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Psychophysical Evaluation of Gamut
Mapping Techniques Using Simple Rendered
Images and Artificial Gamut Boundaries

Ethan D. Montag and Mark D. Fairchild

Abstract—Using a paired comparison paradigm, various gamut gamut mapping is application dependent. A business graphic,
mapping algorithms were evaluated using simple rendered images g pictorial image, and a computer generated image may require
and artificial gamut boundaries. The test images consisted of different mapping techniques for optimal image quality.

simple rendered spheres floating in front of a gray background. - . .
Using CIELAB as our device-independent color space, cut-off The goal of this research is to evaluate a variety of gamut

values for lightness and chroma, based on the statistics of the Mapping techniques in order to assess whether particular
images, were chosen to reduce the gamuts for the test images. Thealgorithms can be chosen which produce the best gamut-
gamut mapping algorithms consisted of combinations of clipping |imited images for simple pictorial imagery. As a first step
and mapping the original gamut in linear piecewise segments. 4 aqqressing this problem and making it more tractable, we
Complete color space compression in RGB and CIELAB was also h imolified it b f For th e
tested. Each of the colored originals (R,G,B,C,M,Y, and Skin) ave simplified it in a number of ways. ,o_rt ese experl'mer'1ts
were mapped separately in lightness and chroma. In addition, We have used a CRT as both the original and destination
each algorithm was implemented with saturation C*/L*) allowed device avoiding problems of change of color appearance under
to vary or retain the same values as in the original image. Pairs of differing media and viewing conditions. By creating artificial
test images with reduced color gamuts were presented to twenty gamut boundaries based on the statistics of our original

subjects along with the original image. For each pair the subjects : ided th licati f the ch terizati
chose the test image that better reproduced the original. Rank Images, we avoidae € complication of the characterization

orders and interval scales of algorithm performance with confi- and calibration of hard copy media while being able to assess
dence limits were then derived. Clipping all out-of-gamut colors the effects of equivalent levels of gamut mapping for different

was the best method for mapping chroma. For lightness mapping hues. The gamuts were limited only in one color dimension at

at low lightness levels and high lightness levels particular gamut 5 time |n three separate experiments the gamut was limited
mapping algorithms consistently produced images chosen as mostin liahtness at the high lightness levels of the gamut. the low
like the original. The choice of device-independent color space g gh g 9 !

may also influence which gamut mapping algorithms are best.  lightness levels of the gamut, and in chroma. For simplicity,
we refer to the gamut mapping of lightness at high lightness

levels as lightness mapping at the top of the gamut. Likewise,

_ gamut mapping the low lightness region of the gamut will be
HE RANGE, orgamut of colors produced by different ieferreq to as lightness mapping at the bottom. Our original
~imaging devices varies greatly from one to another. fy,5ges consisted of seven computer rendered single-colored
major problem in the reproduction of an image from a@yheres floating in front of a gray background. These simple
original device, say a cathode ray tube (CRT), to a destinaliph,qes contained many of the characteristics of real pictorial

device, a color printer, is how to adjust the colors that ajg5ges while allowing us to selectively test different areas of
nonreproducible in the destination device in order to creatg|,, space individually.

a veridical reproductionGamut mappings the term used 0 | the next section of the paper, we present the framework
describe this process. _ i for the implementation of gamut mapping in our experiments.
Gamut mapping has been described as being perhapg@pegin by discussing the choice of device-independent color
“printer’s art” that necessanly_needs the_aest_hetlc |_nput fromsﬁace used in our experiments. This is followed by an expla-
human operator [1]-[3]. To this end, various investigators [I}ation of our device characterization, gamut determination,
[2] have developed interactive techniques in which varioug,q choice of stimuli. We then present the algorithms that
parameters are adjusted interactively until a visually pleasigg tested in our experiments. In the Experimental section of
result is attained. However, currenF researc'h has attempigd paper, we describe the methodology used to collect our
to develop automated gamut mapping algorithms that CO%)%gchophysical data and report and discuss the results of the

I. INTRODUCTION

be implemented in commercial devices. As has been notgtheriments. This is followed by our conclusions.
by Fairchild [4], a further complication to this end is that
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Fig. 1. Seven colored spheres contained in the seven original images.

colorimetrically. For such device-independent color, a colétowever, we used the ratio of*/L* as an analog of
appearance model that can accurately account for differensaturation in CIELAB. In this way we could manipulate either
in viewing conditions between the two devices would be thghroma or saturation to determine which attribute was more
ideal choice [4]. In this way, perceptual attributes of cologalient for the preservation of image fidelity.

such as hue, chroma, and lightness can be specified and

altered independently. In addition such models have built-in

features that allow specification of certain parameters affectifg Device Characterization, Gamut

appearance such as the white point of the illuminant, leviéetermination, and Imagery

of adaptation, surround conditions, etc. A number of modelsBecause different imaging devices have different gamuts,
have been proposed for this use and have been the fogis amount of gamut mapping required is determined by both
of much research [5]-[7]. In order to simplify the problemthe device gamuts and the range of colors in the image. For
the gamut mapping in our experiments is performed on th€al devices, determining the corresponding color coordinates
same device using artificial gamut boundaries. Therefore, e colors common to the two gamuts in an independent color
viewing conditions and level of adaptation are held constarépace is a difficult procedure involving precise characterization
Although not intended as a color appearance space, @Eboth devices and interpolating between measured or mod-
1976 L*a*b* was chosen as the device-independent colefed data. For these experiments, only the computer monitor
space for these experiments, since it has correlates to perceivedded to be calibrated and characterized.
lightness, hue, and chroma, is easily invertible, and has beewe took the complete color gamut of our monitor to be
shown to perform adequately as an appearance space flag gamut of our original device. Artificial gamut boundaries,
Although CIE 1976L*u*v* has been chosen by others [2]in chroma and lightness, were then established based on the
[8] because it has a perceptual correlate to saturation, CIELARtistics of our original images. That is, for each image, a
performs significantly better as a color appearance space [GJt-off value for chroma or lightness was determined so that
Because CIELAB does not contain a constant luminaneecertain percentage of the pixels of the object in the original
chromaticity diagram, a correlate of saturation is not defineidnage was beyond the gamut limit.
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TABLE |
HUE ANGLE AND IMAGE CuT-OFF VALUES FOR EACH IMAGE IN ALL THREE EXPERIMENTS
Lightness at top Lightness at bottom Chroma

