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Abstract

This article presents a method of synthesizing a given binary program, which contain external interrupt handling,
into hardware whose behaiver is equivalent to the CPU running the program. In our method, the system control
coprocessor which CPU uses for interrupt handling is incorporated into the hardware as a functional unit. Instrac-
tions for accessing coprocessor registers, returning from interrupt handling, and making system calls are scheduled
as operations, and bound to the coprocessor. Jump register instraction for calling and returning from interrupt
service routines are synthesized using operations that convert instraction addresses into the corresponding states
of the hardware. Assuming MIPS R3000 as a CPU, the proposed method has been implemented on top of binary
synthesizer ACAP binary, synthesizer. A C program of about 40 lines with an external interrupt servece routine
was synthesized into hardware, and it was confirmed that interrupt handling was correctly implemented. The
execution cycles and the delay were reduced by 14% and 26% respectively, at the cost of 1.1 times increase in the
hardware size.
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000,0000000,000000000000
O0,0000000000,00000000000d
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goooo (DDDDDDDDDDDDDD)DDD
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1. CPOO,PCOODO EPCOODOOOOOO,O0O000
0000 Cause0ODODOOOOOO. OO, Status O
gbdoboooouooobooodoouooooa.

2.CpO0O,CPUOOOOOOOOOOOO,PCODO
gooooboobooooobobooo.oboobo,
cepuOdoooooooog.

3. 00000, bbobooooooooobobooog,
Cause 0O00OOOOO0ODOOOCOOOODO,0O0O
goboooboooboboob. obboobba
goo,00obooboooooboooon.

4. 00000,000000D0000O0DOODODO
o0,0000000000O000ooO EpCcOOd
goboobooobb,oo0bobbooooobooboog
ooooboooog.

gogboooboobo,0boobooboon.

e mfcO 000 mtcO (move from/to CP0) OO
mfcO rt, rd 0, CPOOOO0OO r4a 00O CPU
ob0OO0b0OO000 rt 0000, mtcO rt, rd OO0
000oo0oo. EpCO0000O0O0O0ODOO0OOO
Ooo0,StatusOO0OOOOCOOOOODO,0000
gooooooao.

e rfe (return from exception) O O
booboooboboooboobooo,oboood
oboooboooooboobooooboooon.

e syscall 00 0
goooboOooooooooon.
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() (©
05 mfc), mtc0 000000000

00000 DFG (Data Flow Graph) 000, s0 ~ s28
000 (00000O0)00O0. bFGlOoOOO0O0OO0O
dooooooooobo,0booooboooooo.

1. 0000000 cpoOOOOnO (a).
2.CPO0O0DOO0O0ODODOODDOO intsigdOoOO

(b).
3.00000000000 (s3) 0, intsig0000D0
(c)-
4 intsig0 10000,s300000 (8) 000D

0000 ESTATEOUOOO (d),0000O00OO
(Handler) 0O0O (s20) DO 0OOO (e).

5. Handler 0000, intsig 000000 (f).

6. Handler 000000000, ESTATEODOO, O
000 Handlee 0000000000000000
000000 (g).

4.3 000ODOOOOOOO

000000, mfcO, mtcO, rfe, syscall OO0 0000
0l100000000d0ooooog,cpo0oOogonO
O0000.00D0000000000000.

e mfcO, mtcO OO
mfc0 00000 mte0 OOO,00000 5 (a) (b)
O0ooo,CP00000DO0OO 5(c) D00DODOO
ooooooooo.

e rfe 00
rfe 000, 00000000000,0000000
odooo0oooooooooo. ooooao, CPo
Orfe 00000D0DODOOOODOOOOO, CPO
ooo0o0oooooooog.
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0O (Handler) DO O OO (f).
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6. 0000000000000, ESTATE OO
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goooboboobooboooboobooo,
goodoooooobbbbobbb,bbn
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0x80000700 47

O ®

%XBOOOO(MO
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(b)
o7 ODOoboooogoboo

0x8000066C |+——> 0xB8000066¢
0x800006d0
0x800006€8 \ 0x800006d0
0x80000730
0
0x800006€8

