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ABSTRACT When a stretchable display is stretched, the area of the exposed substrate between the
light-emitting diodes (LEDs) increases, decreasing the image luminance. Currently, this problem is not
addressed in existing high-resolution display systems. Although the mean-based method and gamma
correction method using general image processing techniques, which are first presented in this paper, can
compensate for the decrease in luminance, these methods cannot be adaptively applied for stretchable display
systems. Therefore, this paper proposes a novel image compensation method optimized for stretchable dis-
plays. The proposed distribution density-aware method (DDAM) compensates for the decrease in luminance
particularly for the area involving the newly exposed substrate. The DDAM solves the saturation problem
associated with the mean-based method and the problem of inaccurate luminance estimation associated with
the gamma correction method. Compared with the mean-based method and the gamma correction method,
the peak signal-to-noise ratio of the DDAM is 0.600 dB and 1.977 dB higher, respectively. The structural
similarity index measure is also 0.055 and 0.057 higher, respectively. In addition, we develop a novel
simulator to evaluate the stretching of high-pixel-per-inch displays, which are being actively researched,

and use it to verify the performance of above mentioned luminance reduction compensation methods.

INDEX TERMS Stretchable display, luminance compensation, simulator, point spread function.

I. INTRODUCTION

The increased user demand for different types of displays
in addition to the development of display technologies has
accelerated the research on stretchable displays characterized
by display substrates that can be stretched [1]-[3]. In such
displays, the display size is varied by stretching the device and
adjusting the space between pixels. Displays can be stretched
using structural and material stretching methods [4]-[7].
In structural stretching methods, the distance between the
light-emitting diodes (LEDs) in a device is increased by
modifying the structure of the device, for instance, by incor-
porating origami and kirigami structures [8]-[12], wavy
structures [13]-[17], and island-bridge structures [18]-[21].
Origami and kirigami structures form a net through the fold-
ing or cutting of a planar substrate and deform in three
dimensions when a force is applied. Wavy structures exhibit
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stretching characteristics owing to the corrugated shape of the
substrate. Island-bridge structures exhibit stretching charac-
teristics by forming a connection between the LEDs in a bent
shape. Material stretching methods are aimed at developing
devices that are stable, flexible, and self-stretchable with-
out structural deformation. Typical flexible devices include
stretchable transparent electrodes [4], [22]-[24], thin-film
transistors [25], [26], and LEDs [27]-[29]. Stretchable trans-
parent electrodes consist of a nanowire transparent device
with high conductivity and elasticity. Stretchable thin-film
transistors use carbon nanotubes and ion gels to provide the
voltage and current required for powering LEDs. Stretchable
LEDs involve a composite material obtained by combining
phosphor particles and an elastomer matrix, which emits light
even when stretched.

Regardless of the type of stretching method used, the dis-
tance between the LEDs increases when a display is stretched,
and thus, the display substrate between the LEDs is exposed.
This defect must be compensated for because the stretched
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output image may be distorted, and a zero-luminance pattern
may be observed between the LEDs.

More specifically, this defect must be evaluated through
human visual perception and solved from a cognitive per-
spective. The human eye perceives a point light source as a
diffraction pattern, such as an airy disk, which has a bright
part in the center and bright and dark rings that alternate
around the center. In a display, the human eye recognizes light
from LEDs s as blurred profile, which varies with the viewing
distance. Owing to this blurred recognition of the LED light,
a zero-luminance pattern between the LEDs may reduce the
luminance. The mean-based method and gamma correction
method for general image processing techniques, which will
be first presented in the next section, can compensate for the
luminance reduction. In particular, the mean-based method
compensates for the reduction in luminance in proportion to
the average luminance change ratio of the image. The gamma
correction method implements nonlinear compensation for
the luminance reduction. Notably, because these methods per-
form luminance compensation without considering the zero-
luminance pattern between LEDs, the pixels of the newly
exposed substrate can still be observed. To address this lim-
itation, this paper proposes a novel method of luminance
compensation optimized for stretchable displays, called the
distribution density-aware method (DDAM). The DDAM
concentrates the compensation on the pixels around the
exposed substrate. When the point spread function (PSF),
which indicates the optical recognition of a point light source,
is applied, the zero-luminance pattern appears faded, thereby
generating natural images.

