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Abstract: Three-dimensional(3D) shape measurement using point clouds has recently gained signifi-
cant attention. Phase measuring profilometry (PMP) is widely preferred for its robustness against
external lighting changes and high-precision results. However, PMP suffers from long computation
times due to complex calculations and its high memory usage. It also faces a 27t ambiguity issue,
as the measured phase is limited to the 27t range. This is typically resolved using dual-wavelength
methods. However, these methods require separate measurements of phase changes at two wave-
lengths, increasing the data processing volume and computation times. Our study addresses these
challenges by implementing a 3D shape measurement system on a System-on-Chip (SoC)-type Field-
Programmable Gate Array (FPGA). We developed a PMP algorithm with dual-wavelength methods,
accelerating it through high-level synthesis (HLS) on the FPGA. This hardware implementation
significantly reduces computation time while maintaining measurement accuracy. The experimental
results demonstrate that our system operates correctly on the SoC-type FPGA, achieving computation
speeds approximately 11.55 times higher than those of conventional software implementations. Our
approach offers a practical solution for real-time 3D shape measurement, potentially benefiting
applications in fields such as quality control, robotics, and computer vision.

Keywords: 3D shape measurement; phase measuring profilometry (PMP); FPGA; high-level synthesis
(HLS); real-time processing

1. Introduction

The increasing need for precise inspection of complex shapes has heightened the im-
portance of 3D shape measurement technology [1,2]. Over the years, various profilometry
methods using structured light projection have been studied for 3D shape measurement.
These methods include Moire Profilometry (MP), Modulation Measuring Profilometry
(MMP), Computer-Generated Moire Profilometry (CGMP), and Phase-Differencing Pro-
filometry (PDP) [3-8]. Among these, Fourier Transform Profilometry (FTP) and phase
measuring profilometry (PMP) are the most widely used methods [9,10]. FTP enables
high-speed 3D shape measurement but is limited by the use of a single frame, which re-
stricts its ability to measure complex shapes. To overcome this limitation, PMP, which uses
multi-frame phase-shifted fringe patterns, is widely employed due to its robustness against
changes in external lighting and its ability to obtain high-precision shape data [11,12].
However, PMP requires extended computation times due to complex calculations and high
memory consumption. Additionally, PMP is limited by 27t ambiguity, where the measured
phase is only expressed within the 27t range, restricting the measurement range [13]. Due
to the 2t ambiguity, using fringe patterns with a short period increases measurement reso-
lution but narrows the measurement range, while using fringe patterns with a long period
widens the measurement range but lowers the resolution. To overcome these limitations
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and retrieve the absolute phase from the measured phase confined within the 27 range,
phase unwrapping is an indispensable and crucial step. This process is broadly categorized
into spatial phase unwrapping (SPU) and temporal phase unwrapping (TPU). SPU meth-
ods, such as quality-guided SPU [14], diamond (rhombus)-type SPU [15], and curtain-type
SPU [16], resolve the 2t ambiguity by leveraging the spatial continuity and quality of
the phase data. On the other hand, TPU methods, including gray code TPU [17], dual-
wavelength (heterodyne) TPU [18], phase-coding TPU [19], phase shift-coding TPU [20],
and fringe amplitude-encoding TPU [21], rely on the temporal sequence of phase data to
unwrap the phase. In this study, we used the dual-wavelength method, which is effective
in scenarios requiring high-precision measurements. However, this approach requires
measuring the phase changes at two wavelengths separately, doubling the data processing
volume and necessitating the combination of the results from the two phases, significantly
increasing computational load.

To overcome these drawbacks, research has focused on accelerating the PMP calcu-
lations using GPUs. In a Zhang et al. study, a 2 + 1 phase-shifting algorithm was used to
achieve 25.56 fps at 532 x 500 pixels, realizing real-time 3D shape measurement using a
GPU [22]. Nguyen et al.’s study proposed a CPU and GPU hybrid architecture real-time 3D
measurement system that relies on combining three grayscale phase-shift fringe patterns
into a single color image [23]. It achieved a processing speed of 45 fps at 640 x 480 pixels
using four fringe frequency phase unwrappings. Generally, high-performance GPUs are
used to accelerate PMP, but their high power consumption and heat generation make them
unsuitable for embedded systems.

