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Original Aim

= Need for sound compositional specification
formalisms supporting step-wise development
and design of concurrent systems

~

= Components are specified in a formal way at a
certain abstraction level.

= Specifications are gradually refined until a
concrete system is produced.

= If the refinement steps preserve certain
properties, the final system will as well.

= STILL HIGHLY RELEVANT |

Milner Symposium, Edinburgh, April 16-18, 2012



Bisimulation

2012

Parameterized MTS
Weighted MTS
Dual-Priced MTS
Modal Contracts

Milner Symposium, Edinburgh, April 16-18, 2012 4



BiSimuquion [Park according to Milner]

ﬁ R C Prx Pris a (strong) bisimulation iff \
whenever (P,Q)eR then
i) whenever P-a-> P' then Q-a->Q’
for some Q' with (P',Q)e R
i1) whenever Q-a-> Q' then P-a->P
for some P' with (P’,Q)e R

S /

= P~Q iff (P,Q)eR for some bisimulation R

= ~ iS a congruence relation
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Compositionality

= Properties of a combined program should be
obtained from properties of component!

= Correctness problem: SYS ~ SPEC

(« Compositional Verification

\-

1. Decompose:
2. Verify:
3. Combine:

SYS = C[SYS,,...SYS,]
SYS, ~ SPEC.
SPEC ~ C[SPEC,,...,SPEC.]

~

)

Problem: how to obtain simple subspecification?



A Simple Scheduler

A~ = A=alablda? A

d
™ cd “c
@<— <--@ + B=ab? bl bel B

= C=bc?clcd C

da »° . D=zcd>dldal D
/CA} ab - SPEC -
a p 4 al 7bl rcl 7dl - SPEC

= (A|B]|C|D)~SPEC



Compositional Verification

e ("- "'

= A=alablda? A
= B=ab?blbclB
= C=bc?clcdl C
= D=cd?dl dal D

= SPEC-=
al 7bl 7 ¢l rdl . SPEC

- SYs,=D]|C
- SYS,=A|B

= SPEC; = bc? c! 7 d! dal SPEC,
= SPEC, = al 7 bl bc! da? SPEC,

= However SYS; + SPEC.



Compositional Verification

[®~ @1
LG} arﬂ]

SYS1=D|C
SYS,= A | B

SPEC, = bc? c! 7 d! dal SPEC,

Clearly SYS, % SPEC,

da?
/ \ In fact no hope for a
T b! bc! simple SPEC,
dagl da? However
b| Sysz ~e SPECZ
A | B bc! : :
| a where £ is an environment
bc! Y ' capturing
behaviour relevant

in the context ([] | € | D)



Compositional Verification

[®* @]

[ﬁ b ‘
= Clearly SYS, % SPEC,
In fact no hope for a
‘al/ b! } e
—> —3 5 —>

simple SPEC,

SYS1=D|C
SYS,= A | B

SPEC, = bc? c! 7 d! dal SPEC,

dai da?

al al
bc! Y . Y
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Environments

[.E:(Env,ACT,é) P"’EQJ

= E-a->FE":
= E allows (can consume) the action a and become E'’
= P-g->P:
= P can produce the action a and become P’
= Special Environments
= O: = (0 -a->) forall actions a.
Thus we expect P ~o Q for all P and Q

=U:U-a>U foranyactiona.
Thus we expect P~, Q iff P~ Q.

Milner Symposium, Edinburgh, April 16-18, 2012
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Environment

Environment should cover the
A behaviour allowed by

> cd “|c the context
@(——(—--@ (OlclD) 2?22

-II i Only al, bl, da?, bc!, 7
da‘r N bc No restrictions on al, b!, 7
¥ ‘.
Inhabitant
a b b




Parameterized Bisimulation

KLe’r E =(Env, Act, 2 ).
= An E-parameterized bisimulation is an Env-
indexed family R = { R¢ : E€ Env } with
Re € Prx Pr, such that whenever
whenever (P,Q)eR¢ and E-a->E’ then
1) whenever P-a->P' then Q-a->Q'
for some Q" with (P, Q")eRg
Ii) whenever Q-a->Q' then P-a->P'
\ for some P* with (P',Q)eRe

\

/

= P~cQ, whenever (P,Q)eRg for some
parameterized bisimulation R.

