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INTRODUCTION

ABSTRACT

This approach aims to develop and implement the Robinson and Kirsch compass edge
detector on various complementary metal-oxide-semiconductor (CMOS) technologies. A
reconfigurable very-large-scale integration (VLSI) architecture, field-programmable gate
arrays (FPGAs), is used as the design platform. In digital image processing, edge detec-
tion is a technique used to find edge pixels in an image; these edges form the boundaries
of objects. The edge detection system is described using hardware description language
(HDL) at an abstract level, and the digital circuits for the Robinson and Kirsch compass
edge detector are implemented at a lower (hardware) level. At this hardware level, physi-
cal devices are used to obtain real results. The input for the digital system is an RGB color
image, which is converted to grayscale, followed by the application of edge detectors and
a threshold. ModelSim Intel is used to simulate and verify the functionality of the digi-
tal system, while Intel Quartus Prime is used to implement the edge detectors on differ-
ent CMOS technologies, including Cyclone IV, Cyclone V, and Cyclone LP 10 FPGA devices.
Additionally, a comparative analysis based on the CMOS technologies used is conducted,
considering accuracy and edge thickness, digital design complexity, resource usage, and
power dissipation. The results indicate that the Kirsch edge detector is suitable for accu-
rate applications and can detect weak edges. The Kirsch edge detector, by contrast, dis-
sipates more power because it is more costly and computationally complex. Furthermore,
the CMOS technology used affects the overall power dissipation and the digital design
requirements.

Authors’ e-mail ID: shatha.abushanab@ptuk.edu.ps
Authors’ ORCID ID: 0000-0002-8550-5301

How to cite this article: Shatha AbuShanab, FPGA-Based Implementation and Comparative
Analysis of Robinson and Kirsch Compass Edge Detectors, Journal of VLSI Circuits and
System, Vol. 7, No. 2, 2025 (pp. 99-110).

By detecting changes in color or intensity between adja-
cent pixels, edge detection algorithms are often used
in digital image processing to locate edge pixels in an
image. Different regions of an image are separated by
boundaries made by edge pixels. The edges can be used
to extract features, such as an object’s size or shape.
Throughout history, several edge detection techniques
have been developed that are useful in various fields
and image processing applications. The Roberts opera-
tor, which uses 2 x 2 kernels, is one of the earliest edge
detection techniques! whose computation and design
are simple, but it is sensitive to noise.l Then, the
Sobell®! and Prewitt edge detectors were developed
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around the same time, which use 3 x 3 kernels, and
are less sensitive to noise compared to the Robert edge
detector. Robinson! and Kirsch®® edge detectors are a
set of eight 3 x 3 compass masks to find edges in a spe-
cific compass direction.

Numerous research studies have been carried out with
image processing applications using computer programs
like MATLAB and Python, and the findings were analyzed
and compared. Shah et al.”? used MATLAB and Python
programming to compare and analyze several edge
detection techniques. Sobel, Prewitt, Robert, Canny,
and Log were the edge detection methods that have
been studied. According to the experimental findings,
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Canny edge detection performed better than other tech-
niques.’! Mayangky et al. investigated and evaluated
several edge detection techniques. These techniques
were Prewitt, Robinson, Krisch, and Roberts. The results
demonstrated that the Krisch edge detection tech-
nique is more effective at detecting edges.l® Karanwal
described and implemented various edge detection
techniques with varying scale values. The Sobel opera-
tor, Prewitt operator, Robert operator, Kirsch operator,
and Robinson operator were edge detection techniques.
MATLAB was used for the implementation, and a 200 x
250 image size was used as the input. The study com-
pared the different operators and examined different
thresholding and multiscale processing.

