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Modal I/O-Transition Systems (MIOs)

Modalities ("may" and "must") for refinement (vertical
relationship)

= "must"; what is required (~ bisimulation)

= "may": what is optional (~ trace inclusion
refinementt)

Input/output for compatibility (horizontal relationship)

Synchronous composition (shared actions are
internalized)

Output Compatibility (any outputs must be received)
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Modal I/O-Transition Systems (MIOs)
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Example: Flight Booking Service

Server

bookTicket? ticketData?

cancel!
Finish! ok! seatNo?

@( accountData? ok!



Example: Flight Booking Service

Server

bookTicket? ticketData?

cancel!
Finish! ok! seatNo?

@( accountData? ok!

5 4
Client
bookTicket! ticketData!
cancel? seat?
finish? ok? seatNol

accountData! ok?

@ (3 )—5




Flight Booking Service
(Client Server Synchronous Composition)

Server
bookTicket? ticketData?
seat!
cancel!
Finish! ok! seatNo?
@( accountData? : ok! ;
Client
bookTicket! ticketData!
cancel? seat? .
finish? ok? seatNo!
accountData! ok?

@ (3 )—5



Composability

Two MIQOs are called composable if
overlapping of actions only happens on complementary types:

Definition 4 (Composability [LNWOTa]) Twe MIOs S and T are called
composable if (ingUintg)N(iny Uinty ) = 0 and (outgUintg) N{outy Uinty ) = 0.

Server and Client are composable.




Composition

Composition of MIOs synchronises transitions with matching
shared actions and same type of transition
= E.g. a must-transition labeled with a shared action occurs in the
composition if there exists a corresponding matching must-transition
in the original MIOs
= A may-transition labeled with a shared action occurs in the
composition if there exists a corresponding matching (may- or must-)
transition in the original MIOs




Synchronous Composition Formally

Definition 5 (Composition [LNWO0T7a]) Two composable MIOz S, and S5
can be composed to a MIO 5y Sz defined by statess, -5, = statesg, = statess, .
the initial state is given by staris s, = (starts,, starts, ). ing, =5, = (ing,
outs, ) U (ing, \ outs, ), outs, -5, = (outs, ' ing, ) U (outs, \ ing, ), inftsos, =
ints, Uints, U (ins, Nouts, ) J(ins, Mouts, ). The transition relations --+g o s
and —r g 5, OTE GIVEN by, for each ~= € {--+, —},

e for ﬂ:Hé‘_j‘ e {1,2},i .?z i, for all a € (actg, M actg,), if s;~=_ s, and

=,
3 .'_..i' ¥
8, 8 " then (5. §g )~ s @5 \51: 52,

e foralla e actg,, if 51"3*51 sy and a £ actg, then (s, sp)g .o (8],82),

L

) . : a ; ) . a ;o ;
e forall a € acts, . if s2~=g sy and a & acts, then (s, 82 )75, 25, (515 52



Composition Example

Server ® Client =

bookTicket tic

cancel

ok
accountData

ketData

|

(@

)
J seatNo

)
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The MIO Workbench Mi%Workbench |

The MIO Workbench is an Eclipse-
based verification tool for
Modal I/O-Transition Systems.

Features:
— Graphical editor for MIOs
— Implementations of

Refinement: Strong, Weak, May-
Weak

Compatibility: Strong, Weak,
"Helpful Environment"
Composition

— Graphical Relation and Error View

— Easily extendable and easy installation
via software manager inside Eclipse

See http://www.miowb.net !

