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ABSTRACT With the development of intelligent monitoring, robot vision and IoT technologies, the
demand for real-time and low-power mobile object recognition is growing. Traditional CPU/GPU schemes
suffer from high latency and energy consumption on edge devices, while FPGA, with high-speed parallel
computing and reconfigurable features, becomes ideal for efficient real-time visual process. The paper
presents an FPGA-based mobile object recognition system, realizing recognition and tracking. It optimizes
traditional algorithms via hardware acceleration to achieve low-latency, cost-effective real-time detection.
The frame difference method extracts foreground targets, combined with morphological filtering for
denoising. DDR3 stores images, and HDMI outputs videos. Leveraging FPGA’s parallelism, hardware
pipeline designs for preprocessing, motion and target detection modules are implemented with Verilog.
Modules like ov5640 acquisition, DDR3 control, image processing and HDMI display are developed,
finally achieving real-time recognition and frame tracking of moving objects. It provides an efficient
hardware solution for low-cost, low-power applications, verifying FPGA’s engineering value in visual
processing.

INDEX TERMS FPGA; Moving object recognition; Hardware acceleration; Frame difference method,;

Image acquisition.

I. INTRODUCTION
ITH the rapid development of the Internet of Things
(IoT), intelligent monitoring, and robot vision, edge
visual perception has become a core technology. Within
this domain, Moving Object Detection (MOD) faces dual
challenges: the need for real-time processing and strict
power consumption constraints.

Traditional schemes relying on CPUs and GPUs struggle
to meet these demands in practical applications. While
CPUs offer flexibility, their serial processing architecture
leads to high latency when handling massive video data.
Conversely, although GPUs provide strong parallel comput-
ing capabilities, they suffer from high power consumption,
high costs, and rigid hardware architectures, making them
unsuitable for resource-constrained edge devices. To address
these limitations, Field-Programmable Gate Arrays (FPGAs)
have emerged as a promising alternative. FPGAs offer
parallel processing, low latency, and high energy efficiency,
providing an ideal foundation for high-performance target
detection systems [1-2].

Moving object recognition generally involves target de-
tection and tracking[3-4]. Common algorithms include the
frame difference method, background subtraction and opti-
cal flow [5-6]. Among these, the optical flow method is com-
putationally intensive and difficult to implement efficiently
on hardware. Background subtraction is effective for static
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scenes but sensitive to environmental noise. In contrast,
the frame difference method offers low computational com-
plexity and strong real-time performance, making it highly
suitable for hardware implementation. Consequently, this
study focuses on implementing a moving object recognition
system based on the frame difference method using an
FPGA platform.

Ding wenlong, Yin duo, Qiu song et al. improved the
three frames difference method [7] to eliminate the “hole”
phenomenon. Feng tiangiao, Mao zhengyu, Peng xiangqian
et al. verified that the detection performance of FPGA
which fully meets the requirements of high-speed real-time
performance is better than that of pc [8]. M. H. salehzadeh,
V. Rostami, M. salamati and M. H. monfared proposed the
improvement of Tiny Yolo neural network [9] to enable Tiny
Yolo neural network to complete moving object detection.
Jai Gopal Pandey proposed a high-performance design for
mean shift-based moving object tracking implemented on
an FPGA-SoC framework [10]. However, despite these ad-
vancements, existing methods often face trade-offs between
computational complexity and detection accuracy.

Neural network approaches like Tiny YOLO require
significant logic resources, which can be challenging for
entry-level FPGAs, while traditional background subtraction
methods may struggle with dynamic noise or ghosting
artifacts in complex scenes without further optimization.
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Therefore, there is a need for a lightweight yet robust algo-
rithm that maximizes the hardware advantages of FPGAs.
To bridge this gap, this paper proposes an efficient mobile
object recognition system based on the frame difference
method, specifically optimized for FPGA implementation.
Unlike complex neural networks, the chosen frame dif-
ference method possesses low computational complexity
and strong real-time performance, making it highly suitable
for hardware acceleration. The proposed system is built
upon a Transcender S6 development board equipped with
a Xilinx Spartan-6 FPGA and an OV5640 camera, utiliz-
ing the ISE development environment. By leveraging the
parallel processing capabilities of the FPGA, the system
achieves real-time output of recognized images through an
HDMI interface at a resolution of 1024x768 @ 60Hz.
Experimental results demonstrate that the designed system
not only meets the requirements for high-speed real-time
processing but also accurately recognizes moving objects
with minimal resource overhead, offering a cost-effective
alternative to GPU-based solutions.

