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Lecture 1 - Sep. 4

Syllabus



Course Learning Outcomes (CLOs) -

312
Document requiremﬂj;s_ rgapjzing them into appropriate categories such &s environ-
mental constraints versu( functionzﬁ)g-érties (safety and progress).
Construct high level, é@act mathematical models of a system (consisting of both the
system and its environment) amenable to formal reasoning,.

CLo3 | JApply set theory and predicate logic to express functional and safety properties from

t quirements as events, guards, system variants and invariants of a state-event model.

Use models to reason about and predict their safety and progress properties.

Plan and construct a sequence of refinements from abstract high-level specifications to
implemented code.

Prove that a concrete system refines an abstract model.

Apply the method to a variety of systems such as sequential, concurrent and embedded
systems.

Use practical tools for constructing and reasoning about the models.

Use Hoare Logic and Dijkstra weakest precondition calculus to derive correct designs.






Lecture 1 - Sep. 9
Syllabus & Introduction

Formal Methods:
Theorem Proving vs. Model Checking



Course Learning Outcomes (CLOs) -

312
Document requiremﬂj;s_ rgapjzing them into appropriate categories such &s environ-
mental constraints versu( functionzﬁ)g-érties (safety and progress).
Construct high level, é@act mathematical models of a system (consisting of both the
system and its environment) amenable to formal reasoning,.

CLo3 | JApply set theory and predicate logic to express functional and safety properties from

t quirements as events, guards, system variants and invariants of a state-event model.

Use models to reason about and predict their safety and progress properties.

Plan and construct a sequence of refinements from abstract high-level specifications to
implemented code.

Prove that a concrete system refines an abstract model.

Apply the method to a variety of systems such as sequential, concurrent and embedded
systems.

Use practical tools for constructing and reasoning about the models.

Use Hoare Logic and Dijkstra weakest precondition calculus to derive correct designs.



Lecture 3 - Sep. 11
Math Review
Propositions: Commutativity vs. SCE

Implications: Contracts, Theorems
Predicates: Universal vs. Existential Q.
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Announcements/Reminders W ,,p« R " 9

e First Class (Syllabus) recording & notes pos’red
e Todays class: notes template posted
e Event-B Summary Document \LWPA?
(5 gt o
e Priorities: 7 g p/
+Labl — Due: Next Tuesday (Sep 16)

+Lab2 — Due: Tuesday (Sep 23)

e Missed Lecture 2 (Tuesday):
+ We'll dive directly into Math Review (1b).
+ Introduction (1a) will come after the review is done.
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Predicate Logic: Quantifiers 6) | bse-Fabeb-in-broarainmirig
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Lecture 4 - Sep 16
Math Review
Implication: Alternative Exp. in English

Logical Quantifiers: Proof Strategies
Sets: Enumerations vs. Comprehension



Announcements/Reminders

e Todays class: notes template posted

e Event-B Summary Document

e Priorities:
+Labl — Due: This Tuesday (Sep 16)
+Lab2 — Due: Next Tuesday (Sep 23)
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Logical Quantifiers: Examples
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Prove/Disprove Logical Quantifications

e Prove or disprove: Vx e (erM sxs10)=>x>1.
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Sets: Definitions and Membership O {1‘ 0< A< 23
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Relating Sets
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Lecture 5 - Sep 18
Math Review

Converting v and 3 : Equational Proofs

Understanding the Choose Operator
Power Sets



¢ &S

Announcements/Reminders (£ 'Q(QJMP \J

Py

e Today’s class: notes template posted .t i
e Event-B Summary Document
e Priorities:

+Labl — Due: This Tuesday (Sep 16)

+Lab2 — Due: Next Tuesday (Sep 23)

® To be released:
+ ProgTest guide
+ 2 Practice Tests
+ Lab1 solution






Logical Quantifications: Conversions R(x): x € 3342_class
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Sets: Exercises
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Set of Tuples

