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R ESUME

• On examine l aptitude du filtrage spatial de type non linéaire
a réduire la perte d ’information quand un système d ’affichage possède
une plage de rüolution dynarnique inférieure a celle des niveaux de gris
contenus dans l’image qu ’on veut visionner. On obtient la compression
de la plage dynamique par la reduction des basses fréquences et
l ’amplification des hautes fréquences en utilisant le filtrage
homomorphique . Ce filtrage presuppose que l’image est multipliée par un

• arrière—plan a basse fréquence. Cette technique , décrite par Oppenheim
pour les images formées par la r~ flexion de la lumière visible , est
appliquée , par extension , aux images formées par l émission de radiation
lB et la transmission de rayons X et y. A l’aide d ’exemples , on
illustre la compression de la plage dynamique sur ces trois types
d images en utilisant une filtration homornorphique et une procedure
d ‘a f f i c h age sans paramétre s libres a optirn iser  en fonct ion  d ‘u ne image
d ’entré e. ( N C )

4

ABSTR A CT

We invest igate  the ab i l i ty  of nonlinear spatial filtering to
• reduce the amount of in format ion  that  is lost when a display device has

a lower dynamic  range than the grayscale imagery to be displayed on i t .
Dynamic range compression can be achieved by attenuating an assumed
low— frequency multiplicative background and enhancing higher frequencies
using homomorphic filtering. This technique , originally described by
Oppenheim for images formed by reflection of visible light , is extended
to images formed by emission of lB rad ia t ion  and t ransmiss ion  of X—ray
and y—ray rad ia t ion , Examples  are given which show dynamic  r ange
compression of the three types of images achieved by means of a
homomorphic filtering and display procedure having no free parameters
which must oe optimized to suit the particular input image . (U)
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1. 0 INTRODUCTION

The dynamic range of imaging sensors such as photographic

emulsions , infrared linescan (IRLS ) systems, vidicons , etc. can be 30 dB

or more. Often , however , a display device or transmission channel with

• a dynamic range considerably less than that of the imaging sensor is

• employed , e.g., cathode—ray tubes (CRTs) typically have a dynamic range

of less than 15 dE . When imagery from a wide—dynamic—range sensor is to

• be displayed on a CRT , some form of processing is therefore required to

minimize the loss of information .

• The usual approach to matching imagery to a display with an

insufficient dynamic range is to use a grayscale transformation [i~ .L~].

A wide dynamic range can be compressed by displaying some functior~ of

the gray level (such as its logarithm or square root) but this reduces

the contrast and signal—to—noise ratio of small—amplitude changes.

Level slicing or the use of a look—up table can enhance selected

F. portions of an image but requires some form of operator interaction to

achieve the optimum desired result. Automatic techniques such as

histogram equilization , contouring , false coloring , etc.  have also had

limited success in displaying a wide dynamic range and preserving

low—contrast details. Displays which dynamically change with time

represent an interesting approach but have not yet been well

investigated .

Such grayscale processing has the advantage of bein g relatively

easy to implement and can presently be performed digitally at standard
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video rates. However , it is likely that advances in digital signal

processing will soon permit more complicated operations , such as spatial

• ‘ f iltering , to be performed in real time on high—resolution imagery.

Often the information of interest in a wide—dynamic—range image

is contained in the form of edge or high—frequency structure rather than

~n slow changes in the average brightness level . Here efficient dynamic

range compression can be achieved by attenuating the low spatial

frequencies corresponding to these changes, while retaining the higher

frequency components.

The present report examines the ability of nonlinear high—pass

spatial filtering to permit wide—dynamic—range imagery to be displayed

on a CRT with a minimum loss of useful information . The processing

investigated here , which applies when the low—frequency background and

high—frequency structure of interest in the image are multiplied , is an

• example of homomorphic filtering {5). In its general form homomorphic

filtering is not limited to processing images which are formed as the

product of individual parts and can be extended to perform dynamic range

compression or enhancement of types of imagery other than those

F cons idered here .

After a description of the filtering technique and experimental

procedure , results are given for imagery formed by reflection , emission

and absorption of radiation (in particular visible—light , IRLS and

transmission—radiograph imagery). In each case the filtering

significantly increased the amount of information that could be

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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such as ringing , enhancement of noise or excessive distortion of the

overall appearance of the image. The present filtering procedure has no

free parameters which must be adjusted to suit the particular input

image , i.e. all images are processed in an identical manner.

This work was performed at DREV during 1975—76 under PCN 15822

Image Processing and PCN 21J01 Guidance and Control Technology.

2.0 FILTERING PROCEDURE

2.1 General Approach

The low— and high—frequency parts of an image are seldom

additive so, in general , simple high—pass linear filtering cannot be

used to attenuate the low spatial frequencies. An explanation of why

this is so is given in Appendix A. Oppenheim et al [5] have descrih~d a

procedure which , under certain conditions , can be used to simplify the

required non—linear filtering . The technique (homomorphic filtering)

applies for signals formed by combining individual components according

to any type of operator that can be made to obey superposition . The

approach is to transform the signal so that the components to be

individually filtered become additive , apply the required linear filter

and take the inverse transform . An example of such an operator is

multiplication , the transform and inverse transforms being the

logarithmic and exponential functions respectively.

