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Abstract. Curved metal projection screens are widely used in various places such as theme
parks, museums, and art galleries due to their ability to produce highly immersive 3D stereo-
scopic projection effects. They have also become important interactive devices for constructing
projection-based virtual reality systems. However, because metal screens have non-Lambertian
reflection characteristics and the normal direction on the curved screen changes significantly, the
brightness of the image seen by viewers at different positions varies remarkably. Traditional
brightness fusion algorithms can only achieve brightness fusion from a single viewing angle,
maintaining consistent brightness of the projected image under that single angle but fail to handle
the significant changes in image brightness when viewers move during viewing. To address this
issue, this paper proposes a multi-projection fusion system for large special-shaped metal screens.
This system can not only effectively correct the geometric distortion of images on special-shaped
metal screens but also perform real-time brightness fusion of the projected images according to
the user’s position. As a result, users can always see images with consistent brightness during
mobile viewing, effectively enhancing the sense of reality and immersive experience.
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1 Introduction

Large-space projection environments are no longer limited to traditional flat diffuse reflection
screens; the application of large-space special-shaped metal projection screens is growing rapidly.
Metal screens not only enable high-quality polarized 3D display effects but also, through their large-
space and special-shaped design, provide viewers with an enveloping, highly immersive VR viewing
experience. As a result, they are widely used in 4D cinemas, theme parks, museums, and art gal-
leries.

In such large-space projection-based VR display environments, viewers are no longer confined
to the traditional viewing mode of sitting in fixed seats; instead, they can watch and interact while
moving freely. References [1, 2, 3] propose a series of multi-user stereoscopic display technologies,
which can provide independent 3D display effects for 2-6 users in the same projection area. This
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allows viewers to independently see 3D images that match their positions and perspectives while
moving freely, thereby achieving a more realistic and immersive VR experience.

However, [1, 2, 3] focus mainly on technologies that provide independent 3D display effects
for group users by modifying projector devices and 3D glasses, but do not address the issue of
significant changes in the brightness of projected images when users move freely in the environment
with special-shaped metal projection screens in large-space. Due to the non-Lambertian reflection
characteristics of metal screens and the obvious changes in the normal direction on the curved screen,
the brightness of the image seen by viewers at different positions varies significantly, which reduces
the sense of reality and immersive experience.

Traditional multi-projection brightness fusion algorithms can only achieve brightness fusion
from a single viewing angle, maintaining consistent brightness of the projected image under that
single angle, but fail to handle the significant changes in image brightness when viewers move during
viewing. As shown figures 1(a) and (b), even if the brightness of multiple projectors is correctly
fused at the central position, when viewers watch from the left and right positions respectively, the
image brightness on the curved metal screen still shows obvious inconsistency. Meanwhile, the
Mach band phenomenon in the overlapping areas of the images from different projectors is also very
prominent. To address this, this paper proposes a multi-projection fusion system for large special-
shaped metal screens, which can perform brightness fusion of the projected images according to
the user’s position. This ensures that users can always see images with consistent brightness during
mobile viewing, while also eliminating the Mach band phenomenon in the overlapping parts of the
images from multiple projectors (as shown in figures 1(a) and (b)), thus effectively enhancing the
sense of reality and immersive experience.

@

Fig. 1. Brightness fusion and geometric stitching of the multi-projection system. In (a) and (b), the upper
(lower) images respectively show the effects before (after) brightness fusion as observed from the left and mid-
dle positions of the screen, and (c) The upper image shows the stitching result viewed from the middle position
of the screen, while the two images below respectively display the stitching results of the non-overlapping area
(left) and the overlapping area (right).



In addition, regarding the geometric distortion correction of curved projection screens, the
method commonly used in current engineering is to realize image distortion correction by manually
dragging and adjusting the positions of the corner points of the grid image. This manual correc-
tion method is extremely time-consuming and difficult to achieve precise correction when dealing
with large-space special-shaped projection screen environments. Another method is to use a single
camera to capture the image distortion and then perform automatic correction, but this method has
the problem that the shooting angle of a single camera cannot cover the large-space special-shaped
screen. To address this, this paper also proposes a method for image distortion correction based on
3D reconstruction of the special-shaped screen using a stereo fisheye camera pair (as shown in fig-
ures 1(c)), which improves the accuracy and efficiency of image distortion correction for large-space
special-shaped projection screens. The main contributions of this paper are as follows:

* For the geometric correction and image stitching of multi-projection images on special-shaped
screens, quadratic surface fitting is used to achieve continuous and complete 3D reconstruc-
tion, and implement arc length parameterisation for dimensionality reduction. On this basis, a
one-to-one mapping relationship from the physical pixels of the projector to the pixels of the
actual projected image is established.

