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Abstract 

The paper is devoted to the details of implementation of machine vision algorithms on 
FPGA. The algorithms were implemented using the Vitis HLS high-level synthesis tool. The 
main parameter in the realization of the algorithms is speed; since it is necessary to proceed 
processing of the incoming video stream with minimum delay.  
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1. Introduction 
In the process of manufacturing of semiconductor parts, it is necessary to track the focus 

the laser beam accurately on surface of wafer. To adjust the position of laser focus directly 
during the wafer laser process, an optical tracking system was developed [1] (Figure 1), which 
consists of a laser diode, a linear camera, and a controller. The laser diode beam shines at an 
angle onto the surface of the workpiece and is reflected from it. Reflected beam of the laser 
diode returns to the linear camera, thus forming a peak with its position on the camera sen-
sor. 

The frame from the camera transfers to the controller of the optical tracking system, where 
received frame is processed by moving average filter, after which the filtered frame is pro-
cessed to find a peak position according to the specified parameters, by the formula for find-
ing the center of mass.  

Since the focus adjustment of the laser is performed directly during the laser processing 
process, the optical tracking system (OTS) controller needs to quickly receive and process the 
incoming video stream, so all machine vision algorithms and the servo motor control algo-
rithm were implemented on FPGA. Implementing algorithms on FPGA allows to achieve 
higher performance compared to conventional computing architectures (such as x86, ARM or 
RISC-V). Thus, it becomes highly specialized architecture for specific tasks because algo-
rithms are implemented on FPGA. 
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Figure 1: Schematic diagram of the optical setup of tracking system. 

2. Hardware configuration and development tools 
A system-on-chip (SOC) from Xilinx, the AMD Zynq 7000 SoC ZC702 debug board, was 

taken to implement the OTS controller. This board is redundant for SOC controller realiza-
tion. Meantime it has all necessary interfaces and allows developing the controller without 
limiting the number of logic gates.  

To register the position of the reflected laser beam, a linear monochrome camera transmit-
ting video via camera link protocol [2] was taken. To receive the video stream, a special inter-
face board for FPGA with a camera link connector was purchased.  

The vitis-HLS high-level synthesis tool [3] was used in the development of the OTS con-
troller. High-level synthesis tools allow developing individual functional units by writing code 
in high-level languages (C++, Python, etc.) rather than in hardware description languages 
(Verilog, HDL, etc.). These tools allow the functional module developer to abstract from the 
register transfer level (RTL) and develop code at the data handling level.  

Vitis-HLS has an adapted Open-CV library, so the development of functional blocks related 
to video processing becomes much easier due to the availability of ready and adapted solu-
tions. In this development the open-CV functions were not used due to the features of the 
OTS controller operation. 

3. Development of filtering algorithm 
As mentioned above, the OTS controller must quickly receive and process the incoming 

video stream. Before searching for a peak on the frame, the frame should be filtered. A modi-
fied moving average algorithm [4] was developed to filter the frame. This algorithm was cho-
sen due to the fact that the peak on the frame is clearly expressed and it is necessary to filter 
out unnecessary noise to correctly determine peak position. 

The filter input is an image of 2*2048 pixels resolution, the frame is monochrome, each 
pixel is encoded with 8 bits. The first line of the frame is written to the frame buffer without 



changes. From the beginning of the arrival of the second frame line, filtering starts using a 
sliding window, the width of the window is set by the user, and the height of the window is 
fixed - 2 pixels. From the beginning of filtering the window is filled with zeros, because of this 
some information at the beginning of the image is lost, which is not critical for this project. 
The filtered second line of the image is written to the frame buffer, thus in one frame there 
are both "raw" data and filtered data, due to this it is possible to display both graphs at once 
in the visualizing program. When visualizing data in the form of a graph, the X-axis shows the 
index of the pixel in the frame and the Y-axis shows the brightness of the pixel. Figure 2 
shows the algorithm of moving average filter operation. 

 

 
Figure 2: Filtering algorithm and formula. 

 
Streamed video comes to the filter, two pixels are transmitted at each clock pulse, thus, 

when the second line of the image is received and the filtering of the frame begins, two pixels 
from each line are written to the window at once.  

Due to the fact that this memory is a two-port memory, it is impossible to perform read or 
write operations with more than two memory cells at one moment of time. This imposes seri-
ous limitations on the work with memory, because in a clock comes data about two pixels of 
the frame at once, and if it is already the second line of the frame, then in the same clock it is 
necessary to read data from the buffer, to put them in the averaging window. 

The vitis vision library class "xf::cv::LineBuffer" is used to create and work with memory. 
This class allows us to fine-tune the size and type of memory of the frame buffer. When creat-
ing the buffer, it needs to specify the size of elements to be stored in it. To meet the limitation 
on the number of one-time operations on the buffer it was decided to store two pixels in one 
buffer cell at a time. Due to this solution, only two operations on the frame buffer are per-
formed at one time: the operation of writing new pixels and the operation of reading pixels of 
the first line of the frame. 

