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Abstract: As one of the fields of Artificial Intelligence (AI), Optical Character Recognition (OCR)
systems have wide application in both industrial production and daily life. Conventional OCR
systems are commonly designed and implement data computation on the basis of microprocessors;
the performance of the processor relates to the effect of the computation. However, due to the
“Memory-wall” problem and Von Neumann bottlenecks, the drawbacks of traditional processor-
based computing for OCR systems are gradually becoming apparent. In this paper, an approach based
on the Memory-Centric Computing and “Memory-Tree” algorithm has been proposed to perform
hardware optimization of traditional OCR systems. The proposed algorithm was first designed in
software implementation using C/C++ and OpenCV to verify the feasibility of the idea and then the
RTL conversion of the algorithm was done using the Xilinx Vitis High Level Synthesis (HLS) tool
to implement the hardware. This work chose Xilinx Alveo U50 FPGA Accelerator to complete the
hardware design, which can be connected to the x86 CPU in the PC by PCle to form heterogeneous
computing. The results of the hardware implementation show that the system this work designed
can recognize characters of English capital letters and numbers within 34.24 us. The power of FPGA
is 18.59 W, which saves 77.87% of energy consumption compared to the 84 W of the processor in PC.

Keywords: Optical Character Recognition; Memory-Tree; Von Neumann; Memory-Centric Computing;
computer vision; high level synthesis; Xilinx Vitis; low power; Alveo; FPGA; accelerator

1. Introduction

In the 21st century, Artificial Intelligence (Al) technology has taken on a variety of
forms and has developed at a very rapid rate [1]. At the same time, the amount of data and
information that needs to be processed has increased greatly. In particular, the increase in
image data is more significant because of the popularity of portable devices represented by
smartphones. It is very important to be able to process this information efficiently. On the
other hand, as a traditional method of information storing and processing, text is also a
very important tool for communication and information transmission in human society.
In our daily lives, text can be found everywhere, such as in documents, books, signs, etc.
Optical Character Recognition (OCR) [2] systems can recognize the text of images, which is
one of the most important methods of image and text processing. The OCR system utilizes
optical and computer technology to read text printed on paper and automatically convert it
into a format that is readable by computers and understandable by humans. As one of the
important parts in the Al field, OCR systems are increasingly used in both our daily lives
and in industrial production, including in license plate recognition [3-6], parcel logistics
identification [7], electronic medical records [8], blind navigation [9], automatic driving [10],
human-computer interaction [11] and so on.

Typically, as shown in Figure 1, an OCR system consists of four main stages, which
are image pre-processing (IP), character localization (CL), character segmentation (CS) and
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character recognition (CR). The IP stage is a pixel pre-processing of the input image, such
as image graying, image filtering and image binarization, in order to reduce the image
noise and enhance the effective image information. The CL stage is to find the position of
the character in the image after pre-processing in the IP stage and record its coordinate
information. The CS stage is to separate the characters to be recognized from the original
image to form a series of single images based on the character positions detected in the CL
stage. The CR stage compares the segmented image from the CS stage with the standard
template image to obtain recognition results. Among the four stages of the whole OCR
system, the CR stage is the most important core and is essential to the OCR system. The
computation of the CR stage will most directly affect the processing results of the entire
OCR system. Thus, it can be said that the previous three stages are used to provide services
for the CR stage.

Input Image
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v KNU 123
Character Localization B
12 (L) @
v
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Figure 1. Four stages of the Optical Character Recognition (OCR) system for the image “KNU 123”.

Traditional OCR systems are usually designed based on processors and to obtain
better computational effects, it is required to use more advanced processors in terms of
hardware implementation. Because the processor is the core of the computing system in
the current Von Neumann Architecture [12], both the computation of data and the control
of logic signals need to be finished by the processor. However, the processor has the
disadvantage of high power consumption and high cost. On the other hand, advances in
Al and high-definition (HD) camera technology have led to a greatly increasing amount of
data in the images that computing systems need to process. So in the traditional computing
architecture, computational problems such as Von Neumann bottleneck and memory wall
are becoming more and more obvious. Therefore, in recent years, there has been a growing
voice for developing Al application products based on Memory-Centric Computing, which
uses non-Von Neumann architecture optimization [13-15].