A
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The use of homomorphic high—pass filtering to perform dynamic

range compression , originally applied by Oppenheim [5] to images formed

by reflection of visible light , is extended here to images formed by

emission of lB radiation and absorption of X—ray and v—ray radiation .

In each case high—frequency detail of interest is assumed to be present

along with a slowly varying background which covers a wide dynamic

range. The wide dynamic range required to display the background causes

the higher f requency informat ion  to appear with low contrast ; the

f i l t e r ing  a t tempts  to a t t enua te  th i s  background with min imum loss or

dis tor t ion of usefu l  in format ion .

To determine a sing le f i l t e r i n g  procedure suitable for the

present three types of imagery, we make the assumption that the

low—frequency  background to be removed is multiplied by, rather than

added to , the high—frequency structure . This is based primarily on the

simpl i f ied  models for the format ion  of each type of image described in

Sec. 3. Secondly,  the f i l t e r i n g  requi red  to remove a low—frequency

mul t ip l i ca t ive  background always produces a non—negat ive  result , as is

required on physical  grounds , while the filtering to remove an additive

background does not (Append ix  A ) .  Dynamic range compression is then

achieved for the present imagery by calculating the logarithm ,

attenuating the low spatial frequencies in an appropriate fashion and

exponentiating .

Several low—frequency cutoff characteristics , including sharp

cutoff , gaussian , w ’’~~, w and w 2 (w 2 =u 2 +v 2 where u and v are spat ial

frequencies) were investigated experimentally. Images with the most

resolved detail and least apparent distortion or noise enhancement were
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obtained by a t t enua t i ng  the low f requencies  according to w 112 . In most

images there was considerable overlap of the power spectra of the low—

and high—frequency components so that a smooth and gradual low—frequency

attenuation , which minimized overshoot or r ing ing  e f f ec t s , was

preferable to a sharper cutoff.

It has been suggested that similar multi plicative processing

occurs in the human visual system . If a high—pass filter is assumed to

act on the perceived image after it has been logarithmically sensed by

the eye , this can qualitatively explain some of the characteristics and

illusions present in human vision [6]. In this context it is

interesting to note that when the present nonlinear w
1
~
2 filter , which

was selected on a subjective basis , was apolied to appropriate patterns ,

effects similar to Mach bandin g and simultaneous contrast [6], which are

characteristics of human vision , were produced . The present pro c ess in g

could then be considered as an attempt to duplicate that occurrinc~ in

the human visual system . Howevor , it is performed before the imagery

has been degraded by display on a device with insufficient dynamic

range .

2.2 Implementation

* Each image was originally in the form of a positive or negative

film transparency. Over its normal range the density D(x ,y) of such o
:~

transparency is related to the exposure E(x ,y) according to:

• ( D(x ,y) y log E ( x , y )  ( 1 )

V -

__ _ _ _ _ _ _ __ _ _ _ _  ii
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where the parameter v depends on the properties of the film and its

development . The transmission through the film T(x,y) is obtained by

exponentiating the density:

T(x ,y) 10D(x ,y) E~(x,y) (2)

The film therefore has a power—law response with the transmission

obtained by ra is ing  the input  br ightness  to the power y .  In the present

processi ng the transmission image T (x , y )  ra ther  than the true exposure

F I E (x,y) is taken as the “original” image .

Using an Op t ronics  P— 17 00 microdensi tometer , each f i l m

transparency was digitized with a 25— , 50— or 100— um raster into 256

u n i f o r m l y  spaced densi ty  levels covering a k—decade dens i ty  range . The

val u e k~ 2 , corresponding to the dens i ty  range 0—2D , was used unless

otherwise  stated . A 5 12— by 512—element  region of the di~~i t i zed  image

was then selected for processing. Where necessary the polarity of the

images was reversed after the logarithmic digitization so that hi~ h

exposure levels in the original scene always appeared as large di~ itizei

values.

The d i g i t i z e d  image was di vided by 255 to g ive , fo r n e g a t i v e

film , a normalized density image f
d

(x , Y )  re la t ed t o ~he filT

t ransmiss ion  by :

fd (x.y) ~~ log T(x ,y) ( 3 )
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A similarly normalized transmission image f
t
(x,Y) was obtained by

exponen t i a t ing  the density image:

kfd (x,y)f’
t (x,y) 10 (1! )

The filtering applied to fd
(x ,Y) was implemented in the

frequency domain using the two—dimensional fast Fourier transform (FFT)

[ 7] .  Edge effects were minimized by ma tch ing the left and right , and

upper and lower edg en ~f t’~ L~~v) :~v linear interpolation [8] before

transforming to the frequency Jomair. . The m a t c h i n g  was performed over a

reg ion 5 or 10 elements wiie h c r i e r i n ~ tn e  ima ~ e .  The two—dimensional

FFT of the edge—matched image was multiplied by the filter function:

/ 2 2Q ( u , v )  2 ’~’ u +v ( 5 )

where u and v are in un i t s  of the  Nyquist frequencies (i.e., OSu ,v�1).

The inverse FFT was calculated and the result exponentiated according to

Eq .  11 to give the processed transmission image . Photographs of the

original and processed transmission images were then made accordin I~ to

the procedure described in Sec . 2.3.

