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1. Background

“Why we start to teach Formal Methods?”

In 2015, Ohnishi participated in a joint research project with a private company
supported by Japanese government.

On the project, Ohnishi was tasked with teaching formal methods at his school.
He has learned about the formal method B—Method from the staff of the company.

We launched the student experiments since 2019, struggling with any constraint.
We set the educational goal for the experiments as giving opportunities to commit
a formal method as the software engineer’ s fundamental knowledge.




1. Background

@ 4th—grade class of our college (Age of 18-19)
-Whole member (at most 40) of the class (since 2019)
*Mandatory experiments

- 140min./week x 3weeks (“x 2weeks” until 2024)
*No knowledge nor experience about formal method
Few knowledge nor experience about logical mathematics

€@ Short—time lectures other than our class
*No knowledge nor experience about formal method, logical mathematics

— Simultaneous conducting both the experiment and the lecture
provided the improvement of our methodology.




1. Background

We set the educational goal for the experiments
as giving opportunities to commit a formal method
as the software engineer’ s fundamental knowledge.

Our experiments include all of :
Formal specification
Proof obligation generation
Model checking

The Levels of formal methods usage
Level—0: Formal Specification
Level-1: Formal Development and Formal Verification
Level-2: Theorem Provers

Hehner, E.C.R.: Computer Science - Formal Methods,

Atelier B Ver 4.5.5
(ClearSy, France)

Formal specification
Proof obligation generating

https://computingstudy.wordpress.com/formal-methods/

ProB Ver.1.9.3
(Heinrich Heine University
Diisseldorf, Germany)

Model checking
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2. Experiment Week 1 Single—state formal models “Deductive logic puzzles”

ATE‘LIE; M

f-/_.\ : (9 &I BEBDDE A Ao’ s

SETS

C L1 a ) . . ) GIRL {Maiko, Komako, Yuka, Sonoko};
n Il ' — 4}\.@;(@{; (%T Fﬂd% Fhﬂ: LH") @ﬂiﬁb i SWE\ 6& AGE {39’9_5, age_&, age_’]' age_ﬁ} Formal Specification
T 8ETY (ERR). i bizvnihd, AEELLELED

B E S T ] O O 1ol TwES, CONSTANTS

SUTILGMENSBRMM ETHE! = N ages’
Vo VAT TATBE VDo TRBOTL £ 5 ? number of dolls

PROPERTIES
/ \ 1) 6REDTF LT 2 ALEIT. AFBIZ4DTT, ages € GIRL » AGE A
¥ - number of dolls € GIRL - 1..5 A

(1)
(2) THROTFEAED 2 AEGFTT, ABIE32TT,

INEPH fl— st 0note ] (3) BEOTERATO 2 AGST. ABIE3 DT, | . number of dolls(ages™(age_6)) + number of dolls(Komako) = 4 a
(4)
(5)

_ /T DT TFH2 A ST, AER4a0TE, 15/
THROFLEFO 2 NEETT. AEIE4DTE.

4 NGFIT, AIE 82T,

4

TEROEEIPTEHOREHEH 5

B 1 fo 0> KO HE S Bk B, {REE. b

A (ages # [Maikoweage 8, Komakoeage 5, Yukaeage 6, Sonokoeage 7} v
number_of dolls # {Maiko~3, Komakowe2, Yuka~Z2, Sonokoel})
/* ——for verifying and validating no another solution exists—- */

Z@xw00REN) PHP

Onoda H.:

Logic Puzzle Best 100,
PHP(2015),
ISBN:978-4-569-82545-8

| lages(Maiko) = age_8
Deductive logic puzzle ages(Komako) = age 5

with tacit knowledges ages(Yuka) = age 6
ages(Sonoko) = age_7

number_of dolls(Maiko) = 3

number_of dolls(Komako) = 2

Wylie, C. R.. :
101 Puzzles in Thought & Logic, Obtalned IS I'ILJF'I'lhE'F_D'F_d ':"”5'[1"'.““'*3:' =2

Dover Publication, 1957 of deductive logic puzzle (ISRl knle R




2. Experiment Week 1

Deductive logic puzzle

‘;—.:‘/_.\ . D BEB OB There are four persons: W, X, Y, and Z, .

D m - L e _ _ who are all of different ages: a, b, ¢, and d, not respectively.

Ik —t o meowees - Deductive logic puzzle Each of these owns one or more items.

BESTI10 G \ith tacit knowledges *The person aged b and X together own a total of four items.

remmmmemneRs *The person aged c and Y together own a total of three items.
02 e, A 4. *The person aged a and Z together own a total of three items.
s *The person aged c and W together own a total of four items.

*Four persons W, X, Y and Z together own a total of eight items.

SYSTEM Describe in detail the relationship between the people, their ages,
TR PuzzleSample and the number of items they own.

. PERSON = (W, X.Y. Z} (Answer: W-d-3, X-a-2, Y-b-2 and Z-c-1.)

AGE ={a, b, ¢, d};
CONSTANTS
ages : PERSON >->> AGE &

Onoda H.: owns_item : PERSON--> 1.5 &
Logic Puzzle Best 100,

PHP(2015), PROPERTIES
ISBN:978-4-569-82545-8 owns_item(ages (b)) + owns_item(X) = 4 & i
// The person aged b and X together own a total of four items. A tacit knowledge

X|->b /=ages & in the logic puzzle
// The person aged b is not X, therefore X is not b years old. sic p

..omitted...

END Formal specification




2. Experiment Week 1

il :
—A__‘ -
St

4 P 4
D ”1 ol

BESTIO

SCTNGRED S B ETHE!

INZI

ANEFR i s

TEROEEIPTEHOREHEH
& 7% fo o f0HE IS B B,

Z@xw00REN) PHP

Onoda H.:
Logic Puzzle Best 100,
PHP(2015),

@ RO D &5

NyarIn—yhZEOR=—TANO4N (2F)F 535,
FFA T FrYN) 5E, MHOBRFHRIZELR A TEEHRONT
ELTvEY, A4 ARERFARL->LHBOHBELELA
CFgf, BT, RE, %ETHAE), KBRAIZ., 4 Al
FRENME B LHEE ERFI0HE (2L ER4DDVTR
H) EMELE LA WEME LB ERT oo 2 A
EvFth, ARHI, 4 AREAFRESICRLZoME (225L
ER4oOVTRY) EEELELAA SSTH. KRBICHEL
&R A ko 2 NEVERATLE, 2 LTA AR
HOMIEMTIMAOHEL LE LA,

T, 4 NFEREIARA I MOMBOMEL LAOTLL Y ?

(1) 270 HHKEAIZ LAOURECTTRTRS ) €A,

(2) 74 THKBEIC LA DRBREHTIEH D £4 A

(3) FY METHEOMBE L TVELA. ELBEIARAICL
ik, BEORWHTHRTIES D $¥A,

@) FYLPARBISHY LB Z, 250X #Y
LERATLI.

(5) 273 VHA RO ISHE LAHEZ, NI J1KMACABLE

ISBN:978-4-569-82545-8

Observation of the reduction
of solution space

Solution space

16,000

14,000

2,000 .
Solution

space

0,000

i
i 4

ER4oDVFhD) EHBLE LA V4N

ZHEATIRT AL ko 2 NFv R YT L

A3 HMTIMEOMEB % L L 74

step08

) F=) VA AMBICHE LAMBEL, 77 ) HiREDRICHHE
LERATLA
(5) 77V HHAMEHB LAME %, /93 7I0KRAICHBLE
L7

itation 20,000 ,
-~

8,000

Solution space
limitation 1.000

6,000

I /A

Pr— —

_
L 330sec. |

4,000

I_
|/

3.16sec.

2,000

1,000 144 108

0 — pr—

80 22 16 3 1

Model reading time by ProB (sec.)

Deductive logic puzzle
with tacit knowledges

step00  step01  step02 step03 step04  step0d

Model specification step (step00 - step10)

step06 step07 step08 step09 step10
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3. Our idea 1 : Fountain of logic expressions

Source (References)

Aristotle, Descartes, Spinoza, Freud,
Kant, Rousseau, Saint—Just, Bentham,
Hume, Pascal, Schopenhauer, Nietzsche,

S
2

BRI~ T oS

CNecoNEIRE
HRTRENONVIY

Compared to Japan, France ranks lower

Philosophy Exam Questions

Freedom, Art, Truth, Reason, Morality, History,
Technology, Justice, Happiness, Language, ...

2017’ s General Baccalaureate Exam

Philosophy (Major of Natural Sciences)

Exam duration: 4 hours

{Dissertation (Philosophy Essay Question)})

1. Is defending one’ s rights the same as defending
one’ s profits?

2. Is it possible to be free from one’ s own culture?

This is because, when taking their university
entrance exams, French students use
“models of thought” in their philosophy exams
to develop the ability to think for themselves
and overcome challenges.

in terms of statistics for unemployment,
homicide, traffic accidents, and obesity,
but it scores higher in terms of well-being.
In other words, people there feel happier.

