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Color projector light intensity adaptive high dynamic range 3D

measurement method
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Abstract: The Fringe Projection Profilometry (FPP) system with a single exposure time or a single projec-
tion intensity is limited by the dynamic range of the camera, which can lead to overexposure and underexpos-
ure of the image, resulting in point cloud loss or reduced accuracy. To address this issue, unlike the pixel
modulation method of projectors, we utilize the characteristics of color projectors where the intensity of the
three-channel LED can be controlled independently. We propose a method for separating the projector's
three-channel light intensity, combined with a color camera, to achieve single exposure and multi-intensity
image acquisition. Further, the crosstalk coefficient is applied to predict the three-channel reflectance of the
measured object. By integrating clustering and channel mapping, we establish a pixel-level mapping model
between the projector's three-channel current and the camera's three-channel image intensity, which realizes
the optimal projection current prediction and the high dynamic range (HDR) image acquisition. The pro-
posed method allows for high-precision three-dimensional (3D) data acquisition of HDR scenes with a single
exposure. The effectiveness of this method has been validated through experiments with standard planes and
standard steps, showing a significant reduction in mean absolute error (44.6%) compared to existing single-
exposure HDR methods. Additionally, the number of images required for acquisition is significantly reduced
(by 70.8%) compared to multi-exposure fusion methods. This proposed method has great potential in various

FPP-related fields.
Key words: fringe projection profilometry; crosstalk coefficient; optimal projection currents; high dynamic
range
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1 Introduction

Fringe projection profilometry (FPP) is widely
used in industrial measurement processes with the
advantages of non-contact, high resolution, and high

U4, However, limited by the dynamic range

accuracy
of the camera, the FPP system will be oversaturated
and undersaturated when measuring complex ob-
jects with large variations in surface reflectance, res-
ulting in large errors in the measurement results or
even loss of measurement data”. The task of achiev-
ing high-accuracy measurement of high dynamic
range (HDR) targets in the field of 3D measure-
ment has been one of the challenges in the optical
measurement field"*”

There are many methods to solve the high dy-
namic range scene, which are roughly divided into
two types, one is to enhance the dynamic range by
hardware®!'", for example, Huang et al. achieved
HDR 2D image acquisition by adding digital mi-

19 and then combined with mask

cromirror devices
adaptive methods to achieve the acquisition of high-
precision data for HDR 3D scenes. Although the re-
construction of HDR scene is achieved, it increases
the cost of equipment and operation complexity.

The other is to achieve high dynamic range by al-

W LRV BIRALG RERY LR HHELR
doi: 10.37188/CO.EN-2024-0038

CSTR:32171.14.CO.EN-2024-0038

gorithms, such as changing the exposure time of the
camera '), changing the brightness of the pro-
jector or the projection method™ '“*!, For example,
Zhang et al."™ proposed to extract high and low re-
flectivity regions from images with shorter and
longer exposure times, respectively, by capturing a
sequence of streaked images with different expos-
ure times. This method effectively improves the dy-
namic range of the HDR target. In addition, the
study of projector modulation is also a way to solve
the issue, for example, Lin et al.*” marked the satur-
ated regions in the image and then projected low-in-
tensity stripe images onto these marked regions to
achieve HDR measurements. There are also single-
exposure solutions for high dynamics, such as Liu
et al.” who generated HDR streak maps for 3D re-
construction by projecting monochromatic light and
separating the channels of a color image and then
fusing them according to their intensities, which
took advantage of the three-channel crosstalk of a
color camera, but the method did not take into ac-
count the optimal intensities of three channels. In
addition, deep-learning can also be used for high dy-
namic 3D reconstruction™*, but the pre-training
requires a large number of samples and the general-

ization ability is a worry. In conclusion, methods
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based on multiple exposures and adaptive projec-
tion fringing are time inefficient, and additional aux-
iliary hardware to improve system performance adds
cost and computational complexity.

