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Abstract: A hardware description language (HDL) is a computer language used to describe the structure
and behavior of digital logic circuits including field programmable gate arrays (FPGAs). The rapid growth
of FPGA usage requires us to make circuit development involving HDLs more efficient. In this paper, we
focus on code clones in HDLs. Code clones are the similar segments of code that are typically created when
the code is copied from one place to another. In software development, code clones are considered to decrease
development efficiency. To study code clones in HDLs, we developed a code clone detection method for Ver-
ilog HDL, which is the most popular HDL. In this method, we apply simple conversion rules to the Verilog
HDL code so that we can use existing code clone detection tools for traditional programming languages.
The experiments showed that the accuracy of the proposed detection method was about 90%. We compared
code clones in Verilog HDL with those in Java and C based on the metrics to identify the differences among
languages. We found that the tool support for consistent modification over clone sets is also useful for Verilog
HDL. However, aggregating clone sets in Verilog HDL must take into consideration the trade-offs between
computational parallelism and circuit footprints.
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1 if (~RST_X) 1 if(~RST_X)

2 begin 2 {

3 TXD <= 1'b1; 3 TXD <=1;
4 READY <= 1'b1; 4 READY <=1;
5 cmd <= 9'h1ff; 5 cmd <= 511;
6 waitnum <= 0; 6 waitnum <= 0;
7 cnt <= 0; 7 cnt <= 0;
8 end else if( READY ) 8 } else if( READY )

9 begin 9 {

10 TXD <= 1'b1; 10 TXD <= 1;
1 waitnum <= 0; 1 waitnum <= 0;
12 if( WE) 12 if( WE )

13 begin 13 {

14 READY <= 1'b0; 14 READY <= 0;
15 cand <= {DATA, 1'b0}; 15 cnd <= (DATA, 0);
16 cnt <= 10; 16 cnt <= 10;
17 end 17 }

18 end 18 }

1 Verilog HDL 2 — Kol
Fig. 1 Example of Verilog
HDL code.

2 Bl C+4+2— Fofl
Fig. 2 Example of pseudo
C++ code.
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1228



BB FREREE Vol.59 No.4 1225-1239 (Apr. 2018)

® 1 BN

Table 1 Conversion rules.

ZERBIAN | ZSHnl

itk

1 module < ModuleName > ( < Port List > ) begin < De-

scription of Module > endmodule

class < Module Name > { < Module Name > ( < Port List
> ) { < Description of Module > }};

2 always @( < Condition > ) begin < Description of Always-

Statement > end

always @( < Condition > ) { < Description of Always-
Statement > }

if ( < Condition > ) < Description of If-Statement > end

if (condition) { < Description of If-Statement > }

else < Description of If-Statement > end

else { < Description of If-Statement > }

> end

case ( < Condition > ) < Description of Case-Statement

case ( < Condition > ) { < Description of Case-Statement

>}

w__»

6 < “wire” or “register” > “<=" or

ister” >, < “wire” or “register” > }

{ < “wire” or “reg- | <

“wire” or “register” > “<=" or “=" ( < “wire” or “reg-

ister” >, < “wire” or “register” > )

7 < bit width >’< Radix >< Constant Value >

< Constant Value in Decimal Notation >

DTEE R 7075 3 v FEEORIKG L7
HarRe, FEE LAWK SOSGET S, Z020, K
2BV TId Svajlenko 5D Fika —HZH L CTH#MH L Tw»
B, DB, Z88 202 72 5FA0 T & AP S o v TR
L 7zf%, aHffifs R E R~ 25 .,

3.2.1 FHMEFIE

Svajlenko b O TIE, flMd 52— N oOREE% B
BBLO7uy 7B ET L EBRRTHS, Lo, flil
TAHTO Y 7 DREIZOWTIZHRRENTWARWT &2
%, Verilog HDL & —#97% 70 75 I v FSibCIlEM%%
Ty 7 T A Z LT E R, FOIZOARASE
TldhE 3% a— FH o8& LT, Verilog HDL T X <
Hwosihs 70y 7 Thb module, always, if, case D
ATEFEO 7O Y 7 exfg e Lz,