In this paper, based on the Memory-Centric Computing principle, a new OCR system
for the character recognition of numbers and English capital letters using the “Memory-Tree”
algorithm optimization method was developed. The optimization design is mainly aimed
at the CR stage of an OCR system. In the design of the Memory-Tree algorithm, characters
with similar shapes were put into a group, such as “B” and “D”, “F” and “P”. When the
character that needs to be recognized enters the CR stage of the operation, the system first
distinguishes which group the input character belongs to and then distinguishes which
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character belongs within that group. For the proposed optimization method of Memory-
Tree, this work verified it using software implementation and hardware implementation,
respectively. In software implementation, C/C++ language and OpenCV library were used
to design a specialized software applications to verify the feasibility of the new algorithm
on the software side. In hardware implementation, this work used the Xilinx Alveo U50
data center accelerator, which is a High-performance FPGA consisting of two important
modules: Programmable Logic (PL) and High Bandwidth Memory (HBM) [16]. It can be
connected to the x86 CPU in the host of PC over PCle to form heterogeneous computing [17].
The proposed OCR system can recognize characters in less time and with lower power
consumption through the hardware optimization design.
This paper contains the following contributions:

e This paper analyzes the problems faced by current OCR systems and traditional
computing architectures.

¢ This paper proposes a new OCR optimization algorithm called Memory-Tree based
on the principle of Memory-Centric Computing.

*  Through a series of experiments in software implementation and hardware implemen-
tation, the feasibility and optimization effects of the proposed Memory-Tree algorithm
are verified.

The remaining sections of this paper are organized as follows: Section 2 presents the
background and related work. The Memory-Tree algorithm is introduced in Section 3.
Sections 4 and 5 describe the software implementation and the hardware implementa-
tion, respectively. Section 6 presents the results and discussions. Section 7 presents the
conclusions of this paper.

2. Background and Related Work
2.1. OCR

The development of Optical Character Recognition (OCR) technology began in the late
1920s, and was first proposed and patented in 1929 by the German scientist Tausheck [18].
After decades of development, OCR has become one of the most important research
directions in the field of pattern recognition today.

In Section 1, the OCR system is divided into four stages; the first three stages can
also be collectively referred to as the recognition preparation (RP) stage. The processing
workload of the RP stage is usually unfixed and its data size and computational volume
need to be determined by the actual recognition environment and requirements.

The target of the RP stage is to provide aspects to the character recognition (CR) stage
processing and the CR stage is the core of the whole OCR system. Usually, there is the
Template Matching Method and the Feature Extraction Method, two main approaches to
implementation of the CR.

2.1.1. Template Matching Method

The Template Matching Method is a simple and straightforward traditional character
recognition method, and is a good choice for when image noise is low. In [19], a Template
Matching Method for recognition of Arabic numerals 0 to 9 is proposed. It performs a direct
pixel similarity comparison between the binarized character input image and the standard
template image, and uses a specific similarity algorithm to calculate the degree of similarity
between them. The template with the highest similarity will be recognized as the target.
However, The disadvantages of the Template Matching Method are also obvious in practice.
When the image noise is high and the recognition is complex, the recognition success rate
of the Template Matching Method decreases and is very computationally intensive [3].

2.1.2. Feature Extraction Method

The Feature Extraction Method is a recognition method based on the inherent char-
acteristics of the character itself, which can avoid processing all pixels of the image and
thus can improve the computational efficiency. In [20], a recognition method featuring
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the number of intersections of characters with horizontal and vertical coordinate axes is
proposed. The work in [21] proposed a method to recognize characters by building features
through vertical and horizontal projections. The Feature Extraction Method is more efficient
in some cases and it can even recognize character images in the presence of distortion
or noise.

2.2. Von Neumann Bottleneck and Memory Wall

OCR systems typically use a combination of stand-alone scanning devices and comput-
ing devices. A traditional computing system mainly relies on the Von Neumann architecture
shown in Figure 2 for design, which is mainly composed of a processor and memory, and
these two modules exist separately. As computation is being performed, the processor
needs to read data from memory using the system bus and write the data back to memory
after the computation is completed.

Arithmetic Control
Logic Unit Unit

Input and

Memory Output(l/0)

Address Bus
]

Data Bus

[ [ ———

System Bus

Figure 2. Architecture of Von Neumann computing system.

