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(a) The spherically-aberrated light field
l̂(x, y, u, v). Each subplot corresponds to
a 2D slice l̂(·, ·, u, v).

0� 2

3

�� 1

3

��� 1

3

� 2

3

� �

0

� 1

3

�

� 2

3

�

��

1

3

�

2

3

�

�

!

y

/!

x

(b) The Fourier spectrum of the 4D light
field in (a). Each subplot is a 2D slice
F [l̂](!

x

, !

y

, ·, ·).

Fig. 4: 4D light field of an isotropic point source under our aberrated-lens model.

In the presence of aberrations, the light field is distorted according to

l(x, y, u, v) = �

⇣
x � �x

f

(u, v), y � �y

f

(u, v)
⌘

p(u, v) (7)

where (�x

f

, �y

f

) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF, k(), is a slice of the 4D Fourier transform of the light field:

F [k](µ, ⌫) = F [l] (↵
f

µ, ↵

f

⌫, (1 � ↵

f

)µ, (1 � ↵

f

)⌫) , where ↵

f

= d/f . (8)

Now, let l̂(x, y, u, v) = �

⇣
x � �x

f

(u, v), y � �y

f

(u, v)
⌘

be the light field

we get when we ignore vignetting. From the convolution theorem, we have

F [l](!
x

, !

y

, !

u

, !

v

) = F [l̂](!
x

, !

y

, !

u

, !

v

) ⌦ F [p](!
u

, !

v

) (9)

where ⌦ denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light fields—one that depends only on aberrations and one that depends only
on vignetting. In the following, we first discuss how the five Seidel aberrations
a↵ect the aberrated light field and then discuss the e↵ects of vignetting.

The spherical aberration term, ↵

1

(u2 + v

2)
�

u

v

�
, causes rays passing through

the boundary of the lens pupil to converge at a di↵erent depth compared to rays
passing through a circle near the pupil’s center. These displacements, which are
independent of the local PSF’s position on the image plane, cause sharp features
in the PSF and break the PSF’s symmetry relative to the in-focus plane. An
example of a spherically-aberrated light field and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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(a)Thespherically-aberratedlightfield
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Fig.4:4Dlightfieldofanisotropicpointsourceunderouraberrated-lensmodel.

Inthepresenceofaberrations,thelightfieldisdistortedaccordingto
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FromtheGeneralizedFourierSliceTheorem[16],theFouriertransformof
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bethelightfield

wegetwhenweignorevignetting.Fromtheconvolutiontheorem,wehave

F[l](!
x
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y
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u

,!

v

)=F[̂l](!
x

,!

y
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u
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v

)⌦F[p](!
u

,!

v

)(9)

where⌦denotesconvolution.
Eq.(9)tellsusthattheFouriertransformofthelensPSFisaconvolutionof

twolightfields—onethatdependsonlyonaberrationsandonethatdependsonly
onvignetting.Inthefollowing,wefirstdiscusshowthefiveSeidelaberrations
a↵ecttheaberratedlightfieldandthendiscussthee↵ectsofvignetting.

Thesphericalaberrationterm,↵

1

(u2+v

2)
�

u

v

�
,causesrayspassingthrough

theboundaryofthelenspupiltoconvergeatadi↵erentdepthcomparedtorays
passingthroughacirclenearthepupil’scenter.Thesedisplacements,whichare
independentofthelocalPSF’spositionontheimageplane,causesharpfeatures
inthePSFandbreakthePSF’ssymmetryrelativetothein-focusplane.An
exampleofaspherically-aberratedlightfieldanditsFouriertransformisshown
inFig.4.FromEq.(8),itfollowsthattheregionin4Dfrequencyspacethat
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Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light fields—one that depends only on aberrations and one that depends only
on vignetting. In the following, we first discuss how the five Seidel aberrations
a↵ect the aberrated light field and then discuss the e↵ects of vignetting.
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independent of the local PSF’s position on the image plane, cause sharp features
in the PSF and break the PSF’s symmetry relative to the in-focus plane. An
example of a spherically-aberrated light field and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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Fig. 4: 4D light Þeld of an isotropic point source under our aberrated-lens model.