We utilize the characteristic of a color project-
or where the three-channel projection intensity can
be individually controlled, combined with a color
camera, to propose a single-exposure HDR 3D sha-
pe measurement method based on adaptive modula-
tion of the projector's current. The main contribu-
tions and innovations of this paper are as follows:

(1) A method for modulating the LED currents
of a three-channel projector has been proposed,
which simplifies the cumbersome processes of im-
age loading and mapping associated with projector
modulation. By leveraging the capability of the pro-
jector's three-channel light source to be independ-
ently controlled through LED currents, combined
with a color camera, this approach enables single
exposure multi-intensity image acquisition.

(2) A pixel-level mapping model has been pro-
posed to relate the projector's three-channel light
source current intensity to the image grayscale of a
color camera under channel crosstalk conditions.
This model enables the rapid computation of multi-
channel reflectance in HDR scenes and facilitates
the acquisition of the relationship model between
projection current and image grayscale.

(3) An adaptive HDR three-dimensional ima-
ging method has been proposed. By employing clus-
tering segmentation to integrate the camera chan-
nels with the projection channels, this approach en-
ables the prediction of optimal projection current
and facilitates single-exposure 3D data acquisition
in HDR scenes. Additionally, it achieves efficient
and high-precision 3D measurement of complex re-

flectance objects.

2 Principle

Fig. 1 (color online) illustrates the system hard-
ware and algorithm flow. It is a FPP measurement

system consisting of a color projector and a color

camera. The three-channel projection intensity of
the projector can be individually controlled by ad-
justing the LED intensity levels (0-255), with the
LED current intensity being proportional to the pro-
jection intensity. First, the projector projects a uni-
form grayscale image, setting the current values for
the red, green, and blue channels to (120, 120, 120)
and (20, 20, 20) to obtain two pre-acquired images,
as shown in Fig. 1(c). Next, three-channel separa-
tion and crosstalk correction of the joint pixels are
performed from the two images to acquire three-
channel crosstalk-free images (the calibration of the
crosstalk function is demonstrated in Section 2.1),
as shown in Fig. 1(d). HDR images are then calcu-
lated using the crosstalk-free images from each

channel (Section 2.2), as shown in Fig. 1(b).

" (a) System schematic

“ V(b) High dynamic range image prediction
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Fig. 1 Hardware and algorithm flowchart. (a) System
schematic. (b) HDR image prediction. (c) Color
multi-channel projector current adaptive modula-
tion. (d) Crosstalk calibration process. (¢) Color im-

age channel separation and fusion

Subsequently, the obtained HDR images have
background noise removed and undergo region seg-
mentation using a clustering algorithm™”, dividing
the image into high-brightness, medium-brightness,
and low-brightness regions, with each channel cor-
responding to different regions. This information is
combined with crosstalk to calculate the optimal
current intensity for the projector's three channels
(Section 2.3). As shown in Fig.1(c), the projector's
three-channel current intensity is calculated to
(0,34,122), and images are captured by the camera.

After separating the three channels of the acquired
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image, they are fused according to the clustering
mask to obtain a non-overexposed scene image, as
shown in Fig. 1(e).
2.1 Crosstalk calculation

The existing crosstalk curve calibration meth-
od calculates the single-channel crosstalk function
by projecting multiple uniform grayscale images
with different intensities™. To simplify the crosstalk
calibration process, this paper proposes a rapid
crosstalk calibration method, where single-channel
crosstalk can be computed using just one image, and
the mutual crosstalk among the three channels is
quickly calibrated using three monochromatic im-

ages, as shown in Fig. 2 (color online).
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Fig. 2 Crosstalk calibration curve calculation. (a) Three-
color image acquisition and channel separation. (b)
Blue channel crosstalk fitting to green and red chan-
nels. (c) Green channel crosstalk fitting to blue and
red channels. (d) Red channel crosstalk fitting to

green and blue channels

First, the projector projects a uniform gray-
scale image, setting the currents of the three-color
light sources to (100, 0, 0), (0, 100, 0), and (0, O,
100) to acquire images Iz, Ig, and Iz from three
channels, as shown in Fig. 2(a). The calibration of

the channel crosstalk function is represented by
Eq. (1).

fR—>R(IR7R) = IRfR
JrocUr ®) = aroglr R +brog

min(z (ar-Glr R +brog — IRiG)z) , (D
SroB(URr R) = ar—plr R +brop

min (Z (arsplr R +brop — Ik B )2)

where Ix_r, Iz_g, and Iz_p are the three-channel im-
ages after the separation of the Iz channel, as shown
in Fig. 2(a). fror, frog, and fr_p are the crosstalk
functions of the red to the red, green, and blue chan-
nels as shown in Fig. 2(b), and ar_g, br_g, aro B,
and bg_p are the parameters of the crosstalk equa-
tions obtained from the fitting.