•1

The processing is equivalent to the use of a film with a

f r equency—dependan t  ~ which approaches a value of two at high

frequencies and 0 at low frequencies . The high frequencies in the

processed transmission ima~ e are therefore enhanced (the amplitudes of

the highest frequencies are squared ) while low spatial frequencies are

a t tenua ted  ( t h e  DC component is set to z e r o ) .
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2. 3 Disp lay Ca l ib ra t ion

The improvement in subject ive  qua l i t y  of the image as recorded

on the film should represent the effect of the spatial filtering rather

than opt imiza t ion  of d isplay parameters to suit  the par t icu la r  inpu t

image.

Before displaying each original or processed image , all gray

levels differ ing from the mean by more than 3o (where a is the standard

deviation of the grayscale distribution) were clipped . The contrast was

then expanded so that the minimum gray level remaining in the image was

displayed as full black and the maximum gray level as full white. Such

clipping and normalization usually had a negligible effect when applied

directly to the original image . However it s ign i f ic a n t l y  improved the

contrast of the processed image by limiting the amplitudes of

high—contrast points which were enhanced by the  f il t e r in g. (R e t e n t ion

of these points usually caused the grayscale range of interest in the

image to be disp layed with lower contrast.)

- ¶ All images were then displayed on a Tektronix 602 x— y— z CRT

(with approx imately 300— by 300—element spatial resolution ) and

• 
photographed using Polaroid type 147 film . The camera exposure time and

aperture , and CRT brimhtness and contrast were adjusted to obtain a

photograph in which the black band of a 16— level linear grayscale chart

was barely exposed while the white band was near film saturation. When

ca l ib r ated in th i s  manner  the  b lack  band was v is ib le  in a darkened room

• . whi le  the whi te  band was app rox ima te ly  75~ of the CRT ’s sat ur a t i o n

b r i gh t n e s s .

~ 

~, • •  —•~ -,• ~~~~~~~~~ • • •
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This exposure cal ibrat ion and grayscale normal iza t ion  ensured

that most of the dynamic range of the CRT was employed and recorded on

the Polaroid film for both the original and processed images. The

grayscale quality of the photographs was limited by noise and

nonuniformity in the CRT phosphor rather than by the film .

3. 0 EXAMPLE S

3.1 IRLS Imagery

To a first approximation an IR detector is sensitive to the

product of surface emissivity e(x,y) and a term dependant on the

absolute temporature T(x,y ) :

a(x ,y) c e (x ,y) f[T(x ,y ) ]  (6 )

Variations in both emissivity and temperature therefore contribute to

the radiat ion contrast , and in some cases the two effects can be of

equal magnitude [9].

Large variations in the local average value of a(x ,y) often

I i occur in an lB image , for example , at a land—sea boundary . The large

dynamic range required to display these changes can cause higher

frequency structure to appear with low contrast . To attenuate the

slowly varying changes in temperature , while retaining higher frequency

structure in emissivity, the two parts are made additive by taking the

logarithm :