Very-large-scale integration (VLSI) design involves
integrating millions or billions of transistors into a sin-
gle chip to create integrated circuits (ICs). Additionally,
the development of scaling complementary metal-
oxide-semiconductor (CMOS) technology has permitted
to implement of a complete digital system on a single
chip. Digital systems ranging from simple to huge and
complicated designs on a chip can be implemented.l'*-'2
Recently, a lot of researchers use a reconfigurable
VLSI system, field programmable gate array (FPGA)
devices for various image processing applications.['316]
Al-Mukhtar and Hasso developed and implemented the
Robinson edge detector on a filed programmable gate
array (FPGA). The technique was implemented on an
FPGA Xilinx XC3S500E Spartan-3E using MATLAB code
and the VHDL language. Peak signal-to-noise ratio (PSNR)
and root mean square error (RMSE) were calculated and
compared between the MATLAB and VHDL resultant
images. The correlation between the two images indi-
cates that they are almost the same.l'”! Humaidi et al.
developed and implemented a lane detection system
using FPGAs. A video camera took pictures, which the
system converted to grayscale. Image processing tech-
niques like filtering, edge detection, and thresholding
were used on the grayscale images. Sobel, Robinson,
Laplacian, and LoG were the edge detection methods
that were applied. The Sobel edge detector performed
well, according to the results. Furthermore, the num-
ber and size of the masks determined how many logic
elements the system used; the Laplacian edge detector
used fewer than the Sobel, but the Sobel had the stron-
gest performance.[®

Therefore, this approach aims to investigate, develop,
and implement the Robinson and Kirsch compass edge
detectors on various CMOS technologies, such as FPGA
devices. Additionally, a comparison of the Robinson and
Kirsch compass edge detectors is carried out using the
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same RGB image as the input to the implemented detec-
tor, and the results depend on the CMOS technology
used. Accuracy and edge thinness, power dissipation,
resources utilized at the hardware level, and digital
design complexities are all compared. The proposed
digital design of the compass edge detector is fully
implemented on an FPGA chip, which features a par-
allel processing technique essential for image process-
ing. Furthermore, provide more details at the hardware
level, including an accurate power dissipation estimate.
The article is organized into five sections. This section
introduces the research that has developed and imple-
mented the Robinson and Kirsch compass edge detec-
tion system on various FPGA devices. Robinson and
Kirsch Compass Edge Detection section introduces and
defines the Robinson and Kirsch compass masks edge
detection. In Robinson and Kirsch Edge Compass Edge
Detector Implementation section, the implementation
of both the compass edge detectors and the method-
ology used is presented. The second-to-last section dis-
cusses and analyzes the results obtained. The conclusion
is provided in the last section.

Robinson and Kirsch Compass Edge Detection

Robinson and Kirsch edge operators are similar and
closely related; they both belong to the same family and
are used as compass or directional edge detectors. The
Robinson and Kirsch compass edge detection algorithms
use eight 3 x 3 compass masks. Each compass mask is
designed to detect edge pixels in a specific direction.
The compass masks are generated by rotating a single
mask to create eight different directional masks: east,
northeast, north, northwest, west, southwest, south,
and southeast. Robinson compass masks have been used
in these eight directions as follows!®!:

-1 0 1 0o 12
RO(East)=|{-2 0 2|, R1(Northeast)=| —1 01
-1 0 1 -2 -1 0
1 2 1 2 1 0
R2(North)=| 0 O 0/, R3(Northwest) =] 1 0o -1
-1 -2 - 0 -1 -2
10 -1 0o -1 -2
R4(West)=|2 0 -2|, R5(Southwest) =] 1 0o -1
10 1 2 1 0
-1 -2 -1 -2 -1 0
R6(Southy=| 0 0 0|, R7(Southeast) =| —1 01
1 2 1 0o 12
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The Robinson compass masks are simple to implement
because they only use coefficients 0, 1, and 2, along
with their negations around their directional axis, where
the zero axis shows the mask’s orientation. It is suffi-
cient to compute the results for the four base masks
in the Robinson edge detector, since the remaining four
masks are simply the opposites of the first four. The
eight Kirsch compass masks are listed as follows?:

-3 -3 5 -3 5 5
KO(East)=|-3 0 5|, KI(Northeast)=|-3 0 5
-3 -3 5 -3 -3 3

5 5 5 5 5 3

K2(North)=| -3 0 -3, K3(Northwest)=| 5 0 -3

-3 -3 3 -3 -3 3

-3 -3 -3 -3 -3

K4(West)=|5 0 -3|, K5(Southwest)=| 5 0 -3

-3 -3 5 5 -3

-3 -3 3 -3 -3 3]

K6 (South)=| -3 0 -3|, K7(Southeast)=|-3 0 5

5 5 5 3 5 5]

For any previous compass mask, the sum of all coef-
ficients equals zero. This method involves applying
a mask’s convolution algorithm on a 3 x 3 subwindow
of an image to detect pixel edges in a digital image.
Neighboring pixels with different values can detect an
edge pixel. Figure 1 displays a digital image, with each
square representing a pixel and its coordinates. The
convolution formula is applied to the input image (on
the left) by multiplying the 3 x 3 subwindow with the
3 x 3 compass mask. The output (on the right) displays
changes in pixel intensity within the neighborhood, as
seen in Figure 1.

