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Determination of an Optimized Conversion Matrix for
Device Independent Skin Color Image Analysis
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Background and Objective: A cross-polarized diffuse
reflectance (CDR) color imaging system was developed for
quantitative evaluation of port wine stain (PWS) response
to laser therapy. To obtain calibrated Commission Inter-
national de ’Eclairage (CIE) color space images from RGB
(red, green, and blue) images, it was necessary to derive
an optimized conversion matrix specific to our imaging
system.

Study Design/Materials and Methods: A chromameter
(CR-200, Minolta) and CDR imaging system were used to
acquire CIELAB (CIE L*, a*, and b*) tristimulus values
and RGB image values, respectively. A cost function was
defined using these sample data sets and then a minimiza-
tion algorithm was applied to obtain an optimized conver-
sion matrix for our imaging system and illumination
conditions. CIELAB color space values (L*, a*, and b*)
obtained with the chromameter and CDR color images were
compared to assess the accuracy of the derived matrix.
Results: In measurements using in vitro standard color
patch or in vivo human skin samples, use of the optimized
conversion matrix resulted in a good correlation with
standard chromameter values for PWS human skin sites.
Conclusions: The cost function minimization algorithm
resulted in an optimized conversion matrix for our CDR
imaging system. Use of the optimized matrix improved the
utility of CDR color image analysis as a simple non-contact
measurement technique to monitor quantitatively PWS
response to laser therapy. Lasers Surg. Med. 37:138—143,
2005. © 2005 Wiley-Liss, Inc.
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INTRODUCTION

Assessment of human skin color has become important in
cosmetic science analysis and dermatologic diagnostics
[1-4]. Since skin color perception is subjective in nature,
objective color measurement systems such as scanning
spectrophotometers [5], reflectance spectrometers [6],
and tristimulus colorimeters [7] have been developed to
measure color parameters quantitatively.

A portable handheld instrument, the tristimulus chro-
mameter, based on the Commission International de

© 2005 Wiley-Liss, Inc.

IEclairage (CIE) L* a* b* color space [8], is in popular use
as a standard commercial reference device to measure skin
color. Although the tristimulus colorimeter can provide
quantitative measurement of skin color and detect color
differences, its practical usefulness is limited due to: (1)
the relatively small interrogation area; (2) inability to
characterize an inhomogeneous surface appearance within
the interrogation area; and (3) need for contact during the
measurement [9]. The chromameter is typically assumed to
provide a true measure of CIELAB color values.

An alternative method is to use a digital charged coupled
device (CCD) camera-based system, which offers flexibility
in selection of the interrogation area, relatively high spatial
resolution, fast response time, and non-contact nature.
However, the major problem of standard digital images is
that the uncalibrated red, green, and blue (RGB) data
depend on various device parameters such as camera
settings, sensitivity, illumination conditions, and object
position. The RGB values would change if a new flash lamp
or CCD camera was used. In the long term monitoring of
skin color dynamics, such a replacement would introduce
an artifact and cause a discontinuity in the measurement
data.

For a digital camera system to provide device-indepen-
dent skin color values approaching those measured with
the tristimulus chromameter, various calibration techni-
ques have been applied to determine the system character-
istics and transformation relationships [10—13]. The CIE
1976 (L* a™* b*) color space, or CIELAB, is commonly used as
an absolute color scale for analysis of skin erythema, an
important metric of hypervascular port wine stain (PWS)
human skin. The RGB color space may be converted to

Abbreviations: PWS, Port Wine Stain; CIE, Commission
International de I'Eclairage; CDR, Cross-polarized diffuse reflec-
tance.
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the CIELAB color space using a conversion matrix [1,2].
However, when the conversion matrix is not specifically
optimized for a given imaging system [14,15], the converted
color images may differ considerably from the standard
CIELAB values and, therefore, would not allow comparison
of images obtained under different measurement condi-
tions or with those obtained by other investigators.

The purpose of the present study was to use a cost
function minimization algorithm to derive an optimized
conversion matrix specific to our cross-polarized diffuse
reflectance (CDR) color imaging system to transform
the device-dependent RGB color space into the device-
independent CIELAB color space. As a practical example,
we then applied the optimized method to quantitative
analysis of PWS skin.