Similarly, the crosstalk function of the green
channel to the three channels fg_r, f5-g, and fg_g,
the crosstalk function of the blue channel to the
three channels fz_r, fz—g, fe—s can be obtained.
The fitted curves are shown in Fig. 2(c) and
Fig. 2(d), and the calibration results are shown in
Table 1.

Tab.1 Crosstalk calibration results

aR b_or a-G bog ap b_p
R 1 0 0.209 3.081 0.129 4.789
G 0.268 3.307 1 0 0.193 5.537
B 0.082 3.995 0.314 3.194 1 0

2.2 HDR image calculation

The grayscale of the image is influenced by ex-
ternal lighting, camera gain, and the reflectivity of
the object being captured!”, which can be ex-
pressed by Eq. (2):

I(x,y:1) = tap(x, )PP (x,y) + tap(x, ) (x,y) + I'(x,y),
2

where I(x,y;f) is the image brightness obtained by
the camera at the pixel coordinates (x,y) for the ex-
posure time ¢, @ is the proportionality coefficient of
the light intensity converted to grayscale values,
p(x,y) is the reflectivity of the illuminated object,
P(x,y) is the projector's light intensity on the object,
[°(x,y) is the ambient light intensity on the surface

of the object, and ["(x,y) is the noise from camera it-
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self.

If IP(x,y) is known, and the exposure time is
fixed, then ra is a constant value. Therefore, by pro-
jecting two images with known brightness levels us-
ing the projector and capturing two images with the
camera, the reflectivity p(x,y)of each pixel corres-
ponding to the object within the camera's imaging
range can be calculated. Assuming the projector's
current intensities are set to 20 and 120 for uni-
form grayscale images (maximum grayscale value
is 255), let these images be P*(x,y) and P'*(x,y),
and the captured image values be I?°(x,y;f) and
I'(x,y;1). Taking a scene that includes an alumin-
um metal workpiece and a plaster bust as an ex-
ample, the captured images are shown in Fig. 3(a)

@

o P (xyst)

2
T

ES

L L L L s
60 70 80 90 100 1000 500

R:G:_BZIZO Xlgrayscale (b) ‘ X/ ?iXCI

(color online). When I'®(x,y;r) < T, the relation-
ship between projection brightness and image gray-
scale is linear. Let 7 be the minimum grayscale
value in the saturated region of the image, set to
T7=200 to ensure the linear relationship. Reflectance
factor K(x,y) is tap(x,y), the reflectivity coeffi-
cient K(x,y) and the intercept LB(x,y) are calcu-
lated as shown in Eq. (3), with the results displayed
in the upper left in Fig. 3(b) (color online) at posi-
tion b-1.

Y(x,y) = K(x,y)I"(x,y) + LB(x,y)

Ky = 1y = I(x,y30)
*y) = —mg ) =P (xy)

LB(X»)’) = Izo(xay;t) - K(xvy)lpzo(xvy)
I*°(x,y,6)<T) . (3

6 000
I 5000

4000

3000

2000

1000

Pbixg, 1000 1000

xlpixel

Fig. 3 HDR image calculation. (a) Pre-acquisition image. (b) Reflectance calculation of the measured scene,b-1 is the reflect-

ance coefficient of the I'?°(x,y;r) non-over-exposed region, b-2 is the distribution and fitting result of LB(x,y) and

