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H B HALE T EFRAA B E L (weakest liberal precondition, & #k wlp)wlp (4,B,C)-7T K4k 69 % S AR
T wlp (4,B,0)-T Rt T sb B 5 LR 135 T wip RA RIFEIF M INIET wip RIEFRIFATELMF
(weakest precondition, 8 #k wp) £ 55 49573 454,487 T wip F= wp 69K R ;3RS 880 T wlp 695 716K 4746
PRI LEA ISR

KR ETREARET. ETRY AGAELH R

FEES XS TP301 X ERRIRED: A
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Commutativity of Quantum Weakest Liberal Precondition and Its Properties
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Abstract: First, the definition of quantum weakest liberal precondition (termed wlp) wlp (4,B,C)-commutativity is proposed, some
necessary, and sufficient conditions of wlp (4,B,C)-commutativity are presented. Secondly, it has been shown that wlp is not a healthy
predicate transformer: it is verified that wlp is a weaker predicate transformer than the quantum weakest precondition (termed wp). The
essential differences of wlp and wp are disclosed. Finally, the properties for sequential composition, parallel composition and block
structure of wlp are investigated.

Key words: quantum predicate; super-operator; quantum weakest liberal precondition; commutate

M 20 2l 80 AR LK, & Fl e T REF UL E B L E TR RA T L) 2 NA T Quantique.
MagiQ K. SmartQuantum F1 NEC $11'1.1994 4 Shor®H& t T 35 44 W 4e 1P 720 i 553,1996 4, Grover®145
H T AT SR R T R EE X SRR R U B R S A L 2 v S A AR H L
T BRI A AR KT [ 1 4R B B AT ok, — S g LI TR R B 5T 1 R P S B BT RS X KnillPHE
H T BT BS . Omer S IR T %?H'z}?ﬁ%?E@M@.Sander[s],Zuliani[g’g],Selinger[lO]/%A—J\EE'EH:': T
Foft ELAT AN [RVRFE 1) 02 7 R eV 5 25 PH BHR A6 2 iU TR 9 T o7 3 e 22 6 i el i U R A A e U R it A

N

AT 8 TRP A NDQJava-2 85 5, D Hondt A1 Panangaden! /43 1 &1 85 59 i & 4 1415 (iR wp-

« HEETH: BERAREFEIE4 (11271237, 61228305)
WeR I T] . 2012-04-24; &Rl 2012-09-29; 7E Fa s a]: 2012-12-03
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T S0), S T TR IR R i 4 L

B L i 1 %R0 32 8 D Hondt A1 Panangaden (1) 8 AR, &1~ 18 3] 4 2 SR — AN o) S0 457,
Bl —~> Hilbert %] F-1¥] Hermite & ¥ .+ 15 1A 5 #u1E A JE 2 SURIBE 72 /7 1 1RT S48 e Ml T &
MEARFR P A H 0 AR 20 o 2 i) 0, 3K 6 ) B — 302 8 T 0 59 AT B A AR (wp) I T A ek THERL A BT
T TS I R 13 4 IE A MRS A A v v e 2 NS R T 45 38 A R T SC(RTRR wlp) (R & B 5
T wp M wlp (56 R, 45 T 57 FE R IR PR B0AE WA N W ZE B NV — AN R AR T REPAINTET
&7 55 99 BB A5 1 wp AR ZIHELBF L T wp AT ASHe ) — L8 7853 4 4. i T Hoare @35 /& £ JLFR )3 A BEAKIE X
FR) At e A AP 2 R ) IE A MR A T IR B BOR D TR R R B A S SR A B R I Ho &
TP LR SRR 5 1% 8 R A N 2 B U T S T e T R R A MR IE R YE R Floyd-Hoare 3%
5, FF wp £ wlp I T BEIFE BT T X Fi i 48 1) 5 4% . BB T wip 75 0F B 5 7R85 50 40 (E A 1 v A3 1R T 1K 4R AN
WA, FRATTAE D BRI T wip 1 50 8 B FRATTHE B SCHR I 28l B3 T wip (4,B,C)-TT 31ty ST T
wlip (4,B,C)- 7T #1178 73 Db BEAAT 3T, I8 T wlp ANl AL R U1 1 3 e (R 45 AR, B000F T wilp & b wp 5255 118 17 %
e 388 T wip Fwp IIA X355 5518 T wip 581 FRAT G ORI B &5 K 86 P 5. AT T IR0 1518 0 1 v o TR )%
T W25 RS TR P I 43 IR I N A ST Hoare 1B 31 56 25 PE & 46 T 218 BL itk