The edge amplitude of each Robinson or Kirsch com-
pass mask is determined. Applying Eq. 1 to determine a

Input Output

Compass Mask

ra1in| a1 frarin
My | My | My

PagD | Pap | Pagen cap
X | M | |3 [ =

PG+ PG+ [P+ g+ e | o | e

CE)=pli=1j-1 M1 + pli—1j)*M12 +p(i—1,j +1) *M13 +
p(ij—1)  +M21 + p(ij)  ~M22 +p(i,j+1) =M23+
pli+1,j—1)«M31 + p(i+1,)) *M32 +p(i +1,j +1) «M33

Fig. 1: The convolution formula for a 3 x 3 image
sub-window using a compass mask
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maximum magnitude among the eight directional mask
results in the amplitude of the combined eight masks.

C

| (1)

C.(,))= maX,_,, .s ( (i,j)
where n is the number of the edge direction, C;, , is the
result of the convolution at the pixel position i, and j
coordinate, C (i, j) is the amplitude of the combined
eight compass masks. Afterward, edge pixels are iden-
tified by comparing the absolute value of the result to
the threshold. When an edge pixel is assigned a value of
zero, it indicates that the image is in a high-frequency
region; thus, all low-frequency components will be
removed. Edge pixels are assigned a value of 1.

Robinson and Kirsch Edge Compass Edge Detector
Implementation

The main objective of this research is to develop and
implement the Robinsonand and Kirsch compass edge
detector system across various CMOS technologies.
Subsequently, the accuracy, digital design complexity,
resource utilization, and power dissipation for each com-
pass mask, based on the CMOS technology used, will be
investigated, compared, and evaluated. A two-dimen-
sional (2D) RGB image with 24-bit color depth, for each
R, G, and B component is 8-bit depth, will be processed
as input into the digital system, resulting in a black-and-
white image with black edge pixels as output.

The Robinson and Kirsch compass edge detector systems
are described in hardware description language (VHDL).
Therefore, the research methodology includes two
sequential phases, designed to successfully complete
the design process and verify that the functionality of
each edge detector meets the requirements. Figure 2
illustrates the phases of the methodology followed:

e The ModelSim Intel software is used to simulate the
digital design described using VHDL.

Quartus Intel | Error
Design Edge Detector | VHDL cothe MATLAB code
VHDL |
. RGE Image (input)
ModelSim Intel
Synthesis and Technology |
Mapping VHDL Testbench
Converting to
l [ Hexadecimal Text File
s Hexadacirmal Text
Pragramming Flle i
l Comvert to RGB Image
{output)
RGE Image and Power L
Dissipation [output)

Fig. 2: Methodology used in the study
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e The Intel Quartus Prime software is used to synthe-
size the VHDL digital design, which is then imple-
mented on various CMOS technologies as various
FPGA devices.

One pixel of the 2D image will be read during each clock
cycle as part of the hardware-level design process. The
Red (R), Blue (B), and Green (G) components of each
pixel are 8-bit values ranging from 0 to 255. The edge
detection algorithms for each directional compass mask
operate separately, and then the eight directional masks
are combined as follows:

o The RGB input image is converted into a grayscale
image. Compared to an RGB image, converting to
grayscale helps save processing time and memory.
Equation 2 is used for this conversion!"!:

Grayscale = 0.299R + 0.587 G + 0.114 B (2)

» For Robinson and Kirsch compass edge detection, as
described above, the convolution formula for a 3 x 3
sub window of an image and a compass mask is com-
puted for each directional compass mask.

» Edge pixels can be found; the amplitude of the con-
volution is compared to the given threshold. A value
greater than the threshold means that an edge pixel
is present, which is assigned a zero value and appears
black. If it is below the threshold, the pixel is consid-
ered nonedge and is assigned a value of one, appear-
ing white.

o The amplitude of the eight directional masks is com-
bined to find edge pixels, which is calculated as
follows:

e The maximum amplitude for the eight directional
compass masks is determined.

« As mentioned earlier, the threshold is compared to
the maximum amplitude to determine whether the
pixel is an edge.