The existing stretchable display technologies exhibit the
limitations of conductivity disconnection and resistance for
high pixel-per-inch (PPI) scenarios. Most of the existing
studies address the luminance decrease problem only for
low-PPI displays [30], [31]. Therefore, a simulator must
be developed to perform luminance compensation tests on
stretchable displays with a high PPIL. To this end, we have
created a novel simulator that can perform experiments on
image compensation with different stretch ratios, viewing
distances, and compensation methods. To incorporate human
cognition in the simulator, we developed a retina model based
on the PSF. The retina model determines the sigma of the
PSF, which regulates the degree of blur, according to the
viewing distance. The contributions of this research can be
summarized as follows:

B We created a novel simulator that can perform compar-
ative experiments with different stretch ratios, viewing dis-
tances, and compensation methods for high-PPI stretchable
displays to be further developed in the future.

B To solve the problem of luminance reduction in high-
PPI stretchable displays, we considered the mean-based
method and gamma correction method based on general
image processing methods. Additionally, we propose a novel
method, the DDAM, to address the zero-luminance pat-
tern caused by the exposed substrate from a cognitive
perspective.
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B To adjust the human optical recognition of LED light
according to the viewing distance, we propose a retina model
that can determine the degree of blur size using the PSF. The
compensated images processed using the retina model are
compared in terms of the peak signal-to-noise ratio (PSNR)
and structural similarity index measure (SSIM).

Il. RELATED WORK

With advancements in display technologies and the growth
of the application field of displays, the demand for flexible
displays has increased. Flexible displays can be categorized
into foldable, rollable, and stretchable displays. These display
types are introduced in the following sub-sections.

A. FOLDABLE DISPLAY

A foldable display can be folded and unfolded by replac-
ing the glass substrate of existing rigid displays with a
substrate composed of a flexible material such as a plas-
tic or a thin glass substrate and decreasing the radius of
curvature [32]-[34]. When physical stress due to continuous
deformation is applied to the substrate, fracture or delam-
ination associated with the cracking of the substrate may
occur [35]. In addition, the physical stress is typically concen-
trated around the folding region. Therefore, durability must
be ensured when developing foldable display technologies.

B. ROLLABLE DISPLAY

A rollable display implements deformation using a flexible
glass substrate material that can be rolled similarly to a
tissue roll. Such displays boast high portability because a
rollable display can be unrolled and used when necessary
and rolled when stored. Because rolling-type deformation
is implemented, the curvature radius is not as limited as in
the case of a foldable display. However, a rollable display
is unstable when exposed to a hot or humid environment
[36]. In addition, because the entire panel area is rolled,
the overall physical stress must be considered. To develop
rollable display technologies, a large number of rollable parts
must be introduced, and natural rolling characteristics must
be ensured.

C. STRETCHABLE DISPLAY

A stretchable display is a free-form display, which is the
final expected form of a flexible display. Firstly, durabil-
ity must be ensured for stretchable displays because when
the components are stretched to several times the original
dimensions to achieve a large deformation and exposed to a
severe physical and chemical environment, physical erosion
and dysfunction may occur [37]. Secondly, strain reversibility
must be ensured to allow the display to be freely deformed
while restoring the substrate to a flat state even when the
display has been deformed for a considerable period [38].
Stretchable displays can be implemented using material or
structural stretching methods. Both these stretching methods
lead to image distortion. To address image distortion, we have
developed a novel compensation method.
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FIGURE 1. Overall block diagram for the proposed simulator.

IIl. PROPOSED SIMULATOR

We have created a novel simulator to perform experiments
with a high-PPI display. The simulator can create images that
are stretched according to a specific stretch ratio and perform
image compensation using the mean-based method, gamma
correction method, or the DDAM. The simulator enables the
comparative analysis of these three methods. Furthermore,
to evaluate the optical recognition results based on human
perception, an image is generated with the PSF. Fig. 1 shows
the functional block diagram for the proposed simulator and
a sample result image.

A. STRETCHING OPERATION

In a stretchable display, the width and height of the exposed
display substrate vary depending on the stretch ratio. Hence,
the amount of luminance reduction in the stretched image
changes with respect to the stretch ratio. Therefore, the sim-
ulator is designed to implement stretching and compare the
performance of the three previously mentioned methods. The
simulator implements a newly exposed substrate between the
LEDs by inserting black pixels for each predetermined num-
ber of pixels. One black pixel, represented by a hole with no
light emission, is inserted per 9 pixels, 5 pixels, and 3 pixels
to output 11%, 20%, and 30% stretched images, respectively.
Stretched images are generated by inserting empty pixels
between the image pixels according to the stretch ratio.

