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* Formal Methods for Real-Time Systems
edited by C. Heitmeyer, D. Mandrioli, Wiley

» Chapter 16: Temporal and Modal Logic E.
Allen Emerson, in Handbook of Theoretical

e Model Checking, E. Clarke, O. Grumberg, D. Peled,
MIT Press

gl F;Iﬁ?’ﬁ@

Computer Science, edited by J. van Leeuwen, Elsevier.
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E’;%‘ﬁ%}ﬁ%‘fmrﬁ (Theory of Computation) i ?
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FARAURIT o
o (7 E\&,}‘I;”i (descrlptlon)
—@Wﬂ%%ﬁﬁmW%ﬁ
— ==specificationft] » ™2~ JEMSI%
= (verification)
B "C%Er%%w & U?Fi ’EE“F‘PFQ

EIL T i—_ ( specification) :
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o -4 (formal) %Jiﬁaf’lai‘—_
—Uﬁ%%%%%ﬁi%ﬁﬁ%%
. EIE[*J (automatic) R&&E :
I'Is B ’TF JE’iJ (computer-aided) 5 555 7~ Bengr
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» Floating Point divide
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- Pentlum 60MHz 90MHz

- ity
5505001 / 294911
ﬁﬁ Ll;k 18.66600093
L—FE FAI %'t 18.6665197
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* F'iLynchburg CollegefDr. Thomas R.
Nicelyf1% 58
— nicely@acavax.lynchburg.edu

. Compuserve,qﬁ,EI » 7~ 10/30/1994 58 r"ﬁj

* Firstin printed media on 11/7/1994

o T£1994F (1 > bug=IREEHER o fJ;lInteI“r‘i?F
%?%*%ﬁ%ﬁrewg” R

- S - FE*VB fiﬁ.ri
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THE "BUG" HEARD 'ROUND THE WORLD

John R. Garman

Deputy Chief

Spacecraft Software Division

NASA, Johnson Space Center

Houston, Texas

Aug 24, 1981

ACM SIGSOFT Software Engineering Notes,
Vol. 6, Nr. 5, Oct, 1981
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THE "BUG" HEARD 'ROUND THE WORLD G#)

* 4/10/1981, N AAEFELET- FEH]
SiE o BWAHSTZ érfﬁ”J%‘”‘j F»lnltlallze
. ﬁ'}’ﬂﬁf\ﬁ‘“ﬁ%l— » (4% General Purpose
omputer (GPC) '] &~ éﬁ?f']%ﬁﬁ o
. I'|FOIFSE], &F%HEW*

-~ R2GPCUE - [=Vote : =& > (7§
ol N o Mo
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THE "BUG" HEARD 'ROUND THE WORLD G#)

« GPCE{l = [F 8 _HrvAE=Y 258 > FHifh ]
. T f

e cyclic processing

» GPC Az g A > =R
= A METE - FEH
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THE "BUG" HEARD 'ROUND THE WORLD G#)

+ SRS - [T B IBMEGPCH!
pmemory dumptli < > FEF- (&
Software bug » timing synchronyt! '.‘J’%
2 o

H

* GPCf|1E | iprocesses=I5Eout-of-phase s

. @[’G}}%ﬁﬁ?ﬁ\?Uout-of-phaseﬁ%«‘;?ﬁ[e] > |
5 C""l;l’!;LL['ré?F[ °
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French Guyana, June 4, 1996
$800 million software failure
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» Medical linear accelerator by AECL
« Computer-controlled (DEC PDP-11)

» Dual modes of X-ray and electron
beams

d
« Successor to Therac-20 an deo‘\\'\ o

Therac-6 by Al sd‘N\; from
+ availalgle 9 “r\zS
. 11 Therg&xi’\‘m@reql%&tatdd
6/19

26
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 Independently developed by AECL after breaking
up with CGR

» A fault-tree safety analysis was performed with the
assumption that software was correct.

» Controlled by legacy software from Therac-20 and
Therac-6
— Therac-20 and -6 only used computer for convenience

— Get rid of hardware interlock since software never went
wrong with Therac-20 and Therac-6

* In fact, most software errors of Therac-20 and
Therac-6 had been masked by hardware
interlocks.

