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Integral colorimeter based on compound LED illumination
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Traditional integral colorimeters use tungsten–halogen or xenon lamps for illumination, as well as correct-
ing filters to make the instrument’s spectral response meet the Luther condition. This structure causes
the instruments to have relatively higher error and poor repeatability. Thus, this letter proposes a new
measurement design that uses compound LEDs as the instrument’s measurement light source. The new
design adjusts the instrument’s spectral response by modifying the spectra of the compound LEDs. A
compound LED light source is designed for integral colorimeters, and an experiment is conducted to eval-
uate the performance of the integral colorimeter. Experiments show that the design effectively reduces the
error of integral colorimeters.
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Integral colorimeters are widely used in areas such as
painting[1], medical treatment[2], agriculture[3,4], and
plastics[5]. Wang et al.[1] used a colorimeter to create
a color separation criterion for spectral multi-ink printer
characterization. Xiao et al.[2] used a colorimeter to in-
vestigate Chinese skin color and appearance. Intaravanne
et al.[3,4] used a mobile device-based application to esti-
mate banana ripeness and analyze the color level of rice
leaf for nitrogen estimation. Polyzois et al.[5] measured
color changes to evaluate the effect of accelerated aging
on materials. The spectral response of integral colorime-
ters is based on the relative spectral sensitivity of the sen-
sor, the illumination spectrum power distribution (SPD),
and the spectral transmittance of the filter. Sametoglu
et al.[6] used a RGB sensor as the colorimeter detector.
Shannon et al.[7] presented a method of calculating the
thickness for the filter matching of a colorimeter.

In integral colorimeters, tungsten–halogen or xenon
lamps are often used as the illumination source, and cor-
recting filters are used to make the instrument’s spec-
tral response meet the Luther condition. In actual ap-
plications, tungsten–halogen lamps have low intensity at
the short-wavelength part of the visible spectra, caus-
ing the measurement to have a low signal-to-noise ra-
tio (SNR) and reducing the instrument’s repeatability.
Xenon lamps have non-smooth spectral distribution, and
appropriate filters that meet the Luther condition are
difficult to find. Moreover, the type of colored glass
is limited, and accurately correcting it is difficult (a
large error would exist for the instrument). If multi-
ple filters are used, the transmittance would be rela-
tively low, which also lowers the instrument’s repeata-
bility. Accordingly, researchers have exerted efforts to
improve the accuracy of integral colorimeters using a cal-
ibration algorithm. Soloviev et al[8] proposed an integral
colorimeter that functions according to the principles of
ar tificial neural nets. Gardner[9] established a calibra-
tion model possessing low chromaticity uncertainties.

This research proposes a new design for integral col-
orimeters using compound LEDs for illumination. The

instrument’s spectral response is adjusted by modify-
ing the spectra of the compound LEDs. According to
color measurement principles recommended by the inter-
national Gommission on illumination (CIE), when mea-
suring the color tristimulus under CIE illuminant D65,
the instrument’s spectral response should meet
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where k1, k2, and k3 are constants that balance each
side of the equation; S(λ) is the relative SPD of the
instrument light source; Tx(λ), Ty(λ), and Tz(λ) are the
spectral transmittance of the filters; TD(λ) is the nor-
malized intensity of CIE illuminant D65, whose SPD is
shown in Fig. 1(a); x10(λ), y10(λ), and z10(λ) are the
spectral tristimulus of CIE 1964 standard observer, as
shown in Fig. 1(b); γ(λ) represents the sensor’s relative
spectral response.

The color measurement condition satisfied in Eq. (1)
is called the Luther condition. As shown in Eq. (1), the
spectral response of the instrument is based on the light
source, detector, and filters. After the light source and
sensor are determined, the spectrum transmittance of
the filters is chosen to meet the Luther condition. Based
on Eq. (1), the relative transmittance of the X , Y , Z

Fig. 1. Color measurement spectra recommended by the CIE:
(a) SPD of D65 illuminant and (b) CIE 1964 spectral tristim-
ulus.
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where τx(λ), τy(λ), and τz(λ) are the relative spectral
transmittance of the filters.

The SPD of the tungsten-halogen lamp is shown in
Fig. 2(a). Silicon detectors are usually used as the col-
orimeter’s sensor. They have low response at shortwave
lengths, as shown in Fig. 2(b). The needed filter’s rela-
tive transmittance is shown in Fig. 2(c). When tungsten-
halogen lamps are used as the measurement source, the
measurement of the Z value is bound to have a low SNR
and low repeatability.

