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La quantité d ‘information observable dans une photographie
brouillêe peut ~tre augmentée si 1’ image est traitée dans un calculateur
numér ique. On décrit une procedure complete (9ui est basée sur le
filtrage de type Wiener) pour la reconstitution des photographies de
haute resolution gui sont déteriorées par plusieurs sortes de brouillage
ccmmin. On considère en detail les aspects pratiques d ‘une
reconstitution acceptable. On décrit les limitations du filtre de
Wiener , les caractér istiques du film photo~raphique et des méthodes
d’identification des brouillages par 1 analyse des photographies
brouillées. Des photographies de haute resolution défocalisées et
détér iorées par le mouve .ient gui est introduit directement dans la
camera sont reconstituées pour illustrer les techniques. (NC )

~BSTRAC~
The amount of information that a human observer can obtain from

a blurred photograph can be increased by oost—processirtg the image in a
digital computer . A complete procedure for restoring (by Wiener
filtering) high—resolution photographs degraded by several comon types
of blurs is described . The ~ractica1 aspects of obtaining an acceptable
restoration are considered in detail. These include the limitations of
the Wiener filter , the characteristics of photographic film and methods
to identify the blur by analysing the blurred image using only limited
a pr ior i knowledge. High—resolution photograths degraded by motion and
focus blurs introduced directly in a camera are restor ed to illustrate
the techniques. (U)

- -- - - --—~
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1.0 INT~~~(ETICtJ

Blurring of photographs can result from accidental causes (e.g.

an improperly focused camera) or from more fundamental limitations (e.g.

imaging through a thrbulent atmosphere) . In some cases the blurring
cannot be eliminated a pr ior i (i.e. the photograph cannot be taken again
with the camera in focus or the object cannot be viewed through less
atmosphere) . The present report describes restoration of such blurred
photographs by post—processing using a digital computer .

A nuirber of approaches to the problem of digital image
restoration exist. These have been reviewed by Frieden (ref. I ) ,  Hunt
( ref. 2 ) ,  Andrews (ref. 3), Sondhi (ref. 4) and by Huang (ref. 5).
Techniques which have successfully been used to restore medium- or
high—resolution dig ital images include: the homomort~hic restoration of
O~çertheim , Stockholm and Cannon (ref s. 6—9) , the constrained
least—squares method of Hunt (ref. 10) and Wiener filtering (refs.
11—18) . Also of interest is the max imum-entropy approach of Frieden
(refs. 19 and 20) and Bayesian estimation (refs. 21—23) . Additional

digital image restoration techniques are described in refs. 24—35 while
procedures which deal specifically with restoration of blurred

photographs are given in refs. 14 and 16.

Much of the current research on digital image restoration is

based on the use of nonlinear rather than linear techniques. Nonlinear

techniques are potentially superior to linear ones, particularly at low

signal—to—noise ratio, but are more difficult to perform and require

longer computing times. Most of the nonlinear methods are also

I;. _~ - -  — — - - - -



—

UN~1ASSI FlED
2

iterative . On the other hand, linear methods are more easily analysed

and efficient algorithms such as the fast Fourier transform (FF1’) (refa .
17, 26 and 36) can be used for certain types of linear restoration.

We describe here a procedure for restor ing blurred photographs

based on one of the linear techniques — Wiener filteri ng — implemented
in the spatial—frequency domain using the FFT algorithm. Practical
aspects of obtaining an acceptable restoration are emphasized. In many

cases, such filtering can produce useful restorations of high—resolution
photographs degraded by several coiri~on types of blurs. It can be

implemented on a medium—scale dig ital compute r or on a minicouputer with
a special—purpose hardware pr ocessor.

Characteristics of photographic film , including granularity and
nonlinearity, are first described and the criteria for digitizing the

film are given. The Wiener filter is related to restoration of blurred

photographs. Problems associated with film nonlinearity and noise,

spatial variance of the blur and with edge effects are considered .
Examples which demonstrate the removal of simulated out—of—focus ,
linear -motion and long—exposure atmospheri c turbulence blurs are given.
Phot ograp hs containing out-of—focus and motion blurs introdu ced directly
in the camera are analysed to determine the nature of the blur and are
restored . Two methods for determi ning the type of the blur (e.g. focus)
and its extent (e.g. diameter of blur circle ) directly from the blurred
image are described .

This work was performed at DREV duri ng 1976—77 under PCN 33A40 ,

“Digital Image Processing”.

_ _ _  -- 
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2.0 FILM CHARACTERISTICS

2.1 Film Noise

The photogr aphic film itself usually limits the extent to which
a blurred photograph can be restored . We first consider the

characteristics of photogra phic film which are relevant to the
restoration problem.

The aver age density of a norma l silver halide film is produced

by the superposition of a nunt er of opaque silver grains. If a film
with uniform average density is digitized , the resulti ng density
measurements will riot be constant. They will 

- 
fluctuate around the mean

density due to random variations in the size , shape and nuir~er of silver
grains included in the aperture . These random fluctuations are referred
to as film noise. The fluctuations are additive in density
(multiplicative in transmittance ) (ref. 2) and the density fluctuations
have a power spectrum which can be considered flat to the cutoff
frequency of the film (re fs. 37—39 ) .

The I~1S density fluctuation at average density D0, SD (DO ,AO ) is
often quoted by the film manufacturer as a measure of film granularity
(usual ly D0~l ~~~ 

is the area of a circular aperture with a d iameter
of 48 pm) . Larger aper thres average more film grains and produce a
lower noise level • Provided that the aper ture is much larger than the
grain size (e.g. 10 t imes larger di~ neter ), the density fluctua t ions
measured using apertures with different areas A arid ~~ are related by
the Selwyn law (refs. 40 arid 41) :

— --- _ _ _ _ _ _ _ _ _  - — - -
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SD(DO ,A) - 5D (Do,Ao)
~~T~~ 

(1)

Film noise can also be expressed as an ~lS- fluctuation in transmittance
aro und a mean transmittance T , ST (T ,A) .  For a density well above the
fog level of the film (i.e . the density correspond ing to zero exposure) ,
the density arid transmittance fluctuations are related (ref . 40) :

ST(T ,A) T SD(D ,A) 
(2)

0.4343

where Txl0~~ . If the film noise (ST) is known at one transmittance
it can be calculated at another transmittance T (ref. 40) :

ST (T ,A) = ST (TO~A) 4~/ (]~ (3)

Substituti ng Eqs. 3. and 2 into Eq. 3 gives expressions for the film
noise (ST ar id SD) in terms of the known film noise SD (DO ,AO ) and the

area A of the aperture used to digitize the film: 
-

ST (T ,A) = SD~~o ,Ao) 
/~~~~/T0TU-’r) (4)

0.4343 ~~ ~
‘ l—!rc,

SD (D ,A) SD(DO,AO)
%
IT
%
!O (5)

where T—10 and T0—l0 ~~
.

