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ABSTRACT

In this work, road lane detection is proposed to reciprocate the requirements of
Lane Keeping Assistant System (LKAS) and Lane Departure Warning System (LDWS), which are
the position of lane line on image and the tolerance to the unexpected road lane, especially curve
lane. The angle calculation is proposed to realize the curve’s direction. The speed and memory
usage of an algorithm are improved as well by adding the High Level Synthesis (HLS) optimization
techniques. Array sizing, loop unrolling, loop pipelining, array partitioning and HLS interface
management are respectively applied according to the limitation of resources and the speed of
operation time using HLS development on Xilinx Zyng-7000 family (Zybo z7-10). From the
experimental results, the proposed method reaches 6.66 times faster than the original at clock

frequency 100 MHz.

Keyword High Level Synthesis (HLS), FPGA, loop unrolling, loop pipelining, array partitioning,

HLS interface
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2.3.2 M3uL9e15158 (Array partitioning)
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Argument Type Scalar Array Pointer or | HLS::Stream
Reference
Interface Mode | Input | Return 1/0 I | VO | O Iand O

ap_ctrl none

ap_ctrl hs

ap_ctrl chain

axis

s axilite

m_axi

ap_none

ap_stable

ap_ack

ap_vld

ap_ovld

ap_hs

ap_memory

bram

ap_fifo

ap_bus

- Supported D = Default Interface

I:I Not Supported
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‘]_I‘Llﬂuuuﬂzgﬂﬁl’ﬂﬂ’)’llﬂulﬁu%’]ﬁ@i\WNﬂ'l‘W“]Jﬁgﬂ@‘]_l 3.5

mwilsznew 3.5 midayy 0, uag 0, dwmTunstinieass
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Uszwanavulisiwmwoiodrunsniluvesallszurana Zybo 27-10 AT¥ A Zyng-7000 ¥4
< S o 1 =) 4 A @
ugilnssinsruswmsdiinusznitamaluTadvesTlswae suazeniive 13dwnu Tao
M3nuvesszuvi ldmaaeuazinsSumwn3e3a 18910 PC Wi HDMI tagiaadnariiy
VOUAAIHAAININUTZNOY 3.6 FINTLUIUNITVOITTVUATIVT UAUDUUIZYNLUINTITINIU
I 1 9 v A o o y o Aq Y
ooy 2 #IuA8AUAD N15TIIUVY PL 11azMsiauuu PS Tagduaoumsinaun 1y
Y Y
szoznalumsdssuranauIuzgnAUIUNIT0gUY PL (THADUNITHIVD UM NIAZTUADY
v ) Hq v < v 2 A o a
MIMUTUATI) tazvuneun ldszaznanlumsdssuranaiianvuneudugIzgNANIUMS
Y Y
9gUU PS (TUADUNITIATOUNINLAZTUAD UNITAIUIUYNUBUTUATY) Adudaglu
Mwlseneu 3.7

[ 9

< < a
nnnwlseney 3.8 HlumsesnuuuuuglnIainie daauninuuiived
1 X g ¥ o w ¥ @ @
5TUVIZAIU HDMI Fuilumw RGB 929nind1audnnsalag IP concat laodyaaiid 3
o I o v oA o U @ ] a 4 &
dya (RGB) vgniuiludyanutiaiios 1 dygnudellds s mudumesila AXI e
H i) Y
AXI4-stream 118 axi vdma NUUU PL 1tag AXI HP UUPS 10 IMIIAT00 N INHAI9INUUNS
dadoyaszgndnenn PS i PL (HLS IP) iioviimsshweunmuaziuduassluglunuves

Y ]
NIZUEAFIY AXT GP 1azAXI-Stream tazlimsaenaudnasunoimsduyy Tasll AXI

ACP 50951

HDMI IN

Personal computer Zybo z7-10 Monitor

~ Y o @
nwilseneu 3.6 ssuun lsdmsSunagey
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Programmable Logic (PL)

Edge detection & line detection

HDMI
Position VGA
Input frame

Pre-processing Angle calculation

Processing System (PS)

4 4 4
nwilseneu 3.7 msaammuawmmﬁ’muam Zybo z7-10 9132NA Zynq-7000

3.3 in30qilo Ny s mueaniu
TUAT00AULMIINILUUATINT VALY TABTUADUMT YU HIAY

mté’umwumwa}zgﬂﬁnﬁummusnifﬂm%’u,ﬁaaﬂwﬂmaﬂumiﬂizuaawa TUADUMT

PONUVUNITHIVOUNINUALHUFUATIVUAINILDOAUUVUY Xilinx Vivado High-Level

Synthesis INONATOUNT K TULAZAIWYNADIV0ITane s NuTIw TR siumatiani sy

input dvizrgb 0
e +)—+
T™DS | roo 1l [
ReiCK !
PP —
awstn =l |

]
U

LN |

IX[X|

1
|
e

i
||
FT

_ r2gal0 output

AXI interconnect ngRvd[wl ga_r{40] 4 ) +|||JJ
— * v YRPOensOl 9a F-1C20) ( f ] wron o |
I AXI-Stream vg_pBius(4 0] vga_bl4:0) - & e i
vga_pHSyC ga hs J—
vga_pVSync L J

RGB 1o VGA output (Pre-Prodix

awilsgnew 3.8 msvenuuLLnanHeSuAUBIA Zybo 27-10 ATLNA Zyng-7000
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SDSoC™
‘ Environmentm

Vivado HLS + Vivado + Xilinx

nMwilsznov 3.9 ﬁ"lﬁﬂﬂ'lii%ﬁﬂ%@ﬂﬁﬂﬁ"m%ﬂ@ﬂﬂLL‘iJ‘]Jﬁ%‘iJUGIi’J%%W‘]JLﬁuﬂu‘L!

a 1

U3z FNTNNA19) 1AI1INNMINATBVANUYNA BV Xilinx Vivado HLS ud2 danesniuila
o & g o ¥ S o o
v2gnii 15905 9muu SDSoC FuiluTdsunsuifinmsadie unanwesudmsunadou
@ a (% Jd a o w 4 ) @ (% @
oanes Nunuglnininse dwumsldnTeslio MU ONUUUIZTUUATINTVIAUDUULAAIAT
1 4 I v e
Mnilsznew 3.9 nagswazidsaveuaazinesloitiuaae Tl
L4 .
Vivado HLS 1iun3 oo n g lun1sad1e 1P Taed 1daruanso T sunsy
W399 AUUY IP Y03A 109 1A UUAIYT C, C++ 1130 System C H961AUNITOOALUD (Design
g o v aR Y Y 4
flow) Y89 Xilinx Vivado HLS mwilsznou 3.10 awsanadeudaneany 1d Taemsade 1d
test bench 1111 C Simulation 1182 RTL Simulation A& 18U Tuysgg 19 1ueenuuy 1P
@8 C, C++ 1130 System C e3nsoiidmmaiamsiinyseansamaien 18 laelgdds HLS

pragmas 84145 Had URITY (source code) A4 MU TENOY 3.11 H3DNUA 1A (directive) A

J
o

awilsgneu 3.12 litwgilumssiinmsaagy nsluilladga msmisersisdnseudnsey

o o

Y
msﬁmumuma%Mﬁ HLS ‘L!E]ﬂiﬂﬂﬁlﬁgﬂﬁnﬂiﬂﬁTﬂ1i’Jmi1$ﬁﬁ1ﬁﬂﬂﬁﬁ1\ﬂu?ﬁ661ﬂﬂ

9 = % 1 9 1Y LS . 1Y o W
ﬂ']ﬁlsll'm\W]'JLUJi?’n\‘]G]]lﬂ’ﬂ']f‘lfﬂiﬁ\‘llﬂﬁ']g‘ﬂ“]f (C Synthesis) AN INs2nov 3.13 Hauod1aL

Test Bench <:> C, C++, System C Constrains

g ¥ g

C Simulation C Synthesis
: Vivado HLS
VHDL Verilog
RTL
System C
RTL Simulation Package IP

Vivado Sys RTL

7MWY s2nou 3.10 Xilinx Vivado HLS design flow
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o 1 a N Y a I'd . = A 9
MINNUANTINTDNATIZH LANNUAVRATIEN (Analysis) 330 1D eszozIa e luns
Uszu7ama (Performance profile) 1AL T 1UIUNSTWEINT (Resource profile) 0e19azidoanly
#nsy 1P n1dMnseonuuudInInlIznoY 3.14 Fanmvereaan1nlsznoy 3.15 uazda

a11159 ¥1M3 C Simulation tWenadoUANUYNABIUBISanoany 14

£ Synthesis(3rd_loop_pip_II) Ld top.cpp £2
127 for(int row = 0; row < rows+l; row++) {
128 for(int col = 0; col < cols+l; col++)({
129 #pragma HLS loop_ flatten off

130 #pragma HLS dependence variable=gbuff A false

Mntlszneu 3.11 106195 19914 HLS pragmas usaduaiiy

) Synthesis(3rd_loop_pip_Il) [¢] top.cpp &2 = O || Outline | Directive 22

| -
83 LINE_BUFFER LBUF; Am “1 hough2
WINDOW_BUFFER WINDOW;

1 sin
. 1 cos
sobel filter label2:for(rho = 0; rho<224; rt
sobel_filter label3:for(theta = 0; thet: © edge
houghl [rho] [theta]=0; © theta
hough2[rho] [theta]=0; 2 © LBUF
} © WINDOW

g1 x/
E v ¥

sobel_filter_label2

v% Tobel_filter_labelll:for(row = 0; row < FRAM %' sobel_filter_label3
93 w "
94 line = row * FRAME WIDTH; v 7 sobelfilter labelTt
95 sobel_filter_ labellO:for(col = 0; col < v % sobel filter_label10
96 { © temp
97 u8 temp, grayIn = 0; © grayln

u8 rIn, gIn, biIn; ® rin

u8 pxlIn = 0; ® gin

(C}

1 if (col < FRAME WIDTH) oln
. . _ ©® pxlin
3 LBUF.shift_up(col); Oi
4 temp = LBUF.getval(0, col); O]
05 } v %' sobel_filter_label0
6 #

X sobel_filter_label4
J(.f((col < FRAME WIDTH) & (row < FRAM %' sobelfilter_labell

w i

pxlIn = srcFrame([line + col];  sobel filter_label5

¢ i
10 rin = ((pxlIn & RED MASK) >> (8) v i for Statement

WWWWWWWWwWWWwWwWwNDNDNDNNDRDRDNDNDNDNDNDNDNDNDNDNDND

11 bIn = ((pxlIn & BLU MASK) >> (3) - e
12 gIn = ((pxlIn & GRN MASK) << (2) % HLS PIPELINE Il=1

Mntlszneu 3.12 A10619M 5 19911 HLS pragmas Juaufda
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Run C Synthesis
File Edit Project Solution Window Help

B B XGRESS % B0

M@yl ®

[ Explorer £ § = Mhesi Run C Synthesis | | [ top.cpp &3 . & Performance(3rd_loop_pip_l)
v & prj Run C Simulation 283 LINE BUFFER LBUF;
@ Includes 284 WINDOW BUFFER WINDOW;
v £ Source 285 )
or 286 sobel filter label2:for(rho = 0; rho<224; rho++){
SIEEPPP 287 sobel filter label3:for(theta = 0; theta<120;
> . est Bench _ 288 houghl [rho] [theta]=0;
> (3 2nd_loop_edge_line 289 hough2[rho] [theta]l=0;
(3 2nd_loop_flat_edge 29 }
> (3 2nd_loop_flat+pip_edge 291 }
3 2nd_loop_flat+un_edge 292 sobel filter labelll:for(row = 0; row < FRAME HEIG
i - 293 {