ModelSim-Intel Software

The ModelSim-Intel software is used to simulate and
verify the digital design before implementing it on an
FPGA device. A hardware description language (HDL)
called VHDL is used to describe the edge detector. A
3 x 3 subwindow of adjacent pixels from the previous
and next readings is required by the approach to per-
form the convolution with 3 x 3 compass masks. Every
clock cycle saves the pixel being read in RAM. All pixel
values in a row in an image are stored in one RAM when
the last pixel of that row is read, and each subsequent
row needing storage is saved in additional RAM. When

o2 [

the system reads the current row, it uses the two pre-
viously stored rows in RAM to apply the edge detector.
During processing, RAMs replace the oldest pixels with
new ones, making them available for the next row.
This method effectively reduces the amount of RAM
required.

The digital design that has been implemented processes
a 2D RGB image as input. M x N, where M is the number
of rows and N is the number of columns, is the matrix
representation of the RGB image. In hardware imple-
mentation, the system reads the R, G, and B values
corresponding to an input pixel, or one pixel each clock
cycle. MATLAB is used to convert the image into a hexa-
decimal text file. This hexadecimal number in the text
file represents the R, G, and B values for each pixel.
The hexadecimal text file is used as input to the test-
bench for the ModelSim-Intel simulation. Every pixel in
the digital design has a value between 0 and 255 when
each component is converted to 8 bits. To produce the
signals required for the simulation, a video input con-
trol signal is also needed. Horizontal blanking, vertical
blanking, vertical synchronization, and horizontal syn-
chronization pulses are the timing control signals of an
input image used to read a frame.[?°! The text file output
by the ModelSim Intel simulation can be converted into
an image for observing using MATLAB. The digital design
has been successfully verified for functionality and can
be effectively implemented into several CMOS technolo-
gies, as shown in Figure 3.

Synthesis and Implementation on Different CMOS
Technologies

The ultimate goal of this approach is to investigate,
compare, and evaluate the hardware-level results
obtained across different CMOS technologies. The dig-
ital design is developed in accordance with system
requirements that can be modified or improved at an
abstract level and is independent of the CMOS tech-
nology used. Reliability is ensured by a physical system
because it provides real data, such as factors affect-
ing the design’s power dissipation, which has become a
more challenging issue in digital circuits, especially for

Fig. 3: Verification for the functionality of the Kirsch
digital design
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portable devices. Consequently, various FPGA devices
are used to implement the fully digital design of the
Robinson and Kirsch compass edge detectors. The
remote lab, selected for this study to evaluate different
FPGA technologies, is available as an open educational
resource at https://www.h-brs.de/de/fpga-vision-lab.
Figure 4 shows the prototype of the remote FPGA labo-
ratory system, designed to support multiple FPGA tech-
nologies as a design platform and for image processing
applications. The prototype of a remote FPGA system
comprises a client that accesses the system via an
Internet connection, and a remote server that receives
and transmits data between the client and the labo-
ratory equipment required to perform the laboratory
experiments.[2-23!

The inputs for the remote lab are an RGB digital image
and a binary file, which can be uploaded via an Internet
browser. To ensure proper processing, the uploaded
image must have a resolution of 720 x 1280 pixels. The
input clock is 74.25 MHz, and video streaming is 720p;
the throughput is 1 pixel/clock, and the latency is

Client

Browser

- :z
Quartus Intel

8 cycles. Intel Quartus Prime software, which synthe-
sizes VHDL-based digital designs, generates a binary file.
The remote server will receive the inputs: an RGB image
to generate a video stream for the FPGA board, and a
binary file containing the edge-detection design to be
implemented on the FPGA. As a result of the remote
system, a processed RGB digital image and the power
dissipation of the digital design are sent to the client
via the Internet. Figure 5 illustrates the graphical user
interface (GUI) of the remote FPGA laboratory system
as displayed on the client screen, where the remote sys-
tem’s inputs are uploaded, and its outputs are delivered
via the Internet.[?"%3] The remote FPGA-vision-lab system
offers different FPGA devices based on CMOS technology
that are:

o Cyclone IV FPGA, EP4CE22E22C7, is based on 60 nm
semiconductor technology.

e Cyclone V FPGA, 5CEBA2F17Cé6, is a semiconductor
based on 28 nm technology.?!

e Cyclone 10 LP FPGA, 10CL120ZF484I8G, is a semicon-
ductor with a 60 nm technology.?¥

Experimental Setup

] Video Generator
Remaote

Server

FPGA Board

Image and Video
Grabber

11
Ul

Fig. 4: The system diagram of the remote FPGA lab

FPGA’s fauily

‘ C V 1 (C V FPGA experiments)

lupat binary file

Binary for FPGA:

Choose File | No fo chosen

Upload FPGA binary and start experiment

FPGA Core Current:

e oo e v |
43.72 mA

(Core Supply Voltage is 1.1 V)

‘
e ], g [ v e (D
.

