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ABSTRACT

Camouflage is a critical component of modern military operations, enabling objects to blend
visually into their surroundings. Traditional disruptive patterns used widely from the 1970s to
early 2000s are increasingly replaced by pixelated camouflage. This study proposes a design
method for pixelated camouflage patterns tailored to forest terrain. Effectiveness is evaluated
using Peak Signal-to-Noise Ratio (PSNR) and Histogram Intersection (HI), which assess visual
and color similarity. Results show the designed patterns resemble forest backgrounds in color and
texture, indicating practical potential.
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1. INTRODUCTION

Camouflage plays a crucial role in modern military operations by concealing personnel and
equipment through effective visual integration with the surrounding environment. In forested and
mountainous terrains, where lighting conditions and background textures vary considerably, well-
designed camouflage reduces the likelihood of detection and delays enemy response [1].

Traditional patterns composed of large, irregular patches were widely used in the 20th century
but have proven less effective against contemporary surveillance technologies. With advancements
in optics and digital image processing, pixelated camouflage has gained prominence due to its
multiscale structure and improved capacity to disrupt visual perception [2].

This trend is reflected in designs such as MARPAT (used by the U.S. Marine Corps) and UCP

(formerly of the U.S. Army), which use square pixels to enhance blending and edge disruption
across environments [3]. Representative patterns are shown in figure 1 [4].

a. Marine pattern.

Figure 1. Common digital camouflage patterns used worldwide.

Despite these developments, designing camouflage optimized for specific terrains remains a
complex challenge. In forest environments, both color and structure must simulate natural
foliage and shadows, while the pattern scale should match typical observation distances and
visual resolution.

This study proposes a method for generating pixelated camouflage tailored for forest terrain.
The approach integrates image analysis, digital synthesis, and quantitative evaluation to enhance
concealment performance and support future adaptive camouflage design.
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2. THEORETICAL APPROACH

2.1. Basic unit size

Pixelated camouflage patterns are constructed from square units of uniform size and shape.
These were chosen for their ease of fabrication, compatibility with digital image processing, and
ability to form seamless, repeatable patterns across large surfaces.

From a visual perception perspective, object detection depends on the eye’s minimum angular
resolution, described by the Rayleigh criterion [5]:
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Figure 2. Angular resolution and visual sensitivity at distance L.

In daylight, the human eye resolves angles down to about one arcminute, corresponding to a
wavelength of 550 nm and a pupil diameter of 3 mm [6, 7]. At 15 meters, this equates to a
detectable object size of approximately 4 mm. This value supports the selected 4 mm unit size,
aligning with military camouflage standards such as the MARPAT pattern (4 - 5 mm) [4].

While not fixed, the unit size should reflect expected viewing distances: smaller units for short-
range concealment, larger ones for long-range. The 4 mm dimension offers a practical balance for
typical forest engagements at distances ranging from 10 to 20 meters.

2.2. Colors and shapes of spots
a. Color constraints

Color selection must ensure effective blending with the background while minimizing
detection. This includes using diverse color combinations to break up object outlines and hinder
shape recognition. In addition, the brightness of the camouflage pattern should be slightly lower
than that of the background to reduce visibility.

b. Shape constraints

The geometric shapes of camouflage spots should mimic natural background features. Spots
must be distributed in an irregular manner to obscure the object's contours and introduce visual
disruption. Regular forms such as large rectangles and long straight lines should be avoided
because they can expose the artificial nature of the pattern.

2.3. Research methodology and techniques employed

In this study, digital camouflage patterns were developed with the goal of creating a
generalizable model adaptable to various forest terrain backgrounds. The approach combined
theoretical analysis, computational synthesis, and digital design, all aligned with the technical and
operational requirements of camouflage systems.

To connect physical measurements with digital implementation, each pattern image was divided
into square blocks of 1 x r pixels, where r corresponds to the pixel count representing a 4 mm visual
unit. The overall resolution was set to 2048 x 2048 pixels, with each block defined as 15 x 15 pixels.
This setup ensures that the printed pattern maintains a consistent 4 mm spot size, matching human
visual resolution and meeting practical requirements for camouflage fabric production.
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For pattern creation, the team used Substance 3D Designer, a specialized tool for generating digital
materials. It is valued for producing seamless, tileable, and highly customizable camouflage designs.

To validate the method, representative forest terrain images were selected, and corresponding
pixelated patterns were generated. These were then evaluated based on their visual blending and
concealment effectiveness.
2.4. Background data collection method

To collect representative forest background data, aerial imagery was acquired using a drone
equipped with a high-resolution camera (Sony Alpha A6400, 24.2 MP, 6000 % 4000 pixels). The
drone was operated at altitudes of up to 4000 meters to ensure wide terrain coverage.

a. UAV with integrated camera system. b. Selected forest terrain.
Figure 3. Drone-based system for background data collection.

Figure 3 presents the drone system and a typical forest image acquired during data collection.
The image includes both sunlit and shaded areas, providing diverse texture and color information
that is critical for camouflage analysis and pattern generation.