27

* Error message happened so often that
technicians thought they were normal.

» Most of the errors did not hurt.

 The AECL said
— “Improper scanning was not possible!”

— “This incident was never reproted to AECL
prior to this date ...” (after 10 months of a filed
lawsuit)

28




* On May 2, 1986, FDA declared Therac-25
defective and demanded CAP.

» AECL remedied something and claimed that
Therac-25 was 10,000 times safer.

 FDA believed them.

o Software errors have been identified in all these
six admitted accidents.

 Finally, the hardware interlocks were put back
in on Feb. 2, 1987.

29

» Worst accidents series in 35-year history
of medical accelerator

» References:

— N. Leveson, C.S. Turner, An investigation of
theTherac-25 accidents, IEEE Computer, Vol.
26, Nr. 7, July 1993, pp.18-41
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GOVERNMENT NEWS GCN July 13, 1998

Gregory Slabodkin, G(@I Staff
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» Mars climate orbiter smashed into the planet
instead of reaching a safe orbit ($165M), 1999
— Failure to convert English measures to metric values
— Software shut the engine off 100ft above the surface.
» US Vicennes mistook airbus 320 for a F-14 and
shot it down, 1st Gulf War, 1988.
— 290 people dead
— Why: Software bug - cryptic and misleading output
displayed by the tracking software

32
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Failure of the London Ambulance Service on 26 and
27 November 1992
— Load increased
— Emergencies accumulated

— System made incorrect allocations
» more than one ambulance being sent to the same incident
* the closest vehicle was not chosen for the emergency
— At 23:00 on October 28 the LAS eventually
instigated a backup procedure, after the death of at
least 20 patients

33

British destroyer H.M.S. Sheffield; sunk in the Falkland Islands
war
— ship's radar warning system software allowed missile to
reach its target
An Air New Zealand airliner crashed into an Antarctic mountain
North American Aerospace Defense Command reported that the
U.S. was under missile attack;
— traced to faulty computer software - generated incorrect
signals
Manned space capsule Gemini V missed its landing point by 100
miles;
— software ignored the motion of the earth around the sun

["The development of software for ballistic-missile defense,"
by H. Lin, Scientific American, vol. 253, no. 6 (Dec. 1985) 3. 48]




» An error in an aircraft design program contributed to
several serious air crashes
[“Software Engineering: Report on a Conference
sponsored by the NATO Science Committee, Brussels
NATO Scientific Affairs Division,” 1968, p. 121]

 Dallas/Fort Worth air-traffic system began spitting out
gibberish in the Fall of 1989 and controllers had to track
planes on paper

['Ghost in the Machine,"
Time Magazine,
Jan. 29, 1990. p. 58]

35

» F-18 fighter plane crashed
— due to a missing exception condition

[ACM SIGSOFT Software
Engineering Notes, vol. 6, no. 2]

» F-14 fighter plane was lost

— to uncontrollable spin, traced to tactical software
[ACM SIGSOFT Software
Engineering Notes, vol. 9, no. 5]
» Chicago cat owners were billed $5 for unlicensed dachshunds.

— A database search on "DHC" (for dachshunds) found "domestic
house cats" with shots but no license
[ACM SIGSOFT Software
Engineering Notes, vol. 12, no. 3]
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CyberSitter censors "menu */ #define"
— because of the string *'nu...de*
[Internet Risks Forum NewsGroup
(RISKYS), vol. 19, issue 56]

London‘s Docklands Light Railway — train
stopped in the middle of nowhere due to
future station location programmed in
software

37

CNN.com
* Russia: Software bug made Soyuz stray.

— STAR CITY, Russia(AP) — A computer software error likely
sent a Russian spacecraft into a rare ballistic descent that
subjected the three men on board to check-crushing gravity
loads that made it hard to breathe, space experts said
Tuesday.

» Korean Air crashed in Guam and killed 228 people.
— A poorly programmed ground-based altitude warning system
 Faulty software in anti-lock brakes forced the recall of 39,000 trucks
and tractors and 6,000 school buses in 2000.
 Mars Polar lander, $165M, 1999.
— Software shut the engines off 100 feet above the surface.