AUFFETIE, BROMEHEHIZOWT, Svajlenko H DS
THLONPHLER2DEIIETRLMATNE*2, RfICB
W, KFETY v 7R TERL SN T 5 10 BEOZER)S
FEEICHEM L72ERCTH 5. Verilog HDL 12 B\ TII LR
B 7 I VDSEAE LRz, SCFHNI T BRI AR
e L7 F72, X2 MXICETAERIL, #EITax
Y MNOENEL L iz, 1iTa Ay b EBEBETa A 2 b
ZFEOTWA, MZAT, TOFFICL LT AT MK
BEEITEDNWRE TR o 727280, 22 FICh 205
EEBFICEBMERKREEHTAZ L Lz, 35612, %4
WRl—Da—Fru— bt e 3572010, AHE%E
Mz ARWERE MmN 28BMLTWA.

SEMMA; 82121, Verilog HDL 12 & % RISC-V 71+ v
F*3DFEEETH b ridecore & BA 72, ridecore (37 7 1)
Bas 59 1, #ATHIE 9,868 IT THEM S L TH D, Verilog
HDL ®»7u v =2 k& L TIRHBMHEENREW. Th
LOa— FaEMRIZ, gl 4 EEOT7 Oy 7120 KK

*2 Svajlenko HDFEIIE Type3 2 — Fru—r &g L2 R
A5 OEENDH, KL TRET BN TEE Typed a— 8
70— RE L TWRVWEDEKEL TV 5.

*3 https://riscv.org/
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® 2 AROMH
Table 2 Types of used mutation.

Clone -

2R ORH LRONE #E
Type

1 mN TELZL FREM
1 mCW_A  ZHXFOEM ¥R
1 mCW_R  ZAXFOHIE ¥RH
1 mCC_BT 147 A MHT B850 ANERH
1 mCC_EOL #EATI A ¥ Mt 48R TR
1 mCC_A X hOEM BN
1 mCC_R i O NY: 153 FREM
1 mCF_A WITDEM ¥R
1 mCF_R WITOHIRR ¥RH
2 mSRI EHEOER ¥RH
2 mARI THEDANE Z FRE
2 mRL_N HEVTZIVDER ¥RH
2 mRL_S LFHN) TN DEEE AR

R 3 MORAALERI— PO

Table 3 Number of injected mutation code fragment.

module  always if  case | &EF
Typel 185 190 186 118 679
Type2 89 83 88 53 | 313
At 274 273 274 171 | 992

30 B — FradlEalHER L2 & 3 ICERsn:
EERI—-FFoOBZ2 /RS, V—A3— Fd2 30 f#iciE 2
HBWTH Y ZOMEIET A EICA, e nZEBANET T
X na— FEOHEET L0, ERSh/-Lia— PR
2992 o7z, ITNHDI—FE2T ¥ Ao
W) 7 BT IR A, IERES ZRESE L 7-.

Precision ($IEfREA & ALEAE R L REFREO S B, 74
BT WSRO OEETH D, HRHTH 5 0
E 0L, RWFgECIEER IS XL A TEETRERE L 72, 2RIC,
Recall (ZIEFEEOHEIT T 5, M T & 72IEMOHE
DEETH A, HMOATNI2IEM L SaIl—H0T 5Bt
R, EMENLT BRSPS IUL, EOEMITHT
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# 4 Precision lE#EH

Table 4 Precision of evaluating clone detection.

Precision FHE 1 REFH) T2 (2 - plaintext) Fi 3 (Al - C/C++)

(%) module always if case A&l | module always if case Aal | module always if case R
Typel 100 100 100 97 99 100 100 100 100 100 - 100 100 100 100
Type2 99 100 100 95 98 100 100 100 100 100 - 100 100 - 100

HEt 99 100 100 96 99 100 100 100 100 100 - 100 100 100 100

* 5 Recall JllEHEF
Table 5 Recall of evaluating clone detection.
Recall FHE1 REF) Tk 2 (R4 - plaintext) FE 3 (AR - C/C++)

