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Abstract

Colorimetric calibration computes the necessary color
space transformation to map a camera’s device-specific color
space to a device-independent perceptual color space. Color cal-
ibration is most commonly performed by imaging a color rendi-
tion chart with a fixed number of color patches with known col-
orimetric values (e.g., CIE XYZ values). The color space trans-
formation is estimated based on the correspondences between
the camera’s image and the chart’s colors. We present a new
approach to colorimetric calibration that does not require ex-
plicit color correspondences. Our approach computes a color
space transformation by aligning the color distributions of the
captured image to the known distribution of a calibration chart
containing thousands of colors. We show that a histogram-based
colorimetric calibration approach provides results that are on-
par with the traditional patch-based method without the need to
establish correspondences.

Introduction and Motivation

A camera’s raw sensor response is in a device-specific color
space related to the spectral sensitivities of the Bayer color fil-
ters found on a camera’s CMOS. One of the key procedures ap-
plied onboard a camera is to convert the camera’s color space to
a device-independent color space based on human perception —
namely the CIE XYZ color space or one of its derivatives. The
color space transformation is a combination of a white balance
to first account for the scene illumination, followed by a trans-
formation based on the spectral characteristics of the camera’s
sensor [10]. While cameras perform this colorimetric transfor-
mation as part of the in-camera image processing procedure, it is
often the case that the onboard colorimetric reproduction is not
sufficiently accurate, as shown in Figure 1-(A).

To improve the colorimetric mapping of a camera, espe-
cially for a particular scene illumination, a calibration procedure
is required in order to compute a more accurate color space map-
ping. The most common procedure is based on the color ren-
dition chart method introduced in 1976 for use with film cam-
eras [13]. This approach relies on color patches with known CIE
XYZ properties distributed in fixed locations on the color chart.
Using the correspondences between the imaged color chart and
color patches on the chart, a mapping between the the camera and
CIE XYZ can be computed using linear least squares or other
optimization strategies. Figure 1-(B) shows the improvements
achieved by this conventional patch-based calibration procedure.

This patch-based calibration has been the de facto calibra-
tion procedure for over 40 years. While intuitive and simplis-
tic, the approach does have notable drawbacks. The first is that
the color space mapping is computed using only a small number
of colors. For example, the most commonly used color chart is
the Macbeth ColorChecker chart (based on [13]’s original col-
ors) that has only 18 color patches with 6 neutral patches. While
these colors are selected to represent a wide spread of the real-
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Figure 1. (A) Color matching results based on the camera’s onboard color
conversion for an LG-G4 camera phone. (B) Result from calibration of the
same camera using a patch-based pattern. (C) Result from calibration of
the same camera using our proposed correspondence-free pattern.

world colors, they represents a very small sampling of the color
gamut. The second and most notable drawback is the the need to
establish correspondences by localizing the color patches in the
camera image. This is generally done by having the user select
four corners in the image. This procedure however can be prone
to error such as the chart being upside down or partial occlusion.
Moreover, this may not be practical for fast and accurate mobile
phone imaging requirements.

Contribution This paper reconsiders how color calibration
charts are designed. In particular, our goal is to design a color
chart that does not require patch localization. To this end, we pro-
pose a simple idea of relying on a color histogram of the imaged
calibration chart and the known color histogram of the physical
pattern in a perceptual color space. This histogram-based strat-
egy allows greater flexibility in calibration pattern design that can
incorporate thousands of colors. Key to this approach is a multi-
grid optimization strategy that is able to estimate the color space
transformation from the input image histogram and the known
calibration histogram. We show that this histogram-based ap-
proach can produce a color space mapping with accuracy that
is on-par with traditional patch-based approach but without the
need to localize patches.

Preliminaries and Related Work

Preliminaries Before discussing related work, it is helpful to
provide a background on how digital cameras perform their on-
board colorimetric mapping. The goal of the color space map-
ping, also referred to as color space transform (CST), is to map
the camera sensor’s RGB values to a perceptual color space as if
the scene was observed under a reference illumination (e.g., day-
light at a 6500K color temperature). As a result, the color space
conversion is a combination of the white-balance correction and
the color adaptation matrix (CAM) that is related to the spectral
characteristics of the camera. Cameras first apply a 3 x 3 diag-
onal white-balance matrix (7 pg) to correct for the illumination,
followed by a 3 x 3 full CAM matrix (Tcays) that transforms the
illumination-corrected raw values into the perceptual color space.

We can consider this combined Ty p and Ty to correspond to
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the full color space transformation (CST), denoted as T. As re-
cently discussed by Cheng et al. [2], for most illuminations, the
diagonal Ty p matrix is capable of correcting only the achromatic
colors (thus the name white-balance and not color-balance), and
therefore does not properly correct all colors.