J %3?9 .5 billions loss in economy, 0.6%GDP, Aprll 27

19



$4 billion development effort
> 50% system integration & validation cost

2,500,000+1,500,000:lines of codes (most in
Ada)

400 horses
100 microprocessors
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® Testing (&3] 2 & 7 #ib)
B Expensive
B Low coverage
B Late in development cycles

® Simulation (5 #2 & & #48)
B_Ecgnomic
B Low coverage
B Don't know what you haven't seen.
® Formal Verification(& #2 & % 2)
B Expensive
B Functional completeness
#100% coverage
B Automated!
® With algorithms and proofs.

44
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® Testing (4= 7 # F|Ah3mip| - ipl)
B Expensive
B Low coverage
B Late in development cycles
® Simulation (% # - % 5]A > 4c12p|£)
" ‘ ..., WEconomic

B Low coverage

B Don't know what you haven't seen.
® Formal Verification(#] 2 < 74 ... )

< > B Expensive
‘ B Functional completeness
#100% coverage
B Automated!

@ With algorithms and proofs. 45

@ QPWﬁﬂwﬁf‘&pﬁ%ﬂw
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- PR (FIEEE ) o IR R
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Promise of Formal Verification (FV) ?

Use mathematics to prove the
correctness of system designs!

Advantage:

* Functional completeness

- Mechanical & exhaustive exploration of all
cases

- Automated verification
- Cut down verification cost
- Relieve us of mechanical verification tasks

47

System Mathematical
Descriptions Models

24



o« B iRk
— AT&T ~ CMU -~ UC-Berkeley -~ Stanford -
North Carolina ~ Cornell ~ Intel -
Cadence-Berkeley
o — P
— UT-Austin ~ SRI ~ MIT ~ MITRE -~
XEROX-PARC

49

o * B EI gl (process algebra)

— + Oxford ~ Cambridge ~ Edinburgh ~ Uppsala
o * T-4743F (formal methods)

— + Oxford ~ IFAD ~ IBM UK ~ CRI ~

Formal Systems Ltd - Praxis ~ CWI -
VERILOG

50
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CAYV (Computer-Aided Verification)
FME (Formal Method Europe)

AMAST (Algebraic Methodo. & Sw Tec.)
TACAS (Tools & Algorithnms for CAS)
Hybrid

SAS (Static Analysis Symposium)
FORTE(Formal Description Technique)

51

*FOCS *STOC
*LICS *PODC
*POPL *MFCS
*STACS *RTSS
*RTAS * |CALP
* CONCUR *FORTE
* SAS * CADE

*FTRTFT *RTCSA 52
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» fEREFET vs REHIER 10T SRl

%%ﬂlﬁigﬁff FEFS]
*
1% Undecidable
H)? nonelementary
%j EXPSPACE

NP PSPACE )@%//547&7@;%@

53

o SRRV RS — VB
— & - (AR i
— PR d
- F‘lzﬂi?ﬁﬁjﬁﬁ“ PJ?‘{
o IR YT
o JEHIRIIS B — Fogm e i g = 4
— il (stack) ~ #E-(queue)
— DIFIFGEET ~ YRR

_ ic[xw\a.uiﬁ i | |im|ii| i n) 54
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+ FEREFET vs EREHER IO R
o B SRS PE AR (proof checking)
- 12 TSR i g
AR R S (4R
o« S Lk ***
- SRR B R
F"'J?‘”S‘FJ I ﬂ?ﬁﬁm
* IR R S
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o TSR
o FIBIRRRER IS

57

. lﬁ“‘ﬂﬁﬁl JLJ?FJ?E*‘ ik L (formal semantlcs) 5

- Rt (temporal logics )

. EIEI*JJE‘;%?‘F% (automaton theory )
o BRI Rge (process algebra)

o — [ (first-order logics)

» Petri-Net
. *—*fﬁﬂi ( formal methods )
. qﬁﬁﬂﬁ /n, £  statechart ~ modechart

29



- Rt (temporal logics )
— [ R T
— O R R
. E@*Jﬁ‘ii’g‘rﬁ (automaton theory )
— ZFSfiudiscrete |IEIES
— F|[ipudense-time [1EOES
— {70 F 18 Chybrid automata )