0x80000730
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JunpTabl e

DFG

U8 ODOobOOoboobooboboooobobn

OooooooOoooooOoooo,0bbo0ogooono
O0o0oo0. Obooooo,00b0000bo0oooDo
oooopoooOoooooOoooooooobooon.
O000,jy000,0 7(a)000000,00000
Ooooobooooooo,0bb0oobboooooDo
Ooo00oooOooo.ooo,joo0g,o 7Mo0n
000, “pe2state” 00 OO0 DODODOOOOO0O0ODOO
Oo0opooo0ooOo. Obodobo,000b0000DO
Oooo0ooDoOooOoooooooo,00bbo00oono
oog.

pe2state DO OO OO0D0OOODOOOOO,00000
O0oo0o0o0oooooooooooooooooDooon
OO0000. 000,jr000 switch-case 00 OO0
OooooooOooooooo,00o0obo0oooono
O0O000D000. switch-casse 00000000, 00
OooooooOooooooooo,0obbo0ooooo
OooooDooooooo,0bbo00oboboooooDo
000 (0 8). U000O00,0000000000g
00000000 4000000000000000
oQg.

5 O0OOoooao
51 00O
gobooboooobooboooooobo,0oo0oon
00000 ACAPOOOOO. ACAPO Perl5 000
00000, Linux, MacOS X OOOOODOODO. OO
O0O0O0oO0oOooooo, VelllogHDLOOODOOOOO.
oo0OooOoOoOoOooooooooooo cooo
Oo0ooooOo,00o0o0o0 MIPSR3oo0DOOOOO
0O [7000000000000UQ00O. Dooo0ooog
00000 ACAPOOOOOO,00000000. O
O000DO00O0, Xilinx ISim 143 0000.
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01: #include "interrupt_lib.h"

03: #define N 10
04: #define LOOP_NUM 30

06: void int_routine(void);

08: volatile int input;

10: int sp = 5;

11: int buffer[N] = {10, 20, 30, 40, 50};
12: int output [LOOP_NUMI;

14: int main(void)

15: {

16: int i, j;

18: init_interrupt();
19: register_exc_handler (EXC_IntO, int_routine);

21: for (i = 0; i < LOOP.NUM; i++) {
22: for (j = 0; j < sp; j++)

23: output[l] += buffer[j] * buffer[jl;
24:

25:

26: int prohlbltlon()

27: sp =

28: int perm1531on()

29:

30: return O;

31:

32:

33: void int_routine(void)

34: {

35: if (sp < M) {

36: buffer[sp] = input;

37: Spt+;

38:

39: }

09 0ooOoboooooooo

ooooooooooboobogono 9 10,11 0000009
oboooooo,boooobooooboobooonog
uoboobooobooooo,booooooon 2d
gboooboooboooboooboooobooboboob. oo
oooobobon,33~3900000 int_routine
obooog,0b0b0obobooobOonb0d input O
Ubooobooobo0 vuefferddoono. 00000
00 (4 ~3100)00,22~240000000
buffer 0 2 000000. 26 ~283 0000, 00
UO0O0000 intprohibition DOUOOODOOOO
int_permission 00000000 OOOO, buffer O
UobOodd. introutine 0000, 19000000
00.0000,0000000000 (EXC_Int0) OO
U0 introutine 00000000 OO0OO0ODOOO.
00,1800000 init interrupt O, 000000
gbooobooooobooboooooa.

U 1oooobobooooooooooon. oo
oOoooOoooOooo,cpyu0O0OOOOOOODO
0000oo0o. 00000, yoooooooo,2)d
0o00o0o00,3)000000oooooooooo
0000,4) 000000000,000 50000
goooooobooo.

