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2D Gabor Wavelet:  Real Part
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2D Fourier Transform

½�VZXFE:IJ5xÅH���37?5aIJ5C9AN�U:9#IQG�>Ai�9 Ç nHu%�9#vy>FIu@�9<;#5!NZ5!GCt:9#=?K]VZG1L Ç nH�½{>FE:IJVZ5CIuG-I19#=?LJi�>FI1R[e
IJIJK�« y,PXSUPXW�Z�aL[H¬VZ#Y�[H{JSY�{®M$¯°{²±,[H³´P#SQ��[H{\SQZ�a¶µ [	��SQZ�aH�
�.=�5b
%5!D!G�V_;H5[L1GPI19AG�5!X#zYid>FI�5!T?GPI19AD!G�VW=?X�v:>#GP7�D!>?7?5CIJ5C=#G89#=?KmV`=?D!>F7?5CIQ5C=#G^V`R89AX#5^L1GPI1E?D!G-E:IJ5[VZL8GP7?5D!>FR8U:E?G-9AG1VZ>F=k>Ai�GË@u>AnpK:V`R&5C=?L�V_>?=:9ANJ%�9#vy>FI�D!>F5-wxD!VZ5C=HG1L�id>?I�G-7?5SV`R89AXH5#e��37?V_L�i°9#RqV_NZz8>�i Ç nHÙl{N_G�5CIJL@u5CIJ5[>FIJVZX#V`=:9ANZNZz,U:IQ>FU:>#L�5!K,9ALx9�ipI19#R&5!@u>FI1�cid>FI&E:=?K:5CIJL�GP9#=?K:V`=?XmGP7?5]>?IJVZ5C=#GP9�G1VZ>F=HnpL15!NZ5!D!G1VZ;#569#=?KLPU:9AG�VW9�N n�ipIJ5!|:E?5C=?D!z#npL�5!N_5!D!G�V_;H5xIJ5!D!5CU?G1VZ;#5	l{5!NZKcU:IQ>FU:5CIJG�V_5!L	>Ai�=?5CE:IQ>F=?L�V`=[GP7?5�v:I�9AV`=��¼L�;?V_L-E:9AN�D!>FIJG�5!Tt9#=?Km9ALaE?L�5-i°E?N�>FU:5CI19�G1>FIJL	i�>FI�U:I�9AD!G1VZDC9AN�V`R89�X#5}9H=:9ANZzFL1VZL8U:IJ>Fv?NZ5CR&L<e]��7?5!L15 Ç nH�l{NZG15CIJL89#IQ58D!>F=HnÆJ>#V`=#G1NZz\>FU?G1V`R89�N�VW=MU:IJ>A;FVZK:V`=?X\GP7?5xR89AT?V`R&E:R U:>#L1L�VWv?NZ5[IJ5!L1>#N`E?G1VZ>F=�v:>HGP7 id>FI	V`=Hi�>FI1R89�G1VZ>F=69#vy>FE?GGP7?5^LPU:9AG1V`9AN�ipIJ5!|:E?5C=?D!zï9#=?Km>?IJVZ5C=#GP9�G1VZ>F=6>�iSV`R89AX#5[L1G-I1E?D!GPE:IJ56b�V`=m9YL15C=?L15�ö1@S7:9AG1÷?s!tOL1V`RaE?NZGP9H=?5-n>FE?L1NZz&@�VZGP7&V`=Hi�>FI1R89�G1VZ>F=89#vy>FE?G Ç nHÂUy>#L1VZG1VZ>F=\b-ö1@S7?5CIJ5!÷?s!e£��7?5 Ç nH_%�9Hv:>FI�l{NZG15CI�i°9#RqV_NZzxE:=?VZ|:E?5!NZz9AD!7?VZ5!;#5!LSG-7?5�GP7?5!>FIQ5!G1VZDC9AN�NZ>A@j5CI	v:>?E:=?K[i�>FIOÆJ>#V`=#G.E:=?D!5CIJGP9AV`=HGJz[>h;H5CIuGP7?5!L15	i�>FE:I3;h9#IJV`9#v?NZ5!LCtg9AL	K:VZD-nGP9AG�5!Kxv#zkGP7?5�V`=?5!L1DC9#U:9#v?NZ5tsS=?D!5CIJG-9AV`=#GJz$��IJV`=?D!V`U?NZ5�@S7?5C=kX#5C=?5CI19�N_VZì!5!KYG1>.i�>FE:I�npK:V`R&5C=?L1VZ>F=:9�NL-U:9AD!5#e
��7?5!L15\U:IJ>FUy5CIJG1VZ5!L}9HIJ5]U:9#IJG1VZDCE?N`9#IJNZz�E?L15-ipE?N3id>FIqG15!TFG-E:IJ5]9#=:9ANZz?L1VZL}vy5!DC9#E?L15]>�i�GP7?5 Ç nH LPU:5!D!GPI�9ANLPUy5!D!V l{D!VZGJz�>�iSG15!T?GPE:IJ5]9AL&@u5!NZNS9AL&VZG1L8;h9HIJV`9AG1VZ>F=m@3V_G-7 Ç nH L-U:9AG1V`9ANSUy>#L1VZG1VZ>F=ge�� I�9#U?VZK,R&5!GP7?>?Ki�>FI�>Fv?GP9AV`=?V`=?X8GP7?5�IJ5!|:E?V`IJ5!K[D!>?5-wxD!VZ5C=#G1L	>F=kGP7?5!L15.5!NZ5CR&5C=HGP9#IJzk5!T�U:9#=?L�V_>?=^ipE:=?D!G1VZ>F=?Lui�>FI�GP7?5�U:E:I�nU:>HL15.>Ai�IJ5CU:IQ5!L15C=#G�VW=?X^9#=#zkVWRk9AX#5	D!>FR8U?NZ5!G15!NZz]v#zkV_G�L8ö Ç nH_%�9#v:>?Ij�OI19#=?LQid>FI�R[t¼÷�K:5!L-U?V_G�5.GP7?5�=?>F=Hn>FIJG-7?>#X#>F=:9ANZVZGJz8>Ai£G-7?5S5!T:U:9#=?L1VZ>F=[v:9AL�V_L<t:VZLSU:>#L�L1V`v?N_5�GP7:IJ>FE?X?78GP7?5.E?L15.>Ai�9aIQ5!NW9�T�9AG�V_>?=[=?5CE:I19AN�=?5!GJn@u>FI1��e���NW9HIJX#5�9#=?KYXFIJ>A@�V`=?X8NZVZG15CI19AGPE:IQ5�=?>h@Ù5!TFVZL1G1L	>F=^GP7?5�5-wxD!VZ5C=#G.E?L15�>Ai�G-7?V_L	=?>F=Hnp>FIJGP7?>HX#>F=:9AN5!T:U:9#=?L1VZ>F=]v:9�L1VZL�9#=?K[VZG1L	9#U:U?NZV_DC9�G1VZ>F=?LCe
�u@u>AnpK:V`R&5C=?L1VZ>F=:9�N %�9#v:>FIèl{NZG15CIJL	>A;#5CI�GP7?5.V`R89AX#5�K:>FR89AV`=6b�¹�ÿ ·?su7:9C;H5.GP7?5	i°E:=?D!G�V_>?=:9ANgi�>FI1R