1'0(x,y;1), b-3 is the reflectance coefficient of the 1'?°(x,y;r) over-exposed region, and b-4 the reflectance coefficient of

the measured scene. (c) High dynamic range measured scene data

When I'*(x,y;?) < 255, the reflection coeffi-
cients K(x,y) and LB(x,y) of the object's surface
can be calculated using Eq. (3). However, when
I'(x,y;£)=255, the reflection coefficient cannot be
directly calculated. Therefore, the intercept LB(x,y)
is calculated through the pixel of I'®(x,y;1) < 255.
The intercept LB(x,y) is the effect of the external
ambient light intensity and noise in the case that the

projected current is 0, as shown in Eq. (4)
LB(x,y) = tap(x, DI (x, )+ I'(x,y) , (4
In the underexposed region, LB(x,y) is lin-

early related to I*°(x,y;t). Therefore, the LB(x,y)
at I'"™(x,y;t)=T can be predicted by fitting the

relationship between LB(x,y) and I*(x,y;f) at
I'"™(x,y;f) < T as shown in Eq. (5). The results are
shown in Fig. 3(b) at position b-2.

LB(x,y) = kig(x, DI (x,y;0) + big(x,y) . (5)

Where kig(x,y) and b g(x,y) are coefficients ob-
tained by fitting. The reflectance coefficient K(x,y)
can be calculated by fitting the acquired LB(x,y)
as shown in Eq. (3), with the results displayed in
Fig. 3(b) at position b-3.

I(x,y;1)— LB(x,y)
lpZO (x’ y)

When the current of the projector is » while

6)

K(x,y) =

projecting stripes, the reflectivity I"(x,y;t) can be
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predicted from Eq. (7). The calculation results of the
HDR image of the measured scene are displayed in
Fig. 3(c).

I"(x,y;t) = nK(x,y) + LB(x,y) . 7D

2.3 Optimal current prediction
There is a crosstalk between the channels of the
pre-collected images. As shown in Fig. 4 (color on-

line).

Three-channel images Three-channel
after de-crosstalk HDR images

Channel Split

Original
picture

Crosstalk
ancellation

P 4
"' .
2 400
P 200
0

Fig. 4 Three-channel image crosstalk removal and three-

R=G=B=120

channel HDR image acquisition

To accurately calculate the HDR images for
each channel, it is necessary to correct for this
crosstalk. Let the captured images be I*°(x,y) and
I'(x,y), and the separated images for the three
channels be I’(x,y), IZ(x,y), and I’(x,y).The

crosstalk correction is shown in Eq. (8).

R :fGHR(Ié?;)'i_fBHR(I]zg?)'FI]zz?,
120 froczD) + faocUp) + 13, (8

I3 = foosg) + fros(Ip) + I,

where 12°

2, I3 and I3 are the images after correc-

tion for crosstalk, similarly the three-channel separ-
ated image of I'*(x,y) can be corrected, and the

three-channel HDR image (as shown in the R, G,

and B images in Fig. 4 and Fig. 5, color online), re-
flection coefficients, and intercept coefficients (as
shown in Eq. (7)) can be calculated by the method

in Section 2.2.

Cluster Segmentation

, 300 Highlight (R)
Sub-Highlight (G)
160083 Low Brightness (B)
|400 Background (Black)
1200,
1,000 Least squares
solution Eq. (9)
{800
600 3
R
G
B

Predicted projected light
intensity and acquired image

a
s

© Q=
SIS
S|S

I

wa=
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NNIN
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£

i H
ISIES

Pre-acquired images T

|_

Single-channel high
dynamic images

Fig. 5 Clustering and optimal light intensity calculation

The pre-acquired image is converted to gray-
scale by the method shown in Section 2.2 to obtain a
HDR image. The image is divided into three parts
by K-Means clustering segmentation, and the res-
ults are shown in Fig. 5. The R channel corresponds
to the bright part, the G channel corresponds to the
sub-bright part, the B corresponds to the low-bright
part, and the black area in the figure is the part of
the projected light that is blocked and is not in-
volved in the calculation.

The reflectivity coefficient Ky and intercept
LBy are obtained from the top 10 maximum values
of the HDR image's red channel corresponding to
the highlight region.

The parameters Kg, LBg, Kz, and LBy are ob-
tained from the sub-highlighted and low-lighted re-
gions. After correcting for crosstalk, the light intens-
ity of the three separated channels of the images
captured by the camera can be expressed as shown
in Eq. (9).

