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Abstract During the development of the processor, it is necessary to fully verify the instructions
datapaths. The existing simulation verification methods have insufficient functional coverage in terms
of instruction result operands constraints, relationship constraints between operands, and internal
constraints of instructions, etc. This paper proposes an instruction constraint solving method based on
satisfiability modulo theory (SMT) solver. The SMT solver is introduced to convert the instruction
function verification tasks into constraint satisfaction problems. Constraint satisfaction problem
techniques are used to generate validation tuple data, which can be used to verify the functional
correctness of the instructions set. The modeling processes and examples are given in four aspects: the
instruction result operand constraints, the instruction operand constraints, the instruction internal
constraints, and float-pointing instructions operand constraints. In order to improve the modeling
efficiency, we propose two strategies. First, once the time threshold is reached, the current process is
terminated; second, using process management and thread management technology, a parallel
solution framework for instruction function constraints is implemented, and a series of serial solving
tasks are assigned to multiple threads that can be executed in parallel, and the speed of solution is
accelerated under the conditions of the same constraints coverage. Our experiences show that under
the right circumstances, instruction constraint solving technology based on SMT provides technical

support for system-level functional verification to achieve test coverage of complex scenarios.
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E )4 B = (conjunctive normal form, CNF) &
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@ args[1]=mk _mul (R, R, ,R.) ;[ * ik
R.=R,XR, ML = [

@ args[2]=mk _eq (R, ,const _111); [ * §f§
H R =111 AR * |

@ clause=mk _and Cargs,3); +=/ * ik [ w}
R IR 3 A

Hrp mk _gt,mk_mul ,mk _eq,mk _and #} &
SMT Kf##8 5 . R, R, - R. W& M F i [ SMT
KA aw APL R B A8 5 mk _ge (R, 1) $if i 1 2
R,>1 WMARKFR smk_mul (R, R, sR A&
R.=R.,XR, AKX R ;mk_eq(R.,111) #iiRH
JER. =111 MARKRAREKHU L 3 DMARKLHR
GrRAE 45 args[0 ] args[1 ] args[2]F A,
clause=mk _and Cargs,3) R W Z¥ iR 3 A
KT EBOFEIEL CNF A3 clause.

RS RARAE R R O AN SR 23 SR A
B IR 2] CNF J2K DL R B HLR i A A 45 2R n 5% 1
B

Table 1 Result Operand Constraint CNF Formula and
Solution in Z3 Solver

F1 LRBEBARZLZEECNF 2R AR KRFER

Meaning Content Example

and (
(bougt (Ry, # x0000000000000001) )
73 CNF Formula
(=R.(bvmul R, R,))

(=R, #x0000000000000061))

R,— # x03b0a38c0203d963
73 Solution R,— # x51f99244304b085

R.— #x000000000000006f{

A JE A 3 clause Fon T BT R TA 3
AN OCFR s R SMT K fift i 047 5K e o 5K fife 4 7E
i B B IR R LR 3 AR A WA A
M2 Gk R 11 e BT A B R A R AR — 4 R,
R, R. HFAHLAE.

Xof T HAB A A SRR 4, T LU 3 5 n 2 o)
g DA R A& B SMIT SCHF Y i il 32 48 08 S84 iR A7 4
RS2 4R E 2SR A A
22 BREBZEXRAR

AP 50 U 1) T3 27 X A B ) 9 29 JROC & Al
IR AL AETE A L 22 A A5 o 0 R X AR Bz
] 5C 2 HEAT LY A IR A T4 S 3k MUL R, , R,
R 0] s DX E e AT 20 o), 5K i R i £k
fE 1 BN 0~ 64 (1 B A 15 4L, 8] B 223K R,

HER, T 1N EARLZT R 1 B
SR FHASEADL 56 0E 14 J7 2 AR X e 280 3 52 3.

