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Optimal Control of Probabilistic Boolean Networks Using Model Checking

GUO Zong-hao WEI Ou
(College of Computer Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract Systems biology expected to construct a realistic and computational model of complex biology systems that
aims at system-level understanding of biological systems. One of the significant topics in the field of system biology is
that the control theory of gene regulatory networks (GRNs) is developed by applying external intervention control for
gene theory technologies in the future, At present,Boolean networks and extended probabilistic Boolean networks have
been used as the model of GRNs widely. In the research of control problem, the state transition of probabilistic Boolean
control networks essentially forms a finite-state and discrete-time Markov decision processes ( MDP). According to
MDP theory, finite-horizon optimal control problem and infinite-horizon optimal control problem can be solved by using
probabilistic model checking. For content-sensitive probabilistic Boolean control networks with random perturbation,
probabilistic model checker PRISM is used to model formally. Then two kinds of optimal control problems are expressed
by temporal logic. Finally, the optimal solution is found via model checking. The results indicate that this proposed ap-
proach can be used for analysis and optimal control of biclogy networks effectively.
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P28 I B A5 AT Ay DA T 3 6 IO 4% B 2R Bl — B AR B S PR, X
BRI AR S BN, IEAE . AEMAETRYT ORI, 2
5 AT BB B 48 5T (radiation) {6 JF (chemo-therapy) 45, & 4
B B BYZE T B 1L B 41 M (malignant cell) B3R, BlszH i
FEYRIT R LB 5 5, R B e A D B R AT
AERFRMEER. HEEAFREN, ATENRER
fpfdiEE. Hit, TigRE BN B2 PBN, E{b IR E N
—A KB AR LR,

TR AT Rl e R ) B A » A AR ) 4 B 2 ) L 3R A
IR B HIER B T NP-hard [FAE. ARIBHE SR AR,
DA Fe ) 150 R AT Sy A R 908 BB A 0 e g ol ) A JE PR S BB
b EEFl™ . XFRAERIR B R, B8 — G5 NE
TR, FIF AR B RS . RE
K5I (Probabilistic Model Checking) & —f R THAIA B
SRR . B 5T, 6 B HLAT 1R () D /R B 5 4% (Discrete-
Time Markov Chains, DTMC) , 5 /R B} K g 55 1 # (Markov
Decision Processes, MDP) S #i R BRI R R ML R 4. 5,
FIAERE FR2EARXMARGEESMTHEE. HEEENE
PG TERE SR - IEMER AT T B M A R I BAR AR
HREEBRNE T,

A SCH e il AR R A S I 2% PRISM LM ERES
SHEE R 45 R %] B 2% (Probabilistic Boolean Control Net-
work, PBCND#EA T8 38 5 S8 5 F IR 3R 31 B 3% 4 (Probabi-
listic Computation Tree Logic, PCTLY /A R4y B ik A5
IR P45 v 75 R S I A o i) R G R 345 BB A £ A e 1 i)
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{21 (0 s 22 (D) 5y 2, (O Yy R FTH B H A 2 B 2 B A5 SRR
fH, [RS8 SCT PIEETE ¢ BRI B0RAS, AR 4 W48 T — B 2 (4R
A XCHD=F@ (), 2: (1) =,z (1)),

MR P Z PR R 25 A5 4 1 BB BT, A AR I 45 3L
A LASY 2 R4 A R M 455 F R A AR 40
2.2 BEHRRME

MEZRAG /R R4 SR TE A SR M 4% RO 28Rl B R 1
LA R AL BT AL Hk A BB AL F T AT
Y. H5HRMERW, /KRG m R F={F,F,,Fs,-,F,}
PRS- Fi={", fF, [ RE—AH LOAHER
RBHBRNES . B—1 7 EERE T 1281
RE, I BBEFENBRRN o .