Sakamoto T.:
The Philosophy of Happiness in the Baccalaureate
—Lessons in Philosophical Thinking
from French High School Students—,
Seikaisha Shinsho(2018),
ISBN:978-4-06-51132-8

Fountain of
logic expression

T
g

a g ams A
AE A 1BIA, DY {12 TIEL. ) of
Ly

T
E
-8

azme
At A BIA, DY A1IBRTIEO.) o
Y

Serendipitously inspired

ARAWA

ams
ABRE A IR RY {13 RTIAE.) o
& ams A

ATE A BA. DY 412 RTII.] 8

4

=¥ 5T
4

z

T

azs A
ABEDIFIL, DRI a TGS o

from European education

s
BB 8

14

AIRECIZBIA, DY I b RN 8

oD

o G ams A

ABEDIRIA, Y 01 T o
azm A

ARDABE DA, DY 01 dRTIEG.] o

@

Logic Puzzle Best 100,
PHP(2015),
ISBN:978-4-569-82545-8




3. Our idea 1 : Fountain of logic expressions

®

Deductive
logic puzzle

[$%7=BEBDDH AR

Fountain of ‘
logic expression

Incorrect

Incorrect

Incorrect

Correct
Incorrect
Incorrect
Incorrect
Incorrect

& girl_ningyo(girl_nenrei~(nenrei_6sai)) + girl_ningyo(Maiko) = 4
[6BDFDAFE. BEFDOAERE, S5t T4DTY.

Correct




3. Our idea 1 : Fountain of logic expressions

Fountain of
logic expression

& girl_ningyo(girl_nenrei~(nenrei_5sai)) + girl_ningyo(Maiko) = 3
[ISBEOFOAREE . BYOAFL, AFT3DTY.

& girl_ningyo(girl_nenrei~(nenrei_5sai)) + girl_ning
[ISEDFOARE, BFOAERG, &5 T4DTE

& girl_ningyo(girl_nenrei~(nenrei_6sai)) + girl_|
/6BDFDAR L, BFDOAG, &51T3D0TT.

& girl_ningyo(girl_nenrei~(nenrei_6sai)) + girl_ningyo(Maikg
/6BRDTFDOAEE, BFOAEE, &51T4DTT.

& girl_ningyo(girl_nenrei~(nenrei_7sai)) + girl_ningyo(Maiko) = 3
HTEDFOAEE, BFOANEE. A51TC3DTTY.

& girl_ningyo(girl_nenrei~(nenrei_7sai)) + girl_ningya(Mai

ITBEOT DAL, BTOAER, A51T4DTT.

& girl_ningyo(girl_nenrei~(nenrei_8sai)) + girl_ning

[18FDF DA, BFDARE, G5 T3DTY.

& girl_ningyo(girl_nenrei~(nenrei_8sai)) + girl_ningyo(Maiko) = 4
[[8BDFDOAEE. BFDARNS, B5T4DTY.

Hx OO00 oo
* | mrnsozmimnses
DyamE- Y EARRRR A e

Observation of the reduction
of solution space

& girl_ningyo(girl_nenrei~(nenrei_6sai)) + girl_ningyo(Maiko) = 4

/6RO FOAEE., RFDOAKER. S5TIOTT.

o _i 31.79se0, |
19424 __ o 8179sec

o x
Ofriamnsss O @ O O ° O w3

25-72 e

Solution space
limitation 1,000

Solution space

BB ProB 1.50-fnak [Seral0ica 7]
fle ot dninse ey Anslyse Visuolze Prefeences Debug_Fles_Help

SETS
type = Nolnterrupt, InterruptOnGoingBySerial.

type. ver.y = [Sleep, WakeUpl;

outCha racter

Jo. girl_ningyo(girl_nenrei~(nenrei_6sai)) + girl_ningyo(Maiko) = 4 ' 108 80 22 16
el /6ROTOARE S, RFOAER, AHT4DTT.
j === step00 stepO1  step02 step03 step04 step05 step06 step07 step08  step09

e etotaga © Model specification step (step00 - step10)

tersToBsSend : 1. NumberOfCharactersToBeSend —> CarrisrSetAboutCharacter

Ln1,Col1

DO State Properties == 5| Enabled operations RS History
finvariant_ok = liNIALISATION (Nolnterrupt Sleep, NotBusy Receiving] =
NumberOfCharactersToBeSend = 1 k ISETUP_CONSTANTS(1,{(1}->CarrierSetAboutCharacter
FileOfCharactersToBeSend(1) = CamieretAboutCharacert of.intemup. by seraldrver
intemupt = Noterrpt

ieep

==l Model checking

UpT_Dy anyone

step10

Model reading time by ProB (sec.)




3. Our idea 1 : Fountain of logic expressions

SRBEISTHAESDS?

ZOBRDESTE, CEIETIHEBAILES, e

k4

~ ~ LI
-~
U
X Stz &4

ORE DTHATEDS?
REBIOX>THEAEDS?

IH<lw 1&lE,

TOLIETVEIRBILVFET,

& TS HAIE TOEITT,
& [5t=&A 1. TOEITT,

VAHLAE, ST=EA IR,

& TRELTOEITIRBYEE A,

VABLAIE. STkl
BULOELET,

THLpETHI1ENSTEE
HIFCTLEM .
METHADRRTHES,

sz

v-»

SETS

V&= {0SH, 31}

CONSTANTS

H<Lw

PROPERTIES

HLw : VE>DD>VE
& UAH € V&
& 5 euvk&

VAHLAIR, StEhk, i i
& BURELES, PR & DAd # 5t

& HLw € VAH->31=

Aim of kid’s short-time lecture
“Explicitation of tacit knowledges”

OREBI>THAEDS? Tl i&ld,

TOLIETVEIRBIRVET,

& MOSHAIE. TOEITT,

& [5t=-2AllE. TOEITT,
VSBAE, StEhlz, =

% TBRLTVEITIRBYE A,

VASHLAIE, ST=BAE.
HLWELET,

[l ETHI>THAES

S5SHIB.RITETED?

WEXNEEVNTHES
& UA# € V&
//TOSIHALE TOEITT,
& 51z €eUu&
/T8I TOEITT,

& UVAH # St

/IOSHSAE, ST=EAIE,
// BELIVEITIEHYFEE A,

& By € VSHI>I1

//OSHLAIE, ST=TAE,
// HLwELFET, 8

I DA TS,
REDOMADZID=ERELET

Slides of introduction “What is Logic?”
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4. Experiment Week 2

Our “poor idea” for teach multi—state formal models

PAREA (IR RS OREE) Ji= X Ko
B XLOZBRRTROBRFICLE—FESEELVTT, R10OLD CREE
BERIVETRLER, K7D v 7 7oy FERAGCERRERER 2R LT, I(l = _'J{I . YD
VELRBEAZETEL L,
(Mr. Yoshihiko wants to write a report while his boarding the airplane. Design a
sequential logic-circuit using JK flip-flops. Answer all of essential boolean expressions — . . .
with the assumption that boolean variables are assigned as Table 1.} J[] - (gl X[] + (J‘l Xl

F1 IRFRERBEOEHOH Y ST I([]=Q[‘X['X_c)+()l- 'X0+m'X1'X[]+@‘T['T[]
%ﬁ%ﬁﬁ#zm FREEZE A RO LA D T ]

Wi : QQp | 00 : F—FHEFHTVNT, MFT—T D LiZh S,
((Seat table is pulled down, writing papers are on the table.) — - _— —_—
0l : 7—FAIHTNT, MRS v FOFILh S, Zﬂ = (Jl : -){I " -){0 + (gl " : Xl " -){0 + (21 " (I.)[] " Xl : X[]
(Seat table is pulled down, writing papers are in the seat pocket.)
10 : 77 FOTHT, BiIRy v boFicd S,
{{Seat table is pushed back, writing papers are in the seat pocket.)}
1 F=7 A HNTHT, BIOEDO EICEB, :
((Seat table is pushed back, wringing papers are on his lap.)

00 : b L7 —7ABHTWBREIE BERS v b BHT,
{(If the table is pulled down, take the papers out of the pocket.}
01 : #g& A7 v bOFICHT B,
{Put the papers in the seat pocket.)
10 : BITHBEE L TWADT, T—7AEHT,
{(Ensure the airplane is stable, pull the seat table down.)
11 : EAAs R | KERBANT—TNEAFIT S,
{Turbulence! A flight attendant pushes back the seat table.))