Choose File | No e chosen ‘enable_n{0)

ETTTTT— e

Fig. 5: GUI of the remote FPGA system
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Tables 1, 2, and 3 list the FPGA resources utilized Figures 6 and 7 show the register-transfer level (RTL)
from the Intel Quartus Prime software for each of the of the combined eight compass masks for the Robinson
Robinson and Kirsch compass masks, as well as for the and Kirsch edge detector digital design on the selected
edge detectors of all eight compass masks combined. Cyclone 10 LP FPGA device.

Table 1: Resource Utilization for the Cyclone IV E (EP4CE22E22C7) Device.

Resources Used | Single Compass Mask | All Directional Masks | Four Basic
Directional Masks
Robinson | Kirsch Robinson | Kirsch Robinson | Kirsch
Logic Element =671 =914 1,997 2,520 1,207
(3%) (4%) (9%) (11%) (5%)
Register =476 =527 741 758 617
Memory Bits 61,440 61,440 61,440 61,440 61,440
(10%) (10%) (10%) (10%) (10%)

Table 2: Resource Utilization for the Cyclone V FPGA (5CEBA2F17Cé6) Device.
Resources Single Compass All Directional Four Basic Directional
Used Mask Masks Masks

Robinson | Kirsch Robinson | Kirsch Robinson | Kirsch
Logic utilization | =128 =194 748 1,046 363
(ALMs) (1%) (2%) (8%) (11%) (4%)
Register =338 =410 653 712 508
Memory Bits 61,440 61,440 | 61,440 61,440 | 61,440
(3%) (3%) (3%) (3%) (3%)

Table 3: Resource Utilization for the Cyclone 10 LP FPGA (10CL120ZF48418G) Device.
Resources Single Compass All Directional Four Basic Directional
Used Mask Masks Masks

Robinson | Kirsch | Robinson | Kirsch Robinson Kirsch
Logic =552 781 1,873 2,380 1,090
Element (<1%) (<1%) | (2%) (2%) (<1%)
Register =328 =385 599 616 475
Memory Bits | 61,440 61,440 | 61,440 61,440 | 61,440
(2%) (2%) | (2%) (2%) (2%)
i I .

ey |
ey

oL

_ssse
HR vl Rk

(REEE

RRRVRIE 4

i

Fig. 6: RTL netlist of the Robinson compass edge detector digital design generated using Intel Quartus Prime
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Fig. 7: RTL netlist of the Kirsch compass edge detector digital design generated using Intel Quartus Prime
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RESULTS AND DISCUSSION Table 4 presents the processed RGB images produced by
the Robinson and Kirsch compass edge detector system,
using ModelSim and an Intel FPGA board in a remote
environment. The results of each mask compass indicate

that the digital system has been successfully designed

When the two successive phases are completed, the
results from ModelSim Intel and from implementing
the compass edge detector on different FPGA devices in
the remote lab are compared for the same input image.

Table 4: The input and output images processed by the Robinson and Kirsch edge
detectors from ModelSim Intel simulations and the remote FPGA system.

The Input RGB Image

Output Processed Image

Robinson Kirsch
ModelSim FPGA System ModelSim

R

Directional Mask
FPGA System

East

Northeast ‘.?‘ii@ kl{-‘;%r it:-%;% %‘/ﬁ%

North e ﬂ—/’s‘;- =

K
@

)

>

o4
@
|

~T N : I _ I
Northwest {L/ ;}._ﬁ’ !/ -‘...f ? 0 é”f’f 0
v 1 1 l@ 4 i ,/
il el (] ]
W 43 vy WA
A7 1N\ g ,f-.\, f_-’-.\
West 6/}‘5 \[4 \g/flf:\ y \ @"; / ./ i;_! Y/
g P | o
Southwest .:Y L\‘T— - ;‘- -.l{—— 3 ‘@ \;@
"\;__;_ f‘h \ ;___?ﬁ' \“__ W \'\;;__;_ W

£

é?
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Table 4: (Continued)

Southeast

Eight masks

Four Basic Masks

and effectively detects edges across all directional
masks.