log a(x,y) = log c + log e(x ,y) + log f[T(x,y)] (7)

~~~~~~~~~~~~~~~~~~~~ ::~:~~~:: is applied and the result is exponent iated



• UNCLASSIFIED
• 10

~~1 ii

I

p

1111111 II. ITEf ~11!TTT11flhIIIllh 1Iiuiniir
(a)

FIGURE 1 Compression of the dynamic range of an IRLS image by spatial
filtering . The CR1 disp lays of the original and processed
images are shown in (a) and (b) respectively. A histogram
giving the distribution of gray leveig a.s shown below each
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(b)

FIGURL. 1 Compression of the dynamic range of an IRLS image by spatial
filtering . The CRT displays of the original and processed

• images are shown in (a) and (b) respectively. A histogram

- 
giving the distribution of gray levels is shown below each
image .
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Two IRLS images obtained using a Reconofax camera (8—1 14 i.im

band ) are shown in Figs . 1(a) and 2(a). Because the IR detector signal

is AC coupled and has an arbitrary DC bias level added to it, certain

conditions must be satisfied if the logarithmic function is to make the

emission and temperature parts of an IRLS image additive (Appendix B).

• However , as discussed in Appendix B, the filtering required to remove a

multiplicative low—frequency background from IRLS imagery is preferable

to that  required to remove an additive background .

The result of processing the f i rs t  image is shown in Fig.  1 ( b ) .

A his togram , giving the distribution of gray levels , is included below

each image . The grayscale dis tr ibut ion of the original image contains a

peak corresponding mainly to the darker lower portion of the image ,

along wi th  a re la t ively  flat background extending to higher brightness

levels. As is evident in the histogram of Fig.  1( b ) , the processing has

dis tr ibuted the gray levels more evenly ( almost log—normally in

transmission or normally in dens i ty )  around a central value , yielding an

image with improved contrast and definition . For example , paths near

the buildings and foliage in the lower dark region of the image have

been strongly enhanced .

The second IRLS image , Fig . 2(a), contains variations in

brightness which occur over a much smaller scale than in Fig. 1(a). The

filtering , howev er , achieved the same overall result with high—frequency

detail appearing with improved contrast , light areas being decreased in

brightness and dark areas increased in brightness (Fig. 2(b)).

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . • . . • • ~~~~ • .
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The enhancement of high frequencies and overall  sharpening

• evident in Figs.  1( b )  and 2 ( b )  was achieved without  excessive

enhancement of noise or introduction of features not evident in the

original film transparency.  For example , no ringing or overshoot

occurred even at the sharp highway boundaries present in both images.

As can be seen in the histogram of the IRLS image of Fig. 1(a),

a significant fraction of all image elements have grayscale values

wi th in  a relatively narrow peak region . One might therefore expect that

this image could be enhanced ef fec t ive ly  using standard grayscale

transform techniques . Three such techniques were applied to this image

for comparison with the spatial filtering .

For the f i rs t  grayscale processing , shown in Fig. 3 (b ) , the

grayscale from 0 to 0.25 was stretched to cover the ful l  range from

black to white. All levels greater than 0.25 were saturated full white.

The second processed image , Fig . 3 ( c ) , employed a four—cycle repeating

grayscale implemented by setting the two most significant bits of each

image element to zero and multiplying by four . In the third , Fig. 3(d),

the grayscale was compressed using a two—decade logarithmic display

• (resulting in an image which represents film density rather than

transmission). The original image is repeated in Fig. 3(a), and the

result of applying the processing to a linear grayscale chart is shown

below each respective image to illustrate the grayscale transfer

function .
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F I G U R E  2 Compression of the dynamic  range of an IRLS image by spatial
f i l t e r ing . The CRT d i sp lays  of the o r ig ina l  and processed
images are shown in (a) and (b) respectively.
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FIGURE 2 Compression of the dynamic range of an IRLS image by spatial
filtering . The CRT displays of the original and processed
images are shown in (a) and (b) respectively.
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0
FIGURE 3 Dynamic range compression of an IRLS image using 3 standard

grayscale transforms . The original image (a) is displayed in
( b )  w i th  the grayscale range 0 to 0.25 s t retched , in ( c )  us ng
a 14-cycle repeat ing  grayscale and in ( d )  by compressing the
dynamic range logarithmically. The result of applying the
transforms to a linear grayscale chart is shown below each
respective image .
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While effectively enhancing the lower dark region of the

original image , the grayscale stretching removed much useful information

in other brighter areas . The four—cycle repeating grayscale discarded

- 
I less information but yielded a display in which certain patterns , such

as the buildings above the highway, could no longer be recognized

because of the false contours that  were in t roduced.  The use of a

two—cycle repeating grayscale yielded a result only slightly less

ambiguous in the upper half of the image but with the contrast in the

lower half reduced by a factor of two . The logarithmic compression

retained the full dynamic range of the grayscale but at the expense of a

considerable loss in contrast . In comparing Figs. 3(b), (c) and (d)

with Fig . 1(b), it is evident that for the present image the three

grayscale transforms are much less acceptable than the spatial filtering

technique for performing efficient dynamic range compression .

3.2 Transmission Radiography

In transmission radiography an image is formed by recording,

usually on film , radiation which has been attenuated by passing through

an object. The structure of principal interest in such imagery (e.g.,

cracks or defects) may correspond to only very small changes in

attenuation while the film is required to record the wide dynamic range

caused by large variations in the thickness of the object. Attenuation

of the slow thickness variations therefore allows higher frequency

structure in the radiograph to be displayed with improved contrast.

Assume that the object to be radiographed is cut into N thin

slices perpendicular to the direction of the incident radiation and that.

A 
—
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the absorption coeff icient  integrated over the thickness of the I th

slice yields the function g . ( x , y ) •  Ne glec t ing  scat ter ing and other

second—order e f fec ts , a ray entering the object  at (x ,y) with initial

in tens i ty  lo will be at tenuated to the value :

—g 1 (x , y )  —g 2 (x , y )
I ( x ,y)  = Ia e e .. . e ( 8)

• A single slice may contain low—frequency s t ructure  ( i f  it corresponds to

a uniform interior region •or a boundary region wi th  smooth edges) or

higher frequency s t ruc ture  (i f’  it corresponds to non un i formi t ies  in the

interior or to rough su r faces ) .  The f inal  image I (x , y )  is formed by

mul t ip ly ing  the at tenuation e x p [ — g . ( x ,y ) ]  contr ibuted by each of the N

slices . Taking the logarithm of Eq. 8 makes the individual

contributions additive :

ln I (x ,y) = ln lo — g
1

(x ,y) — g
2(x,y) 

— • .  — g~(x,y) (9)

and therefore of a form in which a linear high—pass filter can be used

to attenuate the slow thickness variations. Such filtering also applies

for other types of images which are formed as a result of exponential

absorption of radiation .

A v—ray radiograph of an artillery shell was digitized over the

density range 1D to 14D. The CRT displays of the original and processed

images are shown in Figs. 14(a) and (b). Structural information such as

• 4 the outline of the explosive charge within the shell as well as other

high—frequency and edge details not visible in the original image are

immediately apparent after processing. A graph of row number 150

L 
_ _ _ _ _ _ _ _ _ _ _  _



-•

_ _ _ _ _  • • -
~~~~~~~~~~~~

-
~~~~~~~~

- 
____

uL~ L~~~~~~~j r J.~~LJF 19

(counting upward from the bottom ) is shown below each 512— by

512—element image . The graph from the original image shows
A 

high—frequency structure superimposed on a slowly varying background

component which covers a wide dynamic range . In the processed image the

background component has been strongly a t tenuated allowing the

high—frequency structure to appear with greater amplitude .

A second transmission radiograph , a dental X—ray, was similarly

processed as shown in Fig . 5. Again , the dynamic range compression has

increased the visibility of structure in dark regions (such as blood

vessels between the teeth) as well as in Dright regions (details of the

metal cap in the upper left of the image).

3.3 Visible Light Imagery

A visible—light image g(x,y) can be formed as the product of

the reflectivity of the surface r(x ,y) and the illumination b(x ,y). If

the illumination varies slowly over the target then it can be attenuated

relative to higher frequency reflectivity information by calculating the

• logarithm to make the two components additive :

log g(x ,y) log r(x ,y) + log b (x,y) (10)

applying high—pass filtering and then exponentiating the . r e su l t .

Oppenheim et al [5] showed how visible—light imagery could effectively

be enhanced by such f i l t e r i ng .

I
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FIGURE 14 Compression of the dynam Ic range of a ran~ rn L~~ s ion ra1 Iorra:Th
image by spatial filter ing. Th~ CRT iLsp lays of the orli ’inal

~nd processed im arn~ are shown ~n (a) a n n  (b) r~~~~ ctL y e ly. A
grap h of row number 150 (coun i 