00 : F—FNEB| EHTZ LA ERD,
{Hope to pull the seat table down.)
Ol : La— h FRRE IR 9 Z L B i S5,
{Hope to take the papers out of the seat pocket.)}
10 : |EHIC LA — FMRERIATE S,
{(Succeeded to start writing the report.}
11 : BERBEIC F—F V2L SABEILEL 2B,
{Want to order lots of doughnuts from a flight attendant.))

Correct answer of the question

Zy=0Q1-Qo-Xo+Q1- X1 -Xo+Q1-Qo-X1-Xo

Question from the test
of the lecture “Logic Circuit”




4. Experiment Week 2

Refinement of the test “Logic Circuit” formal model Bl Question from the test

sit_on_chair

standing_by_chair sitting_on_chair

glasses, girl position Abstract machine
(glasses et lasses
Becomes such that (€930, . € 10 p————
o c $0 = on_chair =b
substitution :

1
ERATIONS
y on _chair
ATELIER sit_on chair = j on chair =
BEGIN

IF glasses = wearing THEN
girl position := sitting on chair

EFrvd

& J3test Rei  OK
) J3test_Rei_2r OK
@ J3test_Rei_3r OK
M J3test Rei r OK

IF conditional Result of PO proving

substitution Refinement component Refinement

Implementation component

Generate code of C language
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9. Our idea 2 : Error capable model

Normal systems

made by formal methods Our “better idea” for multi-state formal models

- Safe states

‘ - States where

safety cannot
be guaranteed



9. Our idea 2 : Error capable model

Normal systems
made by formal methods Boundary rigidly defined by logical predicates

- Safe states

. - States where

safety cannot
be guaranteed



9. Our idea 2 : Error capable model




9. Our idea 2 : Error capable model
Second boundary that encloses “Error states”

« : Transitions directly
from to @

: Safe states

. - States where

safety cannot
be guaranteed

. - Initial state

: Designed as
“Error state”

23




9. Our idea 2 : Error capable model

€@ : Suppressed transitions
(from to @)

4m : Redirected transitions
to

: Safe states

. - States where

safety cannot
be guaranteed

. - Initial state

: Designed as
“Error state”

24




9. Our idea 2 : Error capable model

Error capable model Reset button

: Safe states

: States where
safety cannot
be guaranteed

. . Initial state

ﬁ : Designed as
“Error state”
(Transition is locked)

25




9. Our idea 2 : Error capable model

Error capable model

Reset button

S

\
¢ __
\

: Safe states

: States where
safety cannot
be guaranteed

. Initial state

: Designed as

“Error state”

26



9. Our idea 2 : Error capable model

Error capable model

Reset button

S

\
¢ __
\

: Safe states

: States where
safety cannot
be guaranteed

. Initial state

: Designed as

“Error state”

217
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6. Experiment Week 3

Applying the concept “error capable model” for Vending Machine formal model

Reset button

Model for management
visual interface

[ VM Model to be
repaired by students

ﬁ PO generating

[®3™85% | Model checking Display state variables or
Lock when “error”

Asserted
LTL expressions




6. Experiment Week 3

Visual interface of Vending Machine model

stion of Current State

EFIVIRE
R

—ERNDREF TAH THENS-

. .. BB Research Center for Verification and Semantics,
refill A refill ﬂ National Institute of Advanced Industrial Science and Technology (AIST):
Model Checking —Elementary Course—, NanoOpt Media(2009),

ISBN:978-4-7649-5505-9




6. Experiment Week 3

Visual interface of Vending Machine model

State of maintenance door Reset button

EFIVIRE
R

—ERENSREBEETIHTEND

Stock levels for juice

Refilling products buttons

Display for stored value/
Coin insertion slot/Coin return lever

Research Center for Verification and Semantics,
National Institute of Advanced Industrial Science and Technology (AIST):

— Model Checking —Elementary Course—, NanoOpt Media(2009),
ISBN:978-4-7649-5505-9
Product dispensing slot Coin return slot 3 1




6. Experiment Week 3

Visual interface of Vending Machine model

# Display locked “error” state Reset button

(Only reset is acceptable.)

EFIVIRE
R

—ERNSRBETIHTEND

Error capable model

Research Center for Verification and Semantics,
National Institute of Advanced Industrial Science and Technology (AIST):
Model Checking —Elementary Course—, NanoOpt Media(2009),

ISBN:978-4-7649-5505-9

refil @ refin




6. Experiment Week 3

& (8) Static states, relationships between the item and the predefined name

Specification
of Vending Machine model

A mﬁst tes, relationships between the item and the predefined name

the le of vending machine, there are coin inse: [coin insert], coin return lever [return inserted. wllL product
buunn [button) ﬂ\{n stored value (inserted coin). coin ret slot [returned cown). and product dispensing slot e
2:On the back side of veMnguachine, there are maintenance door that can be opened and closed (maintenance dosr], power switch [power]
and incide the maintenance doofhege is opening for refilling products (refill juice stock.]
3: Only 100-yen coins [ccin] can be usele o
4: The products for sale are TWo types of cARBAMINGe (Juice A [uiceal and Juice B (juiceB]), and both Juiee A and Juice B are priced at 100
yen per can. ~
5: The maximum stock level for both Juice A and Juice B 15 agg, the initial stock of Juice A is 5 cans, the initial stock of Juice B is 5 cans.
& The maximum number of storable coms (imseried coinl & 3, the Mgy state i 0.
7: The power switch state [power] has only two states: [on] and [off] the Mgy state is off, when the power i
operating the maragement dsor, cein insertion, coin return, product selection i uct refill, when the power is off, it accepts
IBSTTUCTIONS 10F OPETATIRE the MABAFEmEnT d0or and product refill ~
8 The maintenance door status [maintenance door] bas only two states: [Open) and ﬁwrmsuu s closed, when the
maintenance oot is open. it JE\'FH\E power switch Wrnuvu and product ::ml m.LrucIl e 1 tenance dodr is

Mamic hehaviors

~
£ W ghe power swiich is operaced while he power is off, the power TurDs on, mAIGAID the suacus of he sevie door. Sy,

2: When Segga is inserted while the power is on, the machine will perform as follows: ~
(1) When bo A and Juice B have 0 cans in stock, the inserted coins will be rerarned through the coin retur clot

(2) When Uae 516G JUICE A8 1 €A OF IO, OF the ST0CK of Juice B 16 1 CAR OF WOre, oF Dot Are 1b S0CK, B¢ insérted coins Will be stored.
3 When power 13 ox'Wad additional coins are inserted, the machine will behave as follows:

(1) When the number cNvigred couns reaches the maximum capacity, any inserted coins will be returned through the con return slot

(2) When the stored coins 0t reach the AXIDUD Bumber, the imseried coins will be siored.

4: When coins are inserted whYagae power is off, the inserted coins are rerurned through the coin rerura slot

5: Operating the coin return lever AGUIT: stored coins through the coin return slot

& Whien the product selection button Mpressed, the machine will perform a3 follows

(1) When the product selection buton mhrge At pressed
(2) When pe of Juice A into the product dispensing slot and return the necessary

+Static states, relationships between the item and the predefined name

1: On the front side of vending machine, there are coln insertion slot [coln insert], coln return lever [return inserted coin], product selection

) When m.vm q i5 0 cans, there is no ﬁwos related to the product dispensing slot nor coin return slot, and the state is = - - - - R . N

AT button [button], display for stored value [inserted coin], coin return slot [returned coin], and product dispensing slot [dispensing slot.]

o more cans of Juice B sto o0 caa of Juice & im0 tae product dispenring ot aad rererm the 2: On the back side of vending machine, there are maintenance door that can be opened and closed [maintenance door], power switch [power,]

‘B stock is 0 cans, there is no behavior related 1o My product dispensing slot nor coin return slot. and the state is and mslde the maintenance door. there lS opening for remlmg prOduCtS [l'eﬁll ]mce SlOCk]
ek Ao Tuie .5 sl e masizu o Sy, intsi th porees supply sscas . - -

ore e o o e e e e e e et 3‘ Only 100-yen coins [coin] can be used.
oot et 5 cpen mainesin e power gty . VA 4: The products for sale are two types of canned juice (Juice A [juiceA] and Juice B [juiceB]), and both Juice A and Juice B are priced at 100
e, G peron o seron. o e, podu ;.ma.\mlwm ref may occur  any e ven per can.

nterface by ProB. agonships betiveen the 5: The maximum stock level for both Juice A and Juice B is 5 cans, the initial stock of Juice A 15 5 cans, the inital stock of Juice B is 5 cans.
SR e name S 6: The maximum number of storable coins [inserted coin] is 3, the initial state 1s 0.
1: To acquire dynamic behavior of the model, the following instructions are accepted via left mouse clicks on the incerfSue; power switch - R C e . . . .
e e e e e e 7: The power switch state [power] has only two states® [on] and [off] the 1nitial state is off, when the power 1s on, it accepts mmstructions for
‘3“}.;{@{.. ot ot sl e ol k. 8 ched ] vty s e i N operating the management door, coln insertion, coin return, product selection, and product refill, when the power is off, it accepts
e b et mcered ot ad predacesock e k] on ke erce e ok e e : . - .