Therefore, this paper presents a 3D shape measurement system using a System-on-
Chip (SoC)-type Field-Programmable Gate Array (FPGA) [24], which can process complex
computations in parallel, effectively enhancing the speed of systems requiring high-speed
computations [25-27]. Among these, the SoC-type FPGA, with its CPU and FPGA combina-
tion, allows for an integrated software and hardware design, making it an effective solution
for an embedded system [28]. Furthermore, we implemented an algorithm using PMP with
dual-wavelength methods, which enables 3D shape measurement through high-resolution
images. The algorithm is accelerated by implementing it on hardware using high-level
synthesis (HLS) on the SoC-type FPGA combined with a software system to create a 3D
shape measurement system. This confirms that multiple high-resolution images can be
processed normally on the SoC-type FPGA, and that computation is effectively accelerated
while maintaining measurement accuracy.

This paper has the following structure. Section 2 explains the principles of phase
measurement methods. Section 3 describes the structural and operational principles of the
3D shape measurement algorithm accelerator. Section 4 details the SoC-type FPGA-based
3D shape measurement system. Section 5 discusses the experimental setup and results.
Last, Section 6 summarizes the research findings and concludes the paper.

2. Principles of Phase Measurement Methods
2.1. Phase Measuring Profilometry (PMP)

PMP is a method for measuring height by projecting fringe patterns onto an object and
analyzing the phase information obtained [29]. Figure 1 illustrates the optical geometry of
PMP. 6, is the angle between the reference plane and the fringe pattern projection axis, Py
is the period of the fringe pattern, and & represents the object’s height from the ground [30].

The height hi(x, y) of the object at coordinates (x, y) can be calculated using Equation (1).

(2)(xy)  (32)@AN+pr(xy))

h(x,y) = tanfp B tanfp M

Here, ¢, is the phase value of the reference plane at coordinates (x,y), and 0~27
represents the wrapped phase. N is an integer and represents the 2t ambiguity. Since
the resulting phase image from the measurement is a wrapped phase 0~27, calculating N



Electronics 2024, 13, 3282

3o0f14

allows for obtaining accurate depth information. The parameters Py and 6, are determined
based on the system environment and calibration is required. Furthermore, the relative
height h(x,y) at coordinates (x,y) can be determined using the phase difference ¥r(x, y).
When the fringe pattern is projected onto the reference plane, its intensity image I(x, y) is
expressed using Equation (2).

I, y) = Iy (x,y) + I (x, y)cosp(x, y) 2

Here, I;(x,y) is the background intensity image, I;(x,y) is the fringe modulation,
and ¢(x,y) is the phase value at coordinates (x,y). Equation (2) contains three unknowns:
Iy(x,y), Ln(x,y), and ¢(x, y). Therefore, at least three different phase-shifted fringe-pattern
intensity images are required to determine the desired phase value ¢(x, y). In this study, a
four-step phase-shifting method was used, where the phase shift amount was 7/2. The
intensity images of the four phase-shifted fringe patterns are represented using Equation (3).

Li(x,v) = Iy(x,y) + Ln(x, y)cos [¢(x,y) —(n— 1)%}, n=1,234 3)

(4)

L(xy) — Iz(x,y)]
Li(x,y) = (%, y)

Here, n is the sequence number of the four images, I (x, y) is the background inten-
sity image, I,(x,y) is the fringe modulation, and ¢(x,y) represents the phase value at
coordinates (x,y). Using Equation (3), the phase value ¢(x, y) is calculated as shown in
Equation (4).

o) = |

Projecter — —4— Camera module

6p

T T T r - - Reference plane
Py
Figure 1. Optical geometry of the phase measuring method.

2.2. Dual-Wavelength TPU Method

The phase difference is the difference between the phase value of the reference plane
and the object to be measured. Since the phase difference repeats every 27, when it exceeds
27t due to the object’s shape or size, it cannot be accurately calculated. This issue is known
as the 27t ambiguity. The dual-wavelength method, which uses two sine wave fringe
patterns with different frequencies, solves this problem [31]. Figure 2 shows two sine wave
fringe patterns with different frequencies.

When two fringe patterns with different frequencies are projected onto an object,
height information can be obtained using the different frequencies A1 and A, as shown in
Equation (5).

_M _ M
h = 27((¢1 —|—2N17'[), h = 27_[((p2+2N27T) (5)

Here, ¢ and ¢; are the phase information at different frequencies. Using this, the
difference between the two phases can be obtained as shown in Figure 3.
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Figure 2. Fringe patterns with different frequencies.