Milner Symposium, Edinburgh, April 16-18, 2012
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SPEC,

Compositional Verification - Revisited

bcl

Remaining Question
Does

SPEC, ~g A|B
imply

(SPEC, | C|ID ) ~(AlB | C|D)

Semantics of contexts as
action transducer!



The Alternating Bit Protocol

PLERNATIVE PRocF,
vsin 0

Cms;der The dfmmhw_n_lﬁn .
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) 33.1;_\\ f -] “5"’51{*,“)
ICA . _‘-"‘;‘"‘ — .
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[+ .
Migp re Ed: Robsy Mg, ferchanged |
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Cductj,,, Scasza;;“"‘"’“'tr described con be defined
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ABP in the TAU Tool > CWB

acked0 :=: in(ack0);acked0 + in(ackl);acked0 + acc;sendingl.
ackedl :=: inf(ackl);ackedl + in(ack0);ackedl + acc;sending0.
sending0 :=: out(sendl);sendingl + in(ackl);sending0
+ in{ack0) ;acked0.
sendingl :=: out({sendl);sendingl + in(ack0);sendingl
+ in(ackl) ;ackedl.
transmitted( :=: in(transmit();transmitted( + in(transmitl);
transmittedl + del;replyingd.
transmittedl :=: in(transmitl);transmittedl + in(transmitO);
transmittedl + del;replyingl,
replying0 :=: out({reply0);replving0 + in(transmit0);
replying0 + in(transmitl);transmittedl.
replvingl :=: out{replvl);replyingl + in{transmitl);
replyingl + in(transmit0);transmittedl.
s
protocol :=: (ackedl /trans med/ackmed/replying0)
\\l[acc,del].
spec :=: acc;del;spec.
g

Milner Symposium, Edinburgh, April 16-18, 2012
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ABP in the TAU Tool > CWB

Tatsuya Hagino

Professor,

Faculty of

Environmental Information,
Keio University, Japan

Milner Symposium, Edinburgh, April 16-18, 2012

bisim(P,Q,C) :- closure(P,Q, [[P,q]],c).

closure(P,Q,B,D) :-
matchl(P,qQ,B,C), matchr(P,Q,C,D).

matchl(P,Q,B,C) :-
derset(P,M), matchl*(P,qQ,M,B,C).

matchr(P,Q,C,D) :-
derset(Q,N), matchr+(P,Q,N,C,D).

matchl®(P,q,[1,B,B).
matchl®(P,Q, [[A,P"]IM1,B,D) :-
der(Q,4,Q"), in([P’,q°1,B), !,
matehl*(P,Q,M,B,D).
matchl®(P,Q,[[A,P"]|M],B,D) :-
der(Q,4,Q"), closure(P”,Q”,[[P",Q°]11B1,0),
matechl*(P,Q,M,C,D).

matchr*(P,Q,[1,B,B).
matehr® (P,Q,[[A,Q°1|NT,B,D) :-
der(?,A,P"), in([P”,Q’1,B), !,
matchr*(P,Q,N,B,D).
matcehr®(P,Q,[4,Q°1IN],B,D) :-
der(P,A,P”), closure(P”,Q", [[P”,Q"]B],0),

matchrt(P,Q,N,C,D).
( 3Q3 IVs ) (figure 6-2—5)
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Modal Transition Systems

TAU CWB
1988

2011

2012

Parameterized MTS
Weighted MTS
Dual-Priced MTS
Modal Contracts
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Operations on Specifications

= Structural Composition:

= Given S;and S, construct S; par S, such that
| Sypar S, | = |S4] par |S,]
= < should be precongruence wrt par to allow for
compositional analysis |

= Logical Conjunction:
= Given S;and S, construct S;AS, such that
1S; AS,| = |541N]S,|

= Quotienting:
= Given overall specification T and component specification S

construct the quotient specification T\S such that
Spar X< T iff X<T\S

Milner Symposium, Edinburgh, April 16-18, 2012
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o [L. & Thomsen 88
Modal Transition Systems "5 /%) o0

MTS is an automata-based specification formalism

MTS allow to express that certain actions may or
must happen in their implementation

MTS supports all the required operations on
specifications (conjunction, parallel composition,
quotienting).

Applications in component-based software
development, interface theories, modal
abstractions and program analysis.