1nstructions for operating the management door and product refill.
riable dispensing_slot shall be one auhe following: No uem [empry), Juice A (juicea), or Juice [juiceB)"
=

~,
5: Display the output variables returned_coin (returned_coin) and dispensing slot (dispensing_slot) on the interface, the value of the outpd¥,
v
6 To simultaneously clear the display , which are of the mosel,

rtnovs returasd oo icpéncing o £ sceeptod i 4 M I iss Lk on 4 LTets 8: The maintenance door status [maintenance door] has only two states: [Open] and [Closed,] the initial state is closed, when the
ety o oyt Suptey st ATwaye be leared 8 oot word, reLermed cois et v s 15 0 coie und dispemeing s mustbe

maintenance door is open, it accepts power switch operation and product refill instructions, when the maintenance door is closed, it accepts
+Requirements for model checking with the usage of LTL expression by ProB, relationships between the power switch Operation, coln INsertion, coin return, and product selection mstructions.

item and the predefined name

1 To reduce the total sumber of c1ates in the model, introduce & STate vATiAble “TeseLpase™ 1o determine whether & reset instruction has
passed. the value of the state variable reset_pass shall be exther [passed] or [nor_passed.]
2 The state variable reset_pass is set o passed by d o Bot_passed by
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Specification

of Vending Machine model

+Static states, relationships between the item and the predefined name

1O the front side of vending machine, there are coin insertion slot fcoin incert), coin return lever [return inserted coin], product selection

‘utton burton, display o stored value iserted cn, oin Fetum sl returned oia, and product dispensing ot (apensing ot

21 On the Back 5ide of vending machine, there are maintenance door At can be opened and closed [mantenanes door], power switeh [power]

and inside the maintenance door, there is opezing for refilling products [refill juice stock ]

3 Only 100yea coins fcoia] can be used

4 The pruces o le are oo t7pes of cund s ioe A (i) and Juios B ik BD, and boch T A nd Je B er

yenpercan

 The masimum stock eve (o borh Juce A 104 Juict B § cans, e nal seck of ke Al 3 mﬁu T o e B 65 can.
minial state

T: The power switch state [power) bas only two states [on] and [off.)] the, ..mnem- s off, ne- the power ic on, it accepts instructions for
operating the management door, coin insertion, coin rev fction. and product refill, when the power is off. it accepts
imstructions for operating the management W’wﬂ refill
& The maintenance door n;(‘ﬂe“mnm ‘door] has caly two states: [Open] and [Closed ] the initial state is closed, when the

n

maintenance door is gpode P power swkeh operacion and product el instructions, when the maintenance door is closed. it accepts
power &

+Dy:
£ When the yomer Switch is Sperated WALe (he pOWEr s O, (he OREE TUIRS OB, IAIBIAIN the STa1Us of the service door
2 When a coin is inserted while the power is on, the machine will perform as follows:
(D Whes boch Juion k A Tuios B hive ) st f 6306, the inceted e will by eruzme throsih the i revarn e
(2) When the stock of Juice A is 1 can or more, or the stock of Juice B it 1 can or more, or both are in s10ck, the inserted coins wil be stored.
3 When power is on and 2dd inserted, behave a3 follows:
(1) When the number of stored coins reaches the maTimum cApacity, any inserted coins will be Teturned tATough the coin rerurn slot
(2) When the stored coins 40 hot reach the MAXImUIM Bumber, the inserted coins Will be stored
4 When comns are inserted while the power.s off. the inserted coins are returned through. the coin return slot
5 Operating the coin return lever Teturns ctored coins through the coin recurn slot
& When the product selection button is pressed. the mackine will perform s follows:

I
I
[l
I
[l
[l
[l
(1) When the product selection button for Juice A is pressed |
(2) When there is one or mare cans of Juice A in stock. dispense one can of Juice A into the product dispensing slot and rerurn the necessary |
CBABE to the coin reTuarn £lot 1
(o) When the Juice A stock is 0-cans, there is no behavior related io the product dispensing slot mor coin returm slot, and the state is
maintained 1
{2) When the product selection buteon for Juice B is pressed 1
{2) When there is one or more cans of Juice B in stock, dispense one can of Juice A into the product dispensing slot and rerurn the
necessary change o the coin return slot 1
(%) When the Juice B stock is O cans, there is B0 bebavior related 1o the product dispensing sios Bor coin reurn slos, and the state is 1
maintained.
T When inetructed to redill Juice A or Juice B, it will reach maximu stock capacity, maintain the power upply status I
& When the power switch is operated While the power s on, the S10red Coins are returned to the coin rerurn siot, and tae power turns off. ]
5 When the mansgement dour is 0pentd. fom a cosed Ftate, AnY inserted cons will be TETUTDE 10 T chn Fetur slot, maintain the power. |
supply status
10° Closing the door while itis open power supply crars [l
11 Operations for the power switch, door operation, ol insertion, coin retur, product selection, and product refill may cecur ac any time, ||
iy

1: To acquire s are accepted via left mouse clicks on the interface: power switch
grersuon (on and of0. 4 <oin vevurm, product selection, and product refil

2 In addition freser] is always acoepred by lef-clicking the mouse on the
interface ~

& Whea o model exhibits sbuormalbebarior, e weﬁ' Jocked medel wil ozly ecept Teset nstructions

4 Display the 5 model state variables
5 Display the am - (returned. \nd slot) o the intérface, the value of the output
parable dispensing slot chall be one of the fllowing: o e ewpl Jul&%um.‘u o Juice GuiceBT

clear the display of 4 and dispensing items, whit, mnpnr variables of the model, the instruction
[mnwe retured coin dispensing siot] is accepted via 4 left mouse Click on the screen

variables lunmew cases where output display s
mustbe

+Requirements for model checking with the usage of LTL ion by ProB. relati gt
item and the predefined name ~

unnecessary, the outy display must alwags be cleared,
661 10 10 ems.

~

1: To reduce the total number of states in the model, introduce a state variable “reset_pass™ to determine whether  reset instruction has ~

paied. the value of the stae variable reset_pase shall be either [passed] or [not_paséed ]
2 The seate variable reser_pass is set to passed by reset instructions and o Lot _passed by coin insertion instructions

& (8) Static states, relationships between the item and the predefined name

@ (7) Functions of visual interface animation by ProB, requirements for animation,
relationships between the item and the predefined name

@ (2) Requirements for model checking with the usage of LTL expression by ProB,
relationships between the item and the predefined name

+Dynamic behaviors

1: When the power switch is operated while the power 1s off, the power turns on, maintain the status of the service door.

2: When a coin is inserted while the power is on, the machine will perform as follows:

(1) When both Juice A and Juice B have 0 cans in stock, the inserted coins will be returned through the coin return slot.

(2) When the stock of Juice A is 1 can or more, or the stock of Juice B is 1 can or more, or both are in stock, the inserted coins will be stored.

3: When power is on and additional coins are inserted, the machine will behave as follows:

(1) When the number of stored colns reaches the maximum capacity, any inserted coins will be returned through the coln return slot.

(2) When the stored coins do not reach the maximum number, the inserted coins will be stored.

4: When coins are inserted while the power is off, the Inserted coins are returned through the coin return slot.

5: Operating the coin return lever returns stored coins through the coin return slot.

6: When the product selection button is pressed, the machine will perform as follows:

(1) When the product selection button for Juice A is pressed

(a) When there is one or more cans of Juice A in stock, dispense one can of Juice A into the product dispensing slot and return the necessary
change to the coin return slot.

(b) When the Juice A stock is 0 cans, there is no behavior related to the product dispensing slot nor coin return slot, and the state is
maintained.

(2) When the product selection button for Juice B is pressed

(a) When there is one or more cans of Juice B in stock, dispense one can of Juice A into the product dispensing slot and return the
necessary change to the coin return slot.
(b) When the Juice B stock is 0 cans, there is no behavior related to the product dispensing slot nor coin return slot, and the state is

maintained.

7: When instructed to refill Juice A or Juice B, it will reach maximum stock capacity, maintain the power supply status.

8: When the power switch is operated while the power 1s on, the stored colns are returned to the coln return slot, and the power turns off.