In the presence of aberrations, the light Þeld is distorted according to
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where (" xf , " yf ) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF,k(), is a slice of the 4D Fourier transform of the light Þeld:
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Now, let öl(x, y, u, v) = !
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be the light Þeld
we get when we ignore vignetting. From the convolution theorem, we have
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where " denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light ÞeldsÑone that depends only on aberrations and one that depends only
on vignetting. In the following, we Þrst discuss how the Þve Seidel aberrations
a! ect the aberrated light Þeld and then discuss the e! ects of vignetting.
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, causes rays passing through

the boundary of the lens pupil to converge at a di! erent depth compared to rays
passing through a circle near the pupilÕs center. These displacements, which are
independent of the local PSFÕs position on the image plane, cause sharp features
in the PSF and break the PSFÕs symmetry relative to the in-focus plane. An
example of a spherically-aberrated light Þeld and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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Fig. 4: 4D light Þeld of an isotropic point source under our aberrated-lens model.

In the presence of aberrations, the light Þeld is distorted according to

l(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

p(u, v) (7)

where (" xf , " yf ) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF,k(), is a slice of the 4D Fourier transform of the light Þeld:

F [k](µ, #) = F [l ] ($f µ, $f #, (1 ! $f )µ, (1 ! $f )#) , where $f = d/f . (8)

Now, let öl(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

be the light Þeld
we get when we ignore vignetting. From the convolution theorem, we have

F [l ](%x , %y , %u , %v ) = F [öl ](%x , %y , %u , %v ) " F [p](%u , %v ) (9)

where " denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light ÞeldsÑone that depends only on aberrations and one that depends only
on vignetting. In the following, we Þrst discuss how the Þve Seidel aberrations
a! ect the aberrated light Þeld and then discuss the e! ects of vignetting.

The spherical aberration term, $1(u2 + v2)
#

u
v

$
, causes rays passing through

the boundary of the lens pupil to converge at a di! erent depth compared to rays
passing through a circle near the pupilÕs center. These displacements, which are
independent of the local PSFÕs position on the image plane, cause sharp features
in the PSF and break the PSFÕs symmetry relative to the in-focus plane. An
example of a spherically-aberrated light Þeld and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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Fig. 4: 4D light Þeld of an isotropic point source under our aberrated-lens model.

In the presence of aberrations, the light Þeld is distorted according to

l(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

p(u, v) (7)

where (" xf , " yf ) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF,k(), is a slice of the 4D Fourier transform of the light Þeld:

F [k](µ, #) = F [l ] ($f µ, $f #, (1 ! $f )µ, (1 ! $f )#) , where $f = d/f . (8)

Now, let öl(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

be the light Þeld
we get when we ignore vignetting. From the convolution theorem, we have

F [l ](%x , %y , %u , %v ) = F [öl ](%x , %y , %u , %v ) " F [p](%u , %v ) (9)

where " denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light ÞeldsÑone that depends only on aberrations and one that depends only
on vignetting. In the following, we Þrst discuss how the Þve Seidel aberrations
a! ect the aberrated light Þeld and then discuss the e! ects of vignetting.

The spherical aberration term, $1(u2 + v2)
#u

v
$
, causes rays passing through

the boundary of the lens pupil to converge at a di! erent depth compared to rays
passing through a circle near the pupilÕs center. These displacements, which are
independent of the local PSFÕs position on the image plane, cause sharp features
in the PSF and break the PSFÕs symmetry relative to the in-focus plane. An
example of a spherically-aberrated light Þeld and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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Fig.4:4DlightÞeldofanisotropicpointsourceunderouraberrated-lensmodel.

Inthepresenceofaberrations,thelightÞeldisdistortedaccordingto

l(x,y,u,v)=!
!

x!"xf(u,v),y!"yf(u,v)
"

p(u,v)(7)

where("xf,"yf)areobtainedfromEqs.(4)and(5)bysettingd=f.
FromtheGeneralizedFourierSliceTheorem[16],theFouriertransformof

thelensPSF,k(),isasliceofthe4DFouriertransformofthelightÞeld:

F[k](µ,#)=F[l]($fµ,$f#,(1!$f)µ,(1!$f)#),where$f=d/f.(8)

Now,letöl(x,y,u,v)=!
!

x!"xf(u,v),y!"yf(u,v)
"

bethelightÞeld
wegetwhenweignorevignetting.Fromtheconvolutiontheorem,wehave

F[l](%x,%y,%u,%v)=F[öl](%x,%y,%u,%v)"F[p](%u,%v)(9)

where"denotesconvolution.
Eq.(9)tellsusthattheFouriertransformofthelensPSFisaconvolutionof

twolightÞeldsÑonethatdependsonlyonaberrationsandonethatdependsonly
onvignetting.Inthefollowing,weÞrstdiscusshowtheÞveSeidelaberrations
a!ecttheaberratedlightÞeldandthendiscussthee!ectsofvignetting.