When filtering a frame, two pixels from both frame lines are written into the filter window 
at once, "displacing" old pixels. Window averaging algorithm performs reading all cells of the 
window, summed up of values and obtain average calculated. Thus, usage of conventional 
block two-port memory for the averaging algorithm is impossible, because it will spend too 
much time to obtain data from all cells of the window. The averaging window is a set of shift 
registers. Shift registers allows obtaining data from all memory cells in a single clock cycle. It 
allows the operation of shifting the data in any direction. Amount of registers in FPGA are 
much smaller than block memory, so the realization of the frame buffer by means of registers 
does not make much sense.  



The shift register window is implemented using the "xf::cv::Window" class, which is also 
part of the vitis vision library. When a window is created, its height and width are set, as well 
as the size of the data stored in the window. 

The overall filtering algorithm is shown in Figure 3, in the figure red color indicates read 
operation from frame buffer and blue color indicates write operations. 

 

 
Figure 3. Algorithm of frame filtering. 

 
During configuring the system, it is important to be able to set different sizes of the 

smoothing window. It allows fine-tuning of the controller. But when implementing any algo-
rithms on FPGA it is impossible to change the size of already defined arrays, this is due to the 
fact that during synthesis and placement and routing all necessary resources are reserved and 
there is no possibility to add or release them in the future [5]. Therefore, to realize variable 
window size, it was decided to initially create a window of the maximum size to be able to 
vary the window size from 0 (no filtering occurs) to the maximum size. 

During window averaging operation, iteration over the window is performed using loop 
“for”, vitis HLS has a special pragma for "unroll loops" (pragma HLS unroll, i.e. performing 
an operation in a loop over all iterated objects at once). This pragma allows us to perform the 
entire cycle in one clock cycle, which significantly speed up data processing. To "unroll" the 
loop, a constant number of iterations must be specified in the loop declaration, otherwise the 
pragma will not apply to the loop. Figure 4 shows an example of the unroll pragma, where 
maxWindowSize is a constant variable and windowSize can be changed by the user at 
runtime. It is possible to create loops with a variable number of iterations by accepting if(i < 
…) in the loop body, which will be executed in one clock cycle. 

 

 
Figure 4: Description of unroll pragma operation. 

 



As a result, we managed to develop an optimized rapid algorithm for filtering the incoming 
video stream. The filter outputs the result as soon as a full frame is received, thus the speed of 
data processing is mostly limited by the speed of video stream transmission by the camera. 

4. Development of an algorithm for peak search on the 
frame 

In order to maintain the controller performance, it was decided to implement the peak 
search algorithm together with the video stream filtering algorithm. Thus, two algorithms 
working one after the other are realized in one functional block. After the window filtering 
operation, the peak data is updated, and immediately after receiving the whole frame the new 
peak position is calculated. The delay between receiving the full frame and calculating the 
new peak position is the minimum as possible. 

The algorithm to search center mass of peak itself is a center mass search formula, where 
the brightness of a particular pixel (mi) was taken instead of the mass, and the pixel index (ri) 
was taken instead of the point coordinates. The algorithm for finding the center mass is pre-
sented in Figure 5. 

 

 
Figure 5: Algorithm for finding the mass center. 

 
Peak search is performed on all non-zero filtered pixels of the frame. For peak search the 

user sets parameters such as: maximum and minimum peak width, peak pixel brightness 
threshold, maximum peak brightness, etc. Immediately after obtaining the average value 
from the averaging window, the data is updated. If the brightness of a pixel is zero, but the 
pixels before it was not zero, the calculation of the peak center masses is performed and the 
obtained peak data is checked with the set parameters. The first peak satisfying the set pa-
rameters is considered suitable and the algorithm finishes its work. The output of the func-
tional block receives data on the peak position and size. 



When implementing the peak search algorithm, it is necessary to compare the current peak 
value with the set parameters, this is done using the if operator with a large number of com-
parisons (i.e. if (a < b && b == c && ...)). Using the logical AND (&& in C++) in one if opera-
tor in a large number leads to a long critical path, it is due to the fact that in C++ when using 
the && operator it is guaranteed that the condition to the left of the operator will be checked 
first and if it is not true, the second condition will not be checked. When the critical path in-
creases, the speed of data processing decreases greatly due to the reduced frequency of the 
whole controller. In this connection, all operators of logical AND have been replaced by bit-
wise AND (&) operators, while calculating bitwise AND allows to check all conditions at once 
and only after calculating the result of bitwise AND. 

As a result of the peak search algorithm development, it was possible to implement an op-
timized and high-performance algorithm that produces results almost immediately after a full 
frame is acquired. As with the implementation of the filtering algorithm, the performance of 
the algorithm is also limited by the speed of data transmission from the camera. 

5. Conclusion 
As a result of algorithms realization, a functional block of filtering and peak search on vid-

eo stream was developed. This block processes the incoming frame with a minimum time of 
42 µs, this time includes the time of receiving the frame. The function block has flexible set-
tings for filtering and peak search on the frame. 
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