Image Hue angle [ cut-off L* [ max L* jcut-off L* | min L* [cut-off C¥| max C*
Red Sphere 33° 53.5 87.3 24.4 9.4 76.7 103.9
Green Sphere 142° 68.6 90.6 35.8 16.2 87.4 118.2
Blue Sphere -61° 40.9 86.2 14.6 3.2 92.6 126.6
Cyan Sphere -161° 70.7 90.9 37.3 17.2 45.1 60.6
Magenta Sphere -30° 56.9 87.8 27.3 11.2 77.4 105.4
Yellow Spherc 101° 78.2 95.6 41.1 19.9 66.1 89.4
Skin Sphere 49° 57.6 95.9 28.1 11.3 32.3 45.2

Our original images consisted of seven images of individuabnstant while lightness and chroma were compressed and
colored spheres floating in front of a gray background. The callipped in various ways. Fig. 3(a) shows conceptually the
ors of the spheres were red, green, blue, cyan, magenta amdt@nale for our choice of techniques. The absciédg,)
“skin” tone. These images were created in a three-dimensiongbresents the original gamut of the particular color attribute
(3-D) ray-tracing rendering program. Some manipulation ¢€hroma or lightness) to be mapped and the ordinate is the
the colors in the images was needed to prevent some of wmut available in the gamut limited reproduction device
gamut mapping routines from shifting colors out of the CRTA,,;). The solid horizontal line shows the location of the
gamut. Fig. 1 shows in one image the seven spheres used ingathut limit. The upper boundary of the shaded region is the
original images. The nominal hue angle is tabulated in Tabigapping produced by clipping the out-of-gamut colors to the
l. The objects in our images contain a full range of lightneggamut boundary. The lower boundary of the shaded region is
and chroma. The images have gradual shading, highlights, and mapping produced by linearly scaling the color attribute to
a range of contrasts that are altered dramatically dependjus fit into the limited gamut. The shaded region is therefore
on the method of gamut mapping used. In this way they afife region in which the optimal gamut technique lies. Our
representative of real pictorial images. mapping techniques tested this region with curves made up

As mentioned above, gamut mapping is application depes two or three linear segments. Gentéeal. [9] also tested
dent. Even for pictorial images, previous investigators [Zhiecewise linear compression and reported that these curves
[10] have found that the preferred gamut mapping techniquggve results that were similar to smoother curves based on
may depend on image content. Because our images con@hlinear functions. Fig. 3(b) represents the same region for
single hues, we can test whether image dependence maynfighping lightness at the dark end of the gamut. It is identical to
due to interactions between different hues. Since the saf§. 3(a) turned upside down. Since only lightness is mapped
proportion of each colored image is being mapped, preferengenis manner, the lettek is substituted forA.
for different algorithms for the different colored images would Fig. 3(a) shows the gamut scaled to the maximum value,
indicate that the choice of algorithm depends on the region @f1AX of the attribute attainable on the original device. Gamut
color space being mapped. The lightness cut-off for gamh‘lfapping to this point will be referred to as device dependent

mapping at the top was chosen so that one-quarter of all {@nhing. Alternatively, the mapping algorithms can scale the
pixels in the sphere were out of gamut. One-third of the p'Xelléproduction in the destination device to the poHAX
in the sphere were below the cut-off in the lightness mappiRghich is the maximum value of the attribute in the o?iginal
at the bottom experiment. For chroma mapping, the cut-qffage. This mapping, referred to as image dependent mapping,
was chosen so that one-half of the pixels were out of gamyl. 56 expensive to implement since image analysis is needed
Table I shows the cut off values for chroma and lightness f@f finq the maximum chroma and lightness values in the image.
each image in the three experiments. _ For mapping lightness at the bottom of the gamut, device
Fig. 2(a)—(c) show theL™ and C* values of the pixels yonandent mapping is when the image is scaledto= 0

and the gamut cut-off yalues for' Fhe green Image in th the reproduction device. For image dependent mapping, the
three experiments. A different original was used for ea allestL* value in the imageLMXN s the point to which

colored image in the three experiments. For both ”ghmiﬁﬁe image’

. , ‘ | wrated | e reproduction is scaled.
mapping experiments, a 1ess saturated Image was Used g, aach of the above mapping algorithms drawn from this
order to keep the colors in the image within the real gam

f the CRT. Th diferences in he pixl vales for the wbece ' STLL DG was accomplished i e weve For

o;lg:]nals n t'her:|ghtne.ss mapping egperl!rtr:en.ts V\éere the rehsg%e gamut limited image was produced in which the chroma

tc\)/vg ::r?;r?rrl]r:a:]tse monitor set-up and calibration between t §&fues were th(_e same as in the original imagt_a and one image

' was produced in which th€* values were adjusted so that

. ] the saturation,C*/L*, in the new image was identical to

C. Mapping Algorithms the original. Likewise for chroma mapping, one image was
Three experiments tested limiting the gamut in lightnesproduced in which thel.* values were the same as in the

L*, both at the top (high lightness values) and at the bottoomiginal and in a second reproduction, tihé values were

(low lightness values) and limiting the gamut in chromagcalculated in order to preserve the original’s saturation. This

C*. Following previous research [2], [8]-[12], hue was keps shown schematically in Fig. 4.
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Fig. 3. Shaded region represents the area from which the linear piecewise
gamut mapping techniques are drawn. {g), represents the gamut of the
color attribute being mapped for the original imaging device ahg,
represents the attribute gamut for the destination device. (b) The same region
drawn for gamut mapping the low lightness region of the gamut.
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Cc* Fig. 4. Lightness mapping and chroma mapping were accomplished in two
© ways shown here schematically. For lightness mapping, either the chroma or

saturation of the original image could be maintained in the reproduction. For
Fig. 2. Plots of the.* versusC* values for the green original images for thechroma mapping either lightness or saturation could be held constant. The
three gamut mapping experiments showing the cut-off values for the reduseder triangle represents the gamut of the original input device.
gamuts. (a) Chroma mapping. (b) Lightness mapping at high valués’ of
(c) Lightness mapping at low values &f*. . .

