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Abstract - This paper describes a hardware oriented algorithm
and its conceptual implementation for real-time traffic signs
detection system on automotive oriented FPGA. The speed limit
sign area on a grayscale video frame is detected through a
two-stage simple computation process. Rectangle Pattern
Matching roughly detects global luminosity sharing feature
between rectangle and circle for Region of Interest (ROI). Then,
Circle Detection roughly votes local pixel direction of circle
inside the detected ROI in binary image for circle confirmation.
The proposed system achieves 83 full HD fps and over 99%
accuracy even in difficult situation such as rainy night. It
occupies around 50% the hardware available on proposed
Xilinx Zynq automotive FPGA, which has 85 K logic cells, 53.2
K LUTs, 106.4 K registers and 506 KB BRAM, and so be able to
apply to Advanced Driver Assistance System on common
vehicles.

I. Introduction

The traffic sign recognition would be very important in the
future vehicle Advanced Driving Assistance System. The
most important information is provided in the drivers’ visual
field by the road signs, which are designed to assist the
drivers in terms of destination navigation and safe. The most
important of a car assistant system is to improve the drivers’
safety and comfort. Although the navigation system is
available, it cannot apply to the new roads or the place that
the navigation signal cannot reach to or in electronic speed
limit signs (LED), where the sign changes depend on the
traffic condition. Hence, detecting the traffic signs is
important in warning the drivers about changes in traffic
situation and potential dangerous. An assistant system with
speed limitation recognition ability can inform the drivers
about the change in speed limit as well as notify them if they
drive at over speed. Hence, the drivers’ cognitive tasks can be
reduced and safe driving is supported. Even several
researches on traffic sign detection system are available; they
occupy large hardware size, low in throughput, and accuracy,
and so not yet meet the requirement of real-time processing,
high accuracy and low-cost for widely used on common
vehicles.

In this study, we aim to solve this challenge and perform
real-time speed limit signs recognition on a low resources
embedded platform. The targeted platform is the Xilinx Zynq

7020, which has 85K logic cells, 53.2K LUTs, 106.4K
registers and 506KB BRAM. In order to get the goal, our
proposed recognition method combines simple and rough
global luminosity difference and local pixel direction features
together to find location of the traffic sign before finely
recognize the number inside. The design uses coarse grain
pipeline together with parallel processing architecture. The
recognition processing of each frame is coarsely divided into
two pipeline stages. One is used for traffic signs and size
detection and the other is used for number recognition. The
traffic signs and size detection raster scans each frame by
various scan windows sizes in parallel, calculates the rough
luminosity difference feature to find the sign candidate
(Region Of Interest — ROI). Fine grain processing stage then
processes the ROI for number recognition. The proposed
method is able to recognize speed limit traffic sign (both
fixed and LED signs) in day time, at night, and rainy night.

The related works in traffic signs recognition is shown in
section II. The speed limit recognition system architecture
and overview of related algorithms are shown in section III.
Section IV emphasizes to the implementation of circle
detection using simple pixel local direction voting, which is
the main of this paper. Sections V and VI show the evaluation
result and conclusion of the proposed architecture.

II. Related Works

In algorithm point of view, most traffic signs systems is
structured into pre-processing the obtained frames with
various segmentation techniques for signs detection before
recognizing and classifying them. In performance point of
view, several implementations on hardware are given to
increase the processing time.

A. Algorithm

Detection algorithm is designed based on color, shape or
template matching. Traffic signs are pre-decided in color to
ensure the focus of the drivers, and so, color can be used in
image segmentation. This trend can be found in [1], in which
a red circle is examined as Region of Interest (ROI) or in [3],
where white circular region is searching with some thresholds.
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This detection method required colored camera and more
computation resources such as memory for colored image
storing and detection. Shape based detection approach can be
seen in [4] and [5], in which complex Hough-transform is
used for circle detection and SIFT feature computation is
required. This method is robust to change in illumination but
complex in computation for detection. Template matching in
[1] uses the pre-prepared template for area comparison with
various sizes from 32x32 to 78x78. Huge hardware resources
and computation time are required for the comparison.

