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Abstract: The logic relationship among equality and inequality constraints in a standard constrained optimization problem (SCOP) is
only logic AND, however in a generalized constrained optimization problem (GCOP) it contains not only logic AND but also logic OR.
GCOP is also known as disjunctive programming problem. The rate-monotonic (RM) optimal problem is an important instance of GCOP.

Existing methods for the RM optimal problem include function transformation, mixed integer programming and linear programing search.
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But all these methods are not efficient enough with the increase of task volume. A linear programming based hybrid search (LPHS)
method is proposed in this paper. First GCOP problem is partitioned into linear problemming sub-problems, and a linear search tree is
constructed. Next, this tree is searched by the strategy of mixing depth-first-search and breadth-first-search, and an efficient pruning
method is used during search progress. Then, the optimal solution is achieved. Experimental results illustrate that LPHS method is much
more efficient than others. This work is related to satisfiability modulo therories (SMT), and is expected to improve the efficiency of SMT
solvers and to promote applications of SMT in software verification, symbolic excecution and other fields.
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glb_max;// CL4% 2% B 1 )= 30 5 A AR
bf_queues//CRAF V] BE 7 BEREAT IR B AE BRI
HybridSearchOptimal(PROB){
for prob in child(PROB)
local_opt=calcProbOptimal(prob);
if local opt>glb max then
bf queue.pushback((prob,local opt))
endif
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SortByOptimal(bf queue);
for (prob,local opt) in bf queue
if (local _opt>glp max)
if deep(prob)<n then
if DynamicPrune(PROB,prob)==true then
HybridSearchOptimal(PROB);
else
HybridSearchOptimal(prob);
endif
else
glb_max=local_opt
endif
endif
}
child() B ¥ 7% PROB 5 S I T4 1717 #5.calcProbOptimal(PROB) 54t PROB i it LI R 4440 5 B dx
PR B3 ZH B B £ 1 I 170 /8 OPT H) # £ 1B SortBy Optimal # 415 tH 5 & ALK PROB % /7451 . deep(PROB) R /R £
AR B A7 A4 R % . DynamicPrune()E 55 3.4 T H BRI/ 4.

3.3 AR MBEHNTE

36 Boe DUARL 4 248 336 060 1 2 2 P B A B 2 1) S M, A0 468 ) =) 0 e 10 78 K, 2% e 0 72 80 7D B 6
AU T B R AR R BN AT AT DE I A 5 LS9 R U B A DU AR, b N TR kA
2hz":_IZ]ﬁéiﬁﬂ‘]?I‘EﬂEEEPEiz*i%?’l\éj\%ﬂﬁi%ﬁtﬁ,%}ﬁ})\ﬂi?%E‘J%ﬁtﬁ*ﬁﬁl%ﬁﬂ‘ﬂ’ﬁ?ﬂﬂﬁé
...

n—1""n

PROB [

BB 2 B FE 5550 n HOBE K, WU B ke = T Size, SR K (8 AR BE AL 77 vk v 5L, 45 B AL R 1
TR AN HOK D ) 22 5 BRI UR ¥ )53 398 fo 0 BB /D 45 S B ) RS BOR 2, S TR B v SR [l e i
n

SR ML AR ORI AN B, £ B BRA TR R 8 B 500 SR SRR O 1 BT T PROB[h

n

],hn =1,2,...,Size,

n

PALEATS H b R SO RS 26 A R ) OPT[h ],Mﬁﬁﬁﬁ’\]éﬂ%‘fﬁi%ﬂiﬂ IF) 230 P 3 1 A o KA foe KRR Y