59
| —
e flimodal logics py— 3 » FHLY o
- r?j‘ﬁlﬁeqssitlle worldfiv s
- PR L~ O
[ = A fupossible world - g 75 F
& ¥ {possible world > i i
— modal logics 8 E] ELKripke Structur et gapn
. EEPffERE
LI Py s
S - y




. ?&Llﬁ?ﬁ% (linear-time ) FufStE| (model)

0—0—-0— o—
BB

(branching-time)

3 &7 [fpath

o
V1 S path P\ \

61

’

?ﬁ[@?ﬁ%}[‘% (linear-time)
Z2PLTL (propositional Linear Temporal Logic )

— J=hHIE - % > process P F’ﬁ‘%ﬁéiﬂ{? o

<>p - liveness property

&&& ------- Q ------------

*Amir Pnueli, 1996 Turing Award Winner

62
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by

?ﬁ[@?ﬁ%}[‘% (linear-time)
Z2PLTL (propositional Linear Temporal Logic )
— Process P {1 Q <t ] 'F'ﬁ [FIlFRG o TR

[ ]— (p A () :safety property

2> En > B
= = >

63

?ﬁ[@?ﬁ%}[‘% (linear-time)
Z2PLTL (propositional Linear Temporal Logic )

p— EIEAmEL - ErElgRAREL - (p until g)

32



. ?F'qﬁi (satisfaction) PRE
[t e Iy Lb (A et = ¢
. — '[EI%E"IEEEE[]EF“J&L H N RS A
o — [l RERE ,"‘ U RLunsatisfiabledHHU fFptgiR] &
F ORLEFR 5 F1°
* WP A - Spuunsatisfiability
— P RLEAR 7 R
— S flLspecification

- PLTLElstatisfiabiIi'[yFﬁJ%TfQL_PSPACE-complete65

Wﬁ’ﬁ%ﬁ (branching-time) ==
CTL (Computation Tree Logic)

— SRR » p R (5 -
vOp
Inevitibility
|
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BHHE (branching-time )
Z=CTL (Computation Tree Logic)
— T (W ps eril;ﬁf‘ugt;l
3P
3-pUp

Reachability

. ?Fﬁh—[‘ (satisfaction ) pVRE G
- IR e 2
- (BT R SV R 7 -
« — {55 7 ¥ Rlunsatisfiablef[Ifd ffiofBL B &
* JFlIEEP A - Spuunsatisfiability
- CTL ElstatisfiabiIityFﬁJEE;E':deterministic
EXPTIME-complete

68
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AL LRI M A (R 2P

A M PR 1 2

¢ SETMI T I A -

+ FCTLAYIRIN™ - SEERF 7 PTIME
-

69

o JREE ST AT
—ANEERFATE 7
. gﬁgﬁ S T

o A5 1 £ A }

¢ R LR (N ) A

70
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» AIF (real-time) 55 £

FIAELED (-

- 5 SOmsERI e (ST UL » [l

72
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» AIF (real-time) 55 £
— 7 500mspuUY]? |+ E 50msEER] T i1
TR fp) > eE g FE R

X~ 27 Ak
i - R
IFJ‘ o

X 2 RLET 7R -

TCTL (Timed CTL)

v (EE— V<><5oolllbl]|:[l)

v (EfE— x.vO (X<500 A i 1) )
VX (BE— V<O (X<500 A fFD )
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?E @ ' T
T>120
T<10
AR
VL] T<130

observational congruence 76

» CSP, Communicating Sequential Processes
— C.A.R. Hoare, Turing Award winner
— Communicating Sequential Processes,
Prentice-Hall, 1985
» CCS, Calculus of Communicating Systems
— Robin Milner, Turing Award winner
— Communication and Cuncurrency,
Prentice-Hall, 1989
— strong equivalence, observational equivalence,

38



= U

FIESRS TS
VM = (in5p— choc—VM | in2p— toffee —=VM)
— action & F/ﬁ : a VM = {in5p, choc, in2p, toffee}