B. Hardware Implementations of Traffic Sign Recognition

Several  hardware implementations or hardware
accelerations for traffic sign recognition system have
introduced on FPGA. Yan Han [13] introduces a hardware/
software implementation based on Xilinx Zynq SoC. Souani
[10] implemented a neuron network for shape recognition on
RGB image on Virtex 4 device. Imark [12] implemented on
FPGA a system with edge detection, circle detection, triangle
detection and rectangle detection based on angle before
matching features of templates and candidate for recognition.
Muller [11] introduced a recognition system, which aims to
multi-core hardware/software on FPGA. However, they are
implemented on big hardware such as Virtex 4 family,
working with small image size, and so do not match
requirement of real-time processing at low cost for really use
in general vehicles.

III. Compact Hardware Oriented Speed Limit Recognition
System with Circle Detection

In order to overcome the weakness in hardware size and
computation time of the related work, we would like to
introduce a novel algorithm and architecture for traffic sign
candidate detection, which combines a simple global
luminosity difference feature and simple local pixel direction
together for circle shape sign detection. It can be applied to
speed limit detection system as shown in Fig.1. Input data are
8-bit grayscale frames. Due to the simplicity of the algorithm,
it supports for real-time system.

A. System Overview

Fig.1 shows the speed limit recognition system overviews
with two special filters and three computation modules.

A simple noise reduction filter is applied to the gray-scale
input frame for image correction and noise reduction. The
sign enhancement filter, which is a special filter for sign
enhancement and image binalization purposes, is then applied
to the output of the noise reduction filter, changing the 8-bit
value grayscale pixels to 1-bit value black-and-white pixel
for number recognition. The sign enhancement process helps
increase the features of the numbers and reduces the amount
of data being processed.

Rectangle Pattern Matching step roughly detects the traffic
sign candidates based on the common features of rectangle
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Fig. 1. Speed limit recognition system.

and circle, that is the difference in the brightness between the
rectangle / circle line and its neighbors [8] as shown in Fig.2.
The scan window corresponds with the traffic sign is
processed in 16 areas, from Bl to B8 (says for Black) and
W1 to W8 (says for White). The differences in brightness of
corresponding Black and White areas (B1 and W2, B2 and
W2, etc.) are computed. If they get over a threshold, the
pattern is considered as a rectangle. At different view points,
the brightness of the black and white areas is different. In our
implementation, the threshold is considered as a variable,
which relies on the different in brightness between W1 and
BI.

The circle detection, which is the main subject of this
paper, reduces the number of traffic sign candidates detected
by rectangle pattern matching, decides if the detected regions
of interest (ROIs) are really a circle mark or not using simple
pixel local direction.

Finally, the number recognition module analyses simple
features such as histogram and run length of black and white
pixels of the ROIs and compares with those features of
reference numbers for number recognition [7].

B. Raster Multi-Scan Windows

Our system uses input image size of 640x390. Input size of
the traffic sign is in a range from 18x18 to 50x50 pixels. We
use raster scanning method with the above scan window sizes
as shown in Fig.3 to keep the processing time a constant. At
any clock, when a new pixel (x,y) gets into the system, a
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pattern matching
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Fig. 3. Raster scan with multi-scan
window.
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column of 50 pixels from (x,y) will be read from FIFO for
traffic sign candidate detection. In circle detection module,
three last continuous columns of the scan window are
buffered in registers for pixel local direction detection.

C. System Pipeline Architecture

Fig.4 shows the pipeline architecture of the speed limit
recognition system. The system is able to scan for the traffic
signs up to 50x50 pixels in size. The input image is 8-bit
grayscale with the size of 640x390=249,600 pixels.

It contains three main modules of Rectangle Pattern
Matching (RPM), Circle Recognition and the Number
Recognition (NR). Other modules are Noise Reduction Filter,
and Sign Enhancement Filter. Supported for the Noise
Reduction Filter and the RPM are a number of 8-bit FIFOs.