Because the initial white-balance correction is only an
approximation, cameras generally encode two CAM matrices,
Tcl 4y and TgA - that are computed for sufficiently different il-
luminations. These different CAMs compensate for the color
mapping errors in the white-balance. For an arbitrary illumina-
tion, the actual CST is estimated as a combination of the two
CAMs that are weighted by the computed white-balance of the
scene [10].

This reliance on only two CAMs for two illuminations is
one reason the overall color management on a camera is not suf-
ficiently accurate. Because of this, when high-quality colorimet-
ric calibration is required — for example, for professional pho-
tographers or medical imaging applications where accurate color
reproduction is essential — a calibration procedure is performed
under the specific illumination to generate an accurate CST. In
such cases, the CST can be computed as a single transformation,
although it is still possible to do this as a combination of two sep-
arate Tyyp and Trayy transformations to remain compatible with
the standard in-camera processing workflow.

Note that the color space transformation is not the stopping
point for the final output. There are several additional steps used
to produce the final standard RGB (sRGB) output for JPEG en-
coding. This involves a number of color manipulation steps, such
as tone-mapping and selective color rendering that substantially
change the image. More details of the full rendering pipeline
can be found in the recent work by [9]. The focus of this paper,
however, is on computing an accurate CST.

Related Work The vast majority of previous work for comput-
ing a color space transform is based on correspondence obtained
from a color chart with standardized samples (e.g., [3-5, 12, 19]).
The main difference among these approaches is the technique
used to obtain the mapping. For example, Finlayson and
Drew [3] proposed a white-point preserving least-squares solu-
tion that constrained the CST such that it did not modify cor-
rected achromatic colors. This was improved later by Funt et
al. [5] by incorporating perceptual error metrics in the optimiza-
tion. In a similar vein, Vazquez-Corral et al. [19] proposed us-
ing spherical sampling over the LAB color space to estimate the
CST. Funt and Bastani [4] proposed a color calibration technique
that eliminated the dependence on the scene intensities to handle
cases where the color pattern was not well uniformly illuminated.

Another area related to our work is the calibration of a sys-
tem of cameras. Work by Ilie and Welch [7] proposed a method
to calibrate multiple cameras observing the same scene using a
closed-loop framework that tunes the camera hardware settings
such that the color values of a 24-sample color chart are con-
sistent in all camera images. Work by Nguyen et al. [16] ex-
amined the mapping between two cameras’ raw color spaces.
In their work, they showed that the mapping is illumination-
specific and proposed an illumination-independent mapping ap-
proach that uses white-balancing to assist in reducing the number
of required transformations.

There are two methods that have utilized color histograms
in this multi-camera problem. These methods are intended for
multi-camera setups where the cameras are assumed to be ob-
serving the same scene content and therefore assume the im-
ages should have similar color histograms. In particular, Chen
et al. [1] proposed a method to calibrate the multiple cameras
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Figure 2. Example of two color charts and their corresponding histograms
plotted in the ProPhoto [18] perceptual RGB color space. Two calibration
patterns are shown. The first is the standard 24-patch ColorChecker used
for conventional color calibration. The other chart is histogram-based pat-
tern used by our method.

by using a simple scale and translation calculated for each color
channel based on histogram variation among the camera images.
Porikli [17] proposed a much more robust method that computed
a per-channel brightness transfer function for a pair of cameras
based on the images’ histograms.

Our work is distinguished from prior work in its
goal to achieve accurate 3 X 3 color space transform in a
correspondence-free manner. While histogram matching has
been used for related problems, to the best of our knowledge it
has not been examined as a viable alternative for accurate colori-
metric calibration. Moreover, the color calibration pattern design
has not changed for over 40 years.

Correspondence-Free Color Calibration

We begin by first describing our overall approach. This is
followed by details on our optimization approach to compute the
3 x 3 color space transformation, T using 3D color histograms.

Overall Framework

Fig. 2 shows an example of two calibration chart, one
based on traditional 24 colors and the other representing color
distribution-based charts used by our proposed method. The col-
ors of the charts are plotted in the wide-gamut ProPhoto [18]
color space that is commonly adopted in lieu of CIE XYZ. As
with all calibration methods, our starting assumption is that we
are given a color chart with known colorimetric values. These
values can be established using a spectrocolorimeter or colori-
metric calibrated device.

Fig. 3 shows a high-level diagram of the overall pro-
cedure for our approach. Fig. 3-(A) shows the traditional
correspondence-based method that can directly solve a linear
system for the T. Fig. 3-(B) shows our strategy that aligns the
histograms of the known color chart distribution and an image
from a camera. The histogram alignment procedure is described
in the following section.