Given nsets Sy, So, ..., Sy, a cross/Cartesian product of
theses sets is a set of n-tuples.
Each n-tuple (eq, eo, ..., en) contains n elements, each of
which a member of the corresponding se fug®
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Lecture 6 - Sep 23
Math Review
Constructing All Relations

Domain, Range, Inverse
Image, Restrictions, Subtractions



Announcements/Reminders

e Todays class: notes template posted
e Event-B Summary Document
e Priorities:

+Labl — Review

+Lab2 — Due: This Tuesday (Sep 23)

® Released:
+ ProgTest guide
+ 2 Practice Tests
+ Lab1 solution



Cardinality of Power Set: Interpreting Formula

Calculate by considering subsets of various cardinalities.
Calculate by considering whether a member should be included.
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Set of Possible Relations . v

e Set of possible relations on S and T: /IVCSX T)
e Dedicated symbol for set of possible relations on S and T: S > T
e Declare that se@s a relation on 5 and T: Y €WEXT) veS&T

Example: Enumerate all relations on {a, b} and {2, 4}.
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Relational Operations: Domain, Range, Inverse
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Exercise: Relate the domains and ranges ofi r [and |its inverse.
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Relational Operations: Image
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§=40+b3
Relational Operations: Restrictions vs. Subtractions
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Relational Operations: Overriding

r={(a, 1), (b, 2), (c, 3), (a, 4), (b, 5), (, 6), (d, 1), (e, 2), (f, 3)}

Example: Calculate r overridden with {(a, 3), (c, 4)}

Hint: Decompose results to those in ts domain and those not in ts domain.
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Lecture 7 - Sep 25
Math Review
Relational Overriding

Functional Property
Partial Functions vs. Total Functions



Announcements/Reminders

e Todays class: notes template posted
e Event-B Summary Document
e Priorities:

+Labl — Review

+Lab2 — Review

® Released:
+ ProgTest guide
+ 2 Practice Tests and solutions
+ Labl, Lab2 solutions
+ Possible change of ProgTest venue - to be confirmed



&l
Relational Operations: Overriding {XL‘ZC?]‘;CX)? E) £l 60

1), (b, 2), (¢/3), (@4), (b, 5), (6:6), (d, 1), (e, 2), (f, 3))

Example: Calculate r overridden with [{(a, 3), (¢, 4)}

Hint: Decompose results to those in ts domain and those not in ts domain.
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Exercises: Algebraic Properties of Relational Operations

r={(a, 1), (b, 2), (c, 3), (a, 4), (b, 5), (c, 6), (d, 1), (e, 2), (f, 3)}

Define the image of set s on r in ferms of other relational operations.
Hint: What range of value should be included?

L s Y
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Define r overridden with set t in terms of other relational operations.

Hint: To be in ts domain or not to be in ts domain?
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Lecture 8 - Sep 30
Math Review
Rel Image vs. Func Application

Modelling: Rel vs. Partial vs. Total Func
Injection, Surjection, Bijection



Announcements/Reminders

e Todays class: notes template posted
e Event-B Summary Document
e Priorities:

+Labl — Review

+Lab2 — Review

® Change of ProgTest venue - WSC106/108
® Released:

+ ProgTest guide

+ 2 Practice Tests and solutions

+ Labl, Lab2 solutions
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A function is a relation
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Modelling_Decision: Relations vs. Functions

An organization has a system for keeping track of its employees as to where
they are on the premises (e.g., * *Zone A, Floor 23’’). To achieve this,
each employee is issued with an active badge which, when scanned,
synchronizes their current positions to a central database.

Assume the following two sets:

o Employee denotes the set of all employees working for the organization.
o Location denotes the set of all valid locations in the organization.