�U���F¸*¹��3��� hEº�� ä h ä*��� � �m» � e �¨¼½h�¼ �*� � ��¾ �L¿ � h æ�À Á*� � ä h ä*�m� e#Â � �©¼*hV¼ �Ã�ÅÄ �b��Æ=�
@S7?5CIJ5[b�¹VlAÿ ·¢l!suLPUy5!D!V i�zcUy>#L1VZG1VZ>F= VW= GP7?5.V`R89AX#5#tOb	Ç�ÿÉÈ£s�LPU:5!D!Voi�z]5b
�5!D!G1VZ;#5.@�VZK:GP7Y9#=?K[NZ5C=?X#GP7gtg9#=?Kb	Ê l ÿbË l suLPUy5!D!Voidz]R&>?K{E?N`9AG1VZ>F=gt�@S7?VZD(7[7:9�L�LPU:9AG1V`9AN�ipIJ5!|:E?5C=?D!z^ý l ÀuÌ Ê �l û£Ë �l 9#=?K[K:V`IJ5!D!G1VZ>F=oÍ l À9#IJD!G-9#=bxË.lCúnÊVl!s!e�b���i°E:IQGP7?5CIOK:5!XFIJ5!5-np>Ai�n�ipIJ5!5!K:>FR�=?>#GOV`=?D!NWE?K:5!K[9#vy>h;H5�VZL�GP7?5uIJ5!N`9AG1VZ;#5�>?IJVZ5C=#GP9�G1VZ>F=.>AiGP7?5�5!NZNZV`U?G1VZD&%�9#E?L1L1V`9#=&5C=H;#5!NZ>FUy5#tF@	7?V_D!7kDCIJ5C9AG15!L�DCIJ>HL1LJnpG15CI1RqL�VW=^¹X·�e s&��7?5 Ç nH,½�>FE:IJVZ5CI�G-I19#=?LJi�>FI1R