The equation of these curves is

assymp
Four families of gamut mapping algorithms were drawn Aout = Ain ko 0< A<k, ’ (1)
from this space, as follows. assymp k< A < ANDS

1) Scaling and Clipping (SC)The first set of algorithms where “assymp” is the cut-off value for the gamut boundary,
are shown in Fig. 5(a)-(c) and are denoted “SC.” Fig. 5(&,, is the original lightness or chroma valud,,; is the
and (b) shows the six algorithms used for lightness mappingapped value, and the valkesets the location of the inflection
at the top of the gamut and chroma mapping, respectiveppoint.
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TABLE 1l
SUMMARY OF THE GAMUT MAPPING ALGORITHMS AND THEIR NOTATIONS
Mapping Algorithm
Scaling & Clipping Knee Gentile Three Color Space
Functions et al. Segments Scaling

0SC (clipping) .25KF 1/3Gea 3S CIELAB

.255C .5KF 2/3CGea RGB
Lightness .55C .75KF
Mapping at .755C
High L* ImSC (image dependent) +IlorD +lorD +lorD

1SC (device dependent) +5 +5s +3

+5

15C (image dependent) 25KF 1/3Gea 3s CIELAB
Lightness 1/358C 5KF 2/3Gea RGB
Mapping at 2/35C .75KF
Low L* 0SC (clipping)

+l only +I only +lorD

no+s no +s no +$ no +s

0SC (clipping) .25KF 1/3Gea 3S CIELAB

.255C .5KF 2/3Gea RGB

.55C .75KF
Chroma .755C
Mapping 1SC (image dependent) +IorD +lorD +TorD

DSC (device dependent) +s +5 +5

+5

Appended notation: +s —> saturation of original maintained

+1orD —> image or device dependent implementation

For lightness mapping, the notation indicates the locatiof™4* = AMA% for device-dependent mapping. Ahor a
of the inflection by the fractional distance between complef8 is appended to the notation to indicate image or device-
clipping (0SC) and complete device dependent scaling (1S@gpendent mapping.
“ImSc” represents complete image dependent scaling wherelhe inflection point is indicated in the notation by the
k is equal to the maximum lightness value in the imagéactional distance between zero and the cut-off value setting
For chroma mapping the notation is slightly different. Théhe gamut boundary. For example, for mapping the lightness of
notation indicates the location of the inflection by the fractiondine cyan sphere with a cut-off value bf = 70.7, .75KFI and
distance between complete clipping (0SC) and complete imag@KFD both have the same lower segment upto= 53, but
dependent scaling (1SC). “DSC” represents complete devie former compresses the lightnessAl}Ax., the maximum
dependent scaling wheveis equal to the maximum chromavalue in the imageL* = 90.9, and the latter ta4}3%, the

value attainable by the device. maximum value of the device,* = 100.
The equation for lightness mapping at the bottom of the For lightness mapping at the bottom, an inverted set of these
gamut is three curves were used (not shown). Only the image dependent
assymp 0< L. <k form was used. The equation for these is
- (Lin = Lilinge)( — assymp,
- assym
Lout — (assymp_ 100) (Lin _ 100) L . y p+ (Ii' — thge)
® 00 k < Lin < 100 " T o< Lusk
+100, S Lin & -(2) Lin, k < Lin <100.
(4)

Fig. 5(c) shows the notation and curves for the four algorithms3) Gentile et al. (Gea):The next family curves, Gentilet
used in the experiment. Only image dependent algorithrab (Gea), uses a technique described in [9]. Shown in Fig.
were used so that the notation indicates the inflection B§b), these two-segment curves have an inflection located at
its fractional distance between complete clipping (0SC) atide value of the cut-off on the abscissa but the slopes of the
complete image dependent scaling (1SC). linear segments vary according to the fractional distance along

2) Knee Functions (KF):The second set of algorithms,the vertical line extending between complete compression
calledknee functionsis shown in Fig. 6(a). The first segmen@nd complete scaling. Again, the right-hand segment can be
has a slope of one and the second segment compres¥iier determined by the image (Geal) or the device (GeaD)
lightness or chroma to either the maximum value in tH@aximum values.

image (KFI) or for the device (KFD). The equation for these FOr mapping lightness at the top of the gamut and for
chroma mapping the equation of these curves takes the form

curves is
A; 0< ALk assymp
m» i m = b) Aln 1 _ k : k ,
Aout == k + (Ain - k)(assymp_ k) If < A < Al\'iAX (( )( AI\'TAX ) + )
(AMAX _ 1) ) S Ain S 4 a ]S)S Ay < assymp )
out — —_
3) assym <Ain <W) + k')v

where AMAX = AMAX for image-dependent mapping and assymp < Aj, < AMAX

image = input
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by k values of 1/3 and 2/3 are used.
For mapping lightness at the bottom of the gamut, curves
derived by the following equation were used:

(Lin—LMIN Y(1—k)(100—assymp

mage

(100 — Lz

. 0 < Liy < assymp
out <assympk—1)—kL1\“N +100

+ assymp,

image
100 — LVIN (Lin—100),
image

assymp< L;, < 100.
(6)

Again, these curves are the identical to Fig. 6(b) inverted. Only
the image-dependent algorithms usihhg= 1/3 and 2/3 were
used.