(%) module always if  case A&l | module always if  case &&l | module always if  case &il
Typel 92 95 98 89 94 76 42 34 22 46 0 22 20 20 11
Type2 74 94 98 94 89 0 0 0 0 0 0 16 7 0 6

o 86 95 98 91 93 51 29 24 16 32 0 21 17 10

CEELDEHET D, g B LA ER T FR A T— K ra— kLT
RET DEBONRETERT 720, REFELEL 3 B L 72/ R1E, MM CIEf e LTibh s, &b, Z
DOTFEZ R L LT 5. DHEDHHEL LT, #F2ENT o7 RRY, F—

FE1 REFZH)
FEE L2y — v % F W C Verilog HDL 21— F % &
P C++a— FIZEHL, C/C++DV—Aa—F
& LT CCFinderX IZAIT 5.

Fi&2 (BZH#H - plaintext)
Verilog HDL I — F % 24197, plaintext & L T
CCFinderX IZAJJ 9 5%.

Fi£3 (BZ# - C/CH++)
Verilog HDL & — F &2 Z#45, C/C++D YV — AT —
F& LT CCFinderX IZAJIT 5.

Svajlenko b OFFETIE, Y —VOREITHOAA
Za—FRENEFNICELMEZH ) & LTw5b, Kif
£ Cld, module, always 70 v 7 D3 — R IZxf LT
lX, CCFinderX OBEMDF FHe/hr v — v Ex 50, &
= URERY 128 L7, F72, if, case 7T v 7
® 3 — FF1E module X always & R TE W20, /b
rua—rREx 25, -7 SRR 12 & LT
3.2.2 FHEER

ZNENOTFFLETHIM L 7245 @ Precision 2% 4 12,
Recall #% 5 2R, £ 4 12BWT, BED 0 TRHET
XLVIGEC ERELTVWAE, WToRIZBWTYH, &
#Hd Typel & Type2 & X5 7% SR L2/ R 2R T,

COFHITFEIC BV TE, ETFEOBIERD ) b, il
DI — KHFEHDAALZ = FROWT % &kt
FEEIXTT A, B E RV 7o S S O A Precision
E%h. EBEOWMETIEE LCld, fiBcoa— N &
OrhENT-a—-FrowIhirs, jlloa—FNyxza— K
ra—rE LTI LZZHRZ, 81 FFDPERICT -
Fra—rThrbe, f) ThHhEPEHEL, @fr o5k
D ZBRWHEROF G ZFET L. Ld o T, fibco
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DX ATHLETO L) e a— FRIIMHEE) & L
72, ¥, #wBEFo—E, 2L 21X bit MEARTES L
EORDERDL L) B, EVICHEROSHL EHEITE2 b
DB LV, LWFEOWUDPEEI—HTLDDEIEME L.
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REFHA 1,083 14, Fi:2725651 1, FE30°3554FT
Hol. BB, FE21E =7 MbEITb R W20, Type2
I— N7 80— 35 E N8O Typel 2 — Fra—»
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b= AR L 723 — PRI R L 25 S
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ETFETE 0, F2 koM, FE3EoHETH-
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<, it o a— FrEEOAEN-a— FFowT e
&, BfRohva—Frta—Fru—rELTlRBish
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WO RERIZR o720 RIZ, BRI OTREMED D B, RET
FEF2OEMES L —FH L BRI EBIC T —
Koua—h, B CEZOL N —H L TWEZTD
Ry, 1 FEBEDSTIEECHER L. TORE, Tk
2 ORI 0 14T Precision (& 100% & 72 o 72, Zid,
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T2V —2Aa—F% b =27 AMbE$, LRI
BT AT - FRADAZI—Fr0—r & L THRET
5720 TH5BH. —HT, REFLEEZELE—FHL &\ Type2
I—Fru—r B RE LTWa 0D, 16 o
rEATWZ, LL, REFHEFTEBLZEG 0D,
Precision & Typel, Type2 &€ T 99% & H W IEE TIE
L TW5b.

Kz, BT EZEMRO, RETENT 9191, T2
A 313 1F, FE3 1310214 CH o 7. ETHD Recall 13
Typel, Type2 & IO T L HARTH L, 93%D T —
7= TE TR 5.