MaEAEE B AR R BB A T A AR
HRMERR ETTUBERBA N M RMERR. §—4
F LR AR AR R VT L BB MBS B BB £ f2s fooes fin
Fon . EE BT 2] L0 R P 4% 4% R 8 R RE 3R 43 A
BEALH B B P — AR AR fo= (5 1D,
FEOVER M AN, b, 1IN, ISUL<UGD) . B
NAIRMGE [ BEFEIIRER R
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MG AT M B A A 7R O 4% 22 ) AS TR A H e A 38, B3R A
IR W48 AT LAY Sy Wk B il AL &) B 38 455 /R M) 4% (Instantaneously
Random PBN)™ F1_F F 3CAH 56 &9 HE & A /R K 28 (Context-
Sensitive PBN, CS-PBNDU | £ i3k At B L B #E 2R A6 4K ) 4%
v, BT R B A5 R 4R AE I 200 BRBE SR A3 A T LA
Wi, HXTE, N T REEFMRREY NSRS,
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—ARESH. MEBHBTT X s R g £ TFRE 184, PBN
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SRR B—Fh 3 S AL RAE B R , BEes Xt
BT RN REHITEEMERM ST, BHEEARSN
FEWINEA DX REHITHBROE N EEIEE M—
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5

BRoREE 5 R AR RS I DA 2 A7 IR W 4 AR AL P 195

ST AR M, R RHE B (PCTLM B T —MA %K
K F-B7E DTMC #1 MDP 28I F 295 TR N E .
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DAP RERWEFHEES;
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BRSNS ST AT E ZHERENE. —
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EBER . REERE N — A BHR BB 0: S>Roo XPRESW
B ERE, THERELTS B L SX SR MR A
FHRE—ERE., B PCTL @i L TREARIFM
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RELRK. BOREAKXDHIFRAM BB B HR” (cumulative
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BRI BEVERF R M Ronax B R FTEEAR
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2, D RBER R R R R A R AT U B R — A%
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TR B R SR HE A A R T XA B35, BE R
BAA — action, Hi 4 PBCN HPRASTH K F2E R DTMC.

4 ALES iR

BERT R R4 1 — O Rl R e il m . R
Al ) A B b 7E 5 MO B ] X (8] P ¥ B Ak Ry B
AKERE {48 RUAT BBAL FHHBDIRAS , IR B /b B o i AR
A, B, AT LU B /Nb g B ke g A Ak 4
HRE, EEYTEP, % ENEE X EREE NG TR
M B , B SRS R E — MRYT T TRBE M, $ i g 4 2 ke
THERERY T 2 BT RAT 84, A s R % B
FERBEN R TR E XK.

4.1 BREEMEREEAKLESR

IR E IR E X0, i PBCN A » N EHE A
m MEHEABBREK M, t=0,1,2,-,M—1 £
PEBCN b F R E B EHI BB . X (1) = (2 () 22 (), =+,
. ()R PBON i ZE MR, u(@D =G (D, u2 (£ 5+,
U, RN t HRAFAEHBANRSES., Bl BHHAKR
W= {u(0),u(1), -, u(M—1D} , HH u(); X(©—{0,1}",
Bob, BRI R C(XW ,u(D)FERLE t B %], R ERE
R X BESBAR « O IR HREE, CXOM)E
HREREXMD XKML WA, BB EE Mg
MRS XO B R, EHad K M S Bk R
H:

E[’:gC(X(z) 1) +CX M) | X(0)] @

AT F RSN B VXD ERRN
FERHEHK MARKRBORAER R,

V(X(0)) —min H§c<x<t>,u<t>>+c<x<m>] )

AR HRA LR, GEsHiaHK M by —1 5 1%
Boamt, RRH RERE KRS YEHAK M BEET
FoF3 KA AR EIN , RETTRIEE v

it A PRV 00 e ) A o ) L 3 T A6 L U
T HOME R S0 A BRI 7 R0 AT R AR B AR
XM BB AR LA EAME C(XMD) , 7T LT H PR iR 2
RMBRRES, BERERTMERRE . KWRAEE D
FPREFNEARIE, M TEMAAFRETS, WRRE
XOMPERERE B4 CX@, ) WEB/N. Hik,
IR S A /N B DL A R 3 A S, TR R BR
648 P A2 AR 1 AR R T B MIAL PRI AR .