4) Three Segment (3S)fhe last group of curves are curves
made up of three segments shown in Fig. 6(c). The equation
of these curves is

Airn 0 S Ain S k1
(assymp- k1)( Ay, — k1) LRl
Aout = (k2 — k1) (7
k1l S Ain S k27
assymp k2 < A < ARSR.

The valuesk1 and k2 are the values of the two inflections on
the abscissa. For the device-dependent form of the algorithm,

3SD, k1 = assymp2 and k2 = (assymp+ A%\r’%ﬁt)/z

For the image-dependent form of the algorithm, 381, =
(A + assymp)/2 and k2 = (assymp + ANAX)/2.

For lightness mapping at the bottom of the gamut, the
equations of the 3S curves are

assymp 0< Ly, <k1,
(k2 — assymp(Lin — k1) + assym
Low = (k2 — k1) ymp 8)
kl < Ly, < k2,
Lin, k2 < L, < 100.

For the device-dependent curves, 330, = assymp/2 and
k2 = (assympt 100)/2. For the 3SI| image-dependent curves,
k1 = (L5 +assymp/2 andk2 = (assympt Li> )/2.

For lightness mapping, at the top and bottom, eac% algorithm
was used twice to create one test image with the same hue and
chroma as the original and one test image with the same hue
and saturation as the original. Similarly for chroma mapping,
each algorithm was used to create two images: one with the
same lightness and hue as the original, and one with the same
saturation and hue. Therefore, there were a possible total of 36
test images to be tested for each original using the piecewise
linear algorithms. A lower-cases™ was be appended to the

Fig. 5. Scaling and clipping (SC) algorithms. (a) Lightness mapping at tieotation to in_dicate that the gamut mapped imag_e r_etained the
top of the gamut. (b) Chroma mapping. (c) Lightness mapping at the bott@ame saturation as the original, the absence of¢hmdicates

of the gamut.

where AMAX = gMAX
MAX _ AMAX
A - Ainput

1mage

that lightness (for chroma mapping) or chroma (for lightness
mapping) was held constant.

for image dependent mapping and For chroma mapping and lightness mapping at the top of the

for device-dependent mapping. Hekehas a gamut, the number of algorithms used to create test images
value between zero, which produces a curve that linearly scaleas sometimes less than 36, because different algorithms
the complete gamut, and one, which produces a curve that chpsuld sometimes lead to functions that were very similar. For
the gamut. Since the SC algorithm was used to produce ffghtness mapping at the bottom of the gamut, only image-
complete clipping and scaling curves, only the curves produceddpendent algorithms for KF and Gea were used based on
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TABLE I
REsuLTS FROM THE THREE MAPPING EXPERIMENTS SHOWING FOR EACH IMAGE THE ALGORITHMS USED TO CREATE TEST IMAGES FOR
THE 20 SUBJECTS ORDERED BY THEIR RANKED PERFORMANCE THE BEST ALGORITHM HEADS EACH COLUMN AND
Is GROUPED TOGETHER ABOVE THE DOUBLE LINE WITH THOSE FROMWHICH IT IS NOT SIGNIFICANTLY DIFFERENT

Lightness Mapping at the Top

Red Green Blue Cyan Magenta Yellow Skin
.258Cs 1/3Geals 1/3Geals | 1/3Geal 1/3Geals RGB N 55Cs
2/3Geals 55Cs 55Cs 55Cs 55Cs 1/3Geals 1/3Geals
1/3Geals ImSCs 25KFls ] 1/3Geals 1/3Geal 57SC75 .755Cs
[.55Cs | CIELAB CIELAB RGB 3SDs CIELAB | .25KFis
25KFls .25KFIs ImSCs lmsgs 25KFIs ImSCs ImSCs
ImSCs RGB 1/3Geal CIELAB 55C [ 25KFls CIELAB
CIELAB 35Ds 55C  }msC ImSCs 5KFls 1/3Geal
1/3Geal | 1/3Geal | 25KFI 25KF1 [RGB 15Cs .755C
| 5KFIs | 25kEIs CIELAB -

I | SKFL [
- | 5KFIs
Lightness Mapping at the Bottom

Red Green Blue Cyan Magenta Yellow Skin
351 0SC 05C 2/35C 2/35C 35t JosC
0sC 2/35C Bt |1/3sC 391 1/3Geal 2/35C
2/35C 351 35D 351 2/3Geal 2/35C 38T
2/3Geal  |25km1  J2/35C¢  _J1sC  ]3sD 1/35C 2/3Geal _
35D 1/35C 2/3Geal | 1/3Geal 1/35C 35D asD
[1/35¢ [1/3Geal  |1/35C 25KFI 1/3Geal  |2/3Geal  |1/3sC
1/3Geal 35D 1/3Geal 35D 15C 15C |1/3Geal
25KFL. 2/3Geal 25KFL 2/3Geal RGB —|zsxm
15C 1sC R ] ) 1SC_
- RGB