Xenon lamps have ample distribution throughout the
visible spectra, but their spectra are not smooth, as
shown in Fig. 2(d). Thus, filter matching becomes very
difficult, as shown in Fig. 2(e).

To solve those problems, this letter proposes to use
compound LEDs to measure illumination and adjust the
spectral response of the instrument by modifying the out-
put spectra of the compound LEDs. Filters are not used
in this design; the instrument’s spectral responses are
based on the SPD of the LED light sources and spectral
response of the detector and should satisfy
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Fig. 2. Filter relative transmittance calculation with
tungsten–halogen and xenon lamps: (a) SPD of tungsten–
halogen lamp, (b) silicon detector spectrum response, (c)
filter transmittance with tungsten–halogen lamp, (d) SPD of
xenon lamp, and (e) filter transmittance with xenon lamp.

Fig. 3. Target SPD of compound LEDs.

where LTx(λ), LTy(λ), and LTz(λ) are the target SPD of
the compound LEDs when measuring tristimulus values
X , Y , and Z; c1, c2, and c3 are constants. Using a sensor
whose spectral response is as shown in Fig. 2(b), LTx(λ),
LTy(λ), and LTz(λ) are obtained (Fig. 3).

In this research, 31 LEDs are used in the compound
LEDs. By modifying the driving current of the LEDs,
three different compound light sources are designed.
More LEDs and smaller intervals between peak wave-
lengths result in better fitting accuracy but are limited
by cost, instrument structure, and LED type. Thus, in
the design of this instrument, LEDs are chosen with in-
tervals between peak wavelengths of 10–15 nm.The peak
wavelengths of the 31 LEDs are 400, 412, 424, 436, 448,
460, 472, 484, 496, 508, 520, 532, 544, 556, 568, 580, 592,
604, 616, 628, 640, 654, 668, 678, 692, 711, 727, 740, 752,
765, and 780 nm. Considering that the LED with peak
wavelength at 400 nm has a half spectral width of 20 nm,
it can provide the intensity distributed at 380 nm. The
spectral tristimulus value of CIE 1964 at 360 and 370 nm
is zero. Thus, LEDs with peak wavelengths at 360, 370,
380, and 390 nm were not included.

Based on spectral superposition principles, the fitting
model of the LED compound light source is expressed[10]

as

Li(λ) = Σn
j=1Sj(λ) × Kij , (4)

where i is the type of compound LEDs X , Y , and Z; Kij

is the driving current coefficient of the jth LED; Sj(λ) is
the SPD of the jth LED; n is the number of LEDs. The
following equation evaluates the consistency between the
actual SPD of compound LEDs Li(λ) and the target SPD
of LTi(λ). When the minimum value is reached, Li(λ)
is the closest to the LTi(λ), and then the optimized Kij

can be obtained.

Σ|LTi(λ) − Li(λ)| = min . (5)

Relative error used to evaluate the consistency between
Li(λ) and LTi(λ)[11,12] is calculated by

f ′

1 =
Σ|LTi(λ) − Li(λ)|

ΣLTi(λ)
, (6)

where f ′

1 is the fitting accuracy, and a lower f ′

1 corre-
sponds to a higher spectral consistency between Li(λ)
and LTi(λ). According Eq. (4), the optimized Kij can
be calculated by

LT i = S × Ki, (7)
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The optimized solution for matrix Ki can be obtained
through multi-variable linear regression. A Matlab pro-
gram is used for the calculation. The experiment results
for the SPD of the three compound LED light sources
Lx(λ), Ly(λ), and Lz(λ), are shown in Fig. 4. The fitting
accuracy f ′

1 in the actual experiment is shown in Table 1.

Table 1. Spectral Fitting Evaluation

Light Source f ′

1 Value

Lx 0.037

Ly 0.035

Lz 0.049

Using the prepared compound LED light source, an
integral colorimeter is subsequently designed.The struc-
ture of the design uses a D/8 illumination structure; the
31 perforation holes are uniformly distributed on the
inner surface of the integrating sphere that is parallel
to the surface of the measured object, as shown in Fig.
5(a). The compound LED light source consists of 31
LEDs; light from each LED enters the sphere through a
perforation hole. Figure 5(b) is the vertical view of the
middle section of the integrating sphere. The sensor is
on the inner surface of the integrating sphere 8◦ from
the normal of the sample. Light from the light source
firstly illuminates the inner surface of the integrating
sphere and provides diffused illumination to the sample,
and then the sensor collects light signal and transmits it
to the computer for measurement.