Is where_is € Employee <-> Location appropriate?
No. elsli C wheree7s A elis bz © whoe_=
Is where_is € Employee@Locaﬁon appropriate?
DAl N ome Dploys Wy not 59 Zm
Is where_is € Employee + Location appropriate? i /
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¥ Lmopesire: €1 # Sz D (GlHef A v
Injective Functions (& t)el) AN Y

C.
WlisInjective (f)

fz (SGSA{:IGT/“(ZGT)-? (;, é}A[;%e_/‘:;ﬁ 1"Z>

S1€SASeSALteT)= (s1 efA(spft) ef=51=5)

If fis a partial injection, we write: |fe S>» T

o eg.{o,{(1,2)},{(2,a),(3,b)} } ={1,2,3} » {a,b}
° eg.,{(1,b),(2,a),(3,b)} ¢{1,2,3} » {a,b}

. e-g-,{(1,b),(3,b)}¢{1,2,3}>+>{a.,b} 33 {(u’) (z, L)"S
If fis a total injection, we write: |[fe S~ T V23 s L P t

o eg., {1,2,3}» {a,b} =0 (/ L) ef

o eg.,{(2,d),(1,a),(3,c)}{1,2,3} » {a,b,c,d} § [

o e.g., {(2,d),(1,0)} ¢ {1,2,3} » {a,b,c,d} (2,b) €f

o e.g., {(2,d),(1,c),(3,d)} ¢{1,2,3} » {a,b,c,d}



[feST

} ) c{1,2,3) » {a b}
¢{1 23} (@b} X Lol V X : dostant oo Wlg
AL Vol 17 M

mp o b.

e.g., {1,2,3} » {a,,'b}=®
q eg.,{(2,d),(1,a),(3,0)} €{1,2,3} » {a,b,c,d}

4 eg. {(2,0),(1,0)} ¢ {1,2,3} » {a,b,c,d)
g {(2,d),(1,¢):(3,d)} ¢ {1,2,3} » {a,b,c,d)

Lot 3 oltict dor avshars
@'.g( 7/6(})) h\cP to ()Axﬁ/lCE

Ve velts = e reaP.



T, a), (2,8
e

ot m jé[f/lle

T(la), (1LY
= Vet A7[:'Vltt7o/[(



S <=>T - 42toF all velafms ot o al( Pof(b’lle sl p’ﬁﬁ“
If f is a total ln/e ' e write: | fe SGOT

00, (L2 IS Bb)- g — \>{($—>,

o eg;{ d), ?)&?2 3{}1 2{3}; {Z}b c,d} (9,_)}

° eg > 14a Cc

o egP(2 d) (1,¢),(38,d)} ¢{1,2,3} » {a,b,c,d} <;5®§
J:y,:j/af;
PP

fuac pop | btol | ] py
DO - v

o] v |




partial surjection] we write:
° eg., {{(1,b),(2,2)},{(1,b),(2,a),(3,b)} } = {1,2,3} » {a,b}

o eg., {(2,a),(1,a),(3,a) } £ {1,2,3} » {a,b} o Aut ot su.
o .95 {(2,b),(1,b)} ¢ {1,2,3} +» {a, b} ——"" J

If f is a total surjection, we write: |[fe S —» T

m .

o e.a.,{{@a).0.b).@ a}).7(2.b).(1.2).(3.b)} } c {1,2,3} - {a.b}
° e-g@{(g?a,(_@} {1,2,3} » {a,b} } {

o e.0.9(2(a),(3@), 1,@) ¢ {1,2,3} » {a,b}

| T LY 7,
—=
@1 X v | o
Q| o L~ X <



Bijective Functions

f is bijective/a bijection/one-to-one correspondence if f is

total, lnjectlve and sur/ectlve

e.g., {1,2 3}@{3 b}=3 ~y ‘{ Vo PIRLERR WALt Lo B

e.g. {{(1 a), (2,b),(3,c)},{(2,a),(3,b),(1,¢)} } < {1,2,3} = {a,b, c}
e.g.; {(2b) (3,c),(4,a)} ¢ {1,2,3,4} = {a,b, c}

eg@{u ) (2)6)(BIe)@a)h¢ {1,2,3,4} = {a,b,c}
e.9H(1@), (26} ¢ (1.2} {ab.c)