~~~~ from he bot . on) ~~~ Lven
below each Lmnwe .
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FIGURE 14 Compression of the dynamic range of a tran ;mission r a n l l gr a ph
image by spatial filterIng. The CRT displays of the or Ig Inal
and processed images are shown ~n (a) and (b) reoreot~~ve ly . A

• • . graph of row number 150 (countIng from ~he bot1 on) L S  ‘1ven
• b elow each image . 
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(a)

~~ t j 1 \ f
P

A3~3 I
~ ~,A,~ ~~~~~t~IS.I~~I 

1~’

-~ (h )

FIUURE 5 Compression of the dyna mic  range of a dental X—ray by spatial
f i l te r ing . The CR1 d i sp lays  of the  o r ig ina l  and processed

P images are shown Ln (a) and (b) respectively.

I~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • • ~~~~~~~~•



TI

• : UNCLASSIFIED
23

The visible—light image of an APC vehicle is shown in Fig.

- 6(a). The result of filtering this image , using the same procedure

followed for the IRLS and transmission radiograph imagery, is given in

• Fig . 6(b). The processed image is considerably sharper than the

original with a “flat—lighting ” effect that makes details in the

shadowed regions more readily visible. For example , the trees and

shado wed regions near the wheels have been increased in b r igh tness  and
• contrast while strongly illuminated areas such as the sky and the

• lower—left portion of the road , have been reduced in brightness.

• A second example of the homomorphic filtering of a

• 
• visible—light image is shown in Fig . 7. The or iginal  image (F i g .  7 ( a ) )

shows the shadow of a cloud extending across a por t ion of the Grand

* Ca nyon of Arizona . After  f i l te r ing  (F ig .  7 ( b ) )  detai ls  in both the

shad owed and the strongl y—il lumina ted  regions have been enhanced . In

the original image very little structure is apparent in the shadow of

the cloud while after the dynamic range compression features (such as

the river) are clearly visible.

~ I

t

I 
•

-S. 
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( a )

FIGURE 6 Compression of the dynamic range of a vis ible—li ght  image by
spatial f i l ter ing . The CRT displays of the original and
processed images are shown in ( a )  and (b )  respectively.
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FIGURE 6 Compression of the dynamic range of a vis ible—light  image by
spatial f i l te r ing . The CRT displays of’ the original and
processed images are shown in (a )  and (b )  respectively.p - I- 
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FIGURE 7 Compress ion of the dynamic ranw A— ~f a v~ sible—I i~ n~ image ~v
spatial filtering. The CRT displ ays of the r~~~ na i ~~~
processed Images are shown in (a) and (b) respective ly .
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FIGURE 7 Compression of the dynamic range of a v i s ib l e—l igh t  image by
spatial  f i l t e r ing . The CRT displays of the original and
processed images are shown in ( a )  and (b )  respect ively .
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14 .0 CONCLUSION

Compared to grayscale transformation , spatial filtering is a

• powerful  technique for compressing the dynamic range of imagery to suit

a lower—dynamic—range transmission channel or display device. In the

present report homomorp hic high—pass f i l t e r ing  was shown to be capable

of’ ef fec t ive ly  a t tenua t ing  a slowly varying multiplicative background in

I RLS , transmission radiograph and v i s ib l e—l igh t  imagery.  This permitted

higher f requency s t ructure  to appear wi th  a bet ter  contrast and

signal—to—noise ratio on a low dynamic range CR 1 display .

Each processed image retained the overall appearance of the

original but with edges and h igh—frequency  s t ruc ture  considerably

• sharpened . The enhancement was achieved without  introducing undesirable

ar t i facts  ( such as ringing or overshoot)  or s i g n i f i c a n t l y  increasing the

noise apparent in the image . It can be emphasized that  each image was

processed and displayed in an identical manner. Optimization or

adjustment of parameters to suit the particular input image was not

• required .

The present homomorphic f i l t e r i n g  at tempted spec i f ica l ly  to

reduce the amount of i n f o r m a t i o n  tha t  is lost when ’ a CRT has a lower

dynamic range than the image to be disp layed on i t .  However , the ability

of the nonl inear  processing to sharpen IRLS and t ransmiss ion  radiograph

• images , possibl y making  them more su i t ab l e  for e i ther  human or machine

an alysis , was also demonstra ted .