* Regarding the brightness fusion problem, the concept of irradiance and human contrast per-
ception are used to explain brightness, and corrections are performed for the RGB channels
respectively to concentrate the image brightness in a relatively small brightness range as much
as possible, thus realizing natural stitching of the projection area and a more comfortable and
natural user experience.

* Based on the pre-measured brightness data of the special-shaped metal screen at several fixed
positions, real-time multi-projection brightness fusion is achieved through position interpo-
lation, ensuring that the brightness of the projected image seen by users remains consistent
during free movement.

2 Related work

In multi-projection fusion systems, to ensure a favorable user experience and immersion, there
are two primary issues that need to be addressed. On one hand, the problem of geometric stitching
must be resolved to guarantee the integrity and seamlessness of the image. On the other hand, the
aspect of brightness fusion requires attention, aiming to eliminate significant brightness differences
so that users do not easily perceive that the projected image is formed by the combined projection
of multiple projectors.

2.1 Geometric Correction

In general, within the research on geometric correction for multi-projection systems, the re-
search trend has gradually shifted from traditional multi-projection geometric correction on flat
screens [4, 5] to multi-projection geometric correction on curved special-shaped screens [6, 7].
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Fig. 2. Analysis of factors affecting image brightness on special-shaped metal projection screens.

Moreover, geometric correction methods have evolved from mechanical structure correction [8, 9]
to camera-based geometric correction [10, 11]. The planar template algorithm proposed by Zhang
et al. [12, 13] is a currently widely used camera calibration algorithm; it is also a relatively mature
algorithm and serves as the foundation for most parametric geometric correction methods.
Currently, camera-based geometric correction is a highly accurate method. In this approach,
camera calibration is first required to determine the intrinsic and extrinsic parameters of a single cam-
era or camera arrays. Subsequently, the calibrated cameras are used to capture feature images on the
screen to obtain the geometric description of the screen. Feature images on the screen exist in vari-
ous forms; earlier methods generally tended to set up physical feature images on the screen through
various means[14, 15], whereas contemporary approaches favor projecting feature images onto the
screen[16, 17]. Among these, within the method of projected feature images, projected structured
light images are a key focus of research. Numerous studies have employed various structured light
methods to achieve geometric stitching and calibration of multi-projection systems[18, 19].
Specifically in this context, Raskar et al.[20] proposed a method that uses a single camera to
achieve geometric correction and image stitching of multiple projectors by calculating the correspon-
dences among the projection space, camera space, and display space. However, this method is only
applicable to flat screens. Starkweather et al.[21] proposed a novel hardware environment scheme,
which implements its own geometric stitching and fusion functionalities. Nevertheless, this scheme
lacks good versatility and is difficult to apply in other existing hardware environments. The works of



Raskar et al.[22] and Baar et al.[23] share similarities: both achieve fusion of multi-projection sys-
tems via cameras and, to some extent, break free from the constraints of physical space. However,
these methods require combining projectors and cameras to form a projection-capturing hardware
setup, which results in high construction difficulty and substantial modification costs for existing
hardware environments. Sajadi et al.[24] treat projectors as inverse cameras of the pinhole model,
thereby realizing calibration and parameterization of projectors. Nevertheless, this method itself re-
quires ensuring that the screen is a vertical cylinder and that the aspect ratio of the rectangle formed
by the four corners of the screen is known. These preconditions have, to some extent, limited the
versatility of the method. Similarly, Xizuo et al.[25] also treat projectors as inverse cameras of the
pinhole model and achieve geometric reconstruction of the screen by projecting Gray codes. How-
ever, traditional Gray codes, due to their inherent limitations, perform poorly on screens with high
gain factors. Askarian et al.[26] and Shuaihe Zhao et al.[27] also use Gray codes to realize screen
reconstruction, but they are similarly not well-suited for screens with a high-gain coefficient. Zhao,
S et al.[28] proposed a novel structured light method, which can avoid the drawbacks of traditional
structured light methods to a certain extent and thus achieve normal operation even under high-gain
screen conditions. Nevertheless, structured light methods themselves are limited by the accuracy of
capture, often resulting in errors during pixel-level capture and processing, which makes it impossi-
ble to achieve dense reconstruction of projected points on the screen. Wang X et al.[29] employed
the Bessel surface model to fit continuous curved screens for reconstructing the geometric structure
of the screen. However, this method also suffers from the issue of sparse reconstruction, as it only
reconstructs partial position information on the screen.

