƚĞĚ�
^ĐŽƌĞ�^Ğƚ

�ŽŵƉƵƚĞ�
EŽƌŵĂůŝǌĞĚ�
^ĐŽƌĞƐ�ďĂƐĞĚ�
ŽŶ��ŶĐŚŽƌ

�ĞĐŝƐŝŽŶ�
DŽĚƵůĞ

�ŽŵƉƵƚĞ�
�ŶĐŚŽƌ�^ĐŽƌĞ�

sĂůƵĞ

/�DD�EŽƌŵĂůŝǌĂƚŝŽŶ�dĞĐŚŶŝƋƵĞ

^ĞƉĂƌĂƚĞ�
'ĞŶƵŝŶĞ�ĂŶĚ�

/ŵƉŽƐƚŽƌ�^ĐŽƌĞƐ

^;ϭͿ

^;ϮͿ





� � �

/ŵƉŽƐƚŽƌ�^ĐŽƌĞƐ
'ĞŶƵŝŶĞ�^ĐŽƌĞƐ

KǀĞƌůĂƉ�^ĐŽƌĞƐ���PLQ� N,

EŽŶͲŽǀĞƌůĂƉ�
/ŵƉŽƐƚŽƌ ^ĐŽƌĞƐ

EŽŶͲŽǀĞƌůĂƉ�
'ĞŶƵŝŶĞ�^ĐŽƌĞƐ

���� N,P
���PLQ� N* ���PD[� N*���PD[� N,

���� N*P



DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϭ

^ĐŽƌĞ�>ĞǀĞů�
&ƵƐŝŽŶ�

;^ŝŵƉůĞ�^ƵŵͿ

�ĐĐĞƉƚͬ
ZĞũĞĐƚ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�Ϯ

^ĞƉĂƌĂƚĞ�
'ĞŶƵŝŶĞ�
ĂŶĚ�

/ŵƉŽƐƚŽƌ�
^ĐŽƌĞƐ

�ŽŵƉƵƚĞ�
EŽƌŵĂůŝǌĞĚ�
^ĐŽƌĞƐ�ďĂƐĞĚ�
ŽŶ��ŶĐŚŽƌ

�ĞĐŝƐŝŽŶ�
DŽĚƵůĞ

�ŽŵƉƵƚĞ�
�ŶĐŚŽƌ�^ĐŽƌĞ�
sĂůƵĞ��ĂƐĞĚ�ŽŶ�
KǀĞƌůĂƉ�^ĐŽƌĞƐ

K���DD�EŽƌŵĂůŝǌĂƚŝŽŶ�dĞĐŚŶŝƋƵĞ
^;ϭͿ

^;ϮͿ





DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϭ

^ĐŽƌĞ�>ĞǀĞů�
&ƵƐŝŽŶ�

;^ŝŵƉůĞ�^ƵŵͿ

�ĐĐĞƉƚͬ
ZĞũĞĐƚ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�Ϯ

^ĞƉĂƌĂƚĞ�
'ĞŶƵŝŶĞ�
ĂŶĚ�

/ŵƉŽƐƚŽƌ�
^ĐŽƌĞƐ

�ŽŵƉƵƚĞ�
EŽƌŵĂůŝǌĞĚ�
^ĐŽƌĞƐ�ďĂƐĞĚ�
ŽŶ��ŶĐŚŽƌ

�ĞĐŝƐŝŽŶ�
DŽĚƵůĞ

�ŽŵƉƵƚĞ��ŶĐŚŽƌ�
^ĐŽƌĞ�sĂůƵĞ�

�ĂƐĞĚ�ŽŶ�KǀĞƌůĂƉ�
^ĐŽƌĞƐ�ĂŶĚ�ŝƚƐ�
EĞŝŐŚďŽƌƐ

DK���DD�EŽƌŵĂůŝǌĂƚŝŽŶ�dĞĐŚŶŝƋƵĞ
^;ϭͿ

^;ϮͿ



DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϭ

^ĐŽƌĞ�>ĞǀĞů�
&ƵƐŝŽŶ�

;^ŝŵƉůĞ�^ƵŵͿ

�ĐĐĞƉƚͬ
ZĞũĞĐƚ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�Ϯ

^ĞƉĂƌĂƚĞ�
'ĞŶƵŝŶĞ�
ĂŶĚ�

/ŵƉŽƐƚŽƌ�
^ĐŽƌĞƐ

�ŽŵƉƵƚĞ�
EŽƌŵĂůŝǌĞĚ�
^ĐŽƌĞƐ�ďĂƐĞĚ�
ŽŶ��ŶĐŚŽƌ

�ĞĐŝƐŝŽŶ�
DŽĚƵůĞ

�ŽŵƉƵƚĞ��ŶĐŚŽƌ�
^ĐŽƌĞ�sĂůƵĞ�

�ĂƐĞĚ�ŽŶ�KǀĞƌůĂƉ�
�ǆƚƌĞŵĂͲǀĂƌŝĂƚŝŽŶ

K�s��DD�EŽƌŵĂůŝǌĂƚŝŽŶ�dĞĐŚŶŝƋƵĞ
^;ϭͿ

^;ϮͿ

















DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϭ�;DϭͿ ^ĐŽƌĞ�>ĞǀĞů�

&ƵƐŝŽŶ
;tĞŝŐŚƚĞĚ�^ƵŵͿ

�ĐĐĞƉƚͬ
ZĞũĞĐƚDĂƚĐŚŝŶŐ�

DŽĚƵůĞ�Ϯ�;DϮͿ

�ƐƚŝŵĂƚŝŽŶ�ŽĨ�
tĞŝŐŚƚ�ϭ

�ƐƚŝŵĂƚŝŽŶ�ŽĨ�
tĞŝŐŚƚ�Ϯ

�ĞĐŝƐŝŽŶ�
DŽĚƵůĞ

ǁ;ϭͿ

ǁ;ϮͿ

^;ϭͿ

^;ϮͿ





DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϭ�;DϭͿ ^ĐŽƌĞ�>ĞǀĞů�

&ƵƐŝŽŶ�
;tĞŝŐŚƚĞĚ�^ƵŵͿ

�ĐĐĞƉƚͬ
ZĞũĞĐƚDĂƚĐŚŝŶŐ�

DŽĚƵůĞ�Ϯ�;DϮͿ

�ŽŵƉƵƚĞ�
tĞŝŐŚƚƐ

�ĞĐŝƐŝŽŶ�
DŽĚƵůĞ

�ŽŵƉƵƚĞ�
�ŽŶĨŝĚĞŶĐĞ��ĂƐĞĚ�
ŽŶ��ǀĞƌĂŐĞ�ŽĨ�

^ĐŽƌĞƐ

��tͲϭ�tĞŝŐŚƚŝŶŐ�dĞĐŚŶŝƋƵĞ

^;ϭͿ
^;ϮͿ

ǁ;ϭͿ

ǁ;ϮͿ

�;ϭͿ

�;ϮͿ









� � �

/ŵƉŽƐƚŽƌ�^ĐŽƌĞƐ
'ĞŶƵŝŶĞ�^ĐŽƌĞƐ

KǀĞƌůĂƉ�^ĐŽƌĞƐ���PLQ� N,

EŽŶͲŽǀĞƌůĂƉ�
/ŵƉŽƐƚŽƌ ^ĐŽƌĞƐ

EŽŶͲŽǀĞƌůĂƉ�
'ĞŶƵŝŶĞ�^ĐŽƌĞƐ

���� N,P
���PLQ� N* ���PD[� N*���PD[� N,

���� N*P

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϭ�;DϭͿ

^ĐŽƌĞ�>ĞǀĞů�
&ƵƐŝŽŶ�

;tĞŝŐŚƚĞĚ�^ƵŵͿ

�ĐĐĞƉƚͬ
ZĞũĞĐƚ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�Ϯ�;DϮͿ

^ĞƉĂƌĂƚĞ�
'ĞŶƵŝŶĞ�
ĂŶĚ�

/ŵƉŽƐƚŽƌ�
^ĐŽƌĞƐ

�ŽŵƉƵƚĞ�
tĞŝŐŚƚƐ

�ĞĐŝƐŝŽŶ�
DŽĚƵůĞ

�ŽŵƉƵƚĞ�
�ŽŶĨŝĚĞŶĐĞ�
�ĂƐĞĚ�ŽŶ�

EŽŶͲŽǀĞƌůĂƉ�
^ĐŽƌĞƐ

��tͲϮ�tĞŝŐŚƚŝŶŐ�dĞĐŚŶŝƋƵĞ

^;ϭͿ

^;ϮͿ

ǁ;ϭͿ

ǁ;ϮͿ

';ϭͿ͕�/;ϭͿ

';ϮͿ͕�/;ϮͿ

�;ϭͿ

�;ϮͿ

























�ŝŽŵĞƚƌŝĐ�ϭ

�ŝŽŵĞƚƌŝĐ�Ϯ

&ĞĂƚƵƌĞ�
�ǆƚƌĂĐƚŽƌ�ϭ

&ĞĂƚƵƌĞ�
�ǆƚƌĂĐƚŽƌ�Ϯ

�ŝŽŵĞƚƌŝĐ�ϯ &ĞĂƚƵƌĞ�
�ǆƚƌĂĐƚŽƌ�ϯ

&;ϮͿ

&;ϭͿ

&;ϯͿ

y;ϮͿ

y;ϭͿ

y;ϯͿ

&ĞĂƚƵƌĞ�
�ŶĐŽĚĞƌ�ϭ

&ĞĂƚƵƌĞ�
�ŶĐŽĚĞƌ�Ϯ

&ĞĂƚƵƌĞ�
�ŶĐŽĚĞƌ�ϯ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϰ

&ĞĂƚƵƌĞͲůĞǀĞů�
&ƵƐŝŽŶ^ĐŽƌĞͲůĞǀĞů�

&ƵƐŝŽŶ
�ĞĐŝƐŝŽŶ�
DŽĚƵůĞ

�ĐĐĞƉƚ
ͬZĞũĞĐƚ

^&^>

ŚǆǇʄ;ϭͿ

ŚǆǇʄ;ϮͿ

ŚǆǇʄ;ϯͿ

ŚǆǇʄ;ϭ͕ϮͿ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϭ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�Ϯ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϯ

�ŽŵƉƵƚĞ�
dŚƌĞƐŚŽůĚ�ϭ

�ŽŵƉƵƚĞ�
dŚƌĞƐŚŽůĚ�Ϯ

�ŽŵƉƵƚĞ�
dŚƌĞƐŚŽůĚ�ϯ

�ŽŵƉƵƚĞ�
&�Z�ϭ͕�&ZZ�ϭ�
ĂŶĚ���Z�ϭ

�ŽŵƉƵƚĞ�
&�Z�Ϯ͕�&ZZ�Ϯ�
ĂŶĚ���Z�Ϯ

�ŽŵƉƵƚĞ�
&�Z�ϯ͕�&ZZ�ϯ�
ĂŶĚ���Z�ϯ

DŝŶ;��Z�ϭ͕�
��Z�Ϯ͕���Z�ϯͿ

^;ϮͿ

^;ϭͿ

^;ϯͿ

�ŽŵƉĂƌĂƚŽƌ

^;ϰͿ

^;ϯͿ



ҧ
ଶ݂ଷǡଶଵ

с�ϴ
ҧ
ଶ݂ଷǡଶଶ

с�ϰ

;ĂͿ

;ďͿ

ŝ

ϭ Ϭ

Ϯ Ϭ

ϯ Ϭ

ϰ Ϭ

ϱ Ϭ

ϲ Ϭ

ϳ Ϭ

ϴ ϭ

ϭ Ϭ

Ϯ Ϭ

ϯ Ϭ

ϰ ϭ

ϱ Ϭ

ϲ Ϭ

ϳ Ϭ

ϴ Ϭ

;ĐͿ

ŚϮϯ͕Ϯϭ

ŚϮϯ͕ϮϮ



ϭ Ϯ ϯ ϰ

/ŵƉŽƐƚŽƌ�^ĐŽƌĞƐ͕ /;ŬͿ
'ĞŶƵŝŶĞ�^ĐŽƌĞƐ͕�';ŬͿ

KǀĞƌůĂƉ�^ĐŽƌĞƐ���PLQ� N,

EŽŶͲŽǀĞƌůĂƉ�^ĐŽƌĞƐ EŽŶͲŽǀĞƌůĂƉ�^ĐŽƌĞƐ

���PLQ� N* ���PD[� N*���PD[� N,

dŚ;ŬͿ

&Z';ŬͿ &�/;ŬͿ

























&ĞĂƚƵƌĞ�
�ŶĐŽĚĞƌ�ϯ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϰ

ŚǆǇʄ;ϭͿ

ŚǆǇʄ;ϮͿ

ŚǆǇʄ;ϯͿ

ŚǆǇʄ;ϭ͕ϮͿ
DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϭ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�Ϯ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϯ

^;ϮͿ

^;ϭͿ

^;ϯͿ

�ŽŵƉĂƌĂƚŽƌ

^ĐŽƌĞƐ�ĨƌŽŵ�
ĞŶĐŽĚĞĚ�ĨĞĂƚƵƌĞƐ

&ĞĂƚƵƌĞ�
�ŶĐŽĚĞƌ�Ϯ

&ĞĂƚƵƌĞ�
�ŶĐŽĚĞƌ�ϭ

^;ϯͿ ^;ϰͿ

^ƚĂŐĞ�ϭ

�ĞĐŝƐŝŽŶ�
DŽĚƵůĞ

�ĐĐĞƉƚͬ
ZĞũĞĐƚ

^;ϲͿ

^;ϱͿ

^;ϳͿ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϱ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϲ

DĂƚĐŚŝŶŐ�
DŽĚƵůĞ�ϳ

^ĐŽƌĞƐ�ĨƌŽŵ�
ƌĂǁ�ĨĞĂƚƵƌĞƐ

^;ϯͿ ^;ϰͿ

^D&^>

^ƚĂŐĞ�Ϯ

&ĞĂƚƵƌĞͲůĞǀĞů�
&ƵƐŝŽŶ

^ĐŽƌĞͲůĞǀĞů�
&ƵƐŝŽŶ

�ŝŽŵĞƚƌŝĐ�ϭ

�ŝŽŵĞƚƌŝĐ�Ϯ

&ĞĂƚƵƌĞ�
�ǆƚƌĂĐƚŽƌ�ϭ

&ĞĂƚƵƌĞ�
�ǆƚƌĂĐƚŽƌ�Ϯ

�ŝŽŵĞƚƌŝĐ�ϯ &ĞĂƚƵƌĞ�
�ǆƚƌĂĐƚŽƌ�ϯ

&;ϮͿ

&;ϭͿ

&;ϯͿ

y;ϮͿ

y;ϭͿ

y;ϯͿ

ŚǆǇʄ;ϭͿ

ŚǆǇʄ;ϮͿ
























