The emergence of Von Neumann has greatly contributed to the development of com-
puter technology in human society. However, in the last few decades, processor perfor-
mance has grown at a very high rate compared to memory due to the invention of the
transistor and Moore’s Law. When the memory transfer speed does not keep up with
the processor’s performance, it will lead to the computing power being limited as shown
in Figure 3, which is known as the “Memory-Wall” problem. At the same time, as the
development of the processor that relies on Moore’s Law has also gradually encountered
difficulties, the development of the processor itself is also slowing down.

Due to the separation of the storage and processing modules, data needs to be moved
frequently between them using the system bus, resulting in a lot of wasted energy. In a
study of Google’s own products’ energy consumption in 2018, it was found that 62.7% of the
entire system’s energy consumption was wasted on CPU and memory read and write trans-
fers [22]. With the development of Al and the increase in data, this problem will be more
serious. These issues have negatively impacted the development of computing systems.

2.3. Memory-Centric Computing

Memory-Centric Computing is considered a direction to solve the power and bottle-
neck problems of the Von Neumann architecture [13,14], which has three main technology
roadmaps as shown in Figure 4b—d [15].
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Figure 3. Performance gap of processor and memory from 1980s.

Memory chip Processor chip Memory chip

Interface

| | Interface |

(a) Von Neumann architecture (b) Computing-near-Memory

Memory chip Memory chip

+++
+++

+++
[ Control Logic | |

(c) Computing-in-Memory (d) Computing-with-Memory

Interface
Interface

Figure 4. Comparison of Von Neumann architecture and three technology roadmaps for Memory-
Centric Computing design.

2.3.1. Computing-Near-Memory (CNM) & Computing-in-Memory (CIM)

CNM [23] and CIM [24], shown in Figure 4b,c, are the continuation of the von Neu-
mann architecture. Their principle is to place the computational unit and memory as
close to one another as possible or to design the computational unit directly in the mem-
ory chip. This reduces the distance of data moving between the computation unit and
storage unit and achieves the purpose of reducing power consumption and increasing
computation speed.
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2.3.2. Computing-with-Memory (CWM)

Different from the CNM and CIM principles, CWM shown in Figure 4d, has no
separate computation unit and the computation operation is performed by the storage unit
inside the memory chip. CWM requires the developer to pre-calculate the results of data
processing during hardware design, and function response is stored in memory arrays in
the form of Look-Up Tables (LUTs) [25]. During the computation, the function is evaluated
by retrieving the values from the LUTs to complete the computation and confirm the result.
CWM computations can follow either a spatial or a temporal computation model and are
typically implemented in hardware using Content Addressable Memory (CAM) [26] and
Field Programmable Gate Arrays (FPGAs) [27].

3. Memory-Tree Algorithm
3.1. Application of Memory-Centric Computing

Designing the special architecture of the storage module through the result of per-
forming pre-calculation and using it to complete the calculation gives the developer an
optimization idea based on Memory-Centric Computing. As an example, for calculating
the diameter of a ball, people can use a computing tool such as a high-precision ruler with
their brains to do the calculation and they can soon get a more accurate result. However,
to put it another way, people can also perform a storage tool-based computing method
using a specific transparent container designed as shown in Figure 5 by pre-calculation.
People first put the ball into the designed container and due to gravity, the ball will keep
falling in the container. When the ball is stuck in a certain position, people can determine
the diameter of the ball according to the position it is in.

. Memory
(address 1)
l 4cm

4em ‘

Memory
(address 2)

1 3cm

Memory
(address 3)

2cm
2cm
Memory

3cm —l

tem (address 4)
Calculate the diameter Iem
This is 2cm This is 3cm i
of the ball Computing-

with-memory

Figure 5. Example of using a container to calculate the diameter of a ball based on the Memory-Centric
Computing principle.