Fig. 3. Variations in image brightness on special-shaped metal projection screens.

2.2 Brightness Fusion

In terms of brightness fusion, Huang et al.[30] offset the influence of non-white projection
surfaces on the color of projected images through visual cognitive radiometric compensation, while



Fig. 4. The sparse 3D feature points.

restoring the color details of input images on flat projection planes with different base colors as
much as possible. Heinz et al.[31] proposed an efficient algorithm for measuring the color transfer
function of display devices or projection devices. Compared with previous related algorithms, it
improves the speed by one to two orders of magnitude without losing precision. Christoffer et al.[32]
proposed a realistic color reconstruction algorithm that considers physical factors such as ambient
light, projection surface material, projector position, and projector color model in the context of
spatial augmented reality applications. It adjusts projection parameters based on a pixel-based 3D
lookup table to achieve realistic color reproduction. The Projectibles method proposed by Brett
et al.[33] algorithmically segments videos into static printed images and dynamic projected video
images. The combination of these two components significantly enhances the color contrast of
images and, to a certain extent, improves the resolution of videos. Pjanic et al.[34] leverage the
property that the human eye perceives dense discrete points of the same color as continuous color. By
combining high-frequency printed images with projected images, they achieve reasonable variation
and dynamic adjustment of projected colors, and can also realize some special visual effects.

Aditi et al.[35] proposed a per-pixel radiometric correction method, which performs equal-
ization processing on brightness differences between projectors and within individual projectors in
multi-projection systems, aiming to enhance users’ full immersive experience in multi-projection
systems. Mahesh et al.[36] proposed a method using threshold maps to predict the maximum tolera-
ble brightness error at each position on the image. In their research model, three main characteristics
of the visual system are employed: threshold sensitivity, contrast sensitivity, and contrast masking,
with image synthesis performed based on reducing perceived errors. Wang et al.[37], aiming to en-
hance the quality of projected display images and reduce unnaturalness, combined threshold maps
with the three characteristics of the human visual system and proposed an optimization method
that compresses input contrast while maintaining the compression ratio. Aditi et al.[38] studied the
mathematical model of human contrast perception and, considering the spatial variations in pro-
jection displays, proposed an optimized projection method targeting seamless display. Building on
previous work, this method smoothly expanded the dynamic range of displayed images as much
as possible by adjusting the maximum allowable brightness value of each pixel, under the premise
that humans cannot perceive obvious differences. However, this work sets the fitting function for all



pixels with the same parameters, differing only in the scaling range. Debevec et al.[39] proposed
a method to reconstruct irradiance from multiple photos with different exposure levels and subse-
quently construct high dynamic range scenes. This method serves as the foundation for subsequent
irradiance-related approaches.

@) (b)

Fig. 5. The sparse 3D feature points after PCA. (a) Front view of the sparse 3D feature point set after PCA. (b)
Top view of the sparse 3D feature point set after PCA.

3 Analysis of Light Reflection Characteristics of Special-Shaped Metal Pro-
jection Screens

In a projection display environment, the intensity of image brightness mainly depends on four
factors: the material properties of the screen, the incident direction of the light source, the normal di-
rection of the screen, and the view direction. This section analyzes the light reflection characteristics
of special-shaped metal projection screens.

First, metal projection screens are made by coating a substrate with metal particle coatings,
which exhibit significant non-Lambertian reflection characteristics. Thus, they can maintain the
polarization characteristics of incident light, which is a necessary condition for the realization of
stereoscopic projection. In industrial production, the light reflection characteristics of metal screens
are generally measured by the gain index of the screen. The so-called screen gain refers to the ratio of
the reflected light intensity at the center of the metal screen to that of a completely diffuse reflective
screen when the light source is incident vertically. To achieve polarized stereoscopic projection, the
gain coefficient of the metal screen must be at least 2.0. The cost of high gain is that the reflected
light intensity of the metal screen varies significantly at different viewing positions. For a flat metal
screen with a gain coefficient of 2.0, when the light is incident vertically, the brightness of the
reflected light seen by the viewer will decrease by about 50% when the angle between the viewer’s
view direction and the screen normal exceeds 30 degrees.