4. REBE

AGCIARRIEI B 3 WEDOHN, BLUHET—5
BT OV TN S,

4.1 REEW

A, Verilog HDL % W7z mIEEBIFSICB VT a—
Fru—radg e LIRBEPLETCH L0 E, B
WO EHO 2T 5222 AMET S, a—F
70— DRFLRV, HDLVITHMTH LB, ST
L 2RI E L v, R T, FREEILETD
e, EDL)BIENAERTHLDP BT 5.

4.2 REFE

FAEFIHEOMELZR 3 |IRT. FEILTO)H—F72
IAF 3 2o TiTro 7.

RQl1 HDL ®a— FZ7a— Y 3—fICHEEST 25 ?

RQ2 HDL®I— K7 0— 2 idHflindnTidiwng?

RQ3 HDLOI—Fru— 3ok ) 2HETESR
507

WIFNO RQ IZBWTYH, Verilog HDL O3 — K27 10—
JZOWTE, REFEEZHTRE L2 RICEDS VT
HEEITo72. B, 322HOMERD S, RETFEOH
HRIIEHETE DL L.

RQ1, 2 T, Verilog HDL &~k 70753 v 7
SHEOI—Fru— VBT LA M) 7 ADLEEFT .
AN 7 AFREST A720, C & Java lZDOWT HI—ET
THMA$ % CCFinderX # WV Ta—F7u—r2ilid
%. CCFinderX OEAF 7 a YIIHEMEE HW2, &
B, CCFinderX L5 — 2% b 2 eNdH b=, CHOTHO
V7 MIBWTIEBRERPE SNy &7 74 VE BRI
L. AN AOFEEIL p i 0.05 K & L T Steel-Dwass
DR 19) AN THESEBREZITo 72, Steel-Dwass O
FHEF 3B ED ) 285 X MY v 7 T — 712k L CH
ACTXBNEMICL 24 ERKTHD.

RQ3 Tl&, Verilog HDL ® 70 Y = 7 s Ok H % ]
BRI LI ET, I—Frza—ryREn k) nBEATES N
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Fig. 3 Overview of the investigation procedure.
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Table 6 Subjects overview.

Verilog HDL C Java

HET 1,101 31,626 22,254

4 %k@ 316 24,296 6,623
/Ml 6 22 11

rh gl 28 175 453

#aEt 258,627 11,809,648 1,738,007

LOC IO} 91,397 9,357,449 478,285
R/ME 791 10,897 888

e 6,083 87,105 29,106

TWAHDH, EMNEHEET)

4.3 FAENR

Verilog HDL, C, Java 2NN 20070y =7 b &
AL, LEsdg s LTEA . Verilog HDL 12D \W T,
F9, ATV - AONKRAEEIETSII =T 4
Td % OpenCores “ CRABEIN TS T I 27 b HSE
ZERVLAS Stable Db DEFR L 72. TO&MFEMTdD
WITHORTH 5727280, ZN5HI212 T, Github *> O
HREGED 5 Star D%\ b D % 3 f58H L7-. OpenCores
OTaY xr BRI AY Stable D & DIZFRE L 72D
&, IRRREDOAT, LEPEATHENWT DI 27 M &
AN 5720 THA. Ck Java id, Github DEFET LD
MBI, S, Star OBBL W EML 20D TBY =27 F
BB, R L7270y 7 POMELYR 6 IR
T. 4B, K70V bOF—FIE20174E4H 20 HD
Rf o CHUS L7z,

5. RQL:HDL ®OO— K7 0— 2 I3—f%AYIC
BETZIH?
Z DFTIE Verilog HDL IZBWTa— K27 10— VAL L
FAET A% AN 2 RO ERET 5.

5.1 BhEEECRESRZE
ZNFTIZ, Verilog HDL ® YV — A 32— FHiZa— ]

*4 http://opencores.org/
*5  https://github.com/
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Fig. 4 Number of clone set Fig. 5 Number of clone

in each projects. fragment in files.
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Yty bOIZ C & Java lZxF L THEIZD RV, 2,
Verilog HDL 13 C % Java &I T7 0P 27 FOFIEH
BN S Wbtz o, 1 774 VH7-hora— >
HFOBTHDLE Java £ VS HFAET S,
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YED 54 % 7”79 . Verilog HDL O 710 Y =27 M TlE, %
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Cld Java L ERTHEICEL, £{n7uy=7 MIB
WTATEHOT 7 ANV ra— v Faeai.