Example - Tea-Coffee Machines

Specifications

- ~ ~

’ N \
/ \ I \
tea I coin I coffee tea | coin I coffee
\ / /
\ Y /
~ ” ”
. Ox-
Refinement \\
tea | coffee

Implementations

coin tea

Milner Symposium, Edinburgh, April 16-18, 2012



MTS Definition

e

* An MTS is a triple (P, , >,) where P is a set of
statesand > C >, CPx Act x P

.

If > = >, then the MTS is an implementation.

(. R C Px P is a modal refinement iff
whenever (S, T)eR then
i) whenever S-a->, S' then T-a->, T
for some T' with (S, T)e R
i) whenever T-a-> T then S-a-> S
\_ for some S' with (5, T)e R

J

We write S <, T whenever (S, T)eR for some modal refinement R.



Example - Tea-Coffee Machines

Specifications

- ~ ~

’ N N
/ \ | \
tea '\ coin I coffee tea | coin I coffee
/ /
‘. 7 7
N\
&N L,
Refinement N AN
tea I coffee
/
’
Implementations -
L O
/
coin tea
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Compositional Verification - Rerevisited

A

QG
ab

a b
A I B da?
( T LS
dai da?l
bl
bc!
bcl a!l bl Gll

= A=alablda? A
= B=ab?blbclB
= C=bc?clcdl C
= D=cd?dl dal D

= SPEC:=
bl 7cl 7dl - SPEC
SPEC, -
al T b bcl
— | — —
da?:‘._ da?__:':
G! b! -------
bc! da?



Compositional Verification - Rerevisited

d 2
\ /
=
d:l_l A bc
()»—(2)
ab .
a b"
SPEC, .
( d — 7 — d
—5 = —
bc?:':_ bc?
o d MUK
bc? dal
-

SPEC = al bl rcl 7dl r SPEC

(SPEC, || SPEC,) <, SPEC

C | D ¢, SPEC,

A | B <, SPEC,

Hence (A | B | € | D) ¢, SPEC

SPEC, -
‘al/ - bl bc!
— |} — —

da?:‘._ da?_.’:
a! b! -------
bc! da?



Constraint Markov Chains 20w
APAC

Milner Symposium, Edinburgh, April 16-18, 2012
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Probabilistic Process System

~ Markov Chain

( PI A ’ H' V )
/ \V: P _ 24 Valuation function

IH:P — (P — [0,1]) Transition probability function

Atomic Propositions

Processes / States

I (P)(P,) = 54/199
I (Po)(P;) =0

P,

submit
54/199 ~~——rnr 145/199
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Probabilistic Bisimulation

@ 1

e )

145/199

100/199

22/199

32/199 45/199

54/199

Definition

[L., Skou ' 89]

An equivalence relation R on process isa
probabilistic bisimulation if whenever

PR Q then

1. V(P) = V(Q)
2. For all classes € € P/R

soma seman

54/199

/®‘
1 1

2pe ¢ I(P)(P) = Zpe ¢ TI(Q)(PY)

145/199



Probabilistic Bisimulation (L., Skou " 89]
Definition

An equivalence relation R on process is a
probabilistic bisimulation if whenever

PR Q then
1 1. V(P) = V(Q)
2. For all classes € € P/R
/ 2pe ¢ I(P)(P) = Zpe ¢ TI(Q)(PY)

145/199

100/199

22/199

/®‘
1 1

32/199 45/199

54/199 54/199 145/199

o @

Milner Symposium, Edinburgh, April 16-18, 2012 30
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Probabilistic MTS [Tonsson, L’ 91]

AUTHOR
{{1} H
{1}
025 J @
{1} {1}

[0,0.75]
{1}

!

PUBLISHER

{{1}

{1}

. [0.67 1]

[0.67,0.75]

[0.25 ,0.33]

AGREEMENT

[0,0.33
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Probabilistic Refinement (Informally)

Show

p1+p2+ps=1
p; € [1/4 1]
p, € [0,3/8]

p; € [0,3/8]

Witness; should work uniformly
for any implementation of T

r

z > p; € [1/81]
z*p; € [1/81]
1*p, + 1*p, € [0,3/4]



Probabilistic Refinement (Informally)

T 1/2 S
@ : llllllllllllll GCC
[1/4 1] ‘o, [1/8 ,1]
1/2%,
4,

Constraint Markov Chains
to ensure closure under
conjunction and parallel compositions
[2010]

- ' VW VYV

) r
+ + =1 -

Ei EFEi/ff] 2" PL€ [1/8,1]