Next, we examine the influence of the incident direction of the light source and the normal
direction of the screen. A projector is not a parallel light source; the projection light is emitted from
the center of the projector in a cone shape toward the screen, so the incident light direction at each



point on the screen is different. Meanwhile, the normal direction at each point on the special-shaped
screen is also different. Therefore, even when the projector displays a monochromatic image with
uniform brightness, the brightness of the image on the screen is uneven.

Finally, there is the influence of the view direction. When viewers move freely in the pro-
jection environment with large-space special-shaped metal screens, the brightness of the projected
image will change as the viewing position changes. The influence of the above four factors on the
brightness of the projected image is shown in figures 2.

Figures 3 shows the image brightness observed at different positions when a single projector
displays a uniformly bright pure green image on an annular metal projection screen. At the same
viewing position, the image brightness is uneven due to the properties of the metal screen material,
changes in the incident light direction, and variations in the screen normal. Moreover, as the viewing
position changes, the image brightness also undergoes significant changes.

Furthermore, in a large-space projection environment, the projection area of a single projector
cannot cover the entire screen area, so multiple projectors are required for spliced projection dis-
play. In this case, the image brightness in the overlapping projection area of two projectors will be
significantly higher than that in the non-overlapping area. At this point, it is necessary to reasonably
reduce the image brightness in the overlapping projection area to eliminate the Mach band effect and
maintain consistent image brightness on the screen.

Traditional multi-projection brightness fusion algorithms can only achieve brightness fusion
from a single viewing angle, maintaining consistent brightness of the projected image and elimi-
nating the Mach band effect under that single angle. For example, in IMAX theaters and 4D cine-
mas, multi-projection brightness fusion is only performed at the central position of the seating area.
However, when viewers move to watch and interact, even if the brightness is correctly fused at the
central position, the image brightness will still change significantly as the viewing position shifts,
and the Mach band effect cannot be eliminated, as shown in figures 1. To address this issue, the
multi-projection brightness fusion algorithm proposed in this paper can perform multi-projection
brightness fusion according to different viewing positions of the audience, maintaining consistent
brightness of the projected image, thereby enhancing the sense of reality and immersive experience.

Fig. 6. Encoded image of arc length parameterization.



4 Multi-Projection Fusion Algorithm

This section describes the multi-projection brightness fusion algorithm proposed in this paper
for the environment with special-shaped metal projection screens. Section 4.1 presents the im-
age geometric distortion correction algorithm, Section 4.2 introduces the image brightness fusion
algorithm at specified measurement positions, and Section 4.3 describes the method for realizing
multi-projection brightness fusion during viewers’ moving viewing through position interpolation
calculation.

Through the algorithm in Section 4.1, the one-to-one correspondence between projector pixels
and image pixels can be obtained in the projector coordinate system, and arc length parameterization
processing is performed, thereby completing the distortion correction of the projected image. Mean-
while, this serves as the basis for the algorithms in Sections 4.2 and 4.3. In Section 4.2, according to
the one-to-one correspondence between projector pixels and image pixels, the spatial position of the
specified measurement position in the projector coordinate system is obtained, and the brightness
fusion parameters at each measurement position are calculated. In Section 4.3, based on the one-to-
one correspondence between projector pixels and image pixels, the conversion relationship between
the depth camera coordinate system (used for tracking the viewer’s position) and the projector coor-
dinate system is obtained through shooting and measurement. Real-time multi-projection brightness
fusion is realized through position interpolation calculation.
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Fig. 7. Pure grayscale images with uniformly increasing brightness.



4.1 Distortion Correction

Projected images suffer significant geometric distortion on special-shaped screens. The dis-
tortion correction algorithm proposed in this paper first performs 3D reconstruction of the special-
shaped screen using a stereo fisheye camera, followed by projector calibration and quadratic surface
fitting of the special-shaped screen. This process establishes a one-to-one correspondence between
projector pixels and image pixels, and further realizes arc length parameterization of projector pixels
in the projector coordinate system, thereby achieving geometric correction of the projected image.