Bauer et al. (TACAS) 2010

http://patent.kilu.de/
Mio‘s model airplane
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MIO Workbench Perspective

File Edit Diagram Navigate Search Project Run Diagram Services Samples Window Help

| oo~ B | ® Q@ |9 |0 o o ov o = [BMOWer & sove
“AndaleMono cJo o] B I | Ay & sy o Biv oy Bev | £ | 20 N By v |[eo% | v]
[5 Project Explorer 32 & ¥ = 0| & Buttons.mio (@ coinslot.mio (@ controller.mio &4 Property1.mio (@ Property2.mio [@ Protocol.mio ¥ - =08

b &3 CashDeskApplication 549 [http://svn.|

P = DataLinkLayer 549 [http://svn.psE.ifi.l
D &3 eUniversity 549 [http://svn.pstifilmu.
P = FlightBooking 549 [http://svn.pst.ifi.li
~ =3 FlightBooking2 549 [http://svn.psL.ifi.

¢+ % Impl.mio 549 549

b % Nolmpl.mio 549 549

P @ Protocol.mio 549 549
b % l1AMessageTransmissionservice 412 [h
P i net.miowb.common 543 [http://svn.p:
b % net.miowb.deploy.feature 543 [http:/,

[>)

P &% net.miowb.deplov.site 551 [http://svn [~

bookTicket?

cancel!

Finish!

ticketData?

seatNo?

®, accountData?

[s_ State
[s_ Start State

= Transitions <«
[s, May
Transition

[y, Must
Transition

K> command-Line Shell (% Verification View 2 - £ Properties}

=0

Concrete Specification

Layout Clear Save

Impl.mio

Refinement Compatibility

Composition Conjunction Quotient

Abstract Specification

Layout Clear Save

Protocol.mio ]

bookTicket?

Ccketbata

- bookTicket? -

ticketData?

finish!

ok!

finish!

cancel!

ok!

Click to select path...

|V|

seat!

seatNo?

([ ]




MIO Workbench: Graphical Editor

Graphical editor for creating and modifying MIOs

>

L4 Buttons.mio LA Coinslot.mio L4 Controller.mio L5 Property1.mio L& Property2.mio LA Protocol.mio 22 2 =0

| =2 Palette [
k&~

(= States 4

bOOkTiCkEt? tICkEtData? L}.:. State
seat! %C_ Start State
----------------------------------- = Transitions i

cancel!
[, May Transition

I}DMustTransition

o
~

Finish! seatNo?

accountData? ok!
@ \J) 4
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MIO Workbench: Textual Editor

Textual editor for writing scripts that can create MIOs and execute
operations and verication tasks

=| VendingMachine.miotx & & CoinSlot.mio L4 Controller.mio L4 Propertyl.mio L% Property2.mio L5 Protocol.mio | ™: -0

// Vending Machine Example
// Last Update: 26.608.2011

mio AbstractCore {

inputs coin, tea selected, coffee selected

outputs dispense tea, dispense coffee, return coin
internals activate

states a@, al, a2, a3, a4

start ab

mustTransitions

ab -=» al [ coin ]

mayTransitions

al -» a2 [ coffee selected ]|,

al -> a3 [ tea selected ], |

a3 -> a4 [ dispense tea ],

a2 -> a4 [ dispense coffee ],

al -» al [ coin ],

a3 -» a3 [ coin ], [v]

14




Command-Line Shell

Interpreter for executing complex verification tasks
Example: Composition of Server and Client

é} Q}rgm'ﬂlf - L Comman &2 L& Verificati | 2 Propertie = 0| Image Viewer I3
, partnerProt.mio
- kA4 prot.mio Clear Verbose Mode Reset
a |l server.mio » "
» S; Diagram partnerProt_mic MIO Prot stored.
> Modal I0 Autornaton Prot .
- L Prot > bml:Ticlcer/,(D\ ticletDrata
2 S-par-B.m MIO PartnerProt stored. - -
2 -par-P.mio L -
+ [= 2_VendingMachine > C = (Prot || PartnerProt) /—\\i—f"‘r cancel  _ _ _ - - - ,
e B_Quntient C := ([ Prot || PartnerProt ) _..t \[}/“\ Syt o T - %L
¢ = elUniversity > view C ~—
[Z readmetbd OK T~
> T —
4 m P - ] i
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Refinement

Server

bookTicket? ticketData?

cancel!
Finish! ok! seatNo?