« & (model) : traces
— in5p choc in5p
— in5p choc in2p toffee in2p toffee

» process : the behavior pattern of a object
- E:—ﬁ?ikf » Rlrulefv g F’—‘,

i

— :riilﬁ'i ) ﬁLtracesF’lfJ;% Fﬁ'

traces (3 ET
o prefix : x—=P (xthen P)
— a guarded command
 recursion : P = (x—>P)
or P=«X. (x>X) (least fixed-point )
 choice: P=(P,|P,)

39



f[H%‘ : (catenation)

(coin,choc ) * (coin,toffee ) = (coin,choc,coin,toffee )

j (restriction
(c0| &hoc coin,toffee ) /{coin} = (coin,coin )
e head & tail

(coin,choc,coin,toffee ) ; = coin
(coin,choc,coin,toffee ) * = (’choc,coin,toffee )

» ordering
st = (Aushu =1t)

o« = (length) : # (coinchoc,cointoffee ) =4

79

* (coin =STOP _\ys)
. coin ‘

e VMCT = (coin — ( choc —=VMCT | toffee — VMCT))

80

toffee

40



o i £
VMCT = (coin — ( choc —VMCT | toffee — VMCT))

81

concurrency:P||Q

* it a PN a QIfvHTE action, “ZF[H+H

* (c=P)ll(c=Q) = (c=(P||Q))

* (c—P)||(d—-Q) =STOP ; Y c+d
deadlock

82
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= U

nondeternimism : PI1 Q (P - Q#457)
PIQ (PA&)
communications:
(clv—=P) || (c?2v— Q)
concatenation : P;Q

* hiding : P/C
—J P [17FE | C flifivaction &
— C : — f[ffaction fu& FA‘ 3

lé Ry RL— = B putracei @y
specmcatlon — ['Efprocess puflif
=i Ejlsa T VM gu%\r, AR
Sl "TL[ Jigir
NOLOSS —(#(tr t{choc}) < #(tr 7{coin}))
VROV T F PeR
FAIR ((tchom) & (tr /choc)+1)

/ :selection

84
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e PsatS
— P fl— {f#process ; Sfl— [ftrace specification
 Verification techniques

— Proof-checking
* laws of processes and traces

— Model-checking (812! fi &)
o LR D

85

» atoms, functions, predicates, v, A, —, 3, V

v x(Man(x)—=Mortal(x))
RS | -;ij"—‘- |

. %F&Fj@(satisﬁability problem) @ 7 A |
— Resolution Principle - J.A. Robinson
» proof-checking : mechanical theorem proving

o FIP TR ATE Ry .

86
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7 [#satisfiability problem® | igfiv=" &
e Presburger Arithmetic,N,+,-,v, A,—,3,V
FzVy (z<y v IX(X+z<Y))
— elementary decision procedure

o Ist-order logicwith p(x) and <
(H79 Gty
7y(p(y) — Ix(y <x 2 q(x))
— nonelementary decision procedure

87

Boyer & Moore fi NgThm
— A Computational Logic Handbook
Academic Press, 1988
— quantifier-free, first-order, = pure-LispZFi{l]
- — ff’“ﬁ | fifi¥theorem-proving environment

example : (pp. 190-197 of the book)
“— fElist » A ER T 7

* HiF01 i : (PROVE-LEMMA REVERSE-REVERSE (REWRITE)
(EQUAL (REVERSE (REVERSE X)) X))
* [ i © (PROVE-LEMMA REVERSE-REVERSE (REWRITE)
(IMPLIES (PROPERP X)
(EQUAL (REVERSE (REVERSE X)) X))) ss

44



e 1972 F » C.A. Petri
* places : &g
* transitions \—

— enabled : J[HA £ ff l

Ypiplacef| 1 ﬁB“EJtoken

— firing: enabled transition [
e Vfiplacesf[1 > £ XV token ;
it f Ipplacesf1 Fﬁifv— (Htoken o

» YT EEKarp ~ Miller fUffjH ik 5
iy Ly phor e

* PRIV T

« TS (state)

marking : places ® N

(2,1,0)

running

90
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= s

e computation :

('state sequence )
Flienabled transitions

I e
marking sequence
— interleaving semantics

21,05 1,01 521,05 1015 ...

91

« #AZf - fRinitial marking » ' I A-EE LR
marking
* Reachability FFFJE'E :

1ﬁJtF*J (ifmarking M1 ~ M2,tL 2|~ {lfcomputation -
i1 MR EM2?

