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Abstract—In this paper, we propose a novel white balance
adjustment, called “spatially varying white balancing,” for single,
mixed, and non-uniform illuminants. By using n diagonal matri-
ces along with a weight, the proposed method can reduce lighting
effects on all spatially varying colors in an image under such
illumination conditions. In contrast, conventional white balance
adjustments do not consider the correcting of all colors except
under a single illuminant. Also, multi-color balance adjustments
can map multiple colors into corresponding ground truth colors,
although they may cause the rank deficiency problem to occur
as a non-diagonal matrix is used, unlike white balancing. In
an experiment, the effectiveness of the proposed method is
shown under mixed and non-uniform illuminants, compared with
conventional white and multi-color balancing. Moreover, under
a single illuminant, the proposed method has almost the same
performance as the conventional white balancing.

I. INTRODUCTION

Image segmentation and object recognition are required
to decompose an image into meaningful regions. A typical
approach to this problem is to assign a single class to each
pixel in an image. However, such hard segmentation is far
from ideal when the distinction between meaningful regions
is ambiguous, such as in the cases of objects with motion blur
or color distortion due to illumination and image enhancement
[1]-[5]. Accordingly, we aim to reduce various illumination
effects on all colors in an image.

A change in illumination affects the pixel value of an
image taken with an RGB digital camera. White balancing
is a technique that reduces color distortion due to illumination
changes (i.e., lighting effects). By applying white balancing,
color constancy correction, that is, to make all colors in an
image constant, can be maintained regardless of the illumina-
tion. In white balancing, source white with remaining lighting
effects and corresponding ground truth white are used for
designing a matrix that maps source white into ground truth
white. However, because only a single illuminant is assumed
in the color mapping of white balancing, spatially varying
colors caused by mixed or non-uniform illuminants cannot be
adjusted by using white balancing.

Multi-color balance adjustments have also been proposed to
improve the color constancy correction performance of con-
ventional white balancing [6]-[8]. In these methods, multiple
colors including both achromatic and chromatic colors can be
used for designing a matrix that maps multiple colors into
ground truth colors. However, deciding the number or the
combination of multiple colors and estimating multiple colors
are difficult.
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Accordingly, in this paper, we propose a novel white bal-
ancing called “spatially varying white balancing” for adjusting
spatially varying colors caused by mixed or non-uniform
illuminants. The proposed method is performed by using n
diagonal matrices designed from each spatially varying white
point. When designing one matrix assuming a single illu-
minant, conventional white balancing cannot reduce lighting
effects on such colors. Also, multi-color balancing can be
applied to this scenario by regarding spatially varying white
as multiple colors. However, in multi-color balancing, the
selection of various white points may cause the rank deficiency
problem to occur because the colors are of the same type. In
contrast, because all the matrices are diagonal in the proposed
method, this problem does not occur.

In an experiment, we used several images taken under a
single illuminant and mixed and non-uniform illuminants. The
proposed method was confirmed to adjust colors as well as
white balancing under a single illuminant and outperformed
the conventional methods under mixed and non-uniform illu-
minants.

II. RELATED WORK

We summarize conventional methods for color constancy
and problems with these methods.

A. White balance adjustment

By using white balancing, lighting effects on a white region
in an image are accurately corrected if the white region under
illumination is correctly estimated.

White balancing is performed by

Py = MywpPxyz, (D

where Pxyz = (Xp,Yp, Zp) " is a pixel value of an image in
the XYZ color space [9], and Pwp = (Xws, Yws, Zws) | is
that of a white balanced image [10]. Mwp in (1) is given as

po/ps 0 0
Myp =My ~! 0 YD/ 0 Ma. (@
0 0  fp/Bs

M, with a size of 3x3 is decided in accordance with an
assumed chromatic adaptation transform [10]. (ps,7s, 8s) "
and (pp,p,Bp)' are calculated from a source white point
(Xs,Ys,Zs)T in an input image and a ground truth white
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point (Xp, Yp, ZD)T as