5.3 RQ1 ~DREZE

TV VENNSWZ LRV a-Fru—-rD
IS, T A VB ra—FoKiEC
R Java & A7 { v, Verilog HDL 17 7 4 VE D
BB AP Wz, a— K7 a— 2y 2EfE$ 5 gl
DEBETHIE, 77 ANVHY) D7 a— oy
PREICE L e AL S, RIS Verilog HDL IZBWTa— K
70— YT ARG E, 7 7 A VIS
boT T ANBIYOra— Y FOKIILHRLS 5. &
DT EHL, Verilog HDL IZBWTI— F2O—y23C %
Java EHRTHE LA W EEW AR W, T2, a—F
&%t 55 70—y OEEEIL VL DT 0%, b
DTIE8% L, CITH L THEIZEWEMICH S Z & HHE
WCE/, A= 70— 2{HE27 74 VOEED C L
D% <, Java LR THEICES W EDHERRTE 7.
Java DI — F 70—V I3EED 7 7 4 VIR A WEIRH S 5
TEHGHoTVWD (4. F00, OV s FTED
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e T T ANDEEPKL R EEZLNL., —FT,
Verilog HDL 23 =IZE VDL, £ DT 7 A VH 70—
YhREER, MO RFETHIOEEZ NS,

ZOZEHhs, CR Java & [FAFEIZ, Verilog HDL 128
WTHa— N7 O0— PRI ET HE N D,
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DTIEEWD?
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W EDHERTE A, I— FOIREKLEZ 70—
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FTlERW, F72, 70— U FIESHOERTICES X5 T
BY, &MokEEHETL. Zhbh s, Verilog HDL O
I—Fr7u— VIR EEEA BRI RVEMZ I - F 70—
YEPYTIEBTVwEWR B,

7. RQ3:HDLMOI—R7O->W@ENELS
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O— Y PELENTWEDEHET 5.

7.1 BEMECIREFE

L) a—-F 7 a—UdMESNTWAERIZL - T,
WL DI ER S, Kapser 5l — N7 o—
UOMER SN A RNy — R L, N8 =0T
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1 mvx_HO_diff_a <= (MB_inter_size != ‘I8x8)? 0:mvx_CurrMb2[7:0];
2 mvx_HO dlff,b <= (MB_inter_size != “I8x8)? 0:mvx_CurrMb2[23:16];
3 mvx_H1_diff_a <= (MB_inter_size != ‘I8x8)? 0:mvx_CurrMb2[15:8];
4 mvx_H1 dlff,b <= (MB_inter_size != “I8x8)? 0:mvx_CurrMb2[31:24];
5 mvx_H2_diff_a <= (MB_inter_size != ‘I8x8)? 0:mvx_CurrMb3[7:0];
6  mvx_H2_diff_b <= (MB_inter_size != “I8x8)? 0:mvx_CurrMb3[23:16];
7 mvx_H3_diff_a <= (MB_inter_size != ‘I8x8)? 0:mvx_CurrMb3[15:8];
8  mvx_H3_diff_b <= (MB_inter_size != “I8x8)? 0:mvx_CurrMb3[31:24];

10  mvy_HO_diff_a <= (MB_inter_size != ‘I8x8)? 0:mvy_CurrMb2[7:0];

11 mvy_HO_diff b <= (MB_inter_size != ‘I8x8)? 0:mvy_CurrMb2[23:16];
12 mvy_H1_diff_a <= (MB_inter_size != ‘I8x8)? 0:mvy_CurrMb2[15:8];
13 mvy_H1 dlff,b <= (MB_inter_size != ‘I8x8)7 0:mvy_CurrMb2[31:24];
14 mvy_H2_diff_a <= (MB_inter_size != ‘I8x8)7 0:mvy_CurrMb3[7:0];

15  mvy_H2 dlff,b <= (MB_inter_size != ‘I8x8)? 0:mvy_CurrMb3[23:16];
16  mvy_H3_diff_a <= (MB_inter_size != ‘I8x8)7 0:mvy_CurrMb3[15:8];
17 mvy_H3 dlff,b <= (MB_inter_size != ‘I8x8)? 0:mvy_CurrMb3[31:24];

14 fAXOa—Fru—rof)l

Fig. 14 Example of code clone of assignment statement 1.

