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Mcalibrator: MATLAB integrated GUI software
for display calibration

—A proposal of a new color calibration procedure applicable to a wide range

of display devices and evaluation of its efficiency—

Hiroshi Ban* ** Hiroki YAMAMOTO,* and Yoshimichi Ejqma***

Kyoto University*, Society for the Promotion of Science**
and Kyoto Institute of Technology***

The calibration of color monitors is an essential step for psychological experiments on color
perception. For CRT displays, a procedure was established and standardized as the two-stage
method of gamma correction, followed by linear color transformation. However, the standard
method may not be appropriate for non-CRT displays. The present study has demonstrated that
indeed the standard method was not applicable to some LCD (Liquid Crystal Display) and DLP
(Digital Light Processing) display devices, which are now increasingly used in psychological or
brain-imaging experiments. We therefore propose a new display calibration procedure which is
based on least-square estimations. This method has a much broader range of applicability because
it assumes only a piecewise linearity of the system and does not require any presumed model of the
display properties. The proposed procedure, together with customizable gamma corrections, was
integrated into a GUI-based calibration software which was written with MATLAB and called
‘Mcalibrator’. The applicability and efficiency of our software to a wide range of displays,
including LCD and DLP devices, was confirmed by comparing the calibration accuracy of our

procedure with that of the standard two-stage method.
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Figure 1.

Flowchart of display characterization & chromaticity calibration

Display calibration procedure was standardized as the two-stage model of gamma correction (stage A)
followed by linear color transformation (stage B). A new calibration procedures we propose consists of
‘custom model fitting’ to improve the accuracy of gamma correction (stage C), and ‘auto calibration’
based on least-square estimations for calculating accurate RGB digital video inputs to produce wanted

XYZ values (stage D).

FlARRWIREHEI L > TRABEET 250 TH 5,
UL, EFEOLEEFFRPKA £ — Y v 7R Tk
AICHEHENBE EH I > CRTUADF 4 X714
&, #Z1E LCD (Liquid Crystal Display) % DLP
(Digital Light Processing) FX&D 74+ A7 L4 %71
Yz s0Hicid, RGBF v x VHOMEEERLE
CRT & 3% 3 A - CEBARELZETL60
MIEET % (Fairchild & Wyble 1998). TD X575 «
27 LA BEICH L TCRT O IcE SV TRE
Sh7EENL 2EBOBREFEEZER L b5
BRENEOLNE EREZONT, FLEBEFEOE

UNEEh TS,

O LBk ERE 2, A CREEYZEEIEF
EDBEHTEXROCRT UAD T 4+ 27 L 1 @It
LTh, BOBETRELSITAZH L WHFEERRS
3. TOFkHS IRSGIENFEEBZERANCHL 2
DT, REBEOITHEDIRFTHIEZERM TR/ 2 FHEE &
ERBLUOMELZBROELEHSBEZKEST S, ZOF
iz, YR T ALKROBIEHR T 4 AT LA s H =D
EFNE—YIRELIS W20, BHEEHEOILVWERIEFR
FrxAREMT I bOTH S, FTh, FOEAMELRILT
B, EENLTEBREFRE ERLABRETIHLL
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Figure 2. Gamma correction by GOG model

of measured values

a. The plot shows the gamma functions for a typical CRT monitor.
b. Interpolating the measured values based on the GOG model. For most CRT monitors, measured

gamma functions are well fit by the GOG.

c. GOG model fitting has an advantage that it is easily inverted to determine digital video input values

to generate wanted chromaticity.

d. The plot shows linearized relationship between digital video inputs and measured luminance.

FHix L% CRT,LCD,DLP & F 1+ A7 L A HBITE
ALEERL, BEERICEOBREOBRENEL 21 %
TE RN A L 2.