L We define the signal—to-noise ratio of a dig itised
transmittance value T as:

— 

-
- ----  
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SNR(T) T 1 
(6)P SI~ (T,A) ST (T ,A)

Using Eq. 4, one can write:

SNR(T) = 
So(D~~A~,

) 
~~~~~

‘T~T(1-T) 
(7)

- - The signal—to—no ise ratio given by Eq. 7 is plotted as a function of
tran smittance in Fig . 1. The scale on the left has been divided by A112

(in micraneters ) and has been multipl ied by SD(Do,Ao) (in density units)
to give a scale wh ich a~~lies for arbitrary film granulari ty and
digitizing aperture . The standard conditions D0=l and A0, the area of a
circular aperture with a 48—pm diame ter , were assumed .

This graph allows one to estimate the signal—to—no ise ratio of
a film with known granulari ty that was digitized with a given aperture .
As will be described in Sec. 3.0 , a value for the signal—to—noise ratio
must be specified in the filter used to restore a blurred image.
Secondly, if the signal—to—no ise ratio of the film is known , the max imum
amount of restoration possible for a given blurred image can be
estimated before the restoration is actually atte mpted .

As an example illustr ating the use of this grap h, a photogra ph
recorded on a Panatomic—X film was digitized with a 100— urn square
aperture. The N’IS var iances within 6 small uniforml y exposed areas of
the film were calculated. Using Eq. 5, we converted each RIB var iance
to the above standard values of Dc, and A0 and we averaged the 6 values
to obta in the result S,,~(D0,A0) - 0.020. The left—hand scale on the

L graph was divided by this film granularity and multipl ied by the square 
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root of the area of the digitizing aperture A1”2”l00 pm. The resulting

signal—to—noise ratio, expressed in decibels , is shown on the right—hand
scale of the graph . Note that a factor of 2 decrease in the diameter of
the digitizing aperture, or a factor of 2 increase in the film

granulari ty, decreases che signal—to-noise ratio by 3 dB at any
transmittance.

The signal—to—noise ratio of the film depends significantly on

the density . In the present example , reg ions of the film with a

transmittance of 0.5 (D=0.30) have a 25-db signal—to -noise ratio while

reg ions with low average transmittance (T=0.05 , D=l .30) or with high

average transmittance (T 0.95 , D=0.022) have a signal—to -noise ratio

increased to 29 dB . This means that (neglecting the effects of film
nonlinearity) , it will be more difficult to restore regions with an

average transmittance near 0 • 5 than regions with a higher or a lower
aver age transmittance (Sec. 3.0).

The above noise calculations are based on the probability of

overlap of the developed silver grains. At low exposure levels

— additional noise due to variation in the number of silver grains
activated by the light photons will contribute. This (along with other
possible noise sources) will decrease the effective signal—to—noise
ratio below that predicted by Eq. 7.

2.2 Film Transfer Function

An exposure g(x ,y) will prod uce a film density:

D(x ,y) — -‘~ log(g(x ,y) J  — Df (8)
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where y is the film garrma (y is positive for negative film and negative

for positive film) and Df is the fog level of the film. ~ie obtains the

transmittance through the film T(x ,y) by exponentiating the density:

D(x ,y) —Df -
~

T(x ,y) = 10 10 [g (x ,y) J  (9)

It is evident from Eq. 9 that the film transmittance is linearly related

to the original exposure only if y=l.

In addition to a non—unity y, a number of other effects can

produce a nonlinear relationship between film exposure and

transmittance. The response given by Eq . 8 does not hold for very high

or very low exposure levels. Adjacency effects (ref. 42) dur ing

develop~ent tend to sharpen the boundary between t~~ areas of different

exposure. This is caused by a redistribution of developer and reaction

products across the boundary which chan ges the rate of developi~ent.

Light scatte r ing within the film emulsion dur ing exposure (hal ation )

will tend to spread out a shar p boundary (ref. 42) .  The effect of

attempti ng to restore a blur r ed image after modification by the

nonlinearities present in the tran sfer function of the film is

conside r ed in Sec. 3 .2 .

2.3 Film Digitization

The first step in the present restoration procedure is to

digitize the film image (convert it to dig ital computer format) . This

is performed by sampl ing the film image point by point using a given

apertur e and sampl ing interval (usually the aperture diamete r is equal

___________________________________ - —~~~
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to the sampling interval). For each point ( image element) , the film
transmittance or density is measured and quantized into a finite nuther

of levels. The quantization in space and density (or transmittance)

must be fine enough to preserve all the information of interest in the

film image and to prevent aliasing. The present section discusses
criteria for performi ng correct spatial and density quantization.

~iantization of film density rather than film transmittance is

often preferred because , in most cases, the resulti ng values are more
uniformly distributed (ref. 29). As is evident from Eq. 3, the noise

Sir is max imum at transmittance T=ø.5 (D=ø .30) . F~l1owing Billingsley

(ref. 40), we choose the size of the density steps ~D equal to 3 times
the noise S~ at this density:

= 3 S~(D—0.3,A) (10)

using Eq. 5, the density step size can be written in terms of the known

film noise SD(Do,Ao) and the area of the digitizing aperture A:

= 3 SD(DO~
AO)4
,
f;-4

1

/-7 (11)

FOr example, using a 100 pm square aperture to digitize the Panatomic—X
film described in Sec. 2.1 (SD(Do,Ao) = 0.02 where D0 =1 and A0 is the
area of a circular aperture with 48—pm diameter) requires a density step

• size AD ’0.0085. If a 3D density range is to be digitized, then at least

3/~~~354 uniformly spaced density levels are required .

- --- - 

~-
-

~~~~ -- -
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In per formi ng the spatial quantization, one has to assume that
the film image band-limited to an u~~er spatial frequency W0. The

sampling interval must then be 1/2W0 or less to preserve the highest

spatial frequency. Band—limiting of the film image can result from the

spatial—frequency content of the original scene which was photographed,

or it can correspond to the cutoff of the camera lens or photographic

film. (For example, taking the cutoff frequency of Kodak Plus—X film to
be 50 cycles/nii (ref. 42) requires a sampl ing interval of 10 pm or

less.)

F~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
- _ _
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3.0 WIENER FILTER iES~iORATICZ~

3.1 Restoration Filter

Assume that a degraded image has been produced in the following

manner . First , a blur defined by a spatially invariant point—spread

function hc (X~y) is convolved with the “ ideal” image fc (X vY )~ The

point—spread function (PSF ) is the result obtained when the blur is
applied to a single point. Spatial invariance means that the blur is
the same throughout the image . Random noise n(x ,y) with zero mean is
then added to produce the degraded image ~~ (x ,y) available for
restoration:

g~ (x~Y) J /hc (x ’~Y ’) f~ (x—x ’ ,y-y ’) dx ’dy ’ + n(x ,y) (12)

The model assumed for the degradation is shown schematically in the
upper part of Fig . 2.