« Reachability Ff 1R B [ HIHEET,
. Coverabilitny TRE
« Boundedness FFFJE'ET

92
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FNT R B A s
= fRLVDM - Vienna Development Method
Z notation

RAI SE, Rigorous Approach to Industrial Software Engineering
Estelle : ESPRIT SEDOSfi%&% FF'IE'
- lqfl,fadmpetrl -net ; ISOfIOSIFFRRENA AR -

- Specification & Description Language
— CCITT Z1.00 £33 5 E'J["EFIEJ’]j".gEIprrotocol specification
93

wn
)
=

. t{F"[Jb‘é‘l%OEF [ > IBM research, Vienna
. EHC B.Jones ~ D.Bjzrnerit1970-1982F
| BRIl S
F*ﬁﬁ“f' [IPVSEHRYTIFA - B R T R
?;EFI ’ r EJE{ ?’S“ ?
P SR - MR

 stepwise refinement

94
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= U

= 7
o direct definition
 implicit specification
— model-oriented specification
* set-theoretical notation

- meHEe & F' Fﬁ%f&ﬁ * FF{Er > sequences
 proof obligation
direct definition—implicit specification

95

= o A
o direct definitioln

sumn : N—N

sumn(n)  if n=0 then 0 else n +sumn(n-1)
 implicit specification

sumn (n:N) r:N

post r=n*(n+1)/2
 proof obligation

neN sumn(n) € N A post-sumn(n,sumn(n))

96
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| fErules

* rulel: sumn(0)=0

neN; n#0; sumn(n-1)=k
sumn(n)=n+k

e rule2:

97

FromneN

1.sumn(0) =0 Rule 1
2.sumn(0) e N I, N

3. 0=0*(0+1)/2 N

4. sumn(0) = 0*(0+1)/2 =-subs(3,1)

5. post-sumn(0,sumn(0)) post-sumn,4
6. sumn(0) € N A post-sumn(0,sumn(0)) A-1(2,5)
7. from ne N, sumn(n) € N, post-sumn(n,sumn(n))

98




LRI IR
7.1 n+l1+#0 h7,N
7.2 ntle N h7,N
7.3 sumn(n) = n*(n+1)/2 post-sumn, ih7
7.4 sumn(n+1) = n+1+n*(n+1)/2 Rule 2(7.2,7.1,7.3)
7.5 sumn(n+l)e N 7.4, N
7.6 sumn(n+1) = (n+1)*(n+2)/2 7.4,N
7.7 post-sumn(n+1)=(n+1)*(n+2)/2 post-sumn, 7.6
infer sumn(n+1) e N A post-sumn(n+1,sumn(n+1))
A-1(7.5,7.7)
infer sumn(n) € N A post-sumn(n,sumn(n)) N-ind(6,79)9
| —
statechart
» David Harel, 1986
— science of computer programming
I R A
IR E Uk IT%ET FERTE [ ok
 nested modules
100
| —
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= su

~)

PR

Parallel modes for orthogonality

general mode radar

cruilse .
switch-on
navigate (tohe
touchdown - switch-off standby

end-warmup
take off
on—ground

abc—system

of f

lever-on

Dl Calibration
off

end-
“ calibration

2min. in time

in date

2min.

stopwatch

update 2

update 1
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modechart

e F. Jahanian, A.K. Mok, 1986
— IEEE Transactions on SE

« statechartfivreal-timey#s

« semantics 1 RTL & o

— RTL (real-time logic) ~fLf1Jahanian*{Mok
WAy o (IEEETC)

103

Rail-road Crossing Control System

Gate—-control ler Monitor

} approach [0, o)

approach
[20, 100] T [20, 50] [100, 100] [100, 100]

1 passed
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e operational semantics
- BT

 denotational semantics
—}H%E U £ mgr(denotatlon)

e axiomatic semantics

— pre-condition=*post-conditions

_PI J”:DL tf]% ﬁ{tﬁ% 2]

105

| —
—
L
» sequential programs
— E.W.Dijkstra, Turing Award
A Discipline of Programming, Prentice-Hall, 1976

o distributed programs

— Chandy ~ MisrafUNITY
Parallel Program Design - A Foundation
Addison-Wesley, 1988
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PG L A IR