Il. DESIGN OF IMAGE PROCESSING ALGORITHM
A. RGB TO GRAYSCALE
The formula for converting RGB to YCbCer is as follows:

Y 0.299 0.587 0.114| |R 0
Cb| = |—-0.172 0.339 0511 |G| + [128]. (1)
Cr 0.511 0.428 0.083| |B 128

Among them, R, G, and B represent the red, green, and blue
components in RGB images, while Y, Cb, and Cr represent
the grayscale components, hue, and saturation.

Since FPGA is not good at handling floating-point num-
bers, the coefficients are first enlarged by 256 times, and
finally divided by 256 after calculation, which is shifted to
the right by 8 bits. The calculation formula is as follows:

Y 7t 150 29| |R 0
Ch| = —43 85 128| |G| + |32768 > 8.
Cr 128 107 21 B 32768

2)
After converting an RGB image to a YCbCr image, take
the Y component, which is the grayscale value. In terms of
design, a three-stage pipeline design is adopted, which is
completed through three operations: coefficient multiplica-
tion, component addition, and data shift. It takes three clock
cycles for each pixel to complete the calculation. Therefore,
it is necessary to beat the row field synchronization signal
and the data effective signal three times to avoid signal
metastability and ensure correct timing alignment.

B. FRAME DIFFERENCE ALGORITHM

The frame difference method [11] utilizes the difference in
pixels between adjacent frames to detect moving targets.
Compare its absolute value with the frame difference thresh-
old and obtain this difference value during the effective
signal period of the image. Read two consecutive frames of
images from the video stream, denoted as the current frame
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FIGURE 1. Palm frame differential image

I,(x,y) and the previous frame I,,_;(x,y), where (z,y)
represents the coordinates of pixels in the image. Differential
operation is performed on the grayscale values of the
corresponding pixels in the current frame and the previous
frame to obtain the frame difference image D(x,y). The
calculation formula is:

D(ﬂf,y) = ‘LL(J%Z/) - [7L—1($7y)‘ : 3)

Select a suitable threshold T' and perform binary processing
on the frame difference image D(z,y). If the difference
between a pixel in D(z,y) is greater than the threshold T,
then the pixel is marked as a foreground (moving target)
pixel with a value of 1; Otherwise, it is marked as a
background pixel with a value of 0, resulting in the binary
image B(z,y), that is:

B(z,y) =

{17 D(z,y) > T, @

0, D(z,y)<T.

The selection of the frame difference threshold (7") is
critical for balancing detection sensitivity and noise suppres-
sion. Rather than relying on arbitrary values, the optimal
threshold was determined empirically through a series of
controlled indoor experiments. The tuning process involved
evaluating the system’s performance under varying lighting
conditions and background complexities. During the testing
phase, we observed a clear trade-off: setting 7" too low
made the system overly sensitive to minor illumination
changes and sensor noise, resulting in a high rate of false
positives (background noise). Conversely, setting 7" too high
caused the system to miss faint moving objects or fragment
the contours of valid targets. Through iterative testing and
visual evaluation, the threshold was finally tuned to 20.
At this specific value, the system achieved the optimal
balance, effectively filtering out static background noise
while maintaining high integrity for moving object contours
in our indoor test environment.

C. IMAGE EROSION AND IMAGE DILATION

Image erosion is a morphological image processing opera-
tion primarily used to reduce object regions or refine object
boundaries in an image[12]. Image erosion is based on the
morphological concept in set theory, and its core idea is to
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FIGURE 2. Schematic diagram of image erosion

use a structural element (also known as a kernel) to scan
each pixel in the image. Structuring elements are typically
small matrices with specific shapes (such as rectangles, cir-
cles, crosses, etc.) and sizes. For binary images, the erosion
operation checks whether all pixels in the area covered by
structural elements are foreground pixels (usually 1). If so,
the center pixel is kept as the foreground pixel, otherwise
it is set as the background pixel (usually 0), as shown in
Figure 2.

Image erosion can eliminate isolated noise points in
the image, as these noise points will be removed under
the scanning of structural elements due to the surrounding
background pixels. In addition, image erosion can also cause
the boundaries of objects to shrink inward, resulting in the
refinement of object shapes. In addition, when objects in
the image adhere to each other, erosion operations can to
some extent separate them. Through continuous erosion, the
adhered parts may break, allowing for subsequent analysis
and processing of individual objects.

Image dilation is a morphological image processing op-
eration corresponding to image erosion, mainly used to
enlarge the object area or connect the broken parts of objects
in the image [13]. Image dilation is also based on structural
elements to operate the image. The principle is that for each
pixel in the image, when the center of the structural element
is located at that pixel, if any pixel in the area covered by the
structural element is a foreground pixel (usually 1 in binary
images), then the current pixel is set as the foreground pixel,
as shown in Figure 3.

