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Binary Synthesis from RISC-V Executable Code
Using General-Purpose High-Level Synthesizer

NAKAMICHI Ryo! IsHIURA Naaisa? Konpo TAKuMI!

Abstract: This artcle proposes a facile way to implement binary synthesizers which utilize existing high-
level synthesizers as their backends, and demonstrates its application to implement a binary synthesizer for
the RISC-V instruction set. We assume a type of binary synthesizers which take a linked executable binary
code as input and generate a design description of hardware which is functionally exquivalent to a CPU
running the code. In our method, a C program in place of a CDFG (control dataflow graph) is generated
from a binary code, which is fed into existing high-level synthesizers to produce a hardware design. In an
experiment using a commercial high-level synthesizer, the execution cycles and critical path delay of the
circuits, generated by our binary synthesizer from RV32IM binaries compiled from C codes, are almost the
same as those of the circuits generated by the high-level synthesizer from the C codes, though the circuit size
is 1.04 to 3.73 times larger.
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void func(void) {
// (1) General purpose registers
static uint32_t zero = 0;
static uint32_t ra;
static uint32_t sp;
static uint32_t gp;
static uint32_t tp;

// (2) Memory

static uint8_t MEM_3[GN+LN];
static uint8_t MEM_2[GN+LN];
static uint8_t MEM_1[GN+LN];
static uint8_t MEM_O[GN+LN];

<start>:

80000014: lui t0,0x80000

' t0 = 0x80000 << 12;

80000000: addi zero,zero,0 | | // (3) Instructions ;
80000004: lui sp,0x7ffc 1 start: i
80000008: ori sp,sp,0 5 sp = 0x7ffc << 12; i
8000000c: lui a0,0x4 rsp=sp | (0); :
80000010: addi gp,a0,4 130 =0x4 << 12; !

1gp=a0 + (4); ;

4 RFETHEKTS C el s ok

3.2 ALU EES{LFSOHVL

LYZAREL YRR EFLUE Yy M EORFS4 LEAOD
O—ANVEREH TS M40 (1) 1332y boLy
ZRDOZEFITH Y | uint32_t 13Ny 7 T ROEMEK
RHI32 By MFBLRLEKE LTS C SRR
XOWCEET 5.

MR ERBEEE, > 7 MEREZIT S mnld, EmE o)
% C SEDOXTEET S, RISC-V @ 32 v + ALU
MADOEEW %K 1 1R T. HlZiE “add rd,rs1,rs2” &
WIMEIE “rd = rs1 + rs2;” £V C SFEONLKE
i Lo,

LIORRERER LEFAOZMTRELTWVWS 12D,
MADVFRT ¥ REFEMERBE L LTHR->TWBIHAEIC
FC 7o B (Fv A ) DBIRBEICRS. L
2L, 2 OMBFEEZF VS CPU THIUL, IF572 LI
ELTHBAZITo THRERRIE—HT 5. flR1F, “addi
sp,sp,-32”7 1X “sp = sp + (-32);” KEMTIL CF
FEDRIZHT —32 13 4294967264 WA XN T sp ITHE
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add ab,a4,ab

2021/9/2
#define SINT8(u) ((int8_t)((u) & 0x7f) + (((u) & 0x80) ? -128 : 0))
#define SINT16(u) ((int16_t) ((u) & 0x7fff) + (((u) & 0x8000) ? -32768 : 0))
#define SINT32(u) ((int32_t) ((u) & Ox7fffffff) + (((u) & 0x80000000) ? -2147483648 : 0))
B 5 FERLD»OFENEADEHLP]
R 1 ALU HEGSOZEHH MEM M3 M2 M1 MO
TS BT o
ab = a4 + ab; GN £ — 7R GN

addi sp,sp,-32 | sp = sp + (-32);

and a4,a4,ab ab = a4 & a5;

sll ab,a5,a0 a5 = a5 << (a0 & 31);
sra a6,a4,aé a6 = SINT32(ad) >> (a6 & 31);
srl a7,a4,a7 a7 = a4 >> (a7 & 31);

Xh, FEROTN 32 By b2 sp KWRAZH 2D, Boh
3R\ E B EBE Y AR, sp DEIC —32 ZMNEL
TARERICE L2 5.