Thesphericalaberrationterm,$1(u2+v2)
#u

v
$
,causesrayspassingthrough

theboundaryofthelenspupiltoconvergeatadi!erentdepthcomparedtorays
passingthroughacirclenearthepupilÕscenter.Thesedisplacements,whichare
independentofthelocalPSFÕspositionontheimageplane,causesharpfeatures
inthePSFandbreakthePSFÕssymmetryrelativetothein-focusplane.An
exampleofaspherically-aberratedlightÞeldanditsFouriertransformisshown
inFig.4.FromEq.(8),itfollowsthattheregionin4Dfrequencyspacethat
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Fig. 4: 4D light Þeld of an isotropic point source under our aberrated-lens model.

In the presence of aberrations, the light Þeld is distorted according to

l(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

p(u, v) (7)

where (" xf , " yf ) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF,k(), is a slice of the 4D Fourier transform of the light Þeld:

F [k](µ, #) = F [l ] ($f µ, $f #, (1 ! $f )µ, (1 ! $f )#) , where $f = d/f . (8)

Now, let öl(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

be the light Þeld
we get when we ignore vignetting. From the convolution theorem, we have

F [l ](%x , %y , %u , %v ) = F [öl ](%x , %y , %u , %v ) " F [p](%u , %v ) (9)

where " denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light ÞeldsÑone that depends only on aberrations and one that depends only
on vignetting. In the following, we Þrst discuss how the Þve Seidel aberrations
a! ect the aberrated light Þeld and then discuss the e! ects of vignetting.

The spherical aberration term, $1(u2 + v2)
#u

v
$
, causes rays passing through

the boundary of the lens pupil to converge at a di! erent depth compared to rays
passing through a circle near the pupilÕs center. These displacements, which are
independent of the local PSFÕs position on the image plane, cause sharp features
in the PSF and break the PSFÕs symmetry relative to the in-focus plane. An
example of a spherically-aberrated light Þeld and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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In the presence of aberrations, the light field is distorted according to

l(x, y, u, v) = �

⇣
x � �x

f

(u, v), y � �y

f

(u, v)
⌘

p(u, v) (7)

where (�x

f

, �y

f

) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF, k(), is a slice of the 4D Fourier transform of the light field:

F [k](µ, ⌫) = F [l] (↵
f

µ, ↵

f

⌫, (1 � ↵

f

)µ, (1 � ↵

f

)⌫) , where ↵

f

= d/f . (8)

Now, let l̂(x, y, u, v) = �

⇣
x � �x

f

(u, v), y � �y

f

(u, v)
⌘

be the light field

we get when we ignore vignetting. From the convolution theorem, we have

F [l](!
x

, !

y

, !

u

, !

v

) = F [l̂](!
x

, !

y

, !

u

, !

v

) ⌦ F [p](!
u

, !

v

) (9)

where ⌦ denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light fields—one that depends only on aberrations and one that depends only
on vignetting. In the following, we first discuss how the five Seidel aberrations
a↵ect the aberrated light field and then discuss the e↵ects of vignetting.

The spherical aberration term, ↵

1

(u2 + v

2)
�

u

v

�
, causes rays passing through

the boundary of the lens pupil to converge at a di↵erent depth compared to rays
passing through a circle near the pupil’s center. These displacements, which are
independent of the local PSF’s position on the image plane, cause sharp features
in the PSF and break the PSF’s symmetry relative to the in-focus plane. An
example of a spherically-aberrated light field and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that

UtilizingOpticalAberrationsforExtended-Depth-of-FieldPanoramas7

0 �1

3

�2

3

�11

3

2

3

1

0

�1

3

�2

3

�1

1

3

2

3

1

u/v

(a)Thespherically-aberratedlightfield
l̂(x,y,u,v).Eachsubplotcorrespondsto
a2Dslicel̂(·,·,u,v).