Consider the discrete function g (x ,y) obtained by digitizing a
region of the continuous image ~~ (x,y) over an N— by N—element matrix .
Ccntim]ous spatial functions have the subscript “c” while the
corresponding sampled functions have no subscript . Within a
normalization factor , the 2-dimensional diactete Four ier transform of
g(x ,y) is given by (ref. 26) :

~~~

G(u ,v) — ~~~~~~ g(z ,y) azp(—2 uri(ux4vy)JHJ (13)
x.o y.0

- -- _ _ _ _  
- -  

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~•
. 
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and the inverse transform by:

P4.1 N-i

g(x ,y) = ~~~~~~G(u ,v) exp[2~i( ux+vy),~1J (14)

x.o yuo

In the spatial—frequency domain , one may perform the

convolution given in Eq. 12 by multiplying the discrete Fourier

transform of the ideal image by the discrete Fourier transform of the
PSF of the blur :

G(u ,v) = F(u,v) H(u,v) + N(u,v) (15)

The discrete Fourier transform of the PSF of the blur H(u,v) is

henceforth referred to as the optical transfer function (CYrF ) of the

blur .

The restoration problem consists in estimating f (x ,y) given
g(x,y). ~~e objective criterion for performing the restoration is to

minimize the mean—square error between the ideal image and the restored
image r (x,y). Under the above assumptions the linear shift—invariant
filter which minimizes the mean—square error has a frequency response
( r efs. 5 and 17) :

H* (u ,v)
Q(u ,v) — 

2 (16)
I H ( u ,v) + •fl

(u~v)/ .f (u ,v)

where H(u ,v) is the OW (the asterisk refers to the complex
conjugate) ,

n (u ,v) is the power spectrum of the noise, and

•f (U~V) iS the power spectrum of the ideal image.

I -—--— ~ -~———-‘——— 
- -~~~ -~- - —~-~~
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This is generally referred to as the Wiener restoration filter (refa.

1—3 ) al though it was first derived in the context of image restoration

by Heistran (ref. 11). Other restoration criteria have led to filters
with a similar form (e.g. refa. 1—4 and 10).

The restored image r (x ,y) is obtained by calculating the
discrete Four ier transform of g (x,y) (using a 2-dimensional F~T
algorithm as described in refs. 17, 45 and 47),  multiplying by the
Wiener filter (Eq. 16):

R(u ,v) = G(u,v) Q(u,v) (17)

and calculating the inverse discre te Fourier transform. The restorat ion
procedure is shown schematically in the lower cart of Fig. 2. Problems

associated ~ith apolication of this method to restore blurred
obotographs are discussed in Secs. 3 .2 , 3.3 and 3.4.

3.2 ~~~lication to Blur red Thotngraphs

The Wiener filter g iven by Eq. 16 assumes that convolving a
spatially invariant PSF with the ideal image and add ing random noise

• produces the image to be restored . Most image blurs of interest are to
some extent spatially var iant and film noise is not additive with
exposure (Sec. 2.1). Lastly, the image available for restoration is not
the exposure but the exposure after modification by the nonl inear
transfer function of the film (Sec. 2.2) . The effect that these
deviations from the assumed model can have on the restoration of blurred
photographs is considered next.

L _____________________________________
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Spatial invariance of the degrad ation means that the same PSF

is convolved with all regions of the image. Sane blurs are spatially
invariant , others are not. For example, if all regions of the scene

being photographed are located at the same range from the lens of an

out-of—focus camera , then the blur will be the same throughout the image
(i.e. spatially invariant ) . (~ i the other hand , the images of objects

located at differen t ranges from an out—of—focus camera will be blurred

by different amounts (i.e. the blur will be spatially variant) .

If ,  for exampl e , an image conta ining spatially variant focus
blur is restored by Wiener filter ing using one assumed value of

• blur—circle diame ter , onl y reg ions of the image which ar e bl urred by

appr oximately that amount will be correctly restored — othe r regions

will be either over or under resto r ed . The amount of spatial var iance

that can be pr esent before the Wiener filter no longer prod uces an

acceptable restoration depends on a numbe r of factors. ~~e factor is

the amount of restoration sought (a large amount of restorat ion , which

is obtained when a ~~all value of •n’~f is specified in Ec. 16, reauires

a more accurate estimate for the PSF) . Other factors are the tyPe and
extent of the blur (a blur with a large PSF requires that the PSF be

known to a lower percent error as shown in ref. 18). Additional

problems can arise when artifacts generated by incorrect restoration of
one region of an image extend into correctly restored reg ions. Examples
illustrating acceptable restorations of photographs containing blurs
with both large and muall amounts of spatial variance are given in Sec.
4 • 2.

k I
— —
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The main source of noise in photographic imagery is usually
film granularity. This noise is additive in film density and therefore
multiplicative , not additive, in film transmittance (Sec. 2.1). Whether

it is preferable to take the correct blurring model and restore the film
transmittance image, or to take the correct noise model and restore the
density image (and then exponentiate to obtain the restored

transmittance image) can depend on the nature of the particular image.
Neither approach is consistent with the model assumed in EQ. 16. If the
image to be restored were recorded on low-granularity film , then
restoration of the transmittance image could be preferable. Here the
extent of the possible restoration may not be limited by film noise but

rather by other effects, such as film nonlinearity or the accuracy to
wh ich the PSF can be determined (or is spatially invariant) . For
high—granularity film where the restoration is noise—limited ,
restoration of the density image could yield a better result.
Density-domain restoration also has the advantaqe that it constrains the
restored image to contain no negative values as is required 

- for all
images formed with incoherent light. Examples comparing density— and
transmittance—domain restorations of blurred photographs are given in
Sec. 4.2.

The Wiener filter assumes that the PSF of the blur is convolved
with the original film exposure. Digitizing the film transmittance or
density produces the Image to be restored . A nonl inear relationship
between film exposure and the image being restored (e.g. due to film
nonlinearity or to restoration of the density rather than tran~ nittance

image) can adversely affect the restoration.

____________ 

- ~~~:. -
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Such nonl inearities should have a significant effect only if
• they are appreciable over the area of the PSF of the Wiener filter . For

example, nonlinearity due to film gamia should be lirçortant only in
regions of the image wher e the power—law relationship between film

exposure and transmittance (Eq. 9) is not approx imately linear over the
PSF of the Wiener filter . Similarl y , restoration of the density rather
than the transmittance image should be acceptable in all reg ions where
the logarithmic density function can be considered linear over the PSF
of the Wiener filter . Gr adual nonl inearities where the above
small—signal ~~proxlmation is val id (e.g. nonl inearities due to film
ganina or density-danain restoration ) should be less detrimental than

sharper nonlinear ities (e.g . film saturation) .