AEXF I R SMT K fif a8 mAR 2 i &
ZRAEATY SR REAE AR XS J7 1 R AT 08 5 5K fifg

FHP Al ABE AR B N Ny eee s Ny s 2090 6 R
R. AR n 20 1 89 %, AT RISR T 4 A4S 20 B
Ly PR

@ args[0]=mk _ite(extract(R,,0,0),(N,=
DN =0)) 5 o/ * SR, 957 0 A7 AT 087 . 1
RRLOI=H 1,00 N, WA 1, WA 0% /;

@ argslj 1=mk _ite(extract (R, +isi)s (N3 =
Ni+D (N =N s * flCR, HHIH 7 K]
Wi R.Li =1, 0 N WS N, 41, 75 0
N, REHR N, %[5

@ oo x ARILEHE ST R, ITA WAL T2 R
KRS R, 808 R, WALTHEZ R X R
N_R,[i]*/;

@ i argslk]=mk le(N_R,[64],Ng).

Ho mk _ite,extract mk_le & SMT R iR 4554
T imk_ite B E—Fb if-then-else A F K & ;
extract SEELAY SR HL SMT 748 & ) 5 JLAS A7 19 )
AEsmk _Lle FRMIE —M/NT T IARKC R,
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S B DU X )

RS Z I8 G R A RO AU SR T Z3 SR i
ar AR AR TR ] CNF 5 2 LA K Bl BLSK fige 155 70 45
W 2 Fros. R AR A X BALZS 2 Bk A
HAE R, WERAEEA R R ET 1T B 8 YT OL.
2.3 EBLHEXRAR

PUE SRRV 58 TTNIAE N7 o= e P =Sl TP/ Rl
AL 50, R SMT SR i J2 B 48 55 I i% 3% 5t
PRI FRIB IR A AT LA 64 b (19 JE4F5 ik ADDL
R..R,.R. AHl 47U .

M2y ADDL #8245 ) JoAF 5 1K 7 ik L L B
A PR RO (B2 TC R B E 45 RS ALY
HONEE R R IR Z AR T 64 b AHZ 5 1) Al i



2698

ENFR S &R 2020, 57(12)

Table 2 The CNF Formula of Relational Constraints
Between Operands and Solution in Z3 Solver
F2 BEBZEXRAR L3 EZE CNF AR
LR K R i B

Meaning Content Example

and (
(ite (= ((_extract 0 0) R.) #bl)
(=INLoJl #0000000000000001)
(=INL0J| #0000000000000000))
Gite (=((_extract 0 0) R,) #bl)
(=|N_R,[0]] #0000000000000001)
(=IN_R,[0]] #0000000000000000))
(ite (=((_extract 1 1) R,) #bl)
73 ONF (=|N[1]|(bvadd IN[0]|
Formula #00000000000000001))
(=IN[1]IINLoTI»
(ite (=((_extract 1 1) R,) #bl)
(=|N_R,[1]|(bvadd IN_R,[0]]
#00000000000000001))
(=IN_R,1]IIN_R.[0]I»
~+//5 N[1],N_R,[1]Similar. repeat 2 to 63
(=R.(bvmul R, R;))
(=|N[63]| #x0000000000000008)
(boule IN_R,[63]1 IN[63]1)

R.,— # x3300000000000000

73
. R,—> # x0000000000000005
Solution .
R.— #xf£00000000000000

KR, R, 143094 A S br EJR I 64 b BT
TRk B ik kA7 37 508 SR Sk i B L A4k 2k
25 IR B0 SMUT SR A i 1) 24 SR AR A5 7

@ args[0]=mk _eq (R, 64, extract (R, 65,
63,0)) 5/ * A4 R, _64 5 R, _65 FYIRAL 64 b A
[f] * /5

@ args[1]=mk _eq (R, _64, extract (R,_65,
63,005/ % PP PIRAFE KA 64 b 55 AG IR
PRAEEAATE [

@ args[2]=mk _eq(R, 64, extract (R, 65,
63.0)) 50/ [ L /5

@ args[3]=mk _eq(R. 64,mk_add (R, 64,
R, _64)) 5/ * 3 SIS BORBAERC R, SRY R
ZHI R, MR, ZHIMRKFR * /3