The results obtained are discussed and compared in
terms of:

» Accuracy, edge thickness, and threshold. Compared
to the Robinson compass masks, Table 4 shows that
the Kirsch compass masks produce stronger edge
responses, resulting in thicker edges. Since Kirsch
compass masks use coefficients of 0, +5, and -3, while
Robinson employs simpler coefficients of 0, +1, +2, -1,
and -2. This results in the Kirsch compass mask coef-
ficients exhibiting greater convolution amplitude at
higher intensities. Additionally, to achieve comparable
results, the threshold is set to be 2-5 times higher than
that used with the Robinson edge operator for the
same edges.?”? The threshold of the Kirsch is three
times higher than that of the Robinson, according to
the results shown in Table 4. Additionally, PSNR and
structural similarity index for measuring image quality
between: the outputs from ModelSim Intel simulation
and FPGA board, outputs from ModelSim Intel simu-
lation without noise added, and ModelSim Intel sim-
ulation with noise salt and pepper, the outputs from
FPGA board without added noise and FPGA board with
noise salt and pepper are computed. The results indi-
cate that the Kirsch method outperforms Robinson, as
shown in Figures 8 and 9.

o Computational cost and complexity. The resources uti-
lized by the Kirsch and Robinson compass edge detec-
tor design implemented on Cyclone IV, Cyclone V, and
Cyclone LP 10 FPGA devices are compared with the
relative maximum values in Tables 5, 6, and 7. The
Kirsch edge detectors require more logic elements

PSNR (dB)
cnBGERE
|

kg
1
—1

» [T
]

o & o ) o
o & & o o &
& & &
w & & S o
(e} N R N &
& o & o <«
& :.‘,S“\ > I & P
o & & &t 2
& & & & &
& & ¥ & N
& o S & &
& &
& &
A\ & )
\L‘J‘@ a“"z
13 -+
RY

Fig. 8: Peak signal-to-noise ratio (PSNR)

12
1
0.8

SSIM
I
I—
I
[ |

Fig. 9: Structural similarity (SSIM) index

and registers than the Robinson detectors, as shown
in the comparison (Table 5). Moreover, using base-four
masks and their negatives in the Robinson compass
edge detector design reduces the need to implement
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all eight masks, thereby lowering computational com-
plexity and cost. Depending on the FPGA technology,
logic element usage decreases by 40-51% and register
usage by 17-22%, whereas the Kirsch edge operator
must perform all eight convolutions. Furthermore,
when pixel reading and storage are complete by the
specified time for a single mask convolution, the

Table 5. Kirsch and Robinson Edge Detectors Implemented
on the Cyclone IV E (EP4CE22E22C7) Device are Compared.

Item Logic Register | Memory
element (%) | (%) Bits (%)

Kirsch compared to 27 10 0
Robinson for a single
compass mask

Kirsch compared to 21 2 0
Robinson for all eight
compass masks

Robinson compared to 40 17 0
Robinson for four basic
and eight compass
masks

Kirsch for all eight 52 19 0
compasses compared
to Robinson for four

basic compasses masks

Table 6. Kirsch and Robinson Edge Detectors
Implemented on the Cyclone V FPGA
(5CEBA2F17Cé6) Device Are Compared.

Item Logic
utilization | (%)
(ALMs) (%)

Register | Memory
Bits (%)

Kirsch compared to 34 17 0
Robinson for a single
compass mask

Kirsch compared to 28 8 0
Robinson for all eight
compass masks

Robinson compared to 51 22 0
Robinson for four basic
and eight compass
masks

Kirsch for all eight 65 28 0
compasses compared to
Robinson for four basic
compasses masks

FPGA’s parallel processing capability enables simul-
taneous computation of eight convolution masks,
keeping memory bit usage constant for the single or
combined computation of all eight compass masks.