Iy = for(ng *EG +EG) + fa—r(nb K +§B) +nrxKg + LBy
Ig =fR_>G(nr*ER +§R)+f3_>g(nb*i3 +EB)+ng*EG +EG . 9)
IB :fGﬁB(ng*EG+EG)+fR_,B(nr*ER +ER)+nb*?B +EB

where the values Iy, IS, and Iy’ correspond to the
maximum target grayscale values in the three re-

gions obtained from clustering segmentation, and to

ensure that they are not saturated, we set them all to
200. The values nr, ng, and nb represent the optim-

al projection current intensities for the three chan-
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nels that need to be calculated. The optimal solution
(0, 34, 122) is obtained by iteratively solving the
system of equations in Eq. (9). After setting the pro-
jection currents, the images captured by the camera
are shown in Fig. 5, and the non-saturated image ob-
tained after fusing the three channels is displayed in
Fig. 1(e).

3 Experiment

The hardware setup used in this paper is shown
in Fig. 6 (color online). The system consists of a
three-channel color projector (DLP4500) with a res-
olution of 912 x 1140 pixels and a color (RGB)
camera with a resolution of 1280 x 1024 pixels.
Projector led current module for the manufacturer
encapsulated projection module, can individually
control the three-channel projection current (0-255).
The current and projection light intensity are ap-

proximately linearly related.

300 nann

Fig. 6 Experiment setup

The camera has a focal length of 16 mm, and
the working distance of the projector is 300 mm.
During the measurement process, the projector
projects a total of 12 sinusoidal encoded images
with three frequencies and four steps (with pixel
periods of 16, 18, and 21) onto the surface of the ob-
ject. The camera then captures the modulated stripe
images for phase unwrapping to obtain the absolute
phase, which is used for subsequent 3D reconstruc-
tion.

The projector's three-channel currents are set to
(0, 34, 122), and a color camera with a resolution

of 1280 x 1024 pixels is used to capture the striped

images. The stripes used in this study are three-fre-
quency sine stripes with a phase difference of 0.57.
The captured image is denoted as ;(i = 1,2,3---12),
and the background intensity 4 can be calculated us-
ing Eq. (10).

12
A=(Zl,-]/12 . (10)

i=1
The process of calculating high dynamic range
stripes for highly reflective objects is shown in
Fig. 7 (color online). The background intensity A4
is separated into three channels to obtain 4,, 4,,
and A4,.

Calculate background light intensity

Normalize

. Channels -

) separated

Fig. 7 High dynamic range streak acquisition for highly re-

flective objects

The normalized fused stripes are expressed as
Eq. (11).

AV = A, * maskr + A, * maskg+A, * maskb

IT = I xmaskr + I° « maskg+I? «maskb

I =1"-A")/(A” +0.001) 0.5 +0.5

QD)

where IT is the image obtained after fusing the three
channels, I}, I°, and I? are the images obtained
after separating the three channels of I;, AV is the
image obtained by fusing the background intensity
across the three channels, and )" is the normalized
stripe image. The maskr, maskg, and maskb are the
three-channel masks calculated from clustering seg-
mentation, where the constant 0.001 is used to avoid
division by zero.

As shown in Fig. 8 (color online), the 3D point
cloud generated using the method described in this

paper is shown in Fig. 8(b). Compared to the unpro-
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cessed method (Fig. 8(a)), the point cloud in the
overexposed areas has been completed, achieving
HDR 3D data generation.

160
140
1

% ﬁ (,Li

u)
40

100 200 20 5 100 200~ 20

x/mm

(a) (b)
Fig. 8 HDR scene measurement experiment. (a) 3D data
obtained using traditional methods. (b) 3D data ob-

tained using the method proposed in this paper

4  Accuracy verification

4.1 Measurement of standard parts
In our experiments, we measured the metal sur-
face with holes as shown in Fig. 9 (color online),

and in order to better characterize the effectiveness

@

s \\\\\\\"

and accuracy of the proposed method, we compared
it using the methods, proposed by Zhang!s! and
Liu®. To ensure fairness, the methods we com-
pared all use the three-frequency, four-step phase-
shift method for wrapping phase solving.