LAL, B bad (R 1D sra) DL DI, 47 C
BREONS E BB OEEZ VR dR s R 0WigE
W, BIE (R A ) BRECR L. ZLD C avR
4 7T, FE4% VB IR E ORF BT = BB R
ALZGEICEEMIcaY—2/T5a—- REERTS. L
ML, REME Y b2 1 275 TWBTFER LEEE AR
EORF B X BPINEHT 2 2, C SO LIGRE
EIMEL R BRI II RV, 22 TREDRD, K5
WZRT <78 (SINT32, SINT16, SINT8) % W TARERE)
EDQRVERIZEHZITS X512 T 5. *

3.3 EHGD

FEOPEERIIHL YR 2Oy VRBZ 256
X, By MG U BRI Vw5, RISC-V D 32 By
N REA R DL 2 K 2 1R

e mul MHIEFERL 32y PL Y AKX rsl, rs2 DF
HAREROTHL 32 €y bRV Y RAX vd [T %
BTH5. C FED 32 Uy MISR LB OHER
TIMRO T 32 By METDES DT, BT “rd
= rsl * rs2;” YW KZEHEITIUT IV,

o mulh MHEFNEMNE N2 Ly PLIYRRXRLIAX rsl,
rs2 OFEERD LM 32 ¥y PE LI ZAX rd 1K
WMI2MaTHD. ZHUL rst & rs2 ZRENE 32
Yy MEFINCEHR L 7%, BT E 64 €y MEEET
WHRBR L CRIEZATW, #iR%Z 32 By A7 P L
72b D% rd IAATIUT L.

e mulhu MHIHFERL 32 By FLYRXLIRA
rsl, rs2 ORBEHRO L 32 By P2 LI AKX rd
WS 2MATHS. ZHUE rst & rs2 R ER
L 64 vy MNEEANCHR U TRELZT- 28R % 32

*I LLVM TlREfbic ko TZhp iz ar—ica y (L&
ns.
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#define LB Ox7ffbfec

#define GB 0xc0000000

#define MA_G(a) ( (((a) - GB) / 4) )

#define MA_L(a) ( (((a) - LB) / 4) + GN )

#define MA(a) ( ((a) >= GB) ? MA_G(a) : MA_L(a) )

7 XEVT RLADA VT v 7 ANDEHH]

Py bEY 7 bR K.

e mulhsu MHRMEMZ 32 Y D rs1 & FF5RL
32y b rs2 OREHRO LI 32y +ELY
2R rd T 29 THS. ZhE liART VR
ERSME 64 ¥y VEBANIGBR U TREERTVL, I
BE 32y MEYT7 P TRIE RV

34 O—F/RA+T@HS

ARETIE, N4 FVEATY Ly ¥ Y ZDREET, 2o FE
LTV — REMTT ZEADBTHONAE XEY ZHEL,
4DXSIT 1 N4 T —XOEHERE Y — FDAA b
BEHABELTRIET 5.

FCANE BTN E I A X720 2 FHEL, CPU 37 7+ X
T237 RLREEAIDA > Ty 7 ZEET 5. Hl 213K
6 DESIZ, A&y JHIBDOMBE  HEY L X Zh
ZH LB, LN (V—F), b =75 (Z'v— L) O
AT e MEEY 4 A3 GB, GN (7= F) 055,
A5 LN+GN V— R oliF = HEL, X EVDT FL R
ML SHDTHEIBD D DPIE U TEDRBHEHZHE 25 2
CICED 7 RVREA YTy 7 RCEWT 5. B D=9
D= r7adfEX 7TIRT. MAGa) 1, 7 FL R a2
TR2A4VTvIRAEEZS.