Fig. 4. Comparison between target SPD and experimental
results of compound LED light source: (a) between LTX (λ)
and LX(λ), (b) between LTY (λ) and LY (λ), and (c) between
LTZ(λ) and LZ(λ).

Fig. 5. Structure of integral colorimeter with a LED com-
pound light source: (a) measurement structure and (b) ar-
rangement of compound LED light source.

Fig. 6. Comparison of (a) X, (b) Y , and (c) Z value test
results with those using optimized and standard instruments.

The instrument shown in Fig. 5 and a standard in-
strument are used to measure the sample. The standard
instrument used is Konica Minolta spectrophotometer
CM-700D, which can measure the reflective spectra of
the sample and provide tristimulus values of the sam-
ple illuminated by standard light sources. The samples
are 224 Pantone-C color charts. The experiment results
shown in Fig. 6 indicate that the findings from the
two instruments have good relativity for all three tris-
timuli (X , Y , and Z), with Y having better relativity
than X and Z. After calibrating the instrument struc-
ture using the results from the CM-700D instrument,
BCRA standard color charts are measured using the in-
strument, and the results are shown in Table 2. Accord-
ing to JJG595-2002[13], the performance of the integral
colorimeter could be evaluated by testing the BRCA-
compared test data with standard data. (x, y) is the
color coordinate calculated by

x =
X + Y + Z

X

y =
X + Y + Z

X
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The experimental results show that the integral col-
orimeter using the compound LED light source meets the
measurement requirements of first-class colorimeters.

In conclusion, this letter uses compound LEDs as an
illumination source and acquires the required spectral
distribution by modifying the driving currents of the 31
LEDs. The measurement results from the new design are
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Table 1. BCRA Test Data

Standard Data Test Data D-Value

Y x y Y x y Y ∆x ∆y

BCRA-BLK 4.81 0.3098 0.3290 4.72 0.3124 0.3294 −0.09 0.0025 0.0004

BCRA-YELL 62.84 0.4518 0.4656 62.23 0.4498 0.4644 −0.61 −0.0020 −0.0012

BCRA-DFGRY 28.29 0.3130 0.3314 28.17 0.3128 0.3311 −0.12 −0.0002 −0.0003

BCRA-RED 15.12 0.4736 0.3350 15.10 0.4688 0.3349 −0.02 −0.0048 0.0000

BCRA-WHT 89.44 0.3185 0.3366 88.77 0.3171 0.3350 −0.67 −0.0015 −0.0016

BCRA-ORAN 35.88 0.5055 0.3874 35.41 0.5019 0.3864 −0.47 −0.0036 −0.0010

BCRA-MDGRY 27.71 0.3112 0.3374 27.59 0.3111 0.3372 −0.12 −0.0001 −0.0002

BCRA-DKGRY 9.13 0.3155 0.3322 9.10 0.3160 0.3321 −0.03 0.0005 −0.0001

BCRA-DFGRN 24.29 0.3004 0.4094 24.31 0.3004 0.4104 0.02 0.0001 0.0010

BCRA-CYAN 24.59 0.2203 0.2686 24.69 0.2208 0.2706 0.10 0.0005 0.0020

BCRA-DBLUE 5.67 0.2587 0.2381 5.70 0.2588 0.2376 0.03 0.0001 −0.0006

BCRA-DROSE 15.02 0.3761 0.3107 14.90 0.3749 0.3100 −0.12 −0.0012 −0.0007

BCRA-DFGRN 23.61 0.2923 0.4019 23.71 0.2927 0.4029 0.10 0.0004 0.0009

compared with those from a standard colorimeter. The
tristimulus results X , Y , and Z from the two instru-
ments show good relativity. Results from measuring
BCRA color charts show that this design effectively re-
duces the indicating error of integral colorimeters. The
indicating error mainly originates from the fitting error
of the compound LED light source and the difference of
the light source’s actual spectra from the ideal simulated
spectra. The fitting could be improved in future work.
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