The measurement results of the metal surface
are shown in Fig. 9. The 3D result of the overex-
posed stripes obtained without processing is shown
in Fig. 9(a), where data loss occurs in the overex-
posed areas. Fig. 9(b) presents the 3D point cloud
data obtained using Liu's method (with three-fre-
quency four-step phase-shifting), where the point
cloud is completed in the overexposed regions;
however, the accuracy is affected by low signal-to-
noise ratio at the edges of channel fusion. Fig. 9(c)
shows Zhang's proposed method, which effectively
addresses the impact of overexposure and obtains
high-quality point clouds. Compared with Zhang's
method, the method in this paper (Fig. 9(d)) can
realize HDR measurements in only one exposure
with comparable accuracy. Compared to Liu's meth-
od, the proposed method has higher measurement

accuracy in the overexposed region.

Fig. 9 Comparison of measurement results. (a) 3D data acquired by the traditional method. (b) 3D data acquired by Liu's

method™?. (¢) 3D data acquired by Zhang's proposed method™. (d) 3D data acquired by the method in this paper
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To quantitatively evaluate the proposed meth-
od, tests were conducted on the metal artificial
standard step shown in Fig. 10(a) (color online). To
better describe the effectiveness and accuracy of
the proposed method, we compared it with Liu's
method™! and traditional methods. The reconstruc-
ted 3D results are shown in Fig. 10(a)—(c) (color on-
line). The results of plane fitting for one of the steps
are illustrated in the R1, R2, and R3 regions in
Fig. 10(d) (color online). The proposed method
achieved an RMSE of 0.029 mm at the step, which
is a 21.6% improvement in accuracy compared to
Liu's method. The error distribution indicates that
the point cloud is smoother and has smaller errors at

the junctions of channel transformations.

Error/mm
R RSB 005 |>0‘3
0.2
1M
R RIVISE=0/037fmm :
0

-0.1
R3 RIVSEZ0!0295mm!

-0.2

<=0.3

(d)

Fig. 10 Highly reflective standards and step measurement
result. (a) 3D data obtained by the traditional meth-
od. (b) 3D data obtained by Liu's method?.. (c¢) 3D
data obtained by the method in this paper. (d)
Planar RMSEs of the three methods

To quantitatively evaluate the accuracy of the

method, the 3D data of each step surface was fitted

into different step planes, and the average distance
from the point on the step plane to the neighboring
step planes was used as the step height. The compar-
ison between the method in this paper and Liu's
method is shown in Table 2. The accuracy is im-
proved by 44.6% (13 um) compared to Liu's meth-
od.

Tab.2 Comparison of measurement accuracy

Liul proposed method
Step distance (mm)
values errors values errors
12.053 12.094 0.041 12.070 0.017
10.006 10.040 0.034 10.029 0.023
8.018 7.991 0.027 8.002 0.016
6.016 5.999 0.017 6.026 0.010

4.2 Measurement efficiency

To evaluate the efficiency of the measurement
methods, several existing methods were compared,
with the metal plane in Section 4.1 being measured,
and the results are shown in Table 3. Compared to
Zhang's method, while the measurement accuracy is
nearly the same, the number of images required by
the proposed method is 14, a reduction of 70.8%
compared to Zhang's 48 images. Compared to Liu's
method, the proposed method demonstrates higher
accuracy in the channel transformation alternating
regions, with a 16.1% reduction in RMSE in the
measured scene, and a 37.0% increase in point cloud
quantity compared to traditional methods. The com-
parison results indicate that the proposed method
ensures the completeness of HDR scene measure-

ment data while balancing speed and accuracy.

Tab.3 Comparison of the proposed method with the latest multi-exposure methods

Traditional Wang!®! Liu® Zhang!" proposed
Number of exposure times 1 1 4 1
Number of captured images 12 13x3+1=40 12+1=13 12x4=48 12+2=14
Number of point clouds 989260 —_— 1022294 1026280 1025844
RMSE (mm) 0.073 e 0.031 0.025 0.026




1228 RED2E (RgEs)

#18 %

5 Conclusion

A novel method for projector modulation is
proposed, this method utilizes the independently
controllable characteristics of the three channels of
the color projector, avoiding the cumbersome opera-
tions of modifying stripe brightness and changing
image brightness through multiple exposures with

the camera. It has the advantage of obtaining the 3D
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exposure method. The absolute average error of the
measurement of the standard highly reflective parts
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