MATERIALS AND METHODS

Chromameter

The chromameter (CR-200, Minolta Co., Osaka, Japan)
consists of a pulsed xenon arc lamp that illuminates the
skin surface and collects the reflected light for tristimulus
color analysis at 450, 560, and 600 nm. The instrument is
positioned with minimal pressure perpendicular to the skin
surface and CIELAB measurements are acquired over the
8 mm diameter interrogation area. A standard white plate
isused to calibrate the instrument using a d65 illumination
source [8]. As shown in Figure 1, the CIELAB color space is
three-dimensional in nature. The achromatic luminance
signal L* represents the relative brightness from black (0)
to white (+100). The chromatic parameter a* represents
the color spectrum from red (+) to green (—). A second
chromatic parameter b* represents the color spectrum from
yellow (+) to blue (—) [15]. In the relatively homogeneous
three-dimensional CIELAB color space, it is possible to
compute a visual color distance between two sets of L*a*b*
coordinates, AE*, by calculating the Euclidean distance
between the coordinate sets [3]. We can define the Eucli-
dean distance from the origin, E*, in the CIELAB space in
Figure 1, as in Reference [9]:

1/2
E* = [L*2 +a? +b*? (1)
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Fig. 1. Schematic of the three-dimensional CIELAB color
space. E* is the Euclidean distance from the origin.
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CDR Color Imaging System

A color digital camera (Model DIMAGE7, Minolta Co.,
Osaka, Japan) was used to acquire RGB images with eight
bits per color channel and sensor dimensions of 2560 x
1920 pixels [15]. Environmental lighting and subject
positioning conditions were controlled to ensure that sites
were imaged in a reproducible manner. To address the
effects of glare and non-uniform light illumination, two
linear polarizers (Model A45-669, Edmund Industrial
Optics, Barrington, NJ) were placed in front of both the
camera lens and macro ring flash (Model 1200, Minolta Co.,
Osaka, Japan). The polarization axes were set to orthogo-
nal states to reduce glare caused by specular reflectance
from the skin surface [15]. A head-positioning device was
mounted at a fixed distance from the digital color camera to
ensure that facial skin sites were imaged in a reproducible
manner [15]. The angle and height of the subject’s head
were adjusted to minimize artifacts induced by facial
curvature [16].

In Vivo Color Measurements

Human data were acquired in accordance with a protocol
approved by the Institutional Review Board at the
University of California, Irvine. CIELAB and RGB values
were acquired from 20 subjects with facial PWS currently
undergoing laser therapy at the Beckman Laser Institute
and Medical Clinic, and from 20 subjects with normal skin.
Subject ethnicities were Caucasian, Asian and Hispanic.
All 40 CDR RGB images were taken under the identical
conditions of illumination, positioning, distance, and view
angle. Skin sites that appeared homogeneous over an 8 mm
diameter area were selected and RGB values averaged.
Immediately after the CDR RGB images were acquired, the
chromameter was used to measure skin color at exactly
the same sites of 8 mm diameter area. Three consecutive
measurements of CIELAB values per site were averaged for
each chromameter measurement.

Conversion of Color Spaces

RGB values of each camera pixel were first converted into
device-independent CIE XYZ tristimulus values using a 3 x
conversion matrix as shown in Equation (2) [1,2].

X p1 p2 p3||R
Y|=|qg1 g q3||G (2)
VA ri ro s B

XYZ images were converted into CIELAB color images
using the following equation [8]:

L* = 116(Y/Y,)? —16 ifY/Y, > 0.008856
L* =903.3(Y/Y,) if Y/Y, < 0.008856
a* =500(f(X/X,) - f(Y/Yy)]
b* = 200(f(Y/Yn) — f(Z/Zy)]
where
f&) ="
f(t) ="7.787(t) + 16/116

and X,,, Y,,, Z,, are XYZ values of a reference standard.

if £ > 0.008856
if £ < 0.008856
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For the CIELAB values measured with the chromameter,
Equation (3) can be inverted to calculate XYZ values, as
shown in Equation (4) [17]:
if £(Y/Y,)>(0.008856)"/>
if £(Y/Y,)<(0.008856)"/3
if £(X/X,)>(0.008856)'/
if £(X/X,)<(0.008856)/
if f(Z/Z,)>(0.008856)'/3
if f(Z/Z,) < (0.008856)"/>

(4)

Y=Y, f(Y/Y,)?
Y=Y,(f(Y/Y,)—16/116)/7.787
X=X,f(X/X,)®
X=X,(f(X/X,)—16/116)/7.787
Z=Znf(Z)Zn)"
Z=27,(f(Z/Z,)-16/116)/7.787

Where
f(Y/Y,) =(L*+16)/116
f(X/X,) =a*/500 +f(Y/Y,)
f(Z)Zy) =f(Y/Yn) — b*/200

The performance of two conversion matrices was eval-
uated. The 3x3 conversion matrices M,; and M,s from
References [1,2], respectively, have been used by other
investigators [14,15], although these values were not
specifically optimized to the respective measurement con-
ditions. Using each matrix, our calculated CIELAB values
from the 40 in vivo skin sites were compared with the values
obtained using the chromameter. We anticipated that use
of these non-optimized conversion matrices would result in
relatively inaccurate CIELAB values.