9: When the management door is opened from a closed state, any 1nserted coins will be returned to the coln return slot, maintain the power
supply status.
10: Closing the management door while 1t 1s open maintains the power supply status.
11: Operations for the power switch, door operation, coin insertion, coln return, product selection, and product refill may occigigat any time,
two or more of these operations will never occur simultaneously. 4
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@ (7) Functions of visual interface animation by ProB, requirements for animation,
relationships between the item and the predefined name

@ (2) Requirements for model checking with the usage of LTL expression by ProB,
relationships between the item and the predefined name

Specification
of Vending Machine model

+Static states, relationships between the item and the predefined name

1: O the fromt side of vending machine, there are coin insertion slot [coin insert], coin retur lever [return inserted coin], product selection
button [button], display for stored value [imserted coin), coin return skt [returned cownl, and product dispensin t [dispensing slot]

2: On the back fide of vending machine, there are mamtenance door that can be opened and closed (mantenance docr], power switch, [power]
and inside the maintenance door, there 15 opening for refilling products [refill juice stock ]

3 Only 100-yen coins [coin] can be used.

4 The products for sale are two types of canned juice (Juice A [juiceA) and Juice B ljuiceB]), and both Juice A and Juice B are priced at 100

yen percan

5* The maximums §10ck level for both Juice A and Juice B¢ 5 cans, the initial 610k of Juice A 1¢ 5 cans, the initial cteck of Juice B i¢ 5 cans.
6 Bumber of i3, the. 5 0.

initial state 15

: The power switch state [power) has only two states: (on] and [off] the initial state is off, when the power is on, it accepts instructions for

operating the management do0r, coin insertion, coin retarn, product selection, and product refill. when the power is off, it accepts
instructions for operating the management door and product refill
& The maintenance door status [maintenance door] has only two states: [Open] and [Closed) the initial state is closed, when the

maintenance door is open, it accepts power switch operation and p Tefill instructions, when the maintenance door is closed, it accepts

it
POWeE £Witeh OPEFATion, coin IRZEFTion, Coi Feturn, and product selection IBSCrUCTIOnE

+Dynamic behaviors ,
1 When the power swith is cperated while the power i Off. the power TATBS on, EAISNAin the staTus o he service oo, &8
en 2 coin is inserted while the power is on, the machine will perform as follows: s
en both Juice A and Juice B have 0 canc in stock, the inserted coins will be returned through the

a coi rezueh Tlor
(2) Whe the stock of Juice A s 1 can ot more, oF the stock of Juice B is 1 ¢an oF more, o both are in ma}é 4 coims will be scored

& When power is on and additional coins are inserted, the machine will behave as follows

-’
(1) When the number of stored coins reaches the MATIMUM cApacity, any inserted coins will be. Wu through the coin return slot

(2) When the stored coins 40 hot reach The MATIDUI Bumber, the inserted coins Will be SToree

4 When coins are mserted while the power is off, the inserted coins are returzed througy e coin recurn slot
5 Operating the coin return lever Teturns ctored coins through the Coin rerurm slof b

6 When the product selection burion is pressed. the machine will perform a:y'ﬁ:

(1) When the product selection button for Juice A is pressed

A ’
() When there is ome or mare cans of Juice A in stock, dispense one WY Juice A into the product dispensing slot and return the necessary

ehange to the eoin rerurn clot

(b) When the Juice A stock is 0 cans, there is o m.mry.eﬁu the product dispensing slot nor coin return slot, and the state is

maintained s
(2) When the product selection burtan for Juice B igghessed

{2) When there is one or more cans o um)tma dispense one can of Juice A into the product dispensing slot and return the

necessary change to the coin return slot

(6) Whea the Juice B siock is O cagg, #fere is 0o bebavior related 1o the roduct dispensing siok Bor comD Tewurm 5lok, and the state is

mainaine
7- When instructed to refill Jufe A or Juice B, it will reach maximum stock capacity, maintain the power supply status.

& When the power swiggh % operated while the power is on, the St0red coins are returned to the Coin FETurR S10t, ARd the POWEF TuTRs off
9 When the manageMent door is opened from a closed state, any inserted coins will be returned to the coin Ferurn slot, mAIRTAL the power

supply status
10: Closinge#e management door while it is open maintains the power supply statas

11: Oppefions for the power switch, door operation, coin inservion, coin returs, product selection, and product refill may cocur at any time,

[ more of these operations will Bever occur simuItAREously

+Functions of visual interface ion by 1 imati between the

item and the predefined name

1: To acquire dynamic behavior of the model, the following instructions are accepted via left mouse clicks on the interface: power switch
operation (on and off), management door operation (open and closed), coin insertion, coin return, product selection, and product refill
2 In addition 1o the instructions mencioned above, the model rese instruction [resed] is always accepted by lefr-clicking the mouse on the

intertace
3 When & mode] exhibits abnormal benavior, the model 1ocks, & locked model Will Ty 8¢cept Teset instructions
4 Display the stored coin (inserved_com) and product stack (uice stock] on the interface a model state variables

the output variables returned_coin (returned_coin) and dispensing.slot (dispensing_slot) on the interface, the value of the outpu

spensing_slot shall be oze of the following® No item [empry), Juice A [uiceAl, o Juice [uiceB)

the display of rerurned coins and dispensing items, which are ourput variables of the model, the instruction

[remove returned coin dispensing siot] is accepted via a left mouse click on the screen.

7 Regarding the display of returned coins and dispensing items as output variables for the model, in cases where outpur display is
unnecessary, the GUIpUT display MUt always be cleared, in other words, returned coins EUSt bé et to 0 coins and dispensing items must b

661 10 10 ems.

+Requirements for model checking with the usage of LTL expression by ProB, relationships between the

item and the predefined name

1: To reduce the total numb, in the model, introduce a state variable “Teset_pass” to determine whether 8 reset instruction
= -

passed the value of the stat bie reset_pass shall be either [passed] oF (800 52100 )umm mem mem mm
2 The state variable reser, DAoL ki LinP i macmn somco: S90S, P F 5 05t by coun imsertion instructions

+Functions of visual interface animation by ProB, requirements for animation, relationships between the
item and the predefined name

1: To acquire dynamic behawvior of the model, the following instructions are accepted via left mouse clicks on the interface: power switch
operation (on and off), management door operation (open and closed), coln insertion, coin return, product selection, and product refill

2: In addition to the instructions mentioned above, the model reset instruction [reset] is always accepted by left-clicking the mouse on the
interface.

3: When a model exhibits abnormal behavior, the model locks, a locked model will only accept reset instructions.

4: Display the stored coin (inserted_coin) and product stock [juice stock] on the interface as model state variables.

5: Display the output variables returned_coin (returned_coin) and dispensing_slot (dispensing_slot) on the interface, the value of the output
variable dispensing_slot shall be one of the following: No item [empty], Juice A [juiceA], or Juice [juiceB]".

6: To simultaneously clear the display of returned coins and dispensing items, which are output variables of the model, the instruction
[remove returned c,_o'm dispensing slot] 1s accepted via a left mouse click on the screen. . ) )

7: Regarding the display of returned coms and dispensing 1tems as output variables for the model, In cases where outpurt display 1s
unnecessary, the output display must always be cleared, in other words, returned coins must be set to 0 coins and dispensing items must be
set to no items.

+Requirements for model checking with the usage of LTL expression by ProB, relationships between the
item and the predefined name

1: To reduce the total number of states in the model, introduce a state variable ‘reset_pass” to determine whether a reset instruction has
passed. the value of the state variable reset_pass shall be either [passed] or [not_passed.] ) }
2: The state variable reset_pass 1s set to passed by reset instructions and to not_passed by coln 1nsertion instructions.