O o o o o

bl 4t | 7T 6T -
o | X RTTT T T TTX
9| v X X
@ LA 170 X N
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Lecture 10 - Oct 7
Bridge Controller

Modelling Decision: Formulating Arrays
Correct by Construction

State Space of a Model

MO: Abstraction, Context, Machine



Announcements/Reminders

e Today's class: notes template posted
e Last Thursdays class:
A lecture video on formal background to be released
e ProgTest being graded
e WrittenTest1l (Oct 22) coming after the reading week




Formalizing Arrays as Functions
o | 2

[/

String[] names = {“alan”, “mark”, “tom"};
g ) Ay 2

9 [ Ta [ 12 |
plan’  wark” o’
T e
(%) names & Z +> ] (YM/'oJ fm@(’a‘/’m)
L-> YMC«IMU) ~f > 74}2067!;\8
Tt s € 7 - [T A5

youes € . %J\frf%

nawps € Zp%% \/\'&th
S vt o mepVts

drstantt ;ﬁza?;
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State S

pace

of a

Model

Definition: The state space of a model is

v

v
the set oF possible valuations of its declared cons’ran’rs and variables,
subject to declared cons’rraln’rs\:’ Domb otz /OF rvaue;

S}y an initial
1ALk

@el of a bank system with two constants and a variable:

1)\ accounts ¢ String + Z

* typing constraint *,

| V/d e id e dom(accounts) = —c < accounts(id) < L|

1. Give some example ‘configu

g e
Jet S

large exac’rly is this initial models state space?

JL‘w«f/aos‘( st W/ﬂ [nétaents fwMMﬁ?\
g U -

C
I/\ (10:000 }‘052‘3035 ¢>

ra

’rions of this initial m

pLr. ng N'”'{\

399 5 22,000 ; '{\“L ” - 50003

* desired property

del state space.
£ o ot

[2 (DODO X 00
’L)l l-wétﬂ



Bridge Controller:
Requirements Document

Mainland

The system is equipped with two traffic lights with two colors: green and red.

The traffic lights control the entrance to the bridge at both ends of it.

Iw]zw\‘zm{ /gl«m pEe
(% e 441'2’5/ W§’

The sensors are used to detect the presence of a car entering or leaving the bridge:
“on” means that a car is willing to enter the bridge or to leave it.




Bridge Controller: Abstraction in the Initial Model

REQ2 The number of cars onl bridge and island|is limited.

% wgf 42}7
Island - 3 (ovs
and Mainland /’de reyeye /Léﬁ/‘w(
bridge D4 \

2 = Zp
o



Bridge Controller: State Space of the Initial Model

REQ2 The number of cars on bridge and island is limited.

Static Part of Model
il ¥ = (5,0

axioms: 0{7’
constants: @ axm01{deN

Island

Mainland

Dynamic Part of Model

. . ; L ad o
variables:@ Im!’:\';loa_r“lt:neN - Yﬁz,{, = 0{ mﬁ
a2 a0 G el
4pPle
Y'w;x / dldf”"



Bridge Controller: State Transitions of the Initial Model

REQ2 The number of cars on bridge and island is limited.

axioms:
constants: d axm01:deN

Island

\
and Mainland
— bridge
invariants: 2

ML_in
variables: n inv0_1:neN
inv02:n<d

State Transition Diagram on an Example Configuration

d=2 A5 1 thee & belf of apnt
n initialized to O et (o Izao( o w. Ao lpton”




Lecture 11 - Oct 9

Bridge Controller

Before-After Predicates
Sequents: Syntax and Semantics
Inv. Preservation: PO/VC as as Sequent



Announcements/Reminders

e Todays class: notes template posted
e Last Thursdays class:
A lecture video on formal background to be released
e ProgTest being graded
e WrittenTest1l (Oct 22) coming after the reading week
+ Guide and example questions to be released

+ An in-person review session



% F an wsad safp & IbsﬁLb% 4«»19{#7
Bridge Controller: State Transitions of the Initial Model “’“7