The Sign Enhancement Filter is independent with the RPM
processing, and so could be processed in parallel with the
RPM. Different from the software implementation, in which
the Circle Recognition is used to reduce the number of sign
candidates, in the hardware implementation, the circle
recognition result is used to strengthen the judgment of the
speed limit recognition. Hence, the Circle Recognition and
Number Recognition can be executed in parallel before the
final judgment. The Noise Reduction Filter, the RPM, and the
Sign Enhancement Filter work with 8-bit grayscale data
while the NR and the Circle Recognition work with 1-bit
black-and-white data. These 8-bit processing modules and 1
bit processing modules are connected with the other through
two memories. The first one, the Location and Scan Windows
flags FIFO, is used to store the position of the sign candidates

in a frame and the detected scan window sizes at that position.

The second one, a general memory called Binary image
memory with the size of 249,600 bits, is used to store the
black-and-white bit value of each frame. Two independent
memories (Binary Image Memory 1 and 2) and a memory
swapping mechanism are necessary. It allows the 8-bit
processing modules in RPM stage and the 1-bit processing
modules in NR stage in Fig.4 access the binary image
memories for read and write in parallel.

Fig.4 also shows the two pipeline stages, named RPM and
NR, of the speed signs recognition system. The Noise
Reduction Filter, the Rectangle Pattern Matching, and the
Sign Enhancement Filter occur at the RPM stage. The RPM
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Fig. 4. Pipeline architecture of the traffic speed sign
recognition system.

and Sign Enhancement Filter works in parallel using data
generated from the noise reduction filter. The scan windows
(SW) in RPM and Sign Enhancement Filter are pipeline
processed with one input pixel at each clock. Hence, about
390x640=249,600 clocks are necessary for the first stage.
During the processing time of the first frame, the detection
result is written into the result FIFO and the binalization
image result is written into the Binary Image Memory 1 for
the next stage. At the next stage, the Circle Detection and the
Number Recognition modules read data from the FIFO and
the Binary Image Memory 1 for processing before handling
the results to the Judgment module. At the same time, the
data of the second frame is processed in the RPM stage.
Result is written into the Binary Image Memory 2. Then, the
NR stage of the second frame occurs with data inside the
Binary Image Memory 2. The same process occurs with other
frames, and so the system processes all frames in pipeline.

IV. Design of Circle Detection Using Local Direction
Voting

A. Pixel Local Direction Feature of a Circle

In general, pixels at the edge of a circle will have
pre-defined direction. A circle can be divided into eight areas
with corresponding directions as shown in Fig.4. Our novelty
is voting number of pixels that match its expected direction.
If this number is bigger than the threshold, the SW is
considered as circle traffic sign.

B. Circle Detection Using Pixel Local Direction Voting

Since the RPM roughly detects both rectangle and circle
traffic sign candidates, we need to judge if the candidate has
a circle shape or not by circle detection. Raster scan is used
in our implementation, in which data of the last three
columns for a SW is buffered for direction confirmation and
voting.

Input data to the module is the binary image of each
candidate at a specific position given by RPM. Depend on the
relative location of the pixel inside the input SW; they should
match with the corresponding direction among the eight ones
shown in Fig.5. A 3x3 array is used to detect the direction of
the input pixel using local border templates. Each group of
3x3 adjacent pixels, which locates in the eight areas in the

Inner-circle line detection
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Fig. 5. Circle and local
pixel directions at edge.

Fig. 6. Templates for pixel
direction confirmation at inner
and outer edge.
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input candidate SW, is compared with the 32 patterns in Fig.6
for corresponding eight directions detection.

When a new pixel comes, its corresponding column in SW
and two previous ones are buffered, making 3-pixel column
as shown on the left of Fig.7. There is overlap in 3x3-pixel-
pattern among different lines in the 3-pixel column; hence,
1x3-pixel-pattern of each line is checked separately before
combining three adjacencies together for the final direction
confirmation. In a column, the upper part needs to be verified
with three directions of down-right (V), down (| ), and
down-left (¢); the middle part needs to be verified with two
directions of right (—), left (<—); and the lower part needs to
be verified with three directions of up-right(7), up ( T ), and
up-left (Y). Divide the input column into three helps to reduce
the number of direction that need to verify.