• It most be reneir~ered that the PSF of the Wiener restoration
filter can be considerably larger than the PSF of the blur . The PSFs of

• the Wiener filters r equired to restor e out—of—focus , linear—motion and
long—exposure atmospheric turbulence blurs are shown , enlarged , in Fig .
3 along with the PSF of each blur . Each blur and the corresponding

restoration filter are to the same scale.

3.3 Artifact Generation

The Wiene r filter can introduce artificial features into the
restored image which are not present in the ideal image (ref . 43) .  This
is distinct from enhanc ement of noise by the filter as artifac ts
generally have a well-defined rathe r than a random structu re. For
example , restoration of a blur r ed image using the incorrect OFF in the
Wiener filter (Sec. 3.2) can unde r some conditions generate artifac ts .
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FIGJRE 3 Point—spread functions of three caiinon image blurs: (a)
out—o f— focus , (b) linear—motion and (c) long—exposure
atmospheric tr ansmission . The PS? s of the Wiener filters
used to restore the 3 blurs are given in (d), Ce) and (f)
respectively.
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Two other types of artifacts which are often observed in the restored

image are descr ibed here.

Ringing can take place if the Wiener filter is applied to

defects introduced after the blurrin g has occur r ed . Such defects could

be caused , for example , by specks of dirt or scratche s on the film or by
sharp nonl inear ities (e.g . due to film saturation ) . ~ defect with a

sufficiently small area will generate an artifac t consisting of a

replica of the PSF of the Wiener filter. The PSFs of the Wiener fil ters
used to restore 3 types of blur are shown, enlarged , in Fig . 3. If one

of these ~signaturesu is observed in the restored image, it can indicate

the presence of a defect in the or iginal image. If a defect or a

small—area nonlinearity can be detected by inspection of the imaqe

either before or after restoration , then the corresponding artifact can

usually be reduced by appropriate editing (e.q. the affected area of the

original image can be replaced if the surroundinq Image elements are

extrapolated) .

Artifacts can also be produced at the edges of the restored

image. Image elements within a distance equal to the PSF of the Wiener

filter from the edges of the original image cannot be correctly
restored . Oscillation of the edges of the image can occur if the image
borders are not properly treated before restoration. One way to

• min imize this arti fact is to multiply the image to be restored by a

window function (e.g. refs. 36 and 44) to make its edges go ~w othlv to

zero. Another approach is to match the opposite edges of the image to
one another over a given border region by fitting a low—order nolynomial
(ref. 15) . Since the present fast Four ier tr ansform filteri ng assumes 

— — -
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that the opposite edges of the image are adjacent (e.g. rets. 26 and
36 ) ,  the latter approach was used here . In most cases, a linear
interpolation over a region 5 image elements wide around the border of
each 512— by 512—element image was sufficient to reduce edge effects to

an acceptable level (ref. 45) . This procedure was super ior to the use
of a bell—cosine window function (ref . 36) in its ability to reduce
oscillation and also requir’~d modification of fewer image elements.

3.4 Signal—to—Noise Ratio of Wiener Filte r

To optimize (in a least mean—square error sense) the
restoration of a blurred image in the presence of noise , the ratio of
the power spectrum of the noise to the power spectrum of the ideal image
must be specified in the Wiene r filter . In effect , this ratio
de termines the amount of restoration performed by the filter . This

ratio is related to the signal—to—noise ratio of the film obtained in
Sec. 2.1.

We inte rpret •f
(U ,V) not as the power spectrum of the ideal

image but rather as a weighting factor which represents the relative
importance of various spat ial frequencies in the image in conveying
useful information. A~ssume further that it is equally important to
restore all spatial frequencies (up to the Nyguist freauency )
independent of their actual probabil ity of occurrence in the ideal image
(i.e. •f (u lv) =constant) . Since the spatial—frequency content of many
images falls off rapidly at high spatial frequencies (e.g. ref. 6), this
will yield a restored image with a higher mean—square error • However,
the edge or small—area structure represented by the higher spatial
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frequencies is often of much interest. The assumption is that it is
preferable to accept a higher mean—square error (resulting in a restored
image with a noisier appearance) in order to obtain additional
restoration of edge and small—area structure.

Setting •n (u~
V) equal to the power spectrum of the film noise

(which is assumed to be uniform as described in Sec. 2.1) makes the
ratio •f (U ,V)/•~~(U ,V) constant as a function of spatial frequency. As
an estimate for this ratio, we equate it to the signal—to—noise ratio of
the film given by Eq. 7 at the average transmittance Tav:

•f
(U IV) 

= 0.4343 ~i;~;-••4J 0 (18)
•~(u~v) Sd (Do,Ao) ~ Ao VToTav (l_Tav)

Equation 1.8 gives an estimate for the amount of restoration that can be
achieved by the Wiener filter. It assumes that the restoration is
limited by film noise and that the film transmittance values are
distr ibuted within a narrow range about Tav~

Large values of •f/~n 
specified in the Wiener filter produce

more restoration but also more enhancement of noise. An exaniple showing
how the amount of restoration of an out—of—focus photograp h d~pends on
the value of •f/$~ assumed in the Wiener filter is given in Fig . 4.

This figur e shows the or iginal blurred image ( upper left) after
restoration using 8 differen t assumed values of •f/~~ between 10dB and
40 dB. Almost no improvement is evident for a •f’~n 

of 10 dB while
incr easing the •f/• from 15 dB to 30 dB produces a successively better
restorati on. Above 35 dB there is excessive enhancemen t of film noise .

•
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FIGURE 4 !~storation as a function of the value of • Is specified in
the Wiener filter. A region of a photogra~h ~aken with the
camera out of focus is given in the upper left. The
following 7 photographs show the restoration obtained as
the value of Sc/S ( ind icated in the lower—left of each
restored image) i~ var ied in 5 dB steps from 10 dE to 40 dB.• The same region of the sign photographed with the camera in
focus is given in the lower r ight.
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In practice , Eq. 18 may best be interpreted as an initial
estimate for the value of •f/5~ to be used in the Wiener filter which

can be adjusted to obtain the best restoration. In normal hirlh—contrast
photographs, the average transmittance in var ious req ions of the image
can diffe r widely. In this case, no single value of T will be optimum
for all reg ions of the image. For example, as was explained in Sec.

2.1 , the signal—to—noise ratio varies by 4 dB as the film transmittance
changes from 0.5 to 0.95. I~storation of a region of a blurred image

with average transmittance 0.95 then reauires a •f/$~ 4 dT3 higher than

that of a region with average transmittance 0.5. As illustrated in Fig.

4, a 5 dB difference in the value of •f/$~ specified in the Wiener

filter can have an appreciable effect on the quality of the restoration.

Secondly, the restoration may not be fi lm—noise limited . Other
considerations such as the presence of a spatially variant blur (Sec.