Histogram Alignment

The main idea of our approach is to compute the transfor-
mation matrix T between the source and destination histograms.
Our input contains a raw RGB image of the color pattern /; that
is extracted from the input image, and the distribution of the col-
orimetric values on the of the calibration pattern I;. The trans-
formation matrix is computed by minimizing the following cost
function:

T = argmin 2 (H (I,n)||A# (T x I;,n)), (1)
T
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This figure shows a comparison between color chart approach and our histogram-based approach. (A) Color chart: Color samples image of a

chart provides RAW RGB correspondences such that T can be solved by a direct linear system. (B) Our approach: Images of the same pattern provide color
samples. The camera’s color distribution should be similar to the distribution of the color chart. Multi-scale optimization is used to compute aT that brings the

two histograms in alignment by minimizing the KL divergence.

where the function .77 (I, n) is the normalized 3D histogram of an
image (or distribution) / with the number of bins n, and the dis-
tance 2(P||Q) is the Kullback-Leibler (KL) divergence distance
between the two 3D histograms which is defined as follows:

2(Pl1Q) = Zk@(g[&g)Pm&w,

rg.b

@

where r, g, b are indices for red, green, and blue channel respec-
tively. It is also worth noting that these histograms are normal-
ized such that the summation is equal to 1.

To solve the transformation matrix T in Eq. 1, we use
the Nelder-Mead simplex method [11, 14] implemented in the
fminsearch function of Matlab. The minimization is initial-
ized using one of three different initializations as described in
the accompanying supplemental material. Directly optimizing
Eq. 1, however, can get stuck in a local minimum depending on
the starting point since this cost function is non-convex. To over-
come this, we use a multi-grid optimization approach where the
optimization is run repeatedly with increasing the number of his-
togram bins 2% (where k = 4,5,...,8). In addition, at each iter-
ation, each row of the matrix T is optimized independently as
follows:

T(c,:)®) = argmin 7 (A
T(c,:)

(13.29)[|72(T x I;,2%)),  (3)

where c is the index for the row number. This is equivalent to
minimizing the cost function over the marginal probabilities of
the 3D histograms color channels. It is also worth noting that the
initial matrix for the current iteration is set to the output matrix

of the previous iteration. The psuedo-code for this optimization
approach is provided in Alg. 1.

Algorithm 1 Multi-scale Histogram Alignment

Input: raw RGB image of the color pattern I, the distribution
of the colorimetric values on the color pattern /;.

(1)

1: Initialize T} ; as described in the supplemental material
2: fork=4to 8 do
3: forc=1to3 do

4: Optimize the row ¢ of T®) based on Eq.3
(k)

init

starting

with matrix T,

5: end for
6 T k)
7: end for
Output: the transformation matrix T.

Experimental Results
This section performs two different experiments to demon-
strate the effectiveness of our new color pattern design. The first

is based directly on the spectral reflectance of a real MacBeth
chart. The second is a proof of concept experiment based on pat-
terns constructed and printed at a commercial printing service.

Synthetic chart

Because it is challenging to construct a physical chart using
the same type of materials as used in the MacBeth color rendi-
tion chart, we first perform an experiment using synthetic images
based on the spectral power distributions measured on the Mac-
beth Color rendition chart. To do this, we have measured the
spectral power distributions (SPD) of the color rendition patches
using a Specim’s PFD-CL-65-V10E hyperspectral camera. We
have access to the CIE XYZ matching functions [6] and the spec-
tral sensitivities of a number of cameras [3].

We can generate the an tristimulus response of image / and
channel ¢ for each patch’s SPD as follows:

c):/ch(z S;

where A represents the wavelength, @ is the visible spectrum 380
to 720nm, R, is the tristimulus response (e.g., a camera’s spectral
sensitivities or the CIE XYZ matching functions), and c is the
three stimulus channel (e.g., c =r,g,b or c = X,Y,Z). The term
S(A); represents the spectral power distribution of patch i and
L(A) is the lighting in the scene which is assumed to be spatially
uniform.

As shown in Figure 4, we synthesize camera images and
CIE XYZ targets using the measured spectral power distribu-
tions of MacBeth colour patches. By blending synthetic pairs
of the original color patches we generate our pattern. We com-
pute the required transformations using those synthetic colour
charts using three methods: (1) linear least squares based on the
24 color patches, (2) Funt and Bastani [4] based on the 24 color
patches, and (3) our histogram-based method without correspon-
dence. Our results are tested on scenes captured by [15]. We see
that our results obtained with our histogram-based method are
comparable to the two based on color correspondences.