1 EXEE

AR =8 T S R E AR S WL SCHR[1]. 0 D(H)# 7= Hilbert %7 8] H B % [E 5 72 4/ L(H)
Foork H i &8 17 2 42 0 B SHE R x) € H (x|A|x) =0,4 e L(H), FK 4 5 IEH T 511 Lowner 57 5€ LN
ACB M HN Y B-A AN EHT WM E—ANE % M =M, WHK M N Hermite 57, M o8 MK
e BRI — A Hermite 57, B0 — M KBFEARL I A0 1 RS U p(n#os H BfET
i 2 45, R P(H):={MeL(H)|0CMCI}.

EX LM Bedy L(H) B 0 el & TR Rk el H B T

(1) tre(p)<tr(p), WAL= 1] pe D(H);

(2) SEATIEME: ¥ Hy 22—l B Hilbert 2% /8], W1 R 4 & Hx®H L HIIESH T, (@) (A) B2 IE /), Mo 1, 2

H (R 507 5

1 AE 7 (4 pe D(H), tre( p)=tr(p), MR &2 (R 25 1.

H CP(H)ZE7~ H LT B 72 4. P g B A 1 1) Kraus 517 fige R

& H FINEE 4 HACH TR — 48 B0 (B, 2 R A4

(1) &(p) = EpE, XHEREI pe D(H);

(2) D EE CI, el Rk TINS5 b 1 H A5 T

EX 1.2 ¥ M,NeP(H),sc CP(H), I - 5HTE B 1) pe D(H),tr(Mp) < tr(Ne(p)), TR M Jy N B15% T8 15
MR E 4 1F, 12 M{g}N.

EX 1.3 % MeP(H),ee CP(H),M T elf) 5 55 7 B 412 — AN = 71,0 wp(e)(M), I B2t~
At

(1) wp(a)(M){e}M;

(2) MR NeP(H),WH N{etM A NCwp(e)(M).

W A,B i H LA 00K AB=BAWFR 4 il B ] #!!.

FET 30, § RIR quye g, TS, Uy FoR BT U AERIE BT g 5K B Hilbert 250 L, [x) (vt — M1, E
TR ey MEAE =T LU ¢ b S0t i 7 A AS B0 st 2 43t

| )y [=1, @ X)Xy |®1,,,
Horr 1\, H, 52 Hilbert 25 [A].
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B ERGIHE AT wp £ER TR RS AR A PR IT R AR A A L U, 2 R 2B I, AT AN E 2
F B LA I IR, T H 225 B R P £ k4, A % wp BOMERTRT 2 DL SCRR[10,13,15-18] H 2 714 T 1R 7P I
UE 1) BRAR AT 5 b, AN H ZEF TR e (R S A E A v 7 L BEAIE S0 AN ZE SRR 7 2% 1, RITRE 7 1) 56 0 1 46 A ) 880 7
TREF S 3 IE APy wlp KA IR, A e, R I SE A 4R 5 59 A AT E A1 wip ROMES R

EX 14" B 87— RE,S (1 wip-ifi XU P(H) 10— A WU wip(S) AT R Me P(H), L3801 5E
D&/ I

(1) wip(abort)(M)=I;

(2)  wip(skip)(M)=M;

(3)  wip(q:=0)(M)={0),(0IM]0)(OF+{1)(0MI0)(1];

@) wip@*=U)M)=UIMU,, }th, g =U FoR W57 U AEFITE R g 5Kk Hilbert 2% [0 1-;

(5)  wip(S1;:)(M)y=wip(S))(wip(S2)(M));

(6) wip(measure g then S, else S))(M) = i\ i), (i wlp(S)M) | ) (i ;

i=0

(7)  wip(while g do S)(M)=v.X.(|1),{ 1 {wip(S)(X)|1),(1[+0),{0|M]0),(0], FH ,vX.F(X) = F(X) 5 KA £
2 HESEEHHBAERHFRHRME