« ™2 Ind lann nin adnao

7MWY52NoV 3.13 M3 Run C Synthesis

[ a A A a a 1 {
UAadINNNIToDNUU Y IP Lla$ﬂ15ﬂlﬂ51$ﬁ3%ﬂTilWMﬂﬁgﬁW‘ﬁﬂTWﬁ'N 9 ﬁ
L“Hmzﬁwﬁ”“Uﬂﬁﬂﬁlﬂumwuazmiﬁnfsrjummﬁa’é”aﬂaaﬁuuazﬁ1ﬁﬂ HLS pragmas‘ﬁ
v . o a2 3
E]@ﬂLL‘U‘LIhl'J‘LIu Vivado HLS i]Ziq]ﬂu’lll'I‘Vlﬂﬁflﬂﬂﬂﬂﬁ\iﬂuiﬂiuﬂill SDSoC Iﬂﬂ SDSoC Lﬂu
o o 2 s o ¢ 7 & 2 o o
mﬁﬁauﬂﬁmﬁuﬂmlmmcmwmwiLLazmimnﬁﬂﬁﬂmmumiwwmﬂﬂmwﬂizﬂ’ou 3.16

Y o A ax A o 9 J JY Y 1 = v
Ejﬂ“]f\ﬂuﬁ’uﬂiﬂ‘ﬂHWNﬂﬁﬂWiLWNﬂ‘i%ﬁﬂ‘ﬁﬂ1Wﬁ1ﬁ3U PL ﬂ’JEJG]f’E]V\'mL’JiVI,ﬂl%ulﬂﬁl’)ﬂuﬂﬂﬂu

Vivado HLS HAMIMINT N5z 8n5a1mus SDSoC e1anindilla lasniatmusidaluswa

file Edit Project Solution Window Help
S
£ Module Hierarchy @ © = O |[4) SynthesisGrd_loop_pip_ll) _[[& topcpp | Performance(3rd_loop_pip.I) ¢
BRAM DSP FF  LUT Latency Interval o : sobel filter
o sobelfilter 37 10 2137 2764 33937035-98457432 33937036 ~ 98457433
i lcolcilcolcalcaleslcoelceczlcealcolcolenlerlcaalcaale .
—_=sobel f: Fes

Analysis

Resource file

5 x
node s
node

... #sobe ilter la

Performance Prnﬁlel

< 1 >

&7 performance Profile |Rmun:epmme:, | @6 -0

BRAM—DSPFF— LUT  BitsPO BitsP1 BitsP2 Banh
~[® sobel_filter 37
9 1/0 Ports(3)

2137 2733

6 2 61 9

1
0 1118 1150
1 0 995 729 1011 533

e 1013 181 < >
Chamnels(©) 0 o o o 0 || performance, Resource;
® Multiplexers(40) 0 o 586 s21 0 e

a 4
MnYsenou 3.14 mmmﬂzwff’mgjauu Vivado HLS Analysis
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£F Performance Profile £2 . |- Resource Profile 75 = 0
Pipelined Latency Initiation Interval Iteration Latency Trip count
v e sobel filter| - 33937035~98457432 33937036 ~ 98457433 - -
® sobel_filter_label2 no 27328 - 122 224
e sobel_filter_label11 no 202407 ~ 64722804 - 1007 ~ 322004 201
o |_sobel_filter_label6 yes 26895 1 17 26880
© sobel_filter_label9 no 33680400 - 168402 200

NN 52A0V 3.15 A29814 Performance Profile

'
Ak AaAa o

Y @ 1 gﬁ 1 v o o 4 .
aundumniu luusaslenvuvessanesiuniinseonuuudsansai 19U 19a (Profiling)
o a P = 2
gamnszneu 3.17 uaasnanmsasizinatlszuanatluiosazuoauramanua Taesn
A do A Y I o 1 ° P P 9
N30 A AMINFUNA 09T UANTINTINNUV U ALIS (Hardware Accelerator: HA) 16
[ 4 H 1 J o 4 @
nnmianTlsunsuiegszeznain 1y lumsdszuranavesnaaz Mandu ldived sunis
) d v d‘ds} 3 [ A
MvvealanFuNYIosazysaallszurananindly HA asnnilsenen 3.18 1oaa
) A A ° P s Y
szozna1lumsdszuianatazdimusndonanudvesmsinuuugilnsaiaiaus1a
1 ] A = d v I 4 S 9 <3 o ~
wuny uazien)asulan il uasanisual mansagrallssununnuG azninensn
{ (% 1 4 { J 1
wlasu i 1ddanmmalsenou 3.19 uatiosainizeznain s lumsadrawmwanosuuas e Ina
g qw ~ g oy & ) ¥ 0w °
11 SDSoC Hu 1%17a81 20-60 11N Fuee19iios FaneuV 19 1FNIANUIUFIHMTUNITHINTNABDY

9 '
Lmﬁ%ﬂi\iuazUlil?ﬂiﬂiﬂllldiﬂﬂlﬁEJ”]JNaﬂ1ﬂﬂ1§ﬁ1ﬂ1ilW3J1J‘i$ﬁ‘1/]ﬁﬂ1W "lﬁ"e‘)mwmﬂumﬁau

v
[

. o & Ao A A as do Aq Yo o
Vivado HLS aaluluauIvetiaziaonIsn1seo nUUUWINTUN 1Fd M5 HA lagnadey

C/C++ Development

. 2

System-level Profiling

-

Specify C/C++ Functions for Acceleration

¥

Full System Optimization Complier

Mwilseneu 3.16 SDSoC Development Environment
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AN TNV TEANTANAMUIZANND TP VY Vivado HLS AOUMTAMIUNITIIIUY SDSoC

Tagunanilesuyod HDMI (in) — VGA (out) @115 Zybo z7-10 @11135aa1td 1naa 1édn [12]

Profiler running. 4122 samples

Address % Exc.. %lIncl.. Function File Line
00148d64 P.58 @.58 clearUnusedBits ap_private.h 2069
00106fcc @.51 m test HW img_proc.cpp 224
00148648 ﬂ7.25 @8 operator*<16, true> ap_private.h 1950
00147d24 ES.84 M operator*<16, true> ap_int_sim.h 1277
00148d00 B5.84 DZ.?» ap_private ap_private.h 1622
001486e8 ﬁ5.43 ﬂ4.1 ap_private ap_private.h 1627
00148dc4 |5.07 |5.07 clearUnusedBits ap_private.h 2069
00147f9c 485 [485  clearUnusedBits ap_private.h 2069
00147d8c |4.36 BS.84 ~ap_private ap_private.h 1682
0014767¢ |4.34 BS.SO ~ap_private ap_private.h 1682
00101ffc |3.93 M main cms_main.c 93
0014873¢c 3.17 3.17 check_canary ap_private.h 1403
001487cc 2.71 271 check_canary ap_private.h 1403
00148758 2.66 2.66 get_VAL ap_private.h 1410
00147634 247 [02  ap_private ap_private.h 1613
00148908 245 @.51 ashr ap_private.h 1740
00147e30 2.30 DO.S operator> > ap_private.h 2424
0014861c 2.20 220 get_VAL ap_private.h 1410
00148d48 2.20 2.20 set_canary ap_private.h 1404
00147db4 2.06 r§.41 operator+<48, true> ap_private.h 1997
00148ec4 1.91 fp.os ap_private ap_private.h 1623
00148784 1.86 B5.36 ap_private ap_private.h 1622
00147ed0 1.84 3.17 operator ap_private<49, true, true.. ap_private.h 1815
Called From

0011adc4 m _start

Child Calls

00106fcc m test HW img_proc.cpp 224
0011bb48 049 xil_printf

0011aeal .049 Xil_DCacheFlushRange

mnlsenow 3.17 mavi T I uu spsoc
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K TestFrame £ | [g cms_main.c Lel img_proc.cpp & cms_main.h
Project Name TestFrame Data Motion Network Clock Frequency (MHz) 100.00 v
Platform H:\D_DATA\Sobel_HDMI_IN2\zybo_hdmi_in . Generate Bitstream
= | Generate SD Card Image
Os: Standalone g

[J Insert AXI Performance Monitor
Root Function main [J Enable Event Tracing

[] Estimate Performance

Hardware Functions I Hardware Accelerator /A 4 % Build Configurations
Clock Frequency (MHz) 100.00 Active Configuration SDRelease v | =¢ ®

Clock FrequencyREpo“s

% Data Motion Network Report 8= Performance Estimation Report

o o I~
Mwlsgnov 3.18 Msmvuaneans iy HA

3.4 nszwIuMsnulsEansn Wy High-Level Synthesis
Lﬂ' d’ EY [
1119991528201 18 lun15UseNIaUeINasE UUATINT VAU U UL PS
Y Y
We9061URIADUY1IUIN M TINTUABUMIMIVOLLAZTUABUMTH U DU N I
MuuuaIu PL 1agl¥ Vivaido High-Level Synthesis Tumswanniannsaeenuuylagls

@ [ a A a A 1 ' 1 4 4
N1 C ‘ﬂ%’t] C++ U],@%lll,a&’EJ\‘]i’ENi“]JﬂTii%!“VlﬂllﬂﬂﬁlWllﬂiZﬁﬂ‘ﬁﬂﬂNﬁN“] LBU NIFUUNIDITLTEY

9 il
ms Il laigiuazmsaagy Wudu vugnsel Zybo 27-10 Tasduasumsldimaiinnsiiy

v
=1 o A

9 P4
‘ﬂizﬁmmwiummwngﬂmmumi 4 PUAD UM NA AV AL1
9

{ ° s @
® YUABUN 1 MINTUUAUUIADI5LTE
O M3INDITUT memory depth

O MINITU data width

ee
D.

UABUN 2 MINATIZH AL

Y

2

9
c%

A 1 s o
®  YUNDUN 3 NITUUNIDITLTY
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Y
Q/

{ o a 4
® Jumauil 4 msvamsoumesive HLS

Details

Performance estimates for ‘test HW in cms_main.c:154" fun ...

HW accelerated (Estimated cycles) 453438624

Resource utilization estimates for hardware accelerators

Resource Used Total % Utilization
DspP 8 80 10
BRAM 10 60 16.67
LUT 1118 17600 6.35
FF 794 35200 2.26

nnilsznev 3.19 MyszananiMsiiauues HA

3.4.1 MIMAUAVUIADITITE

9 v
QU =

2 1 I o a 4 a o

Tuaduaeuiifluduasuusnnalsiimsnosan e nviaven?
o = U Y o 4 4 = <
nds vuravesdnlsinanon s lEnine1nsa15auIs Iaotanie Block RAM & 411U
[ o A A 9y ] o 1 @ o

HU2eAMNTIMNTZNEN1e 1l PL e 19l uridenudiges o so95un1sdsemeanundsuuy
4 J . & g v 9 a < a o 1
913158 t1ag CLB (Configurable Logic Block) @i udiuaiieaoaninasiumiluiwssadnny

. . . . . = . A g A 9 a o w
(Combinational logic circuit) waznelul Flip-flop ol unuaenlumsas199951398 18

o { I

(Sequential logic circuit) 1A83 11U Block RAM Aignldnielu PL azifuldawauns (3.1)

5 < o | (3 § 1
9921911 18 1A1U09 memory depth, data width 1182 UH1AVBY Block RAM Hud s ndana

9
v o

) { [ J o v 2 ' <
A091UIU Block RAM “ﬁslfi’fl ﬂ\‘luuﬂWiﬂ"lﬁuﬂ‘lJU']ﬂﬂ13!36%\‘]%ﬂ?illﬂﬂﬂlu@]ﬂuﬂﬂﬂﬂﬂ@ﬂlﬂu 2
9

VUADUAD 1. NMINITY memory depth 1AL 2. MINITY data width

3.4.1.1 MINWA1391 memory depth
Y
LY o a 4
YUIAVUDI memory depth ﬂzﬂ?uagﬂumuauaﬁmummm
s <& A o s g o
DITLTIUU Tﬂﬂﬂmmmm memory depth Vlgﬂm!,ﬂiwﬁﬁmﬂu“lﬂmuﬁaﬂmiﬂlmmﬂlgmﬁm
] @ 4 4 2 Ao A 7Y A Jd o