HEAZ T BRI R AE B 71T i P RSk T 4R R B S I A
BE 2. VIR )RR AL 5
GreedylnitialOptimal(PROB){

localtmp// {47 7 38 B DL fift
while deep(PROB)<n
localtmp=0;
for prob in child(PROB)
local_opt=calcProbOptimal(prob);

n

if local opt>localtmp then
PROB=prob
endif

glb_max=localtmp
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34 BEREE

B 5 LI RBAT S EL n B3GR TE B T 1) R ) 4 A A b 38 K B9 A o 4 /) 1) R (1 48 2% 2 R BB R
SN SCHR[26] P SLER H T a3 sk A 2 PR AR T 1) R A 1) R0V SR 4 /N 2% 7 ) P AR B IR AR S 18 2R 0K
W 2 — A TR TR K O B A SR R % B U TR SR I B A /N T = 3 e AR B B A 2 B B A I AR
JE b AN 2 SR B ) 5 R R I 7 B AT I R R 5 T 1R B A R 1 YA LE SR I B A K T R
SR I FURE AT A . R TR 1 5 45 2 07 v A A 4% 1 B B R Ak 4

EIE 3. X TAR RN

DX, <b,® ={x,|a, #0,i=12,...,n} (12)
=

Ya,x, < b, @, ={x|a, #0,i=12,...,n} (13)

i=1

#H O, cD,,a,=a, =0,x"™ =x, Zx,."'i" =0,i=12,...,n,b, b < Z az,-x,-mi“, Wt FAERE — 4 x;, W,

2B 18 2 R 25 A 2N (13) i A2, U 249 B 2% A 0(12) — S W A2
iE
ﬁ(xl,xz,xg,,xn)yﬂff%fgéﬂff%1¢ﬁ(l3)fﬁ/@E@wf&{a,
Zn:azi i W Z ayX; + Z ax; S b,,
i1

x;ed; x; ey —Dy

Z X, <b, - Z ayiXis

x;€d) x;edy -

n
zali i Z a,x; < z ayX; < b, - Z i X
i1

x; €Dy x; €® x; €Dy —@)
A
s
min
by— Y ayx,<b,— > ax"<ph,

x; €Dy —D; x; €Dy —D;

[ B,
Zalixi <b,.
i=1

TR 3 ARHIE. O

FH 38 3 7] 01, 450 2 SR 2 20 (13) B 7 1 P AT 3872 A1 2% AF =0 (12) B A7 IR AT AT 3801 746, IRl U0, 76 s 2 3 1 i i
ZAFE R 2N, RA2). KA RBIL R LM T R@2), 8

iauxi <h A iaZIX[ <bh < iazl.xi <b, (14)

i=l i=l i=1
TESEI RGP, Y i=k B, ke ANE R, Y i=k-1 B, k-1 ANE R i=k B R &ML i=k-1 B
H 20 5 5 A 2 16 B TR, AR 58 R BRI 0 R4 S o, < b, B k1 RAFAE Y o, <
By Lty = g yiby — g™ < by JUES k-1 JE (5% 5 T35 2. DR, T D622 0 5 B2 00 e 76 0
DN, AT AEL K 58 & E BT R 70 B0 D Sizey 5.
&% 3. DynamicPrune &%,
bool DynamicPrune(parent,child){
Constraint=constraints(child)—constraints(parent); />R 737 s LA T AL H7 18 1) 29 R 4
for cons in constraints (parent)
if satisfy(cons,constraint) then

return true;
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endif

return false;

}
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constraints(PROB) B £ T+ 5 HI K& [5] PROB 1 BT A % 11 £ 3 5% 1 .satisfy(constraint 1 constraint2 ) fR 4f5 7& 2 3
HETE constraint 1 3% & 12T constraint 2 /& 75 857, 45 L, MR [H] true.

3.5 LPHS KRE %

Zexd B3R 3 1 HRUE, A4S R A LPHS H%.