B. COMPENSATION

The decrease in luminance due to stretching can be compen-
sated for by using several methods, which are incorporated
in the simulator. Specifically, compensated images are gener-
ated using either the mean-based method or the gamma cor-
rection method, which are based on general image processing
methods, or the DDAM, which is the presented novel method
optimized for stretchable displays.

1) MEAN-BASED METHOD

The mean-based method aims to maintain the average lumi-
nance of an image. All the pixels of a stretched image are
multiplied by the same factor such that the average luminance
is equivalent to the ground truth image. The multiplication
factor is the ratio of the luminance of the stretched image
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to that of the original image. The mean-based method can
maintain luminance through a simple operation. However,
because the luminance is compensated for by a specific ratio
without considering the intensity of each pixel, saturation
may occur in high-luminance scenarios in which the pixel
value exceeds the maximum value of the dynamic range. The
mean-based method can be modeled as follows:

Z I groundtruth (x, y )
Vinean = , (D
mean Z Iprevious(xv y)

Lcompensated (X5 Y) = Vinean X Iprevious (x,y), 2)

where Iyrevious is the luminance of the image before it is
stretched, Igroundirun s the luminance of the ground truth
image, and I.opmpensarea 18 the luminance of the compensated
image. The ground truth is the image interpolated by bilinear
interpolation for a zero-luminance pattern, which is caused
by the area increase of exposed substrate between the LEDs.

2) GAMMA CORRECTION METHOD

According to Weber’s law, the human eye reacts nonlinearly
to luminance. For example, if the luminance of an image
increases linearly, the luminance will not appear to be smooth
because the human eye perceives artifacts through an inherent
vision mechanism. The gamma correction method compen-
sates for the luminance to reflect human optical properties
and increases the luminance in a nonlinear manner. Specif-
ically, this method compensates for the luminance with an
exponential value for the normalized luminance of the input
image. Saturation does not occur because intensive compen-
sation is performed for intermediate luminance, and moderate
compensation is performed for low and high luminance. The
gamma correction method can be modeled as follows:

1

Ipreviaus (x, ) \7 3)
255 ’

where I,evious i the luminance of the image before being

stretched, and Icompensarea s the luminance of the compen-

sated image.

Icompensated (x, y) = 255 (

3) DDAM
In the mean-based method and gamma correction method,
the extent of luminance compensation is determined by the
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FIGURE 2. Overall block diagram of the DDAM using the DDAMWO and DDAMW.

luminance value, and the newly exposed substrate is not con-
sidered. Consequently, when these two methods are applied
to a stretchable display, insufficient compensation may occur
in terms of the PSF. Therefore, we propose the DDAM, which
compensates for the decrease in luminance in the form of
an inverse Gaussian filter for each LED, considering the
exposed area of the substrate. Fig. 2 presents the overall
block diagram of the DDAM. First, the DDAM calculates the
changes in the area caused by the newly exposed substrate.
Specifically, if the areas of the original and stretched images
are S and §’, respectively, the change in the area is (S’ — S),
corresponding to a pixel number of 2R + 1. Second, the
luminance compensation multiplier is manually determined
considering the newly exposed substrate. When the pixel is
near or far from the newly exposed substrate, the multiplier
is increased or decreased, respectively. In this manner, the
decrease in luminance is compensated for considering the
area according to the stretch ratio. The DDAM consists of
two methods that differ in terms of the distance consideration.
In the DDAM without distance consideration (DDAMWO),
the pixels adjacent to the exposed substrate are weighted. The
number of pixels adjacent to the exposed substrate is 4(R—1).
In the DDAM with distance consideration (DDAMW), all
pixels are weighted with respect to the distance from the
exposed substrate. Therefore, the number of compensated
pixels is R2. The formulas for the DDAMWO and DDAMW
are as follows:

T _ 2R+1 @)
DDAMWO =
—  2R+1
Vopamw = —5— )

where R denotes the stretch ratio and Vppaywo and Vppamyw
represent the mean of the DDAMWO’s luminance compen-
sation multipliers Vppaywo and the DDAMW’s luminance
compensation multipliers Vppayw, respectively. We man-
ually determine Vppaywo based on the vertex and edge
and Vppayw based on the distance from the pixel of the
exposed substrate. The Vppaywo values of the pixels located
at the vertex and edge are large and small, respectively. The
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FIGURE 3. Multipliers of the DDAMWO and DDAMW for a stretch ratio of
11%. The units of the x-axis and y-axis are pixels.