.1 •

A -
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• Extension of homomor phic f i l t e r i n g  to perform more general

• types of image enhancement is possible. In p a r t i c u l a r  the po ten t ia l  of

using homomorphic filtering to compress the dynamic range or enhance

selected parts of “non—natural” images (i.e. two—dimensional grayscale

displays such as voiceprints , sonargrams etc.) has not been well

explored . Such images may not necessarily be multiplicative in nature

and could require a transform other than the present

• logarithm—exponentiate operation (such as integrate—differentiate) to

make the individual parts additive.
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APPEND IX A

Comparison of Homomorphic and Linear Filtering

In the present report the dynamic range of imagery is reduced

by high—pass spatial filtering . The filtering assumes that the image to

be filtered is composed of a part containing mainly low spatial

frequencies along with a part containing mainl y high spatial

frequencies. The filtering attempts to attenuate the low—frequency

part , which is assumed to contain little useful information , while

retaining the high—frequency part of interest. The single model found

most suitable for the three types of’ imagery which were considered (in

particular images formed by reflection , emission and absorption of

radiation) is that the low—frequency part is multiplied by, rather than

added to , the high—frequency part . This appendix shows why, for the

present imagery , the low—frequency part is better attenuated using

homomorphic high—pass rather than conventional linear high-pass

f i l tering .

A simple example will illustrate the difference between

homomorphic and linear high—pass filtering of multiplied signals. A

low—frequency two—dimensional biased sine wave :

A = a + sin w1r
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• . is mul t ip l i ed  by a high—frequency two—dimensional biased sine wave:

• B = b + sin w
h

where wh
>>w l, to form the image to be filtered:

P = AB = (a + sin w1r)(b + sin whr) (Al)

The spatial frequencies w
1 

and wh and the space variable r are vectors

which describe two—dimensional sinusoidal surfaces and , in accord with

the present types of images which are formed as the product of

positive—only parts, the constants a and b are greater than 1 .

An example of such an image is shown in Fig. A1 (c). It was

formed by multiplying a low—frequency sine wave with u=v~14

cycles/picture width (Fig. A1(a)) by a high—frequency sine wave with

u :—v=17 cycles/picture width (Fig. A1 (b)). Both sine waves were biased

with a level a=b=2 before being multiplied . (The contrast of these and

all subsequent photographs is improved by ignoring any DC level and

displaying the minimum level in the image as full black and the maximum

level as full white.) The image of Fig. A1(c) will be filtered using

both linear and homomorphic high—pass filters to remove the

low—frequency part A with minimum distortion of the high—frequency part

B.

I
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(a) low-frequency par t (b) hi gh - f r e q u e n c y  par t

- ‘ii

( c )  product  of low-  and h i g h - f r e q u e n c y  p a r t s

FI URE A l  A low—frequency two—dimensional biased aine w a v e ( a )  is
m u l t i p l i e d  by a h i g h — f r e q u e n c y  t w o — l i m e n o i n n a l  t I a ~~A~~ s ine
wave ( b )  to form the  image to be f i l t e r e d  o n c w n  in C c ) .

_ 
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(a) power spectrum of the image (b) power spectrum of the
logarithm of the image

FIGURE A2 The power spectrum of the image to be filtered (a) contains
sum and difference frequencies in addition to the
fundamental low— and high—frequency components. The power
spectrum of the logarithm of the image to be filtered (b)
contains no sum and difference frequencies but higher order
harmonics of the fundamental low— and high—frequency
components have been introduced by the logarithmic function .

The linear filter is first applied . Expanding Eq. Al yields

sum and difference frequencies in addition to the fundamental low— and

high—frequency  terms:

P = ab + b sin w1r + a sin wh r + 1/2 cos (w 1 — wh
)r

— 1/2 cos (w1 + w )r (A2)h

The four individual frequency components can be seen in the power

spectrum of Fig. Al (c) which is shown in Fig. A2 (a). Considering unly

the upper half of this power spectrum (the lower half is its conjugate)

the dot close to the center of the image represents the fundamental

low— frequency component w
1 
while the middle dot in the group of three

_ _ _ _ _  --A- - --A -~~~~~~~~- • - ----~~~~~~~-
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dots represents the fundamental high—frequency component wh . The sum

and difference frequencies appear on either side of the high—frequency

component . (The DC component which should appear at the center of the

photograph has been removed and a 5—decade logarithmic grayscale has

been used to improve the display of this and subsequent power spectra .)

Linear high—pass filtering can correctly attenuate the DC and

fundamental low—frequency component but not the sum and d ifference

f requencies  since they are within the high—frequency range of interest

tha t  must be retained . This fact ( i . e .  the presence of the sum and

d i f f e r ence  f requencies)  represents  the basic problem in attempting to

process multiplied signals using a linear filter. Applying a linear

filter to Eq. A2 to eliminate all frequencies at or below w
1 

yields:

P(linear) = a sin wh
r + 1/2 cos (w

1 
— w h

) r — 1/2 cos (w 1 + w
h
)r (A3~

The result of linearly filtering Fig. A1(c) in this way is shown in Fig.

A3 (a). Due to the presence of the sum and difference frequencies (each

with an amplitude 1/2a of the desired result sin w
hr) the filtered image

A 
is quite different from the pure high— frequency component shown in Fig.

A1 (b) and only slightly improved over the original image F i r .  A1 (c).

For the present case with a=b=2 , the amplitudes of the sum and

difference frequencies are 1/14 that of the desired hi gh-frequency

component.