Source white 1 Source white 1
gz ~ M, i(/ss _and 5}2 — M, i(,DD . / Source white 2 A Source whlte2
Bs Zs Bp Zn \
3) 2
Using the 3x3-identity matrix as M indicates that white
balancing is performed in the XYZ color space. Otherwise, ) (b)

von Kries’s [11] and Bradford’s [12] chromatic adaptation
transforms were also proposed for reducing lighting effects
on colors other than white under the framework of white
balancing. For example, under the use of Bradford’s model,
My is given as

Fig. 1: Overview of scenario. (a) Mixed-illuminant and (b)
non-uniform illuminant.

0.8951 0.2664 —0.1614 B. Spatially varying white balancing
Ma = | —0.7502  1.7135 0.0367 : “4) The proposed method is carried out by using n matrices,
0.0389  —0.0685 1.0296 and the matrices are combined with weights; in comparison,

the conventional methods including multi-color balancing are
carried out with a single matrix as in (2). A pixel Pj, color
balanced by the proposed method is given by

White balancing is a technique that maps a source white
point under a single illuminant into a ground truth one as
in (2). However, the conventional white balancing does not

cqn51der the adqutlng f)f spa.mally varying .colors. caused under Plys; = Mlys Pxvz, (5)
mixed or non-uniform illuminants. Accordingly, it suffers from

such illumination in terms of color constancy. where

B. Multi-color balancing Mg = k1M + koM + -+ - + b, M. (6)

Various chromatic adaptation transforms such as those of n is the number of spatially varying source white points
von Kries [11], Bradford [12], and the latest CAM16 [13] that we focus on, and km, m € {1,2,---,n}, is a weight

were proposed and consider both chromatic and achromatic of M In (6), M,, is designed in a similar way to
colors under the framework of white balancing. In contrast, Lo e T T =

. . white balancing. Let S,,, = (Xsm, Ysm, Zsm) and G, =
multi-color balance adjustments [6], [7] were proposed to (XGm, Yam, Zam) " be a source white point and a ground

further relax the 11m1tat101:1 that .whlte balangmg has. In these truth one in the XYZ color space, respectively. M, is then
methods, multiple colors including chromatic colors are used

for designing a matrix that maps the multiple colors into given as

ground truth colors. However, multi-color balance adjustments b/ Ps 0 0

have three problems: selecting the number of colors, selecting M,, = M~} 0 /7S 0 Ma, ()

colors, and estimating chromatic colors automatically. The 0 0 85/

proposed method is a type of white balancing, so it can

estimate white regions by using an estimation method [14]- where

[20] for white balancing in addition to having no need for i Xsm b Xam

colors to be selected. Y |=Ma | Ysm | ;and |7, |=Ma | Yom |- (8)
B4 Zsm Bn Zam

III. PROPOSED METHOD
In a manner like conventional white balancing, the 3x3-
identity matrix is used as M when the proposed method
is performed in the XYZ color space. Other models such as
those by von Kries and Bradford can also be used as M.
When the spatial pixel coordinate of Pxyy is closer to that
of source white S, than the other source white, M,,, designed
with S,,, should more contribute to adjusting Pxy7 than the
rest of the matrices. Hence, to measure the distance between
the coordinates of Pxvz and S,,, the Euclidean distance is
calculated as

Here, our novel white balancing method, called “spatially
varying white balancing,” is proposed.