3.2) or the attempt to minimize artifacts (e.g. due to film saturation)

(Sec. 3.3) may make the use of a value lower than that predicted by Ea.
18 desirable. For lower values of •f/$~ the Wiener filter is less

sensitive to the use of an incorrect OFF and artifact generation is
usually less severe. Depending on the nature of the image to be

restored and the informatios~ of interest in it, the best restoration may
be obtained when a value either higher or lower than that predicted by
Eq. 18 is used.

~
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• 4.0 RES’IORATION EXAMPLES

4.1. Simulated Blur s

Assuming complete knowledge of the degradation , the extent to

which a blur red ohotograph can be restored is limited only by the amount

of noise wh ich is present. Simulated degradations due to an

out—of—focus lens (with circular aperture) , linear motion and

long—exposure atmospheric transmission were applied to an image as shown

in Figs. 5(a), (c) and (e). We introduced the blurs by calculating the

2-dimensional FF’F of the ideal transmittance image, multiplying by the

appropr iate OFF and calculating the inverse FF1. No noise othe r than
that caused by computing errors was added.

The focus blur was assumed to have a PSF consisting of a

uniform circular disk of diameter d with an OFF (refs. 9 and 13):

H1(u,v) = ~~~~~~ (19)

where J1(.) is the Bessel function of the first kind and first order ,

and w2 u2+v2. The psi’ of the linear—notion blur was a line of lenqth 1

at an angle 9 to the x—axis with an OFF (refs. 9 and 13):

H2 (u ,v) sin ( t fl) (20 )
wfl

where f—u cos (9) + v sin (9) . For a long exposure (e.g. 100 ma),  the 01?

of blur r ing caused by transmission thro~~h atmospheric turbulence is
approximately gaussian (ref. 5) and was taken here as:

_ _ _  
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FIGURE 5 Simulated blur s due to (a) an out-of—focus camera , (C)
linear notion and (e) long-exposure atmospheric transmission
were applied to a photograp h. Each blurred image was then
restored using a Wiener filter as shown in (b) , (d) and (f)
respectively. Despi te the large amount of blurr ing pr esent
in each case , the low noise level allowed almost cosplete
restorat ion . 
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03(u ,v) — exp (—(b 2w2/2.155) 5”6J (21)

where b is the full width at half maxiimin of the PSF and w2”u2+v2. The

modulus of the Cl!? of each of the 3 blurs (i.e. the modulation transfer
function (Pt!?)) is given in Fig. 6. For the focus blur , d—0.04 x
picture width; for the notion blur , l-~.04 x picture width and 9—35°;
and for the atmospheric blur , b—0.O1 x picture width.

Each blurred image was restored by calculating the FF1’,
multiplying by the Wiener filter (with H (u ,v) equal to the appropr iate
01? and •f/•~~5O dB) and calculating the inverse FFT. The restored
images are shown in Figs. 5 (b) , (d) and (f) . Despite the large amount
of blurring present in each case, the low noise level permitted almost
ccmplete restoration . Only the information present in each blurred
image was actually used to obtain the restoration.

4.2 Exper imental Camera Blurs

Four examples showing the restor ation of experimental focus and
notion blurs introduced dir ectly in the camera are now given. For both
types of degradation , the amount of blurri ng var ies with the distance
between the camera lens and the object being photographed. The blurs
will then be spatially invariant only if all objects in the photograph
are located at the same distance fr om the camera lens . In addition ,
spatial invariance of the motion blur requires that the motion be in a
plane perpendicular to the optical axis. The first 2 examples show

-

• restoration of spatially invariant focus and motion blurs from
photographs of flat signs located ir~ a plane perpendicular to the

— 
i__a, __
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I ’ .

FIQJRE 6 The Pt!? a of tI~ (a) facts (b) linear-motion and (C)
atnos~ ieric blurs present in the Images of Fig . 5. The

- - spatial—frequency origin is at the center of each MI? and
the 2 axes span the range beti~ en plus and minus the Nyquist
frequencies.
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optical axis where these conditions are approx imately satisfied . The
third and fourth examples show restor ation of photographs containi ng
spatial ly variant notion blurs.

The photographs shown in Figs . 7 , 12, 14 and 21 were taken with
120 nm Kodak Panatounic-X films. The density range 0-2D of the films was
digitized into 256 unifo~m1y spaced levels with an Optronics
rotating-drum microdensitometer having a 100— urn aperture (ref . 46) . The
photograph shown in Pig . 13 was taken with a Kodachrome 25 color—slide
f ilm. The density range 0-3D of the slide was digitized with a 25 urn
aperture. A 512— by 512-element region of each digitized image was
selected for restoration . The type and extent of the blur pre sent in
each photograp h was determined according to the procedures described in
Sec. 5.0 and the values of •f/~n used in the Wiener filters were
estimated as described in Sec. 3.4. We effected the
transmittance-domain restorations by exponen tiatin g the digitized
density values over a 2-decade (or a 3-decade) range , calculatinq the
2-dimensional FF1’ (refs. 17 , 45 and 47), applying the Wiener filter and
then calculating the inverse F?!. We performed the density-do main
restoration by restor ing the density values directly and then
exponentiating .

We first compare density— and transmittance-domain restorations
of a photograph containing a focus blur with a small (approximately 4%)

amount of spatial variance . The photograph of a sign taken with the
camera out of focus is shown in Fig. 7 (a) . Using the OFF given by E~ .
19 with a blur—circle diameter of 0.675 nm on the film and •f/~~ — 25

dB, we restor ed the image in the density domain (Fig . 7 (b) ) and in the

— _L__. — — —  — — •
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FIGURE 7 A photograph taken with an out-of— focus camera was digitized
using a 100-pm raster and a region representing a 5.12—by
5.12—an area on the original negative is shown in (a) .Assuming a •f/~~ equal to 25 dB and a blur circle with a
diameter of 0.675 nm on the negativ e, a Wiene r filter wasapplied in the transmittance domain (b) and in the densitydomain (c) to remove the focus blur . A photograph of thesame sign taken with the camera in focus is given in (d) toshow the resolution limit imposed by the digitization .
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* transmittance domain (Fig . 7 (c)) .  The central 256— by 256—element region
of each image is shown , enlarged , in Figs. 8—10.

Compared with the photograph of the same sign taken with the
camera in focus (Figs. 7(d ) and 11), both restored images have a
resolution close to the limit imposed by the digitization . Text
completely illegible in the original can be read in both restor ations .
The transmittance restoration , however , may be slightly preferable to
the density restoration. In parti cular , the text is more legible and
there is less ringing where the dark border of the sign joins the light
wall. A possible explanation is that , for this image, the logar ithmic
density function is not approx imately linear over the extent of the PSF
of the Wiene r filter (Sec . 3.2) at the sharp chang es in exposure (i.e.
the white letter s against the black background and the black sign
against the white wall) . This nonl inearity only occurs when the image
is restored in the density domain.

