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Color correction matrix
Introduction

Multicharts can calculate a color correction matrix that can be applied to images to achieve
optimum color balance, as defined by minimizing a color error parameter on the test chart of

choice. (The default is the mean of (Delta-E 94)? for all patches where L*>10 and L*<95.) The
matrix can be used by imaging system designers in their cameras or image processing algorithms.

Some of the background for the calculation can be found in Color Correction Matrix for Digital Still
and Video Imaging Systems by Stephen Wolf, though the Imatest calculation differs in many
respects: there is no issue with outliers and optimization is performed using one of the standard

color difference metrics.

The color correction matrix is initially included only in Multicharts.
The Math
The matrix

Colorimages are stored in m x n x 3 arrays (m rows (height) x n columns (width) x 3 colors). For the
sake of simplicity, we transform the colorimage to a k x 3 array, where k= m x n. An Original
(uncorrected) array O can be represented as

| O RlL O Gl O Bl | O =] OR20 G2 O B2 |
| |

| |
| O Rk O Gk O Bk |

where O_RJ, O_Gi, and O_Birepresent the normalized R, G, and B levels of pixel i. The
transformed (corrected) array is called P, where

P=0A (case 1: A is a 3x3 matrix) —or—

P=[0O 1]A (case 2:A is a 4x3 matrix; the added column of 1s provides a dc-offset)

A is the 3x3 or 4x3 color correction matrix. For the 3x3 matrix (case 1),
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| PRI P G1 P Bl | | ORlL O G1 O Bl | P =] PR2
P G2 PB2 | = | OR2O0 G2 O B2 | | A1l A12 A13 |

| . | | . | X | A21 A22 A23 |
| e | | c | | A31 A32 A33 |
| P Rk P_Gk P Bk | | O Rk O Gk O Bk |

X denotes matrix multiplication. In this case, for row m,

P _Rm=0_Rm*A11+0_Gm*A21 + O _Bm*A31 (*denotes multiplication.)
P_Gm=0_Rm*A12+0_Gm*A22 + O_Bm*A32

P Bm=0 Rm*A13+0_Gm*A23 + O_Bm*A33

Forthe 4x3 matrix (case 2), a column of 1s is added to provide a dc-offset,

| P R1 P Gl P Bl | | OR1 0 Gl O Bl 1 | | A11 Al12 A13
| P=] PR2PG2PB2 | = | OR20G20B21 | | A21 A22
A23 |
| . | | . | X | A31 A32 A33
|
| . | | . | | A41 A42 A43 |
| P Rk P Gk P Bk | | O Rk O Gk O Bk 1 |

In this case, for row m,

P Rm=0 Rm*A11 +0_Gm*A21+ O _Bm*A31 + A41
P Gm=0 Rm*A12 + O_Gm*A22+ O _Bm*A32 + A42

P Bm=0 Rm*A13+0_Gm*A23 + O_Bm*A33 + A43
The goal of the calculation is to minimize the difference (the mean square error metric) between P

and the reference array (the ideal chart values) R. The initial values of A (the starting point for
optimization) for the 3x3 and 4x3 cases, are

| X RO 0 | A (3x3)

| 0 0 k B |



where

k_ R =mean(R_Ri, alli)/mean(O_Ri; alli)  forreference array R and original
array O

k G=mean(R_Gi; all i)/mean(O_Gi; alli)

k B =mean(R_Bi; alli)/mean(O_Bi; alli)

These starting values are closer to the final values (have less mean square error) than the identity
matrix (k_ R=k G =k B=1). Theytendto converge slightly better.

Linearization

Although most digital image sensors are linear up to the point where they saturate, image files are
highly nonlinear— they are designed for display at a specified gamma (y ), where display luminance

= pixel levelY. Gamma = 2.2 for the most commonly used color spaces (SRGB, Adobe RGB (1998)
and Wide Gamut RGB (WGRGB)), although some well-known color spaces are designed for display
at gamma = 1.8 (ProPhoto, Apply, ColorMatch; all RGB).

When cameras encode images (a part of the RAW conversion process), they apply a gamma that
is the approximate inverse of the display gamma. Perhaps we should say very approximate: it may
vary considerably from 1/y, and it often includes a tonal response curve "shoulder" (an area of
reduced contrast) to minimize highlight burnout. The shoulder makes the response more "film-like,"
improving pictorial quality in most instances.

If the input image is gamma-encoded you may wish to linearize the image prior to applying the
correction matrix. Imatest has several linearization options.