A. Scenario

Conventional white balancing assumes a single illuminant in
general. In contrast, in this paper, various lighting conditions
such as mixed and non-uniform illuminants are considered in
addition to a single illuminant. Under such conditions, each
white region in an image may have a different color as shown
in Fig. 1, so conventional white balancing cannot correct spa-
tia?ly yarying whitg regiot}s and other colors. By indivi'dually d,, = \/ (L8m — IP)2 ¥ (ysm — yP)27 9)
adjusting these white regions, the proposed method aims to
achieve color constancy correction for spatially varying colors ~ where (g, Ysim, ) is a pair of coordinates of S,,,, and (xp, yp)
caused by mixed and non-uniform illuminants. is those of Pxyy. A smaller d,,, means that (zp,yp) is closer
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Fig. 2: Images taken under different lighting conditions. (a)
Single artificial-illuminant, (b) single daylight, (c) mixed il-
luminants, (d) non-uniform illuminant, and (e) ground truth
image. Regions inside green squares are spatially varying
white regions.

to (Zsm, ysm ). Because ky, in (6) should be larger under a
smaller d,,,, the inverse proportion to d,, is calculated as

1
d = -—.
m dm
To reduce the total value of weights to 1 in (6), k,, is given
as

(10)

d,
o+ dy 4t d
Note that, in (11), k,, will be infinite if input pixel Pxvyy is
equal to S,, (i.e., d,, = 0). In this case, let k,, be a value of
1, and let the other weights be a value of zero.

In our scenario, since spatially varying white regions have
different colors respectively, conventional multi-color balanc-
ing can also be applied by designing a matrix from the varying
white. However, selecting multiple white points for the matrix
design may cause the rank deficiency problem to occur for
a single matrix. In contrast, in the proposed method, multiple
diagonal matrices given by each different white point are used
so that such a problem is never caused.

K an

IV. EXPERIMENT

We conducted an experiment to confirm the effectiveness of
the proposed method.

A. Experiment setup

In this experiment, we used images taken under our scenario
such as single, mixed, and non-uniform illuminants (see Fig.
2). The proposed method was applied to the images in Figs.
2 (a)—(d) and compared with both the conventional white
balancing and multi-color one [6]. Note that the proposed
method and white balancing were combined with Bradford’s
model. Source white points were decided from the white
regions as shown in Fig. 2 (a)—(d), and the ground truth white
points were selected from Fig. 2 (e). Because there were two
white regions in each input image, we separately applied white
balancing to the images with two source white points. The
performance of each balancing was evaluated by using the
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Fig. 3: Adjusted images for Fig. 2 (a). (a) Pre-correction,
(b) white balancing with top-right white region, (c) white
balancing with bottom-left white region, (d) conventional
multi-color balancing, (e) proposed method, and (f) color bar
of heat maps.

reproduction angular error [21] between a mean-pixel vector
of an adjusted object’s region P and that of the corresponding
ground truth one Q. The reproduction error between P and
Q is given by

P-Q

180
Err = — cos~! <7) deg] .
. el 4o

B. Evaluation under single illuminants

(12)

Let us discuss adjusting images taken under single illumi-
nants. Figs. 3 and 4 show adjusted images for Figs. 2 (a) and
(b). In the figures, the heat map below each image indicates
the reproduction angular error for every color patch, where P
in (12) is the representative pixel value of one of the color
patches in an adjusted image for Figs. 2 (a)-(d), and @Q is
that for the ground truth image. The mean value of pixel
values in a color region (i.e., color patch) was used as a
representative value. Also, the mean value (Mean) and the
standard variation (Std) of all color patches are shown next to
each heat map. Note that patches whose color is pure black
were excluded from the calculation of Mean and Std because
the metric cannot precisely measure errors against low surface
reflectances. As shown in Figs. 3 and 4, because the single-
lighting conditions were normal, conventional white balancing
had a lower error than that of the input image in terms of
the mean error. Also, the proposed method performed almost
the same as white balancing. Compared with white balancing
and the proposed method, conventional multi-color balancing
did not reduce lighting effects on colors other than neutral
colors. This means that multi-color balancing resulted in rank
deficiency under n = 2, and this property will continuously be
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Fig. 4: Adjusted images for Fig. 2 (b). (a) Pre-correction,
(b) white balancing with top-right white region, (c) white
balancing with bottom-left white region, (d) conventional
multi-color balancing, (e) proposed method, and (f) color bar
of heat maps.

shown in the following experiments. In contrast, the proposed
method did not cause this problem to occur because of the use
of a matrix designed from diagonal matrices. Therefore, it is
also effective even for adjusting normal illuminant conditions
as well as white balancing.