B ee CP(H), MAFTE — HIZ S ICLE,} SR XE RN pe D(H),&(p) =Y ELE], WAALE 1 MeP(H), H
wp(e)(M) =" E/ME " iXFE, Y MNeP(H)LEWHE wp(e)(M),wp(e)(N) A B LI AT LR e AT i 57 A 5L
BRI, T wip(e) (M)A BE R 7R B TR TE X, BRI wip () (M) FT wip(e)(N)AS Btk I8 EL B B 2R 1 56 45
I E X

ENX 2.1 ¥ MN,4,B,CeL(H), i % AMBNC=ANBMC, ¥ M F1 N (4,B,C)-T] e 45 5,24 M I N (4,4,4)-
A, AR MR N A A-V

EN2.2. % A,B,CeL(H),ee CP(H).24 M 1 N (4,8,C)-1] # i} 48 wip(e)(M)F wip(£)(N) (4,B,C)-w] e, MFR
eI (A,B,C)-TT e 5 ) b, U S 5 35T (A,4,4)-FT 3, FR e 55 AT 46 ), U SR el 06 10 480, UK e i T e,
X TR H B ESE T

MR LA (e SR THI45 H wlp AT A8 #e (1 4510 0 T

EIE 2.1. ¥ S,5,5,,5,€ CP(H), 3 AE & ) M,NeP(H),I4:

(1) wip(abort)(M)H wip(abort)(N) ] #t;

(2)  wip(skip)(M)F wip(skip)(N) AT #224 HAX 2 M FI N Az

(3)  wip(g:=0)M)AT wip(q:=0)(N) i #e4 FLAL ™ M FT N [0)4(0[- 1T BAT(1),(0],0)4(01, 0y 1) T e

@) wip(gx=U)M) T wip(g* =U)N) 7 #24 FALY M A N T4

5) Wi s Fs, SR AT, 00 S, 5S, S5 S AT 4

(6) wip(measure g then S; else Sy)(M)F1 wip(measure g then S, else So)(N)n]#: HAX 2 wip(S;) (M)A

wIp(S)(N) [i)4(i| AT #,i=0,1;

(7) W M AN [0y, 01T #e,S S5 1), (1P 4, 0] wip(while g do S)(M)F wip(while g do S)(N) ] #; X 2,

W wip(while g do S)(M)F1 wip(while g do S)(N)FJ 4,11 M A1 N [0),(0]- 1] .

i B :

(D~ FTBAMNGE X 1.4 HEAS 3.

GrHEN 1.4F:

wip(q:=0)(M)wip(q:=0)(N)=|0),(0]1]0) ,(OIN|0), O]+ 1), 0|A]0),O[N]0),(1],
wip(q:=0)(N)wip(g:=0)(M)=(0),(0|N|0),(0|]0),{ 0]+ 1),(O|N|0) ,(O1M]0)( L].
WIS M TN |0),(0]- AT 4 F1(|1),(01,]0),( 0L, 0),( 1)~ 7T 48, M5 :
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wip(q:=0)(M)wip(q:=0)(N)=wip(q:=0)(N)wip(q:=0)(M);
2001 F wip(q:=0)(M)FT wip(q:=0)(N)AJ ¥, )
0)4(0[]0,(0|N|0) ,{O=10), Olwip(g:=0) (M)wip(q:=0)(N)
=10)(0lwip(g:=0)(N)wip(q:=0)(M)
=10)4(0|V|0)4,{01M]0),(0].
Z el A
[1)4€0[]0)4(0IN|0) 4 L[=[1),(O[N]0),(0|A]0) < 1].
@:HEN1.4F:
wip(q* = U)M)wip(q*=U)(N) =UIMNU_,
wip(q* = U)(N)wip(g*=U)M)=UINMU_.
W MO N R A
wip(q* =U)M)wip(q* =U)N) = wip(g* = U)N)wip(g*=U)M);
2R wip(g* = U)M)Fiwlp(g* = U)(N) A #e, )
UIMNU, =UINMU,,.
M N ] e
(5):% 4,B,CeL(H),H1 S, &t (A4,B,C)- ] Hief5
A wip(S1;8:)(M) B wip(S135:)(N) C=A wip(S))(wlp(S:)(M)) B wip(S1)(wip(S2)(N)) C
=4 wip(S)(WIp(S2)(N)) B wip(S1)(wip(S2)(M)) C
=4 wip(S1;5)(N) B wip(S1;5,)(M) C.
T LA, 8158, 1 R (4,B,C)- AT k.
(6):1C. S=measure g then S, else Sy, 11 7€ X 1.4 15:
wip(S)M)wip(S)(N)=0) , Owip(So)(M)|0), O[wip(So)(N)]0)4( O+
[Dg(Hwip(SHM)[1) (1 wip(SHIN)[1)(1],
wip(SYN)WIp(S)(M)=(0)0[wip(So)(V)]0) 4 O[wip(So)(M)|0),( O]+
(D LwiIp(SHIN) 1) Lwlp(SHM)| 1) (1.
W wip(SHMFN wip(S)(N) [i),(il 7T #,i=0,1, 0]
wip(S) M wip(S)(N)=wip(S)N)wip(S)(M);
B2 WA wip(S)(M)AT wip(S)(N) AT %, 1
10)4{0[wip(So)(M)|0) 4 Owip(So)(V)|0)4{O1=|0) £ O wip(S)(M)wip(S)(N)
=10){OPwip(S)N)wip(S)(M)
=[0) 0lwip(So)(N)|0) Olwip(So)(M)]|0)4(0.
SR e
(D Lwlp(SHAD| 1) L wip(SHIN)|L)  LEI DL wip(SHIV) 11 wip(SHM)|1) (1]
(7):1t qloop=while q do S, 5T MeP(H),HE X 1.4 %1
wip(gloop)(M) = (1 F"" (M),