F 1o, BMADRERT 2 ABRETF R, EENS 2 BRE
DOFHEEE b, HE&Y 7 Y = 7 Mcalibrator & LT
FER X7z, Mcalibrator i3, # 2 ¥ <A XAlfEIEH v
<ML & Lo XN ERIEFEEMANGDOE S
&7, BREMACLWFRE 2 RMtd 5. e s I A
13 OS IT{K&F L 72\ MATLAB £ 3£ (Mathworks #)
ZHOVWTEHEAEINTEY, #H—a7% GUI (Graphical
User Interface) i & 2 W IREHEAHAZ TV 5,

Vil ik

Figure 112, CRT THEZ X (iciBHER)TS 2 RGO &
BIEFHx &, FAPARBTRET 20REFHEZO
B AR Uz, K, A-B oifin 23 iEuEly 7z 2 B ot
BIEFEEZRLAELDTH S, £/, CD RBFAVERE
TAHFET, 2 EEOBBEOREREICE T 5 BIEEE
PRI THIBERCZNENETSHA T avELT
KRIhb, KETE, FIEENSEREILEFEOME
TRk, BAPBRET IAEREFEOT VI Y X A
KOoWTEHRL, mRICHAFE LY 7 b Y = 7 Mcali-
brator ~NDEE T HOWTHNB,

RENG 2 BRREREFE

1. #v<#ilE (Figurel ® A)

Figure 2 It v <@l FAE OHN %2R, £, 74
27 LA DRGBEF + 2 NMIcDWVWT, WL 2HhDAN

izt 4 2HEE A SIS 5. Figure 2a l</Rg & D12,
EOBMRIEIERIE LR SRS TV S, KRIT,
COHETF— i EFNVERE 7 « v T 5. EIERIC
i, CRT oWN#FE:%ERIL L 72 GOG (Gain-Offset-
Gamma) BA%

X—Xo 7
+oﬁ‘set> X=Xo
X0

Fo= (gain X

0 x<xp

WEH &1 5 (Berns, 1996; Day, 2002) (Figure 2b). C
I T, gain, offset \TEH, x 3 F v+ FNVASME (0=x=
1 OEERUED, xo FEEENS OLIEEEEF + 2V ATIE,
Yy RIEHTH B, oM = (v) xRV, H£E
OHEEERERT 21O ICLERANEEZHRETE50T
(Figure 2c), #ICHINd 2HEREEME ; =0, 1+, n) %
R A AMEx % f 1 & RD B, Ko7z AthTioH
X y) ZA S5 — Ny 2T v 75— 7N (CLUT) &FE
NaRITE LD, IENLTMBEENTHEEF +
F VD AHTIBAZR R L 1 2 (Figure 2d),

2. BoELE (Figure 1B)

HFLHOEIZ, RGB F + v R UHRIEIAL (F » 2V D
B T, BF ¢ A VOEEIMEEIKELBZY (7
42 h5—oEFEE 251, MEsEEHE TR
WBEZEMTES, £, RGBRF + 2 VDRAATIF
D 3RIBIE7XYZ, gXYZ, bXYZ #HIEL, #0558
AR~ 175

PXYZ=[rXYZ gXYZ bXYZ] --rreerereenreseroenuns 2)
ERNT B. T T T, pXYZ RBEHITHIEENS b
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DTHB. TDPXYZ ZHVT, A rgb o3t LTHY
&N BED 3 FIBIE XYZ 35 F + % VOB

XYZZPXYZ‘Tgb ....................................... (3)
L3, Tk, FEOE XYZ 2HERT % 120104
15 RGB AJ) rgh W15 pXYZ ' 25

rgb=pXYZ"-XYZ .................................... (4)
ELTCEETES, L, F+ A VANENEoDLE =
DENXHPERTE RV, BESE2H oM UDE
LlnTs i w,

ARRTRETIBHEFE

FURTULAEBICL > TIE, CRT R 3 AHN
i . B EBUSEAE T 301 R0 2 BB O FR
TREVIRBEESTELVWESMH 5. £ I T, Figure
1o EEcEHENT 2 >0 FHE (C&D), Cus-
tom Model Fitting & Auto Calibration Z#&Z& L, #&
EEoR EE2RA., 20H#MEIUTOLEBLTSH
5.