2 additional items to introduce “error capable model”
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& (5) State variables of Vending Machine

Variables @ (2) Output variables of Vending Machine
of Vending Machine model & (1) State variables for model checking

name of variable values meaning notes
power on, off the power supply status state variable of the model

juiceA stock 0,
juiceB_stock 0
inserted_coin
returned_coin
dispensing_slot empty, juiceA, juiceB display of dispensing items | output variable of the model |
maintenance_door | open.closed | the management door status | state variable of the model |

reset_pass passed, not_passed the state for reset instruction state variable for model checking ‘
passed

1,
1,

SR N SR ) A

1 additional variable to introduce “error capable model”
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& (1) Operation for animation

Operatlons @ (11) Operations for Vending Machine
of Vending Machine model

1 additional operation to introduce “error capable model”

| nameofoperation |\
[ powerturnon [ twnonthepower [ |
power_turn_off return_inserted coin | turnoffthepower | |
(coindinsert  |imsertacon |
return_inserted_coin

remove_returned_coin_dispensing_slot remove the returned coins and
dispensing items from the slot
press_juiceA_button select juice A

press_juiceB_button select juice B
refill_juiceA_stock refill juice A to the maximum level
refill juiceB_stock refill juice B to the maximum level

open_maintenence_door open the maintenance door

close_maintenance door close the maintenance door

B
I
-
I
I
]
I
I

3

7
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ETFNVEE
i)

ERHSEHETIHTENS

. & (34) Check items made by the authors
Asserted LTL expressions & (13) Check items written in the textbook T —

fo r Ve n d i ng M ac h i n e m 0 d e I National Institute of Advanced Industrial Science and Technology (AIS

. Model Checking —Elementary Course—, NanoOpt Media(2009),
47 LTL expressions ISBN:078-4-7649-5505-9

DEFINITIONS o = o] o in = 0y (some overlap)

=> {inserted_coi
“G({maintenance_door = open} => {inserted_coin = 0})“;
“G(e(power_turn_on) => {power = off})";
“G([power_turn_on] => X({power = on}))~;
“G(e (power_turn_off_return_inserted_coin) => {power = on})”;
“G([power_turn_off_return_inserted_coin] => BA({ (power = off & inserted_coin = 0 & returned_coin = inserted_coin$0)}))”:
“G(e(coin_insert) => {maintenance_door = closed})”: R
“G([coin_insert] => BA([(power$0 = on & (juiceA_stock$0 > 0 or juiceB_stock$0 > 0) & inserted_coin$0 : 0..2) => (inserted coin = inserted_coin$0 + 1 ) A" LTL eXpreSSIOHS
“@([coin_insert] => BA({(power$0 = on & (juiceA_stock$0 > 0 or B_stock$0 > 0) & inserted_coin$0 =3 ) nserted_coin = inserted_coin0 & returned_coin = )1))”;
ASSERT_LTL10 = “G([coin_insert] => BA({(nower$0 = on & juiceA stock$0 = 0 & juiceB_stock$0 = 0 ) nserted_coin = inserted_coin$0 & returned_coin = )}))":
ASSERT_LTL11 = “G([coin_insert] => BA({ power$0 = off => (inserted_coin = inserted_coin$0 & returned_coin = 1)}))": & are proved by PrOB

ASSERT_LTL12 = “G([coin_insert] => BA({(returned_coin$0 = 0) => (inserted_coin$0 + returned_coin$0 + 1 = inserted_coin + returned_coin)}))”:
ASSERT_LTL13 = “G (s (return_inserted_coin)=>{powsr = on})”;

ASSERT_LTL14 = “G([return_inserted_coin] => BA({(inx:erteti_':oins= 0 & returned_coin = in;ertad_coinﬂ))]));é ] ons

ASSERT_LTL15 = “G([return_inserted_coin] => BA({(returned_coin$0 = 0) => (inserted_coin$0 + returned_coin$0 = inserted_coin + returned_coin)}))”: i i i

ASSERT_LTL16 = “G(e(remove_returned_coin_dispensing slot) => {returned_coin /= 0 or dispensing slot /= empty})”: Font  Assertions  Preferences Info - OldLtlViewers

ASSERT_LTL17 = “6G([remove_returned_coin_dispensing_slot] => X([returned_coin = 0 & dispensing_slot = empty}))~: )

ASSERT_LTL18 = “G(e (press_juiceA_button)=>[power = on & juiceA_stock > 0 & inserted coin > 0 & maintenance_door = closed})”: List of LTL/CTL Formulas
ASSERT_LTL19 = “G([press_juiceA_button] => BA({inserted_coin = 0 & returned_coin = inserted_coin$0 — 1 & juiceA_stock = JulceA_stockSO -18& dlspentlru_slot = juiceAl))”: = =

ASSERT_LTL20 = “G([press_juiceA_button] => BA({(returned_coin$0 = 0) => (inserted_coin$0 + returned_coin$0 - 1 = inserted_coin + returned_coin)})) linserted_coin : 0.31

ASSERT_LTL21 = “G(e (press_juiceB_button)=>{power = on & juiceB_stock > 0 & inserted_coin > 0 & maintenance_door = closed})”: {pawer = offt => linserted_coin = 0N

ASSERT_LTL22 = “G([press_juiceB_button] => BA({inserted_coin = 0 & returned_coin = inserted_coin$0 - 1 & juiceB_stock = JulceB stock$0 - 1 & dispensing_slot = juiceB}))”: elopen_maintenence_door ) =» {maintenance_door = closed})
ASSERT_LTL23 = “G([press_juiceB_button] => BA({(returned_coin$0 = 0) => (inserted_coin$0 + returned_coin$0 - 1 = inserted_coin + returned_coin)}))”: maintenance_door = open) = {inserted_coin = OF)

[refill_juice B_stock] = X({juiceB_stock = 5}])

ASSERT_LTL24 = “G(e(refil|_juiceA_stock) => {maintenance_door = open})”;
[npen_maintenence_door] => BAlllinserted_coin = 0 & returned_coin = inserted_coinf0 & maintenance_

ASSERT_LTL25 = “G([refill_juiceA_stock] => X({juiceA_stock = 5}))":
ASSERT_LTL26 = “G(e(refill_juiceB_stock) => {maintenance_door = open})”:

[coin_insert] = BAH(powerE0 = on & (juice A stockE0 > O or juiceB_stockE0 > 0) & inserted_coinf0 =
elcain_insert) = {maintenance_door = clossd)

ASSERT_LTL27 = “G([refil|_juiceB_stock] => X({juicaB_xtnck =57
[coin_insert] => BA(powerf0 = on & (juice A stockE0 > O or juiceB_stockf0 > 0) & inserted_coin$o : (

ASSERT_LTL28 = “G(e (open_mai door ) => {mai y_door = closed})”;
ASSERT_LTL29 = “G([open_maintensnce_door] => BA({(inserted_coin = 0 & raturnud_cnm = inserted_coin$0 & maintenance_door = open
el power_turn_off_return_inserted_coin) => {power = on})
[power_turn off_return_inserted_coin] = BA({lpower = off & inserted_coin = 0 & returned_coin = inserte

DI
ASSERT_LTL30 = “G([open_maintenence_door] => BA({(returned_coin$0 = 0) => (inserted_coin$0 + returned_coin$0 = inserted_coin + returned_coin)}))~:
elpower_turn_on] = {power = off})
| e

ASSERT_LTL31 = “G(e(close_maintenance_door) => [maintenance_door = open })“:

ASSERT_LTL32 = “G([close_maintenance_door] => X({ maintenance_door = closed }))”:

ASSERT_LTL33 = “G({inserted_coin > 0} & {reset_pass = not_passed} => F({returned_coin > O} or {dispensing_slot /= emptyl or {reset pass = passed}))”:
ASSERT_LTL34 = “({returned_coin = 0}&{dispensing_slot = empty})U{inserted_coin = 0} "

ARRRRARRRNNAN

ASSERT_LTL35 = “G([power_turn_on] => BA({(power$0 = off) => (power = on)}))“: // check01 Add LTL Formula Add CTL Formula

ASSERT_LTL36 = “G([coin_insert] => BA({(power$0 = on & juiceA_stock$0 = 0 & juiceB _stock$0 = 0) => (returned_coin = 1)}))”; // ckeck02

ASSERT_LTL37 = “G([coin_insert] => BA({(power$0 = on & (juiceA_stock$0 > O or juiceB_stock$0 > 0)) => inserted_coin > 0}))": // check03 LTL Formula:
ASSERT_LTL38 = "G([coin_insert] => BA([(power$0 = on & (juiceA_stock$0 > O or juiceA_stock$0 > 0) & inserted_coin$0 = 3) => (returned_coin = 1)}))": // check04

ASSERT_LTL39 = “6G([coin_insert] => BA({(inzerted_coin$0 = 3) => (returned_coin = 1)})): // check05

ASSERT_LTL40 = “6G([press_juiceA_button] => BA({(inserted_coin$0 > 0 & juiceA_stock$0 > 0) => (juiceA_stock = juiceA_stock$0 - 1 & returned_coin = inserted_coin$0 - 1 & dizspensing_slot = juiceA)}))”; // check06 (a)
ASSERT_LTL41 = “G([press_juiceB_button] => BA({(inserted_coin$0 > 0 & juiceB_stock$0 > 0) => (juiceB_stock = juiceB_stock$0 - 1 & returned_coin = inserted_coin$0 - 1 & dispensing_slot = juiceB)}))”; // check06 (b)
ASSERT_LTL42 = “G([coin_insert] => BA({(power$0 = off ) => (returned_coin = 1)}))“: // check07

ASSERT_LTL43 = “G([power_turn_off_return_inserted_coin] => BA({(power$0 = on) => (power = off)}1))”: // check08

ASSERT_LTL44 = “G([nower_turn_off_return_inserted_ => BA({(inserted_coin$0 > 0) => (power = off & returned_coin = inserted_coin$0)1))”: // check09

ASSERT_LTL46 = “G({inserted_coin > 0} & {reset_pass = not_passed}=> F({returned_coin > O} or {dispensing_slot /= emnty} or {reset_pass = passed}))”: // checkl0

ASSERT_LTL46 = “G({(power = off) => (inserted_coin = 0)})": // checkll

ASSERT_LTL47 = “G({inserted_coin : 0..3})": // checkl2
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A check item @ (34) Check items made by the authors  |W et e
an d an LT L express | oh @ (13) Check items written in the textbook o oneeking ~Elementary Gourse=, NanaOpt Media(2009)

for Vending Machine model

Check item 6: When the product selection button is pressed, the machine will perform as follows:
(1)(a): When the product selection button for Juice A is pressed: When there is one or more cans of Juice A in stock,
dispense one can of Juice A into the product dispensing slot and return the necessary change to the coin return slot.