R bor— K /2 b7k, HEONA b7 — X o)
PAEEICAHAIRER C a— FICEH T . Bl 3
IZ/RT. “lw”, “lh”, “b” IXZNZEN 4 N4 b 2 N1 b,
1 X4 bDE— K, “su”, “sh”, “sb” IZZNFN 414 ],
224 b, 1 N4 DR MTWHTH 5.
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® 2 REMHOLIAM]

A C Farsn
mul rd,rsl,rs2 rd = rsl * rs2;
mulh rd,rsl,rs2 rd = ((int64_t)SINT32(rsl) * (int64_t)SINT32(rs2)) >> 32;
mulhu rd,rsl,rs2 rd = ((uint64_t)rsl * (uint64_t)rs2) >> 32;
mulhsu rd,rsl,rs2 | rd = ((int64_t)SINT32(rs1) * (int64_t)rs2) >> 32;

£ 3 v—F/2+7amaoZHfl

e [OrA=274-FN
lw rd,offset(rs) rd = (MEM_3[MA(rs+offset)] << 24)
+ (MEM_2[MA(rs+offset)] << 16)
+ (MEM_1[MA(rs+offset)] << 8)
+ (MEM_O[MA(rs+offset)]);
(MEM_1[MA(rs+offset)] << 8)
+ (MEM_O[MA(rs+offset)]);
1b rd,offset(rs) rd = (MEM_O[MA(rs+offset)]);
MEM_3[MA(rsi+offset)] = (rs2 >> 24);
MEM_2[MA (rsi+offset)] = (rs2 >> 16);
MEM_1[MA(rsi+offset)] = (rs2 >> 8);
MEM_O [MA(rsi+offset)] = (rs2 & 255);
MEM_1[MA(rsit+offset)] = (rs2 >> 8);
MEM_O [MA(rsi+offset)] = (rs2 & 255);
MEM_O [MA(rsi+offset)] = (rs2 & 255);

1h rd,offset(rs) rd

sw rs2,offset(rsi)

sh rs2,offset(rs1)

sb rs2,offset(rsi)

3.5 HligEms

T BE DG 2 H S 23X goto ITEHT 5.
blt (branch if less than) aHDOZEHFI 2K 8 ITRT. 77
26 E D3R T AUR, FIESET R L RISHIGT 2 71D
X% T3, ThEERT 2D, sl TEEBO
R DIITHREIRTWE 7 FLARAIEL, 2 b
D7 RLRIZHBFIINIET 2T NVEMNEGT 5 &
2125 5.

ARETIE, 1 207y 7V a—F»ns 1250 C 5ED
BMEERT2DT, ¥ 7 A—FORECHLEREDIZD
WTH goto XEHWTEEXIZI OIS,

MO LICHWSRS D v > T, Rt > TR
DB ZFLRLUZRICY v 7 T2 LTI X0, jal
(jump and link) @FOZEHGIZK 9 1TRT. ra ITRDEH
FDT7 FLAZRDEFEHE LTHEHML, 7 KL 2 80000048
XIS % 7 UL L800000d8 IZ¥ v ¥ FLTW\W5.

P IN—F U POEDRERVICHOOLNE LI RAZY ¥y S
MAEDE N FATROMEIRTT T 2720, Vv > THED
BERZ AR THIZE L TE X, SMHEDISUT & - Tk
PIEIRENS L5129 5. jalr (jump and link register)
MHOEHEFER 10ITRT. LIRKX rallA 7€y b
(BB WTIE 0) ZMA 7T FLRZHRIGT % 7 LI
¥ TT5.

4. RECRER

RBEFIRICHE O E RISC-V WGE w77 02 A1k
TEINAFVERREREL- MR Le@mdty MM
RV32IM T® D, fence fi4 ebreak, ecall fii4y, 2> b
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al=zero+(13);
a0 = zero + (0);
if (SINT(a1) < SINT(aS)) goto L800000e4; -
a0 =al-(a5); '
L800000e4: !
a5=a5+(a0); PN

800000d4: addi al,zero,13
800000d8: addi a0,zero,0 »
800000dc: blt a1,a5,800000e4
800000e0: sub a0,a1,a5
800000e4: add a5,a5,a0

X

8  Jylszany DZEHRA

8000004c: jal r2,800000d8 | W | 12 = 0x8000004c+4;

goto L800000d8; -1
L80000050: i

H
L800000d8: -

9 Ty ¥ Tamn DALY

8000008c:jalr zero,0(ra) » if (ra + 0 == 0x8000004c) goto 18000004c;

else if (ra + 0 == 0x80000068) goto 180000068;
else if (ra + 0 == 0x80000070) goto 180000070;
else if (ra + 0 == 0x80000094) goto 180000094;
else if (ra + 0 == 0x8000009c) goto 18000009¢;

10 LIRRT x ¥ T DEHEA

O—LRAT—RALYRARIZMET 2522 55 ma
W45 MR EATREY L. Ny 7 2 RO EMEKR
¥ LT& Vivado HLS (2020.01) 2\, 7> 7V % C
TR 7T NI BRI Python 3.7.7 THREL 2.