Chroma Mapping

Red Green Bluc Cyan Magenta Yellow Skin
2/3Geals 05C 3Sls 0SC 05C 0SC 05C
1/3Geals 255C 255C  [.258C 255¢  ]25sc 255C
| 755Cs 75KFL |.55C last 2/3Geal 2/3Geal  |2/3Geal
15Cs 2/3Geal RGB 75KFI 55C 381 35D
RGB 38T 2/3Geal 2/3Geal 381 75KFL 351
255C 55C 755C _|.5sC 2/3GeaD 55C 75KFI
CIELAB 35D 755Cs | 1/3Geal 1/3Geal 1/3Geal 55C
25KFIs 1/3Geal 1/3Geal 755C 755C SKRt |755Cs
2/3Geal 15C S5KFI | 25km 758C 1/3Geal
5SC N BE CIELAB 15C 755C
3bs | |
3 ~
2/3GeaD
755C
1/3Geal |

the results of the other two mapping experiments. Also farseful check on our results. For lightness scaling at the bottom,
lightness mapping at the bottom, we only used the algorithrtige color spaces were scaled toward white by the same constant
in the form that retained the original images’ chroma ang all three dimensions until the image was in gamut. This is
allowed the saturation to vary. Adjusting chroma in ordegshown schematically in Fig. 7. A summary of the algorithms
to retain the originals’ saturation led to problems of colorgnd their notations is presented in Table II.
moving out of the CRT gamut for many of the images. While
producing these images, it was apparent that they were not 1. EXPERIMENT
producing images that were as faithful to the originals as thoge
that held chroma constant and allowed saturation to vary. ] )
In addition to the above piecewise linear algorithms, we E@ch image was 422 344 pixels presented on a Sony 20-
created test images by scaling the color gamut in CIELA diagonal Trinitroi™ CRT subtending approximately 5.5t
space and in the monitor RGB space, denoted “CIELAER viewing distance of approximately 0.75 m. The monitor was
and “RGB,” respectively, bringing the maximum number ofalibrated and characterized following the procedures found
algorithms to 38. For lightness at the top and chroma, all thrése Berns et al. [13]. The original and two gamut mapped
dimensions of each space were scaled by the same constgatoductions (the test images) were presented simultaneously
toward black so that the image just fit into the new gamdf! each trial on a neutral gray backgroufd = 0.324,y =
The scaling of the image in CIELAB space toward black was343, 38.8 c¢d/m?) The subjects task was to choose which
equivalent to the complete image dependent scaling of thk the reproductions more faithfully reproduced the object
image while preserving saturation. Although we did not realizepresented in the original. More specifically the instructions
this until after completion of the experiments, it provided atated, ‘.. For example, you sell the object pictured in the

Procedure
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(a) “Knee function” (KF) algorithms. (b) “Gentilet al.” (Gea)

algorithms. (c) “Three segment” (3S) algorithms.
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Fig. 7. RGB and CIELAB color space scaling.

view each pair only once. For seven original images and three
mapping experiments, this would be prohibitive. To reduce the
number of trials to a more practical amount, one subject, author
EM, performed the complete paired-comparison experiment
for all the test images created using all the algorithms. Each
original colored image and one gamut mapping region were
tested per session, making 21 sessions. Every trial pair was
presented twice in random order to counterbalance screen
position. Based on the rank order of the test subject’s results,
the top six to 15 algorithms for each original image were then
used in a paired-comparison experiment with other subjects.
An example of one of the ordered histograms showing the
frequency at which images produced by each algorithm were
chosen as the member of a pair more like the original is
given in Fig. 8. Nine test images to the left of the vertical
line (excluding 1/3GeaDs, due to its similarity to 1/3Geals)
were presented to the rest of the subjects as test images
for the magenta original in the lightness mapping at the top
experiment. Table Il shows the algorithms used to create
test images for each image in all three experiments. The best
algorithms selected by the rank order from EM’s data for use
in the experiment were predominantly image dependent.
Twenty color-normal subjects participated in each of the
experiments in this order: lightness mapping at the top of the
gamut, chroma mapping and lightness mapping at the bottom
of the gamut. Subjects typically took less than one hour to
complete one experiment. Again, every pair was presented
twice in a random order to counterbalance screen position.

B. Results and Discussion

Based on Thurstone’s Law of Comparative Judgment [14],
the following procedures were used to determine which algo-
rithms performed the best. The data for all twenty subjects
were combined. For each of the seven originals in each
experiment, the proportion of times each image was chosen
over all the other images was converted into a normalized
Z-score. These were then averaged over image to produce an
interval scale value for that image. Higher scale values indicate

original and you would like the original picture reproduced ia higher level of similarity to the original. The scale values

your brochure. Your two printers give you what is shown imere adjusted so that the least similar image for each original

the reproductions. Which of the two reproductions would yowad a value of zero.

choose for your brochure?” Subjects freely viewed the monitor An analysis of variance [15], [16] based on tlescores

and proceeded at there own pace.
With up ton = 38 test images, a paired comparison expeperiments. Confidence intervals were calculated by correcting

iment would neech(n — 1)/2 = 703 trials for one subject to the overall error term in the analysis of variance (ANOVA)

gave significant results for all seven images in all three ex-
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Fig. 8. Ordered histogram of the frequency of preferences for subject “EM” for the magenta image in the lightness mapping at the top experiment.