0, c[03/8] ( = Y zZ Pi€ll/8l]

p; € [0,3/8] 1*p, + 1*p; € [0,3/4]

J \.
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UPPAAL

UPPAAL TIGA
2005

Timed MTS
ECDAR

2011

2012
Parameterized MTS

Weighted MTS
Dual-Priced MTS
Modal Contracts
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Timed Automata

X<=H
x=0

Clocks
Channels
Networks

Milner Symposium, Edinburgh, April 16-18, 2012

ERROR
SEMANTICS:
(Ax=0) -314-> (A x=3.14)
-a? > (B, x=3.14)
> (A, x=0)
-523 > (A,x=5.23)
-a? =2 (B,x=5.23)
- (ERROR, x=5.23)

35



x>UT(N,D)

x<=UT(N,D)
- w[0]?

Clocks

Channels e>0 wle]?

Networks

Integer variables
Structure variables, clocks, channels

User defined types and functions
Milner Symposium, Edinburgh, April 16-18, 2012

ERROR
const int N 10;
const int D 30;

const int d = 4;
typedef int[0,N-1] id t;

broadcast chan rec[N];
broadcast chan w[N];

int UT (int X, int Y)
{
return (X+1)*Y;

}

36



Timed MTS, Refinements & Implementations

An Imp|emen'ra'non
Milner Symposium, Edinburgh, April 16-18, 2012



Real-Time version of Milner's Scheduler

Milner Symposium, Edinburgh, April 16-18, 2012
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Real-Time version of Milner's Scheduler

Idle
y>e O«
rec[(i+1)%N]! .-~ S~o 0w
-7 rec[i]?
~ x=0,
x<=D ~~_ =0 -7 x<=D
wli]l ~~_ P
TSo -7 y>d
x<=D rec[(i+1)%N]!
Token
recli]?

'

reCi+1 | &

/

¢ w

Milner Symposium, Edinburgh, April 16-18, 2012
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recli]?



File Edit Yew Tools Options Help

Simulation & Verification

Dal Q&6 §@-oe

:\Documents and Settingsikgl\DesktopA\DESKTOP FEB 200 7AUPPAALVIPPAAL examples\Simple Leader Election\Milner-for-Verification.xml - UPPAAL

Editor | Simulator | verifier
[ Drag out H Drag out
(0 =0 Node(0) Node(1) Node(2) Node(3)
Transition chooser Made(l),x = 202,9966585 " " "
00 A0 A20[1680 240 a0 a| |Mode(D).y = 202.996685 _ e _ _ . o P _ A _
vec[{341)%M]: Modef3) —> Node(D) Mode(1).x = 192,403760 o "O" l o ot l . . O" l - \_O,- l
w[9]: Mode() - Eny Mode(1).y = 192,403760 | g T L B o . | - =N
Mode(Z).x = 172.180987 gy gy gy @
Mode(2).y = 172,180967 Y N T N
Mode(3).x = 144,189037
Mode(3).y = 144,189037
huode(4).c = 126.111239 Node(4) Node(5) Node(6) Node(7)
Mode(4).y = 126.111239 "
Mode(S).x = 97.005302 ) . . ) ) = ) o ) 2. . )
hode(S).y = 97 005302 o e ] o o"l hod O"] hos O’]
b Mode(t).x = 75.415511 e g > = = =
< ¥ Mode(s).y = 78415511 9] 0] Q Q
Delay: 17291 5| 8 Reset ode(7).x = 48.438608 [ AN AN L
[ S ] Mode(7).y = 48.498608
Take transitian Mode(s).x = 27174265
Mode(s).y = 27.174265 Hode(g] LEEEED o
Trace controls hode(g).x = 17,291171 F 5
Env.x = 174,130219 o : l o : . | o
drer | b » e A
Speeder T o
Slow Fast v
| B Random | Gantt Chart
0 17 33 50 66 53 99 116,132,149165,162,198 215,231 248,264,280 297 313,330,346, 363379 396,417 429,445 462,478 405,51 1 578544560 577,593 610,626 643,650 76,697 709,725
Sirmulation Trace -
Mode(0)| 3 b K X
(-, Idie, Idle, Ide, Idle, Idie, Ide, Idie, Id = Mode:1)| 20, u
rec[0]: Starter --= Mode{0) Mode(2) v ] ' o
-
-, Token, Tdle, Tdle, Idie, de, Tde, Idie, 1 Mode(%) X b x X
o Mode{4) b b X b
vecl{0-+11%N]; Node(D] --> Nods(1) Node(s) ] 1 X
-, -, Taken, Idle, Ide, Idle, Idie, Ide, Idle Mode(6) . x X P
e - Mode(7) K x 5]
rec[{1+17%M]: Mode(1) --= Mode(2) -
Mode() K : p 1
-, -, - Token, Idle, Idls, Idle, Idk, Ide, I -
Mode(s) K 3 K
wl2]: Mode(2) --» Env x
-y = = -y [dle, Idle, Tdle, Idle, Idie, Idle, Ic
v
>