0 �2

3

� �1

3

� ��1

3

�2

3

��

0

�1

3

�

�2

3

�

��

1

3

�

2

3

�

�

!

y

/!

x

(b)TheFourierspectrumofthe4Dlight
fieldin(a).Eachsubplotisa2Dslice
F[̂l](!

x

,!

y

,·,·).
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Inthepresenceofaberrations,thelightfieldisdistortedaccordingto

l(x,y,u,v)=�

⇣
x��x

f

(u,v),y��y

f

(u,v)
⌘

p(u,v)(7)

where(�x

f

,�y

f

)areobtainedfromEqs.(4)and(5)bysettingd=f.
FromtheGeneralizedFourierSliceTheorem[16],theFouriertransformof

thelensPSF,k(),isasliceofthe4DFouriertransformofthelightfield:

F[k](µ,⌫)=F[l](↵
f

µ,↵

f

⌫,(1�↵

f

)µ,(1�↵

f

)⌫),where↵

f

=d/f.(8)

Now,letl̂(x,y,u,v)=�

⇣
x��x

f

(u,v),y��y

f

(u,v)
⌘

bethelightfield

wegetwhenweignorevignetting.Fromtheconvolutiontheorem,wehave

F[l](!
x

,!

y

,!

u

,!

v

)=F[̂l](!
x

,!

y

,!

u

,!

v

)⌦F[p](!
u

,!

v

)(9)

where⌦denotesconvolution.
Eq.(9)tellsusthattheFouriertransformofthelensPSFisaconvolutionof

twolightfields—onethatdependsonlyonaberrationsandonethatdependsonly
onvignetting.Inthefollowing,wefirstdiscusshowthefiveSeidelaberrations
a↵ecttheaberratedlightfieldandthendiscussthee↵ectsofvignetting.

Thesphericalaberrationterm,↵

1

(u2+v

2)
�

u

v

�
,causesrayspassingthrough

theboundaryofthelenspupiltoconvergeatadi↵erentdepthcomparedtorays
passingthroughacirclenearthepupil’scenter.Thesedisplacements,whichare
independentofthelocalPSF’spositionontheimageplane,causesharpfeatures
inthePSFandbreakthePSF’ssymmetryrelativetothein-focusplane.An
exampleofaspherically-aberratedlightfieldanditsFouriertransformisshown
inFig.4.FromEq.(8),itfollowsthattheregionin4Dfrequencyspacethat
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Inthepresenceofaberrations,thelightfieldisdistortedaccordingto
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⇣
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f(u,v),y��y

f(u,v)
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p(u,v)(7)

where(�x
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,�y

f)areobtainedfromEqs.(4)and(5)bysettingd=f.
FromtheGeneralizedFourierSliceTheorem[16],theFouriertransformof

thelensPSF,k(),isasliceofthe4DFouriertransformofthelightfield:

F[k](µ,⌫)=F[l](↵f
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f=d/f.(8)

Now,letl̂(x,y,u,v)=�
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f(u,v),y��y

f(u,v)
⌘

bethelightfield

wegetwhenweignorevignetting.Fromtheconvolutiontheorem,wehave
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v)(9)

where⌦denotesconvolution.
Eq.(9)tellsusthattheFouriertransformofthelensPSFisaconvolutionof

twolightfields—onethatdependsonlyonaberrationsandonethatdependsonly
onvignetting.Inthefollowing,wefirstdiscusshowthefiveSeidelaberrations
a↵ecttheaberratedlightfieldandthendiscussthee↵ectsofvignetting.

Thesphericalaberrationterm,↵
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)
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,causesrayspassingthrough

theboundaryofthelenspupiltoconvergeatadi↵erentdepthcomparedtorays
passingthroughacirclenearthepupil’scenter.Thesedisplacements,whichare
independentofthelocalPSF’spositionontheimageplane,causesharpfeatures
inthePSFandbreakthePSF’ssymmetryrelativetothein-focusplane.An
exampleofaspherically-aberratedlightfieldanditsFouriertransformisshown
inFig.4.FromEq.(8),itfollowsthattheregionin4Dfrequencyspacethat
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In the presence of aberrations, the light field is distorted according to

l(x, y, u, v) = �

⇣
x � �x

f (u, v), y � �y

f (u, v)
⌘

p(u, v) (7)

where (�x

f

, �y

f ) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF, k(), is a slice of the 4D Fourier transform of the light field:

F [k](µ, ⌫) = F [l] (↵f

µ, ↵

f

⌫, (1 � ↵

f )µ, (1 � ↵

f )⌫) , where ↵

f = d/f . (8)

Now, let ˆl(x, y, u, v) = �

⇣
x � �x

f (u, v), y � �y

f (u, v)
⌘

be the light field

we get when we ignore vignetting. From the convolution theorem, we have

F [l](!x

, !

y

, !

u

, !

v) = F [ˆl](!x

, !

y

, !

u

, !

v) ⌦ F [p](!u

, !

v) (9)

where ⌦ denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light fields—one that depends only on aberrations and one that depends only
on vignetting. In the following, we first discuss how the five Seidel aberrations
a↵ect the aberrated light field and then discuss the e↵ects of vignetting.