The first method is obviously more suitable for calculations when the number of balls
is small, but when the number is large and the accuracy requirement is low, it is clearly
more appropriate to use the second method. The role of the ball in the example is similar
to the data in a computer system. By changing the architecture of multiple storage units
and controlling them appropriately, it is possible to make the storage tool perform certain
computational functions, which can effectively reduce the workload of the computing tool.
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3.2. Memory-Tree Algorithm in OCR System

In the introduction section, this paper introduces the importance of the CR stage, while
Section 2 also introduces some algorithms commonly used in the CR stage. Moreover, the
input image with characters needs to be compared with the standard character template
several times at this stage, so it is speculated that the data will move more between the
processor and memory at this stage. At the same time, from a hardware design perspective,
the size of the data in this stage is more stable and the data movement is more predictable
and controllable compared to the other stages of the OCR system. These conditions
are favorable for optimizing the architecture design of the hardware. Therefore, this
work combines the ideas of Sections 2.3 and 3.1 and designs a Memory-Tree optimization
algorithm based on Memory-Centric Computing principles using pre-calculation.

In the “Memory-Tree” optimization algorithm, characters with similar shapes are
grouped into one group. When the input image containing characters enters the CR stage,
it will first distinguish which group the characters in the input image belong to. Then,
the input image will be placed into the group to which it belongs, distinguishing which
character it belongs to within the group. Two core computer vision algorithm functions
need to be used in this process, which are “Crop” and “Sum”. The crop function is used to
extract the region of interest (ROI) [28] from the input image and the sum function is used
to calculate the sum of all pixels in the input image.

When recognizing characters in the CR stage, the input image and the standard
template image first need to be resized to the same fixed size. As shown in Figure 6, when
distinguishing the characters of “B, D, F and P”, “B” and “D” can be set together as a
single group, since their pixels in position ROI 1 are almost the same. Similarly, “F” and
“P” will also be set as the same group. When distinguishing the character of input image,
the sum of pixel values at the ROI 1 position will be calculated first by using the crop
and sum algorithm function in the computer vision library. When the sum of pixel values
satisfies Equation (1), it will determine that the input image belongs to the group of “B and
D”. Conversely, it will determine that the input image belongs to the group of “F and P”.
When the input image belongs to the group “B and D”, the sum of pixel values at ROI 2
will be calculated. If Equation (1) is met, the input image is determined to be character
“B”. Otherwise, the input image is character “D”. Similarly, the pixel value sum of ROI
3 is calculated and the input image is determined as character “P” when Equation (1) is
satisfied; otherwise, the input image is determined as character “F”. The above is the central
operating principle of the Memory-Tree algorithm.

sum of ROI > cow(ROI) x row(ROI) x 255 x 75% 1)

This work designed the memory and path for CR stage processing according to the
algorithm for the input image data to be moved and stored transiently in it. When the
input image data are moved to a certain memory, it can be known which character group
or character the picture belongs to by the address of that memory. Thus, the CR stage
computation can be completed by moving the data and confirming the address of the
memory where the data are located. From the software point of view, the Memory-Tree
algorithm avoids repeatedly calculating all the pixels of the image and only needs to
calculate the pixel sum of the crop region. Moreover, through tree architecture optimization,
the algorithm effectively reduces the maximum number of comparisons in the recognition
process. When the application of optimization algorithm has been extended from “B, D,
F and P” to the range of numbers and English capital letters according to the principle of
Memory-Tree, the architecture as shown in Figure 7 can be obtained.
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Figure 6. Description of the core principle of the Memory-Tree optimization algorithm in the character
recognition (CR) stage with the example of distinguishing “B”, “D”, “F” and “P”.
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Figure 7. The architecture of the Memory-Tree algorithm applied for the recognition of 35 characters,
including numbers and English capital letters. Note that “O” and “0” are considered as the same

character because they are too similar.

In Sections 4 and 5, this paper verifies the feasibility and optimization of the algorithm
using software implementation and hardware implementation, respectively.

4. Software Implementation with C/C++ and OpenCV

In software implementation, this work first verified the feasibility of the proposed
Memory-Tree algorithm and the processing effect of the algorithm on the software side.
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Usually, the software implementation of the algorithm is available in MATLAB, Python and
C/C++. Considering that the C/C++ language has the best relationship with the hardware,
the C/C++ approach was chosen. This work developed the proposed algorithm in C/C++
using the functions of computer vision from the OpenCV library.