First, the projector displays a standard checkerboard pattern on the special-shaped metal screen.
The calibrated stereo fisheye camera performs 3D reconstruction on the checkerboard corners of the
special-shaped screen, obtaining a set of sparse 3D feature points on the screen surface. Based on
this set of feature points, the projector can be calibrated using the pinhole camera model, and the
Taubin method is used for quadratic surface fitting of the special-shaped screen. Then, according to
the projector calibration results, spatial intersection calculation is performed between the projection
ray of each projector pixel and the parameter equation of the screen surface to establish a one-to-one
correspondence between projector pixels and image pixels, and obtain the arc length parameteriza-
tion results of the projector pixels. On the playback server, the input image is sampled according
to the arc length parameterization results of the projector pixels and then played back, realizing the
distortion correction of the projected image.

The calibration of the stereo fisheye camera adopts the classic method given in [9], and the
calibration data collection and the collection of projection feature points on the screen surface are
completed by capturing checkerboard images. Due to considerations of calibration accuracy and
shooting field of view, stereo fisheye cameras are selected as the shooting equipment, and the cal-
ibration procedure uses Matlab’s camera calibration toolbox. Then, the calibrated stereo fisheye
camera performs 3D reconstruction on the checkerboard corners of the special-shaped screen, ob-
taining a set of sparse 3D feature points on the screen surface, as shown in figures 4.

As can be seen from figures 4(b), although the screen is roughly perpendicular to the ground
in physical space, in the coordinate system formed by camera calibration, there is a certain offset
from the world coordinate system due to the uncontrollable orientation of the camera. Therefore,
principal component analysis (PCA) processing is required to adjust the coordinate axes so that
they are consistent with the world coordinate system. The recovered diagram of the screen surface
coefficients after PCA processing is shown in figures 5.

As can be seen from figures 5(b), the sparse 3D feature point set is roughly perpendicular to
the ground, making it possible to separate the y-coordinate from the x and z coordinates. By fitting
the processed point set using the Taubin method, the surface equation of the screen can be obtained,
which is in the form shown in (1), where the y-coordinate is independent of the x and z coordinates.

x=9(1),y=yz=y(r) M

Based on the 3D sparse feature point set, the projector can be calibrated using the methods
described in [12, 13] to obtain its intrinsic and extrinsic parameters. Then, based on these parameters,
the intersection of the projection ray of each projector pixel with the screen surface equation is
calculated, and the x,y,z coordinates of the intersection point in the projector coordinate system are



determined, thereby establishing a one-to-one correspondence between projector pixels and image
pixels. The above process is performed for each projector in the projection environment, and one
projector is selected as the main projector. The extrinsic parameters of other projectors are uniformly
transformed to the coordinate system of the main projector through coordinate system conversion.
Subsequently, arc length parameterization is performed on the projector pixels. The arc length
s is calculated using the x and z coordinates of the intersection point between the projection ray and
the screen surface, which serves as the u parameter of the projector pixel, as shown in (2) and (3):

ds =\ (dx)2 + (d2)> = \/92(0) + w2(0) @)

s= 1 Jorw s vra ®

The y-coordinate of the intersection point is taken as the v parameter of the projector pixel,
resulting in the arc length parameterization, as shown in (4):

U=s,v=y “4)

After obtaining the arc length parameterization of projector pixels, the overlapping projection
areas between projectors can also be determined. On the playback server side, according to the arc
length parameterization results of projector pixels, the input image is resampled and displayed by
the GPU, thus completing the distortion correction of the projected image. During actual operation,
the arc length parameterization data is encoded into a color image and input to the GPU. The R and
G values of each pixel are used to encode the u-coordinate of that pixel, and the B and A values are
used to encode the v-coordinate. The specific encoding method is shown in (4), and the generated
encoded image is presented in figures 6.
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Fig. 8. Discrete correspondence curves between normalized input brightness and actual irradiance.

4.2 Multi-Projection Brightness Fusion at Specified Positions

As analyzed in Section 3, the image brightness on the special-shaped metal projection screen
not only changes with the viewing position but also shows inconsistency even when viewed from a
fixed position. To address this, this paper adopts the following brightness fusion method: the pro-
jectors display a set of pure grayscale images with uniformly increasing brightness, and then several



Fig. 9. Fitting results of exponent t.

measurement positions are selected. At each measurement position, a camera is used to capture
this set of pure grayscale images, so as to obtain the discrete correspondence between the input
brightness values of projector pixels and the actual irradiance on the screen. Curve fitting is then
performed to calculate the brightness correction coefficients at each measurement position, thereby
completing brightness fusion at each measurement position. In Section 4.3, the depth camera is used
to track the viewer’s position in real time, and position interpolation calculation is performed based
on the brightness correction coefficients at each measurement position to obtain the corresponding
brightness correction coefficients, realizing multi-projection brightness fusion during the viewer’s
moving viewing process.