Vpopamw values of the pixels farther from the exposed area
of the substrate are smaller. The DDAMW involves small
compensation multipliers and has a smoother form because
the number of pixels being compensated is greater than that
in the DDAMWO. Fig. 3 shows the forms of the DDAMWO
and DDAMW when the stretch ratio is 11%. The compen-
sation multipliers for both methods are small at the center
and large at the edge, similar to an inverse Gaussian filter.
Therefore, the negative effects of the newly exposed substrate
are counterbalanced and blurred when the optical properties
are applied through the PSF.

C. RETINA MODEL APPLICATION

The human eye focuses the light reflected by an object onto
the retina by adjusting the cornea and pupil sizes. The human
eye perceives an object as the light source unit of a diffraction
pattern, such as an airy disk, rather than a point light source
when the object is located near or far from the best focus
location. According to Rayleigh’s criterion, which indicates
the condition for distinguishing two point light sources when
the diffraction patterns of the air disks for the two sources
overlap, the blur size can be determined by the distance from
the best focus [39], [40]. Therefore, the simulator is designed
to adjust the PSF according to the viewing distance through
the retina model. Fig. 4 schematically illustrates the retina
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TABLE 1. Performance comparison of the luminance compensation methods at different stretch ratios and relative distances. The boldfaced values

indicate the best values.

Stretch Relative PSNR (dB) / SSIM
ratio distance Mean-based Gamma correction DDAMW DDAMWO
2 16.845/0.553 16.605/0.538 17.644 /0.586 18.294/0.615
11% 3 18.081/0.586 17.488 /0.569 19.082 /0.631 19.659 / 0.676
4 18.506/0.596 17.762/0.579 19.527/0.644 19.923 / 0.688
2 15.169 / 0.449 14.526 /0.451 15.879/0.493 16.160 / 0.509
20% 3 16.808 / 0.508 15.365/0.507 17.533/0.562 17.617 / 0.586
4 17.441/0.533 15.634/0.530 18.055/0.584 17.976 / 0.604
2 13.966 /0.397 12.582/0.416 14.365/0.438 14.279 / 0.462
33% 3 15.737/0.505 13.167/0.512 15.740/0.539 15.208 / 0.558
4 16.255/0.553 13.293/0.555 16.083 /0.580 15.397/0.593
Avg. 16.534/0.520 15.158/0.517 17.101/0.562 17.168 / 0.588
Focal plane Pupil plane Refina pilane methods through the PSNR and SSIM and visually evaluate

Viewing distance
(z1)

~— Diameter of pupi
= (4)

<1 Diameter of blur

| (c1)

Optical axis

Reference Distance between
focal distance retina and pupil
(zo) (50)

FIGURE 4. Schematic of the retina model. z;, is the reference focal
distance, and s is the distance between the retina and pupil. The viewing
distance z; determines the diameter of blur c;, given the diameter of
pupil, A.

model. The blur diameter can be calculated according to the
viewing distance. When the cornea and pupil are fixed, the
perceived image appears blurred depending on the distance
from the reference focal distance. The following equations
define the diameter of blur c¢; and relative distance L:

A% ! (6)

]l =A— - 7>

! 20 L

L= )
21

where A denotes the pupil diameter, s is the distance between
the retina and pupil, and zo and z; represent the reference
focal distance and viewing distance, respectively.

D. SIMULATOR GRAPHICAL USER INTERFACE (GUI)

We have designed a simulator to perform high-PPI image
experiments through a GUI, as shown in Fig. 5. The GUI
includes three stretch ratios to compare the compensation
method performances at different stretch ratios. Moreover,
the PSF can be modified to consider the relative distance
according to the viewing distance. This GUI can be used
to quantitatively evaluate the performance of the different
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the performance through the compensated images.

IV. EXPERIMENTAL RESULTS

We performed experiments with four types of luminance
compensation methods: the mean-based method, gamma cor-
rection method, DDAMW, and DDAMWO. In the exper-
iments for each method, the stretch ratio was changed
from 11% to 33%, and the relative distance was changed
from 2 to 4. Considering the ordinary case of people using a
computer, the relative distance was set as 1 when the viewing
distance was 24 inches, and the image was precisely focused
[41], [42]. Because we needed an image for high-PPI dis-
plays as the target application of the simulator, the Urban100
dataset [43], which is widely used in super-resolution appli-
cations, was adopted. For the gamma correction method,
y was set to 1.2 since it yields the highest performance,
as determined experimentally.