FRELISATLDOTAMNE, C TursnkANhes
LEMAERR EARFEDNL FVERKRTZENL N
PERL, oDy Ial—Ya VERB BT 30 %
MRTHZLICEDITok. 7TAMFEEZR 11 IIRT.
5, AN ROBME T XA MRV FERET 5. AR
ROBBIIZOEERMUEGRICANT 5D TE, 7
AMRYFERAVTA=F/Y 7 Mi#AS I 2L —>a v
(Co-Simulation) %2175 T “result_hls” 2#5%. —77, N A
F VU ABIEE BT ROBEEIIBEEL ® “nain” N H X
WA Tav AT )Y 7 EADOEMES
0y aef3d. ZOBWE TR a2 A LTR
FHRIZX B4 FVEBEITV, Co-Simulation 12 & > T
“result_bs” %#13%. “result_hls” ¥ “result_bs” ZHEI 3%
Z ek DEERERRAMT R 5.

6 AD C TurJ shoF505 RISC-V HiMaE 7 2
Z LT U TARFIETAA, FVEREIToT2. a4 5
1Z1& riscv32-unknown-elf Z X —% v ~ &3 % gee-10.2.0
ZHAW, B#bA 7 a2l 03 RIEELE. FREE
£ 4 127" F. “binary_search” 1XBEEELHXT LT 08
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x4 AHKER
HLS ARFE
delay | . . . delay
FF LUT | DSP cycle A FF LUT DSP cycle
[ns] [ns]
binary_search 164 405 0 26 | 6.720 38 230 523 (1.31) 0 21 (0.80) | 5.924
bubble_sort 112 190 0 | 90,300 | 6.514 37 170 639 (3.36) 0 | 90,002 (1.00) | 6.514
heap_sort 247 544 0 | 11,300 | 7.040 103 | 1,152 | 2,031 (3.73) 0 | 10,416 (0.92) | 6.830
lem 1,419 | 1,363 3 211 | 8.470 39 | 1,526 | 1,413 (1.04) 3 216 (1.02) | 8.470
prime 464 499 0 2,679 | 8.250 29 546 534 (1.07) 0 2,443 (0.91) | 6.880
FSM 2,917 | 4,639 64 257 | 8.470 221 | 3,757 | 4,975 (1.07) 67 264 (1.03) | 8.470

GCC optimization: —03, High-Level Synthesizer: Xilinx Vivado (2020.1), Target: Xilinx Artix-7 (xc7al00tcsg324-1)

£ 5 FSM BV TKREREZLX B R
BT A K AFL
siese | FF | LUT | DSP | cycle | % | wask | FF | LUT | DSP | cycle | Y
[ns] [ns]
16 | 1,639 | 2,379 32 273 | 8.470 127 | 1,708 | 2,505 34 | 274 | 8.470
32 | 3,078 | 4,679 64 | 266 | 8.470 221 | 3,757 | 4,975 67 | 264 | 8.470
64 | 5,798 | 9,364 128 | 257 | 8.470 423 | 6,708 | 9,117 194 | 256 | 8.470
128 | 11,822 | 18,732 256 | 258 | 8.644 809 | 10,826 | 16,512 258 | 258 | 8.644
256 | 24,350 | 37,302 512 257 | 8.670 | 1,645 | 24,807 | 30,121 770 | 257 | 8.670
512 | 60,810 | 72,386 | 1,024 258 | 8.470 3,627 | 53,983 | 66,440 | 1,026 257 | 8.470
£ 6 mE{bA T a v ELLIEAL F)ERAERO L BRTR
(a) binary._search func.c func_bs.c
@a% | FF | LUT | cycle d[elaiy void func(void) { % ER int main(void) {
ns
HLS 164 405 22 | 6.720 1 }
—00 65 | 407 | 1,530 104 | 8.661 _ i
AFE -01 37 | 264 625 29 | 7.557 TARRYT
~02 42 | 198 530 21 | 7.113 testbench.c
_03 38 | 230 593 21 | 5.924 int main(void) { func_bs.bin
(b) heap_sort func();
. dela;
| T T ] e | Ty :
HLS 247 544 | 11,300 | 7.040
—00 159 | 3,553 | 9,881 | 64,956 | 8.661 Co-Simulation Co-Simulation
AFiE -0O1 92 | 3,299 | 4,335 | 13,106 | 8.661 Ho
~02 84 | 3,441 | 4,790 | 15,365 | 8.591 result_hls result_bs
-03 103 | 1,152 | 2,031 | 10,416 | 6.830