@( accountData? ok!

Possible Refinement

bookTicket? ticketData?

cancel!
fFinish! ok!

@( accountData?

16



Wrong Refinement

Server

bookTicket? ticketData?

cancel!
Finish! ok! seatNo?

@( accountData? ok!

Wrong Refinement

bookTicket? ticketData?

17



Refinement Formally

ldea

1. any required (must) transition in the abstract specification must also
occur in the concrete specification. Conversely,

2. any allowed (may) transition in the concrete specification must be
allowed by the abstract specification.

3. in both cases the target states must conform to each other.

Definition 3 (Strong Modal Refinement [LT88b]) Let 5 and T be MTSs
(MIOs, resp.) with the same signature. A relation R C slatess = statesp is
called strong modal refinement for S and T iff for all (s,1) € R and for all
a € actg it holds that

1. if t—"=pt" then there erisis s’ € statess such that s— gs" and (s'.1') € R,
. €l ¢ . & i Y
2. if s——+g8" then there exists t' € statesy such that t--+41" and (", 1") € K.

We say that S strongly modally refines T, written § <., T, iff there exists a
strong modal refinement for S and T containing (startg, starty ).




Refinement

Idea Larsen, Thomsen 1988

1.

any required (must) transition in the abstract specification must also
occur in the concrete specification. Conversely,

any allowed (may) transition in the concrete specification must be
allowed by the abstract specification.

in both cases the target states must conform to each other.

A O—=2—>0 JO----50

&
Vi Vi Vi Vi
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Refinement Formally

Definition 3 (Strong Modal Refinement [LT88b]) Let S and T be MTSs
(MIOs, resp.) with the same signature. A relation R T statesg x statest is

called strong modal refinement for S and T iff for all (s.t) € R and for all
a € actg it holds that

1. if t——pt' then there erists s’ € statesg such that s— os" and (s'.t') € R,

2. 4f S—E+55’ then there erists t' € statesy such that I—E+Ti‘.’ and (s". 1) € K.

We say that S strongly modally refines T, written S <_, T, iff there exrists a
strong modal refinement for S and T containing (start g, starty ).



Refinement Examples

Server

bookTicket? ticketData?

cancel!
Finish! ok! seatNo?

@( accountData? ok!

Strong Modal Refinements

bookTicket?

ticketData? bookTicket? ticketData?

seat!

>
cancell cancel! 2
) finish! ok! ?
Finish! ok! seatNo?

@( accountData? @( accountData? @( ok! @

21




MIO Workbench: Verification View

= The verification view provides a way to visually execute individual
operations and depict the results graphically.

| "
' . . . -
L Command-Line Shell MQ PerEI"tIE\I
Concrete Specification Refinement Compatibility Clear Abstract Specificatio
Layout Clear Save Layout Clear Save
impl3.rmic SEMVERMIT
‘ Click to select path...

bookTicket?
ticketData?

S5




MIO Workbench: Verication View Example

Wrong Refinement

K> Command-Line Shell > VerificationView 2 . = Properties -0

Concrete Specification Abstract Specification

Refinement Compatibility Clear

Layout Clear Save Layout Clear Save
Composition Conjunction Quotient

Molmpl.mio [Protocol.mio ]

bookTicket? ticketData? bookTicket? ticketData?

cancel!

Finish! ok! seatNo?

fFinish! @ accountData?
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Excursion Program Development and
Interface Theories

Formal Program Development
= from specifications
= to programs
= by transformations
Approaches

= CIP: Computer-aided Intuition-
guided Programming [Bauer,
Samelson 75] v \

= Recursion elimination
transformations [Burstall,

| §Requwements Engineering

formal specmcatlon

Darlington ""75] E program

= Model-based development with v > construction
Z [Suffrin, Abrial 78] and B steps
[Abrial ~80]

algorithm )




Excursion:

Compositional program development
Refinement

= SP>SP,

Vertical composition (Transitivity)

1S :

= from abstract to more concrete specifications \ \“ \
SP>SP, >..2SP,

Horizontal composition (Monotonicity)

= SP>SP, and P>P;

—

P[SP] > P,[SP,]

[Ehrig, Kreowski 83, Ehrich 82,

v
\ E\
Sannella, W 83, Maibaum 85, ...]