A. LUMINANCE COMPENSATION PERFORMANCE

To evaluate the performance of the luminance compensation
methods, nine experiments were conducted with stretch ratios
of 11%, 20%, and 33% and relative distances of 2, 3, and 4.
Table 1 summarizes the PSNR and SSIM values for all combi-
nations. In terms of the PSNR, the gamma correction method
exhibited the lowest performance (15.158 dB), followed by
the mean-based method (16.534 dB, which is 1.376 dB higher
than the results of the gamma correction method). The pro-
posed DDAMW achieved a PSNR of 17.101 dB, which is
0.567 dB higher than that of the mean-based method. The
proposed DDAMWO exhibited a PSNR of 17.168 dB, which
is 0.067 dB higher than that of the DDAMW, and outper-
formed the other methods. The trends for the SSIM were
similar to those of the PSNR. The performance comparison
in terms of the PSNR and SSIM indicated that the images
were naturally compensated from best to worst in the order
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FIGURE 5. Graphical user interface (GUI) of the simulator for luminance comp

DDAMWO DDAMW
PSNR | 208 | PSNR | om .
SSIM 0.662 SSIM 0.569
tion. The GUI consists of the controllers for the stretch ratio and

relative distance, an input image, a stretched image, and images compensated by each luminance compensation method. The GUI represents the

performance of each compensated image in terms of the PSNR and SSIM.

of DDAMWO, DDAMW, mean-based method, and gamma
correction method. Because the gamma correction method
used a fixed parameter y, the extent of luminance com-
pensation was the same for all stretch ratios. Therefore, the
gamma correction method always exhibited the most inferior
performance, and the performance degradation intensified as
the stretch ratio increased. Because the mean-based method
aimed at maintaining the average luminance, the compen-
sation multipliers changed with the stretch ratio. Therefore,
this method outperformed the gamma correction method by
achieving a similar luminance as that of the original image.
However, because one specific multiplier increased all pixel
values, high pixel intensities were often saturated to the
maximum pixel intensity values, and the saturation occurred
more frequently as the stretch ratio increased. Therefore, the
DDAM, which compensates for the decreased luminance by
adjusting the pixels by using different multipliers, achieved
higher quality images than those obtained using the mean-
based method. The DDAMW was expected to outperform
the DDAMWO. However, in the experiment, the DDAMWO
exhibited a higher PSNR and provided a better luminance
compensation performance than the DDAMW. Because the
DDAMWO adjusted the pixels adjacent to the exposed sub-
strate by using higher multipliers than those of the DDAMW,
the application of the PSF provided the most appropriate
compensation around the exposed substrate. Because the
DDAMW used lower multipliers, it could not sufficiently
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compensate for the zero-luminance pattern. Therefore, the
performance was higher when the distance was not consid-
ered. Fig. 6 shows the full size, patch size images, and patch
size heatmap for the compensated images and images applied
PSF. This figure shows that the newly exposed substrate of
the DDAMWO and DDAMW is faded compared with the
exposed substrate of the mean-based method and gamma
correction method.

B. STRETCH RATIOS

To compare the performance of the methods at different
stretch ratios, experiments were performed with stretch ratios
of 11%, 20%, and 33%. When the stretch ratio was 11% or
20%, the performance order of the compensation methods
was the same. Specifically, the luminance decrease was suf-
ficiently compensated for by the best to worst methods in
the order of DDAMWO, DDAMVW, mean-based method, and
gamma correction method. Because the gamma correction
method could not consider the stretch ratio, the amount of
luminance compensation was the same for all stretch ratios.
Therefore, the gamma correction method exhibited the lowest
performance. Moreover, as the stretch ratio increased, the
luminance compensation multiplier V¢4, increased; thus, the
saturation problem occurred more frequently. Consequently,
the mean-based method exhibited a lower performance than
the DDAM because the multipliers set in the DDAM were
smaller than the multipliers Vj,eqn used in the mean-based
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FIGURE 6. In the upper block(blue), the first row is the luminance compensated images applying different methods, and the second row shows the
enlarged images for the red box in the images in the first row. In the lower block(red), the first row represents the images applying PSF to the
compensated images using each method, and the second row shows the enlarged images for the red box in the first row. The third row shows the
heatmaps between the ground truth images and the images to which PSF is applied for the red box. The stretch ratio is 5%, and the relative distance is 4.

method. Notably, when the stretch ratio was 33%, the PSNR
of the DDAMWO was 14.962 dB, which is 0.434 dB lower
than that of the DDAMW (15.396 dB). Because the mean of
the compensation multipliers for the DDAMWO was larger
than that for the DDAMW, saturation occurred more fre-
quently. In addition, the luminance could not be accurately
predicted because the value compensated by the DDAM was
manually set considering the stretch ratio. Therefore, the
DDAMWO could not adequately compensate for the lumi-
nance when the stretch ratio increased to 33% and exhibited
alower performance than that of the DDAMW in terms of the
PSNR.