Optimization steps

¢ (Optionally) linearize the input image. If Color space gamma linearization is selected, O =
ov.
e Call the optimizer, which

o calculates a (temporary) corrected image T_ = O A.

o (Optionally) removes the linearization: T = T (1Y)

o Finds the mean of squares of errors between T and the reference (ideal) array R. The



error is one of the standard error measurements: AE*,, AC* 5y, AEgy, AEgy, AEcMmc,
ACcme, AEq, or ACqq, described here. AEg, is the recommended default. Although the
CIEDE2000 color error metrics (AEg, ...) are more accurate, they contain small

discontinuities that can affect optimization, and hence they should be used with
caution. See Sharma for details. The AC errors are similar to AE with luminance (L*)
omitted.

o Adjusts A until a minimum value of the sum of squares of the errors is found, using
nonlinear optimization.

o Report the final value of A.

In applying A (generally outside of Imatest), a similar linearization should be used. A may be applied
during the RAW conversion process, prior to the application of the gamma + tonal response curve.

There is no guarantee that A is a global minimum. lts final value depends to some extent on its
starting value.

The Color correction matrix in Multicharts

Options: Color matrix calculation options
can be set by clicking Settings, Color

J Color Matrix Settings e x|

matrix in the Multicharts window. T his Color correction matrix settings Help
brings up the dialog box shown on the C 4x3 matric & 33 mabif
right. The options are Optimize  |DelsE 34 =l
Weighting
e 4x3 or 3x3 matrix: Color [2 Emghasize highights: weight accarding to CIELAE L =]
correction matrix size. The 4x3 Linearization
matrix (the default) includes a dc- |3 Assume inear oul, apply maki. then apply gamma encoding k|
offset (constant) term. It may be Optimization constaint  [No conshants |
slightly more accurate, but it takes imﬁ;ﬁ:;*kfﬁmmflﬁ% Reset |

more computation time.

0OK Cancel

e Optimize: Select the color error
parameter whose mean of squares
over patches with L*>10 (nearly black for <10; color is invisible) and L*<95 (little chroma for
>95) is to be minimized. Choices include AE ab, AC ab, AE 94, AE 94, AE CMC, AC CMC, AE
00, and AC 00, described here. AE 94 is the default value, recommended because it gives less

weight to chroma differences between highly chromatic (saturated; large a*2 + b*2 ) colors,
which is closer to the eye’s perception than AE ab (the standard AE value: the geometrical
distance between colors in L*a*b* space).

e Weighting: Set the weighting of the patches for optimization. Choices:
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o 1. Equal weighting [default] Patches are equally weighted. May not be the optimum
setting because highlight colors may be more visually prominent than shadow colors.

o 2. Emphasize highlights: weight according to CIELAB L* Give more weight to
visually-prominent hightlight patches.

o 3. Strongly emphasize highlights: weight according to L**2.

¢ Linearization: Choose the method of linearizing the image (or leave it unchanged). For
linearization or gamma encoding, the value of gamma (y ) for the selected color space

(sRGB, Adobe RGB, etc.) is used. The equation for linearization is O = O"Y.The equation
for gamma application O = QY.
o 1. Linearize input, apply matrix, then apply gamma encoding. Usually the best
choice forimages encoded in a standard color space.

o 2. No linearization: apply matrix to input pixels. May not be the best choice for
gamma-encoded images, but useful for experimentation and forimages that start and
remain linear.

o 3. Assume linear input, apply matrix, then apply gamma encoding. A good choice
forimages that are not gamma-encoded, but need to be converted into a color space.
Color space gamma is not applied in converting the input RGB image to L*a*b*.

o 4. Assume linear input & output (gamma = 1 throughout). No linearization or

gamma encoding. Color space gamma is not applied in converting between RGB and
L*a*b* spaces.

e Optimization constraint
o No constraints. This is the default and should only be changed with good reason.
o Rows sumto 1.

o Columns sumto 1.

To calculate the color correction matrix, read

the image into Multicharts, then press the button, Read image file | Chart type:
shown on the right. The display will change, as [GHE E"ﬁ':ﬁf et =
shown below. The improvement for this image, | £dcbe RGB (1999) |
which is quite good to begin with, is undramatic. Ref | GretagMacheth default =l
| Display Input =] Comettionmatie |
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CiimatestDataiColorcheck'Canon_sos10d_ColorCheck _NLK.jpg

‘: r zoom [ iseat | iom | inpu [ 1o ]

Read image file | Chart type:
[GMB ColorChecker (24 patch) =
Color gpace
|idabe RGE [1983) =|
Fef  |Giatagh acketh |delal) =]
Diokyirou ] Moscaouied |
Display
[Splt colors: |dealinput =]
Split [ ldealInput | ftop), Corrected (ottom)  16-Feh-2008 08:51:50 e | rEavE ] e
™ Probe
Chesck box ba huin on prabe. Cick
angvibane outgide tha image bo e it off.
[Input — idesl] diffsrences
AE® 1 = 8.77 mman = 18.8 max; AC#.p, = 7.30 mean = 13.7 max
AEmg, = 5. 46 meam = 14 2 max: aC#g, = 3.57 mean = £ 9 max Savesween | Hep |
4Egp = 4.7k meam = 5.9 max: ACpp; = 3,52 memn = B Q2 max Savedata | Ba |

Split view, showing reference, input, and corrected patch colors

The image now shows the corrected colors on the bottom of each patch. The ideal (reference)
color remains in the upper-left and the input (original) color remains in the upper right.