n=0
Hep FOM=13F H
FUDM)=1)(wip(gloop)(F™(M))|1)(1]+10)4(0[M]0),(0],n=0.
T DG HFO MDD HFO MDD LFO ML LEOMDI D U= Dy 1], FUE FOMFO(Ny=F N FD(M):
@ 4 n=0 It 45 W ;
@ BBt n=k I 55 v T, B
FOMFON=FONFO M),
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M4, n=k+1 ],
FEDANFEOWN)=1) (1 iwip(qloop)(FO (M) 1) 1wlp(qloop)(FON))|1)e( 11+0)4(01M]0),(O[NI0),(O],
TS R 1) 1- 0] 4,0 F1 N (0),(0]- 7T 4, ) 15X AE
|11 wip(gloop)(FON))| 1) ( wip(gloop)(FX(M))[1),(11+]0),(OINI0),(0M]0) (O]=F* DN F* D (M),
5 VAL 4 T
FOMFON)=F"(N)F" (M),n=0.

T2f:
wip(qloop) M)wip(gloop)(N) = [ F™ (M) F (N)
n=0 n=0
= ﬁ F(”)(N)ﬁ F" (M)
n=0 n=0
= wip(gloop)(N)wip(qloop)(M);
2K h
10)4(O[F" (M)F"(N)={0),(0]M]0) (O|N|0) (O],
[IoRER

10) (0] wip(gloop)(M )wip(gloop)(N) = ﬁl 0) (0| F" (M)F™(N)

n=0
=0),(0[M |0} (0| N|0) (O],
i wip(qloop)(M)F wip(qloop)(N)w] #, I £ :
0)4(Olwip(gloop)(M)wip(gloop)(N)=|0),(O0lwip(gloop)(N)wip(gloop)(M)
=(0)4(0|NV]0),{0]M]0) (0]
e M R N (0),(0]- AT . O

3 ESEHMEFHNETHER

SCHR[1314 H 55 59 10 B 4 PRIl il B 3 wp 2 R AP I I B 4, Bl 2 10O &M@ itk @) skt
@ MSPESCER[ISTH TR T wip MR 2 M5 IE st S wp BISC R M T B PER RIS R AR 0 BATT AT 3 4
55 1 A B A e 4 wip BOEE A ME BT IS W IR IR wip AN R AT 1 A e e

W Se CP(H),MeP(H),pe D(H), I

tr(wp(S)(M) p)=trMS(p) )]
tr(wip(S)(M) p)y=trMS(p)+trp—trS(p) 2
[N AR R Me P(H), A wp(S)(M)Ewlp(S)(M),wp(S)(M)+wip(S)(M)=I"").

M Hoare E #1550 87, % 20D B T 5N ol &2 5 718 11 wpS) (M) F % T 1 TR F S fEp& 1k A
ik S(oyini /2 M RER A Q) tro-trS(p) K s i T RET S M p & BRI 25 50(2) % 1 S\ il 2
wip(S) (M) KIMEZRET S(o)ii 2 M IR S S Mok BRIHESR 2 .