&3k 4. LPHS &,

LPHS(input) {//input 4 RM Ak ] 75 (1) £ o 5% 44 F1 H A ik £

PROB=parseSearchTree(input); /15 N A #EHT A B 1 Fros B948 Z 84 ,PROB N root 5 &
GreedylInitialOptimal(PROB);
HybridSearchOptimal(PROB);

retrun glb_max;

}

4 SLIGERITLES 9
AR T LPS. LPHS W Fh 7 SR s 248 RM A4k R @(BA CPU & K F FH 208 H A 08 0 A B 8]
Y. EEEIZ AT ML 2 3R 55 9 Windows 10,Intel Core 17 Zb 7 #8,8GM RAM.
KA T 5 CHR[26]H S236 A R B9S2 06 S 1F % SRR I R BRI N 1070 ARSI T
[50,5000]H 9 4) . BN B X AL BUA AN E (1) XS B R, A2 R A8 & R B ATE 1~100 2 1A];

(2) BN REME S R ERIEA F AT FPATHE C X AN [ﬁﬂ,ﬂﬂ], HoA A7E[0.4,0.6] 2 17 Fifi 1328 B, AR 5

LED ﬁﬂ RE 5 ORAE R 7] RELHR AT P AT A 22 B B SR IO 2 T RIIE 2 BT AT 38 AT I TR P34 31 B F e R 48—

AT B, NI A4 RE 88 A 45 48 T 1 O AE TG AR [ BT 55 58 n BEBLAE 1R 5 A 55 B0 4T S50, sk 4 S0 6 G A I 1)
SI S8 R IE G FOB N 8 RA G IH Gt Wk 1.

Table 1 Comparasive study result between LPHS and LPS method

=1 LPHS 5 LPS Jyikig 47 6] 5 SR MR 1a] BN 5 He g
¥ S A R A o LPHS LPS
R | TIRSAE e e LR B BT PR R B
10 118 0.064 0.013 5/0 12.658 2.532 5/0
15 397 0.213 0.043 5/0 11.683 2.337 5/0
20 535 0.317 0.063 5/0 15.878 3.176 5/0
25 996 0.744 0.149 5/0 30.761 6.152 5/0
30 1254 1.061 0.212 5/0 112.415 22.483 5/0
35 2017 1.916 0.383 5/0 696.516 139.303 5/0
40 2058 2.177 0.435 5/0 340.179 68.036 5/0
45 3546 4.575 0.915 5/0 193.093 38.619 5/0
50 4243 7.449 1.490 5/0 690.288 138.058 5/0
55 4 400 6.614 1.323 5/0 180.989 45.247 4/1
60 6390 14.949 2.990 5/0 230.036 76.679 3/2
65 9 589 21.604 4.321 5/0 825.672 165.134 5/0
70 9 684 20.274 4.055 5/0 890.450 178.090 5/0
75 10 587 25.741 5.148 5/0 669.720 167.430 4/1
80 10 880 26.420 5.284 5/0 1155.451 288.863 4/1
85 11 600 32.099 6.420 5/0 548.138 137.034 4/1
90 13 805 43.646 8.729 5/0 734.765 244922 3/2
95 16 281 49.768 9.954 5/0 348.656 174.328 2/3
100 18 274 62.168 12.434 5/0 1 855.632 463.908 4/1
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S S5 R B LPHS AR RCRIZ T LPS J7 ik, JF H A i UL H 3 R RCR AR B 2 1 2 S
ELUM I T AHEE T LPS 523, LPHS 51547 10 £% LA_E AR 2 71 AE 45 i 19 90 AN A9 b LPHS SEE K gt 1
PP IR ) e AUAEL, T LPS SE A 12 A BHE . MRS 80 55 604 75, 85 S8 Hdla vl LA SR 1
SIS IR 100s 2245, 85 1 000s FRER IS I 1] 475 A7 — R g (ER X T LA S 36 b B0 R L ) 1) 83X 3% B LPS
T A R I AN BEAS B ORAIE, HE N J5) 48 2R (A B MF I 2 A LA 1 PR 1 00 R 2 O 17— o0 BB A B9 5K
R NS B B B FRATGE T 1 R LA 55 rh SR AN 8] 5 22, e T SR SR ST S I T R 2 S R, AT e K
AR R DL AL P X8 A7 I R G I B 88— HT 1 000s T 530), G 1t i 77 2245 R an &l 3 fos I a] BUE
HY L LPS 75 K A 7] R - AF: 55 I, SR g8 S 1) (¥ ¢ 3h 1t LE LPHS J5ik KR %