® args[4]=mk _eq(R. 65,mk _add (R, 65,
Ry _65)) ;] » B RZJG WA RBAER Y R
Z I IR R ERCZ AT IR BRI IR AR R * /5

©® args[5]=mk _eq (1, extract (R. 65,64,
64)) 500+ % FREL Re _65 M demi i I 2o ol 1, 4
MR AL AR O > /5

@ args[6]=mk _not (mk _eq (1, extract (R, _
65,64, 64))) 5/ % R R, _65 iy i fr I 2 He
AETF 15

args[71=mk _not (mk _eq (1,extract (R, _
65,64, 64))) 5/ * FRHL R, _65 MY d 5 1 I 2 7 He
AT 1+

Horb mk _add & SMT 3K i & 551 1 8 19 22
— ks B s mk _not R EAKXKKREZER,
mk_eq,extract 5 2.2 WA IIGEM A,

IR AR R 1B G R OIS SR T Z3 SR it
for A A 15 2 CNF 52X LA K BE HILK A 45 AL 25 2%
3% 3 FiR
Table 3 CNF Formula of Instruction Internal Relationship

Constraint and Solution in Z3 Solver

K3 BONMEXERA®R 73 B ONF AR UK KEEs

Meaning Content Example
and (
(=Rc¢_64((_extract 63 0) R, 65))
(=R,_64((_extract 63 0) R,_65))
o (=R,_64((_extract 63 0) R, _65))
23 CNF (=R. 64(bvadd R, 64 R, 64))
Formula (=R._65(bvadd R._65 R,_65))
(= #b1((_extract 61 64) R, 65))
(not (= # b1 ((_extract 64 64) R, 65)))
(not (= # b1 ((_extract 64 64) R, 65))))
R.— # x8000000000000000
o R, # x8000000000000000
Solution

R.— #x0000000000000000

24 BRBEBHARERT

7 B AR by Ak B 10 F LA TN T A
B A BURR R L DR UL TR A I TR 4R A I IE M 56 E
T3 R B 2 WA 96 I A T 4. Z3 SR i 4 RE A8 [R] i S R
P R TR S SRR A, ) AN R 2 R AR
2 HEG B BORE E BURS BE 128 b PR L R
fib { o A% TR A iE 5, JF B3 FE IEEE-754
2008 i, P UL v] (i T Z3 SR fife 2% 2 16 A8 g £ R
TR R 1 V7 5058 5 2 R g 455 A,

XF VR R ERAVE B Gl AR AE 2 Rl 5 1 Fb
J2 L4 5 ORI R AN () S ) T A O 2
AU 4 0F f % R AR B RS T B T8 55 R LA K
JEHAE 5 2 BhE R F A 7 300 0 A VR A A S
P FREN 5 RE AR JE PR DL B 3 A AR
T BEYGAIE (0 77 s B W B S PR 64 b Y K AL A
BOHE L SR S5 SR FH P 3 2 11 5 40 V7 A B 2 3 ik
LY RAF AL FEEL B i 7 S IR AR 2
W H Y45 B IR 23 T L R X T A 4 R R R R
Yy TR R B UE B R AN R Y.

PIBORE BE 77 a5 i 2% iz 58 FADDD & ], fi %
DR N BT B0 0E 5 ABE Xy 1) i A VE AUk
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S RIRVEROR BB 0123456 19 A MUK 1k % HL 5
A ROHR I KA A H 0 1 B0 3 AT 4K 22 LU O A5
75 A4 XM B TR SR IR F SMIT 3K fife #5% 19 29 7R
AR A

@ args[0)l=mk _fp _normal (x) ;-] % LR
551 A ASRAE RO AR AL B+ /5

@ args[1]=mk_fp _normal (y) ;-] * LR
55 2 A AARAE RO AR AL B+ |5

@ args[2]=mk_fp_subnormal (x_plus_vy);
woof x LYK Y ARAEBOR R IS LB > 5

@ args[3]=mk_eq(x_plus_y, mk_fp_add
(mk_fp _rtzs x5 y))seee]* LR G BAER «
plus_y 5T x5y & AR N mEE AT E
HOMEIBHEER « [,