LB U ﬂ'liﬂ'igﬂ'lﬁﬁﬁlﬂlﬁfl'li!iﬂ (x[2050]) BIUTUIUDALNUANIHUA 2,050 DAL UA ITUIUVDY
A a a1 | % an 4 o o a ¥ A

memory depth ﬂi%ﬂﬁﬂﬂzllﬂ’l!ﬂ’lﬂﬂ 4,096 aLUUR AUIUIUUDIUAVTIUTADY ﬂWiﬁLﬂﬂﬁuﬂ

U949 memory depth $11313107 13114 1w

9 =

2 2 @ a R A o0 3
NN EY HT NISIVEUO AN aNNNEIFINY UADINNS

Usgnetaaual5015156 2 U@ (hough[rhol[thetal, rho WA UNINY P, theta HAN VT INIY O)
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9
12 (2

oo uswIuasIlinagaaavouduTdsuuszuy p-0 dumsvmaiwenveudunas

v A

% 4 d  Aaa ) [ < 1 . . { '
wazAMlse15158 1 YA 2 AIA0 sin[theta] 1ta% cos[theta] AN TUINUA sine LAY cosine nuaagy

E]\Wﬂlfﬁ@a ATZE21I1 IUNITAIUIB

a a a o’y { 4
A1591915981 memory depth TuIneHnuiinentosu11n

v
c%

mu@@um‘sm’%anﬂTweumiwumimai]i‘]”mauauuc?ieﬁmiéi’ﬂmwﬁnmﬁ”lmﬁmsﬁ’amu

4 @ { ' 1 a o o Y
mwyﬁaa@ﬂmm mmﬂﬂﬁﬂﬂ]uﬁE]'li]i]g’ﬁ\?NaG]E]ﬂ'J'IlIN@Wﬁ'IﬂGluﬂ1iﬂTL!'JfL!GUENﬁ%‘]JU ‘i/]'lGl’I’T

g 9

9
mummmmwmmﬁﬁamummﬂ 1920x 1080 WAL (HAB 200x200 NNLLA mum%’umuﬂwm

=Wl 1 o 1

1 1 o a % v g// 4 o aaa o
VOIMNIAUNINY 224 NALKA “Tﬁllﬂ”lm?ﬂﬂﬂi p AIUUVUIAVD9ID15158 IUNAT 1 voaulls

aAa ' v

A o 1 [ 4 L ~ & A
hough[rho][theta] 224 IWOAIUIUTINAVYUIAUDIBTLTO IUNAN 2 FINAUNINY 360 (theta
(Y] a1 Y] 17 o an I 4 S Y
10U 360) memory depth 92 UAUMNY 131,076 (27) TagTIUIUDAUUUAVDIOISITINADINS

1 @ an SR o A ) % a A Y I a
1M10Y 80,640 DALNUA FIVIUIU memory depth mgﬂiﬁv”lﬂuumummm 29m3 luanuiluese

gﬁdd 1

' 9 o A A Aq ¥ a
ADUINUIN AIUUIINNMITAAVUIAVDIA theta BIDIN 360 1100 180 1HDIINBIANTHIUT
v Y Y 1
Tuszuvasrvsvavauuluntideanisiiioq 0-180 94 1M1 $1UIU memory depth 7
9 a 16 o ax I ¥ o an s = Y Y
ABINTINYY 65,536 (2'°) TABTIUIUDAMUANIA DINITININD 40,320 DALUUA B9 Ina AN

o A 9 Ag
91UIU memory depth ﬂgﬂi“ﬁlﬂﬂﬂlu
memory depth x data width

- (3.1)
block RAM size

Number of Block RAM =

3.4.1.2 M35 data width

msaendsenalszinnvesdandsludrazidly int, float,

A A o ¥ ' ) A 3 o I o
double 113® char MNaN']ﬂ’lﬂaﬂngeUﬂ\jm@ll“a LU E]J'(’]ll“a‘]/]llﬂ'llﬂufﬂ']u'Ju!ﬁllﬂ'lﬁﬂigﬂ'lﬁﬁ'3

=) 9 a

o S { S a o
wilsiinvzalsgnianilu integer (int) nazlunsandoyalantumunatisumslsemeadiuilsoy

a

I a : o 1 o . { ' @
1wyt float ¥a1szinnvodinlsudazsials 11y data width NUana1an U on 11l
9 v
UONINUAIVOWOYAGIgANAZAIZATIAINAADNITTIINUAYLIAYDY data width 1FUNY 13U

o A g o < . @ [ 1 o < H '
ﬂ'lﬁﬂjgﬂ']ﬁ@gllﬂiﬂlﬂu%’lujulﬁu (1nteger) Iﬂﬂ@]’Juﬂfﬁ]ggﬂlﬂﬂﬂ’]ﬂ’]ujulﬂuﬁ\ulﬁ 0-360

=
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Array initialize

for(rho = 0; rho<2203; rho++)
for(theta = 0; theta<180; theta++)

hough1[rhol[thetal=0;

hough2[rho][thetal=0;

}

Edge detection & line

detection

for(i = 0; i < 2; i++)
for(j = 0; j < 2; j++){
x_weight = x_weight+(WINDOW getval(ij)*robert_x_kernel[il[j]);
y_weight = y_weight+(WINDOW.getval(ij)robert y kernelfil[j]);
edge = ABS(x_weight) + ABS(y_weight);

ifledge > 200)
for(theta=0; theta<180; theta++){
rho = (row*cos[theta] + col*sin[theta])>>10;
iflrho > 0)
hough1[rhollthetal++;
}

Normalization for line

detection

¥

Decision

for (rho=0; rh0<2203; rho++)
for (theta=0; theta<180; theta++){
houghl[rho][theta] = 255*(hough1[rho][thetal/max1);
hough2[rho][theta] = 200*(hough2[rho][thetal/max2);
}

for(row=0; row<FRAME_HEIGHT; row++)
for(col=0; col<FRAME_WIDTH; col++)
for(theta=0; theta<180; theta++)
rho = (row*cos[theta] + col*sin[theta])>>10;
iftrho > 0 && hough1[rho][theta] == 255){
iflcnt==1)1
x_L[0] = col;
y_L[O] = row;
cnt=2;
}
x_L[1] = col;
y L[1] = row; }

mwsznov 3.20 TUsunsuneIFUe mimmaumwuax;&'uuumw
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Array initialize

Edge detection & line
detection

Decision

Normalization for line
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hough 2 [rho][theta] = houghy 5)[rho][theta] + 1 (3.2)
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hough[rhol[theta] = hough[rho][theta]+1
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Method Resource (%) Latency

DSP BRAM CLB FF (clock cycles)

Proposed method (2) 15 30 34 6 15,789,018

houghl | Block type, Factor 2, 15 30 27 6 15,782,316
& dimension 2

hough?2 | Block type, Factor 6, 17 44 24 8 15,777,837

dimension 2

Block type, Factor 12, 17 44 26 9 15,803,597

dimension 2

Cyclic type, Factor 2, 13 30 389 55 23,414,035

dimension 2

Cyclic type, Factor 6, 15 44 387 56 23,409,564

dimension 2

Cyclic type, Factor 12, 13 30 389 55 23,414,035

dimension 2

sine, Complete 17 42 39 8 15,697,034
cosine | Block type, Factor 2 13 29 397 59 13,429,011
Block type, Factor 6 13 23 398 60 13,388,610
Cyclic type, Factor 2 17 42 25 8 15,737,436
Cyclic type, Factor 6 18 42 27 9 15,697,044

Proposed method (3) 17 42 39 8 15,697,034
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Block Level Port Level Interface Latency (clock Resource (%)

Interface Input Output cycle) BRAM DSP FF LUT

axis (AXI4 axis (AXI4 interface) 15,936,619 42 13 8 39

interface) s_axilite (AXI4 interface) 20,456,633 45 15 9 41

m_axi (AXI4 interface) 20,456,638 45 15 11 47

ap_hs (wire handshake) 15,936,619 42 13 8 39

ap_memory (memory interface) 15,656,633 42 15 8 40

bram (memory interface) 15,656,633 42 15 8 40

ap_fifo (memory interface) 15,936,619 42 13 8 39

ap_bus 20,456,633 42 15 8 40

s axilite axis (AXI4 interface) 16,017,421 69 15 8 39

(AX14 s_axilite (AXI4 interface) 20,537,435 72 16 9 41

interface) m_axi (AXI4 interface) 20,537,440 72 16 11 47

ap_hs (wire handshake) 16,017,421 69 15 8 39

ap_memory (memory interface) 15,737,435 69 16 8 40

bram (memory interface) 15,737,435 69 16 8 40

ap. ctrl none ap_fifo (memory interface) 16,017,421 69 15 8 39

ap_bus 20,537,435 69 16 9 41

m_axi (AXI4 axis (AXI4 interface) 16,300,228 44 15 10 43

interface) s_axilite (AXI4 interface) 20,820,242 47 16 10 45

m_axi (AXI4 interface) 20,820,247 47 16 13 52

ap_hs (wire handshake) 16,300,228 44 15 10 43

ap_memory (memory interface) 16,020,242 44 16 10 44

bram (memory interface) 16,020,242 44 16 10 44

ap_fifo (memory interface) 16,300,228 44 15 10 43

ap_bus 20,820,242 44 16 10 44

ap_hs (wire axis (AXI4 interface) 15,936,619 42 13 8 39

handshake) s_axilite (AXI4 interface) 20,456,633 45 15 9 41

m_axi (AXI4 interface) 20,456,638 45 15 11 47

ap_hs (wire handshake) 15,936,619 42 13 8 39

ap_memory (memory interface) 15,656,633 42 15 8 40

bram (memory interface) 15,656,633 42 15 8 40

ap_fifo (memory interface) 15,936,619 42 13 8 39

ap_bus 20,456,633 42 15 8 40
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Block Level

Port Level Interface

Latency (clock

Resource (%)

Interface Input Output cycle) BRAM DSP FF LUT
axis (AXI4 interface) 16,017,421 42 15 8 39
s_axilite (AX14 interface) 20,537,435 45 16 9 41
m_axi (AXI4 interface) 20,537,440 45 16 11 47
ap_memory ap_hs (wire handshake) 16,017,421 42 15 8 39
(memory interface) ap_memory (memory interface) 15,737,435 42 16 8 40
bram (memory interface) 15,737,435 42 16 8 40
ap_fifo (memory interface) 16,017,421 42 15 8 39
ap_bus 20,537,435 42 16 8 40
axis (AXI4 interface) 16,017,421 42 15 8 39
s_axilite (AX14 interface) 20,537,435 45 16 9 41
m_axi (AXI4 interface) 20,537,440 45 16 11 47
bram (memory ap_hs (wire handshake) 16,017,421 42 15 8 39
interface) ap_memory (memory interface) 15,737,435 42 16 8 40
bram (memory interface) 15,737,435 42 16 8 40
ap_fifo (memory interface) 16,017,421 42 15 8 39
ap_bus 20,537,435 42 16 8 40
ap_ctrl_none
axis (AXI4 interface) 15,977,020 42 13 8 39
s_axilite (AXI4 interface) 20,497,034 45 15 9 41
m_axi (AXI4 interface) 20,497,039 45 15 11 47
ap_fifo (memory ap_hs (wire handshake) 15,977,020 42 13 8 39
interface) ap_memory (memory interface) 15,697,034 42 15 8 40
bram (memory interface) 15,697,034 42 15 8 40
ap_fifo (memory interface) 15,977,020 42 13 8 39
ap_bus 20,497,034 42 15 8 40
axis (AXI4 interface) 16,098,223 42 15 8 39
s_axilite (AXI4 interface) 20,618,237 45 16 9 41
m_axi (AXI4 interface) 20,618,242 45 16 11 47
ap_hs (wire handshake) 16,098,223 42 15 8 39
ap_bus
ap_memory (memory interface) 15,818,237 42 16 8 40
bram (memory interface) 15,818,237 42 16 8 40
ap_fifo (memory interface) 16,098,223 42 15 8 39
ap_bus 20,618,237 42 16 8 40
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Block Level Port Level Interface Latency (clock Resource (%)
Interface Input Output cyele) BRAM DSP FF LUT
axis (AXI4 interface) 16,017,421 42 15 8 39
s_axilite (AX14 interface) 20,537,435 45 16 9 41
m_axi (AXI4 interface) 20,537,440 45 16 11 47
ap_memory ap_hs (wire handshake) 16,017,421 42 15 8 39
(memory interface) ap_memory (memory interface) 15,737,435 42 16 8 40
bram (memory interface) 15,737,435 42 16 8 40
ap_fifo (memory interface) 16,017,421 42 15 8 39
ap_bus 20,537,435 42 16 8 40
axis (AXI4 interface) 16,017,421 42 15 8 39
s axilite (AXI4 interface) 20,537,435 45 16 9 41
m_axi (AXI4 interface) 20,537,440 45 16 11 47
bram (memory ap_hs (wire handshake) 16,017,421 42 15 8 39
interface) ap_memory (memory interface) 15,737,435 42 16 8 40
bram (memory interface) 15,737,435 42 16 8 40
ap_fifo (memory interface) 16,017,421 42 15 8 39
ap_bus 20,537,435 42 16 8 40
ap_ctrl_hs
axis (AXI4 interface) 15,977,020 42 13 8 39
s_axilite (AX14 interface) 20,497,034 45 15 9 41
m_axi (AXI4 interface) 20,497,039 45 15 11 47
ap_fifo (memory ap_hs (wire handshake) 15,977,020 42 13 8 39
interface) ap_memory (memory interface) 15,697,034 42 15 8 40
bram (memory interface) 15,697,034 42 15 8 40
ap_fifo (memory interface) 15,977,020 42 13 8 39
ap_bus 20,497,034 42 15 8 40
axis (AXI4 interface) 16,098,223 42 15 8 39
s_axilite (AX14 interface) 20,618,237 45 16 9 41
m_axi (AXI4 interface) 20,618,242 45 16 11 47
ap_hs (wire handshake) 16,098,223 42 15 8 39
ap_bus
ap_memory (memory interface) 15,818,237 42 16 8 40
bram (memory interface) 15,818,237 42 16 8 40
ap_fifo (memory interface) 16,098,223 42 15 8 39
ap_bus 20,618,237 4 16 8 40
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Block Level Port Level Interface Latency (clock Resource (%)