C. Evaluation under mixed and non-uniform illuminants

In this experiment, each adjustment was applied to our
scenario, in particular, under mixed and non-uniform illumi-
nants. Fig. 5 shows adjusted images for Fig. 2 (c) taken under
mixed illuminants. From the figure, the proposed method
exceptionally reduced lighting effects on colors under multiple
illuminants in terms of mean error. In contrast, white balancing
did not adjust colors other than either of the white regions,
especially for Fig. 5 (b), which had almost the same mean
error as that of Fig. 5 (a). Thus, the proposed method can be
applied to correcting images under mixed illuminants, while
white balancing cannot.

Fig. 6 shows adjusted images for Fig. 2 (d) covered with
a large amount of shade. As shown in Fig. 6, under non-
uniform illumination, the proposed spatially varying white
balancing outperformed white balancing in terms of mean
error. In comparison with the proposed method, white balanc-
ing did not reduce lighting effects on many colors as much
saturated magenta remained in the heat maps. Therefore, the
proposed method can be applied to correcting spatially varying
colors under mixed and non-uniform illuminants in addition
to adjusting colors under single illuminants.
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Fig. 5: Adjusted images for Fig. 2 (c). (a) Pre-correction,
(b) white balancing with top-right white region, (c) white
balancing with bottom-left white region, (d) conventional
multi-color balancing, (e) proposed method, and (f) color bar
of heat maps.

V. CONCLUSIONS

In this paper, we proposed a novel white balancing method
called “spatially varying white balancing.” While the conven-
tional white balancing cannot adjust spatially varying colors
under mixed or non-uniform illuminants, the proposed method
enables us to correct all colors in an image under such situa-
tions. Multiple white regions are used for designing n matrices
that map spatially varying colors into corresponding ground
truth colors. Because the matrices are calculated as a diagonal
matrix, the proposed method does not cause rank deficiency,
unlike conventional multi-color balancing. In an experiment,
the proposed method was demonstrated to outperform the
conventional white and multi-color balance adjustments under
single, mixed, and non-uniform illuminants.

REFERENCES

[1] M. Afifi and M. S. Brown, “What else can fool deep learning? ad-

dressing color constancy errors on deep neural network performance,’

in Proceedings of the IEEE Conference on Computer Vision (ICCV),

pp. 243-252, Oct. 2019.

N. Akimoto, H. Zhu, Y. Jin, and Y. Aoki, “Fast soft color segmentation,”

in Proceedings of the IEEE Conference on Computer Vision and Pattern

Recognition (CVPR), pp. 8274-8283, Jun. 2020.

[3] Y. Kinoshita and H. Kiya, “Hue-correction scheme based on constant-
hue plane for deep-learning-based color-image enhancement,” IEEE
Access, vol. 8, pp. 9540-9550, Jan. 2020.

[4] Y. Kinoshita and H. Kiya, “Hue-correction scheme considering

ciede2000 for color-image enhancement including deep-learning-based

algorithms,” APSIPA Transactions on Signal and Information Process-

ing, vol. 9, pp. 1-10, Sep. 2020.

Y. Kinoshita and H. Kiya, “Scene segmentation-based luminance adjust-

ment for multi-exposure image fusion,” IEEE Transactions on Image

Processing, vol. 28, pp. 4101-4116, Aug. 2019.

2

[

[5

[

1574



Proceedings, APSIPA Annual Summit and Conference 2021 14-17 December 2021, Tokyo, Japan

Proceedings of the IEEE Conference on Computer Vision and Pattern
Recognition (CVPR), pp. 15351544, Jun. 2019.