DEFINITIONS
ASSERT_LTL40 ==
“G([press_juiceA_button] =>
BAN{ (inserted_coin$0 > 0 & juiceA_stock$0 > 0) =>
(juiceA_stock = juiceA_stock$0 — 1 & returned_coin = inserted_coin$0 — 1 & dispensing_slot = juiceA)})”;

(Meaning of ASSERT_LTL40):
When the operation “press_juiceA button” is executed, the preconditions and post conditions written below are always satisfied:
Precondition: “Inserted coin is greater than zero” and “Stock of Juice A is greater than zero.”
Post condition: “Stock of Juice A is reduced by one” and
“Number of returned coins is equal to the number of inserted coins minus one” and
“Juice A in present in the product dispensing slot.”
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An LTL expression
for Vending Machine model

e SSERT L7140 — With the usage of Before-After
oressuicelnutton o temporal logic operator (BA),

BEl { (inserted_coin$0 > 0 & juiceA stock$0 > 0) => . .
(juiceA_stock = juiceA_stock$0 — 1 & returned_coin = inserted_coin$0 — 1 & dispensing_slot = juiceA)})l)”; We can write LTL expressions
with preconditions/post

e el AT ) conditions since ProB 1.12.

When the operation “press_juiceA_button” is executed, the preconditions and post conditions written below are always satisfied:
Precondition: “Inserted coin is greater than zero” and “Stock of Juice A is greater than zero.”
Post condition: “Stock of Juice A is reduced by one” and
“Number of returned coins is equal to the number of inserted coins minus one” and
Juice A in present in the product dispensing slot. %£3 ProBl=hi45 LT toiE

#1 LILXoHEES LTL fofeiE Bk - A
- p— = STORECHVT, BIHEP AHIT 5.
wHRE | 5 Bt &P CINVARIANT =354 B8 (FEEH) OMIIZHS.)
G(P) Globally | ETADETHREICH VT, BICHEEP AHKILT 6. Gt = ) BfFope CHNT. WEP APBEABHENCHS.
F®) | Finally | EFLOREBRIZHENT. VWFNNEEP AKIT 5. AT = (184F ope =313 % PRE-THEN-END 1= & 2 BRIEH OHFEO—HBTHS.)
S—— g ZHWT. WP IF+14 THb,
L) nekt | ETAORBBBICHLT, ROBEORIZHEP MRUT S, HL = e il %g;ﬁpzpeE&IH%a{ERE—THENTE}I\TDTi:ﬁﬂ%%gﬁfl%bifmfﬁ%éd)é'c'GZf)%na)
PU@ | Until | EFLOREGBEICENT, H5E QA Y I DE TIEEISHEE P AT 5. G(lopel => X([P)) | 14k ope [CBLNT, #HiEEP ABHEHTH .
Before | 5 )LORIEEBICE T, EBM-BHEITE P ALY H. (ProB D) G(lope] => BA([P)) | HRfEope ISB VT, BHAT-BB&IEP BBREHTHL.
After GBRAT-BBEITEPISHS LT, BRIERG0 L BRETENEERT H.) GEBA-BBEMEPICEVT, ERaZi S0 LBBEREHX EFERT L)
181k ope [CH LT, BREM-BBEHEE P20 (FEMTHEEFCHD.
DEYMEP LEMEHTHY . WIEQIFRESTHS.
G([ope]l => BACIP => Q1) | (mmmi-mBmwdisg (P-0) IcBLT. BHIZEEIS0 L BBEERX £ERT 5,
138 P (LEBMEE X0 L EBFEOTHOHTHMEShEAETHY,
#WiEE 0 BB X§0. EREEH N ERFEOTFHTHMAENS,)

BA(P)
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In early model checking,
Procedure of experiment students can observe
the state explosion.

Understand the behavior of correct model
,‘, -Z Fryl TRSHER TRSE THE £TH BTl

foK

Be passed the broken model JMr O
) VM _visual QK

‘  VM_visual_r OK

Check the behavior of broken model o
PO generating (Atelier B)Ag —

*LTL expressions (ProB) EE
n_off _ret ﬂE?tSTESiDnm:: et = off & inserted_coin = 0 & returned_coin = iﬂsertEJ

Repair the model s e
|

J
; Add LTL Formula  Add CTL Formula
LTL Formula:

Note all the process of repairing

_onin = 0 & returned_coin = inserted_coin$0 & maintenance_

e A stockB0 > 0 or juiceB_stock$0 » Q) & inserted_ooinB0 =

df)

e A stockE0 > O or juiceB stock$0 > 0) & Inserted_coinfo « ¢
1)

WEr = on

D060 600060606
SNt o=

ARRRRRRRRNNNN

Check
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Note all the process of repairing, using Excel, and report.
— How to detect defect locations
- ProB animation interface
- Atelier B PO generation
- ProB LTL expression proving

Procedure of experiment

Understand the behavior of correct model

¥

Be passed the broken model

g -

Check the behavior of broken model
PO generating (Atelier B)Aﬁ

*LTL expressions (ProB) g 5 0%
3 T

Repair the model

¥

Note all the process of repairing
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Scene of experiment Week 3
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A sample of student’ s report

Lz

20254 7R 248
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LILARIOHT
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BoROREESEILE.

EFILD
BEEDRR-
BEEOEAL

g VM model
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|ETLESCE

OPELATIONERI=51T5 |
power_turn_off_return_inser
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HHROIBMEROELN
1ZEHETS

8IHLT D

OPELATIONEf <& 115
refill_juiceA stockMEE
juiceA_stockH31ZHEo>TLY
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BB onDREIZERK
BEBMTLTHLEEonD
KEELHE->TLES

G(e(power_turn_on) =>
[power = of )7 & HYALL 3L
=

PREIZHLNT. power = of{EBARE
L. =172 E QME XEIBRLT-.

BRADKEDBED
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54 DMMIF0KE
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pr

ess of repairin

EFLD
FRADERM

ETILOFRAOKR - BENORAL

EFLOLBRO
HNER

L118/5L129
press juiseA button

C1—AADEMBBOED
BE. FMRREO- 28
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BUELLAF
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liuiceA stock$1 = juiceA stock-1 &
inserted.coin$1 =0 &
returned coin$i =

inserted coin-1 &
“lInvariant is preserved”

=>
juiceA stock$1: 0.5

iuiceA stock > 0 &
inserted coin > 0 &
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liuiceB stock$1 = juiceB_stock-1 &
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inserted coin-1 &
“Invariant is preserved”

inserted coin$1: 0.3

inserted coin=0 &
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coin_insert
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inserted coinl->1 &

power = off =>
inserted coin§ 1]->retumed coin§1 =
inserted coin|->1 &

“Invariant is preserved”
=>

inserted.coin$1: 0.3

[(@ower=on & GuiceA stocko0 or
juiceB stock>0) & inserted coin$0 = 3)
=>

(inserted_coin.returned coin)
= (inserted coin$0.1))
£L90-L91DRAI:B /0

SHELERALIRS . B
HOITIEETS

FER7EOLHEN

inserted coin$1 =0 &
“Invariant is
preserved”
=>
returned coin$1: 0.3

returned coin = inserted coin$0
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EEF7ER-FATES
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CTAs08

inserted coin = 0 &

retumed coin = 0
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inserted coin= 0 &
returned_coin = inserted_coin$0
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HGEHENT

L61A>L68
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n] => BA(l(power = off &
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First trial experiment Week 3 in 2025

@ 8 defects are introduced in the Vending Machine model.
@ The difference in the result does not indicate the difference of ability
between the proof obligation generation and the model checking.
& Due to the state explosion problems in early model checking by ProB,
the teacher has instructed the students to generate proof obligations by Atelier B first.