The spherical aberration term, ↵

1(u
2

+ v

2

)
� u

v

�
, causes rays passing through

the boundary of the lens pupil to converge at a di↵erent depth compared to rays
passing through a circle near the pupil’s center. These displacements, which are
independent of the local PSF’s position on the image plane, cause sharp features
in the PSF and break the PSF’s symmetry relative to the in-focus plane. An
example of a spherically-aberrated light field and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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Fig. 4: 4D light Þeld of an isotropic point source under our aberrated-lens model.

In the presence of aberrations, the light Þeld is distorted according to

l(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

p(u, v) (7)

where (" xf , " yf ) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF,k(), is a slice of the 4D Fourier transform of the light Þeld:

F [k](µ, #) = F [l ] ($f µ, $f #, (1 ! $f )µ, (1 ! $f )#) , where $f = d/f . (8)

Now, let öl(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

be the light Þeld
we get when we ignore vignetting. From the convolution theorem, we have

F [l ](%x , %y , %u , %v ) = F [öl ](%x , %y , %u , %v ) " F [p](%u , %v ) (9)

where " denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light ÞeldsÑone that depends only on aberrations and one that depends only
on vignetting. In the following, we Þrst discuss how the Þve Seidel aberrations
a! ect the aberrated light Þeld and then discuss the e! ects of vignetting.

The spherical aberration term, $1(u2 + v2)
#

u
v

$
, causes rays passing through

the boundary of the lens pupil to converge at a di! erent depth compared to rays
passing through a circle near the pupilÕs center. These displacements, which are
independent of the local PSFÕs position on the image plane, cause sharp features
in the PSF and break the PSFÕs symmetry relative to the in-focus plane. An
example of a spherically-aberrated light Þeld and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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Fig. 4: 4D light Þeld of an isotropic point source under our aberrated-lens model.

In the presence of aberrations, the light Þeld is distorted according to

l(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

p(u, v) (7)

where (" xf , " yf ) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF,k(), is a slice of the 4D Fourier transform of the light Þeld:

F [k](µ, #) = F [l ] ($f µ, $f #, (1 ! $f )µ, (1 ! $f )#) , where $f = d/f . (8)

Now, let öl(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

be the light Þeld
we get when we ignore vignetting. From the convolution theorem, we have

F [l ](%x , %y , %u , %v ) = F [öl ](%x , %y , %u , %v ) " F [p](%u , %v ) (9)

where " denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light ÞeldsÑone that depends only on aberrations and one that depends only
on vignetting. In the following, we Þrst discuss how the Þve Seidel aberrations
a! ect the aberrated light Þeld and then discuss the e! ects of vignetting.

The spherical aberration term, $1(u2 + v2)
#

u
v

$
, causes rays passing through

the boundary of the lens pupil to converge at a di! erent depth compared to rays
passing through a circle near the pupilÕs center. These displacements, which are
independent of the local PSFÕs position on the image plane, cause sharp features
in the PSF and break the PSFÕs symmetry relative to the in-focus plane. An
example of a spherically-aberrated light Þeld and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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Fig. 4: 4D light Þeld of an isotropic point source under our aberrated-lens model.

In the presence of aberrations, the light Þeld is distorted according to

l(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

p(u, v) (7)

where (" xf , " yf ) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF,k(), is a slice of the 4D Fourier transform of the light Þeld:

F [k](µ, #) = F [l ] ($f µ, $f #, (1 ! $f )µ, (1 ! $f )#) , where $f = d/f . (8)

Now, let öl(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

be the light Þeld
we get when we ignore vignetting. From the convolution theorem, we have

F [l ](%x , %y , %u , %v ) = F [öl ](%x , %y , %u , %v ) " F [p](%u , %v ) (9)

where " denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light ÞeldsÑone that depends only on aberrations and one that depends only
on vignetting. In the following, we Þrst discuss how the Þve Seidel aberrations
a! ect the aberrated light Þeld and then discuss the e! ects of vignetting.