At each measurement position, the projector first displays a standard checkerboard pattern,
which is captured by a camera with calibrated internal parameters. Since the x,y, z coordinates of the
checkerboard corners in the projector coordinate system have been calculated and saved in Section
4.1, these checkerboard corners can be used to calibrate the external parameters of the camera,
obtaining the spatial position of the camera in the projector coordinate system. In Section 4.1, a one-
to-one correspondence between projector pixels and image pixels on the screen has been established;
therefore, a one-to-one correspondence between projector pixels and pixels in the camera-captured
images can be established through the projection of image pixels on the screen onto the camera’s
imaging plane.

Subsequently, the projector sequentially displays 17 pure grayscale images with grayscale val-
ues uniformly increasing from 0 to 255, as shown in figures 7, which are then captured by the
camera. Using the method in [36], based on the camera response function (CRF) and the corre-



spondence between projector pixels and pixels in the camera-captured images (calculated separately
for the RGB channels), the discrete correspondence curves between the input brightness of each
projector pixel and the actual irradiance are obtained. Each discrete correspondence curve consists
of 17 sampling points, corresponding to the 17 levels of pure grayscale image inputs in figures 7.
On the special-shaped metal screen, due to changes in the incident light direction and the normal
direction of the screen, the discrete correspondence curve of each pixel is different. However, after
normalizing both the input brightness and irradiance to the range [0, 1], they all show an obvious
power function shape. figures 8 shows the discrete correspondence curves between input brightness
and actual irradiance in the R channel for 4 randomly selected projector pixels.
The discrete correspondence curves are fitted using the power function:

R=Wg' 5)
where R is the irradiance obtained from shooting measurements, W;; represents the maximum
achievable irradiance of the pixel (i.e., the irradiance corresponding to the maximum input bright-
ness), g is the input brightness of the pixel, and the exponent 7 is the coefficient to be fitted. The
exponent ¢ can be fitted using the 17 sampling points on the discrete correspondence curve. Each
projector pixel corresponds to a different exponent ¢, with values roughly ranging from 1.8 to 2.4, as
shown in figures 9.
The goal of brightness fusion is to make the irradiance of each pixel roughly the same in
the user’s eyes. Therefore, for each pixel, the relationship between the irradiance before and after
brightness fusion is as follows:

Win
Wi

where R is the irradiance of the pixel before brightness fusion, R’ is the irradiance of the pixel
after brightness fusion, and W,, represents the maximum allowable irradiance of the pixel, which is
solved using the smoothing method based on the human contrast perception limit given in [35]. For
each pixel, if the W,, values of its neighboring pixels can be maintained within a small range, it can
ensure that the brightness observed by the user remains basically consistent. Combining (5) and (6),
we can get:

R =

R (6)

R =Wug' (7

Equation (7) gives the relationship between the input brightness value g and the irradiance R’
after brightness fusion. Since the fused irradiance R’ and its corresponding input brightness value g’
also satisfy a power function relationship, that is:

R =W;g" ®)

Combining (7) and (8), we can obtain:
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Here, A is the brightness correction coefficient of the pixel at this position. Both the power
exponent ¢ and the maximum allowable irradiance W;; are constants, and W, can also be obtained
through pre-calculation.

The calculation of brightness coefficients in the overlapping area of projector images is rela-
tively complex and needs to be realized by adjusting W,,, in (9). The following will discuss how to
adjust W, in the overlapping area. Since irradiance satisfies additivity, that is, if a point on the screen
receives light from multiple projectors, its irradiance is equal to the sum of the irradiances of each
projector’s light source at that point. Therefore, for a point in the overlapping area, its allowable
total irradiance W, needs to be allocated to the multiple projectors projecting on that point, and the
allocation rules are shown in figures 10.

Fig. 10. Irradiance allocation in the overlapping area of projectors.

figures 10, the solid rectangles represent the projection areas of Projector A and Projector B,
respectively, the hexagonal area in the middle is the overlapping area, and the two dashed lines rep-
resent a row of pixels in Projector A and Projector B, respectively. For the row of pixels represented
by the dashed line in Projector A, point a is the starting pixel of the overlapping area, and point b
is the ending pixel of the overlapping area. From point a to point b, the corresponding W,, value
will linearly decrease to zero. Similarly, for Projector B, from point c to point d, the corresponding
W, value will linearly decrease to zero. Such a dynamic allocation scheme essentially weakens the
influence of projectors on the edges, making only a single projector actually function at the edges of
the overlapping area, thus eliminating the light and dark changes at the boundary of the overlapping
area.