In images, when objects break due to noise or other
reasons, dilation can connect these broken parts by enlarging
the boundaries of the object, making the shape of the object
more complete. In addition, the boundaries of objects can be
expanded outward to highlight their contours, which helps
to better detect and locate objects in some image recognition
and analysis tasks. For some small holes or voids inside an
object, expansion operation can fill them to a certain extent,
making the interior of the object more complete.

The operation of first corroding and then expanding
an image is called Morphological opening, which is a
morphological based image processing method[14]. First,
use erosion operation to scan the image through structural
elements, shrink the boundaries of the object inward, and
remove isolated noise points and small details in the image.
Further expansion operation is performed to expand the

VOL. 15, NO. 3, AUGUST 2026

"

Original image

Structuring element After dilation

FIGURE 3. Schematic diagram of image dilation

boundary of the corroded object outward, allowing the
approximate shape of the object to be restored. Due to
the removal of some noise and small interference during
the erosion process, these parts will not be restored during
expansion, thus achieving the goal of removing noise and
maintaining the shape of the object.

In the morphological processing stage, a 3x3 square
structuring element was employed to perform opening or
closing operations. The primary objective of this step is to
eliminate isolated noise pixels and smooth the boundaries
of the detected foreground objects. The 3x3 dimension was
selected as an optimal trade-off between noise suppression
and detail preservation. Empirical observations indicated
that background noise typically spans no more than 1 to
2 pixels; thus, a 3x3 structuring element is sufficient to
remove these artifacts. Larger structuring elements (e.g.,
5x5 or 7x7) were tested but resulted in excessive erosion
of small targets and the loss of fine structural details.

Therefore, the 3 x3 structuring element provides the most
robust performance for the given spatial resolution.

D. TARGET RECOGNITION ALGORITHM

After performing a Morphological opening on the binary
image generated by the frame difference module, the pixel
points of one frame of the image will be sequentially sent
to the target recognition module. This module calculates
the coordinates of pixels through a counter and updates the
boundary coordinate register according to the values and
coordinates of the pixels, thereby achieving the acquisition
of the rectangular boundary coordinates of the motion area
as shown in Figure 4.

E. FPGA DESIGN

This design realizes the recognition and tracking function of
moving objects, including the design of image acquisition
module, image processing module, DDR control module,
clock module, and HDMI module. The clock module gen-
erates 100M and 300M clocks from the 5S0M clock on the
board through PLL to drive the MIG core and DDR3 chip.
After the camera completes initialization, the collected data
is first transmitted to the image acquisition module, which
changes the original 8-bit data to 16 Bit data, and then enters
the image processing module. The image processing module
outputs a grayscale value image data for frame difference
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FIGURE 4. Motion Area Recognition
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FIGURE 5. Schematic diagram of the overall process

FIGURE 6. Module-level Data Flow Diagram

operation, and outputs a final image. The final image cached
in DDR3 is output through the HDMI interface. The overall
process is shown in Figure 5.

To ensure timing consistency and simplify the overall de-
sign, the image acquisition, real-time image processing, and
HDMI display modules are integrated into a unified 50 MHz
synchronous clock domain. This architecture effectively
eliminates potential metastability issues during pixel-level
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data transmission across the video pipeline. In contrast, the
external DDR3 SDRAM operates at a high frequency of 300
MHz, with its memory controller interface (MIG) running
at an independent 100 MHz clock domain. To bridge the 50
MHz video pipeline and the 100 MHz memory controller,
Asynchronous FIFOs are implemented as the data buffering
interface. These FIFOs not only resolve the Clock Domain
Crossing challenges but also perform essential data width
conversion and rate matching. This mechanism facilitates
efficient burst read/write operations, thereby maximizing the
bandwidth utilization of the DDR3 memory while ensuring
data integrity.