7 T PR Bl P AL s ARl T A v, ey TV LR E R Y
BB LGRS, U, REMNBREESHERIISM
RIBETTE M R A, BN R BAE R R A TR A, Xt
F 0 BR T Rl o A T B, TR B BE AR R B R TS X(0)
RS XM, B, FoFRE B 0 4 Ao i 1R A2 46 v
B Rl S, (R AR RS R B B R AT
BEARATHE , 20 R BARIRASET B/ MU R BSR4, BT
it T IEPRIE A R A A RB AL B AR

V(X (0)) —min EmE[ & CCX(D) u() ] ®
Moo t=0

4.2 {EHRFZHIRERLIER DS

Sk T A6 PR 2R R A A W kA e LA b TR AR A ol i)
B, FHE N PBCN RRRAS AR S # oy — S HE R A MDP #8
A ) [E) R 43 B % 1% 3 A PR G ) 2 AR SR g s i B G R
BE/REIRRR R, RIERAEREENE X, B
FB reward Z5¥%F MDP 8288 3 179 8 Sk 38 g R A4S B 48, A
FHRREFHBRARE C(X@,u) AR BA C(XM).,
WG EFZET reward ¥R A PCTL 2733478 FR 15 Bl 9411k
BEHEAMTREE MRS AR, B, s
IR 4T B 3R A .

Xof - ff-p o PR 90 BT A A4 [ R, 6 PR s P 2 R 20 X
“Ruin =?C<=T+1]"FR4 MDP FitEH /N EHER,
BRZR B T af M8 E W, TR A SRS R 1E T M4
BT AERRAEFAE, ARXPERT+H1"HART”
IR R, BRI 5 BB MR AT E S B P A
Kyt ZPR S E R B . BB RITERTELBY E
MBS R R G A AR S 1 B IR A 1B 4R 8 4
RSB EIREHFT M. 4R, B TAUUE E TR EHR
BFErsEMREABERMELE A A, BHEAR“Rin=
LC<=TH1 Wit BEI B BNRERAER REH K XTE
A 20 Ve 4 ] AR A R A B R B A B B, 0 R A BR T
B R R AT EER,

of P e o G PR BB ) R Ak s ol e R, (i R ) i 38 A R
“Ruin=?LF prop]”# /"7 MDP Lit#E &/Nel AR, B
HRBEMHRRELE  EEHMARBWERT IEES
— A PITHBEAE , B3k BRI prop B, I 45 3% 35 B 7=
AR R, BEN R ERRITE IR E X, 3t
PR EEASTBRBEEN BN ZREBREMESMREE
B ERE AT B0, HEEAHE prop FRE. FER&E. BT
IR B T RS B E B F Fn e A s B & s 4
B AT “Roin = 7L F prop]” i E il B RKE RIEMEBIA
HAR RS ZEI &5 2R Hl A R E M BN, WA X
RYEE ML EH AT EER,

5 ROITISE AMATNAENRLESR

5.1 AT MEHER

2 IR — I - 48 (apoptosis network)!® 4 %
AR PR R . E5EE PRISM Ja3f 5 1k i 40 i
PTG E S — A TH 8 BB T SCH R BER A R
MERIERY . ARH R T A IR R AT Rt B AL O Shas O
BRI (DR
u() AN (=X, (1)),
X,

(=Xi (@) ANX;(), with prob0.5

X HD= {Xz ®, with prob 0.5 "
u@®» VX, (®,
X: (0, with prob 0. 5

R, X {3 TAP MYRE KT, X, 3% Ca ik
BEAKE, X ARFR C8a MIYEE KT, u 143 TNF W& BEKF.
X=1 R BREKTE, Xi=0 BRIEEKEKFE, #@LHFE

with prob 0. 5
X ¢+D= { .
with prob 0. 5

with prob 0.5
X; (t+1)={
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R, BN ERORERRA RS EHNFLEH TSR
FHN BB T 45 R BB R R B B AR A 0.5,
5.2 7 PRISM Fhgi%

7D B BB #A0 JR 2 6] B 4% (PBCND Y 2£8E E, o8
TEEMEHREEMINREILT A, E BRI s
MTWAER peri TRMBIGARTT /R 5] L, RAST 4 I A
MR8 ST — MR BEPL T8 B BT SCHE S R A R 1
RIS , BB RRICE #E PRISM s RS HGR I T .
1. mdp
2. constint c=0;
3. formula fll=u* (1—x3);
4. formula f12=x;;
5. formula f21=(1—x;) * x3;
6. formula {22=x,;
7. formula f31=u-+x;—u* xy;
8. formula f32=x;
9. module switch
10. s:[0.. 1] init 1;
11. [esPBNJc=0—>>0, 3: (s'=1)+0. 7: (s'=0);
12, endmodule
13. module pertl
14. per1:[0.. 1] init 0;
15. [esPBNJc=0—>>0. 9: (perl’=0)+0. 1; (perl'=1);
16. endmodule
17. module BN1
18, x1:[0..17 init 1;
19.d1:[0.. 1] init 05
20. [esPBN]c=0&s=1&perl =0—>0. 5; (%, =f11)& (d,"=0) +