for multiple comparisons by the Tukey test [17]. One exampbnd the effect of maintaining the chroma versus the saturation
for each experiment is shown in Fig. 9(a)—(c). A differencef the original image.
between two images is significant when the error bar of oneln order for the reproduction of the sphere to look compat-
does not extend past the mean of the other. ible to the original when the lighter parts of it are mapped
Fig. 9(a), for example, shows that the best test image far lower levels, the chroma of the mapped region must be
lightness mapping at the top was produced by the algorittdecreased in proportion so that the reproduced sphere has
1/3Geals. That is the Gea scaled so that the maxindtfm the identical saturation as the original. Although for lightness
value in the image is just within the new gamut (l) and thmapping at the bottom of the gamut, only algorithms that pre-
chroma is adjusted to preserve the saturation in the origirsgrved the chroma of the original were tested, it was apparent
(s). The 1/3Geals test image is not significantly different frorwhile creating the stimuli for the experiment that boosting the
the .5SCs image but is statistically better than the rest of tbleroma in order to maintain the original’s saturation does not
images tested, since the lower extent of its error bar is abgw®duce images that are adequate reproductions of the original.
the means of those images as shown by the horizontal lifidhat is, chroma needs to be maintained for the best image
Table Il summarizes the results from all three experimenteproduction. This points out a curious apparent anisotropy in
The best algorithm leads each column followed by the othetree relationship of lightness to colorfulness along its scale.
in rank order of performance. The algorithms that were notIn general, the best chroma mapping test images retained
statistically different from the best algorithm are groupethe same lightness as the original images allowing saturation
together above the double line in each column. Using the vary. There were two exceptions: red and blue. More
above example for the blue image for lightness mapping iatportantly, these two images were the only ones that did
the top, Table Il shows the 1/3Geals and .5SC'’s algorithnmet have 0SC as the statistically best algorithm. That is, for
separated from the others by the double line. all the images, except red and blue, the best chroma mapping
As mentioned previously, no device-dependent algorithnatgorithm was the one where all out of gamut colors were
were tested in the lightness mapping at the bottom experimefipped in chroma at the gamut boundary without changing
except for 3SD because the image dependent algorithms wigghtness. This result agrees with the findings of Gengile
generally better than the device dependent algorithms in thle [9], who also found that clipping chroma while keeping
chroma mapping and lightness mapping at the top experimerightness and hue constant was the best chroma mapping
For lightness mapping at the top, the best test images weégehnique using CIELUV as the device-independent color
the ones that retained the saturation in the original (as indicatsgzthce. Fig. 10(b) shows the images produced by complete
by the small §” in the notation). The one exception to this waglipping (the best algorithm, 0SC, in the center) and complete
the cyan image where chroma was held constant in the besage-dependent scaling (algorithm 1SC on the right) for the
algorithm (1/3Geal), although it was not statistically differentriginal green image (left).
from .5SCs which did hold saturation constant. For the yellow That the red and blue images were exceptions in the chroma
image, RGB scaling had a similar effect of preserving thmapping experiment, both for choice of mapping algorithm
saturation of the original image, since the whole gamut wasd for which color attributes to hold constant, may be a
scaled in three dimensions. RGB scaling for the yellow imagesult of the choice of device-independent color space. Hung
was not statistically better than four other algorithms, whichnd Berns [18] had subjects determine constant hue loci
kept saturation constant. Fig. 10(a) shows the original mageota a CRT for various hues and compared these results to
image (left) and the images created by the 1/3Geals (centd® predicted constant hue loci in various color appearance
and 1/3Geal (right) algorithms to illustrate the best test imagpaces. When constant hue loci for hues of equal lightness
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L* Mapping Top: Blue saturation rather than chroma constant leads to better mapping

3 may also be a result of the choice of device independent color
55 space. Hung and Burns [18] also compared constant hue loci
o o ® for colors that varied in lightness. They found that in the cyan
-‘é % region of CIELAB space, colors on the subjects’ constant hue
- 13 l loci did not have the same hue angle at different lightness
% ! T Te e levels. Therefore in our experiment, compressing lightness also
R 05 % % produced hue shifts for the cyan image.
0 i Taking a look at lightness mapping at the top again, the

05 1/Geals algorithm and the .5SCs algorithm were predom-
5 5 inantly better performers. Although not easily apparent in
Figs. 3(a) and 4(b), these two algorithms are very similar
for the lower part of the curve up to the inflection in the
1/3Geals algorithm when plotted together with the same cut
@ off level. Fig. 11 shows these two algorithms plotted for the
magenta image. The upper part of the curve past this bend
affects the lightest areas of the image, which contain the
highlights. The rate of compression, as indicated by the slopes
of the curves, for all but the highest lightness values in the
. image, given by these two algorithms appears to produce the
best mapping. The 1/3Geals algorithm produces a smoother
* | l transition at the higher lightness values, which may account
|

1/3Geals
5SCs
25KFIs
IELLAB
ImSCs
1/3Geal
58C
25KFI

© G
Algorithm

L* Mapping Bottom: Yellow
0.6

N
i

Scale Units
<
(3

for its predominance as the best algorithm. An algorithm,
similar to Wallace and Stone’s “knee function” [11] that is a
linear function that approaches the cut-off at a tangent, would

<

=
[

2 29 % 2 3 9 perhaps produce optimal mapping. The yellow image did not
s T 78 7 lead to the same level of discrimination as the other images
- Algorithm - since the best algorithm was not significantly different from
four others, although 1/3Geals and .5SCs were both in the top
(b) group.
. N The red image is, however, an exception with algorithm
195 C* Mapping: Green .25SCs performing statistically better than the rest. Although

this may be an indication of one area where the best gamut
mapping method may be dependent on color, the 2/3Geals,
0.75 r 1/3Geals, and .5SCs algorithms had scale values very close
to that of the .25SCs algorithm. Although we have used the
Tukey test [17] in order to control the rate of false positives
in our analysis, as the number of comparisons increases so
does the possibility of rejecting the null hypothesis when it
025 is actually true.
g As mentioned previously, the CIELAB scaling of the image
& toward black was equivalent to complete image-dependent
Alg‘?)rithm scaling of the image while preserving saturation. Although we
© tried to eliminate redundancy, one of the anonymous reviewers
Fig. 9. Results for one original in each mapping experiment. (a) Li htnepomt?d tl_’liS out. However, since these two methods prod_u_ced
mg.ppi.nng at the top. (b) %ightness mappi?\g egt thF(; botton%. (©) ghrorf(gem'cal Images, we Can_ check our methoqo"?gy by exa_‘mmmg
mapping. whether these two algorithms were ever significantly different
from each other. Looking at the results for lightness mapping
at high values ofL*, we see that the ImSCs and CIELAB

rar]gorithms are next to each other in the ranking all but once.