Interface Input Output cycle) BRAM DSP FF LUT

axis (AXI4 axis (AXI4 interface) 15,936,619 42 13 8 39

interface) s_axilite (AXI4 interface) 20,456,633 45 15 9 41

m_axi (AXI4 interface) 20,456,638 45 15 11 47

ap_hs (wire handshake) 15,936,619 42 13 8 39

ap_memory (memory interface) 15,656,633 42 15 8 40

bram (memory interface) 15,656,633 42 15 8 40

ap_fifo (memory interface) 15,936,619 42 13 8 39

ap_bus 20,456,633 42 15 8 40

s_axilite axis (AXI4 interface) 16,017,421 69 15 8 39

(AX14 s_axilite (AXI4 interface) 20,537,435 72 16 9 41

interface) m_axi (AXI4 interface) 20,537,440 72 16 11 47

ap_hs (wire handshake) 16,017,421 69 15 8 39

ap_memory (memory interface) 15,737,435 69 16 8 40

ap._ctrl s bram (memory interface) 15,737,435 69 16 8 40

ap_fifo (memory interface) 16,017,421 69 15 8 39

ap_bus 20,537,435 69 16 9 41

m_axi (AXI4 axis (AXI4 interface) 16,300,228 44 15 10 43

interface) s_axilite (AX14 interface) 20,820,242 47 16 10 45

m_axi (AXI4 interface) 20,820,247 47 16 13 52

ap_hs (wire handshake) 16,300,228 44 15 10 43

ap_memory (memory interface) 16,020,242 44 16 10 44

bram (memory interface) 16,020,242 44 16 10 44

ap_fifo (memory interface) 16,300,228 44 15 10 43

ap_bus 20,820,242 44 16 10 44

ap_hs (wire axis (AXI4 interface) 15,936,619 42 13 8 39

handshake) s_axilite (AXI4 interface) 20,456,633 45 15 9 41

m_axi (AXI4 interface) 20,456,638 45 15 11 47

ap_hs (wire handshake) 15,936,619 42 13 8 39

ap_memory (memory interface) 15,656,633 42 15 8 40

bram (memory interface) 15,656,633 42 15 8 40

ap_fifo (memory interface) 15,936,619 42 13 8 39

ap_bus 20,456,633 42 15 8 40
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Block Level Port Level Interface Latency (clock Resource (%)
Interface Input Output cycle) BRAM DSP FF LUT
axis (AXI4 axis (AXI4 interface) 15,936,619 42 13 8 39
interface) s_axilite (AXI4 interface) 20,456,633 45 15 9 41
m_axi (AXI4 interface) 20,456,638 45 15 11 47
ap_hs (wire handshake) 15,936,619 42 13 8 39
ap_memory (memory interface) 15,656,633 42 15 8 40
bram (memory interface) 15,656,633 42 15 8 40
ap_fifo (memory interface) 15,936,619 42 13 8 39
ap_bus 20,456,633 42 15 8 40
s_axilite axis (AXI4 interface) 16,017,421 69 15 8 39
(AX14 s_axilite (AXI4 interface) 20,537,435 72 16 9 41
interface) m_axi (AXI4 interface) 20,537,440 72 16 11 47
ap_hs (wire handshake) 16,017,421 69 15 8 39
ap_ctrl_chain
ap_memory (memory interface) 15,737,435 69 16 8 40
bram (memory interface) 15,737,435 69 16 8 40
ap_fifo (memory interface) 16,017,421 69 15 8 39
ap_bus 20,537,435 69 16 9 41
m_axi (AXI4 axis (AXI4 interface) 16,300,228 44 15 10 43
interface) s_axilite (AX14 interface) 20,820,242 47 16 10 45
m_axi (AXI4 interface) 20,820,247 47 16 13 52
ap_hs (wire handshake) 16,300,228 44 15 10 43
ap_memory (memory interface) 16,020,242 44 16 10 44
bram (memory interface) 16,020,242 44 16 10 44
ap_fifo (memory interface) 16,300,228 44 15 10 43
ap_bus 20,820,242 44 16 10 44
ap_hs (wire axis (AXI4 interface) 15,936,619 42 13 8 39
handshake) s_axilite (AXI4 interface) 20,456,633 45 15 9 41
m_axi (AXI4 interface) 20,456,638 45 15 11 47
ap_hs (wire handshake) 15,936,619 42 13 8 39
ap_memory (memory interface) 15,656,633 42 15 8 40
bram (memory interface) 15,656,633 42 15 8 40
ap_fifo (memory interface) 15,936,619 42 13 8 39
ap_bus 20,456,633 42 15 8 40
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Block Level Port Level Interface Latency (clock Resource (%)
Interface Input Output cycle) BRAM DSP FF LUT
axis (AXI4 interface) 16,017,421 42 15 8 39
s_axilite (AX14 interface) 20,537,435 45 16 9 41
m_axi (AXI4 interface) 20,537,440 45 16 11 47
ap_memory ap_hs (wire handshake) 16,017,421 42 15 8 39
(memory interface) ap_memory (memory interface) 15,737,435 42 16 8 40
bram (memory interface) 15,737,435 42 16 8 40
ap_fifo (memory interface) 16,017,421 42 15 8 39
ap_bus 20,537,435 4 16 8 40
axis (AXI4 interface) 16,017,421 42 15 8 39
s_axilite (AXI4 interface) 20,537,435 45 16 9 41
m_axi (AXI4 interface) 20,537,440 45 16 11 47
bram (memory ap_hs (wire handshake) 16,017,421 42 15 8 39
interface) ap_memory (memory interface) 15,737,435 42 16 8 40
bram (memory interface) 15,737,435 42 16 8 40
ap_fifo (memory interface) 16,017,421 42 15 8 39
ap_bus 20,537,435 42 16 8 40
ap_ctrl_chain
axis (AXI4 interface) 15,977,020 42 13 8 39
s_axilite (AX14 interface) 20,497,034 45 15 9 41
m_axi (AXI4 interface) 20,497,039 45 15 11 47
ap_fifo (memory ap_hs (wire handshake) 15,977,020 42 13 8 39
interface) ap_memory (memory interface) 15,697,034 42 15 8 40
bram (memory interface) 15,697,034 42 15 8 40
ap_fifo (memory interface) 15,977,020 42 13 8 39
ap_bus 20,497,034 42 15 8 40
axis (AXI4 interface) 16,098,223 42 15 8 39
s_axilite (AX14 interface) 20,618,237 45 16 9 41
m_axi (AXI4 interface) 20,618,242 45 16 11 47
ap_hs (wire handshake) 16,098,223 42 15 8 39
ap_bus
ap_memory (memory interface) 15,818,237 42 16 8 40
bram (memory interface) 15,818,237 42 16 8 40
ap_fifo (memory interface) 16,098,223 42 15 8 39
ap_bus 20,618,237 4 16 8 40
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Optimization Resource (%) Latency (clock
DSP | BRAM | CLB FF cycles)
Default 17 42 39 8 15,697,034
15995 HLS interface 16 42 39 8 15,656,633
Proposed method (4) 16 42 39 8 15,656,633

A = a A o 1 ax ]
MMTINN 4 - 13 msfseuneudsed@nsnimnisyinau luuaag3sms lunioe FPS

Method Latency (clock cycles) Processing Performance (FPS)
Default 15,847,183,592 0.006
Proposed (1) 103,709,185 0.964
Proposed (2) 15,789,018 6.334
Proposed (3) 15,697,034 6.371
Proposed (4) 15,656,633 6.387

M5 4 - 14 wamsfFeuneuszezaaz NI neINI UYL Zybo z7-10 Lag xczudeg

Optimization Resource Latency Processing
DSP | BRAM | CLB FF (clock cycles) | Performance
clk 100 MHz (FPS)
Zybo z7-10 (proposed 13 51 7,292 3,250 15,656,633 6.387
method (4))
Xczu9eg-ftve900-21v- | 217 51 86,301 | 33,996 10,548,288 9.480
e-EVAL
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Abstract: This paper present the optimal method of edge detection applied to road lane tracking has been studied by Model Based
Design (MBD) approach. We focus on the processing time and the accuracy when using different edge detection methods including
Prewitt, Robert, Sobel and Canny edge detection. The video input file has size 720x1280 pixels and frame rate 24 fps. All processes
were run on Intel® Core™ i7-7500U CPU @ 2.70 GHz. From the experiment result, Canny edge detection took longest time to
do processing but gained the highest accuracy. Meanwhile Robert edge detection had a high accuracy similar to Canny edge
detection and took least time for processing. Robert edge detection is an alternative method that is suitable for applying to road

lane tracking.

Keywords: Road lane tracking, Edge Detection, Hough Transform, Model Based Design (MBD).

1. Introduction

Nowadays Advanced Driver-Assistance Systems (ADAS)
are developed to enhance the system of the vehicle safety and
better driving. Road lane tracking is one of ADAS that can be
used to avoid accident on road. The main issue of doing road lane
detection is the speed and accuracy.

Algorithms for road lane tracking have been proposed [1]
[2] and [3]. Two important steps for detecting road lane are edge
detection and line detection. Mostly, Hough line transform is used
for line detection but there are many methods to do edge detection
such as Prewitt, Sobel, Robert and Canny edge detection [4], [5].
The complexity of each edge detection method is different.
Therefore, the accuracy of the result and the processing time of
doing lane detection with using different edge detection methods
must be different.

In this paper we present the accuracy and the processing
time of doing road lane tracking with different edge detection
methods using Model Base Design (MBD).