=1

guarded-command language
X,y:=x+y,0if y=>0

Fairness assumption - interleaving semantics
program composition
precondition ~ postcondition

{y=0} x,y:=x+y,0 if y>0 {y=0}
proof-checking
— ZF Z]aws
— safety properties ~ liveness properties

107

-
" HIERTE R : Axiomatic Semantics |

Example : Given N, M, compute x,y such that
* XxxN+y=M

e 0 y<N

Program division

declare x,y,z,k : integer
initially x,y,z,k =0, M, N, 1

assign z,k := 2z,2,k ify>2xz ~
N, 1 ify <2xz
Xy = X+k,y-z ify > 2xz

end {division}

108
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PG L A IR

-

L

properties

Given a program F

* punless q iff for all sin F, {pA—q}s{pvq}

o stable p iff p unless false

* invariant p iff stable p A (initial condition —p)

o pensures qiff (p unless g)A 3sinF, {p A =q}s{q}

109

-
MR Axiomatic Semantics|

properties
Given aprogram F, p 2> q iff
p ensures q P>q q-=>r
p—>q p>r

v winW(p(w) 2 q)
(3 winW(pw)) > q

110
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L
Some theorems :

p unless g, g unless r p unless q

pV qunlessr pVrunlessqVvr

p—>q,runlessb

pATr (qQATr)Vvb

111

o SHFIAEEE (proof-checking)
— resolution-based prover
— Floyd-Hoare Logics : axiomatic prover
— proof paradigm : VDM

e automatic verification

- MU E[A5EE (model-checking )
— language inclusion
— bi-simulation
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o — [E%EE (first-order logic)

— Boyer & Moore fiV NgThm

— e

— 1985 &F > Utk 7 FM 8501 CPU = i 71
(o

- féqﬁﬁ;ﬁ?,@aﬁ%‘ﬂ ( compiler)

- =43 A Computational Logic Handbook,
Academic Press, 1988

113

o M #3E (formal method)

— occam
— IMS T800 transputer
el G R CARLE
— 1990 & i = 241 | |

o (49 HIER)

114
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o M #3E (formal method)
— Z notations Elfjj—tﬁfﬁf,ﬁﬂj =
— IMS CICS
— A (T ] E*’dfispﬁﬁfﬁjﬁ
~ 1992 F Hifgit T HE L |

115

o fEI=UAGERE (model-checking)

— Burch, Clarke, McMillan, Dill, Hwang

- = FHCE (BDD) [REE

— CMU (Y SMV 55k - = FIED
— Intel 32k ALU - 8 |HFITZ«E%‘E e
pipeline

—SPREA T 1 1010

- 7+SUN4 4 Eﬂj 20 75 °

116
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Symbolic Trajectory Evaluation
Hazelburst, Seger

64 i 71 3593

AHTEY ~ 7Y Wallace tree
ﬁ{l?ﬁ'&%n% (no memory )
+Sparc 10/51 _F 800 ) -

117

- B A5 Y
— Bosscher, Polak, VVaandrager
— 7 P b
— Phillip ?ﬁ%@}i’ﬁfﬂq[ﬁ"'?ﬁflﬁmﬁ
rFLlEEFFFFLf JtﬁLﬁ%‘\I FE#IFBE }'F[Lﬁé:{”{‘[‘ﬂ:

—7 :E[ klzéﬁ #% (CO”ISOH) IF[B’F;‘LL n—{
— UL HiFEE Y -

. (Phllllp I'] 5% t’%ﬁ?ﬁi’{&)
— aeHenzinger [t HyTech EIEFLJE&‘ #ﬁ‘y ° 118
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Initially x = 0;

e consumer:

for (; 1;) if (x> 0) x--;

* Producer:

for (; 1; ) if (x< 1) x++;

» Atomicity assumption

» Please prove that x is always no greater than 1.

119

1. f}l‘i’]%_ﬁj VR e ETAE =Y > model=y -
[EPetri-net ( jL63F1 ) -

2. IR
1. Safety property
2. Liveness property

3. Fairness assumption
4. Interleaving semantics
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