M. Wirsing
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Excursion:
Interface Theories

An interface theory is a tuple (A, ®, <, ~) de Alfaro, Henzinger 2001
. Fiadeiro ~ 2000
consisting of

o Maibaum ~1995

— aclass A of specifications
— a partial composition operator ® : A X A —-A
— a binary refinement preorder <
— a symmetric compatibility relation ~
satisfying
1. compositional refinement:

If C<A C' <A and A® A'is defined,

then C® C'isdefinedand C® C'<sAQA".

2. preservation of compatibility:
IfA~A'andC<Aand C'<A',then C ~C"

www.grovelandscapearchitecture.com

26




Interface Theory for MIOs

(MIO, ®, <., ~..) IS an interface theory. Bauer et al. (TACAS) 2010

— ® is the synchronous composition operator on MIOs
— < Is strong modal refinement

-m

C<,A |if Larsen, Thomsen 1988

every must-transition in A is simulated by C
every may-transition in C is simulated by A

27




Interface Theory for MIOs

(MIO, ®, <, ~..) IS an interface theory. Bauer et al. (TACAS) 2010

— @ is the synchronous composition operator on MIOs
— <., Is strong modal refinement

— ~ IS strong output compatibility
(partner must be input enabled)

S~ T iffor every reachable state in S ® T, Larsen, Thomsen 1988
if S may send an output shared with T,
then T must be able to receive it, and conversely.
S T
la ?a
O----"~-- — 40 >0

28




MIO Workbench: Strong Output Compatibility

= Example: Strong Output Compatibility of Client and Server

Click to select path...

ticketData?

bookTicket! ticketData! bookTicket?

cancel!

finish?
accountData?

29




MIO Semantics for UML4SO0A

Denotational Semantics (compositional)
Defines a function mio[...] which translates from
UML4SOA behaviours and protocols to MIOs

MIOs are a good match for the semantics of UML4SOA
as:

= Native support for input and output, which match the send and
receive operations in UML4SOA

= Distinguish between required and optional operations. Optional
transitions (mays) in protocols are required to be able to verify
optional implementation behaviour, for example compensation
calls which might or might not be necessary

M. Wirsing 30




Semantics of activities

Simple actions (like communication) are converted to
transitions with an appropriate label

Structured actions (like loops or decisions) are
converted to their counterparts
= Loop => pack link
= Decision => two outgoing transitions from previous state
= Parallel => product automaton (interleaving composition)

M. Wirsing 31




Example: Send

All basic actions of UML4SOA are converted to transitions
= Send/Reply => output action
= Receive => input action
= Send&Receive => both (in the appropriate order)

«send» send(reportThesisStart)!
. reportThesisStart .“
\_ ,/

endSend

M. Wirsing
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Example: Decision

Each branch is converted first
Afterwards, they are assembled

e
send(thesisPassed

‘ «send» «send» ‘ o
thesisPassed thesisFailed nd(thesisFailed)!
endSend W endSend

startSendl
X
startSend2

'

send(thesisPassed)! send(thesisFailed)!

endSend1

X
endSend2

M. Wirsing
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Service Activities

Service Activities and handlers are more difficult

= Service activity concept (grouping) does not exist on the MIO
level — MIOs are flat

Event handlers are added using standard interleaving (with
an added loop, as they may be called more than once)

Compensation handlers are converted to MIOs when
encountered, then stored and added at the compensation
site (i.e. the “compensate” call)

Exception Handlers are likewise handled in a two-stage
process, but inverse to compensation handers: When
encountering a throw, a preliminary “throw” transition is
added, to which the MIO of an exception handler is later
appended