L 3.1, WH S SRR,

tr(wip(S)(M) p)=tr(MS(p)).

I 3.2 W0 S S K T 1 A, e RM N € P(H) MR U AMA N € P(H), )

wip(S)(AM+pN)=2wlp(S)(M)+uwlp(S)(N).

NI wip() AN A R I T 1] A e

(1) wip(-) AN AL 2 5t

% S,FeCP(H),a,fc C,MeP(H),[H J

tr(wlp(aS+pF) (M) p)=tr(M(aS+pF) p)y+trp—-tr(aS+pF)p
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=atrMS(p)+ptrMF(p)+trp—atrS(p)-ptrE(p)
=tr(awlp(S)y+pwip(F)) (M) pttrp—atrp=pitrp,

JT LA wip(aS+BE)= awlp(S)+pwip(F) R H a = B = % A wlp(%S + %FJ = %wlp(S) + %wlp(F).
(2) wip(-)ih A& B P
wip(S)FFI S P & B, 0 R MON, W wip(S)(M)Swip(S)(N)!).
B 5 —FEv:

V]
tr(wip(S)(M) p)=trMS(p)+trp-trS(p),
tr(wip(S)(N)p)=trNS(p)+trp-trS(p),
JTEL, tr(wlp(S)(N) p)—tr(wip(S)(M) p)=trNS(p)—trMS(p) 20,
By wip(S)(M)Ewip(S)(N).
(3) wip(-)ith L L1

BOEW S MIEM,C..EME. A7 Ea 5 M, JUXHE ) pe D),

tr(wlp(S)(UiMi)p) :tr(UiM,.)S(p)+trp—trS(p)
:UitrM,.S(p)+trp—trS(p)
=J,lrM S (p) + trp - trS(p)]
=, orwip($)(M,) p)
= (U wip(S$)(M)p),
Pk, wip($)(UU,M, ) = U, wip($)(M,).
(4) wip() AN AL I 55
wip(-) SR PEA AL, BT S T8, A REHEH wip(S)Twip(S,).1H 2,
tr(wlp(U[S,)(M)p) =M S,(p) +trp—rlJ,S,(p)
=J,orMS,(p) +trp - S, (p)
= Ui[f”MSf(,D) +irp+trS,(p)]
=J,or(wip(S (M) p)
= (U wip(S)(M)p),
ek, wip((J,S:) = U, wip(S)- O
A F3RATT A Hoare 12485 & 5C Z 100 1 B A wlp /N3 AL R0 T8 10 4% 46 1K) 4 AN S5 PR 10 20 BT 1T 26, wilp A R
T ) e 48, T 2 B wp B 55 (B B K [ — 28 01 10 B 8 490, 3K 5 598 wip(S) (M) S wip(S) (M) — S5 AF 28 R
o EARIERGTE S RE R FER S AR IERIPE S IR AT S A4 2SR I R B S e R
HIEIAE R TSN BT 5390 E 40 wp AR T 5559 A el A E A wlp FERIF TR TR R R I o
S IERPE ke T AR S 6 1 U O T8 Hoare B4R I A FRAL RGUH WANIE W R G5 — A2 BARIERME, 5 — 4
Y TERAE . TE 40 SCHR[ 1757 3 3 1 5T B R 4 wp M wilp, 3 T IF BB 7R Hoare 1% %5 (158 4 PE,3X 4
TR E S R T B IR
A PR b, PSR wip [P F0 45 s FEAT G R BREH S5 1 i
& Se CP(H),MeP(H),pe D(H),S;e CP(H,),M;e P(H,),p,e D(H,),i=1,2.
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() oI5 L
H
tr(wip(S1;8) (M) p)=trM(S ;S ptrp—tr(S1;82) p
=trMS»(S1(p))+trp—1rSy(S1(p))
=tr{wip(S2)(M)S1(p) I+ irp-trSi(p)
=tr{wip(S1)(wip(S2)(M))p]
=tr[(wip(S2);wlp(SD))(M)p],
I LA wip(S158:)=wip(S2);wip(Sh).
(2) IHATHE ML
H
tr(wip(S1©8,)(M M) (01 ,0))=tr(M @ M3)(S10S:) (01 o) +1r (01D p2)—11(S) DS2) (01D 02)
=trM1S1(p0) TrMaSy(po) Hirprttr pr—trSi (1) —1rSx(02)
=tr(wip(S1)(M)p1) +tr(wip(S2)(M2) ps)
=tr(wip(S1)@wip(S2))(M1©M>)(01©p2),
T L wip(S1@8,)=wip(S)@wip(S,).
(3) P4y
A
tr(wip(S®5)(M®@L)(p1®p2))=tr(M,®L)(S1®L) (01 ® o) +r(01® p2)—1r(S1 O L) (01 B p2)
=trM\S\(p)tr parttrpitrpa—trS\(p1)tr pa
=[trM\S\(p)Htrpi—trSi(p)]irps
=tr(wip(S1)(My)p1)trp,
=tr[(wlp(S1)(M1)p1)®p.]
=tr[(wip(S))(M1)®L)(01®p,)]
=tr(wip(S)®L)(M,®L)(p1®p,),
T A wip(S,@L)=wip(S))®1,.