1. Custom Model Fitting (Figure 1C)

GOG EFWICED K F v = fIETHRENA 518
BT, EBEERIC b ST, ThlA OB AESE
AWaZETHLTE S, ¥4+ 27 L1 O EIcADYE
THFa—Ev 7 « 2754 VHiIE SKREELEMY
o BRRE, ERRE SEBEO T4 v T4 v Ik
SEEE bDEEINT 5 LT, RGBF + 2 VDA
HBRE LD EREICEEATiETH 5. ChooRBED
56, BliZFa—E o7 « 2754 YRBER, &EO
HEEEOBEN LE bV E - T, BBORIEFEED
RETLSICEA DT « 27 L A %E 0 A%k
T BRI GOG & F WL FicERNCEREdT 3 & DR
i GRIEERD.

2. Auto Calibration (Figure 1D)

EHER) 7S CRT 7 4 R 7 LA LIS D 754 2 TH,
RGB F + 2 AR TIREB W (F v 2 VM ELER)D,
F v 2 NVATHEIC L > TRENET S (F514<) 7D
7—DHFEEW SVSHEERETIOONEHAT S
(Fairchild & Wyble 1998). CO X557+ 27/ L 1%
Bl LT}, &F + 32 VoS XL ANETO
B DER S 2 RE U RN 7S 2 B o Bk EFIE
TRTFORBESEOABVWEEZLNS, KFET
i3, TOLIBBEETOIERLERIEEITA 5 FH%HE
L.

BAZE L 7o Fikid, v - 22 ASEIH LT
TR, BELTI2EO0EFETOARET 550DT,
XABEHFEEZOERICCB LD TH S, 207
NI XARTFRISRT EBD, 3FIMEXYZ & RGB

F v 2 WV ATIE rgb DEARE X  $H T 5 BEBATH %
BEMOFFRERATRE LR/N2EBEET 60T
b5,

BEBERE7ILITY XA

B LEIEIE (=1, 2,--, N) O BEBITH| 0 %75
T; &35,

27 970

i=1&9 53,

wElD T, %, EEAZFRETEOALZRQ DY
o — NV EERITHOBITH pXYZ 1 &4 5.

AT w71

T 2HOTHEELET B0 wXYZ 2T 3 DIh
F12 RGB AJME rgb #3THE L 101k, EBcZz0oBE%E
N ABEL, BEE wXYZ & O8EEeXYZ AHET 5.

AT w72

XYZ BRI HB VT wXYZ 20 & 7T 3%
C—({—1)/N—1)*leXYZ|D&H T 18 HOBE S v ¥
LITHERRL, 27w 71 EEBRICEBICEEZ 2R - Al
T35, ZOI18HOHNMER b &Ko —H VI EERT
B Ty Z PR (B 2 /HEE) CEHHE T 5.

Ti1=[SXYZ-sXYZT] '-sXYZ-SRGBT -+ (5)

TCTT, sXYZR5 vy actElRani 18fAoao
RERE XYZ £Fici~7- & D, sRGB I sXYZ %15
B1eDICETS RGB F v+ A VA NfEgb TH 3.

ATy 73

WEXNK T ZHOWTHY wXYZ 2#5EKT 501
WEIS RGB F v * W ATME rgb ZFHE L 7288, FEEIC
ZDEEZR - JET 5.

AT w74

CIE1931xyY T RMS &% E L, hEOKE
BEONLOKRTTE. 5 Thdhdi=i+1 &L T
A7y P 1IRRS,

Figure 31t MATLAB E#EOY v 7V a—FERL
7.

Mcalibrator NDEE

EENLZ2EREOBREFHEEIAMATIREL £
Custom Model Fitting & & % Auto Calibration ®F
HhAEEREST SV 7 MY = 7 Mcalibrator 2% L
(Figure 4). ZiRicid MATLABSEA AW/, 04
AL TOoEBY TH 5,

1. GUI ~— 2 CHEIEA A

GUI (Graphical User Interface) Z#HL, T4 R 7
LA FHEORIED S oA E TOBRRIEFIEER
HINCHER LKA OITA S, FIHENFEVLTVREL
¥ Z Jo (Figure 4). EBRRLAC O FEEHRICL
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(
pXYZ0=|RedX GreenX BlueX
RedY GreenY BlueY
RedZ GreenZ BlueZ]; % phospher XYZ