The right of Fig.7 shows the direction voting for one area
among the eight ones using reusable computational result, in
which the direction voting result in the overlapped in each
area between SWi.; and SW; is reused without re-voting. The
voting for an area in SW; is generated by the voting result of
overlapped area plus the voting result of new input area
(dir™;). The voting result of overlapped area is the result of
previously voting area (dir**“;.3) without the subtraction area
(dir<";). The voting now became voting for the addition area
(dir";) and storing the result for later uses as subtraction
(dir®")). At the same time, the newly voted column result
dir°"; is added with dir"*; ; before subtracting the previous
stored dir®"; voting result for that area dir?; final result. As
shown in Fig.7, the waiting time since direction of newly
input pixels are verified and voted until the time it becomes
dir'*; and dir<°"; of different directions are different.

Hardware implementation of circle detection using voting
the local pixel direction at edge is shown in Fig.8. When a
new binary pixel gets into the system, the corresponding
three columns (last columns in Fig.7) are given to the
direction voting module. Pattern confirmation, a shared
module among various SW sizes compares each three inputs
in a line with the line patterns. Three adjacent results are then
combined together in column directions confirmation
sub-module before voting for the number of pixels that match
a specific direction. These results are pushed into column
direction voting FIFOs and become dir®"* and dir" at
specific time, which depends on the pixel location. Voting
results of all columns in the corresponding area are
accumulated, forming area voting result dir**’. Then, dir*®" is
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stored into local area direction voting register. All local area
voting results are added together, making SW directions
voting result for circle detection.

V. Evaluation Result and Discussion
A. Dataset

Our system is tested using a dataset with 194 scenes in
various sign conditions, road conditions, light conditions,
weather conditions, and image resolutions on real life as
shown in Fig.9. It includes 60 scenes on daylight in highway
and local roads at 640x390pixels resolution; 65 scenes on
daylight in local road at 640x360 pixels resolution; 25 scenes
on clear night in local road at 1920x1080 pixels (full HD)
resolution; and 44 scenes on rainy night in local road at full
HD resolution. Frames with full HD resolution are down-
sized to 1/3 in each axis for simulation in our test. It is easily
implemented with small hardware resources by reading the
pixels after every three columns and rows. A scene is
considered as all continuous frames that the same sign

Daily scene

x95 pixels on Full HD  Traffic sign size = 100x100 pixels on Full HD

Fig. 9. Traffic sign dataset in real life with various traffic
condition, sign condition and light condition.
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appears in the observable field of the camera until it
disappears. Depending on the speed of the car, the number of
frames in a scene is various. Size of the sign is also varied,
which depends on the distance between the car and the sign.

B. Hardware Implementation Result and Discussion

Our design is implemented on Xilinx automotive Zynq
7020 device, which has 106,400 slice registers and 53,200
slice LUTs for estimation. Simulation on real situation shows
that we need 14 scan window sizes of 20, 21, 23, 24, 26, 28,
30, 32, 34, 36, 38, 42, 46, and 50 for fully traffic sign
recognition. The design in Fig.8 is implemented with biggest
SW size of 50x50 pixels for evaluation and estimation. We
implemented two versions, the first one uses registers as
FIFO and the second one uses RAM based shift register,
which utilizes memory inside LUT for FIFO. Table I shows
the implementation results of RPM and CD for 50x50 SW
size as well as total hardware estimation for all 14 SW sizes.
The RPM and CD modules with all necessary SW sizes
occupy nearly 19% of slice registers and 57% of slice LUTs
on the proposed device. Small hardware size guarantees the
implementable of the system on low-end low-cost automotive
Xilinx Zynq family.

TABLE L. HARDWARE ESTIMATION OF TWO-STAGE CIRCLE DETECTION
SW size Freq. (MHz) |[No. of slice registers| No. of slice LUTs

RPM | CD | RPM 0 | RRM | D

S0x30 — (register|, ) ) 13903 [sg0 1,524 [1,229 |1,885

based)

50x50  (RAM

basad SRL) - |390:3 - 1es - |ose

All 14 SW sizes|) ) 5 13903 |20,138 (18.9%) 30,184 (56.7%)

(register based)

“All 14 SW sizes” shows the implementation of Rectangle Pattern Matching
and Circle Detection modules for all 14 scan window sizes of 20, 21, 23, 24,
26, 28, 30, 32, 34, 36, 38, 42, 46, and 50 that necessary for fully trafic sign
recognition, in which the bigest one is really implementd and the smaller
ones are estimated from the bigest one.