P; P,
~N

P12= P1—P;

wrapped phase

depth

Figure 3. Shape measurement process using the dual-wavelength method.

A new frequency with a wider period is generated after phase unwrapping. This
can be expressed using Equation (6). Additionally, the frequency of the fringe and the
coefficient N are given by Equation (7).

27

P2=¢1-¢2=73 -+ 2Nt (6)
12
_ MM _
Mz = R Nip =N — N, @)

Using the parameters obtained from Equations (6) and (7), the height of the object can
be determined as shown in Equation (8).

_ AM2¢12
h= i (8)

However, the newly calculated height information has a low measurement resolution
due to the use of a wider frequency. By using the previous fringe pattern with a narrower
frequency range, height information with a higher resolution can be obtained. This can
be expressed using Equation (9), and the coefficient N can be calculated as shown in
Equation (10).

_ Mg . A
o 1 [Ap
Ny = T {)\1%2 - (Pl} (10)

3. The 3D Shape Measurement Algorithm Accelerator
3.1. The 3D Shape Measurement Algorithm
This study implemented a 3D shape measurement algorithm based on PMP using the

dual-wavelength method. Figure 4 shows the process of acquiring image data used in the
3D shape measurement algorithm. Figure 5 shows the image data obtained through this
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process. The projector and camera were positioned on the reference plane facing the object.
The projector projected the fringe pattern onto the object, and the camera simultaneously
captured the pattern on the object. The projector projected fringe patterns with a period Py
and fringe patterns with a shorter period P;, phase-shifted by 7/2 four times each. This
produced a total of eight image datasets which were input into the 3D shape measurement
algorithm, and the 3D coordinates for each pixel in the image data were output.

3D Shape
Measurement
Algorithm

Projector

A 4

Reference plane

Reference fringe pattern

Figure 4. Flowchart of the 3D shape measurement system.

Figure 5. (Left) Four images with long period patterns projected. (Right) Four images with short
period patterns projected.

To enhance the measurement range or resolution of the 3D shape measurement algo-
rithm, using higher-resolution images increases the computational load, thereby extending
the processing time. This study proposes an accelerator for the 3D shape measurement
algorithm using a SoC-type FPGA to address this issue.

3.2. Structure of the SoC-Type FPGA-Based Algorithm Accelerator

Figure 6 illustrates the structure of the proposed SoC-type FPGA-based 3D shape
measurement algorithm accelerator. The accelerator is implemented using Xilinx’s SoC-
type FPGA, the ZCU102, and is broadly divided into the Processing System (PS) area
and the Programmable Logic (PL) area. The PS area comprises components for running
and testing the 3D shape measurement algorithm, while the PL area implements the 3D
shape measurement algorithm in hardware. In the PS area, image data used for 3D shape
measurement are received from an external memory, such as an SD card, via the Advanced
eXtensible Interface (AXI). These image data are transferred from the PS area to the PL area,
where the 3D shape measurement algorithm operates. Upon completion of the algorithm’s
computations, the results are sent back to the PS area, where they can be verified through
UART communication.
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SoC-based FPGA

Processing System (PS) Programmable Logic (PL)
D (¢= - N **  Direct 3D Shape
AXI CPU Core AXI Memory Measurement
Interfaces | (ARM Cortex AS3, RS) gy Interfaces Access Algorithm
UART ey (DMA) (HLS IP)

Figure 6. Structure of the SoC-type FPGA-based 3D shape measurement algorithm accelerator.

Direct Memory Access (DMA), which facilitates data transfers between memory and
hardware devices without direct intervention from the CPU, was used to minimize latency.
The left-hand side of Figure 7 shows the data transfer flow before using DMA, and the
right-hand side shows the data transfer flow after. Before applying DMA, data transfer
from memory to the device requires CPU intervention. However, with DMA, a direct data
path is provided between memory and the device, allowing data to be transferred to the
device without passing through the CPU. Substituting the CPU’s data transfer tasks with
DMA reduces latency and enhances the system’s overall efficiency and performance.

Without DMA Processor with DMA

—_— N

1/0 1/0
Memory devices Memory D BMA @ devices

<

CPU CPU

Figure 7. (Left) Data flow before applying DMA. (Right) Data flow after applying DMA.