2. Theory

There are many methods to perform edge detection.
Prewitt, Sobel, Robert and Canny edge detection use the gradient
method to detect the edge by looking the maximum and minimum
value in the first derivative of the image. The gradient method to
detect edge has different gradient values as shown in Figure 1,2,
and 3.
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Figure 1 Gradient value of Prewitt Edge Detection
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Figure 2 Gradient value of Sobel Edge Detection
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Figure 3 Gradient value of Robert Edge Detection

Meanwhile Canny Edge Detection also uses the gradient
method, but more complexity of step than the others. There are
six steps: (i) reducing the noise by using Gaussian filter, (ii)
finding edge by taking the gradient of the image (the gradient
value is the same as Sobel Edge Detection), (iii) finding edge
strength, (iv) finding the edge direction by the formula in (1), (v)
tracing the related edge direction to the direction in an image,
then perform non maximum suppression, and (vi) finally
eliminating streaking by hysteresis.

theta = tan™*(G,/G,) )]

3. Methodology

The methodology for doing road lane tracking can be
separated into four steps as shown in Figure 4. The first step is
pre-processing. In pre-processing step includes doing Region of
Interest (ROI), converting RGB image to gray scale image,
converting greyscale image to binary image and reducing noise
(median filtering). The second step is edge detection. There are
many methods for edge detection. In this paper, we focus on
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Prewitt, Robert, Sobel and Canny edge detection. The third step
is line detection by using Hough transform. The final step is
decision and drawing line on the road lane.

1
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Figure 4. Block diagram of road lane tracking System

4. Experiment and Results

In the experiment, we compared the processing time of
road lane tracking with different edge detection methods, which
are Prewitt, Robert, Sobel and Canny edge detection by running
the road lane tracking method as shown in Figure 4 on Intel®
Core™ i7-7500U CPU @ 2.70 GHz. The total time of input file
video was 60 second with 24 fps. From Figure 5, we compared
the accuracy in each method of edge detection by comparing the
angle of the actual road lane (6, and 6,) with the angle of the
road lane tracking (6; and 63) belong to the step in Figure 4.

For correct condition of the actual angle and the tracking
angle, we allow the different between the actual angle and the
tracking angle can vary by +5 degrees. In case of road curve in
Figure 6, the actual angle (6,) is equal to 32 degrees and the
tracking angle (6;) is equal to 37 degrees, but the tracking area
still correct.

From Table 1, we found that Robert edge detection took
least time compared to Prewitt, Sobel and Canny edge detection
whereas Canny edge detection took longest time to do processing
but gained the highest accuracy.

No, Vo

Figure 5. Comparison of actual angle with tracking angle

\n: ‘02

Figure 6. Comparison of actual angle with tracking angle

Table 1 Processing time and accuracy of edge detection methods

Edge detection Processing Accuracy (%)
method Time (s)
Prewitt 180.23 86.50
Robert 174.17 89.17
Sobel 183.03 85.00
Canny 237.63 90.00

5. Conclusion

This paper has presented the comparison of each edge
detection method applied to road lane tracking. We found that
Robert edge detection took least time 174.17 second compared to
Prewitt, Sobel and Canny edge detection and Canny edge
detection took longest time 237.63 second to do processing but
gained 90 percent of the highest accuracy. Even Robert edge
detection does not have the highest accuracy, but the accuracy is
the most similar to Canny edge detection and consumed the
lowest processing time. Therefore, Robert edge detection is an
alternative edge detection method for doing road lane tracking.

Reference

[1] W.Phueakjeen, N. Jindapetch, L. Kuburat, and N. Suvanvorn,
“A study of the edge detection for road lane,” in The 8th
Electrical Engineering/ Electronics, Computer,
Telecommunications and Information Technology (ECTI)
Association of Thailand - Conference 2011, 2011, pp. 995-
998.

[2] P. Promrit and W. Suntiamorntut, “Design and development
of lane detection based on FPGA,” in 2017 14th International
Joint Conference on Computer Science and Software
Engineering (JCSSE), 2017, pp. 1-4.

[3] S. Dong and C. Peng, “A lane detection method based on
track management approach,” in 2014 International
Conference on Multisensor Fusion and Information
Integration for Intelligent Systems (MFI), 2014, pp. 1-6.

[4] “Canny edge detector”.
https://en.wikipedia.org/wiki/Canny_edge_detector,
(accessed 2018-09-28).

[5] “Hough transform”.
https://en.wikipedia.org/wiki/Hough_transform, (accessed
2018-08-29)


https://en.wikipedia.org/wiki/Canny_edge_detector
https://en.wikipedia.org/wiki/Hough_transform

MANUIN 2

2019 4th IEEE International Circuits and Systems Symposium (ICSyS)

13



Memory Optimization for Accelerating Hough
Transform on FPGA using High Level SynthesYills

Panadda Solod
Department of Electrical
Engineering, Prince of
Songkla University
Songkhla, Thailand
panadda.solod@gmail.com

Nattha Jindapetch
Department of Electrical
Engineering, Prince of
Songkla University
Songkhla, Thailand
nattha.s@psu.ac.th

Surachate Chumpol
Toyota Tsusho Nexty
Electronics (Thailand)co,.

Pakpoom Hoyingcharoen
Department of Electrical
Engineering, Prince of

Songkla University Itd
Songkhla, Thailand Bangkok, Thailand
hpakpoom@eng.psu.ac.th surachate@th.nexty-
ele.com

Abstract—In this work, we present memory optimization in
Hough transform on hardware of programmable logic (PL) part
of FPGAs by using array partitioning block, cyclic and complete
types at different dimension and different factor on the Xilinx
Vivado High Level Synthesis tool. Loop analysis was presented
to extract nested loops and suitably manage the array. The
experimental results show that adding array partitioning
complete type at dimension 2 can be the best type to improve
speed of operating time and reduce the number of resources on
Zybo ZC7010-1.
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I. INTRODUCTION (HEADING 1)

HLS (High Level Synthesis) is an effective tool to
accelerate image processing on FPGA by enabling C/C++
languages and optimization techniques such as loop
pipelining and loop unrolling. However, most image
processing applications consist of nested loop and need a
large amount of memory to store data, especially line
detection and circle detection. Therefore, a more precise
memory optimization is necessary to reduce operating time
and resource usage.

There are many methods for doing line detection such as
Hough transform, convolution based technique and dot plot
[6]. Hough transform is one of famed methods in straight line
detection. It is a feature extraction, which got high accuracy
but takes long time for processing and needs a lot of memory.
Hough transform improved the performance of operating
time by probabilistic Hough transform [2] and was reduced
resource usage by Hough transform utilizing improved voting
scheme [3]. Directional wavelet transform base on Hough
transform and morphology base on Hough transform are
proposed in [5] to reduce both of operating time and resource
usage. All of these works improved performance on part of
processing system.
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Fig. 1 Hough Transform
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The alternative to develop Hough transform algorithm to
get the higher speed is developing on hardware of
programmable logic (PL) part of FPGAs. However, the
biggest issue of developing on FPGAs is limitation of resource
usage. One more issue of using FPGAs is hardware
description language (HDL) such as Verilog language and
VHDL because at present the developers are not familiar with
HDL. Moreover, developing on FPGAs without analysis will
cost a lot of resources. In some case, the speed of operating
time will not increase as well. In [4], parallel accessing of
multiple dimension array was demonstrated and applied to
convolution technique of edge detection. In [1], parallel data
access via data reuse is applied to image processing
application to increase speed of operation time and reduce
resource overhead.

As above mentioned, we found that Hough transform is
one of famed method for applying to lane detection but
process of Hough Transform is quite complicated, therefore it
takes long time to operate and needs large memory to store
data due to some data cannot reuse.

In this work, we aim to develop Hough transform method
in PL part on Zybo ZC7010-1 with C language on Xilinx
Vivado High Level Synthesis (HLS), which is expedient for
developing by parallel computing to increase speed of

/ Initialize Hough array
for (rho=0; rho< ; rho++)
for (theta=0; theta<{!; theta++)

hough[rho] [theta] =

for (col=0; col<cols; col++)

if (in_img[row] [col] == )

for (theta= ; theta<= ; theta++) {
rho = row*cos(theta) + col*sin(theta);
if (rho>0 && rho< ) {
hough[rho] [thetal++;
}

}

for (row=0; row<nrows; row++)
for (col=0; col<ncols; col++) {

out_img[row] [col] =

for (theta=-“0; theta< ; theta++) {
rho = row*cos(theta) + col*sin(theta);
if (rho>0 && rho< && hough[rho] [theta]l>thresh

out_img[x][y] =

}
}

Fig.2 C language for Hough transform



operating time and memory management to reduce the
number of memory compared to traditional algorithms to
divisibly implement with the device.

II. THEORY

A. Hough transform
Hough transform is a feature extraction to identify lines,

circles, ellipses, etc. This technique finds imperfect instances
of objects within a certain class of shapes by a voting
procedure. In general, the straight line in (1) can be represent
by two parameters (slope, intercept) as a point (c, m).

y=mx+c )
p = xcos 6 + ysind 2)

hough[rho][theta] = hough[rho][theta] + 1 (3)

The polar form of a line is represented as (2). From Fig. 1
p represents the perpendicular distance of the line from the
origin in pixels and 0 is angle measured between p and
horizontal axis. Every point of a straight line (blue line in
Fig.1) on x-y space corresponds to each curve on 0-p space.
In the same straight line, every corresponding curve on 6-p
space will have the same intersection point. Thus, the number
of intersection curves represents to length of the straight line.

From (1), (2) and (3) Hough transform can developed on
C language following to steps in Fig. 2. To figure out the
intersection point on 6-p space. hough[rho][theta] in (3) is
defined to represent 2-dimension array, which collects
intersection times in each 0 and p. Initially,
houghl[rho][theta] is set to zero for every 6 and p to store
the number of times of the intersection point. Then, the value
of p in every pixel is calculated by (2) to indicate position of
array for every 0. Therefore, a 3-layer nested loop (row,
column and 0) was created. After intersection point counting
has finished, the straight line is decided by comparing value
of hough[rho][theta] with threshold value.

B. Array Partitioning

Array partition is an area optimization technique from
Xilinx Vivado HLS. It separates an array into multiple
smaller arrays and stores into multiple banks. There are three
types of array partitioning shown in Fig. 3. The first type is
block type, the original array is split into equally sized block
of contiguous elements, the second type is cyclic, the original
array is split into equally sized block interleaving the
elements and the last type is complete, the original array is
split into individual elements.

C. Pipelining

Pipelining is performance optimization technique. It
reduces the initiation interval of a function or loop. Fig. 4 is
an example of adding loop pipelining. Inside loop, there are
3 operations without adding loop pipelining. The first
operation in the second round can operate until last operation
in the first round finished, whereas in case of adding loop
pipelining with initiation interval equal to one, the first
operation in the second round can operate in next clock cycle.

[~2 ] [ ~2 [ N1 |
@ T [ Jyev]
[o [ 1 J2] [~n3]N2]N1] eylic (I [ ~s [ v ]
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Fig. 3 Array Partitioning
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}
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Fig. 4 Loop pipelining
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Fig. 5 Hough transform nested loop.

III. MEMORY OPTIMIZATION IN HIGH LEVEL SYNTHESIS

Vivado HLS accelerates design implementation by
enabling C/C++ languages and allows optimization technique
such as array partitioning, loop pipelining or loop unrolling
etc. In this topic, a loop analysis is presented to analyze
nested loop and suitably manage the array. This array is
divisibly handled with size of block RAM.

A. Loop analysis

From the theory of Hough transform in C language in Fig.
2, we can summarize line detection using Hough transform
following to Fig. 5 into three main steps. First step is started
with 2 layers nested loop to initialize value of 2-dimension
array with 16 bits (hough [rho] [theta]) equal to zero to collect
data. The next step is counting number of time of intersection
in O and p space for every pixel and the final step is straight

line decision. From all steps of Hough transform in C
language, we found that every step consists of nested loop,
whatever 2-layer or 3-layer of nested loops, which cause
speed reduction of operating time. In this work, we
particularly consider in the second step due to (3) decreases
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Fig. 7 Array partitioning of hough [rho] [theta]

speed of operating time. Fig.6 on left hand side demonstrates
the traditional array access scheduling of (3), which can be
reduce the speed of scheduling by adding loop pipelining
with initiation interval (IT) equal to one. On right hand side of
Fig. 6 demonstrate the array access scheduling after adding
loop pipelining. The total number of clock cycle in each loop

is reduced. However, in case of array hough [rho] [theta] is
stored in one bank of block RAM, bottleneck will be occurred
because each block RAM can be read only one element at that
time. Therefore, the second element (hough [rho + x] [theta +
1]) of array hough [rho] [theta] have to wait until the first
element (hough [rho] [theta]) finish reading. From the
bottleneck issue, we found that this issue can resolve by
adding array partitioning technique to split array hough [rho]
[theta] into individual banks. By splitting theta, 41 banks of
block RAM are created according to the number of theta.