linearity were in the red and blue regions of the color SPaCPhese two algorithms were never found to be significantly
This confirmed their qualitative observations that when gamigsarent statistically for lightness mapping, thus validating

mapping colors in CIELAB space, the blues became reddigly; methodology. For chroma mapping, these two algorithms
and the reds turned yellowish. In our experiment the same Wagcs and CIELAB) were paired only for one image in the
true. Subjects had to contend with changes in hue as We”@}&)eriment and they were not significantly different.
lightness and chroma when comparing images. The lightness mapping at the bottom experiment did not
Similarly, that the cyan image in lightness mapping at thehow the same level of discrimination as the other two
top, was the exception to the general finding that holdirexperiments. More algorithms were not significantly different
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(a)

(b)

(c)

Fig. 10. (a) Original magenta image used in the lightness mapping experiment is reproduced on the left. In the center is the image created bysthe 1/3Geal
algorithm, which was determined to be most like the original. The image produced using the 1/3Geal algorithms is shown on the right. (b) Thergrkeen origi

in the chroma mappin experiment is on the left. The image produced by complete clipping, 0SC, the best algorithm is in the center. Complete inemgje depend
scaling, 1SC, is shown on the right. (c) The original yellow image for lightness mapping at the bottom is on the left followed by the test image produced
by 3SlI, the best algorithm, and the image created by complete image-dependent scaling (1SC).

from the best one. There was also less consistency thtaree algorithms are shown in Fig. 12 for the green image. The
the other two experiments as demonstrated by the lack 2IBSC and 3SI algorithms produce a similar amount of clipping
predominance of one algorithm over the rest. This woulkt the bottom of the gamut. The 3SI and 0SC algorithms both
indicate that at least for the images and the levels chodeave most of the color gamut unchanged at higher lightnesses.
in this experiment, the choice of mapping algorithm was ndtis would indicate that optimal gamut mapping for lightness
as critical for good performance. However, there are certahthe bottom might include some small amount of clipping in
characteristics shared by the aforementioned algorithms tHag darkest region followed by a small transitional region of
are noteworthy. compression followed by a large region of no gamut mapping

The test image produced by the 3SI algorithm was in ti@ the higher lightnesses. This would be similar to the knee
top group for all the images. The next predominant algorithfdnction inverted for gamut mapping at the bottom of the
was 2/3SC which was used to create test images for all se@nut with a linear section with a slope of one. These results
originals and was in the top group five out of these sevéf€ consistent with those of Hoshino and Burns [10]. As
times. 0SC was the next predominant, making the top gro@p €xample of lightness mapping at the bottom, Fig. 10(c)
four times—three times as the best algorithm. Interestingz,EOWS the original yellow image, the test image produced by
0SC was only tested with those four original images becaus@i!» the best algorithm, and the image created by complete
was not in the top ranking in EM’s original experiment. Thesiéhage-dependent scaling (1SC), respectively.
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Fig. 11. 1/3Geals and .5SC’s algorithm produced the images that wég- 12. 3Sl, 2/3SC, and 0SC algorithms produced the images that were
chosen as most like the magenta original for mapping lightness at high val&?@LS?n as most like the green original for mapping lightness at low values
of L*. of L*.

IV. CONCLUSIONS The best gamut mapping algorithms are summarized below.

In general, for each mapping experiment, there was a fglpe bgst performing algorithms from thgse experiments _give
amount of consistency in the choice of best mapping algoritHflications of those features that the optimal gamut algorithm
across color. This finding is encouraging in that it indicates thifould possess, since the algorithms used did not exhaustively
gamut mapping may be automatable. In these experiments%%t every possible tgchnlque but sampled _the squtlon_ space,
cut-off values were determined so that the same area of fig- 3(&) and (b), using a number of algorithms. Algorithms
spheres were out of gamut in all seven images. In actual ganifif? Smoother transitions between segments and that asymp-
mapping, due to differences in lightness in the location ¢pt€ the gamut boundary gradually may, no doubt, provide
various hues in color space, the amount of mapping necess3fjfér images.
for different hues will vary. Further experiments are needed in* For lightness mapping at the top, retaining the saturation
order to see if the consistency seen in these experiments holds Of the original with the 1/3Geals algorithm produced the
when the cut-off values are constant across hue and when best images. Most of the gamut, up to the cut-off value,

multiple hues are included in one image. was linearly compressed with a slope 1/3 of the way
The linear piecewise algorithms used in this experiment between those produced by complete linear scaling of the
all kept hue constant in CIELAB. This was am priori lightness values and completely clipping lightness at the

decision based on the previous results of other investigators cut-off value. This was followed by a smooth transition
and principles derived from experience in graphic arts [1], that scaled the remainder of the lightness to be just within
[2], [8-12]. This would apply to the case of pictorial im-  the new gamut.
agery. For computer-generated imagery and business graphics, For lightness mapping at the bottom, a curve with a
gamut mapping techniques that alter hue in order to maximize slope of zero at the lowest lightness values followed by
chroma, select particular hues, or perform some other noncol- @ moderate transition to linear compression with a slope
orimetric color-enhancement technique may be more desirable Of one for most of the gamut at the lighter end would
[19]. perhaps perform well as indicated by the results. Keeping
In our case, in which we simulated pictorial graphic im- ~ chroma, not saturation, constant produced better images.
agery, the choice of CIELAB as our device-independent color® For chroma mapping, simply clipping the out of gamut
space may have affected the performance of the various chroma to the chroma cut-off level produced the most
gamut mapping techniques. For those regions of CIELAB chosen mapping. For chroma mapping, preserving the
in which the perceived constant hue loci deviated the most original's lightness, not saturation, produced better im-
from those in the color space, the algorithms chosen by our ages.
observers were different than those in the more linear regionsSince for chroma mapping, clipping was the best technique,
of the color space. The choice of color space may also have image analysis is necessary. However, for the lightness
influenced which appearance attributes needed to be heldpping at the top, it is clear from the results that image-
constant (saturation or chroma). Ideally, a color appearamependent algorithms produced better results. For lightness
space with linear constant hue loci would better allow mappingapping at the bottom only the image-dependent versions of
of particular color attributes without altering appearance dhe algorithms were tested based on the results from EM’s
other attributes. Of those tested by Hung and Berns [18&lata, which showed that the image-dependent algorithms were
Hunt's model demonstrated the least hue error for constahe ones chosen the most for chroma mapping and lightness
hues of the same lightness and CIELAB was closest to lineaapping at the top. For lightness mapping, automated gamut
for constant hues varying in lightness. The evaluation amdapping procedures need to analyze the image at least to
development of color appearance spaces is an active areaetermine the minimum and maximum lightness values.
research that, in the future, may provide even better tools forlt is common practice to set the white point of the repro-
gamut mapping. duction device tal* = 100 and allow this renormalization to
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take care of differences in the luminance capabilities betweeR] A. S. GlassnerPrinciples of Digital Image SynthesisSan Francisco,