The performance of the CR stage in an OCR system has been tested after development
with C/C++ and OpenCV using Memory-Tree algorithm optimization. Nearly 40 characters
containing a single Arabic numeral or English capital letter were randomly tested by
disrupting their order. The characters were all correctly recognized and the processing
times for individual characters are shown in Figure 8a. It is worth noting that the computer
hardware devices used for software implementation tests are Intel i7-4790 CPU and 16 GB
RAM with Ubuntu 18.04. The power consumption and frequency of CPU are 84 W and
3.60 GHz, respectively. The character image pixel size (columns x rows) used in the
development and testing of the CR stage software implementation is 80 x 120 and the ROI
size of the crop is 6 x 6. This size was chosen after several practical tests. At this size, the
operation of the CR stage can balance high performance and 100% recognition accuracy at
the same time.

For comparison, this work also developed an application using C/C++ and OpenCV
by the traditional algorithm of the Template Matching Method, and tested it under the
same conditions. The algorithm compares the binarized character input image with the
standard template image one by one according to the pixel positions, and when the pixel
identity exceeds 90%, the input image will be recognized as the character corresponding
to that standard template image. The results of the test are shown in Figure 8b. It can be
found that the test results using the traditional algorithm are significantly worse than those
of the Memory-Tree algorithm.

30 (a) 30004 (b)
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| m L [

@ 20 1/ \ | m
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= ] " ] . | n ;
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Figure 8. Execution time of the CR stage using (a) Memory-Tree algorithm optimization and (b) the
Traditional Template Matching Method algorithm in software implementation.

5. Hardware Implementation with Alveo U50 and Xilinx Platform

The results of the C/C++ and OpenCV software implementations show that the
Memory-Tree algorithm performs better on the software side, so a hardware implemen-
tation of it will be performed. This work used the Xilinx Alveo U50 Accelerator as the
hardware platform, which is a high-performance FPGA consisting of Programmable Logic
(PL) with UltraScale+ architecture and 8 GB of High Bandwidth Memory (HBM) with 32
AXI interfaces. The accelerator can be connected to the x86 CPU in the host PC through the
PCle interface, constituting a heterogeneous computing in combined Processing System
(PS) and Programmable Logic (PL) mode.

Under the Xilinx development platform, this work implemented the CR stage of the
OCR system in hardware based on the Memory-Tree algorithm in PL form, while the
other three stages of the OCR system and signal processing parts were implemented in
hardware by PS form. With the PCle physical interface connection and communication
transfer of OpenCL and AXI, it constitutes a heterogeneous computing model combining
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Memory-Centric Computing and traditional computing. Figures 9 and 10 show the Xilinx
Alveo U50 Accelerator installed in the host computer and the architecture of Xilinx Vitis
development platform in hardware implementation.

055 & AlVEO

T e

Figure 9. (a) Xilinx Alveo U50 Accelerator and (b) Accelerator installed in the host computer.
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| e i e e = e =1
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Figure 10. Architecture of Xilinx Vitis development platform and devices in hardware implementation.

5.1. PS

The implementation of the PS part needs be done in x86 CPU based on Linux Operating
System (OS). In development of this work, the PS implementation consists of two main
parts, one is using the Open Computing Language (CL) [29] code for data transfer and
control of each hardware on the platform and the other is using functions implemented in
C/C++ and OpenCV library.

OpenCL is a commonly used programming language for heterogeneous platforms. Its
main function is to use the Xilinx Runtime (XRT) driver to send the processed data from the
PS to the Alveo U50 FPGA accelerator for PL processing. After the accelerator PL processing
is complete, OpenCL needs to read back the result of its processing. In addition, since some
of the algorithms of the OCR system are difficult to implement completely in hardware form,
this work uses C/C++ functions and OpenCV libraries to complete the implementation of
the IP, CL and CS stages in the same way as in the software implementation. The processed
results will be sent by OpenCL to the PL for further processing in the CR stage.

5.2. PL

In PL implementation, the CR stage of the OCR system by the Memory-Tree opti-
mization algorithm in hardware was implemented and successfully ran in the Alveo U50
Accelerator. During the development and implementation, this work used the High Level
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Synthesis (HLS) [30,31] and Integrated Design Environment (IDE) [32] tools of the Xilinx
Vitis unified software platform.