As a second example of the removal of a spatially invar iant
blur , a sign was photographed from a moving vehicle to produce the
notion—blurred image shown in Fig . 12 (a) . The blurred transmittance
image was restored assuming the OFF given by Eq. 20 (with a blur length
of 1.43 an on the film and 9 = 00 ) taking •f/~~ — 30 dB. The result is
given in Fig. 12(b) . Despite its large extent (greater than 1/4 of the
picture width) , the notion blurring of the sign has been almost
completely removed by the resto ration.

In the third example , the or iginal photograph (Fig. 13(a) )
consists of 2 areas : one contains no degrad ation , the other contains
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FIGURE 8 Enlargement showing the central reg ion of a blurred
photograph (Fig . 7 (a) ) taken with the camera out of focua

I - ~~~~~~~~~~~~~~~~~
- - -—-

~

—-

~

.-

~ 

—.4. - ~~~~~~~~~



_ _ _ _ _ _ _  _ _ _ _ _

4. -_ _

UNCLASSIFIED
32

1

— -

* -~~~9 •L LA $ IV ’ . P~t *~.I~I ‘ P 4 ~ I ~ 4 ~ t ‘‘

~~TRE CANA DIEN DE RL ICF4L IIJ
PL &FtCT 1OUNIMEMT DES AR

~~1,v ,  ~~~~~~~~~
.~~* b 4 s $ l  ~~1

4’~~ % $ T ~~b)4 $‘~~~& * $  t t  L~*. ~~~ l FMI ~~*~~ 4.

r’ ~~~~~~~ ~~~4

I 
— — 

t

~ N1SflLL t* L A L~~FIN’ IE N&1V*~P

CFNJ R E  DE RE CHIR .CIIFS
- PC~~R L .A DEFENSE .

V A t  C ’R l II R .
$ £ $~~1 •

•
. 

-

4..- — I

FIGURE 9 Transmission-domain restoration of the blurred image shown
g. 8
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FIGURE 11 The reg ion of the sign given in Fig. 8 photographed with the *

camera in focus 
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FIGURE 12 Restoration of a photograph conta ining spatially invar iant
motion blur . The original blur red image (a) is shown after
restoration in (b) .
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FIGURE 13 The bac kground region of the photogr aph (a) is degraded by
linear -motion blur . The resul t of resto r ing the complete
photograp h to deblur the background is given in (b) .
Enlargements showing a region of the bac kground before and
after restoration are g iven in (C) and (d). Artifacts due
to restoration of the unblurred portion of the image and to
film saturation are apparent in (b) .
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linear—motion blur . The ca~~ra tracked the moving vehicle so the image

of the vehicle was correctly recorded while the image of the stationary
backgr ound was blur red . The result of restor ing the complete image to

remove the blurring from the background is shown in Fig. 13 (b). We

restored the image in the transmittance domain using the CYrF given by

Eq. 20 with a blur length of 0.61 iiil’ on the film , 9 00 and •fI~n = 20

dB. Enlargements showing a section of the background region before and
after restoration (Figs. 13 (c) and 13 (d)) illustrate that the blurring

has been effectively removed. For example , features which appear as

streaks in the original image can readily be identified as small rocks

after restoration , and boundaries between light and dark areas have been
sharpened. (The background consists of an almost—vertical bank of

earth.)

Two types of artifacts are evident in the restored image. Both
appear as severe ringing in which the PSF of the Wiener filter is

displayed . (Compare the ringing with the PSF of the Wiener filter given
in Fig. 3 (e).) The first type of artifact is caused by application of

the Wiener filter to the unblurred image of the vehicle. The second is

due to film saturation in 2 over—exposed areas of the image (in

particular in the wedge—shaped feature close to the center of Fig. 13 (a)

and in the area in the upper—right corner). ()~e can reduce or eliminate
these artifacts by editing the image before restoration to remove the
over—exposed areas (i.e. by matchi ng the average gray level of the area

to that of the surroundin g reg ion) , and by confining the restoration to
the motion—blurred portion of the image (i.e. by selecting a region
which does not include the vehicle) .
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The four th image to be restored (Fig . 14 (a) ) is degraded by

spatially variant motion blur . The scene, which was photographed from a
moving vehicle, contained objects located at different ranges from the
camera. In addition , the can~ ra was not moving in the ~1ane
perpendicular to the optical axis. Both the length and direction of the
bl ur therefore varied throughout the image. The result of restori ng the
front of the building (usirr, a blur length of 1.18 nm on the film , 9 =

37.5° and •f/~fl 
= 20 dB) is given in Fig. 14 (b). Enlargements showing

the regions of the sign and the door before and after restoration are
given in Fig . 15. Comparison with the unbiurred photograph of the
building (Fig . 14(c) ) obviously shows that tex t which is illegible in
the orig inal blurred image has been correctly restored . For example ,
after restoration, the street nuntier “382” on the door can be read in
Fig . 15 (d) as can the telephone number “843—6652” in Fig . 15(c) .

Other objects in the photograph , e.g . the car to the left of
the building and the chinr~ey on the building , are located fur ther from
the camera and are not correctly restored . The artifacts (PSF r ing ing )
generated by incorrect restoration of these objects do not extend
significantly into the correctly restored reg ions. Ring ing of 2
highl ights on the car where the film has saturated is also evident in
the restored image.

-Á

_ 
- 

p

_ _ _ _ _

~.—‘ ------ - - .—-.~~~~~‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ _ .. - - - - - ‘ - — - ——--‘---‘-——
~

---—-- - - --.‘--. — — -  --



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —-~~~~-~

I 
——.-— _______________________________ -

I 

UNCLASSIFIED

I.- 
_____ ~ ~~~~~~~ ~

4.
~~~

.P
~4* .

_i

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~

—I_ — —-l
~~~~~~~~

;- p. .. 

—

u~L 1 ~~~~I—

~~~~~~~~~~~~ 
:Ic . ~~~~~~~~~~~~~

~~ ~~~~~~ :.~ 
. — :~~~J—. p

. 

~~~~~~~ ..~~ 
. ,. -

~

~

- 4.~~~~~~

FIGURE 14 Restoration of a photograph containing spatially var iant
motion blur . The or iginal blurred image (a) is shown in (b)
after restoration of the front of the building. Other

I regions of the image are incorrectly restored. An unblurred
I photograph of the building is given in (C) .
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FIGURE 15 Enlargements of the images given in Figs. 14 (a) and (b)
showing the region of the sign (a) before and (C) after
restoration, and the region of the door (b) before and (d)
afte r restoration
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5.0 IZ1~R’1IP~ TION OF TIE OW

5.1 Interactive Me thod

‘lb restore a blurred image with a Wiener filter , one must know
the OW as given by the type of blur (e.g. out—of—focus ) and its extent
(e.g. diameter of blur circle). The present section shows how this can
be determined interactivel y. A second method for determin ing the
required info rmation which consists in analysing the power spectr um of
the blurred image and which can be appl ied for certain types of OPFs, is
described in Sec. 5.2.