- ; [P i CA: Morgan Kaufmann, 1995.
the orlglngl and the reproductlon ,for hlgb . However, In. 4] M. D. Fairchild, “Some hidden requirements for device-independent
our experiments, we found that this type of gamut mapping,” color imaging,” SID 94 Digestpp. 865-868, 1994.

corresponding to the 1SC algorithm, did not produce thgb] T. K. Kim, R. S. Berns, and M. D. Fairchild, “Comparing appearance

; P ; ; models using pictorial images,” iProc. IS&T/SID’s Color Imaging
best images. Hence, although limitations in high chroma and Conf.: Transforms and Transportability of Colddov. 1993, pp. 72-77.

dark regions of the gamut are stressed in the search for tig m. D. Fairchild, “Visual evaluation and evolution of the RLAB color
ultimate gamut mapping strategy, this result indicates that space,” inProc. IS&T/SID’s 2nd Color Imaging Conf.: Color Science,

: RN P— Systems and Applicationblov. 1994, pp. 9-13.
gamut mapping near “white” is also a significant prOblem’[7] K. M. Braun and M. D. Fairchild, “Evaluation of five color-appearance

and that the common method of adjusting lightness changes transforms across changes in viewing conditions and mediaPrae.
may not be optimal. IS&T/SID’s 3rd Color Imaging Conf.e: Color Science, Systems and

h . . . Applications,Nov. 1995, pp. 93-96.
When the illumination on a related color is decreasedg; | w. MacDonald, “Gamut mapping in perceptual color space Piac.

(within the range of photopic vision), neither its chroma nor  IS&T/SID’'s Color Imaging Conf.: Transforms and Transportability of
saturation would change since colorfulness and brightneigl Color, Nov. 1993, pp. 193-196.

. . R. S. Gentile, E. Walowitt and J. P. Allebach, “A comparison of
would both decrease proportionally. In our experiments, When™ techniques for color gamut mismatch compensatiah,Imag. Tech.,

mapping lightness at the high* region of the gamut, a vol. 16, pp. 176-181, Oct. 1990.

o : f ] T.Hoshino and R. S. Berns, “Color gamut mapping techniques for color
decrease in lightness of a color without an adjustment 8P hard copy images,” iProc. SPIE, vol. 1909, pp. 152165, 1993,

its chroma has the effect of increasing the saturation of thig] w. E. Wallace and M. C. Stone, “Gamut mapping computer generated

color. When saturation is preserved, a decrease in lightness is Ién'cg;erpy,",m Prg/i. S,PIE,\t/_oI.t_1460,fp|0-I 20-28, t199dl. o techn )
. . . . . G, Pariser, n investigation of color gamut reduction techniques,

a_ccompa_nled by a proportlon_al decrease in chroma. This |6_1 in Proc. IS&T Symp. Electronic Prepress Technology—Color Printing,

situation is less discordant with natural phenomena and might 1991, pp. 105-107.

explain its better performance. [13] R. S.Berns, R. J. Motta, and M. E. Gorzynski, “CRT colorimetry. Part I:

. . . Theory and practice,Color Res. Appl.yol. 18, pp. 299-314, Oct. 1993.
The mapping algorithms that performed the best for light14) L. L Thurstone, “A law of comparative judgmentPsycholog. Rev.,

ness mapping were those that scaled the image, thereby vol. 34, pp. 273-286.

preserving variations in lightness. It is well known that varia®! TéGA?; David, The Method of Paired ComparisonNew York: Hafner,

tions in lightness are important cues for the perception of shapg] A. E. Maxwell, “The logistic transformation in the analysis of paired-
and scene geometry. In comparison, the clipping algorithm comparison data,Br. J. Math. Stat. Psycholvol. 27, pp. 62-71, 1974.
performed best for chroma mapping, indicating that pictoriat’’ %gepgsl"fﬁ'_glneg”d Analysis. Englewood Cliffs, NJ: Prentice-Hall
variations in chroma are not salient cues for the perception [@8] P. Hung and R. S. Berns, “Determination of constant hue loci for a CRT

shape. Our experiments would suggest the following order of gamut and their predictions using color appearance spaCefot Res.
Appl., vol. 20, pp. 285-295, Oct. 1995.

implementation of the best performing algorithms: i) lightnesgg) k. spaulding, R. N. Ellson, and J. R. Sullivan, “UltraColor: A new
mapping at the top of the gamut; ii) lightness mapping at the gamut-mapping strategyProc. SPIEvol. 2414, pp. 61-68, 1995.

bottom of the gamut; iii) chroma clipping.
The research presented here is the first step in developing
automated gamut mapping algorithms. We plan to apply the
results of this study to more realistic gamuts in which chron
and lightness need to be mapped simultaneously as well
with the use of multicolored images. Also of interest is th
qguestion of gamut expansion when the reproduction devi
has a gamut larger than the original device.
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