Xilinx offers a Vitis Accelerated Library that can be implemented in hardware and
contains several computer vision functions for performing image processing [33]. The
libraries use C/C++ for hardware description and can be synthesized in hardware with
HLS into “Vitis Kernel” which can run in Xilinx FPGAs. This work uses the “xf::cv::crop”,
“xfrcvisum” and “xf::cvi:Mat” libraries to execute the crop, sum and mat functions.

This work completed the hardware design of the Vitis Kernel using the crop, sum
and mat function libraries several times repeatedly according to the architecture of the
Memory-Tree algorithm from Figure 7 and defined the data form and size. The form and
size of the image data are exactly the same as those used by the Memory-Tree optimization
algorithm during the software implementation. After completing the hardware design, the
hardware synthesis and implementation were performed, respectively, by HLS and IDE
under Ubuntu 18.04 OS according to the Xilinx guidelines.

Figures 11 and 12 show the device map and power consumption information of
the Alveo U50 Accelerator in hardware implementation. Table 1 shows the performance
estimates for the PL hardware implementation of the Memory-Tree algorithm in CR stage
and Table 2 shows its hardware utilization.

Figure 11. Device map and routing of Alveo U50 Accelerator during the hardware implementation
for Memory-Tree optimization.

Table 1. Performance estimates for the PL hardware implementation.

Frequency of FPGA Latency (Cycles) Execution Time
300.300 MHz 10,273 34.24 us

Table 2. Utilization for the PL hardware implementation.

Name BRAM_18K DSP FF LUT URAM
Total of use 234 0 36,663 72,813 0
Available 2688 5952 1,743,360 871,680 640
Utilization (%) 8 0 2 8 0
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Summary
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Figure 12. Power consumption results of Alveo U50 Accelerator during the hardware implementation
for Memory-Tree optimization.

6. Results and Discussion

Figure 13 integrates the results of the software implementation. After calculation, it
can be obtained that the traditional algorithm takes an average of 1171.97 ms to recognize
a character, while the optimized algorithm takes only 15.46 ms to recognize a character.
The performance improvement of the optimization algorithm in software is about 75-fold,
which is a significant advantage. Since the Memory-Tree algorithm can avoid processing all
pixels of the input character image and control the computation mainly on the pixel sum of
the crop range, this algorithm has an advantage over the traditional algorithm purely in
terms of software as well.

In terms of the results of hardware implementation, with the hardware optimization
design, we can complete the recognition of a single character within 34.24 us. The hardware
implementation is 451 times faster compared to the results of the software implementation.
At the same time, in terms of power consumption, the CPU power used in the software
implementation is 84 W, while the FPGA power used in the hardware implementation is
only 18.59 W. The hardware implementation saves 77.87% of the power consumption. In
other words, the Memory-Tree method achieves faster computation with lower energy
consumption than the traditional CPU-centric computing method. The results of both the
hardware implementation and the software implementation reflect the effectiveness of the
Memory-Tree optimization.

This work compared the results of the software implementation and hardware im-
plementation with work similar to it and the results are summarized in Tables 3 and 4. In
software implementation, most researchers considered optimizing algorithms to achieve
higher recognition accuracy with the smallest possible character image size. Compared
to their work, the image pixel size chosen for our work is significantly larger, which led
to not having a significant advantage in software execution time and also resulted in a
higher FPGA resource usage. Memory-Centric Computing inherently suffers from a lack
of computational accuracy, so it is reasonable to moderately increase resource usage to
ensure accuracy. In fact, this work also achieves 100% accurate recognition results, which
is difficult to achieve for small-sized character images. Benefiting from the advantages
of FPGAs and design optimizations, the hardware implementation of this work delivers
significantly better results than similar work.
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Figure 13. Comparison with Memory-Tree algorithm and traditional algorithm in software implementation.

Table 3. Comparison with similar character recognition algorithms in software implementation.