The 3D shape measurement algorithm in the PL area was implemented in hardware
using the high-level synthesis (HLS) technique. Pipelining allowed parallel processing for
computing each pixel, thereby accelerating the computation speed. HLS is a technology
that converts algorithms written in high-level programming languages such as C, C++, or
SystemC into hardware description languages like Verilog or VHDL. Figure 8 illustrates
converting an algorithm written in a high-level programming language into a hardware
description language to run on hardware platforms like FPGA or ASIC. Using HLS, the
conversion from High Level Description to Register Transfer Level (RTL) allows for rapid
prototyping and iterative design. Additionally, the generated RTL code can be verified
through Co-Simulation, which ensures that the RTL conversion is performed correctly.
Co-Simulation validates the consistency and correctness of the design by comparing the
C/C++ model extracted during the HLS phase with the final RTL code.

HLS Synthesis Vivado Synthesis

C C++ :r; Verilog :r; FPGA
SystemC VHDL ASIC

High Level Description Register Transfer Level Gate Level Netlist

Figure 8. Algorithm conversion flowchart.
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4. SoC-Type FPGA-Based 3D Shape Measurement System
4.1. Design of the SoC-Type FPGA-Based 3D Shape Measurement System

The SoC-type FPGA ZCU102 board allows for the integrated design of hardware and
software and can install a Linux-based operating system by inserting an FPGA-specific
boot image into an SD card. This study employed the Xilinx Certified Ubuntu 20.04 LTS
version of the operating system, which supports operations on the ZCU102 board. Xilinx
Certified Ubuntu integrates the operating system with the hardware platform, enabling
control of the hardware platform within the operating system. We created a hardware
platform based on the 3D shape measurement algorithm accelerator and constructed a
Platform Assets Container (PAC) to combine the hardware platform with the operating
system. The projector and camera modules are controlled via the operating system, and
image data are designed to be stored on the SD card.

Figure 9 shows the operational flowchart of the SoC-type FPGA-based 3D shape
measurement system. When the operating system installed on the SoC-type FPGA sends
an operational control command to the projector, it projects the fringe pattern onto the
object, which is then captured by the camera module with the image data stored on the
SD card. The image data stored on the SD card are transferred from the PS area to the PL
area via DMA. Once the 3D shape measurement algorithm completes its operation, the
measurement results are sent back from the PL area to the PS area through DMA.

SoC FPGA

Camera module
[l

Processing System (PS)
Xilinx Certified Ubuntu 20.04 LTS |

I'::tgae‘ DMA fResults

Programmable Logic (PL)

3D Shape Measurement Algorithm ‘

Projector

Figure 9. Operational flowchart of the SoC-type FPGA-based 3D shape measurement system.

4.2. Structure of the SoC-Type FPGA-Based 3D Shape Measurement System

Figures 10 and 11 show the flowchart and detailed structure of the SoC-type FPGA-
based 3D shape measurement system. The system comprises a ZCU102 board, a Raspberry
Pi, a projector, and a camera module. The input devices are connected to a USB hub and a
display device is connected to the HDMI port for system control and monitoring.

Keystroke Command
SoC FPGA signal _| Raspberr tlull)uu;aa;v: A
ZCU102 > Ppi y | Projector
I Trigger
signal
| v
Display Device
USB3.0 _ Camera
Port Hub | Module
Input Device Image data

Figure 10. Flowchart of the SoC-type FPGA-based 3D shape measurement system.
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Camera Module USB3.0 Port Hub

Image data Display Device

(Monitor)

\ 4

Trigger signal

Input Device J USB UART
(Keyboard, Mouse) Keystroke
signal

| ] (Micrq Spin).

Command transmission

o}

UltraScale-+|
MPSoC ¢

Projector Raspberry Pi SoC FPGA (ZCU102)

Figure 11. Structure of the SoC-type FPGA-based 3D shape measurement system.

The Raspberry Pi is used to facilitate the connection between the ZCU102 board
and the projector and to transmit keyboard input signals. The USB UART port of the
ZCU102 board acts as a slave device, as does the Mini 5-pin port of the projector. Since
direct connection between the slave devices (the ZCU102 board and the projector) is not
supported, a master device, the Raspberry Pij, is used to connect them in a slave-master—
slave configuration. When a button on the input device connected to the ZCU102 board via
the USB hub is pressed, the input signal is transmitted to the Raspberry Pi through the USB
UART port of the ZCU102 board. The Raspberry Pi then converts the received input signal
into a predefined pattern-control command and sends it to the projector, which performs
the corresponding action.