î:Å



¾8b	Ê�ÿ Ë?s	>Ai�9 Ç nHÎ%�9Hv:>FI3l{NZG15CI&7:9AL�5!T�9AD!G�N_z\GP7?5kLP9#R&5&ipE:=?D!G1VZ>F=:9ANèid>?I1R[t�@3V_G-76U:9#I19#Rq5!G15CIJLuÆ1E?L1GV`=#G�5CIJD(7:9H=?X#5!K]>FI�V`=H;#5CIJG15!K��
� �ÐÏ8¸ÃÑÒ�Q��� hEº�� Á h Á*�Ã� � » � e � Â h Â � � � ¾ ��¿ � æ�À ä*� � Á h Á*�*� e ¼ � � Â h Â � �ÅÄ �b��Ó����7?5�IJ5C9AN:U:9#IJG�>Ai{>?=?5�Rq5CRavy5CIO>AiG-7?5 Ç nH�%�9Hv:>FI�l{NZG15CI�ip9#R&VZNZz#t#D!5C=HG15CIJ5!Kx9�G£GP7?5u>FIQV_XHVW=Yb�¹ l ÿ · l s�Àb�Á:ÿ-Á#s.9#=?K�@�VZGP7mE:=?VZGJzº9ALPUy5!D!GxI19AG1VZ>�È£ú�ÇÖÀíÅ^VZL&LP7?>A@S=6V`=�GP7?5kl{XFE:IJ5#tèG1>#X#5!GP7?5CI�@�VZGP7MVZG1L Ç nH½{>?E:IJVZ5CIuGPI19#=?LQid>FI�Rð¾8bxÊ�ÿ Ë?s!eÇ nH_%�9#vy>FIOipE:=?D!G1VZ>F=?LuDC9#=qid>?I1RÈ9�D!>FR8U?NZ5!G15	L15!Noi�npL1V`R&VZNW9HI Ç nHÙ@�9<;#5!NZ5!G�5!T�U:9#=?L�V_>?=[v:9AL1VZLCt?@�VZGP7GP7?5\IJ5!|�E?V`IJ5CRq5C=#G1L[>�i�>FIJGP7?>#XH>F=:9ANZVZGËzm9#=?K�L1GPIJVZD!G1NZz�D!>?R8U:9AD!G^LPE:U:U:>FIQG}IJ5!N`9AT?5!K�tSvHz�9#U:U:IJ>?U:IJV`9AG15U:9#I19HR&5!G15CIJVZìC9AG1VZ>F= i�>FI3K:V_N`9AG�V_>?=gt£IJ>#G-9AG1VZ>F=gtg9#=?K\GPI19#=?L1N`9AG�V_>?=ge���iu@j5�GP9#�A5tÔ8b�¹�ÿb·Fs3G1>[v:589^D!7?>#L15C=X#5C=?5CIJVZD Ç nHÎ%�9#v:>FI$@�9C;H5!N_5!G<t�GP7?5C=M@u58DC9#=\X#5C=?5CI�9AG15&ipIJ>FR GP7?VZL�>F=?5[R&5CR&v:5CI�9[D!>FR8U?NZ5!G15^L15!Noi�nL1V`R&VZN`9#I�i°9#RqV_NZz[>Ai Ç nH�@�9<;#5!NZ5!G1LuGP7:IJ>FE?X?7^GP7?5.X#5C=?5CI19AG�VW=?XkipE:=?D!G1VZ>F=g�

Ô âFÕÃÖ�× b�¹�ÿ ·?s£À Ç h � â Ô8b�¹VØ�ÿb·�Ø s bJÅCÛ#s@S7?5CIJ5.G-7?5.LPE:v?L1G1VZGPE?G15!K[;A9#IJV`9#v?NZ5!L8b�¹ Ø ÿ · Ø suV`=?D!>FI1Uy>FI19AG�5.K:V_N`9AG�V_>?=?LSV`=^L1VZì!5avHz Ç h â t?GPI19#=?L1N`9AG�V_>?=?L�V`=U:>HL1VZG1VZ>F=ºb©Ù�ÿ ÚAs!tF9H=?KcIJ>#G-9AG1VZ>F=?LuGP7:IJ>FE?X?7^>FIJVZ5C=#G-9AG1VZ>F=�Í?�¹ Ø À Ç h â<Û ¹3D!>#LCb	ÍAs£û£·èL1V`=£b	ÍAsLÜÕ�Ù b Ç Á#s
· Ø À Ç h âÝÛ Õ�¹�L�VW=Ob	ÍAs�û£·�D!>#LCb	ÍAsLÜÕ�Ú b Ç ÅCs��G	VZL�=?>HG15!@u>FIJGP7Hz8GP7:9AG	9ALSD!>?=?L15!|�E?5C=?D!5!L.>�i�GP7?5�L1V`R&VZN`9#IJVZGJz]GP7?5!>FIQ5CR[t:LP7?Voi�GSGP7?5!>?IJ5CR[tg9#=?K]R&>?K{EHnN`9AG1VZ>F=YGP7?5!>FIQ5CR�>Ai Ç nH�½�>FE:IJVZ5CIS9H=:9ANZzFL1VZLCtgG�>#X#5!GP7?5CIu@3V_G-7[GP7?5&IJ>#GP9AG�V_>?=^V_L�>FR&>FI1U:7?VZLPR >�i�GP7?5 Ç nH½{>?E:IJVZ5CI�G-I19#=?LJi�>FI1R[t�9ANZNu>Ai�GP7?5!L15[5b
�5!D!G1L&>Ai�GP7?5^X#5C=?5CI19�G1V`=?X\i°E:=?D!G�V_>?=m9#U:U?NZV_5!K�G1>c9 Ç nHÞ%�9Hv:>FIR&>#G-7?5CI.@�9<;#5!NZ5!G<Ô8b�¹�ÿb·Fs	À0¸�b�¹�ÿb·Fs.7:9<;#5kD!>FI1IJ5!LPUy>F=?K:V`=?X\V_K:5C=HG1VZDC9ANu>FI.IJ5!D!V`U:IJ>?DC9ANu5b
�5!D!G1L�>?=\VZG1LÇ nH0½�>FE:IJVZ5CI&GPI�9#=?LJi�>FI1R ¾8b	Ê�ÿ Ë?s!e]��7?5!L15[U:IJ>FUy5CIJG1VZ5!L8>Ai�L15!Noi�npL1V`R&VZN`9#IJVZGJzmDC9#=ºvy5[5!T�U?NZ>#VZG15!Km@	7?5C=D!>F=?L1G-I1E?D!G1V`=?X85-wxD!VZ5C=HGCt{D!>?R8U:9AD!GCt:R&E?NZG1VonpL1DC9ANZ5&D!>FK:5!L3id>?IuV`R89AX#5.L1G-I1E?D!GPE:IJ5#e

IJIJK�ß y,W�Z�SQàuRáSQ[	â�TVZ#Yã[L{JSä{#åæ±,{\³´Z�[HSQ�=çtZ�Séè�ê#ëmì.ê#ëmì,í3îVï ðVñ	ò=ó�ì
s	=#G1VZNg=?>h@m@u5S7:9<;#53;FVZ5!@u5!K6ö1GP7?53LPU:9AD!5�K:>FRk9AV`=?÷q9H=?K6ö1GP7?5u½{>?E:IJVZ5CI�K:>?R89AV`=?÷a9AL�L�>FR&5C7?>A@�>FU:Uy>AnL1VZG15#t:9#=?K[V`=?D!>FR8U:9�G1V`v?N_5#t�K:>FR89�VW=?Lu>Ai�IJ5CU:IJ5!L15C=HGP9AG1VZ>F=ge�b��37?5!VWI�;h9#IJV`9#v?NZ5!LS9HIJ5�IQ5!D!VWU:IQ>FDC9ANZLCÜg9#=?K^GP7?5s	=?D!5CIJGP9AV`=HGËz���IQVW=?D!V`U?NZ58K:5!D!N`9#IJ5!L3GP7:9AG�V`R8U:IJ>A;?V`=?X8GP7?5aIQ5!L1>#N`E?G1VZ>F=^V`=[5!VZGP7?5CI3K:>FR89AV`=YRaE?L�G�IQ5!K{E?D!5VZG.V`=\GP7?5&>#GP7?5CI!eos�vuE?G.@u58=?>A@BDC9#=YL15!5&GP7:9�G.GP7?5\ö %�9#vy>FI3K:>FR89AV`=?÷[>AijIJ5CU:IQ5!L15C=#G-9AG1VZ>F=\9AD!GPE:9ANZNZz5CR&v:I19AD!5!L�9#=?K�E:=?V l{5!L8vy>#GP7Y>AijG-7?5!L158>#GP7?5CI	GJ@u>^K:>FR89AV`=?L.ô8��>[D!>FR8U:E?G15&GP7?5^IJ5CU:IJ5!L15C=HGP9AG1VZ>F=Y>Ai9ML1VZXF=:9AN	>FI&>Ai�K{9AG-9\V`=�G-7?5�%�9Hv:>FIkK:>FR89AV`=gtu@u5[l=?K�VZG1L^5!T�U:9H=?L1VZ>F=�VW=�G15CI�R&L8>Ai�5!NZ5CR&5C=HGP9#IJzipE:=?D!G1VZ>F=?L�7:9<;?V`=?X8GP7?5.i�>FI1R �Q�����3��� h æ����1ä � h�� ä h ä*���0�m�1ãÉ� ��õöõ����7?5&L1V`=?X#NZ5}U:9HI19#R&5!G15CI	üºbdGP7?5&LPU:9AD!5-npD!>F=?L1G-9#=#G.V`=\G-7?5æ%�9#E?L1L1V`9#=YG15CI�R8sS9�D!GPE:9ANZNZz�v:E?VZNZK:L89^D!>F=HnG1V`=?E?>FE?L�v:IJVZK:X#5xvy5!GË@u5!5C=\G-7?5aGJ@u>8K:>FRk9AV`=?LC�	V i�GP7?58U:9#I�9#R&5!G15CI	ü[VZLaRk9AK:5&;#5CIJz[N`9#IJX#5#t�GP7?5C=YGP7?5L15!D!>F=?KY5!T�Uy>F=?5C=HG1V`9AN£9#vy>h;H5�9#U:U:IJ>F9AD!7?5!L�Å#eoÁ:t:9#=?K[L1>8V`=[G-7?5�NZV`R&VZGS>FE:I�5!T�U:9#=?L�V_>?=]v:9AL1VZL.v:5!D!>FRq5!L