Since the correction coefficient A is a floating-point number in the interval [0, 1], it can be
saved as an image without encoding, as shown in figures 11.

4.3 Multi-Projection Brightness Fusion for Viewers on the Move

In Section 4.2, the multi-projection brightness correction coefficients at specified measurement
positions are obtained. On this basis, the depth camera is used to track the viewer’s position in real
time, and position interpolation calculation is performed according to the brightness correction coef-
ficients at each measurement position to obtain the corresponding brightness correction coefficients,



Fig. 11. Result diagram of brightness correction coefficients.

thereby realizing multi-projection brightness fusion during the viewer’s mobile viewing process.

To this end, it is first necessary to convert the coordinate system of the depth camera to the
projector coordinate system, which can be achieved using the method in Section 4.2 for calculating
the position of the camera in the projector coordinate system. 6-9 sampling positions are selected,
and the camera is used to capture the standard checkerboard pattern displayed by the projector to
determine the spatial position of the camera in the projector coordinate system. Then, the spatial
position of the camera in the depth camera coordinate system is manually marked, based on which
the coordinate system of the depth camera is converted to the projector coordinate system.

During the user’s movement, the depth camera device is used to capture the user’s current
position in real time. Interpolation operations are performed based on the user’s current position and
the measurement positions in Section 4.2 to calculate the correction coefficient for each projector
pixel at the user’s current position in real time. The original input pixels can then be processed using
the correction coefficient matrix in the manner specified by (9). The above calculation process is
also carried out in the Shader, utilizing GPU acceleration to ensure the real-time performance of
brightness fusion.

S Experimental Results

Based on the above scheme, we designed relevant experiments to verify the performance and
behavior of the system, enabling users to observe an integrated image with consistent brightness
while moving freely in front of the special-shaped metal screen.

Since the camera is not allowed to adjust parameters other than the exposure time after cali-
bration, and shaking should be avoided as much as possible during the shooting process, a remote
control shutter is used for actual shooting to reduce unnecessary contact. During the shooting of
grayscale gradient images, it is necessary to ensure that no overexposure occurs in each image.
Therefore, different exposure times need to be used for shooting images of different grayscales at
different positions, and the specific exposure time needs to be adjusted according to the camera per-
formance and screen characteristics. A set of exposure time examples used in the system is given
below, as shown in Table 1.

The projection screen is an arc-shaped metal screen, and the projector model is BenQ W2000



x10*

16

50 100 150 200 250 50 100 150 200 250

(@ (b)

Fig. 12. Results of histogram analysis before and after brightness fusion. (a) Hitogram of left View, (b)
histogram of middle view.

Table 1. Grayscale-Exposure Time Correspondence Table

Grayscale 0 16 32 48 64 80 96 112 128 144 160 176 192 208 224 240 255
Exposure 30 30 30 6 6 25 25 13 13 08 0.8 05 0.5 04 04 0.250.25

with a physical resolution of 800*600. The depth camera device used is Microsoft Kinect 2.0. For
the shooting work, a Canon 550D digital camera was selected, with a shooting image resolution of
3456x5184. The lens used is the Canon EF 8-15mm F4 L Fisheye USM fisheye lens along with the
matching Canon EW77 lens hood. The software environments used in the experiment are Matlab
R2018b and Unity3D 2018.3.0f2.

First, the system was tested from the user’s visual perspective. The test results are shown in
figures 1, where figures 1(a) and figures 1(b) are the brightness fusion results at different positions,
respectively, figures 1(c) is the result of multi-projection geometric stitching.

Second, we use brightness histograms to evaluate the results of brightness fusion from objective
data. Since there are black areas outside the projection range, the histogram analysis only intercepts
the distribution interval of valid pixels, as shown in figures 12.

Figures 12(a) shows the results of separate histogram analyses of the two images before and
after brightness fusion in figures 1(a), where the red histogram represents the image before bright-
ness fusion in figures 1(a), and the blue histogram represents the image after brightness fusion in
figures 1(a). Figures 12(b) shows the results of separate histogram analyses of the two images be-
fore and after brightness fusion in figures 1(b), where the red histogram represents the image before
brightness fusion in figures 1(b), and the blue histogram represents the image after brightness fusion



in figures 1(b).