0110000000, 0000000000000
goooooooo,copdoooooooooonod
O000. 00 init-interrupt (7~ 1100)00,0
gogoobobo,bbodo0oobbbbuooooooo
00000000 run_excohandler (20~4100) O
0000000000,000000000 (EXCSys)
00000000 run.syscall handler (43 ~ 53 O
0)00000. OO0 register_exc handler (13 ~ 18
00)0,000000 excOOOOODOOO £000
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; 1) 000o0oooo
80000080: 1lui k0,0xc000
80000084: ori kO0,k0,0x90
80000088: sw at,4(k0)
8000008c: sw v0,8(k0)

sw v0,12(k0)

sw sp,116(k0)
sw s8,120(k0)
sw ra,124(k0)

; 2) 00000000
80000104: mfcO ra,cO_epc
80000108: sll zero,zero,0x0
8000010c: sw ra,0(k0)

; 3 0000000000000 DO0OoOOD
80000110: 1lui ra,0xc000

80000114: ori ra,ra,0x2c

80000118: 1w t0,0(ra)

8000011c: sll1 zero,zero,0x0

80000120: begz t0,80000134

80000124: s11 zero,zero,0x0

80000128: jalr tO

8000012c: sll zero,zero,0x0

80000130: sll zero,zero,0x0

; 4) 00000000
80000134: 1lui k0,0xc000
80000138: ori k0,k0,0x90
8000013c: 1w at,4(k0)
80000140: 1w v0,8(k0)
80000144: 1w v1,12(k0)

800001b0: 1w sp,116(k0)
800001bd: 1w s8,120(k0)
800001b8: 1w ra,124(k0)

; 5y DO0Oooooooo
800001bc: 1w k0,0(k0)
800001c0: sll zero,zero,0x0
800001c4: jr kO

800001c8: rfe

800001cc: sll zero,zero,0x0

80000090
800000£8 :
800000fc :
80000100

010 Oo0Ooobooood

O0. OO0 int_prohibition (55 ~5900) 0,00
goodbooboboobooooobooboobo,
000000 DbO000b0O00 run_syscall_handler
0000,0000 int_prohibiton_func (61 ~ 68 O
0)00000000O0O0, 00000000000, O
0 int_permission (70~ 7500)00,000000
ooooo.
gbgobdg,ogbobobobobooboboobnb
ooboobooooboboooooboo,obooo0a
gdddd, oo obooboobobooboo. o
o,cpUODODOOOOOOOOOODOODOO,O0DOO
gobooobobooobbooobDb, DD output
ooooooogo ceuOboOOOOoOOOOOO.

5.2 0O0O0OO

000000000, Xilinx ISE 143000, FPGA
Xilinx Spartan-3E OO DOOO00O0O0OOO0ODOODO.
0000000000000 ALUDOOoOoooo 3go
goo0O,00b00000000000.

0000 1000. Target 0O SWO,000000
Oooo MIPSOOOOOOOOOOOO,HWDO DO
O00000000000. Slices, Delay 000000
O0000,0000000. CyclesO,000000
oboboboooooboboobooobo 10000
O,0000b00oo0oboobooboobooboooDo
ooo. MIPSOOOOOOOOOOCOO,00C0O
0000000 1.1 00000,0000 14%, 000
000000 26% 000000000,000000
le0doooooooooboobobo. obooooo
00000,00000000 (4d00)000000
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01: #include "interrupt_lib.h"

03: extern void *interrupt_call;
04: extern void (*exchandler[24])();
05: extern void *_reg _store;

06:

07: void init_interrupt(void)

08:

09: (*((unsigned int*)&interrupt_call))

10: = (unsigned int)run_exc_ handler;

11:  register.exc.handler (EXC_Sys, run_syscall handler);

14: void register_exc_handler(unsigned int exc, void (*f)(void))

16: if (EXCMOD <= exc && exc <= EXC_Int5) {

17: exc_handler[exc] = f;

18:

19: }

20:

21: void run_exc_handler(void)

22:

23: int i;

24: un51g'ned int cause_reg, exc_code, int_field;
25:  void (xhandler) () = 0x00000000;

26:

27: asm("mfcO %0, $13" : "=r" (cause._reg));
28:  exc_code = (cause_reg >> 2) & Oxf;

29: int_field = (cause.reg >> 8) & Oxff;
30:

31: if (lexc_code) {

32: for (i = EXC_Sw0; i <= EXC_Int5; i++) {
33: if (int_field & 0x1) {

34: handler = exc.-handler[i]; break;
35:

36: int_field = int_field >> 1;

37: }

38: } else {

39: handler = exc_handler[exc_code];

40:

41:  if (vhandler) {(¥handler)();}

42:

43:

44: void run_syscall_handler(void)

45:

46: unsigned int reg.ki;