Conversion Matrix Optimization

Using given sets of paired RGB and CIE XYZ values
obtained with the CDR imaging system and chromameter
measurements, respectively, a cost function was defined
and then minimized to obtain an optimized conversion
matrix for our system (Fig. 2) [10]. The cost function, C, is
the discrepancy between the calculated and actual values.
Assume a set of 1x3 row vectors to be (RGB); and (XYZ),,
where i, the number of vector pairs, is between 1 and n. To
obtain the first row vector p = (p1 p2 ps) of the conver-
sion matrix in Equation (2), we define the least squares cost
function, C(p), in terms of the vector p based on the linear
relationship between ith elements of RGB and ith element
of X, as shown in Equation (5);

n

) =) (RGB);(p1 p2 p3)' —Xi)* ()

=1

The solution, which minimizes this function is
(1 p2 p3) =Kl (6)
where

K= zn: (RGB)! (RGB),
i=1
X;(RGB);

i

n
VvV =

i=1
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Fig. 2. Outline for deriving an optimized conversion matrix for

our CDR imaging system and applying the matrix to obtain the

corresponding CIELAB image.

Similarly, we can define cost functions for gand rgiven
Y; and Z;, respectively, to acquire the optimized second
and third row vectors, (g1 q2 gq3) and (r1 re r3),
respectively.

As input to the cost function minimization method, two
approaches were studied. A Macbeth color checker (Gretag,
New Windsor, NY) with 24 different color patch samples
was used to derive an optimized conversion matrix, Mpa¢ch.
RGB images and CIELAB chromameter values of each
patch sample were obtained by the same procedures de-
scribed above. Similarly, we derived a conversion matrix,
M.y, using 12 skin samples (6 PWS and 6 normal skin
sites) selected from the 40 in vivo skin site measurements
(20 PWS and 20 normal skin sites). From 20 PWS facial
skin sites, the 6 samples with maximum and minimum
values for each CIELAB value were selected, and the
other 6 samples were similarly selected from 20 normal
skin sites.

RESULTS AND DISCUSSION

Accuracy and Correlation of Conversion
Matrices, M,; and M,

The CIELAB values measured with the chromameter
and those calculated from the CDR imaging system
measurements using the various matrices were compared
to obtain the mean absolute difference, <|difference|>, and
correlation coefficient, R, between the two sets of values.
For PWS skin, the chromameter color value ranges were L*
(44.3-57.7),a* (12.5—21.7), and b* (5.9—-17.1), and those of
normal skin were L* (52—-64.5), a™ (10.9-17.5), and b*
(14.4-20.3), respectively.
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TABLE 1. Performance Summary of Conversion Matrices, M,; and M,,, to Compare Measured Chromameter
CIELAB and E* values with those Derived from RGB Images

L* a* b* E*
<|difference| > R <|difference| > <|difference| > R <|difference| > R
M,, 23.26 0.89 11.42 0.71 1.69 0.83 25.20 0.76
M,, 23.63 0.88 2.96 0.68 4.85 0.74 21.47 0.86

Here, <|difference| > is expressed as the mean absolute differences between 40 sets of chromameter and derived CDR imaging

values.

Using either M, [1,14] or M, [2,15], the mean absolute
differences between the calculated L*a*b* values and the
corresponding measured chromameter values were fairly
large (Table 1). For example, the computed L* value is
23 units higher than the measured chromameter value due
to the brighter illumination of our CDR imaging system.
These systematic shifts of color parameters also influenced
R between both values. R also has a low value for the L*, a*,
b*, and E* parameters. The correlation coefficients are
reasonable, but are considerably less than those deter-
mined using the optimized matrix (Table 2). Figure 3a,b
show the correlations between E* parameters measured
with the chromameter and the CDR imaging system using
M, ; and M,, respectively. The dotted lines are also plotted
to represent a perfect match between the CDR system and
chromameter, for reference.