3. SIMULATION, CALCULATION, AND DISCUSSION

3.1. Analysis of characteristic colors in forest terrain

Characteristic colors of forest backgrounds were extracted using the K-means clustering
algorithm, which partitions data into K groups by minimizing within-cluster variance [8].

The analysis identified five primary color groups with the following proportions: olive green
(30%), dark green (27%), grayish green (24%), light green (15%), and white-gray (4%). A survey
of global camouflage designs confirms that most visible-spectrum patterns utilize between three
and five characteristic colors [9, 10].

Simulations revealed that K = 3 produced overly generalized results, while K = 5 introduced
minor color groups with low frequency (under 5%). Thus, K = 4 was selected as the optimal choice,
providing a good balance between fidelity and practical design use.

Olive green  Dark green  Grayish green  Light green White-gray
30%. 27%. 24%. 15%. 4%.

Figure 4. Color distribution extracted from the forest background image.

This selection captures key characteristics of forest color composition, thereby enhancing the
realism and operational effectiveness of the generated camouflage patterns.
3.2. Design of visible-spectrum pixelated camouflage patterns

This study formulates an algorithm based on two key constraints identified in earlier analysis:
color accuracy and shape distribution. The process is summarized in Figure 5. First, characteristic
background colors are extracted using the K-means algorithm to define the base palette.
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Using Substance 3D Designer, various patterns were generated from forest background images.
Contour blocks were obtained through point cloud generation, grayscale conversion, and binary
segmentation. These were combined with color blocks to form the final camouflage design.

Input background
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Figure 5. Flowchart of the proposed pixelated camouflage pattern design algorithm.

The image is segmented into square blocks, each assigned the closest color to its region for
visual consistency. For an image of size M x N pixels and block size » x r, it is divided into m X
n blocks, where m = M/r and n = N/r. When M or N is not divisible by 7, the image is partitioned
into (m + 1) x (n + 1) blocks. These include: m x n standard blocks of size » x r; I x n edge
blocks of size (M — mr) x r; m x I blocks of size r x (N — nr); and one corner block of size (M —
mr) X (N — nr).
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Figure 6. Image segmentation into square blocks defined by parameter r.

To optimize the pixelated camouflage patterns, the research team applied two key indices:
Camouflage Similarity Index (CSI) and Universal Image Quality Index (UIQI), which quantify
visual blending and similarity with mountainous forest backgrounds. These indices were
previously introduced by the authors for evaluating camouflage performance [11]. Based on this
method, two patterns were generated: Design 1 with lighter tones for sunlit areas, and design 2
with darker tones for shaded environments (Figure 7).

a. Designed pattern 1. b. Designed pattern 2.
Figure 7. Pixelated camouflage patterns for forest terrain.
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3.3. Quantitative evaluation of camouflage patterns

While the algorithm was optimized using CSI and UIQI, relying solely on these internal metrics
may reduce evaluation objectivity [12, 13]. While initial results confirm the algorithm’s
effectiveness, complementary methods are needed for a comprehensive assessment. Prior studies
have utilized visual inspection, image quality metrics, and decision-making techniques such as
TOPSIS [14, 15].

This study aims to establish a reusable workflow, with future improvements planned for stages
like data acquisition, color selection, and evaluation. At this stage, Peak Signal-to-Noise Ratio
(PSNR) and Histogram Intersection (HI) are used to evaluate pixel-level blending and color
similarity between camouflage patterns and forest backgrounds.

Two background image types are used: one representing an overhead view (e.g., UAVs or
watchtowers), and the other simulating a horizontal viewpoint of a human observer in dense
vegetation (Figure 8). For each pattern, PSNR and HI scores are computed using 1,000 randomly
sampled patches per viewpoint.

Three K20 camouflage patterns (512 x 512 pixels) are included for comparison, alongside the
proposed designs. These reference patterns are labeled 1 to 3 (Figure 9).

a. Pattern 1 b. Pattern 2 " ¢. Pattern 3
Figure 9. K20 camouflage pattern samples used for comparative evaluation.
a. Peak signal-to-noise ratio (PSNR)

The PSNR quantifies the ratio between the maximum possible signal power and the average
noise power. It is commonly used to assess image quality and is mathematically defined as:

2
PSNR(dB) =10log,,| —2MN___ )

M N P
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where D is the maximum pixel intensity (255 for 8-bit images), and b;j, ¢;; are the pixel values at

position (i, j) in the background and camouflage images, respectively. M x N is the number of pixels
in the comparison region. Higher PSNR indicates greater similarity between the images [16].

The PSNR values and corresponding standard deviations are summarized in table 1 and
illustrated in Figure 10. In table 1, “Mean” indicates the average PSNR value over 1000 iterations,
“SD” is the standard deviation, and “BG” represents the background number.
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Table 1. PSNR and standard deviation of camouflage patterns on two forest backgrounds.

Pattern 1 Pattern 2 Pattern 3 Design 1 Design 2
BG 1 Mean 14.5460 15.6957 13.2678 15.3509 16.1783
SD 2.2548 2.3287 1.4206 1.1166 1.5651
BG 2 Mean 13.2842 13.8469 12.0344 14.4431 14.8786
SD 1.2095 1.0632 0.6599 0.7895 1.0318
19
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Figure 10. Line graph of average PSNR with standard deviation
for camouflage patterns on two backgrounds.