[20] M. Afifi and M. S. Brown, “Deep white-balance editing,” in Proceedings
of the IEEE Conference on Computer Vision and Pattern Recognition
(CVPR), pp. 1397-1406, Jun. 2020.

[21] G. D. Finlayson and R. Zakizadeh, “Reproduction angular error: An
improved performance metric for illuminant estimation,” in Proceedings
of the British Machine Vision Conference, Sep. 2014.

(©
>10°

E H

[}

S

6

5]

c

o
Mean: _é
11.4228° o
Std: gl
10.5158° L]0

(d (©) ®

Fig. 6: Adjusted images for Fig. 2 (d). (a) Pre-correction,
(b) white balancing with top-right white region, (c) white
balancing with bottom-left white region, (d) conventional
multi-color balancing, (e) proposed method, and (f) color bar
of heat maps.

[6] D. Cheng, B. Price, S. Cohen, and M. S. Brown, “Beyond white: Ground
truth colors for color constancy correction,” in Proceedings of the IEEE
Conference on Computer Vision (ICCV), pp. 298-306, Dec. 2015.

[7]1 T. Akazawa, Y. Kinoshita, and H. Kiya, “Multi-color balancing for
correctly adjusting the intensity of target colors,” in Proceedings of
the IEEE 3rd Global Conference on Life Sciences and Technologies
(LifeTech), pp. 8—12, Mar. 2021.

[8] T. Akazawa, Y. Kinoshita, and H. Kiya, “Multi-color balance for color
constancy,” in Proceedings of the IEEE International Conference on
Image Processing (ICIP), pp. 1369-1373, 2021.

[9] CIE, Commission internationale de I’Eclairage proceedings. Cambridge
University Press: Cambridge, UK, 1932.

[10] “Chromatic adaptation.” Available online: http://www.brucelindbloom.
com/index.html?Eqn\_ChromAdapt.html (accessed 11 Dec. 2020).

[11] J. von Kries, “Beitrag zur physiologie der gesichtsempfindung,” Archives
of Anatomy and Physiology, pp. 503-524, 1878.

[12] K. M. Lam, Metamerism and colour constancy. PhD thesis, University
of Bradford, 1985.

[13] C. Li, Z. Li, Z. Wang, Y. Xu, M. R. Luo, G. Cui, M. Melgosa, M. H.
Brill, and M. Pointer, “Comprehensive color solutions: Caml16, catl6,
and caml16-ucs,” Color Research & Application, vol. 42, pp. 703-718,
Jun. 2017.

[14] E. H. Land and J. J. McCann, “Lightness and retinex theory,” Journal
of the Optical Society of America, vol. 61, pp. 1-11, Jan. 1971.

[15] G. Buchsbaum, “A spatial processor model for object colour perception,”
Journal of the Franklin Institute, vol. 310, pp. 1-26, Jul. 1980.

[16] J. van de Weijer, T. Gevers, and A. Gijsenij, “Edge-based color con-
stancy,” IEEE Transactions on Image Processing, vol. 16, pp. 2207—
2214, Aug. 2007.

[17] D. Cheng, D. K. Prasad, and M. S. Brown, “Illuminant estimation for
color constancy: why spatial-domain methods work and the role of the
color distribution,” Journal of the Optical Society of America, vol. 31,
pp. 1049-1058, May 2014.

[18] M. Afifi, A. Punnappurath, G. D. Finlayson, and M. S. Brown, “As-
projective-as-possible bias correction for illumination estimation algo-
rithms,” Journal of the Optical Society of America, vol. 36, pp. 71-78,
Jan. 2019.

[19] M. Afifi, B. Price, S. Cohen, and M. S. Brown, “When color con-
stancy goes wrong: Correcting improperly white-balanced images,” in

1575