TO=inv(pXYZO0); % initial Transformation Matrix
wxyY=[your_x your_y your_Y]; % wanted xyY
wXYZ=(transform xyY->XYZ); % wanted XYZ Step 0

% search space
ss0=2.0;
ss1=1.0;

for i=1:iteration % iteration
[R G B]'=TO*wXYZ; % transform from XYZ to RGB
xyYO=Measure([R G B]'); % Measure
XYZO0=(transform xyY->XYZ);
eXYZ=abs(XYZ0-wXYZ); % error in XYZ space

Step 1

% set search space: from 2*error to 1*error

ss=ss0+(i-1)*(ss1-ss0)/(iteration-1);

% set random sample points

for j=1:samples % samples > 18
sXYZ(:,j)=wXYZ+unifrnd(-ss*eXYZ, ss*eXYZ);
sRGB(:,j)=TO0*sXYZ(:,j);

(sRGB<0 -> 0, sRGB>1 ->1) % correct outliers Step 2

msXYZ=Measure(sRGB(:,j));
end % samples

% Estimate New Transformation Matrix

% by Least-Squares

T1=inv(msXYZ*msXYZ')*msXYZ*sRGB'; % estimation by least-square
T1=T1';

% new required RGB

RGB1=T1*wXYZ;

xyY1=Measure(RGB1); Step 3
TO=T1;

% evaluate error
e=(xyY1l-wxyY)./wxyY*100 % [%] error
rms=sqrt((e.*e)/3);

(write result to log file) % log result
Step 4
if rms < rmserr
break;
end % rms
end % iteration 1
. ° J
Figure 3. Sample MATLAB code for automated chromaticity calibration procedure.
Here, Measure (A) in Steps 1-3 mean user-defined MATLAB (or external) function to measure CIE1931
xyY or XYZ values for A (rgb values). See the text for details of the algorithm.
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Figure 4. Mcalibrator GUI display

Mcalibrator system enables standard and customized display calibration easily and graphically

through integrated GUI interface.

a. Raw plots of digital video inputs and luminance values interpolated by some fitting functions.
b. Input window of basic information such as date, fitting parameters, etc.
c. Buttons for measurement, fitting, creating color lookup table, and checking the validity

d. Buttons for color calculation and auto calibration

e. Color display window, in which target chromaticity to measure is presented (separated and full-

screen windows are also available).
f. Spectra of RGB phosphors

g. Created color lookup tables are displayed here

h. Relations between digital video inputs and measured luminance after linear-correction

DEFERTLEOBRTONHEETH 5.

2, ¥FXFRRBEERY 7 by =7 & OEE

A7+ 9T OFREHIEOHKRER, F+2 b EXD
A=Wy 27y 7F—7N(CLUT) E LTHEIENS
DT, CLUT 25t4iAt T & TMATLAB DAL 0 3k
TR s N thoRBERY 7 b L OHELTHETH
5. Ft, WEMRELLEHBOERICE, AHS o
T LERVWEIELTES,

3. T F I FMHPEREE AN DORIG

V) TVBEREE R OKRETHI NI, kY 7
P T EOBENTARETH B, TDDITEF, N—F
U2 THBEOEVEIM S0 /5 A EERKT AT TE
W, HEDE A, DRBEHERET . Photo Research %t
PR-650, & O ¥ &3+ Konica Minolta #t CS-100

AD2BEICHELTWS,

Aim X TIEIET 2 QBRI FEFEOBEERIET 5 /-
¥, FEHERTTS 2 B O ERIE Tk & ORIEAEE O k%
fT- 7z. #IFiTIZ Mcalibrator #H\V, 4 FEHEOREL 5
BEEF> 7 4 27 L A REBEOBBRIERE % L 7.
/o, ABIBMROBEREICER L TiE, #1972 GOG
EFMICESKFEEF 2 -y 7 2754 vHIMED
20 EITV, MEORE, A% BT L 7.

IREEE M

FHHLIcF1a 27 v 41d, CRT ¥4 A7 11 SONY
MultiScan 17SEIl (JIF CRT), LCD ¥4 A7 LA
EIZO FlexScan L360 (EI'F LCD1), LCD ¥4 271
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Table 1
Target XYZ values
We used 5 XYZ values listed above for testing the validity of standard and our calibration procedure.