The projector and the camera module are connected through trigger pins. When the
projector receives a command to project a fringe pattern, it simultaneously sends a trigger
signal to the camera module through the trigger pin. The camera module captures images
in response to the trigger signal, acquiring image data. The image data acquired by the
camera module are transferred to the FPGA via the USB port and stored on the SD card.
This process can be monitored in real-time using a display device connected to the HDMI
port of the ZCU102 board.

The projector can be pre-configured with patterns and executes them via pattern-
control commands to project patterns at desired timings. The projector’s pattern-control
commands comprise four bytes and two ASCII characters, including square brackets and
case-sensitive letters. To allow for simple control of the projector using button inputs, the
Raspberry Pi is designed to detect key inputs from the ZCU102 board, convert them into
the corresponding commands, and send them to the projector.

The numeric pad keys 1 to 7 are each assigned a specific command. Table 1 shows the
transmitted commands and the corresponding projector actions for each key input.

Table 1. Projector pattern-control commands and actions.

Key Input Command Action
1 [PO] Play Once
2 [PC] Play Continuously
3 [PP] Play Pause
4 [PR] Play Resume
5 [PN] Play Step
6 [PS] Play Stop
7 [PT] Play Restart

Figure 12 shows the SoC-type FPGA-based 3D shape measurement system imple-
mented in this study. The system is constructed with a rectangular external frame, and the
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internal frame securely holds the projector and camera module, allowing for installation in
all horizontal and vertical directions.

Figure 12. SoC-type FPGA-based 3D shape measurement system.

5. Experiments
5.1. Experimental Environment and Methods

Figure 13 shows the test environment for the SoC-type FPGA-based 3D shape mea-
surement system. The system operates on the Xilinx Certified Ubuntu 20.04 LTS operating
system installed on the ZCU102 board. The test environment for the 3D shape measurement
algorithm was set up using Xilinx Vitis. The test utilizes eight images of 2592 x 2048 pixels.
The SoC-type FPGA-based 3D shape measurement system calculates the coordinates for
each pixel in the image data and outputs the inferred X, Y, and Z 3D coordinates for the
entire 2592 x 2048-pixel image. The system’s operation and the computed results are
controlled and verified through UART communication via a terminal.

Figure 13. Test environment for the SoC-type FPGA-based 3D shape measurement system.

The camera module used is the BASLER acA2500-60um, which can capture images
up to 2592 x 2048 pixels in size at 60 fps. The projector used is the Texas Instruments
DLP4710EVM-LC, which can project images at a resolution of 1920 x 1080 pixels with a
maximum brightness of 1800 lumens and a frame rate of up to 120 fps.
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5.2. Experimental Results and Performance Evaluation

Figure 14 illustrates the results of the 3D shape measurement process implemented in
this study. (a) and (b) show the deformed fringe patterns projected onto the object, while
(c) represents the absolute phase map calculated using the process described in Section 2.2
of this paper. (d) displays the depth map of the object’s region in the overall 3D point
cloud. This demonstrates that the 3D shape measurement of the object was successfully
performed using high-resolution images.

Figure 14. (a,b) Deformed fringe patterns, (c) absolute phase map, (d) 3D point cloud depth map.

The results of running the 3D shape measurement algorithm on both the PC-based
system and the SoC-type FPGA-based system were compared. This confirmed that the
3D coordinate data for each pixel and the 3D shape model represented on a 3D graph
were identical.

Subsequently, the computation times for the 3D shape measurement algorithm on
the PC-based system and the SoC-type FPGA-based system were compared to verify the
acceleration results. The ZCU102 board in the SoC-type FPGA-based system operated at a
clock frequency of 99 MHz. The CPU models and specifications embedded in the PC-based
system and the ZCU102 board of the SoC-type FPGA-based system are shown in Table 2.
Additionally, the software configurations and versions of each system are shown in Table 3.
The hardware resource usage required to implement the 3D shape measurement algorithm
accelerator on the FPGA is shown in Table 4.

Table 2. CPU specifications of the PC and FPGA systems.