÷�ø�ùãbú f �Q�����3�é� h æÅ���1ä ��õöû��GP7?5x>?IJK:V`=:9#IJz\½{>FE:IQV_5CIkv:9AL1VZL.ô\��iSGP7?5qi°IJ5!|:E?5C=?D!zmU:9#I19#R&5!G�5CI�¿nlx9#=?K�GP7?5xL�V_ì!5]U:9HI19#R&5!G15CI�ü\9#IJ5V`=?L1G15C9AK[R89AK:53;#5CIJz&LPR89ANZN�t?GP7?5:%�9#E?L1L�VW9H=&G15CI1R�v:5!D!>FR&5!LuGP7?5	9#U:U:IJ>ATFV`R89�G1VZ>F=8G�>�9.K:5!NZGP9$i°E:=?D!G�V_>?=9AG�NZ>?DC9AG1VZ>F=Y¹Xü<t�9H=?K]L1>8>?E:Iu5!T�U:9H=?L1VZ>F=]v:9AL�V_L3VWRkU?N_5CRq5C=#G1L�U:E:IQ5.LPU:9AD!5-npK:>FR89�VW= LP9#R8U?NZV`=?X{�
÷�ø�ù���½ý ã ú�l �Q�����3�uþX���oÿ� l � ��õ��#�

�35C=?D!5&GP7?5$%�9#vy>FI35!T�U:9#=?L�V_>?=cv:9�L1VZLxö1D!>?=#GP9�VW=?L�÷}vy>#GP7YK:>FR89AV`=?L.9AG	>F=?D!5#e.��G.9ANZN_>A@�L.E?L.G1>xRk9#�A59&D!>F=HG1V`=?E?>FE?LSK:5-i�>FI1Rk9AG1VZ>F=^GP7:9AG3L15!NZ5!D!G1L�98IJ5CU:IJ5!L�5C=#GP9�G1VZ>F=^NZzFV`=?X]9#=HzF@	7?5CIJ5�>F=[9q>F=?5-nËU:9#I19#Rq5!G15CID!>F=HG1V`=FE:E:R�vy5!GË@u5!5C=^GJ@u>.K:>FR89AV`=?L�G-7:9AG�@u5CIJ5S7?VZGP7?5CIQG1>8K:VZL1G1V`=?D!GS9#=?K[R&E?GPE:9ANZNZzxE:=:9#U:U:IJ>?9AD(7:9Hv?N_5#e��=?5!@��u�{���C���������H�Ë�H�®���Z�<tFV`=?K:5!5!K�e
î Ç




Reconstruction of Lena:  25, 100, 500, and 10,000 Two-Dimensional Gabor Wavelets


1



Pixel histogram of original Lena image: entropy = 7.57 bits/pixel

2



Empirical 2D receptive field profiles of neurones in the brain’s visual cortex
(top row), resembling 2D Gabor wavelets (middle row)

3



Complete 2D Gabor Transform of the original Lena image
(Gabor coefficients represented as grey value)

4



Histogram of coefficients in the complete 2D Gabor Transform of Lena:
entropy = 2.55 bits/pixel

5



Reconstruction of Lena from her complete 2D Gabor Transform

6
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