RED GREEN BLUE YELLOW WHITE
X 37.10 27.78 35.84 23.13 29.43
Y 30.00 30.00 30.00 30.00 30.00
Z 35.61 35.36 65.73 5.78 35.61
Linearity Correction using GOG Model Linearity Correction using Cubic Spline
a o O o Rchamoel
- LCD monitor 1 0.49 cd/m LCD monitor 1 0.069 Cd/ m’
e G channel
8 1.21 cd/m 015cd/m
c
[
E o _B_?hﬂl_'l_l‘l_e_l_ 1.0 0 B chl{l_l[e_l_
2 0.29 cd/m’ 0.041 cd/m
¥ (RMSE) (RMSE)
® o
E
S
=
0
0 W 1w w0 0 W 0 w20 &0 %0
R c_h_ggl_nel d R chnnnel
0.21 cd/m? S oy
LCD monitor 2 LCD monitor 2 0.078 cd/m
G channel G channel
_______________ nel o
g 050cd/m 0.18 cd/m’
[ =
-
X o - ol — B channel 0 ..Bchannel
=2 0.12 cd/m’ 042 cd/m’
3 (RMSE) 0.042 cd/m
E 0 ] (RMSE)
]
|~
0 0
0 50 100 150 200 250 200 0 50 100 150 ) R
e R channel f _ Rehaonel |
DLP projector . 0.28 cd/m DLP projector 0.045 cd/m’
""""""""" G channel S channel
g 139 cd/m’ 0.20 cd/m’
c
g . B channel B channel
E e e LR ¥ o o R ---1.0
N L 047 cd/m ° 0.055 cd/m’
| o e (RMSE) RNISE)
© Yo
E o 0
[+] .,
c -
¢ 0
0 5 10 150 pres 20 200 0 % 00 160 ) 20 30
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Figure 5. Linear correction of RGB digital video inputs and output luminance
GOG model was not applicable to some LCD or DLP display devices. Cubic spline interpolation
realized complete linear correction between digital inputs and output luminance.
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Figure 6. Residuals between measured and estimated luminance in each bin of video input values—an

example of a DLP projector

a. Residuals between real and estimated values after fitting traditional GOG model
b. Residuals between real and estimated values after cubic spline method

1. liyama AS4635U (LI'F LCD2), DLP 7ua ¥z 7
% PLUS digital projector X-2000 (L/'F DLP) O 4 f&
TH-7. DLPIC>W T, ND 7 4 V¥ THILL T,
FBBR ) — VBB ARG L B BRI R RIE L
. BEREBRREEI0OAMOY + —& 7T v 7 EIT-
fo. 3 RIBAE XYZ DFHRANC 135 e SHEE 2+ (Photo
Research #£ PR-650) W/, Y79 <73/ — b
PC (IBM #! ThinkPad A31p, OS: Windows2000, 7 5
7 4 v 7 51— F : ATI Mobility FireGL 7800) TEHfE &
. BORRIEMATLAB v 7 b ¥ x 7 ORiEKEES
AWT, F4RA7vAthR, 2EEoH1/3 LT
True Color € — F TIiT - 712, ALEHEGHEE» S 7 4
274 ETOREBEIZA0Ocm TH-. T4X7 LA
ENENERE A IR R T E b N,

BEEAHE

RGB&F + 2 Vit 2WT, HMREIC 32 SO AT Y v
TUEEEY, 3FIMEXYZ ZREL 2. < OERE
ICGOG ®FN, BLUFa—-—Ew7X754 /HE*E
FNET 49T 4 V7 LTF v 2D AHSIBHREHE
L, AHTIBIROBEAL AT/, DL E, Yo
VBT BEREOFEBIFHRELL. RIS, &F v %
MIZDWT, WEIRHAWREERZRE S v 7 v sics
95 3B XYZ ZFHAIL, mEFVick 2EERM
ENRYUTHELaHEILDHI. &5IT, Table 1 KR
5D 3REMIE XYZ %185 12 i L E 1S RGB {H 0 #
EEITV, ZOREE XYZ ERMNTHME L. <hd
D, EESOMBT AMRECTIT- A s v S
2 kR RF v TORKEREA X — Y v J(EMRI) E8 (Ril
FH o fE7Kk « gl o (LA « ¥A%F « Hch « ERE » #8H < 7L
5, 2003) B X LEEER (LK - BIH « SH « 1A -