In the interactive method , a small reg ion of the complete image
is selected aid restored using guesses for the type and extent of the
blur . The initial guesses are improved (usually by systematically

repeating the restoration as a function of a single parameter such as
blur—circle diameter) aid the values which subjectively yield the best

result are used to restore the complete image.

The initial guesses for the type and extent of the blur can be

baeed both on a priori knowledge and on direct analysis of the blurred
image. For example, in restoring the image of Fig. 13 we assumed a
pr iori that the background was blurred by linear—motion degradation.
(The moving vehicle was not blurred , which indicated correct tracking of
the camera. ~~er the 1/250 s exposure tima, the camera motion relative
to the stationary background is then approx imately linear.) Me obta ined
initial estimates for the length aid direction of the motion blur by
measur ing the extent of the blurring of objects in the backgro~,d that
were assuned to contain point or edge structure (ref. 5).

a
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An example showing variation of a parameter from the initial
estimate to optimize the restoration is given in Fig. 16. Here, we
restored a region of the out—of—foc us photograph of a sign shown in Fig.
7(a) using 8 different assumed values for the diameter of the blur
circle on the negative. The values var ied in 0.025 nun steps from 0.575
nun to 0.825 nun. It is ev ident that the best restoration is obta ined for
a blur circle diameter of 0.675 nun. This value was used to restore the

complete image as shown in Figs. 7 (b) , 7 (c) , 9 and 10.

5.2 Power Spectrum Analysis

According to Eq. 15, one may express the bl ur in the
spatial— fr equency domain by multiplying the discrete Fourier transform
of the ideal image by the OW. The ~ff of cer tain degradations can
consist of a well—defined pattern. For exw!le, the ~fW of the focus
blur given in Fig . 6 (a) conta ins characteristic ring str ucture while the

M’rF of the l inear motion blur given in Fig . 6 (b) contains characteristic

linear str ucture. Prov ided that it is not obscured by the noise term in

Eq. 15 or by structure in the discrete Four ier transform of the ideal

image, the t.frF of the blur will appear in the power spectr um of the

deqraded image. Gennery (ref. 13) has shown that in some cases - 
-

(particularly if the ~!FF of the blur has zeros) this pattern can
Identify both the type and the extent of the blur .

As an ex&-91e of this, four reg ions of the out-of—focus
photograph of the sign shown in Fig. 7 (a) were selected (Fig. 17) and