M. Wirsing 34



Example: Exception Handling

Two-Stage process
= First, a RaiseExceptionAction is added as a throw transition

= |f an exception handler is encountered later, it is attached to the
automaton after the throw transition

=

throw({myFault);

'

throw myFault);

aserviceActivitys

'rf isek ti
araiseException»
ryFault E‘ 2 ™,
Ih_l rryFault
h,

i
k\- / wsands
fail

error end
b
astart

send|fail]!
send|fail]! a

o
\

™,

B

35



Example: Compensation Handling

Two-Stage as before, but creating the handler first

nserviceActivitys

wsend »
something ~—
A

- ' wcompensatiordandlers
§ T
P Y ' uservice Activity»
scompensatedlls _
-
wsends
fail
I\q_ e

hstart —send(fail) [ Endof

M. Wirsing



Example: Compensation Handling

Two-Stage as before, but creating the handler first

° ;’-_ | | |
' aserviceActivity s
wsends
something ~
e

scompensatigrdandlers

) T _
'| End of SA 4 aserviceActivity s
ucnnﬁpensateﬁnn )
"'\.\I
wsends
cnmp&nsateﬁ.ll[:l J [ fail J
|

ST
7 AN
Y .
M hstart —send(fail) [ Endof

S.EI'H:HS-EII'I'IEthII'Ig“

wend

M. Wirsing
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Example: Compensation Handling

—

wservice Activitys
send(something)!
wsendn #_4'
5|=_-m:|15urnEth|ng|| something TN
/En-d of 5
“compe nsatu:u'?‘rl:l_andlern
E"d of SA fcser".ncEActlvit',.-n
& EOM pens.ateﬁ.ll» compensateAll]
wsends &
fail T

n:::-mpensateﬁ.ll[]

end x
hstart

end
; End of sendifail)!
hStart ——send(fail)l CA /i
End of
CA

| O

Two-Stage as before, but creating the handler first.

complnstalled




Semantics of Protocols

UML4SOA Protocol State Machines are already close to MIOs
= Send & Receive transitions can directly be translated to in- and output

= Optional transitions are mays
In this example: a possible ,undo” operation!

\/
{ initial ] send(registerForGraduation)!

«send»

registerForGraduation( thesis : Thesis )/
posted
[ posted ]

«send» send(unregisterforGraduation)!
«optional» |
unregisterFromGraduation( thesis : Thesis )/

(undone )

M. Wirsing 39



Translation Example: Vacation Booking

UML4SOA

«receive» I

’ Ink| customer
bookVacation
bookingInfo
«data»
Hotellnfo hotellnfo;
T serviceActvity»  serviceActviy»
| |
S1 Cc1

| | «compensation» _|
| <<s:nd8|:rficewle» ink| hotelService | d«Ssg d;:. k| hotelService

ookHote lsnd bookingInfo.hotel undoBooking .
I (|H0te|8ervice::) m hote"nfgo I (|H0te|SerVice::) m bOOklnglnfO.hOtEl
l |
l |

- - - -

[hotelinfo.booked] ;

«send&receive» fightServi «send»
bookFlight Jrightoervice = hotelBookingFailed customer




Example Vacation Booking

[hotelinfo.booked] ;

«send&receive»
bookFlight
(IFlightService::)

[flightinfo.booked)] )L

«compensateAll»

\

«send»
hotelBookingFailed customer
(ICustomerCallback::)

Ink| flightService
snd| bookingInfo.flight
rev|flightinfo

«send» customer «send»
bookingOK flightBookingFailed customer

(ICustomerCallback::) md hotelinfo (ICustomerCallback:)
flightinfo

| —
5@

M. Wirsing 41




Vacation Example: MIO Translation

@

bookVacation?

@

bookHotel!

@

return_bookHotel?

@

complnstalled(C1);

bookFlight!

5

O

M. Wirsing

complnstalled(C1);

v

bookFlight!