High frequency as 200 MHz guaranties that our proposed
system can process at as high as 83 fps as shown in Table 2,
and is able to apply to real time processing.

C. Recognition Accuracy and Comparison with Related
Works

We consider to two types of detection accuracy. The less
important one is frame detection accuracy, which is low due
to the individual frame quality such as small size of the sign.
We define that in a frame, a traffic sign is incorrectly detected
if the algorithm cannot shows the location and the size of the
sign after RPM and CD. It is detectable if the algorithm can
locate the position and size of the sign. When the camera gets
closer to the sign, size of the sign increases, and the traffic
sign becomes detectable with big size sign. The more
important accuracy is the scene detection accuracy. In our
experiment, we define that a traffic sign in a scene is
detectable if the algorithm can locate it in at least one frame
of that scene. Under that definition, since a scene always

contains frames with big traffic sign, the signs in almost all
the scenes in our dataset are able to be detected, achieving
98% of accuracy in terms of scene as shown in Table 2. This
result is higher than all related works.

TABLE II. COMPARISON WITH RELATED WORK
Method Scene detection | Throughput Platform
rate (%) (fps)
Hardware/Software [9] - 1.28 Virtex 5
Neuron network [10] 82 62 Virtex 4
Multi-Core SoC [11] - 2.3 Virtex 4
Hardware/Software [12] 90 14.3 Virtex 5
Hardware/Software [13] - 10.4 Zynq
Fuzzy template [14] 93.3 66 Virtex 4
Random Forest [16] 97.2 18~28 -
Proposed research 98* 83* Zynq 7020

*: Number recognition is included in this estimation
D. Discussion on Difficulty Scenes at Night and Rain

In some rainy night scenes, when the sign became very
dark as effectiveness of lights from cars at other direction, the
sign and the number inside are hardly detected as shown in
Fig.10.a, where the traffic sign is detectable but the number
inside is incorrectly recognized due to the bad quality input
image. Simulation shows that our algorithm achieves 98%
correct recognition rate even in such hard situation. However,
the same scene is correctly recognized with some small
change in the contrast as shown in Fig.10.b. Global
luminosity of the previous frame can be used to decide if
contrast enhancement is necessary or not.

E. Discussion About
Detection Module

Tradeoff on Location of Circle

The CD module can located either on the first pipeline stage

Binarized and
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Mistake in

number
recognition

and

inarized
Detection

o B 3
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b. Undetectable sign at rainy night became detectable with change in contrast.

Fig. 10. Difficult situation with low frame accuracy (full
HD scenes) and simple solution using contrast adjastment.
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or at the second one. If it locates at the first stage, it reduces
the number of ROI, and so reduces the number of speed
traffic sign candidates that need fine analysis on number
recognition, and so eases the task of the number recognition
module. In that case, it directly receives binary data from the
Sign Enhancement Filter in Fig.4. Penalty is the Sign
Enhancement Filter needs to generate 50 binary data at the
same time or 50 binary line buffers are required to store input
column in Fig.8. If the CD works together with the number
recognition module as shown in Fig.4, it shares input data
with the NR, and so no more hardware is required but the
penalty is in the worst case, time for number recognition for a
frame increases depends on the scene. In our experiment, in
average, 3.7 ROI is reduced from each frame for number
recognition. In the worst case, it helps to reduce 72 ROIs
among 454 ones detected after RPM.

VI. Conclusion

This paper introduces our novel algorithm and
implementation for speed traffic sign candidate detection.
The combination of coarse and fine grain pipeline
architectures with parallel processing and simple pixel local
direction feature allows our implementation meets the
demand of a real time system. The computation re-use
mechanism in scanning process significantly reduce the
hardware size in our implementation, allows raster scan with
small hardware size. Small hardware size and high accuracy
results achieved on evaluation prove that our system is able
to be implemented on the target low-cost automotive FPGA
and applicable in real life.

In the future, the implementation will be combined with
number recognition module, creating a speed traffic sign
recognition system.
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