Accuracy and Correlation of Optimized
Conversion Matrix

The optimized matrices, Mpatch and Mggin, result in im-
proved accuracy and R between our CDR imaging system
and the chromameter values (Table 2). For example, the
relation between E* values by chromameter and those by
CDR imaging system of My, is plotted in Figure 3¢, which
shows ahigh R value 0f 0.91 and a low <|difference| > value
of 1.49. This enhancement is due to matrix optimization
related to the specific settings of our CDR system, which
was treated as a black box in the cost function minimization
process [10]. Using the derived conversion matrix My;,,, the
CDR imaging system color values become linked directly to
those measured by the chromameter. This method has the
advantages of simplicity and cost effectiveness compared to
other system calibration methods [10—13], in that it is not
necessary to verify the illumination conditions of each
imaging component in the CDR system.

Comparing the results obtained using M ,¢ch 0f 24 in vitro
samples and My;, of 12 in vivo samples, the latter matrix
performs better with lower <|difference| > and higher R for
each CIELAB parameter of human skin, as shown in
Table 2. We attribute this trend to the difference in light
propagation within the color pastels versus in vivo human
skin. Since skin is more scattering than color pastels, the
remitted light distribution differs considerably from the
diffusely reflected light. Photon diffusion in in vivo skin
shows strong wavelength dependence [18]. Thus, by using
in vivo skin sample measurements in the optimization
process, this effect is inherently taken into account,
resulting in better performance of Mgy;,.

Image Analysis of Port Wine Stain Human Skin

With the optimized conversion matrix, My;,, we ana-
lyzed a RGB image of PWS skin in Figure 4a taken with our
CDR imaging system. When the chromameter was used to
measure the PWS color of this patient, the central region of
the lesion had measured values of L* =48.2, a®* =17.4, and
b*=11.7; these were averaged color values of the ap-
parently inhomogeneous PWS skin site. With the chroma-
meter, it is not possible to measure color values in
subregions of large PWS lesions. However, when the RGB
values contained in the dashed box shown in Figure 4a were
converted using the optimized conversion matrix, Mgy,
the images of L*, a*, b*, and E* in Figure 4b showed color
value maps with higher spatial resolution and good
correlation of the CIE L*a*b* parameters. By collecting
CDR color images of PWS patients after several laser
treatments, the color parameters can be used as a device-
independent record of lesion response and therapeutic
outcome [3]. Moreover, further image analysis can be per-
formed to quantify the erythema, hemoglobin, and melanin
content from the skin color information [15,18].

TABLE 2. Performance Summary of Optimized Conversion Matrices, My ¢ch and Mggin, to Compare CIELAB and

E* values with those Derived From RGB Images

L* a* b* E*
<|difference| > R <|difference| > <|difference| > R <|difference| > R
Mpatch 5.78 0.88 2.71 0.68 1.92 0.83 5.83 0.81
Miin 1.52 0.91 1.61 0.77 0.90 0.94 1.49 0.91

Here, <|difference| > is expressed as the mean absolute differences between 40 sets of chromameter and derived CDR imaging

values.
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Fig. 3. Correlations between E* parameters of normal and
PWS skin sites measured with the chromameter and the CDR
imaging system using (a) M,;, (b) M,,, and (¢) M, respec-
tively. The dashed lines are fits of the 40 data points with R of
0.76, 0.86, and 0.91, respectively, and the dotted line repre-
sents a perfect match between the CDR system and chroma-
meter, for reference.

CONCLUSIONS

We used a cost function minimization algorithm to derive
an optimized conversion matrix specific to our CDR color
imaging system to transform the device-dependent RGB

KIM ET AL.

40

b
- BO
| 70
B0
50
40
o] s [
130 |30
20 20
10 10
0 0

Fig. 4. a: RGB image of PWS skin taken with the CDR color
imaging system. b: CIE color space images obtained using the
CDR imaging system and Mgy;, on the PWS skin sites in (a).
[Figure can be viewed in color online via www.interscience.
wiley.com.]

color space into the device-independent CIELAB color
space. The presented conversion matrix is valid only aslong
as our specific camera and illumination conditions are
preserved. Though some of the CDR color imaging com-
ponents may be replaced during a long-term patient
monitoring period, it is possible to keep comparable data
without discontinuity when using the new conversion
matrix to provide device-independent images. Use of the
calibrated optimal matrix improves the utility of CDR color
images as a simple non-contact measurement technique to
monitor quantitatively PWS response to laser therapy.
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