System CPU Model Clock Speed
PC Intel Core i9-10900K 3.70 GHz

SoC-type FPGA
(ZCU102)

Quad-core Arm Cortex-A53 1.5 GHz
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Table 3. Software and versions used in the PC and FPGA systems.

System Software Version
Windows 10 64 bit
PC

Microsoft Visual Studio 2017

Xilinx Certified Ubuntu 20.04 LTS
Vitis HLS 2020.1

SoC-type FPGA

Vivado 2020.1
Xilinx Vitis 2020.1

Table 4. Hardware resource usage of the FPGA system.

LUTs FF BRAM (18 K) DSP
85,100 83,585 198 637

Table 5 shows the computation times for the 3D shape measurement algorithm on
both the PC-based system and the SoC-type FPGA-based system. Figure 15 illustrates the
images at different resolutions used in Table 5. To evaluate the acceleration based on the
resolution and the proportion of the object within the image, images of various sizes were
used for testing. For the SoC-type FPGA-based system, the computation time includes
the process of transmitting image data from the PS area to the PL area, completing the
3D shape measurement in the PL area, and then inputting the measurement results back
into the PS area. For the original image (a), the computation time on the PC-based system
was 2622 ms, while on the SoC-type FPGA-based system, it was 227 ms. This indicates
that the computation speed of the 3D shape measurement algorithm was accelerated by
approximately 11.55 times. Additionally, for the smallest image, the computation time
on the PC-based system was 203 ms, while on the SoC-type FPGA-based system, it was
13.2 ms, indicating that the computation speed of the 3D shape measurement algorithm
could be accelerated by up to approximately 15.38 times.

Table 5. Computation times of the 3D shape measurement algorithm.

Svstem Time(ms)
y @) (b) © @
PC 2622 1187 719 203
SoC-type FPGA 227 88.7 52.6 13.2

vA

(d) 640 x 480

(a) 2592 x 2048

(c) 1280 x 960

Figure 15. Resolution variations for speed comparison between the PC-based system and the SoC-
type FPGA system.
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6. Conclusions
6.1. Summary of Major Findings

Phase measuring profilometry (PMP) is widely preferred for 3D shape measurement
due to its robustness against external lighting changes and its high-precision results. How-
ever, PMP suffers from long computation times due to complex calculations and high
memory usage. It also faces a 27t ambiguity issue, limiting its measurement range. While
dual-wavelength methods can resolve this, they significantly increase computation time
and data processing volume.

The study addressed these computational challenges by implementing a 3D shape mea-
surement system on a SoC-type FPGA. We developed a 3D shape measurement algorithm
based on dual-wavelength PMP and accelerated it through hardware implementation using
high-level synthesis (HLS). By using HLS for pipelining, we enabled the parallel processing
of pixel computations, significantly accelerating the calculations. We also minimized data
transfer latency by using Direct Memory Access (DMA).

The complete system comprises a ZCU102 board, Raspberry Pi, projector, and camera
module, with input devices connected via a USB hub and a display device connected to
the HDMI port for system control and monitoring. The software system, built on a Linux-
based operating system running on the SoC-type FPGA, integrates the FPGA’s hardware
capabilities with the software components to create the SoC-type FPGA-based 3D shape
measurement system.

The experimental results demonstrate that the SoC-type FPGA-based 3D shape mea-
surement system accurately captures the 3D shape information of objects. Furthermore, the
SoC-type FPGA-based system achieved computation speeds approximately 11.55 times
higher than those of traditional PC-based systems. These results indicate that our pro-
posed system offers an effective solution for real-time 3D shape measurement, potentially
benefiting applications in fields such as quality control, robotics, and computer vision.

6.2. Limitations and Future Work

Despite the promising results, the proposed design has certain limitations. One notable
limitation is that the current implementation does not account for commercialization costs,
as the development board used in this study is a research-oriented platform. This could
impact the feasibility of the system in commercial applications where cost-efficiency is a
critical factor.

Future work could involve further refining the system’s design to enhance its perfor-
mance and reliability in diverse application environments. Additionally, expanding the
scope of testing to include various real-world scenarios will be essential in ensuring the
system’s robustness and adaptability. As the technology progresses, integrating advanced
features such as automated calibration and improved data processing algorithms could
further enhance the system’s practical utility.

By addressing these areas, future research can build upon the foundation laid by this
study, further advancing the field of real-time 3D shape measurement technologies and
broadening its range of potential applications.
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