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Over the past few years attention has begun to be given to
'problems of the display of images and not just to the nmeans of
detecting, recording, and processing them. This concern is based
on. the realization that the transformation from the recorded
imagye, which is not directly viewable, to the displayed image,
which 1is viewable, can limit sigpificantly the information
obtained by the observer. By image I mean a two—-dimensional dis-

tribution of a single intensity variable. By the pecorded image

I mean the result of image detection, construction, or process~
ing, for example the density distribution of silver on f£ilm, the
electrical time signal which.can drive a video display, the track
of magnetic strength on videotape, or the array of numeric inten-
sities in a computer memory. The intensity in the vrecorded

image, which is called here the recorded intensity, sServes as a

driving intensity for a display device which transforms the driv-

ing intensity into a viewable intensity.

This paper is concerned with the performance of displays in
transmitting contrast in recorded intensity, as opposed to their
pecfornmance in transmitting.spatial information as measured by
properties such as resolution and geometric distortion. The
images vwith which +this paper is concerned are not ordinary pic-
tures of scenes directly vieﬁabie by the eye but rather images
such as infrared satellite pictures, radiographs, coumputed tomo-
grams, sonograms, scintigrams, and thermograms, whick are made by
measuring the two—dimensioﬁal distribution or projection of some

physical parameter. #ith these images the objective is to dis-



cern abnormal increases or decreases in intensity, but unlike
ordinary pictures of scenes, taese images need not be displayed

so that contrasts appear realistic.

To optimize contrast transmission performance, #e need to be
able both to compare display devices across images and to arrange
the display process so that intensity differences of special
interest or Significance'are sensitively transmitted. The second
objective Tequires us to design intensity mappings matched to an
iﬁaqe or class of images, i.e. functions from recorded intemsity
to recorded intensity that distribute the overall sensitivity of
the display on those recorded intensities in which it is impor-
tant to discern changes. An example is the mapping called win-

dowing {see figqure 1), commonly used in computed tomography.
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Neither of the aforementioned needs can be satisfied if sensi-
tivity as a function of driving intensity has different shapes

from display device to display device. The reason for the ina-



vility to compare devices across images 1is that if for each of
the devices there is a reqgion of driving intensity where its sen-
sitivity is superior to the other device's, each device will be
aore useful for some imrages, narely those with important inten-
sity crmanges in the range where that device is more sensitive.
The reason for the inability to design intensity mappings conven-
iently is that the device's variable sensitivity is in effect an
unknown or at least a not easily usable mapping to De comnposed

with the mapping to be designed.

Ideélly a display device should pe a linear transducer when
viewed: equal changes in recorded intensity should be egually
perceivable.t Then if nonuniform sensitivity is desired for a
particular image, an appropriate mapping can be consciously
designed and applied to the recorded imaye before it is input to
the linear display device. Further, two such devices applied to
any image <could be trusted f£o have the same perceived effect,
Wwitih the exception that the device with the greater overall sen-
sxtiﬁlty would present low contrast features {and imaye noise)

better.

The objective of the research described here was to find a
method for obtaining an intensity mapping for any device so that

the modified device made of the intensity mapping followed by the
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t If some other standard relatiouship between recorded and per-
ceived intensities is desired, such as having equal relative
dirterences in recorded intensity ope equally perceivable, one
Ccan easily produce this result by an extension of the techni-

- quedescriped beloW.



unmodified device would be a linear transducer when viewed (see
figure 2)a This modification would not by itself necessarily
produce more informative display systems, but it would allow such
display systems to be produced by allowing the matching of over-
all device sensitivities to the needs of classes of images of
interest and by allowing the design of intensity mappings appro-
priate to these classes. The principle is that display devices
should not play tricks on us; what you record should be what you
pecrceive; if you want something different, record something dif-

ferent, perhaps by image processing.

L} L]
| r 1 ity Y
1 i | Display driving | i i
Recorded | |Intensity| intensity |Displayi | Viewable
intensity=-->|mapping | =====-m—cecee-- >|device |==-> intensity
I L J e ‘
| Linearized display device |

Figure 2: A linearized display device

To produce the linearizing intensity mapping, we must first be
avle to measure the sensitivity of the display device (together
with an observer) as a function of driving intensity value. This
sensitivity can be characterized by a function giving the "just
noticeable" difference in display driving intensity as a function
of the driving intensity value (see figure 3). We call this
function the JND curve of the device (and observer). The defini-

tion of "just noticeable" must specify the target shape and size,




the ambient illumination, the background intensity, the true
positive rate defined to constitute detection, and the false
positive rate setting the conservatism [Metz, 1978] at which the
observer must worka Pizer and Chan [1979] have given these
definitions and have given a relatively efficient methodology for
determining the JHD curée for any device and observer. They
demonstrate that the wvariation in this curve across observers is
fairiy small, at least for grey-scale and heated~object-spectrun
video dié?lay. For thne purposes of the construction of intensity
mappings to linearize the response of viewed displays, this vari-

ation can be ignored.
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Figure 3: Just noticeable difference curves



Pizer and Chan showed that JND c¢urves are always positive,
with slope greater than or equal to -1, Furthermore, the slope
is -1 at driving intensities below that at which changes can be
perceived and is infinite at the intensity above which further
changes are not perceivable {or perbaps not displayable). Let us
call the range of driving intensity values for which the slope is
strictly between -1 and infinity the effective range of the dev-
ice. A linear device is.one for which, in the effective range,
egqual changes in driving intensity are equally perceivable,
i.e. one for which the JND curve is constant across the effective

range {(see fiqure 3).