The button changes to , highlighted with a pink background. The correction matrix cannot be
recalculated until an image property changes (new image, color space, reference file, or color

matrix setting). The Display input (or Corrected) dropdown menu, immediately to its left, is enabled.
You can choose one of two selections.

Display Color differences (input — ideal) are shown in most displays,
input and [Input — ideal] Color differences are shown in the text in
the lower left. Two displays are unaffected by this setting:
Pseudocolor color difference and Split colors, where
(corrected - ideal) is shown on the bottom.

Display Color differences (corrected - ideal) are shown in most
corrected displays, and [Corrected - ideal] Color differences are
shown in the text in the lower left.




The EXIF data and Color matrix display has a summary of results.
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Selected EXIF data

Filec 200017 153511
Miake: Caron

Eboddet Coron EQS 100
Takoen: 20020817 1520018
Res 2611 x 1766

Color matrix results
0.88728 0.019988 0.052614

o.32379 11128 0.0133%1
=0, 083757 =0.031879 095243 ™ Zaam Ideal || |d:M § Input | In:M
Hatrizm: 3x3 (Click Settings, Color matriz to sst Read image fils Chart type:
Optimize: Delta-E 94 natrix size. Optmize. Lin ) I
Linsarization: Color space gamma [L’aMB CoknChecker [24 patch] ﬂ
Initial exxor = 25.124% Cokor
Final arres = 10 _BE12 pace
Itarations = 1800 |,t..-_1.ub.= RGE 1553

funcCount = 2538

K153

Fief  |Gietagh scheih jdsiau]

Display Input 'E M st calcudabed

[Input — 1d=ul] differences

AR = H. mean = 18.8 maz; &ACR., = 7.30 mean = 1B.7 max Display
AEl“ E_II.E- m=an = 14.2 max; ﬁﬂi“ = 357 mean = 6.9 max |E;ri}FdH,ade|:hamallbc ﬂ
AEmcye= 5 30 mean = 23.0 mex. ACw-yr= 441 m=an = B.5 max e - .
AE = £ 76 mman = 9.9 max: AC = 3.52 mean = &, max 5 = =
oo 0o | rEEE | e |
[Em':uct.e,d = ideal] differences
AEs. . ¢ 5.9]1 msan = IE.2 max: ACe,. = 460 mean = 15.2 mox
aE-“ 3 .52 mean = 13.6 max: ﬁClgﬁ = 2. 16 mman = 4.3 max
AE®~y-= 434 mean = 1.9 max, ACe-y-= 2 8B mean = 5.4 max
CHC CHC
AEng = 3-27 wemam = 5.5 maw; ACnn = 2034 mean = 43 max
Sawe screen | Help I i—-.._=__
Savedsta | Ea | [yevYER

Exif and Color matrix view

The color correction matrix, results summary, and both [input - ideal] and [corrected -ideal] color
difference summaries are shown. T he initial and final error numbers shows how much the selected
metric (in this case the sum of squares of Delta-E 94 for all patches with L*>10 and L*<95) has
changed.



125|Color matrix: Rx C 4 3

126 1.28293 0.01691 0.04831

127 -0.0638 1.14517 -0.02964

128 -0.05859 -0.06007 0.98585

129 -0.00731 -0.00234 -0.00196

130|Initial error 8.074

131|Final error 4.0527

132 Iterations 043

133|funcCount 1340

134 Matrix 4x3 Constrain No constraints
135 Optimize Delta-E 94

136|Linearization Linearize apply mai then apply gamma encoding.
137|weighting Highlight weighting (CIELAB L¥)

Saving the matrix

To save the matrix, press at the bottom of the Multicharts window. The matrix is included in the
CSV output file (stored by default in subfolder Results of the image file folder).

Color correction on an arbitrary scene

Color-correcting images

in Multicharts

Once a color correction matrix has
been calculated in Multicharts, the
matrix can be used to correct arbitrary
images. To do so, select 11. Read —
color correct — save image in the
Display box on the right of the
Multicharts window. T he initial display
on the left side contains the message,
Press "Read image to correct”, then
press "Save corrected image" if it
looks OK., the color correction matrix
and statistics, and two buttons:and .

Save cormecied image

In the case shown on the right, a

(digital) CC20C (cyan) filter was applied to both the Colorchecker and Gallery image. The
correction matrix was calculated for the filtered Colorchecker, then the filtered Gallery image
(shown uncorrected on the top) was read in. The corrected image is shown on the bottom.
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