F. IMAGE ACQUISITION MODULE

The main function of the image acquisition module is
to configure the camera using the IIC (Inter-Integrated
Circuit) protocol to complete initialization, and receive the
video signal output by the camera, which is then used by
the image processing module. It mainly includes the IIC
configuration module, IIC driver module, and image data
module. The RTL structure is shown in Figure 7. The
OV5640 adopts a two-wire SCCB (Serial Camera Control
Bus) interface bus compatible with the IIC protocol, so
the camera can be directly configured using the IIC driver.
To ensure the normal operation of the OV5640 sensor,
the initialization operation must be completed first. The
process mainly involves configuring the parameters of the
internal registers of the sensor, defining its working mode
by writing specific values to the registers, such as image
resolution, data frame rate, color encoding format, and other
key parameters. Only by completing the configuration of
these registers can the sensor perform image acquisition
according to the expected working mode, ensuring that the
output image data meets the requirements of the system. The
main function of the IIC configuration module is to provide
the data and address information required for register read
and write to the driver module, while managing the timing
control of the initialization process. This module sends
configuration instructions to the sensor through the IIC bus,
including register addresses and corresponding data values,
to configure the working mode of the sensor. In addition,
the module is responsible for generating control signals for
the initialization process, ensuring that the configuration of
each stage is executed in order, and ultimately outputting the
initialization completion signal. According to the OV5640
data manual, when the image sensor is powered on and
reaches the initial configuration register, in order to reset all
registers to their default state, a delay of 20ms is required.
After 20ms, the sensor is configured and the software is
reset. Subsequently, register configuration is carried out for
the line field resolution, total line field pixels, and output
format that the camera needs to output.

The IIC driver module is used to drive the read and
write operations of IIC. Since it is only used to configure
camera registers in this project, only write operations are
required. The IIC execution signal is raised by the IIC
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FIGURE 7. RTL structure diagram of image acquisition module

configuration module after a 20ms power on delay, and
lowered after all registers are configured. IIC read and write
operations are implemented using a state machine. In IIC
communication, both byte write and random read operations
start in an idle state. In the initial stage, a start signal needs
to be sent first, followed by the transmission of device
addresses and read/write instructions. After completing the
transmission of device address and read/write instructions
and receiving the response signal, send the word address
and then proceed with the data read/write transmission
operation. After the completion of data transmission for
reading and writing, a response signal is received, and finally
the signal transmission is stopped. At this point, the reading
and writing operation is completed, and the idle state is
entered again.

The image data module is driven by the pixel clock, and
its main function is to convert the 8-bit data output by the
camera into a 16 Bit data signal, and provide corresponding
row field synchronization signals based on the row field
synchronization signals output by the camera for subsequent
image processing and DDR control modules. Considering
that the effective time of register configuration can reach
up to 300ms, which is close to the duration of the camera
outputting 10 frames of image data, frame counting can
be achieved by monitoring the rising edge of the field
synchronization signal. When the counter value accumulates
more than 10 times, the system will automatically generate
a valid data flag and start the image acquisition process
immediately.

G. IMAGE PROCESSING MODULE

The main functions of the image processing module include
converting formatted color images into grayscale images
(represented by the brightness Y in the YCbCr color space),
performing frame differencing on two consecutive frames
of images, performing image opening operations on the
differenced images, detecting moving areas, and framing
moving areas. And based on this, the RGB to grayscale
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module, frame difference module, image erosion module,
image dilation module, recognition module, and frame mod-
ule were designed, and their RTL structures are shown in
Figure 8.

The RGB to grayscale module converts the color RGB
data collected by the camera into grayscale images, in
order to facilitate the subtraction of data during subsequent
frame differencing operations. The data conversion opera-
tion adopts a three-stage pipeline design to achieve hardware
acceleration, and finally shifts the row field synchronization
signal and enable signal by three clocks to ensure the
correctness of timing. The converted data is sent one way
to the frame differential module, and the other way is sent
to the DDR3 chip cache through the top-level module, and
then sent to the frame differential module, so that the two
data obtained in the frame differential module are adjacent
frames.

The main function of the frame difference module is to
perform frame difference operations on two sets of data
separately, provided by the RGB to grayscale module and
the DDR3 control module. The DDR3 chip cache trans-
fers the previous frame image, and the RGB to grayscale
module outputs the current frame image. The two sets of
images are differentiated pixel by pixel, and by comparing
the difference with a pre-set threshold, a binary image is
finally obtained that distinguishes the background from the
moving object, thereby achieving the distinction between
the background and the moving object.

The image erosion module and image dilation module
jointly complete the opening operation of binary images,
mainly to eliminate noise, eliminate small objects, and
reduce the interference of noise and small objects on the
recognition of motion areas.

The main function of the recognition module is to obtain
the extreme coordinates of the moving object area, count
the input pixels to obtain coordinates, determine whether the
pixel is a moving area, update the coordinates of the moving
object area, and finally obtain the boundary coordinates of
a set of rectangular boxes.

The frame module uses a red rectangular box to mark
the moving object area on the input RGB color image
and outputs it as the final image. This module covers the
RGB values of pixels located on the boundary based on the
boundary coordinates obtained by the recognition module,
turning them red to achieve the function of framing the
moving object area.