® args[4]=mk _eq(x_plus vy, mk_fpa to_
fp_bv(Gmk _concat (sign _x» mk _concat Cexp _x
mant _x))sdp _sort)); ] x LR WG sign
exp xymant_x HATPHEF IR dp _sort ZEBIHYIF
B R it — P AR B Z R E5 RS T x
plus_y *[;

©® args[5]=mk_eq(mant _x, mk_unsigned _
int64 (02123456, bu_sort (52))) ;[ * LI ECH
BAEE 02123456 /5

@ clause=mk _and (6, args);

B X HT 6 DL AT His 5, IR i 2 DL B
6 AL TSR clause 1 3R R B H A EAT 20
SRR it TR () Z3 G AR DL KR 285 SR a3k 4 s

Table 4 CNF Formula of Float-Point Instruction FADDD

Constraint and Solution in Z3 Solver

%k 4 ZHIES FADDD A%k Z3 # 1 CNF

AR KRR
Meaning Content Example
Cand ( fp.isNormal x)
(fp.isNormal y)
73 CNF (f/).szulmormafZ x_plus_y)
(=x_plus_y(fp.add rm_rtz x y))
Formula

(=x_plus_y((_to_fp 11 53) (concat sign
_a(concat exp_x mant_x))))
(=mant_x # x0000000123456))

mant _x—> # x0000000123456
73 y—> £ x0008f{{{{{f{7000
x> # x8020000000049a2b
x_plus_y— 5 x8000000000123456

Solution

i DL b4 o iR A0 S S I N B AT
TRBARME— YR IF i e ds R 2RO I8 243
VR H 2 R 1 8 10 38 R A 75 SR T ik Tk 29 RSR

K5 R AR 1R RE 22 S, KN 53 D0 AT RIOKE B 2 Y )
(DA 3 ke 303X 8 5 A e v R B T 2 T
TR DL I 337 5 4 e I X 4 A i L A
KBTI 5 R

3 RBMRAUER

K SMT X 137 5 47 29 gt 52 5 5K e 1)
IR T A A 28 ) 2 TR SRR A I A A )
JEHIEAE W R 2 YRR B R R BN AR
T SR A ] AT RE 23 R R K

TEFE 4 29 AR G A% 1) S B A b Ll i SMT
TR ST B SRR AR P 8 2 ph o TS T Tl A SR A
I R L T PR UCOR R 1 AN R R R AT I R
1 B SR A FE AR A FE 2 I 0 A B L SR i g FT RE
I T 8 A 7 i — SR 19155 0, 5 BUR 25 5K i b 2
SR I TR 4R A 45 R 22 5 AT RE Ak 2 10 ) L. 28 3 AR
o5 SR e BRAR 22 5K fifk A B S AL 1 I 2
SRR DI RE. B X% [R) &, SMT FH P 76 44 2 5K i HE
ZRINS T8 A B I 8] B0 5 G0RESK T Ik 2 5 i
FEFms 25 45 52 I 18] A 2% 58 2 J5 15 98 AN RE A 5E Hh [
JOUIE A AT R I o 2R GE R 8 1L AR UOR it e 5 % T 4
22 Ji S (R SR Ak ) S 33k R 50 AT LA sl A B A SR i A5 Y
HEALTE BT 85 ) RESR ik 091 8 i i 5 B 2 ik
HE S, FH P AT RUAR s A5 28 SR At )RR AR o A [ 1) 249 3R
R TE AN 5] B4 I6F 18] 189 (L PR IR 29 3R i A 2 o
P ) 150 P 14 R o) 5 50K e Jo ek B ST I

AR SO 30 T BRAE A 3t ) T A 2 o 5% 1 ) A
TSR REE o 25 A 1 20 SROR M 0o A L 22 [ J2
B A3 S 2 RO SR i 5 BRI S 2L AN TR
SR 3o T2 T LA ik RH L ST R S R X
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