The spherical aberration term, $1(u2 + v2)
#u

v
$
, causes rays passing through

the boundary of the lens pupil to converge at a di! erent depth compared to rays
passing through a circle near the pupilÕs center. These displacements, which are
independent of the local PSFÕs position on the image plane, cause sharp features
in the PSF and break the PSFÕs symmetry relative to the in-focus plane. An
example of a spherically-aberrated light Þeld and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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p(u, v) (7)

where (" xf , " yf ) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF,k(), is a slice of the 4D Fourier transform of the light Þeld:

F [k](µ, #) = F [l ] ($f µ, $f #, (1 ! $f )µ, (1 ! $f )#) , where $f = d/f . (8)

Now, let öl(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

be the light Þeld
we get when we ignore vignetting. From the convolution theorem, we have

F [l ](%x , %y , %u , %v ) = F [öl ](%x , %y , %u , %v ) " F [p](%u , %v ) (9)

where " denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light ÞeldsÑone that depends only on aberrations and one that depends only
on vignetting. In the following, we Þrst discuss how the Þve Seidel aberrations
a! ect the aberrated light Þeld and then discuss the e! ects of vignetting.

The spherical aberration term, $1(u2 + v2)
#

u
v

$
, causes rays passing through

the boundary of the lens pupil to converge at a di! erent depth compared to rays
passing through a circle near the pupilÕs center. These displacements, which are
independent of the local PSFÕs position on the image plane, cause sharp features
in the PSF and break the PSFÕs symmetry relative to the in-focus plane. An
example of a spherically-aberrated light Þeld and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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Fig.4:4DlightÞeldofanisotropicpointsourceunderouraberrated-lensmodel.

Inthepresenceofaberrations,thelightÞeldisdistortedaccordingto

l(x,y,u,v)=!
!

x!"xf(u,v),y!"yf(u,v)
"

p(u,v)(7)

where("xf,"yf)areobtainedfromEqs.(4)and(5)bysettingd=f.
FromtheGeneralizedFourierSliceTheorem[16],theFouriertransformof

thelensPSF,k(),isasliceofthe4DFouriertransformofthelightÞeld:

F[k](µ,#)=F[l]($fµ,$f#,(1!$f)µ,(1!$f)#),where$f=d/f.(8)

Now,letöl(x,y,u,v)=!
!

x!"xf(u,v),y!"yf(u,v)
"

bethelightÞeld
wegetwhenweignorevignetting.Fromtheconvolutiontheorem,wehave

F[l](%x,%y,%u,%v)=F[öl](%x,%y,%u,%v)"F[p](%u,%v)(9)

where"denotesconvolution.
Eq.(9)tellsusthattheFouriertransformofthelensPSFisaconvolutionof

twolightÞeldsÑonethatdependsonlyonaberrationsandonethatdependsonly
onvignetting.Inthefollowing,weÞrstdiscusshowtheÞveSeidelaberrations
a!ecttheaberratedlightÞeldandthendiscussthee!ectsofvignetting.

Thesphericalaberrationterm,$1(u2+v2)
#u

v
$
,causesrayspassingthrough

theboundaryofthelenspupiltoconvergeatadi!erentdepthcomparedtorays
passingthroughacirclenearthepupilÕscenter.Thesedisplacements,whichare
independentofthelocalPSFÕspositionontheimageplane,causesharpfeatures
inthePSFandbreakthePSFÕssymmetryrelativetothein-focusplane.An
exampleofaspherically-aberratedlightÞeldanditsFouriertransformisshown
inFig.4.FromEq.(8),itfollowsthattheregionin4Dfrequencyspacethat
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Fig. 4: 4D light Þeld of an isotropic point source under our aberrated-lens model.

In the presence of aberrations, the light Þeld is distorted according to

l(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

p(u, v) (7)

where (" xf , " yf ) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF,k(), is a slice of the 4D Fourier transform of the light Þeld:

F [k](µ, #) = F [l ] ($f µ, $f #, (1 ! $f )µ, (1 ! $f )#) , where $f = d/f . (8)

Now, let öl(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

be the light Þeld
we get when we ignore vignetting. From the convolution theorem, we have

F [l ](%x , %y , %u , %v ) = F [öl ](%x , %y , %u , %v ) " F [p](%u , %v ) (9)

where " denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light ÞeldsÑone that depends only on aberrations and one that depends only
on vignetting. In the following, we Þrst discuss how the Þve Seidel aberrations
a! ect the aberrated light Þeld and then discuss the e! ects of vignetting.