From the JND curve one can determine a measure of the overall
sensitivity of the display device. This measure 1is called the

pecceived dypamic range ({PDR), of the device. Intuitively it

measures the number of steps of 1 jnd between the bottom and top

of the effective range, y and Y ax respectively. That is, if

min
the first step begins at driving intensity Yoin and if, for all
steps, when a step begins at intensity y, it ends {and the next
one begins) at Y + JED{y), then the end of the PDRth step is
Ynax= Hore precisely, if we define a new type of step consisting
of a group of N syccessive steps of successive values of
{1/%)} Jnd{y), tihe PDR measures the limit, as ¥ » x of the number

of these new steps within the effective range, [¥urn ¢ Yhaxde

Pizer and Chan showed that
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(for regions where JND(y) is constant, the integrand takes on its
linit as JND'(y) » 0, leading to PDE = (y _ - Yﬁin’/JND(Y’ if

JED{y) is constant over [y . ,¥ be.
mih max

In this paper it is assumed that the measured JND curve for
the device is given and can be well approximated by a piecevise
]’yij (2)

for 1 = 1;2;.0+0,0, Where YO is the left endpoint of the effective

linear function: JND{y) =t 4+ s y if y € [y,
| 1 i~

range and Yn is the right endpoint of the effective range {see
figure 4). Fér the piecewise linear JND curve given in eguation
2, Ssubstitution in equdtion 1 gives PDR = iE PDRi, {3
where PDRI, the perceived dynamic rangs of the jith linear piece,
is given by
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Figure 4: Piecewise linear JND curve
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The objective is to find a monotonic function £ from the
recorded intensity x, on its range {often the effective range),
to the device driving intensity y, on the effective range, such
that the JND curve when considering x to be the driving intensity
is constant over its range {see'figure 5)e This fanction, an
intensity mapping, has no effect on the PDR. It increases con-
trast when the slope of £ is greater than 1 and decreases it when
the slope is less than 1, in such a way as to make equal changes
in x equally perceivable, within its range. with this property
it makes sense to speak of the change in x corresponding to 1
jnda This value, AX, is obtained by dividing the range of the
recorded intensity X by the perceived dynamic

ranged: AXx = {X - X _ }/PDR. {5)
max min

We must f£ind the function £ such that, for all j, integer or
noninteger, between 0 and PDR, f{(x + j aAx) 1is j jnd®s along y

from YO according to JND{y). Thus if we let xo = x  and define
k min

xk = xo + (& PDR ) AXx, for k=0,1,cues8, {6)
i=1 i



then f should have the property that for

k= 0,1,meeun, £(X) = ¥4 (7

where the yk are the knots of the piecevise linear JND curve.

Furthermore, for any % € {x l'X'J' if x = x| ] + B AX, {8)
[ ] -

then f£{x) spould be m jnd?'s from vy s 4along the ith linear

piece. This point can be found as follows.

For a linear piece of a JND curve on [Yi-l'yi}’ moving along
by Ax in x must correspond to moving 1 jmd in y. That is, £

should have the property that for x € {xi_],xi},

]

£{(x + ax) f{x) + JIND{£{x))

Ei{x) + ot si.f(x) = {1 t s £(x) + - (%)

This dirfference egquation for f£{x), together with the initial con-

dition f{xi i} =y, | is solved by
l ' X=X,
i-1
Ax .
(y. + t, /s, ) (1 + s.) - t./s,, ifs, 20
F(x) = Yi-1 it ( i it i {10}
X
Yier ¥ TE b sy = 0

{Note that {(x ~>ﬁ_l)mx is the value denoted by m in eguation 8.)

To summarize, the desired mapping 1is implemented as follows.
ge first compute the X, omce and for all by equations 3-6. For
any X in the rarge {xo,xn] ve find the interval {xi—i‘xi] in
which x falls and then apply equation 10. If the x values are to
be given digitally, one can construct a look—-up table of f{x) for
all valuaes of Xx. For each reference intensity, the corresponding

tapulated value is used to drive the original display device.



The results of linearizingy a display device, for two common
aevices, ordindary grey-scale video and an eiectrostatic sardcopy
display using binary intensity and dithering
[Jarvis et al, 1974 ]: are given -in figures 6 and 7. These
results tor a CT scan of the abdomen, illustrate that the differ-
ence made py linearization of a display device is nontrivial. 1In
one of these examples it is probably the case that the image from
thé linearized device is better than that from the original der
ic%and in the other example the image from the origihal device is
probably betrer. The opjective of the linearization is npot
directly to optain an image improvement put as a reqguired first
step to allow sensible comparison and-cboicé of imaging devices
and sensiple design of intensity mappings matched to the contents
oL a particular imaye and the context within which it 1is being

viewed.
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By original device By linearized device

Fijure 6: Effect of linearization on grey=-scale video display

By original device By linearized device

Fijure 7: Effect of linearization on dithered binary
electrostatic plotter display
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