PR EE S WK ANMN R TRFES QPLE & T H 4% & T 50 4 b il AR e vk (1) — Fob
BT, e W A 4 SO e TR B8, I A — NS AR 8 ELQPL H B2 3 v DL i A
KFon, AT LA QPL ARAE A AL O3 8 A Bl 14t 0 B 7R AR TS 5 R Al IFAT Ao, HRah s
IR T wlp 15 3 IX LS5 K [R] wp o5 SO — 300

4 % it

AR FEHIITT B 59 B AT E 4 E wip (A8 etk K 0o P L BT wlp SRR s TR 5 wip (1)
AR P LA A % R FRAT TSR 45 T R T A MR N(ALB, C)- 1T e R 5T e S (A4, B, C)- T e 11 52 X,
THHT wlp (AT e i) 80 [R50 08 T wilp A2 R 1 1) 4% 4 1 1) 80,38 10F T wlp & bb wp B 99 18115 i8] % 4, 35
78T wlp Rl wp AR X ) 05 I, A 1 PR JEI 5 AR BERIE T T wlp BRI 5 1 JTAT B ORI R 45 K S5V R,
RIL wlp Rl wp 16 EIR 3 AN J7 T A ORI ) A 45 48 SRR 5 B2 7 rp AN AR S {E 42 Loop F2)/7 I Z 1) 17
AR L IR B 458 A0 B 1 RS B0 1 R AL 0.y 7 9 T 1 R 3 43 1E A vk 10 52 4, SCRIR[15] 51N
T wlp AR ECRHEFLE T Loop P ¥, 1% 88 45 JL A FAT e vk 5112 )3 1 55 I 2% 18 1R PP 1K 35 o0 IE A M 44l 17
TR ORAILE.

SCHERLLSTE ST R T MR U 1A (A 7 &SR T wp 76 8 T I WA H T & N IVF 2 PRI B A &5
TAE wlp 15 SCT A 7 S IEE Tt o2 B AT — 20 900 1) L. 55 o 7 e R e b 8 MU RN I 28 (A )iE
A AR Y ARl A A AT R A S ] p B g,
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wp(S)(pAq)=wp(S)(p)Awp(S)(g),
FF H AR 1 ] o1 B AT
wp(S)(a& B)<=wp(S)()&wp(S)().
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SCHRLTSTZS T — N2 I 00 3850, B et 308 1) 1) 55, A2 1 A7 76— A A8 (R M 2 73 R ABA R 1 o O I8 4 A SCH
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-- formal models for software components and their interaction

-- stochastic techniques for modeling and verification

-- simulation techniques for complex networks of interacting components

-- formal aspects of services, service oriented architectures, business processes, and cloud computing
-- design and verification methods for software components and services

-- composition and deployment: models, calculi, languages

-- formal methods and modeling languages for components and services

-- model based and GUI based testing of components and services

-- models for QoS and other extra-functional properties (e.g., trust, compliance, security) of components and services
-- components for real-time, safety-critical, secure, and/or embedded systems

-- industrial or experience reports, and case studies

-- update and reconfiguration of component and service architectures

-- component systems evolution and maintenance

-- autonomic components and self-managed applications

-- formal and rigorous approaches to software adaptation and self-adaptive systems
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