10° * ST 3.0

102 e W 25 A
T I - T . 20 A
5 #* * 407 [
g o > 4 W |
= S - = “
= % E * * =15 e |
Rt #e = *
w10 & ¥ A * /
1%} % 10t \ * o R
— # “" | \ / B \

10! 2 o \ [ / “:

0.5 \‘1“'&”‘\\‘ ¢ 3 \: *Vl.*
_ = \ % ¥ E
x=y p =" SR ‘ R ]
102 = ) . X 0, ﬁ T e e M
102 107! 10° 10! 10 20 30 40 50 60 70 80 90 100
LPHSR AR [A]log 7 (s) 53
Fig.2 Comparision of execution time between Fig.3 Variance of excectuion time with the
LPS and LPHS method same task number
2 LPS 5 LPHS FER AR [A] HL AL B3 AR [F] 1 AN AR PR SR AR ] 7 22

LPHS Hi% G LPS 77722003 B8 vy 1) Ji D8] 32 AL 45 2 R 79 AL

(1) LPS BVETEGRIER Jod8 2 186 i 8 [F— J2 1T 3% 7 il 730 SR A 1A AR 200 07 , B 24 P 77 S P A 2 B0

M LPHS Sykidid )™ R e R W [F— 2 & 715 AT i A8 3047 HE 5, W s A R 759 R UR T H 5

RIS Node, Fl Nodey HiAN 5 5, MR Node, i IS AMAA opt; /T Node, 1 W IAAA opt,, LPHS BiES e KR
FAT AT AT DL LPHS S TR A1 22 SR L LPS B2 AR BE AR S S e B n e R

n—k+1l..n—1n

(2) RM AL iRl AR R G X TAE T 5 Nodeparen= PROB[ ; W ]ETZ fIPTA 147 R

n—k+1 ***n=1 "n

n—kn—k+1l..n-1n - it
BT REE 1 Nodech,-,d—PROB[ L 4 j,ﬁf%éu Nodeyapens 'F 2T 2 M7 S B Node,yisg 21
n—k+1 -1 "n

HSAF 5 /2 LPS T A 75 FB 19 i L IAMFAE 0 L3R 5C &1 LPHS J7 ki8R 26 3.4 35 b i s A BT B A
XTI R IR RHAT T HIW AT Nodeparen 11T 1 RUPAFAE— DAL LR KRR H Nodeeyo, WIRYE EHEL 3 7T
AR Node g BT 711 15 Node yqpen, I FAIT 11 R332 7T DA B 45

5 HREARKRIE

AR T R R AR RM AL 18] R 38 B —— 5 T4 MR AR A 18 R R (LPHS) B B A (6) R R 1
LI 19 R R 2 P AR HE R I IR AR S R ST A e RIS A S & A R IR A i % 75
R AR, B P AE KR T 1) 2 T B, 3F HAE SRS AR b | EhAR U5 e 338 10 7 i) Lk AT 3h A5 BT, T R SR
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3% im0 B B AE, R CPU R 2 B KAE. 5 LPS 77350 LG, LPHS iR E 17 10 53 &, 3F HaR
T R Tt B

RM FLAb 1] 85 (1) 2 3R 4 4 A (R B 7 3 e 5 Bl 00 R ) ST SRS AL ol (R BCPE A 1) ) i) — A~
LS A, AR L I RIE 50K 1% 288 1] 8 1) R R LA BB S RIS AR SO DA AT S5 SIS R 5 — 3 4 1 E R )
f—— ]y 4 PR HE 1 (satisfiability modulo theroies, AR SMT)P2 2 RHE 1 45 & SMT ERERAG MO,
PRAD I AU A 2 AR 02 BN . SMT 75 5B 18 th 28 1 52 R (linear arithmetic) 38 P83 ) £ o 46 4 b e =] it
WEBEE B R R X B ATRE. SRENTEATLLE LPHS JFiEH% A 5 T RIEATHE— S5
SMT R iR %5 1) 28 M B AR SR A8 43, 1t — 20 o gt LPHS 532, 7 2R i SMT 2R 1 5 AR50 4 I SR A 30
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