47:

48: asm("add %0, $0, $27" : "=r" (regkl));
49:

50: if (regkl == 1) {

51: int_prohibition_func();

52: ((unsigned int *)&_reg_store)[0] +=
53:

54: }

55:

56: void int_prohibition(void)

57:

58: asm("addiu $27,$0,1");
59:  asm("syscall");

62: void int_prohibition_func(void)

64: asm("lui $8, Oxffff");
65: asm("ori $8, Oxfffb");
66: asm("mfcO $9, $12");
67: asm("and $9, $9, $8");
68: ) asm("mtcO $9, $12");

71: void int_permission(void)
73:  asm("mfcO $8, $12");

74: asm("ori $8, $8, 0x1");
75: ) asm("mtcO $8, $12");

0 11 interrupt_lib.c
U1 bddodoobobbooooooboo
Target Slices Delay|ns] Cycles

SW  [3144 (100.0%)]|25.243 (100.0%) | 5192 (100.0%)
HW 3563 (113.3%)|21.567 (85.4%)|3816 (73.5%)

000 (84 00) 000, interrupt_lib.c (85 00) OO
00o0o0ooboooboobooooboooooon
goooooooo.

6 OO

O00o000oooooooooooooo DFG O
obobooooooooo,boo, 000000004
obooooboooobooobbooobooooboog
obooooooooo. oobo,0000000000
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000 DFGOOO,MIPSO0OOOOOCCOCOCOOO
oooobo,000oboboooboobooboobo
Oo00oOoO0oO0oO. 0ooo,ACApOO,000CQ0CQCCO
goboooooboooooooboooboooobooo
O000,000000000 brGOOOOOODO
ooo,00b0b00oobooboooobooboooDo
oo.
ooboobO,bobooobooboobooboooon
oooobOooooooboooo.bo,on0 200
ooboobo,0b0o0ob0booboobooobooono
ooboobooooobo,0booboobooboobo
0000000,0000000/0000000000
go,00b0000000bbooboo0ooboooobooo.
ooboobooboobooboooooobo,oboooon
oooobooogoobobooooob,booboobo
ooboooobooooboooobooboooooboog
ooboo,0booooboobooboobooooona
oobooooooooboooboooooo.oooo
ooooobooodoo,boooooooooooon, o
oooobooogoboboooboobooogo,ooDo
oobOoboobooboooooboobooog.

7 00O
oooo,0000o0ooooboobobbobbobobobon
O00000O0.00000000000000 ACAP
oooOo,0b00o0oboboooooboobooDo
ooooboo,000b00b0o0oobooboooooo
ooooooo.
oobooboooo,0b0o0booocobooooon
oboobo,0booobooboobooooboooan.

oo
gooobooooooboooboooooboboobooooo

gooooocoboooob. bo,0boo0o0oob00o0o0o0,o00

gobooooooobooooooobooobobooooo.

gooo

[1] D. D. Gajski, N. D. Dutt, A. C-H Wu, and S. Y-L
Lin: High-Level Synthesis: Introduction to Chip and
System Design, Kluwer Academic Publishers (1992).

[2] S. Shibata, S. Honda, H. Tomiyama, and H. Takada:
“Advanced System-Builder: A tool set for multiproces-
sor design space exploration,” in Proc. ISOCC 2010,
pp. 79-82 (Nov. 2010).

[3] N. Ishiura, H. Kanbara, and H. Tomiyama: “ACAP:
Binary synthesizer based on MIPS object codes,” in
Proc. ITC-CSCC 2014, pp. 725-728 (July 2014).

[4] G. Stitt and F. Vahid: “Binary synthesis,” ACM TO-
DAES, vol. 12, no. 3, article 34, pp. 1-30 (Aug. 2007).

[5] J. L. Hennessy and D. A. Patterson: Computer Ar-
chitecture, Third Edition, Morgan Kaufmann (Aug.
2004).

[6] G. Kane O, OO O: mips RISC 0000000 —
R2000/R3000, 0O OO (1992).

[7 00,00,00,00,00: 00000000000
g0o0o0ooOoooogd: RUE-CHIPIOODOOO OO
000000, A-09 (Sept. 2009).

126