0.5:(x ' =£12)&(d,"=1);

21. [esPBN]e=0&.s=0& per] =0&d1 =0—>>(x;'=f11);
22, [csPBN]e=0& s=08&perl=08&dl=1—>>(x;,'={12);
23. [csPBN]e=0&perl =1—>>(x; ' =0);
24, [csPBN]e=0&perl=1—>>(x'=1);
25. endmodule
26. module input
27.u;[0.. 1] init 03
28, [csPBNJe=0—>>(u'=0);
29, [esPBNJe=0—>>(u'=1);
30. endmodule

PLERAR T SHEBRIL s ARER o L THAR
perl LR AR IREEMISE K u A L1 PRISM B ARFD, 545 /R
R 2o M s UUKBEVLTIRAER per2 F per3 1A XRIBE
ZHM. EEERE Y, WEE 3—8 17, B— formula & X
TEEM— I /REE. 8 10— 11 FA AR SE M TEEL s
AR SR EH iR ¢=0.3, F 141577
RIBEATRAR perl AT IB b # (3 Hik & THAER
p=0. 1.5 23— 24 FTRB R LT REG KA (perl= DY,
RGN o F— B 2B AR 180 0, 5 28—29 17
BRI R RS R « WBUEREREW.

BRI LASE , A PRISM {248 reward Z5H % B4 BR
AV BEARF AR BIRE, FE T U8 B8 i A o O 4 6 1L
A&, Reward BB EBHEARIIT.

1. rewards “cost”
2. %, =08x, =0& x; =0&u=0:0;
3. x =0&x, =08&x;=0&u=1:1;
4. % +%+x=1&u=0:2;
5. %+ xp+x3=1&u=1:3;
6. 3 +x+x3=2&u=014;
7. %+ % +x3=2&u=1:5;
8. x; =18&x, =1& %, =1&u=0:6;
9. % =1&x,=1&x,=1&u=1:7;
10. endrewards

e LA b PRISM ARG, Xt R 48 BT A RS BE T A REPR
SERE. MERSHAELTEEH0,0,0]B[1,1,1]. 5B
2—9 FTHY RIS T X M4 &b F BT AR SRS, 75 R
HIGE R w=0 F1 u=1 53 B Fr 3T R 35 R A= R g (E . IR
% 2,4,6, 8 TSR T A ARRESHLMRBRA . £
SEBR A AR [ SRR 4B 06 AT RE A 42 2 T T B BRA DA B i A
PRGNS SF . RIS RAREUERRE, TLIE
% u=1 BN T AT, 5 w=0 H L, TEAHFIMO T HR
&, ECRETFHERAR 1. Bl B RS6L 5 5
7, % TREL0,0, 1 REHBEEHRAE,RE[1,1,1]18
BAHEIRHRE. BEARRENHERE, RATR
AT 40 M A T P £ s i o H R L SN B T B R 3 4
FHIMBEKF, W48 5150 F B EKF AR 0,

6 TWEHERMSH

6.1 LIBLER

TE LSRR 3 TR S A B, 4
A PCTL A R{“cost”) min=7[C<=T-++ 1]#
R{*cost”}min=7Fz1 =0 & z,=0 & 2, =0]FRiTEER
¥ BB P I AN CBR Y BBl P i A Rl s . A R B R 1k
B, T —RETRE,CRERTE., BE TELE
BN 1~30, B3R 1, ZEXREEAMALER T,
feE P& BRRERL0,0,0], ERIFER Intel(R) core
(TM) 2quad CPUi5-4200U@ 1, 60GHz 2. 30GHz, #{E & 4t
& 64bits-ubuntul2, 04, EEIATHRMAE 3 FR 1 Fim.

B

3

g
B

e

8
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