The results indicate the following:

+ The camouflage patterns designed in this study exhibit higher PSNR values compared to the
three pre-existing K20 camouflage patterns, reflecting superior visual blending with forest terrain.

+ Among all evaluated patterns, designed pattern 2 achieves the highest average PSNR value,
indicating the most effective camouflage performance. This is followed by K20 pattern 2, designed
pattern 1, and then K20 patterns 1 and 3.

+ Although designed pattern 1 and K20 pattern 2 yield similar average PSNR scores, the former
demonstrates a lower standard deviation, indicating more stable and consistent performance across
varied background conditions. In contrast, K20 pattern 2, despite its relatively high average PSNR,
shows greater variability, suggesting that its effectiveness may be confined to specific locations
and less reliable overall.

b. HI
While PSNR evaluates pixel-level similarity, it does not reflect overall color distribution. To
address this, HI is used as a complementary metric for color blending assessment [17, 18].

HI measures the overlap between the normalized histograms of a camouflage pattern h. and a
background region hy, calculated as:

HI(h ,h,) = imin(hﬂ (i), hy (i) 3)

Here, N is the total number of bins from concatenated red, green, and blue histograms. Each
channel is divided into 32 bins, giving N = 96. Histograms are normalized to sum to 1. HI values
range from O to 1, with higher scores indicating greater color similarity.

Figure 11 presents a line chart illustrating the mean HI values and corresponding standard

deviations for each camouflage pattern, calculated from 1000 randomly selected positions across
the two selected background types.
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Table 2. HI and standard deviation of camouflage patterns on two forest backgrounds.

Pattern 1 Pattern 2 Pattern 3 Design 1 Design 2
BG 1 Mean 0.3483 0.4052 0.3483 0.4431 0.4526
SD 0.0964 0.1132 0.0539 0.0371 0.0616
BG 2 Mean 0.4307 0.3921 0.4312 0.4213 0.4402
SD 0.0546 0.0323 0.0181 0.0292 0.0314
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Figure 11. Line graph of average HI with standard deviation
for camouflage patterns on two backgrounds.

The results from both HI and PSNR metrics consistently indicate that the camouflage patterns
designed in this study outperform the pre-existing K20 patterns in terms of visual blending
performance. K20 pattern 2 shows average HI and PSNR values that are comparable to those of
designed pattern 1, but with significantly higher standard deviation. This suggests that the
camouflage effectiveness of K20 pattern 2 is less consistent, performing well in certain positions
but less effectively in others.

Among all evaluated patterns, designed pattern 2 demonstrates the highest levels of color
similarity and stable blending performance, and is therefore selected as the optimal camouflage
pattern in this study.

4. CONCLUSIONS

This study presents a structured approach for designing pixelated camouflage patterns tailored to
forest environments. The proposed method integrates principles from optics, human visual perception,
and digital image processing to achieve effective visual blending with natural backgrounds.

Dominant background colors were extracted using the K-means clustering algorithm, while
pattern structures were procedurally generated through modeling in Substance 3D Designer. The
pattern scale was calibrated to ensure consistency between digital resolution and physical
production requirements. In addition, the workflow supports flexible scale adjustments to maintain
concealment effectiveness at varying observation distances.

Quantitative evaluations using PSNR and Histogram Intersection confirmed that the
designed patterns exhibited high color similarity and consistent visual integration under diverse
terrain conditions.

These results provide a foundation for data-driven, terrain-specific camouflage development.
Future research will focus on field validation, refinement of evaluation metrics, and enhancement
of pattern adaptability for real-world deployment.
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TOM TAT

Phuong phap thiét ké hga‘tié't nguy trang diém anh phi hep
véi phong nén dia hinh rirng nii

Nguy trang 1 yéu t6 quan trong trong cdc hoat dong quan sw hién dai, giup d‘01 twong
hoa tron tryc quan voi moi truong xung quanh. Cac madu nguy trang gay roi truyen thong
tung duoc sw dung rong rai tu nhitng nam 1970 dén dau nhiing nam 2000, dang dan dwoc
thay thé béi hoa tiét dang diém anh. Nghién civu nay dé xudt mét phwong phap thiét ké hoa
tiet nguy trang diém anh phi hop vdi dia hinh erg Hiéu qua duoc danh gia thong qua hai
chi s6: Ty so tin hiéu trén nhiéu dinh (PSNR) va Danh gia twong dongphan b6 mau bang
Hlstogram Intersection (HI), phan anh mirc do ttfong dong Ve thi glac va phan b6 mau sdc.
Két qua cho thdy cdc hoa tiét dwoc thzet ké c6 mau sdc va két cau gan giong véi nén rimg,
cho thdy tiém ndng iing dung thiee tién.

Tir khéa: Hoa tiét nguy trang dang diém anh; Chi s6 danh gia; PSNR; Giao nhau biéu ¢ mau.
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