Pixel Size of per Processing Time of
Work Platform Type of Characters Character (Cols x Rows) per Character
. 25 English capital
Intel i7-4790 CPU and .
Memory-Tree 16 GB RAM in Ubuntu letters a(rjlic‘lg 112 Arabic 80 x 120 15.46 ms
Traditional algorithm 1171.97 ms
Intel Core i7 4770s CPU g
[4] and 8 GB RAM 10 Arabic digits 22 x 34 1.95 ms
i7-6700K CPU and i
[34] 16 GB RAM in Ubuntu Arabic digits 20 x 20 3.66 ms
English capital letters 3.62 ms
[35] ARM Cortex-A9 English capital letters 9x 19 23.40 ms
and Arabic digits '
English capital letters
[36] N/A and Arabic digits 28 %28 N/A

However, our experimental results are more on the effectiveness of this method in
terms of execution time, accuracy and power consumption. After all, data in this area
are more readily available. We have insufficient data on the Memory-Tree algorithm
in terms of memory and processor usage and association, which is an area we could
explore more in the future. Our Memory-Tree algorithm itself also has space for further
improvement. We will optimize the execution time and power consumption in our future
work by trying more sizes of input images and crop ranges while the recognition accuracy
can be guaranteed. We can also adjust the CPU and FPGA interface usage and function
scheduling to further optimize the CPU and FPGA heterogeneous co-operation to achieve
better computational results.
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Table 4. Comparison with similar character recognition algorithms in hardware implementation.

Work Memory-Tree [4] [37] [35] [38] [39]

Quartus Prime

Xilinx Alveo Xilinx Virtex IV Altera
Platform U50 Zyng-7000 CME M7 FPGA 5CSEMADSF- FPGA EP1S10F484C5
31C6N
25. English English capital English capital English capital
Type of capital letters L . .
. 10 Arabic digits letters and letters and letters and Persian digits
characters and 10 Arabic .. T g .
digits Arabic digits Arabic digits Arabic digits
Frequency 300.300 MHz 114.416 MHz 100 MHz 70 MHz N/A 21 MHz
Pixel size of per
character 80 x 120 22 x 34 14 x 14 9x19 N/A 10x7
(cols x rows)
Processing time 3424 us 0.63 ms 6 ms 1.79 ms N/A 47 ns
of per character
BRAM 234 10 N/A 159 N/A N/A
DSP 0 20 N/A 18 N/A N/A
FF 36,663 4247 N/A 1087 43,551 N/A
LUT 72,813 5616 N/A N/A 50,310 N/A
URAM 0 N/A N/A N/A N/A N/A
Utilization 8% 6% 83.3% N/A N/A 8.22%

However, our experimental results are more on the effectiveness of this method
in terms of execution time, accuracy and power consumption. After all, data in this
area are more readily available. We have insufficient data on Memory-Tree algorithm
in terms of memory and processor usage and association, which is an area we could
explore more in the future. Our Memory-Tree algorithm itself also has space for further
improvement. We will optimize the execution time and power consumption in our future
work by trying more sizes of input images and crop ranges while the recognition accuracy
can be guaranteed. We can also adjust the CPU and FPGA interface usage and function
scheduling to further optimize the CPU and FPGA heterogeneous co-operation to achieve
better computational results.

In addition, there is also a need to face a problem of Memory-Centric Computing,
although the Memory-Centric Computing design has significant performance and power
advantages. In the current conditions, with the Memory-Centric Computing method it is
difficult to completely get rid of the processor alone to conduct the operatation; part of the
calculation and control still need to be assisted by the processor to complete the process.
Therefore, it can be expected that products designed with Memory-Centric Computing will
appear more and more in the coming time, but the traditional Von Neumann architecture
may not be replaced anytime soon. Memory-Centric Computing will be combined with
Von Neumann architecture in the form of heterogeneous computing and designed to run
together for better performance through hardware and software optimization coordination.

7. Conclusions

This paper proposes a Memory-Tree hardware optimization method based on Memory-
Centric Computing for running an OCR system. This method was first implemented in
software using C/C++ and OpenCV and then using the Xilinx Alveo U50 Accelerator for
the hardware implementation. This method enables PL+PS heterogeneous computing with
x86 CPU using the Vitis unified software platform during hardware implementation. The
results of the experiments show that Memory-Tree hardware optimization can achieve
accurate recognition of numbers and English capital letters within 34.24 us with 18.59 W
power. Compared to traditional 84 W processor computing, it saves 77.87% of power con-
sumption and computes 451 times faster. This study verifies the feasibility and advantages
of Memory-Centric Computing in terms of computational efficiency and provides a reliable
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reference for research to solve the traditional Von Neumann computing bottleneck and
Memory-Wall problems.
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