B. Array sizing

Array sizing must be first point to consider. Analyze and
compute size of array to fit the requirement of array sizes with
block memory storage capability to reduce over allocation
number of block RAM by consider the number of block RAM
with (4). For example, we consider to 1-dimension array 16
bits with size is equal to 2050 (y [2050]). Memory depth of
this array is equal to 2050. From the condition of memory
depth, this array needs sufficient memory depth is equal to
4096 (2'2), data width is equal to 16 bits and block RAM size
is equal to 18K bits, according to (4) we need to allocate 4
(2% block RAM 18K to store an array. In case of reduce array
size from 2050 to 2048, number of block RAM is reduced to
2(2YH.

In this work we apply line detection using Hough
transform to do lane detection with image size 1920x1080 the

actual value of p is equal to 2203 and 6 should equal to 180.
Here, we reduce p from 2203 to 2048 for block RAM 18K

fit allocation and reduce 6 from 180 to 41 because lane
detection does not need to calculate from 0° to 180° .

memory depth x data width (4)
block RAM size

block RAM =

C. Array Factor and Dimension

Configuration of array factor and dimension of array
partitioning is also important to consider to increase speed of
operating time and reduce the number of block RAM. Factor
is representing to the number of bank (smaller array) of block
RAM that is split from 1 bank of block RAM. Dimension is
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Fig. 10 Combination between complete type at dimension 2 and block
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representing which dimension of multi-dimension array to
partition. Dimension is specified as an integer from 0 to N,
for array with N dimension. The value of factor will affect to
array partition block type and cyclic type only. For example,
Fig. 8 is a 2-dimension array with size 4x4. This array is
added array partitioning with 2 factor at dimension 2, 1 bank
of block RAM is split into 2 banks of block RAM and
sequence of each element is according to the figure. Fig. 9
has the same condition of factor and dimension as Fig. 7. The
different of Fig. 8 and Fig. 9 is type of array partitioning, Fig.
9 is an array partitioning block type. The sequence of each
element in array will different. Fig. 10 is a combination
between array partitioning complete type and block type at
different dimension. This figure presents adding array
partitioning complete type at dimension 2 and array
partitioning block type at dimension 1.

Factor and dimension of array partitioning is flexible.
Both values can vary depend on size of array and
requirements of memory access sequence.

D. Array Partitioning for Loop Pipelining

Array partitioning is an optimization technique, which
can reduce the number of block RAM resources. Since some
case array needs memory capacity less than allocated due to
configure mode of block RAM.

Xilinx Vivado HLS configures mode of memory depth of
2" n is the number of bit and the number of memory
allocation (block RAM) is equal to 2", n is the number of bit.

In this part, array partitioning complete type at dimension
2 is added to reduce number of block RAM resources
following to Fig. 7. The original array on left side store in 1
bank of memory. After array partitioning has been added,
this array is split into individual banks. Thus, 46 banks are
created belong to number of theta with array width equal to
20438.

The number of block RAM resources before adding array
partitioning memory depth is equal to 83,968 (2048x41).
Therefore, memory depth allocated is 132,072 (2'7) due to
configure of memory depth mode and data width is equal to
16, and capacity of block RAM should equal or more than
2,113,152 bits. The number of block RAM 18K equal to 256
due to the number of memory allocation mode. After array
partitioning has been added, the memory depth in each bank
is equal to 2048 with 16 memory width, and block RAM
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TABLE I. COMPARISON OF OPERATING TIME

o Operating time

Array Partition type Clock cycles Times
Original 1,080,992,562 1.0000
Block (F2, D2) 1,081,086,770 1.0001
Block (F4, D2) 1,267,893,132 1.1729
Block (F2, D1) 995,987,918 0.9214
Block (F4, D1) 1,091,373,518 1.0096
Cyclic (F2, D2) 1,080,992,562 1.0000
Cyclic (F4, D2) 1,159,859,535 1.0730
Cyclic (F2, D1) 1,091,373,518 1.0096
Cyclic (F4, D1) 1,091,373,518 1.0096
Complete (D2) 894,234,428 0.8272
Complete (D2) + Block (F2, D1) 904,617,433 0.8368
Complete (D2) + Block (F4, D1) 1,000,003,033 0.9251
Complete (D2) + Cyclic (F2, D1) 904,617,433 0.8368
Complete (D2) + Cyclic (F4, D1) 1,000,003,033 0.9251

capacity should equal or more than 32,768 bits. Therefore,
the number of block RAM 18K equal to 2 for each bank, and
the total number of block RAM is 92.

Array partitioning techniques not only reduce number of
block RAM, but the bottleneck of from loop analysis can also
be resolve as well because first element and second element
are store in different bank of block RAM resource, thus both
element can be access in the same cycle.

IV. EXPERIMENT & DISCUSSION

In this experiment, we compared the number of resources
usage and the operating time in case of adding array
partitioning techniques with block and cyclic type with 2
factor at dimension 2, block and cyclic type with 4 factor at
dimension 2, block and cyclic type 2 factor at dimension 1,
block and cyclic type with 4 factor at dimension 1, complete
type at dimension 2, combination between complete type at
dimension 2 and block type 2 and 4 factor at dimension 1 and
combination between complete type at dimension 2 and
cyclic type 2 and 4 factor at dimension 1.

In case of array partitioning block and cyclic type with
factor equal to 2, array stored in 1 bank of memory will be
the same way, array partitioning block and cyclic type with
factor equal to 4, array stored in 1 bank of memory will be
split into 4 banks.

In case of combination of array partitioning complete type
at dimension 2 and block or cyclic type at dimension 1 with
4 factor, the array are divided into 4 groups in each group is
divided into 46 banks.

Fig. 11 shows the comparison of resource usage for doing
Hough transform in each type of array partitioning. The result
is present in percentage from total available resource on
device. From the result, we found that array partitioning

complete type at dimension 2, combination of complete type
at dimension 2 with block type 2 factor at dimension 1 and
combination of complete type at dimension 2 with cyclic type
2 factor at dimension 1 can reduce number of block RAM
from 109% to 79%, which be able to implement on the
device.

From the comparison of operating time of each type of
array partitioning in TABLE 1., we found that the case of
adding array partitioning complete type spent least operating
time, which 0.8272 times faster than the original at clock
frequency 100 MHz. This shows that adding array
partitioning complete type at dimension 2 can be the best type
because not only the least resource usage but also the fastest
operating time for doing line detection using Hough
transform.

CONCLUSION

This paper has presented memory management using
array partitioning block, cyclic and complete type with
different factor at different dimension on Xilinx Vivado High
Level Synthesis to an array of Hough transform, which needs
a large memory to store data of array but resources are limited
on FPGA. Array partitioning is an optimization technique to
manage memory to reduce resources and increase speed of
operating time. In the experiment, array partitioning complete
type at dimension 2 was the best array partitioning type to
reduce not only percentage of block RAM usage from 109%
to 79% but also latency, which spent 0.8272 times faster than
the original at clock frequency 100 MHz.
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Optimizations of Road Lane Detection using High Level Synthesis
Development on Zyng-7000

ABSTRACT

In this work, road lane detection is proposed to reciprocate the requirements
of Lane Keeping Assistant System (LKAS) and Lane Departure Warning
System (LDWS), which are the position of lane line on the image and the
tolerance to the unexpected road lane, especially curve lane. The angle
calculation is proposed to realize the curve’s direction. The speed and
memory usage of an algorithm is improved as well by adding the High-Level
Synthesis (HLS) optimization techniques. Array sizing, loop unrolling, loop
pipelining, array partitioning, and HLS interface management are
respectively applied according to the limitation of resources and the speed of
operation time using HLS development on Xilinx Zyng-7000 family (Zybo
ZC7010-1). From the experimental results, the proposed method reaches 6.66

times earlier than the primitive method at clock frequency 100 MHz.
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INTRODUCTION

Advanced Driving Assistant Systems (ADAS) are enhance self-driving in
autonomous driving cars. Lane Keeping Assistant System (LKAS) or Lane
Departure Warning System (LDWS), which is a part of ADAS, consists of
several parameters to operate. The lane line position is the most important
parameter for controlling and warning in autonomous cars.

The perception model for autonomous vehicles in a variety of
environments such as dynamic movements of obstacles, parked and moving
vehicles, poor quality lines, shape curves, and strange lane shape lane was
reviewed in (Feniche & Mazri, 2019). The typical model for lane detection
consists of five steps: image cleaning, feature detection, model application,
tracking integration, and coordinates translation. For image cleansing,
gradient conversion is generated from the RGB image to get the obvious
boundary of lane detection and also a gradient separation between road and
lane based on linear discriminant. The case of shadows is resolved by
intensive normalization between brightness and shadow areas. Both of Canny
edge operator and Sobel filter is used to be edge detection and Hough
transform (HT) is commonly used to be line detection in the feature extraction
step. Although Hough transform is commonly used for line detection in road
lane detection, it still cannot represent the curve of the line. Thus in (Duong,
Pham, Tran, Nguyen, & Jeon, 2016), Bird’s eye view should be added to
improve the curve line detection. However, the generic model is quite
complicated to implement and the process operation time is long.

The real-time lane detection proposed in (Lee, Shin, Jung, Park, Oh, &
Lee, 2017) was implemented in a high-performance device (IMX6Q) to
decrease the operation time, which is relatively high cost by using a simple
filter for pre-processing and Kalman filter for tracking. The approximate
speed was 15 frames per second (FPS). An alternative development of the
real-time road lane detection to get higher speed and lower cost is developing

on hardware devices such as Zyng-7000 family, which is a combination
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technology between FPGA as a Programmable Logic (PL) part and
microcontroller (ARM-cortex A9) as a Processing System (PS). In (Promrit,
& Suntiamorntut, 2017) implementation of real-time lane detection on a
hardware device (Zyng-7000 family) has been implemented by applying
statistic and blob detection in pre-processing to get a clear image. The
remedial edge detection is proposed in (Hwang, & Lee, 2016) to reduce the
computational complexity of the traditional Canny-Hough lane detection
algorithm to get real-time lane detection on an FPGA platform (Terasic’s
DEI1-SoC board). In (Khongprasongsiri, Kumhom, Suwansantisuk,
Chotikawanid., Chumpol, & Ikura, 2018), the pipelining technique is applied
to resolve the bottleneck of HT by using High-Level Synthesis (HLS) on
Xilinx’s Zynq 7000 chip XC7045. However, the optimization techniques,
which are available on the hardware devices have not been completely
analyzed yet.

As above mentioned, we found that road lane detection, which is one of
the important parameters of ADAS, needs the position of lane line for forward
controlling. Curve lane should be recognized without adding the complicated
method that increases the operation time.

In this study, the road lane detection technique is developed to represent
the line position on the image with curve recognition without Bird’s eye view
added to avoid the complexity of Zybo ZC7010-1. With the sequential flow,
the first considering is started with array sizing for limitation of the resource.
Loop unrolling and loop pipelining will be the second considering to increase
operation speed. The third considering is array partitioning that prevents the
bottleneck of the previous step and the HLS interface will be the last step to
increase the operation speed by suitable selection interface. The development
is expedited by using C language based on the Xilinx Vivado HLS, which
generates the parallel accelerators on PL part to enhance the speed of

processing. HLS optimization based resource and memory management are

84



High Level Synthesis Optimizations of Road Lane Detection
Development on Zyng-
7000

also proposed to decrease the number of memories compared to conventional

techniques which can be implemented adequately based on Zybo ZC7010-1.

THEORY

A.Edge detection

There are many methods to perform edge detection. Prewitt, Sobel, Robert,
and Canny edge detection use the gradient method to detect the edge by
looking at the maximum and minimum value in the first derivative of the
image. The gradient method to detect edge has different gradient values as
shown in Figure 1, Figure 2, and Figure 3.