REITS 70T L, “bubblesort”, “heap_sort” IIEEHHAC
e zhZNTNY — b, =TV =TV =153
027 A “lem” 1% 2 BROBR/DNMERERDZ 0 s
Z L, “prime” IZBECHEZITS 707 4, “FSM” 135
VR DTER LU TIREEER W (32 HKEET, BRSLOFHE
WRIREEZHVWTW3) T 128 BIOREBEZ(TS 7

075 TH5. “HLS” EBEDLDIIILD C FTurs
2% Vivado HLS TEEEMAK LR TH 2. “FF7,

SLUT?, “DSP” 13 2 2O, “cycle” & 1744
N, “delay” &7V T 4 ISR (ns) Z/RT . “Ai
TR BHEWEE TR 2T AD@MATH 5.

m A (FF £ LUT #) &, “bubblesort” =
“heap_sort” T 3 fFLL LM R 54 523, 2l
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11 FEELESZRTFL2OHHEYL 7 2 FFiE

TREMNEHREFARETHZ. ETHAIABR7 ) T4
HNARZBIEIZ TR TO TR T T A TEMERE FRE L
7557z, “bubble_sort” % “heap_sort” ~C[EIEEHIBEHHE K
L7 RREBERERTH 5.

£ 6 1% “binary_search” ¥ “heap_sort” 12D\ T, HEMK
BT T LGB0 FORELE T a vk
-00, -01, -02, -03  Z(L X B TERLIGERTH 2. &
L E2ITH2W ~00 1IZHERT ~01, -02, -03 TlalfE
CFEITHA ZIVEDED LT B0, (LD RENNS
L b [EE ORI MEREOUEE ICER L TW A DI TIdR W,
ZUE, CPU TOSEITICHE LR LA BIT L Ny 7o
Y FOREMARICBII 2 REtic~ey FLRWEDEEZ
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5.

T/, BWEE 70 75 A DO (S L BIEHEBE DR
RER 272012, IKEBBEITS 7027 AOREEREE
LXBTHERETo 7. RER 51 ORT. BBEEKIES
NT 128 HTH 3. @HBUIFIFLLA] U T EEB RS HE
PRBUIIEIN T 203, BATH A I BV T 4 AN
HEAE L IS 5 Z 2 3% - 2.

5. BHOHIC

ARETEAY 722 R LTIAEME RS 2T L% F
UL FVERS R T L DB RFEEFIREREL
BNA RIS LTRSS 2 Z 213 2 05, ET
YA N7 )T 4 HANRZBEFRREED N— Y =
TEERT BN TET.

S0 FATIIEERE L SMEHE DHREZITS 728
KT —ZXEYVEN—FY 2 7HNEICHARAATLED, b —
7 (Za—o) HED T — XSO X EY & LTS
RERDHDEEZTWDE. T2, LIRRXI Y YV TRXE
V7 7 ADOMBACEITHHE, SUARDOAITNTE LT C
TRT T LADERPSHROFE: LTHEITFLNS

B AMRICE L CHIRRMEE 2 TEHW - SRR
M ZE AT OMIFEEAZ I, S MR O E ILEZ BI%, JTILm
BERF OB EZIK, TCRETERRE RS O I 44 1 F R&E#H
BUET. /=, ARSI LTI, JRERIEW/-EE7E
PR PRI E O RIEH V- L 5. ARSI —
R JSPS RHFE 19H04081 DBIEKIZ X 3.
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