A[] forall (izid_t) forall (j:id_t)

A[] not Env.ERROR

Milner Symposium, Edinburgh, April 16-18, 2012
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Milner's Scheduler Compositionaly

Find SS; and verify:

1. N,< SS,
2. SS,|N, < ss,
3. SS,|N,<Sss,

n. SS,.IN,<Sss,

n+1. SS. | N, < SPEC

Milner Symposium, Edinburgh, April 16-18, 2012
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Milner's Scheduler Compositionaly

rec[1]! occurs with
> N*D time sep.

After rec[1]? then rec[i+1]!| <"
within [d*i,D*i]

_ rec[(i+1)%N
rec[1]? x=0
(N f@@[ﬁl?
|
e>0 && e<=1 | . -
we]l ! x<=D" ~ - | No new rec[1]! until
L7 g TR ) e>08&& e<=i 115
ooxeEd___ wie] recli+1]:

rec[(i+1)%N]! | -




Milner's Scheduler Compositionaly

Take SS. = (A, & A,)»G

rec[(i+1)

6 rec[(i+1)%N]?
rec[1]? x=0
elid t 1N rec[1]?
e>0 8& e<=i | 4((5 D 8%
wie]l | ) »
l/ A\ x>=d* ) \\l e>0 && e<=j

el N e “



Milner's Scheduler Compositionaly

Take SS. = (A, & A,)»G

?
elll?l es0ag e
_a | /ST wel
y=0 y /S “
rec[1]?

s~ _rec[(i+1)%N]!

X<=1*D |
rec[1]? x>=i*d - .
x=0, [ rec[(i+1)%N] ~~. f\;}o I&& =
y:O = [e]

e>0 && e<=j
w[e]!

Milner Symposium, Edinburgh, April 16-18, 2012 44



Experiments

D=30
d=29 20 10 9 8 6 4
n=>5 0.080 0.097 0.191 0.169 0.172 0.151 0.205
monolithic ‘ 0.034 0.034 0.073 1.191 1.189 64.933 = 600
= 0.102 ildl 02 DIJ8 H2iW fHohE [ 2US
monolithic 0.040 0.043 0.095 6.786 6.791 > 600 = 600
n=23 0.225 0.349 0.516 0.515 0.540 0.600 0.582
monolithic ‘ 0.076 0.076 0.230 88.542 88.642 > 600 > 600
n—12 0.830 1.414 1.802 1.895 1.831 2.079 2.181
monolithic 0.220 0.223 0.843 =600 =600 =600 > 600
n =20 4.990 0.739 12377 11.923 12.041 12.438 12.764
monolithic ‘ 1.038 1.030 4523 =600 =600 =600 =600
n = 30 22.053 45.709 55.728 55.345 55.112 54.702 56.164
monolithic 3.791 3 ii8  1Liba2 =Gl = b0 — BI om

Milner Symposium, Edinburgh, April 16-18, 2012



Bisimulation
Context Dependent Bisimulation

Modal Transition Systems
TAU CWB

1986

1988

Probabulls’rlc MTS w9

T + Al AAAanrleav Chnine
LITIC Ul IviUll NVYV UI|U|||D

2005

Ti q)\oged MTS
ECDAR

2011

Constraint Markov Chains 2010
APAC

2012

Parameterized MTS
Weighted MTS
Dual-Priced MTS
Modal Contracts
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Bisimulation
Context Dependent Bisimulation

Modal Transition Systems
TAU CWB

1986

1988

Pr‘ObilllSTIC M
et Parameterized MTS

Weighted MTS
Dual-Priced MTS
constr Modal Contracts’

a alaiMm o A

2012 Metrics
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