L8, 2004) OFHERTHVWONL O TH S, HE)
EEIEDOREETIE, RATHI S BEWRITH DT O R AR
W UENE 10[alE L, RMS BRZEH 1% KBTI - i
BRTTEEICHEELI. EBED 1% LULOBETHLE
WL I0EEBA B CRIEEAKT L oL
X, NS5 Ny I T v 7F—7N(CLUT) dF2—ty
I2RTS5A4 VRBETVICE > TEREN - D A2FEH
L.

BIERRLER

A HRk BRI

Figure 53, GOG EFNVEBLUVFa—E v 7 X73
4 vZABWTLCD1, LCD2, DLP D& 7 4 R 7 L 4 %8
X4 5 AHIBAR ORI IEZ 1T - kR 2R L2
DTH5.

GOG £ 7V of, CRT (Ki3E#HE ), LCD2 i
L CRBMECHE RS » 255, LCD1, DLP X4
REREE B, - 72 (Figure 5 £%)). Iho0RREE
TRIEANES XCEANECTEENER LD b5 1
b, HEOAEICEVWTIREL B3 EEBE S .
I3, SEfTIFSE (Fairchild & Wyble 1998) A ZE
Trante (RIdE#EES) L5 LCD1 ® DLP Tit
F v x VA TIBEY S Zlig A %, GOG €EF LT
RET AIEHBEBICEESE LRV ADTH S, Thicx
LT, $¥a—Ev 22754 vEBEEZHVEEAT
3, FOF 4 AT LAEBICBVT S RIERRTEE
EMER L (Figure 5 H51).

M7 4w 7 a7 RECHCHEELENBEIOL
DLP ic>WT, #EMIEOEE%E KL 72 & 0 Fig-
ure6 ThH5. GOGEFNDT 4w T4 I TR, BE
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Figure 7. Target and produced CIE1931 x, y values for each display device
The circles represent target 5 CIE1931 x, y values listed on Table 1 as XYZ values. The ‘X’ represents
measured values produced by GOG method, Cubic spline, or least-square method.

Left column: GOG model, middle column: Cubic spline, right column; least-square estimation.
From upper to lower: CRT, LCD1, LCD2, and DLP

X
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Table 2
Errors (RMSE) between estimated and measured XYZ values
In this table, ‘min’ indicates the smallest RMSE value in five XYZ estimations, ‘max’ indicates the
greatest RMSE value, and ‘mean’ indicates the mean of five RMSE values. Automated least-square
estimation procedure (Auto Calibration) drastically improved the accuracy of chromaticity estimations

for LCD and DLP display devices.

CRT LCD1 LCD2 DLP

GOG min 0.28 1.96 0.52 1.45
max 1.03 14.80 1.19 10.60

mean 0.51 9.44 0.72 5.50

Cubic min 0.19 3.34 0.73 3.54
spline max 0.44 13.97 1.33 8.92
mean 0.28 11.10 0.91 4.98

Auto min 0.26 0.16 0.28 0.19
calibration max 1.10 2.82 0.67 1.88
mean 0.65 0.77 0.33 1.39
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a CRT monitor
] GIF 19;1 chromaticity diagram

c CRT monitor
after flare correction

_CIE 1931 chromaticity diagram

b DLP projector
CIE 1931 chromaticity diagram

d DLP projector
after flare correction

. CIE 1931 chromaticity diagram
520 »

500 ¢

Figure 8. Measured chromaticities of red, green, and blue phosphors
a. CRT monitor, b. DLP projector, c. CRT monitor after flare correction, d. DLP projector after flare
correction. Arrows shown in panels a and b indicate increases of digital video inputs of RGB channels
from 0.0 to 1.0. Chromaticities gradually changed depending on digital video inputs for both CRT and
DLP before flare correction (a and b). For DLP projector, chromaticity constancy of primaries was not

realized even after flare correction (d).
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