C. RELATIVE DISTANCE
To compare the periformance of the methods at different
viewing distances, experiments were performed with relative
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distances of 2, 3, and 4. As shown in Table 3, when the
relative distance was set to 2 or 3, the performance order
of the compensation methods was the same. Specifically,
the zero-luminance pattern caused by the exposed substrate
faded from most to least with the methods in the order of
DDAMWO, DDAMVW, mean-based method, and gamma cor-
rection method. Because the mean-based method and gamma
correction method did not consider the exposed area of the
substrate, the zero-luminance pattern was not faded when the
PSF was applied, and the performance was inferior. In con-
trast, because the compensation multipliers of the DDAM
were focused on the pixels near the zero-luminance pattern,
the zero-luminance pattern was sufficiently compensated for,
and higher performance was achieved. Notably, when the
relative distance was 4, the PSNR of the DDAMWO was
17.765 dB, which is 0.123 dB lower than that of the DDAMW.

VOLUME 10, 2022
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Stretched Mean-based method Gamma correction DDAM w/ distance DDAM w/o distance Ground truth Color map

18.811/0.767

14.741 /0415 17. %6/0389 15.737/0.388 18.431/0.469 18 626/0.516

14.478/0.472 17.001/0.431 15.407/0.438 17.931/0.516 18.043/0.552

FIGURE 7. Comparison of the luminance reduction compensation methods: output images and heatmaps. The heatmap indicates the difference from the
ground truth. The numbers on the left and right sides are the PSNR and SSIM, respectively. The stretch ratio is 20%, and the relative distance is 3.

TABLE 2. Average performance comparison of the luminance compensation methods according to the stretch ratio.

Stretch PSNR / SSIM
ratio Mean-based Gamma correction DDAMW DDAMWO
11% 17.811/0.579 17.285/0.562 18.751/0.620 19.292/0.660
20% 16.473 /0.497 15.175/0.496 17.156 / 0.546 17.251/0.566
33% 15.319/0.485 13.014 / 0.494 15.396/0.519 14.962 / 0.537
When the blur size was small, the DDAMWO could suffi- did not sufficiently compensate for the exposed substrate

ciently compensate for the exposed area of substrate because because the compensation multipliers for pixels adjacent
the compensation multipliers for the pixels adjacent to the to the exposed area of substrate were small. Nevertheless,
exposed substrates were large. In contrast, the DDAMW because the difference in the compensation multipliers of the
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TABLE 3. Average performance comparison of the luminance compensation methods according to the relative distance.

Relative PSNR / SSIM

distance Mean-based Gamma correction DDAMW DDAMWO
2 15.327/0.466 14.571/0.468 15.962 /0.506 16.244/0.529
3 16.875/0.533 15.340/0.529 17.452/0.577 17.495/0.607
4 17.400/0.561 15.563/0.555 17.888 / 0.603 17.765 / 0.628

DDAMW was small, the resulting images due to the compen-
sation were more natural than those of the DDAMWO when
the blur size was large. Therefore, the DDAMWO exhib-
ited the highest performance when the relative distance was
2 and 3, but the DDAMW outperformed the other methods
when the relative distance was 4.

V. CONCLUSION

In the implementation of stretchable displays, the zero-
luminance pattern caused by exposed substrates leads to the
optical underestimation of the luminance. We compared the
results of the mean-based method, gamma correction method,
and proposed DDAM in solving this problem. Because the
mean-based method and gamma correction method do not
consider the stretch ratios, the saturation problem occurs.
The proposed DDAM, optimized for stretchable displays, can
produce natural images by focusing the compensation effects
on the pixels around the exposed substrate. In addition, we
designed a simulator to conduct experiments for a high-PPI
stretchable display. The performance of the different lumi-
nance compensation methods was compared by changing the
stretch ratio and viewing distance. The results demonstrate
that the DDAM method is highly suitable for stretchable dis-
plays because compared with the mean-based method and the
gamma correction method, the DDAM achieved a PSNR that
was 0.600 dB and 1.977 dB higher respectively. Additionally,
the SSIM was also 0.055 and 0.057 higher, respectively.
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