the power spectrum (i.e. the modulus of the FFT) of each was calculated

~~~ (Fig. 18). The r ing structure present in each power spectrum is

- 
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FIGURE 16 Determination of the (7W of the blur interactively. A
reg ion of a blurred photograph is shown in the upper left .
Assuming the blur is due to an out—of—focus camera, the
image was restored using 8 different assumed values of
bl ur—circle diameter . These values, which are written in
the lower left of each image, var ie~1 in 0.025 nun steps from
0.575 nun to 0.750 nun . The restoration is clearly optimum
for a blur -circle diam?ter of 0.675 nun.
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FIGURE 17 Four reg ions of the thotograth of a sign taken with the
camera out of focus are shown in (a) , (b) , (C) and (d)
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F IGURE 18 Identification of the !.?TF of the blur by oower spectr um

analysis. The power spectr a of 4 regions of a photograph
taken with an out—of—focus camera (i.e. the 4 images given
in Fig . 17) are shown in (a) , (b) , (c) and (d) . ~4iile each
of the 4 images before blur r ing contains different spatial
features the same ri ng structure, which is characteristic of

— the out-of—focus blurr ing , is eviden t in all power spectra.
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chara cteristic of the focus degradation. Following Eq. 19, the OW of

the focus degradation is a Bessel function of the first kind and first
order with argument ws(u 2+v2)~ ”2 divided by w. This function is

circularly syssnetr ic about the freauency origin with the first 4 zeros —

located at w1~1.220/d, w2~2.234/d, w3~3.238/d and w4~4.242/d, where d is
the diameter of the blur circle. The zeros in the ?TIY occur at the same
locations. By struning the power in ring—shaped regions about the

origin, dividing by the area of each region and plotting this as a

function of distance from the spatial—frequency origin (Fig. 19), one

can determine the locations of the first 3 minima in each power spectrum
(correspond ing to the first 3 zeros in the Bessel—function (71?). Each —

minimum in the radial power distributions appear ing in Fig. 19 gives an

estimate for the diameter of the blur circle. Averaging the 3 values

obtained from each graph gives the fol lowing estimates for the average
blur—circle diameters: region (a) , dxO.67 nun; region (b) , dm0.66 nun;
reg ion (c) , daO.69 nun; region (d) , dzO.69 nun .

This method can be very accurate. Here it was able to detect
the fact that the upper portion of the sign ( regions (a) and (b) ) was 4%

less out-of—focus than was the bottom portion (reqions (C) and (d)) .
The photograph was taken with the camera focused at a point behind the
sign and , as is evident in Fig. 7 (a) , the lower portion of the sign was
closer to the camera than the upper portion.

Before calculating the above power spectra, we high—pass
filtered each image using a digital approx imation to the t~ -dimensiona1

L~~lacian operator (refs. 5 and 13) :

I
,
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(a) (b)
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‘ 1

(C) Cd )

FIGURE 19 The radial power distr ibutions of the 4 rower spectra given
in Fig. 18. The oscillation present in each distribution is
characteristic of the focus blurring and each minimum gives
an estimate for the diameter of the blur circle. The graphs
(a), (b), (c) and (d) respectively yield average values of
0.67 nun, 0.66 nun, 0.69 nun and 0.69 nun for the d iameter of
the blur circle on the film negative.
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g ’(x ,y) = g (x—1 ,y) + g (x+l,y) + g(x,y—1) + g(x ,y+l ) — 4g (x,y) (22)

This filter enhances the low—amplitode higher spatial frequenc ies
approximately as u2+v2, which makes the l’fW pattern more easily visible

in the power spectr um.

%tien the power spectr um is estimated as the modulus of the FFr,

a discontinuity effectively exists if the opposite edges of the image do

— 
not match one another (refs. 15, 26 and 36). This discontinuity

introduces spatial—fr equency components along the vertical and
horizontal axes of the power,spectrum which are not multipl ied by the
MFF (ref. 13). For example, the vertical structure passing through the
spatial—frequency origin in the 4 power spectra given in Fig . 18 is
caused by misatatch between the upper and the lower edges in each of the

corresponding images shown in Fig. 17. Eliminating these undesired
axial spatial fr equencies before calculating the rad ial power

distr ibutions of Fig. 19 (by setting the appropriate regions of each
power spectrum to zero) significantly improved the accuracy with which

the positions of the minima could be determined . 
- 

-

In general, the power spectra of different regions of the ideal

image will have different structure but all will be multiplied by the

same MI? (assuming a spatially invariant degradation) . Then averaging
the power spectra of differen t reg ions of the image can enhance the Ml?
pattern. Aver aging the 4 power spectr a of Fig. 18 gave the enhanced MW

pattern shown in Fig. 20(a).

*
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F IGURE 20 Enhancement of the MW pattern in the power soectr un of a
blur red photograph by 2 methods. In (a) the enhancement was
obta ined by averag ing the power spectra of 4 different
reg ions of the blur red image. Fur ther enhancement was
obtained in (b) by band—pass filter ing the averaged power
spectrum (a) . The power spectrum of (a) is shown before
filtering in (e) and after f i l ter ing in (f). The radial
power distr ibutions of (a) and (b) are given in (c) and (d)
respectively.
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* 
If the approximate nature of the blur is known , then a spatial

filter can be applied to the power spectr um of the degraded image to
fur ther enhance the MW pattern. However , the filter must be chosen so
that it does not distort the desired MW pattern or introduce additional
structure. The power spectrum of the averaged power spectr um given in
Fig . 20( a) is shown in Fig . 20 (c) . It is evident that the energy
cor respo nding to the MW of the present blur is concentrated within a - 

-

narrow annular r ange about the spatial—fre quency orig in . This
corresponds to the fundamen tal frequency of the Bessel function .
Band—pass filteri ng the power spectrum given in Fig . 20 (a) so as to
retain only these spatial fr equencie s considerably enhances the MW

pattern , as shown in Fig . 20 (b) . The power spectr um of the power
spectrum after band—pass filter ing is given in Fig . 20 (f) . Only 3
min ima are present in the rad ial power distr ibution before filter ing
(Fig . 20( c))  while after filteri ng a fourth min imum is app arent (Fig .
20 ( d) ) .  Before filteri ng the min ima in the power spectr um yield an
aver age blur—circle diamete r d=0.68 nun while afte r filter ing the value

d=0.72 nun is obta ined . The filter ing has therefore only slightl y
altered the positions of the min ima .

We conclude this sect ion with an exampl e which si.munar izes the
use of the above procedures to restor e the blurred photograi~ shown in
Fig . 21 (a) . The central 256— by 256-element region of the digitized
photograph was selected , a Laplacian high—pass filter appl ied and the
power spectrum calculated (Fig . 21 (b)) .  The ring structure in the power
spectr um identifies the blur as being due to an out—of—focus camera
(with circular ap erture) , and the first 3 minima yield estima tes of 1.72

nun , 1.74 nun and 1.77 nun for the diameter of the blur circle on the

- -~ - - - -~~~~~ 
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(c) (d )

FIGURE 21 &munary of the procedure used to restore the blurred image
(a). The power spectrum of the image (b) contains ring

— structure which identifies the blurri ng as being due to an
out-of—focus camera with a blur—circle diameter of 1.76 nun
on the film negative. Assuming this (YW, the image was
restored using a Wiener filter as shown in (C) . ‘l1~ same
insignia photographed with the camera in focus (d) verifies
the correct restoration of details not resolved in the
original blurred Image.
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negative. Measurement of the 1*IS noise in uniformly exposed regions of
• the photograph indicated that a picture element with transmittance 0.5

would have a signal—to—noise rati o of 23 dB. Using a $f/+~ equal to 25

dB and assuming a blur— circle diameter of 1.75 un , we restored the image
in the transmittance domain with the (YI’F given by Eq. 19. The result is
shown in Fig . 21 (c) . The photograph of the same insignia taken with the
camera in focus (Fig . 21 (d) ) vet if ies the correct restoration of details
not evident in the orig inal blurred image (e.g. the beads in the crown
and structure within the central circle) . The resolution (size of the

smallest detail that can be resolved ) has been increased by a factor of
5 by the restoration .

I
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6.0 C(~4CILJSI(X4S

Because of excessive computing times, it is not practical to

use many of the existing digital restoration procedures to deblur
high—resolution images. Wiener filtering , implemented in the
spatial—frequency domain that uses an FF~ algorithm , is one aporoach

which can be a~~lied to restore high—resolut ion images (e .g . images

containing 512 by 512 elements) and which uses only moderate
computational facilities.

A complete Wiener—filteri ng restoration procedure , includi ng 2

methods for identifying the blur that analyse the blurred image directly

using only limited a—p r iori knowledge, was described here. ExamQles

showing the resto r ation of exper imental focus and ITotion blur s were —

given . The blurs were introduced directly in the camera and normal

“amateur ” photograp hic films and cameras were used.

Correct application of the Wiener filter , and in particular a
knowledge of its limitations , is fundamental to obtaining an acceptable

restoration . These limitations were described in detail with regar d to
restoration of blurred photographs. Techniques for restori ng blurred
photographs wh ich take account of the propertie s of the Wiener filter as
well as other practical consideration s (e.g. film nonlinearity, artifac t
generation , edge effects etc.) were described .

The most ser ious disadvantages of a Wiener filter are that it
can only restore blurs containing a small ainotait of spatial var iance , it

does not simultaneously assume the correct models for film noise and for

A

_________ 
_________________________________
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the blurring , and it does not make use of known physical constraints
(e.g. the ideal image cannot contain negative values or be infinite) .
It incorrectly assumes that the signal—to—noise ratio of the film is
independent of exposure. Fur thernore , the restoration is linear (and
therefore sub-optimum (ref. 1)) and is based on minimizing the
mean—square error between the ideal and the restored Images. It is
doubtful whether the mean—square error cri terion correlates well with
subjective estimates of image quality ( refs . 2 and 29) . (Many of the
other restoration procedures suffer the same shor tcomings however.)

The presen t report has demonstrated that, in situations of
pr act ical interest , significant restorations of high—resolution blurred
photographs can be obtained through the proper use of an inverse Wiener
filter . The techniques described here have recently been applied to the
more difficult problem of restor ing blurred photoqraphs taken under poor
conditions . Useful improvements in resolution have been obtained
despite incorrect film exposure and high film granul arity which occurred
in several of the photographs .

Methods are being investiga ted to in~rove the subjective
quality of the Wiener—filter restorations , to increase the range of CYrFs
that can be restored and to decrease the computing times required . In
parti cular , Hunt ( ref . 2) has demonstrated that inclusion of the
frequency response of human vision in the Wiener filter prod uces
inç oved results. Prov ision to specify the OW as a 2-dimensional
discrete Fourier transform rather than only as an analyt ic function
would allow blur s with arbitr ary PSFs to be rest ored . The oresen t
restoration procedure will be implemented on a POP 11/40 miniccia uter
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interfaced to an ar ray processor with a large data memory. Compared to
the present software implementations, the array processor will decrease
the time required to transform and filter the image by 2 orders of
magnitude.

(L 
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