Figures 12(a), the maximum brightness of the blue histogram is around 200 with a relatively
small number of pixels; the maximum brightness of the red histogram is around 230 with a rela-
tively larger number of pixels. The result of this histogram analysis is not obvious, which is caused
by the low overall brightness of both images. Although there is a significant difference in bright-
ness between the two from the user’s subjective perspective, this difference is not obvious in the
histogram analysis. In figures 12(b), the red histogram is evenly distributed over the global interval
without obvious aggregation or numerical peaks; the blue histogram is concentrated in a smaller
brightness interval. This histogram result manifests as an obvious brightness difference before and
after brightness fusion in visual perception.

After figures 12 analyzes the histogram differences before and after brightness fusion at the
same position, the next step is to analyze the histogram results of different positions after brightness
fusion, as shown in figures 13.

Fig. 13. Histogram analysis results of different positions after brightness fusion.

In figures 13, the red histogram corresponds to the result of the image after brightness fusion
in figures 1(a), and the blue histogram corresponds to the result of the image after brightness fu-
sion in figures 1(b). Similar to figures 12, due to the presence of black areas outside the projection
range, the histogram analysis only intercepts the distribution interval of valid pixels. It can be seen
from figures 13 that the blue histogram has a slightly higher distribution in the lower pixel interval,
while the red histogram has a slightly higher distribution in the higher pixel interval, but the overall
pixel distribution remains consistent. This histogram result manifests as a roughly identical bright-



ness experience in visual perception, which indicates that the images observed at different positions
maintain brightness consistency.

We also discussed the real-time performance of the algorithm. Since the brightness correction
coefficients for each camera position have been pre-calculated, only interpolation based on the po-
sition captured by Kinect is required during the runtime phase, resulting in relatively low real-time
computing pressure. Under the aforementioned hardware and software environment, Unity can sta-
bly output 60 frames per second. In the future work, we can continue to explore more effective
algorithms.

Fig. 14. Ablation experiment of brightness fusion.

In the ablation experiments, we compared the visual differences between various brightness
fusion schemes, with the results shown in figures 14. Figures 14(a) shows the visual result without
brightness fusion, where the overlapping areas exhibit noticeable abnormal brightness. Figures 14(b)
shows the static pixel scheme, which adjusts the brightness of each pixel in the overlapping areas
based on geometric correction results. This scheme produces a distinct bright line along the edges
of the overlapping areas. To mitigate the bright line issue in figures 14(b), we apply one pixel
indentation in pixel selection for the overlapping areas, thereby excluding the outermost pixels,
shown in figures 14(c). This result exhibits a pronounced dark line along the edges of the overlapping



area. Finally, the result of our distance-based dynamic brightness fusion method is presented in
shown in figures 14(d). The overlapping areas are no longer obvious, the edges are not clearly
demarcated, and the visual continuity is better.

6 Conclusion and Discussion

The multi-projection fusion system for special-shaped metal screens proposed in this paper
performs geometric correction, image stitching, and brightness fusion for multi-projection systems
on special-shaped screens without changing the existing hardware conditions. It has achieved good
results in image stitching and brightness fusion, enhanced users’ sense of immersion and comfort,
and features a relatively streamlined overall process, endowing the system with good maintainability
and repeatability.

However, the current calibration process and shooting methods of the system need further op-
timization. Specifically, most of the workload in the current system implementation is concentrated
in the shooting phase; therefore, formulating a more efficient and reasonable shooting workflow will
help further reduce the system’s time and labor costs. At present, the system needs to restart all pro-
cesses from scratch when reconducting fusion work and cannot utilize existing stitching or fusion
results for assistance. Thus, consideration can be given to adding specific calibration procedures to
recalibrate the overall system at a lower cost after fusion is achieved. The dynamic irradiance alloca-
tion scheme in the brightness fusion part currently uses the distance to the edges on both sides as the
benchmark, but there is still room for discussion regarding the benchmark and method of irradiance
allocation. For example, the minimum distance to the edge of the overlapping area could be used
as the benchmark, or a cosine function could be adopted for irradiance allocation instead of linear
allocation. In summary, the system still has room for further optimization and improvement, and
supplementary enhancements will be considered in the future.
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