1 assign next_refill_adr = (OPTION_ICACHE_BLOCK_WIDTH == 5) ?
{wradr_i[31:5], wradr_i[4:0] + 5'd4} : // 32 byte
3 {wradr_i[31:4], wradr_i[3:0] + 4'd4}; // 16 byte

15 Ao a—Fru—rof)2

Fig. 15 Example of code clone of assignment statement 2.
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1  always @(posedge clk)

2 begin

3 text_out_stage9[127:120] <= sa@0_next_round10;
4 text_out_stage9[095:088] <= sal1_next_round10;
5 text_out_stage9[063:056] <= saB2_next_round10;
6 text_out_stage9[031:024] <= sa@3_next_round10;
7 text_out_stage9[119:112] <= sal0_next_round10;

8 text_out_stage9[087:080] <= sall_next_round10;
9 text_out_stage9[055:048] <= sal2_next_round10;
10 text_out_stage9[023:016] <= sal3_next_round10;
n text_out_stage9[111:104] <= sa20_next_round10;
12 text_out_stage9[079:072] <= sa21_next_round10;
13 text_out_stage9[047:040] <= sa22_next_round10;
14 text_out_stage9[015:008] <= sa23_next_round10;
15 text_out_stage9[103:096] <= sa30_next_round10;
16 text_out_stage9[071:064] <= sa31_next_round10;
17 text_out_stage9[039:032] <= sa32_next_round10;
18 text_out_stage9[007:000] <= sa33_next_round10;
19

20 end

X 16 JAFEEO2—F7 10— ol
Fig. 16 Example of code clone of always block.

1 if ((Auto_precharge[0] == 1'b1) & (Read_precharge[0] == 1'b1)) begin

2 if ((($time - RAS_chk0 >= tRAS) &&// Case 2

3 ((Burst_length_1 == 1'b1 && Count_precharge[0] >= 1) ||// Case 1
4 (Burst_length_2 == 1'b1 && Count_precharge[0] >= 2) ||

5 (Burst_length_4 == 1'b1 && Count_precharge[0] >= 4) ||

6 (Burst_length_8 == 1'b1 && Count_precharge[0] >= 8))) ||

7 (RW_interrupt_read[0] == 1'b1)) begin// Case 3

8

Pc_b0 = 1'b1;

9 Act_b0 = 1'b0;

10 RP_chk0 = $time;

n Auto_precharge[0] = 1'b0;

12 Read_precharge[0] = 1'b0;

13 RW_interrupt_read[0] = 1'b0;

14 if (Debug) $display ("at time %t NOTE : Start Internal Auto
Precharge for Bank 0", $time);

15 end

16 end

® 17 &talEoa—Fza—rof) 1

Fig. 17 Example of code clone of conditional branch 1.

1 else if (word_select == 2'b01) begin

2 if ( (Cmd_Cnt>=40) & (Cmd_Cnt<72) )begin

3 word_select_counter<= word_select_counter+1;
4 Out_Buff[31-word_select_counter] = cmd_dat_i;
5 end

6

7 end

8 else if (word_select == 2'b10) begin

9 if ( (Cmd_Cnt>=72) && (Cmd_Cnt<104) )begin

10 word_select_counter<= word_select_counter+1;
1 Out_Buff[31-word_select_counter] = cmd_dat_i;
1 end

13 end

14 else if (word_select == 2'b11) begin

15 if ( (Cmd_Cnt>=104) && (Cmd_Cnt<128) )begin

16 word_select_counter<= word_select_counter+1;
17 Out_Buff[31-word_select_counter] = cmd_dat_i;
18 end

19 end

X 18 &tholkoa—Kza—rof)2

Fig. 18 Example of code clone of conditional branch 2.
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