Power dissipation at the hardware level: In Table 8,
as well as in Figures 10 and 11, the power dissipations
of the Robinson and Kirsch compass edge detectors
implemented on Cyclone IV, Cyclone V, and Cyclone
10 FPGA devices during operation are shown. The
Kirsch’s digital design requires more resources than
Robinson edge detectors, resulting in higher power
consumption. More logic elements, ALMs, and regis-
ters will increase power dissipation during switching
in the digital circuits and require more routing capaci-
tance between the resources. The same digital design
is implemented across several CMOS technologies for
the Kirsch or Robinson edge detector; comparing the
Cyclone 10 FPGA with the Cyclone V and IV, the for-
mer consumes less power. Additionally, Cyclone IV
dissipates less power than Cyclone V, despite using
all eight compass masks for the Kirsch edge detector,
a newer technology. Several factors influence this:
Cyclone IV FPGA is built on 60 nm semiconductor tech-
nology, and older semiconductor technologies typically
result in higher leakage currents and increased power

Table 7. Kirsch and Robinson Edge Detectors
Implemented on Cyclone 10 LP FPGA
(10CL120ZF484I18G) Device Are Compared.

Item Logic Register | Memory
Element (%) | (%) Bits (%)

Kirsch compared to 29 14 0
Robinson for a single
compass mask

Kirsch compared to 21 3 0
Robinson for all eight
compass masks

Robinson compared to 42 21 0
Robinson for four basic
and eight compass
masks

Kirsch for all eight 54 23 0
compasses compared to
Robinson for four basic
compasses masks

Table 8. The power dissipation of the Robinson and Kirsch edge detectors implemented on FPGA devices.

Compass mask used Power Dissipation (mW)
Cyclone IV Cyclone V Cyclone 10
Robinson | Kirsch | Robinson | Kirsch | Robinson | Kirsch
Single compass mask =30.54 =33.32 35.44 38.51 16.9 17.9
All eight compass masks 4418 53.78 48.88 52.47 26.63 31.61
Four basic compass 36.14 41.05 - 20.5
masks
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Fig. 10: The power dissipation of the Robinson detector’s compass mask implemented on different FPGA devices
when operating
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Fig. 11: The power dissipation of the Kirsch detector’s compass mask implemented on different FPGA devices
when operating

dissipation. In contrast, the Cyclone V FPGA is based on
28 nm semiconductor technology, offering more logic
resources and lower power dissipation than previous
generations when fully utilized. However, the Cyclone
V logic utilization (ALMs) required to implement all
eight compass masks of the Kirsch edge detector is
approximately 11%, which is lower than that of Cyclone
IV. Because Cyclone IV has fewer features, resources,
and tasks, it consumes less power in systems with low
utilization.?*2% Furthermore, converting an RGB image
to grayscale, where an integer data type represents
each pixel value, addresses computational complexity

and cost, as well as allowing a scaling threshold to be
compared to the computed value instead of perform-
ing a division operation. Therefore, power dissipation
depends on the design specifications and the CMOS
technology used.

CONCLUSION

This research aims to develop and implement compass
edge detectors on different CMOS technologies using
a reconfigurable VLSI system and FPGA devices. Based
on the FPGA devices used, the results of the compass
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masks for the Robinson and Kirsch are analyzed and
compared with respect to accuracy, edge thickness
and threshold, computational cost and complexity, and
power dissipation. VHDL is the HDL used to describe the
digital design of both Robinson and Kirsch compass edge
detectors. ModelSim, an Intel software, is used to ver-
ify the functionality of the digital design. After verifica-
tion, the digital design was successfully synthesized and
implemented on Cyclone IV, Cyclone V, and Cyclone 10
FPGA devices using Intel Quartus Prime.

The hardware-level results confirm the following:
Kirsch compass masks use coefficients of 0, +5, and -3,
whereas Robinson used simple coefficients of 0, +1, +2,
-1, and -2. The Kirsch compass mask assigns greater
weight to pixel intensities near pixel edges than the
Robinson operator does. This causes the Kirsch masks
to better detect weak edges and produce thicker edges
than the Robinson masks. The threshold for detecting
edges with the Kirsch design is higher because its coef-
ficients are larger than those of the Robinson detector.
Implementing the Kirsch compass edge detector design
on an FPGA requires more logic elements and regis-
ters than Robinson detectors. However, using base-four
masks with negative values in the Robinson edge detec-
tor reduces computational complexity and cost while
dissipating less power. In contrast, the Kirsch operator
must perform all eight convolutions. Additionally, digital
design implemented on Cyclone V and Cyclone IV dissi-
pates more power than on Cyclone 10. Cyclone V also
dissipates more power than Cyclone IV at low utilization.

The Kirsch edge detector detects weak edges better
than Robinson and is suitable for accurate applications.
Thus, the optimal digital design for an edge detector,
in terms of power dissipation, depends on the selected
CMOS technology and design requirements.
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