H. DDR3 CONTROL MODULE

The DDR3 control module uses MIG (Memory Interface
Generator) IP verification to read and write to the onboard
DDR3 chip. The read and write logic is provided by the
submodule DDR read and write module, and the read and
write data is cached through FIFO, thus achieving the
function of caching the image data output by the image
processing module. Due to the image resolution captured
by the camera being set to 1024 x 768, the data volume of
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FIGURE 8. RTL architecture diagram of image processing module

one frame of image is 102476816 bits = 12582912 bits =
12888Kbit = 12Mbit, and the bandwidth required for
data transmission is 12Mbit * 66Mhz = 780Mbit/s. The
chip model of the Transcender FPGA development board
is XC6SLX16-2FTG256. From the Spartan6 series device
manual provided by Xilinx, it can be found that the on-
chip storage resources of XC6SLX16 are 576Kbit, far from
meeting the storage requirements. Therefore, onboard DDR3
external memory is used to achieve image data caching.
The development board of Beyond is equipped with the
South Asian NT5CB128M16CP-DI DDR3 chip, with a
storage capacity of 2Gb (2048 Mbit) and a peak bandwidth
of 12.8 Gbit/s, fully meeting the requirements of video
image caching. This module constructs a FIFO like user
operation interface by encapsulating the complex readwrite
logic of the MIG IP core (memory interface generator).
Its core functional modules include DDR readwrite control
unit, MIG controller IP core, and FIFO timing management
module. The specific RTL architecture is shown in Figure
8. Due to the fact that the clock frequency for DDR reading
and writing is much higher than that for image acquisition,
image processing, and image output, in order to solve the
problem of data transmission across clock domains, an
asynchronous FIFO is designed and used to read and write
DDR3 chips through MIG verification. The two sets of data
that need to be cached, namely one frame of grayscale value
image required for frame difference and the final image
output after frame completion, are read and written through
FIFO using timedivision multiplexing method.
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FIGURE 9. RTL structure diagram of DDR3 control module

FIGURE 10. Image acquisition

lll. TEST RESULT

To verify the system’s functionality, the output images from
the development board are transmitted to a computer via a
video capture card. OBS Studio is then utilized to capture
and visually verify the original, differential, and final output
images. Testing demonstrates that the system maintains a
stable frame rate of 60 fps at a resolution of 1024x768, with
an end-to-end latency of 29.63 ms. Furthermore, the image
acquisition, frame differencing, and moving object tracking
functions operate normally. The test results, illustrated in
the figure below, fully meet the design expectations.
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FIGURE 11. Differential Image

FIGURE 12. Final Image

FIGURE 13. Tracking Test

As illustrated in Figures 10-13, the system successfully
captures images and performs differential operations on
consecutive frames. It accurately identifies moving targets
and aligns them for frame tracking, achieving a tracking
accuracy of over 98.7%.
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FIGURE 14. Resource utilization

FIGURE 15. System Power Consumption

The overall resource utilization is relatively low. As
shown in Figures 14 and 15, regarding resource utilization,
the occupancy rate of various hardware resources such as
logic elements is low, with sufficient logic resource redun-
dancy and a concise interface design. In terms of power
consumption, the total power is 0.541W, and the dynamic
power is 0.120W. The thermal characteristics are good; with
an ambient temperature of 25°C, the junction temperature is
37.5°C, resulting in low heat dissipation pressure. Overall, it
is a light-load, low-power design, suitable for scenarios with
requirements for energy efficiency and resource redundancy.

IV. CONCLUSION

This paper investigates the research background and current
status of mobile object recognition systems and proposes
an optimized design based on FPGA. The hardware plat-
form utilizes a Transcender S6 development board (Xil-
inx Spartan-6) paired with an OV5640 camera, developed
within the Xilinx ISE environment. To ensure efficiency, the
frame difference method is employed for object recognition
due to its low computational complexity and suitability
for hardware implementation. The system outputs recog-
nized images via an HDMI interface at a resolution of
1024 x768@60Hz. Experimental results confirm that the
system accurately recognizes moving objects in real-time.
Furthermore, a comparative analysis with existing FPGA-
based solutions highlights the unique advantages of the
proposed system. Unlike high-cost [15], resource-intensive
architectures often used in similar studies [16], this design
achieves a superior balance between performance and cost.
It delivers a high frame rate essential for real-time tracking
while significantly reducing hardware overhead, proving to
be a highly cost-effective solution for embedded mobile
object recognition.
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