Meanwhile, canny edge detection also uses the gradient method, but more

theta = tan™'(G,/G,) 1

complexity of step than the others. There are six steps: (i) reducing the noise
by using Gaussian filter, (ii)

finding edge by taking the gradient of the image (the gradient value is the
same as Sobel Edge Detection), (ii1) finding edge strength, (iv) finding the
edge direction by the formula in [1], (v) tracing the related edge direction to
the direction in an image, then perform non-maximum suppression, and (vi)

finally eliminating streaking by hysteresis.

B. Hough transform
For line and circles identification, Hough transform is one of a feature

extraction to process by using a voting procedure to detect incomplete

y=mx+c [2]
p = xcos 8 + ysind [3]
instances of objects of a particular type of shape. Generally, according to [2],

the straight line is capable to represent the linear equation with two important

parameters: slope (m) and intercept (c). [3] represents the polar form of a line.
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From Figure 4, p represents the vertical distance of the straight line on x-y
plane from the origin position. The angle between p and horizontal axes is
represented by 0. At the position on the blue straight line on x-y plane
indicates to each curve on 0-p plane. On an identical straight line will cause
an identical intersection position of the curve on 6-p plane. Therefore, the
length of the straight line is able to represent the number of intersection

curves.

C.Pipelining

Pipelining is a method for rapidity optimization, which decreases the latency
of the process by the initiation interval (II) decreasing for a function or loop.
Figure 5 is a sample of the pipelining technique applies to for-loop, which
contains 3 operations. The left-hand side of Figure 5 is an operating sequence
of the process without pipelining is added. The last operation of the first
iteration must be completed before the first operation in the consecutive
iteration starts. In contrast, pipelining is applied to for-loop with II equal to 1.
In the second clock cycle, the first operation in the consecutive iteration can

be immediately operated according to the right-hand side of Figure 5.

D. Unrolling

Unrolling is a performance optimization technique as well. It allows some or
all of iteration can be concomitant. Figure 6 is an example of applying loop
unrolling. Without unrolling, 6 iterations are needed to process. Only 2

iterations are needed in case of using unrolling.

E. Array partitioning

Array partitioning is a method for speed and region optimization provided by
Xilinx Vivado HLS. An original array is divided into sub-group of smaller
arrays and stored into separate banks. Figure 7 demonstrates three types of
array partitioning, which are block, cyclic, and complete type. In the case of

block type, a large array is divided into balanced blocks whose array elements
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are consecutively arranged. In the case of cyclic type, a large array is divided
into a balanced block and interleaved with elements. In the case of complete

type, an array is divided into single elements.

F. HLS interface

Xilinx Vivado HLS supports the specification of I/O protocol types. Port
interface is created by the synthesis of interface based on efficacy industry-
standard interface and manual interface specifications, with the manner of the
interface is illustrated in the input source code. Three types of port on RTL
design, which includes clock and reset port, block-level interface protocols,

and port-level interface protocols are created by Xilinx Vivado. Typically, the

protocol of the block-level interface is gathered in the design. These signals
control the block are autonomous to port-level I/O protocols. These ports
determine when the block can begin data processing, demonstrate when new
inputs can be asserted new inputs, and demonstrate whether the system is idle
or the operation is complete. After the block-level protocol has been used to
start the operation of the block, the port-level I/O protocols are used to

sequence data into and out of the block.

OVERALL FRAMEWORK

A framework of lane tracking proposed in this paper is shown in Figure 8.
There are 4 main steps, 1. Pre-processing 2. Edge detection 3. Line detection
and 4. Angle calculation. Edge detection and line detection are implemented
on PL part and others are implemented on PS part to increase the operation
speed. Pre-processing is expanded in Figure 9 that includes cropping image,
image dividing into two parts (left side image and right side image) to separate
left and right line, an RGB to grayscale image conversion, and grayscale to
binary image conversion. According to the result in (Solod, Sengchuai,
Booranawong, Hoyingcharoen, Chumpol, Ikura, & Jindapeth, 2018), Robert

edge detection is selected to perform edge detection and Hough line transform
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is applied to the line detection. The positions of (x;,y;) and (x,,y,) are
obtained from line detection step to calculate the angles (6, andé,).

The angle calculation-is divided into three cases to recognize the road path
curve and prevent fallibility from the previous step. &, represents the angle of
the left side and &, represents the angle of the right side. The first case is
straight lane as shown in Figure 10, which 6, must be over 90° and &, must
be less than 90°. The second case is the left curve as shown in Figure 11, in
which &, and 6, must be less than 90°. The last case is the right curve as

shown in Figure 12, in which &; and &, must be over 90°.

OPTIMIZATION IN HIGH LEVEL SYNTHESIS
According to the operation time of road lane detection spends most time in
the process. Edge detection and line detection are implemented on PL using
High-Level Synthesis on Zyng-7000, which allows C and C++ languages and
authorizes efficient method as loop unrolling, loop pipelining, or array
partitioning, etc. The proposed optimization processes are divided into four
steps as follows.
e Step 1: array sizing is performed to decrease the resource usage on PL
part.
e Step 2: loop analysis is performed to determine which loop must be
loop unrolling or loop pipelining.
e Step 3: array partitioning is performed to resolve the bottleneck of
loop unrolling and loop pipelining.
e Step 4: HLS interface is performed to select the best block level and
port level interface for array argument of RTL design.
A. Array sizing
The first point to consider is the array sizing. Analysis and calculation of the
appropriate array size for block memory storage capacity can decrease over
the allocation of block RAM (BRAM) by considering the amount of BRAM

in [4]. At array sizing step, 2 parameters are considered. The first parameter
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is memory depth, which caused by the amount of array element. For example,
consider a 16-bits 1-dimension array with 2050 word lines. Due to the
requirement of the memory depth, the memory depth must over 2050. The at
least memory depth for this array is 4096 (2!2), the data width is 16 bits and
the size of BRAM is 18K bits (18KBRAM). According to [4] 4 (2%) 18K
BRAM is allocated to keep the array. Likewise, the word line of the array is
reduced to 2048 we need to allocate 4 (22) BRAM 18K to store an array.
Likewise, the size of the array is reduced to 2048, the amount of BRAM is
decreased to 2 (21).

In this work, we reduced the input image from 1920x1080 pixels to
200%200 pixels. From the Hough line transform theory, the maximum
diagonal is reduced from 1445 to 224, which equates to the value of rho in
the first dimension size of houghl[rho][theta] and hough2[rho][theta] array.
The second parameter is the data width. According to the concept of Hough
line transform, the value of houghl[rho][theta] and hough2[rho][theta] will
not over the value of rho parameter, which has the maximum value to the
diagonal line of the image, so the data width can be reduced from 16 bits to 8
bits. Theta also decreases from 0°360° to 30°-150°. Thus the second
dimension is reduced from 360 to 120, which is sufficient for road lane
detection.

memory depth x data width [4]

Block RAM = block RAM size

B. Loop analysis

From the theory of Robert edge detection and Hough line transform, we
summarize into four main nested loops that are agreeable to C language as
shown in Figure 15. The first step is started with a 2-layer nested loop of a
16-bit-2-dimension array (houghl[rho][theta] and hough2[rho][theta]) is
initialized to O for intersection times counting that starts with zero. The
second step is divided into two minor nested loops, which are a 4-layer nested

loop for edge detection and a 3-layer nested loop to count intersection times
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in 0-p plane for every pixel. The third step is a 2-layer nested loop for the
Hough line transform normalization. The final step is a 3-layer nested loop
for lane tracking by array houghl[rho][theta] and hough2[rho][theta]
checking to determine the position of the line in the image. From all steps of
edge detection and line detection in Figure 15, we found that the nested loop
is in every step, which caused speed reduction. In this work, we consider each
nested loop with an optimization technique that is appropriate with the nested
loop type. Both 2-dimension arrays houghl[rho][theta] and
hough2[rho][theta] are initialized in the first nested loop, which results in
each iteration is independent. All array elements can be initialized
simultaneously. Generally, as shown in Figure 13, two iterations in the first
nested loop need four clock cycles to operate. In the case of loop unrolling is
added, two iterations need only two clock cycles to operate. Edge detection
in the first minor nested loop is dependent value in each iteration. According
to Robert edge detection theory, both x_weight and y weight are convolution
results, which are cumulative variables. Therefore, loop unrolling is not
necessary for the first minor nested loop.
hough ) [rho][theta] [5]
= hough, 2 [rho][theta] + 1
The second minor nested loop is counting times of intersection in 6 and p
space according to the Hough line transform. [5] demonstrates that
hough1[rho][theta] and hough2[rho][theta] are cumulative variables, which is
dependent on other iteration as well. Therefore, loop pipelining is appropriate
to add in the second minor nested loop. The schedule of this step will be
changed following Figure 17.
houghl[rho][theta] and hough2[rho][theta] are normalized in third nested
loop. This step is similar to the first nested loop, in which the result in each
iteration is independent. Loop unrolling will get less latency than loop

pipelining, thus loop unrolling should be selected if the resource is sufficient.
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The value of every element of houghl[rho][theta] and hough2[rho][theta]
is checked to mark the position of the lane so the result in each iteration is not
influencing to the other. Loop unrolling should be selected as well as the third
nested loop. However, loop pipelining must be selected instead of loop

unrolling because of the limitation of resources on the device.

C. Array partitioning for unrolling and pipelining

Array partitioning significantly reduces that can decrease the latency. This
technique encourages loop pipelining and loop unrolling, such as in the
second minor nested loop. Although loop pipelining is added,
hough1[rho][theta] and hough2[rho][theta] are still stored in the same bank
of memory, the bottleneck will occur because each BRAM allows only one
read operation of one element at that time. Loop pipelining will not get the
highest efficiency as expected. Thus, the second element (houghl[rho +x]
[thetat1] and hough2[rho+x][thetat1]) of array houghl[rho][theta] and
hough2[rho][theta] cannot be accessed until the first element
(houghl[rho][theta] and hough2[rho][theta]) is successfully accessed. Due to
the bottleneck issue, loop unrolling in Figure 16 cannot get the highest
efficiency as well. We found that array partition can be resolve or ameliorate
this problem. In this part, an array partitioning block type, F equal to 6, and
D equal to 2 are applied to houghl[rho][theta] and hough2[rho][theta] in
Figure 13 . The original array on the top is stored in one bank of memory.
This array is divided into 6 banks of memory after array partitioning is
applied. Memory depth in each bank equals 8,192.

D. HLS interface for array type

Register Transfer Level (RTL) description is created by Xilinx HLS, in which
an input/output operation must be performed through a port in the design. In
this work, an RTL has 1-input port and 1-output port, which is all 1-dimension
array. We consider port design that suitable for an array type. There are

ap_ctrl none, ap ctrl hs and ap ctrl chain for block-level interface. There
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are axis, s_axilite, m_axi, ap_hs, ap_memory, bram, ap_fifo, and ap_bus for

data transmission.

EXPERIMENT AND DISCUSSION

This experiment aims to increase the speed of lane detection by adding
optimization techniques including array sizing, loop unrolling, loop
pipelining, and HLS interface management. The comparison of resource

usage and operating time are discussing as well.

A. Process profiling

In the beginning, the profile of the operation time of each process in lane
detection is extracted on Intel® Core™ 17-7500U CPU @ 2.70 GHz, which
input file has size 720x1280 pixels and frame rate 24 fps. The detailed
profiling of process activities illustrates the time-consuming processes that
must be implemented as hardware accelerators on the PL part. We found that
the step of edge detection and line detection step spent most processing time

as shown in Table 1.

B. Array sizing results

The results as shown in Table 1, we found that edge detection and line
detection should select to be hardware accelerator to increase operation speed.
However, the resource, which is spent on PL part is over the limitation.
Therefore, array sizing should be considered by the method described in the
previous section. The input image is cropped and resized from 1920x1080 to
200%x200 pixels. Therefore, houghl[rho][theta] and hough2[rho][theta] is
resized from 2203x%120 to 224x120 according to HT theory, which in rho is
the feasible perpendicular length of the input image. As shown in Table 2
latency is reduced about 152 times faster and BRAM is reduced for 1,710%
to 57%.