• Next , the homomorphic high—pass filter ~s applied . This is

~~ 

performed by calculating the logarithm of the image t~ make the two

¶5~

--
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(a)  li near hi gh-pass f i l t e r  (b) homomorp h ic hi gh-pass f i l t e r

FIGURE A3 The image shown in Fig . Al (c) is processed using a linear
high—pass filter (a) and a homomorphic high—pass filter (b)
to remove the low—frequency part. The linear—filtered image
is only slightly improved over the original because of
retention of the sum and difference frequencies while the
homomorphic—filtered image is indistinguishable from the
desired result , Fig. A1 (b)..

parts additive , applying a linear high—pass filter and then

exponentiating . The logarithm of Eq. Al is:

lnP = l n A + l n B

= ln (a + sin w1
r) + ln (b + sin wh

r) (A14)

To third order a series expansion for the logarithmic function yields:

ln P ~ [ln a + ln b — 1/14a2 — l/ 14 b 2 j + [1/a + 1/14a3] sin w
1
r

+ iRa2 cos 2 w1
r — i/12a 3 sin 3 w1r + [ i/b + l/t$ b3] sin w

hr

+ 1/~4b
2 cos 2 whr — l/12b 3 sin 3 whr (A5)

- _ _ _ _
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The sum and difference frequencies present during the linear filtering

case are absent , however higher—order harmonics of w
1 

and Wh have been

introduced by the non—linear logarithmic function . The power spectrum

of the logarithm of Fig. A1 (c) is shown in Fig. A2(b). The first- and

second—order harmonics of w
1 
and W

h (located along the line passing

through the fundamental component and the DC origin) are of sufficient

amplitude to be visible in the photograph . Ideally we want the

high—pass filter to remove w
1 

and all its higher harmonics and to retain

wh and its harmonics. Appl ying such a filter to Eq. AS and

exponentiating yields (to third order in the series expansion for the

expo nen t i a l  f u n c t i o n ) :

P ( idea l  homomorphic ) = 1 $ i/b sin w
h
r (A6)

Wi th in  a gain fac tor  th is  is equal to the desired h i g h — f r e q u e n c y  biased

sine wave B. In addition , in contrast to the linear—filtered result

given in Eq. A 3, the homomorphic filter ensures that the result is

• always positive as is required on physical grounds.

A high—pass filter cannot eliminate all harmonics of the

low—frequency  term wi thout  also removing the h i g h — f r e q u e n c y  terms of

interest. The magnitude of the error caused by incomplete removal of

the harmonics of w
1 can be estimated by assuming that the high-pass

filter only eliminates frequencies at or below the first harmonic of w
1

(i.e. harmonics equal to or higher than 3w
1 
are retained). Application

of this filter to Eq. AS followed by exponentiation yields (to third

or d e r ) :

IL 
_ _ _ _ _•
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P(homomorphic) = 1 + i/b sin wh
r — l/12a 3 sin 3 w1r (A7 )

Thus an undesired term at 3w 1 
with an amplitude b/12a 3 times that of the

fundamental high — frequency component remains . For the present values

(a=b 2) the amplitude of the 3w 1 term is only 1/nb that of the desired

W
h 

term . The result of filtering the image of Fig. A 1 (c) using this

homomorphic filter is shown in Fig. A3 (b). It is evident that the

• low—frequency part has been effectively removed with little distortion

of the h igh-frecuency part .

Nei ther  the l inear  nor the homomorphic  f i l t e r  can p e r f e c t l y

re move the l o w — f r e q u e n c y  part  from the image of F ig .  Al(c). ~~th leave

undesired error terms in the final image . For the linear filter the

error terms are the sum and difference frequencies caused by the

m u l t i p l i c a t i o n  whi le  for the homomorphic f i l t e r  they  are the harmonics

caused by the logarithmic function . In the present example the

amplitude of the error present after the homomorphic filtering is

smaller than that present after the linear filtering by the factor

. 7 6a 2 / b .  Fo r the image of F ig .  A l ( c )  w i th  a=b~ 2 the error is 12 t i mes

~~ sma l l e r  for the homomorphic filter. In addition , as contrasted w i t - h t he

• hi~ h— frequency nature of the linear—filter error , th~ homo-n orohie—fi iter

er ror  is p r e d o m i n a n t l y  low f r e q u r n c y  and therefore •ncre easily reduced

• by usinr an appropr i a t e  low—freq uency cutoff characterintic.

Pract ical dynamic range compre ssion requires the use of a

filter with a rradual low— frequency cutoff to  mini m ize ringinr or

overshoo t e f f e c t s  in the f i n a l  image . In Sec . 3 of the oreo~ nt . rep or t  a

filter w i t h  a cutoff which varied as the square—root of the spatial
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attenuates the lowest spatial frequencies along with their lower—order

harmonics (higher harmonics of a fundamental low—frequency component

caused by the logaritnmio function decroas~ r ap id l y  in amplitude and

ther€fcre require less atten~ at i~ n). Since the power spectrum of many

“complicated” images in? rt .-ases rapidl y ~ low frequenc ies only the

4 
lowest frequencies -~n~ the n i~ w~-~ —order harmonics may have to be

strongly attenuate~ to acnieve si~~n i f i c a n t dynamic range compression .