A)L(A)dA, @

Prototype with printed charts

Next we perform experiments with printed color charts. To
provide a fair comparison of the patch-based method against the
proposed histogram-based method we use the following proce-
dure for all of our experiments in this section. The two cali-
bration patterns (i.e., the 24-patch pattern based on the Macbeth
Color Chart and the histogram-based chart as shown in Fig. 2)
are created in the CMYK color space and printed on matte pa-
per. All patterns are printed using the same commercial printing
service to ensure they are of the same materials. These printed
calibration patterns are used as the calibration targets for our ex-
periments. To test the quality of our results, we use three test
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This figure illustrates our procedure to produce synthetic color charts based on the spectral power distributions (SPD) of the MacBeth color

patches. Using the spectral sensitivities of a camera and the CIE XYZ color matching functions, we can generate camera images and their CIE XYZ target.
To generate our pattern, we blend pairs of the original color patches to produce thousands of colors.

Method ‘ Average Euclidean error
Linear least squares 0.0132
Funt and Bastani [4] 0.0134
Ours 0.0139

The table shows the comparisons of average Euclidean er-
ror between linear least squares, Funt and Bastani [4], and
our histogram based approach using 18 hyperspectral scenes
from [15].

images (see supplemental material) printed on matte paper. The
color calibration pattern and test images are imaged by four dif-
ferent camera phones: Google Nexus 6, Samsung S6-Edge, LG-
G4, Apple iPhone 7.

To establish the ground-truth for each camera and illumina-
tion, each camera is calibrated using the X-rite Color calibration
software [20] which is an industry standard in camera color man-
agement. To do this, each camera captures an image of the X-rite
ColorChecker Chart under each illumination. We then generate
an Adobe DNG (common on mobile devices) profile that is able
to convert the camera’s raw image to the Prophoto color space.
The X-rite colorimetric mapping involves both a 3 x 3 CST and
a non-linear 3D look up table (LUT) to correct the camera’s col-
ors. This additional LUT provides a high-quality colorimetric
mapping of the images scene. We acknowledge that this means
our correspondence-free approach is reliant on a correspondence-
based method to establish the ground-truth for comparison; how-
ever, we believe this setup provides a fair imaging setup to vali-
date the proposed idea.

Calibration Comparisons

Table 1 shows the average of Euclidean errors for 18 hyper-
spectral scenes from [15]. As showed in Fig. 5, the compared
methods by linear least squares, Funt and Bastani [4], and our
histogram based approach provides similar results.

Fig. 6 shows the results for all the four camera phones. The
figure shows the error map of the camera’s native CST, the CST
estimated using least squares fit together with Funt and Bas-
tani [4] of the color patches, and our histogram-based method
with the our color chart design. The corresponding number is the
average error over test image 1. Similar results for test image 2
and 3 are provided in the accompanying supplemental material.
The error maps reveal that the proposed correspondence-free cal-
ibration approach provides results that are on-par with the con-
ventional patch-based method. It should be noted that since Funt
and Bastani [4] have to scale CST based on the brightness of the
scene, this may affect their final outcome.

Robustness

We examine the situation where part of the calibration pat-
tern is occluded. Our histogram-based method with the redun-
dant color design is naturally more robust to this situation and is
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Linear least squares Funt and Bastani [9] Ours

1 Y = 3 0.04
Scene 1 002
o

RMS error: 0.0099

RMS error: 0.0101

Figure 5. This compares the colorimetric calibration results for the synthe-
sized 24-patch colour chart and our pattern obtained by blending for three
methods (linear least squares, Funt and Bastani [4], and our histogram-
based method). Compared is the CST estimated from a 24-patch color
chart, and our results based on our chart design (see supplemental materi-
als for the remaining test scenes error maps).

Camera’s native CST

Linear least squares Funt and Bastani [9]

RMS error: 0.0105 RMS error: 0.0074

Google Nexus 6

RMS error: 0.0126 RMS error: 0.0088

Samsung S6-Edge

RMS error: 0.0206 RMS error: 0.0188 RMS error: 0.0200

RMS error: 0.0181

RMS error: 0.0309

RMS error: 0.0090 RMS error: 0.0087

Apple iPhone 7

RMS error: 0.0241

S8 o
RMS error: 0.0250 RMS error: 0.0250 RMS error: 0.0209

Figure 6. This figure compares the colorimetric calibration results for the
four camera phones. Compared is the camera’s native CST, the CST esti-
mated from a 24-patch color chart using linear least squares and Funt and
Bastani [4], and our results based on our chart design. The error map is for
test image 1 (see supplemental materials for the test images 2 and 3).

still able to estimate a high-quality CST to improve the camera.
Please see our supplemental material for this experiment.

Discussion and Conclusion

We have presented a correspondence-free approach to col-
orimetric calibration. The main contribution of this paper is to
demonstrate that color charts designed for use with a histogram-
based optimization are a viable alternative to the 40+ year-
old conventional method requiring explicit correspondence with
color patches. We have shown that in many cases the histogram-
based approach can produce a more accurate mapping than
patch-based methods. In addition, the histogram-based approach
offers advantage of requiring no explicit correspondence and ro-
bustness to occlusion.
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