The spherical aberration term, $1(u2 + v2)
#u

v
$
, causes rays passing through

the boundary of the lens pupil to converge at a di! erent depth compared to rays
passing through a circle near the pupilÕs center. These displacements, which are
independent of the local PSFÕs position on the image plane, cause sharp features
in the PSF and break the PSFÕs symmetry relative to the in-focus plane. An
example of a spherically-aberrated light Þeld and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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In the presence of aberrations, the light Þeld is distorted according to

l(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

p(u, v) (7)

where (" xf , " yf ) are obtained from Eqs. (4) and (5) by setting d = f .
From the Generalized Fourier Slice Theorem [16], the Fourier transform of

the lens PSF,k(), is a slice of the 4D Fourier transform of the light Þeld:

F [k](µ, #) = F [l ] ($f µ, $f #, (1 ! $f )µ, (1 ! $f )#) , where $f = d/f . (8)

Now, let öl(x, y, u, v) = !
!

x ! " xf (u, v), y ! " yf (u, v)
"

be the light Þeld
we get when we ignore vignetting. From the convolution theorem, we have

F [l ](%x , %y , %u , %v ) = F [öl ](%x , %y , %u , %v ) " F [p](%u , %v ) (9)

where " denotes convolution.
Eq. (9) tells us that the Fourier transform of the lens PSF is a convolution of

two light ÞeldsÑone that depends only on aberrations and one that depends only
on vignetting. In the following, we Þrst discuss how the Þve Seidel aberrations
a! ect the aberrated light Þeld and then discuss the e! ects of vignetting.

The spherical aberration term, $1(u2 + v2)
#

u
v

$
, causes rays passing through

the boundary of the lens pupil to converge at a di! erent depth compared to rays
passing through a circle near the pupilÕs center. These displacements, which are
independent of the local PSFÕs position on the image plane, cause sharp features
in the PSF and break the PSFÕs symmetry relative to the in-focus plane. An
example of a spherically-aberrated light Þeld and its Fourier transform is shown
in Fig. 4. From Eq. (8), it follows that the region in 4D frequency space that
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Inthepresenceofaberrations,thelightÞeldisdistortedaccordingto

l(x,y,u,v)=!
!

x!"xf(u,v),y!"yf(u,v)
"

p(u,v)(7)

where("xf,"yf)areobtainedfromEqs.(4)and(5)bysettingd=f.
FromtheGeneralizedFourierSliceTheorem[16],theFouriertransformof

thelensPSF,k(),isasliceofthe4DFouriertransformofthelightÞeld:

F[k](µ,#)=F[l]($fµ,$f#,(1!$f)µ,(1!$f)#),where$f=d/f.(8)

Now,letöl(x,y,u,v)=!
!

x!"xf(u,v),y!"yf(u,v)
"

bethelightÞeld
wegetwhenweignorevignetting.Fromtheconvolutiontheorem,wehave

F[l](%x,%y,%u,%v)=F[öl](%x,%y,%u,%v)"F[p](%u,%v)(9)

where"denotesconvolution.
Eq.(9)tellsusthattheFouriertransformofthelensPSFisaconvolutionof

twolightÞeldsÑonethatdependsonlyonaberrationsandonethatdependsonly
onvignetting.Inthefollowing,weÞrstdiscusshowtheÞveSeidelaberrations
a!ecttheaberratedlightÞeldandthendiscussthee!ectsofvignetting.

Thesphericalaberrationterm,$1(u2+v2)
#u

v
$
,causesrayspassingthrough

theboundaryofthelenspupiltoconvergeatadi!erentdepthcomparedtorays
passingthroughacirclenearthepupilÕscenter.Thesedisplacements,whichare
independentofthelocalPSFÕspositionontheimageplane,causesharpfeatures
inthePSFandbreakthePSFÕssymmetryrelativetothein-focusplane.An
exampleofaspherically-aberratedlightÞeldanditsFouriertransformisshown
inFig.4.FromEq.(8),itfollowsthattheregionin4Dfrequencyspacethat
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Concluding'remarks'

•  Op8cal'aberra8ons'significantly'change'out<of<focus'
regions'in'photos'

•  anisotropic'
•  asymmetric'in'depth'

•  frequency'preserving'in'specific'depths'&'direc8ons'

•  Aberra8ons'are'useful'to'extend'depth<of<field'of'photos'
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