In a complica ted ima ~ e 4 h e r e  t h e  two par ts w ill both c o n t a i n

more than a single ~ p~i t i — i i  f re q uency , 1/a then represents the amplitude

of an arb itrary low—frequency component present in A , and 1/b tne

amplitu de of an arbitrary hich—frequency component presert in B ,

r e l a t i ve  to the am plitude of th e ~C component . The above error analyrls

can then be applied to such complicated images if the siririe low— an~

h igh—frequency terms in Eq. Al are replaced by summations over a range

of spatial frequenc ies each with a given amplitude and phase.

I - The present report has assumed that the low— and high—frequency

par t s  of the ima ge were independan t  of one another  and had well

A separated power spectra . This will not be true in general for

compl icated images. Spectral overlap will most certairJy ccc-j r- and the

I-a u- and hirh— frequency parts can be correlated ~e .r. in  an 1r~~rdred

-
~~~~ image the temperature of a region can depend on its emissivity) . The

purpose here has  been to find a single filtering procei~ re with no

ad uctable ~~r imeters which could effectively comprers t h e  dynamic range

• of widely diff :ring types of imagery , in parti cular t h o  fo rmed  bY
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emission , absorption or reflection of radiat ion . Assuming that  the

dynamic range compression is to be accomplished by a t tenuat ion  of a

low—frequency mult ipl icat ive background , th is appendix has shown why

homomorphic filtering is preferable to linear filtering .
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APPENDIX B

Homomorphic Filtering of IRLS Imagery

To form an IRLS image , the output of a scanned IR detector is

AC coupled , biased to ensure a positive signal and fed to a lamp,

synchronized with the detector scan , which exposes a film. Assume that

the film exposure is proportional to the voltage driving the lamp and

that the detector output is proportional to the product of a

low— frequency “temperature image” A and a high—frequency “emissivity

image ” B. Further assume that the AC coupling time constant is long

enough that it does not remove low—frequencies of interest from the

image . For an airborne IRLS system , this means that the equivalent

spatial “time cons tant”  in the direction of aircraft motion resulting

from the AC coupling is much longer than typical features of interest in

the image . (The power spectrum of an IRLS image taken from the same

strip of film as Fig. 1(a) displayed no significant loss of low spatial

frequencies indicating that this condition on the AC couol inr time

constant is probably satisfied for Fig . 1(a). This power spectrum is

shown in Fig. 15 (b) of [7].)

The effect of the AC coupling is then to remove the DC level

averaged over a region of the image which is larger than typical

features of interest. A region from which  an average  DC level k 1 has

• been removed by the AC coupling and to which a bias level k
2 has been

added will have a film exposure :

_  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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E = AB — + 1< 2

If the bias level is chosen equal to the average DC level removed by the
- 

• AC coupling , the film exposure is equal to AB. The previous homomorphic

f i l t e r  for mul t ip l i ca t ive  images ( i . e .  logar i thm , li near hi~~h—pa ss

f i l t e r , exponential) will then correctly attenuate the low— fre~~ency

-( temperature image A. However)if the error in the DC level (k1 - 
~
< 2~ 

is

sig n i f i c a n t , the p resent homomorphic f i l t e r  no longer appl ies  ( t h e

logarithmic function does not make the parts A and B additive ).

We will  not a t tempt  to analyse here what e f f ec t  an a r b i t r a r y  DC

level in an IRLS image wi l l  have on the present homomorphic filtering.

Instead two examples will be given which show how a normal linear filter

and the present homomorphic filter compare in this situation .

First a DC level with an amplitude of 0.5 was added to the

• simulated image of Fig . A1 (c). This image consists of a low—frequency

biased sine wave multiplied by a h igh— frequency  biased sine wave and is

described by Eq. Al with a=b=2. The DC level which was added then

represents an error equal to half the amplitude of the DC component

present in the original image . The results of filtering this im a r e  to

remove the low—frequency component are shown in Fig. Bi. The same

linear and homomorphic filters that were employed to obtain Figs A~ (a)

a nd ( b )  were used . While s t ruc tu re  related to the undes i r ed

high— frequency component is evident  in the homomorph ic—f i l t e r ed  image

(Fig. B1 (b)), the result is still superior to that obtained using the

linear filter (Fig. B1(a)) .
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•~~ The second example , given in Fig. B2(a), shows the result of

filtering the IRLS image of Fig . 1(a) using a linear filter which has

- the same low—frequency cutoff characteristic (i.e. square—root of the

spatial frequency) as was used for the homomorphic filter described in

Sec . 2. For comparison , the homomorphic—filtered image obtained in Sec .
- 

3 is included in Fig. Bi (b). The overall contrast of the

- - homomorphic—filtered IRLS image and the degree of dynamic range

compression achieved is superior to that of the linear—filtered image.

Fo r example , the sh arpness of the boundaries of the hor izon ta l  h ighway

• near the center  of the image is considerably better in the

homomorphic—filtered image and more details are evident in the lower

half.
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(a) linear hi gh-pass filter (b) homomorphic hi gh-pass filter

FIGURE B1 Use of linear and homomorphic high—pass filters to remove a
low—frequency multiplicative component from an image which
contains an arbitrary DC level
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(a) linear hi gh-pas s filter (b) homomorphic hi gh-pass filter

FIGURE B2 Comparison of the abilities of linear and homomorphic
high—pass filters to compress the d v n m ” ~ c range of an IRLS
image containing an arbitrary ~C level
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