C. Loop unrolling and loop pipelining results
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In case of considering to least latency, loop unrolling is sufficient to add
along with first, third, and last nested loop of Figure 15. Loop pipelining is
sufficient to add along with the second nested loop (both of edge detection
and line detection nested loop). Although loop unrolling can reduce the
latency more than loop pipelining in third and last nested loop, the number of
CLBs is more than the limitation. Therefore, loop pipelining is sufficient to
add along with third and last nested loop instead of loop unrolling. The
proposed method as shown in Table 3 is the combination of sufficient
optimization techniques in all nested loop that can reduce latency at clock
frequency 100 MHz from 103,709,185 clock cycles to 15,789,018 clock
cycles or about 6.57 times is reduced. Both of loop unrolling and loop
pipelining is latency reducing optimization by throughput increasing or
initiation  interval decreasing. In case of houghl[rho][theta],
hough2[rho][theta] and two more arrays, sin[theta] and cos[theta], which are
constants stored in the same block of memory, the loop pipelining and loop
unrolling cannot get the best efficiency because of the limitation of memory

accessing.

D. Array partitioning results

Since hough1[rho][theta], hough2[rho][theta] and two more arrays, sin[theta]
and cos[theta] are constants stored in the same block of memory, the loop
pipelining and loop unrolling cannot get the best efficiency cause of the
limitation of memory accessing Table 4 is the result of adding array
partitioning to houghl[rho][theta], hough2[rho][theta], sin[theta] and
cos[theta] compare to the first proposed method. Both hough1[rho][theta] and
hough2[rho][theta] arrays are sufficient with array partitioning block type
with F equal to 6 at equal to is 2. The latency from the experiment is reduced
from 15,789,018 clock cycles to 15,777,837 clock cycles, which is only 0.99
times faster. Although Adding array partitioning complete type to these arrays

instead of array partitioning block type would be faster, the resources on the
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device in this work will not enough to implement. In contrast, cos[theta] and
sin[theta] are sufficient with array partitioning complete type and the latency
isreduced from 15,789,018 clock cycles to 15,697,034 clock cycles compared

to the second proposed method.

E. HLS interface management results

In the case of the HLS interface, there are three types of block type interfaces
available for arrays, namely ap_ctrl none, ap ctrl hs, and ap ctrl chain.
There are many types of port-level interfaces available for arrays, namely
axis, s_axilite, m_axi, ap_hs, ap_memory, bram, ap_fifo, and ap_bus. In this
experiment, the block-level interface and port-level interface are matched to
the input and output of RTL that Xilinx HLS has created. Following Figure
14, the first column represents a block-level interface, the second column
represents a port-level interface for the input and the final column is represent
a port-level interface for output. The result of the HLS interface management
after all nested loop is added by the optimization technique is shown in Table
5, which compares to the default of a block-level interface and port-level
interface, which generated by Xilinx HLS. The least latency occurs with all
of the block-level interfaces while the port-level interface of input should be

axis and the port-level interface of output should be ap_memory.

CONCLUSION

This paper has presented a road lane detection method, which supports lane
curve recognition by angle calculation and loop analysis with optimization
technique to increase the rapidity of operation underneath the limitation of
resources on Xilinx Zyng-7000 (ZC7010).

The sequence of the optimization contains four steps: array sizing to
reduce the resources, loop unrolling and loop pipelining to increase operation
speed by parallel operation, array partitioning to prevent the bottleneck that
can occur from the loop unrolling and loop pipelining step, and HLS interface

management to get the best data transmission.
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From the experiment, we found that an array sizing is suitable for low
memory devices and adjustable to the method or experiment. Loop unrolling
and loop pipelining is latency reducing optimization techniques that suitable
to different kinds of loops. In the case of loop unrolling is suitable for
dependent loops, which are loops that the result of each iteration in loop does
not affect to other iteration. In case of loop pipelining is suitable for dependent
loops, which are loops that the result of each iteration in loop effect to other
iteration. Array partitioning can be both of area reducing and latency reducing
optimization. This technique supports loop unrolling and loop pipelining to
achieve efficiency as much as possible. The determination of factor (F) and
dimension (D) of array partitioning depends on the sequence of the algorithm.
The type of C argument, which is an input and output in RTL will be suitable
with a different type of HLS interface.

An array sizing, loop unrolling, loop pipelining and array partitioning
have been applied to edge detection and line detection using Xilinx Vivado
HLS. The proposed method can reduce the latency from 103,951,104 clock
cycles to 15,616,232 clock cycles or latency is reduced 6.66 times at clock
frequency 100 MHz.

The proposed method in this work can reach higher performance by
implementing on the High-performance devices. The optimization can further

gain the benefit on the devices with sufficient resources.
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Lane detection Processing Processing Processing

process Time (%) Time (FPS) Time (s/frame)
Pre-processing 30.60 0.8928 0.1049
Edge detection 32.30 0.9424 0.1107
Line detection 36.10 1.0533 0.1238

Angle 1.00 0.0292 0.0034

calculation
Table 1

Comparison of operation time in each process
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Optimization Resource (%) Latency
DSP BRAM CLB FF
Default 17 1,710 11 4 15,847,183,592
Array sizing 13 57 11 3 103,709,185
Table 2

Comparison of default and array sizing
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Process Method Resource (%) Latency

DSP BRAM CLB FF (clock cycle)

All Default 12 30 9 3 103,709,185

It Unrolling 12 30 27 3 103,695,297

Pipelining 12 30 10 3 103,708,738

Edge Unrolling 13 30 9 3 102,739,561
detection

Pipelining 13 30 10 3 98,012,241

Line detection Unrolling 135 30 228 72 61,853,749

2nd Pipelining 13 30 10 3 46,056,556
Edge + Line Combination 15 30 10 3 45,046,530
detection

3rd Unrolling 12 30 177 79 08,457,416
Pipelining 12 30 15 6 98,457,432
4th Unrolling 11 30 372 56 72,509,185
Pipelining 12 30 11 3 74,828,791
Proposed method (1) 15 30 34 6 15,789,018

Table 3

Comparison of loop unrolling and loop pipelining in each loop



High Level Synthesis Optimizations of Road Lane Detection
Development on Zyng-

7000 101
23
Optimization Resource (%) Latency
(clock cycle)
DSP BRAM CLB FF
Proposed method (1) 15 30 34 6 15,789,018
block type, F 2, D 15 30 27 6 15,782,316
2
block type, F 6, D 17 44 24 8 15,777,837
houghl 2
&
hough2 block type, F 12, D 17 44 26 9 15,803,597
2

cyclic type, F 2, D 15 30 28 6 25,774,041

2

cyclic type, F 6, D 17 44 24 7 25,769,578

2

cyclic type, F 12, 15 30 28 6 25,774,041

D2

Complete type 17 42 39 8 15,697,034

Block type, F 2 18 42 27 9 15,777,845
sin&  Block type, F 6 17 42 27 9 15,777,837

cos
Block type, F 12 17 42 27 9 15,777,846

Proposed method (2) 17 42 39 8 15,697,034

Table 4

Comparison of array partitioning
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7000
24
Optimization Resource Latency (clock
cycle)
DSP BRA CL FF
M B
Default 17 42 39 8 15,697,034
HLS interface 16 42 39 8 15,616,232
Proposed method (3) 16 42 39 8 15,616,232
Table 5

Comparison of HLS interface
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Method Latency (clock cycles) Processing

Performance (FPS)
Default 15,847,183,592 0.006
Proposed (1) 15,789,018 6.334
Proposed (2) 15,697,034 6.371
Proposed (3) 15,616,232 6.404
Table 6

Shows the summary of the proposed optimization techniques compared the

default method
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(a) (b)

Figure 1. Gradient value of Prewitt Edge Detection
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Figure 2. Gradient value of Sobel Edge Detection
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Figure 3. Gradient value of Robert Edge Detection
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Figure 4. Hough transform
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for (i=0; i<2; i++){
Without loop pipelining Rd; With loop pipelining
Cmp;
Wr;
Initiation interval = 3 cycles } Initiation interval = 1 cycles
JuUuUyyuL Sy L
|Rd CmplerRd Cmpler |Rd CmplWr
Latency = 3 cycles | Rd Cmp Wr |

Loop latency = 6 cycles Latency =3 cycles

Loop latency = 4 cycles

Figure 5. Loop pipelining
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for (i=0;i<=6;1+3)
b=a[i]+b;
b=a[i+1]+b;
b=a[i+2]+b;

for (i=0;i<=6;1i++)

b=a(i]+b; x

Figure 6. Loop unrolling
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Figure 7. Array partitioning
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Input Pre-processing Edge Line Angle Output
Detection detection L calculation L

1 1 2 2 1 2

Figure 8. Road lane detection framework
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Figure 9. Pre-processing
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Figure 10. Straight Figure 11.Left curve Figure 12. Right

lane curve
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1 2 6
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Figure 13. Array partitioning of houghl[rho][theta] and hough2[rho][theta]
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Figure 14. HLS interface management
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Figure 15. Loops and C language of edge and line detection
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hough1[0][0]

hough1[0]{0]

hough2[0][0]

hough1[0][1]

Without Loop unrolling

Figurel6. Loop unrolling of in 1st nested

loop

hough2[0][1]

hough2[0][0]

hough1[0][1]

hough2([0][1]

With Loop unrolling
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hough[rho][theta] = hough[rho][theta]+1

houghfrho][theta] hough{rho][theta]

+ +

hough{tho +x][theta+1] hough{tho +x]{theta+1)

I; +

Without Loop Pipelining With Loop Pipelining

Figure 17. Loop pipelining in 2nd
minor nested loop



wAa Y A
Uz Iagey
A A o
¥ yoana ynanliaen Tawa
U o U W =K
sviailszninfnmn 6010120066
a\ =]
AMIANN
- A o
9 Yoaoiu
AAINTTUAAATUUNA VIR OTUAIUATUNS

a a J
QAFINTTUNANTOUNE)

numsAnuNIasy (1asusznnemsing)

a

a dJ a J
1. nuﬁ‘]%l‘c’lfgﬁtlﬂ;] AUTIFINTTUAITNT

q

) d‘ o & =<
Ungusamsanmn

2559

a o { a a 4 a @ a
2. anﬂﬁHUﬂ'ﬁ'}%ﬂlﬁﬂ’JﬂﬂWHWUﬁ Nﬂ??ﬂﬂ1ﬁﬂﬁﬁﬂlﬁ1”ﬂﬁu°ﬂ§

aa d v
DIFANNNWINSLNINAINU

118

Panadda Solod, Kiattisak Sengchuai, Apidet Booranawong, Pakpoom Hoyingcharoen,

Surachate Chumpol, Masami Ikura and Nattha Jindapeth, “Model Based Design Approach for Road

Lane Tracking,” Proceedings of Asia Pacific Conference on Robot IoT System Development and

Platform 2018, Oct 2018.

Panadda Solod, Kiattisak Sengchuai, Apidet Booranawong, Pakpoom Hoyingcharoen,

Surachate Chumpol, Masami lkura and Nattha Jindapeth, “Memory Optimization for Accelerating

Hough Transform on FPGA using High Level Synthesis,” Proceedings of IEEE International

Circuits and Systems Symposium, pp. 1 — 4, Sep 2019.

Panadda Solod, Kiattisak Sengchuai, Apidet Booranawong, Pakpoom Hoyingcharoen,

Surachate Chumpol, Masami Ikura and Nattha Jindapeth, “Optimizations of Road Lane Detection

using High Level Synthesis Development on Zyng-7000” Pertanika Journal of Science &

Technology. (Submitted)



	หน้าปกนอก-ในวิทยานิพนธ์
	บทที่1_1
	บทที่1_2
	บทที่1_3
	บทที่2
	บทที่3
	บทที่4
	บทที่5
	ภาคผนวก1
	ภาคผนวก2
	หน้าปกภาคผนวก2
	วารสารภาคผนวก2

	ภาคผนวก3
	หน้าปกภาคผนวก3
	วารสารภาคผนวก3

	ประวัติผู้เขียน