S

. hotelBookingFailed!
return_bookFlight?

undoBooking!

«

©

compHandled(C1)
bookingOK!

\

flightBookingFailed!

-

42



Using the Semantics

The UML4SOA semantics can be used for formal

analysis of UML models (by means of MIOs, and
Interface theories)

In particular:

= Refinement (i.e. does a service behaviour really implement the
protocol it is supposed to fulfil?)

= Compatibility (i.e. do two protocols really fit together?)

An interface theory then guarantees that compatibility
IS ensured under refinement

M. Wirsing 43



Overview of Analysis Approach

UML4SOA (Syntax) Modal I/O Automata (Semantics) UML4SOA (Syntax)
Fit together?

Protocol « 2 » Protocol
A A
compatible?

MIO MIO
Formal Formal
Semantics Semantics

C\.
o~ j22]
£ . % =
c ) ()] ©
e = £ =
5 T o vt
Q. -
£ Formal Formal -

Semantics compatible? Semantics
r—b MIO MIO ‘_j
\ 4 \ 4

Participant «

M. Wirsing

Fit together?

» Participant
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Different Interface Theories

Different interface theories can be used for analysis, depending on
the use case

Loose

SO

(Strict-Observational)

Non-Race Deadlocks

Weak Race Conditions

Strong Strict Implementation

Hard

M. Wirsing 45



Strong Refinement for MIOs

C<s,A f
every must-transition a in A is simulated by a in C
every may-transition a in C is simulated by a in A

46



Weak Refinement for MIOs

C<s, A f
every must-transition a in A is simulated by tau-embedded action ain C
every may-transition a in C is simulated by tau-embedded action a A

= = = =
Vi Vi Vi Vi

c JO—25>0 O---F--0

— special treatment for t—actions (if a=t, then the other automaton may also not
move at all (g))

a7



Weak Refinement Example

Server
bookTicket? ticketData?
seat!
Finish! ok! seatNo?
(::K accountData? . ok! ;

Weak Refinement

log
bookTicket?
cancell
finish! accountData?

48



A 2nd Interface Theory for MIOs

(MIO, ®, <, ~..) IS an interface theory. Bauer et al. (TACAS) 2010

— @ is the synchronous composition operator on MIOs
- <, IS weak modal refinement

~we 1S Weak output compatibility
(partner must be input enabled)

S~,. T ifforevery reachable state in S ® T, Larsen, Thomsen 1988

if S may send an output shared with T,
then T must be able to receive it, and conversely.

49



MIO Workbench: Weak Output Compatibility

= Example: Weak Output Compatibility of Client and Weak Server
Implementation

Click to select path...
log
3 ketData® bookTicket! ticketDatal!
icketData”
cancel! seat! SE%
1 r 6
- ok?
; Kl seatNo?| finish?

accountData? ok! okl accountDatal o
] 2 7 (6 )¢ 3 —

50



Strict-Observational-Refinement for MIOs

C<, A if

every must-transition a (possibly prefixed with r's) in Ais simulated by a
(possibly prefixed with r's) in C

every may-transition a (possibly prefixed with r's) in C is simulated by a
(possibly prefixed with r's) in A

A O0—2>0 FO--f%=0

? 3 ? 3
Vi Vi Vi Vi
r*a r* a
c 30 >0 O------- >0

— Anris either tau (internal) or any action not defined in A (the protocol)

51



Summary: Formal Analysis of UML4SOA with MIOs

MIOs form interface theories and thus are appropriate
for compositional model development

The Mio Workbench supports the formal analysis of
Mios for several refinement and compatibility notions

MIOs are an appropriate framework for formalizing and
analyzing the dynamic behaviour of UML4SOA models.

= UML4SOA analysis can be done by using an automated
translation from UML4SOA to MIOs, then checking with
refinement and compatibility

= The result is back-annotated to the UML

Thus, we enable (early) checking of UML models
with formal methods.

M. Wirsing 52