Student’ s defect locations detection of Vending Machine model

Quartiles
detected defect locations

all of defect locations .-n“n 6
detection by ProB animation interface 34(7.15/ 10 | 8 | 8 | 7 | 1
detection by Atelier B proof obligation generation nn 0

detection by ProB LTL expression proving 34(168 9 | 3 | 1 | 0 | O
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7. Students’ questionnaire survey of experiment Week 1-3

Survey questions for the Level of formal method usage

The Levels of formal methods usage Level-0 Formal speciﬁcatit?n may be undertaken and then a program
Level-0: Formal Specification de"?]‘)ped. f.mm this mformally - _ .

having ability to describe the rigid specification with the usage of

mathematical notation.

Formal specification may be undertaken [Lo-1]
and then a program developed from this informally.
Level-1: Formal Development and Formal Verification [LO-2|
Formal development and formal verification may be used
to produce a program in a more formal manner. Level-1
Level-2: Theorem Provers L]
Theorem provers may be used
to undertake fully formal machine checked proofs. [L1-2]

having ability to develop the software by referring to the rigid
specification edited in mathematical notation.

Formal development and formal verification may be used to produce
a program in a more formal manner.

having ability to prove the quality of the software

having ability to develop the software from the specification by the
manner of refinement

Theorem provers may be used to undertake fully formal machine-
checked proofs |

having ability to prove the quality of the software with the usage of
proof obligation generator

having ability to verify the quality of the software with the usage of
model checker

Hehner, E.C.R.: Computer Science - Formal Methods, Level-2
https://computingstudy.wordpress.com/formal-methods/

[L2-1]

[L2-2]

Araki K.:New Trends in Formal Methods :
Formal Methods : Past, Present and Future

Refine the Levels of formal method usage, -Toward Practical Applications -,

and make learning goals for experiment Magazine of IPSJ, IPSJ, 49(5), 493-498(2008),
https://ipsj.ixsq.nii.ac.jp/records/60933 48
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About Atelier B | Every Weeks
Making the survey questionnaires (2-A) through (2F) ..._omitted ... Week 1  Week2  Week 3

About ProB /

Formal specification may be undertaken and then a program Learning Goals & |\ ‘ Week 2 | Week 3 (2-G) through (2-K) .... omitted /
developed from this informally. Suny il | About the whole of B-Method TN
having ability to describe the rigid specification with the usage of vel-0: Formal Specification - — -

srathanaieal motatin (1-A)(1-B) (2-L) having ability to describe the formal spe
2 1-C)(1-D) | (2-A)(2-B) [ (3-A)(3-B - .

having ability to develop the softwars by refarring o the rigid [Lo-1) R R el R expressions from natural language

specification edited in mathematical notation. . (1-K)(1-L) _ i Do you think you become used to H
Formal development and formal verification may be used to produce 1L0-2] - 2-0)2-0)[(30)B-M) expressions?
a program in a more formal manner. Level-1: Formal Development and Formal Verification p *

[L1-1] having ability to prove the quality of the software (L] (-E)(L-F) '(2_;[1)))((22_}]:)) (3-D)(3-H) having ability to understand the signific
[Li2] (1-C)1-H) | ©5 5 (3L) checking’s coverage to whole states of sys
manner of refinement L1 - 2C) 3C) Do you think you were able to und

EOEDEOED improve the system’s dependability

(2E)(2F) | (-E)(3-N) proving and by the usage of checkin
DD ;::)?:;1) having ability to understand the significance Trre
(3N)(30) contribute to improve the system’s dependability
Do you think you were able t

verify the system has no de o About Ateller B i
expressions with checkin; A@ EE
having ability to understand the ° AbOUt PI’OB

specification is the S :

defect free codes 0« About the whole of B-Method

Do you think you understand

Make the Survey queStionnaireS useful to implement no-defect code in contrast to simply
Wlth mapplng from Iearnlng goals creating code that anyways works?

having ability to agree the significance of the process of formal

Level-0

[Lo-1]

[Lo-2]

Level-1

having ability to develop the software from the specification by the

Theorem provers may be used to undertake fully formal machine- Level-2: Theorem Provers
chef‘ked pll'olof&| i . y (1-E)(1-M)
having ability to prove the quality of the software with the usage of [L2-1] (1-0)
proof obligation generator

Level-2

[L2-1]

1-F)(1-G 2-I)(2-J
having ability to verify the quality of the software with the usage of [L2-2] ((I-HJ)((l-IJ) (!Z-I())((Z-l‘)

model checker a-MQa-0)| (2-Q)

[L2-2]

specifications, theorem proving and formal model checking
Do you think you feel familiar to formal method,
B-Method through both example and exercises of

Result of the survey questionnaires the experiment?

having the opportunity to commit a formal method as the software

http://www.asahi—net.orjp/ ny9t—oons/b—method_english.html engincer’s fundamental knowledge i
Do you think you were able to have the opportunity to

commit a formal method as the software engineer’s
fundamental knowledge?




7. Students’ questionnaire survey of experiment Week 1-3

Survey question for educational goal

We set the educational goal for the experiments

as giving opportunities to commit a formal method
as the software engineer’ s fundamental knowledge.

Week 1 Week 2 Week 3

Every week s student’ s survey questions.

“Do you think you were able to have the opportunity
to commit a formal method as the software engineer’ s fundamental knowledge?”

Quartiles
Survey
Period

Weck 1 2020-2025

N |ave.|max.

Weck 3



7. Students’ questionnaire survey of experiment Week 1-3

Survey question for educational goal

“Why we start to teach Formal Methods?”

On the project, Ohnishi was tasked with teaching formal methods at his school.

We set the educational goal for the experiments
as giving opportunities to commit a formal method
as the software engineer’ s fundamental knowledge.

’ ’ .
Every week s student’ s survey questions.
“Do you think you were able to have the opportunity

to commit a formal method as the software engineer’ s fundamental knowledge?”

Quartiles

2020-2025
Week 2 4.42 2020-2025

* It seems that the educational goal is achieved, but
there are some abilities to improve the methodology.

- We acknowledge and regret that we have never
evaluated student’ s competence in long term.
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8. Our expected direction X “Sokoban (Warehouse keeper) ”,

. . . . https://en.wikipedia.org/wiki/Sokoban
Applying “Fountain of logic expression” : : s

to multi—state formal models

OIRE Z DD "BIKYIRIT T DETYY
HREXDIL—ILDOEHNT,
“BIK"Y IR TIZDONT, hADZ LD mﬁﬁ;ﬁ. m:m?m" RISV T BT L EVLEISHRERDIL—ILEDLST,
EFYLTTBINT LI, L—ILEBYELIE. BIMLET
HWEXOL—ILT ~ pmt BIZHERSDEH5?
1D DIRRE (SF=R) IS S
EFFEYFET,
LIZALFIEEEHT, BIALET
HKYLEHS, W—ILEDANRZET,

o ShANVA LN ET

Aim of kid’s short-time lecture
“Necessity for preconditions”

OTERE I1EDMI"BKY IRV T DETYLYT
TV— L EBYRLIEEAT IDCREDLIITTHDES5? s E=S FESE RITETHD?

=
OPERATIONS =
LE=I2$ < = w» Lil=isd =
PRE - PRE
LE=I=$H 2T DIL—IL LElzEsT =00 IL—IL

- THEN THEN
f LIz B B= [Lizlcdsd 8=

B END;

[ 7 \EE Lizl=da<

BIKERIC. L—ILEBYZEDOIE, HKIZALET, v X WERD L —LAENE, KBS Do \ OREXDIL— LT, REELCES !

L= B<=DIL—IL ], : [RkBT2RERIZ. #FALBTLHSYLT,
LEIZBT=0DI—IL1Z. hADZTHES, MEBLBNEEE1EZD{AS5 !




8. Our expected direction

Applying “Fountain of logic expression”
to multi—state formal models

Aim of kid’s short-time lecture
“Necessity for preconditions”

SEEEIZELS
e B

LEzI2HdhEELD

12 | board(tater,yoko
I
| /0L e,
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9. Summary

(1) Introducing the formal method, B-Method since 2019
Mandatory 3—week experiments of Japanese technical college
*Short—time lectures other than our class
— Simultaneous conducting both of two provided the improvement of our methodology.

(2) Experiments of Japanese technical college

-Week 1: Single—state formal models “Deductive logic puzzles”

-Week 2: Multi-state formal models “Test of logic circuit”

-Week 3: Multi-state formal models “Vending Machine” (concept “Error capable model” applied)

- Students’ questionnaire survey
*Introduced from the level of formal method usage, deriving learning goals, referring our educational goal
— [t seems that the educational goal is achieved, but there are some abilities to improve the methodology.
— We acknowledge and regret that we have never evaluated student’ s competence in long term.

(3) Serendipitous ideas of our activity
*Idea 1: Fountain of logic expressions
*Idea 2: Error capable model

(4) Our expected direction
- Applying “fountain of logic expression” to multi—state formal models 56