REQ2 The number of cars on bridge and island is limited. 147? W /

axioms:
constants: d axm01:deN

Island

\
and Mainland
. . bridge . .
invariants: (ML _in
variables: n inv0_1:neN \

inv02:n<d

State Transition Diagram on an Example Configuration

d=2 A5 %, thee & belf oﬁefmf, -
n/initialized to O fhet (o IBRD! L . Rl

(3

d

’
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Before-After Predicates of Event Actions

Events ﬁ‘w%— ML _out /va‘f';e' ML in
& = o A -
- Pre-State
- Post-State

- Sate Transition

@ @ Tor eoth veviahb X
OV

/
W /| T pe-dote vid
0% el 2) Wyt X to obuct
&}w\& (WD? ' iy pit-stat wkp.



Exercise: Event Actions vs. Before-After Predicates

Q. Are the following event actions suitable for a swap between x and y?




Invariant Preservation

Design of Events:

d 4]
) wbb i

invariants:
inv0_1:neN

inv02:n<d

ot
S W“Jfé n
Tesie: Y ato. - stste © St
= Tay (¢re)
ne o

70 A”SYVWE’ fm( N Wiaess | ot € j?afoi}aw
Mt 1 In( )



Sequents: Syntax and Semantics ' s
Syntax .M‘S"‘le ‘P{,j(cof/(
“&@ 7,,/14 - @7 A ;ﬁg j;faf/{
o 6°”W N
*/,2 Semanhcs e s ,_ﬂ-‘- 7
)‘l " | <= )'J :zi a5t {M& % 'f""mue. A+]<d
Q. What does it mean when H is empty/absent?
—C O T [ Tue =G & G~ Ymﬁ&mﬂm& z‘:a St
@ [lde 6| Rl >6 & Tue ~> o hypthees vew 25 med!




yerfantdh Lol 2 ML—oAf
POl/|V_C Rule of [Invariant Preservation Ty Peser
NEN
< of
constants: d variables: n T }%5725%;6
'/, 54
axioms: invariants: l//ﬂ /G' /\l
axm0.1:deN inv0_1-neN N s 0(
inv02:n<d
x % ehamat
’%e "fy/;:ﬂes,;

Axioms

|_

Invariants Satisfied at Pre-State

Guards of the Event
Mbofff_

Invariants Satisfied at Post-State

de A losly e B,
A

dmaa AEN rfed
*,WEM AN L
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Lecture 12 - Oct 21

Bridge Controller

Before-After Predicate, Inv. Preservation
Formal Model Components
WrittenTestl Review



Announcements/Reminders

e Todays class: notes template posted
e ProgTest being graded
e WrittenTest1 (Oct 22) tomorrow
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PO/VC Rule of Invariant Preservation: Components

i V= N> et
C@ <ol> 4/’:<fn’><\pef
constantg: d variables: n
R ds)= <o) >
axioms invariants:

axm01:deN inv0d1:neN
inv0 2:n<d

nf={n-1

o Zp P T (>

A

1 (,k(( ? = (\]7;()
@ list of constants G@@ guards of an events

gAici list of axioms aly A2 K7

(w)and(V)) variables in pre- and post-state effect of an events actions p
I(c)\v): list of invariants opte (RS o BAP) efl‘EL‘(' OF f}%ﬂ

ElS, v)] BAP of an event’s ofidns
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Lecture 13 - Oct 23

Bridge Controller

Proof Obligation Rule: Inv. Preservation
Inference Rule: Syntax and Semantics
Sequent Proofs via Inference Rules



Announcements/Reminders

e Todays class: notes template posted
® ProgTest results to be released by next Tuesday’s class
e WrittenTest1 results to be released by early Monday




PALCY
PO/VC Rule of Invariant Preservation: Seque@ ol vt

< Jdod pre-siere

I(c, V) ?”%?;“}l;'”‘
axioms: invariants: , 9 G(C, V) mg‘i{)

axm01:deN inv0 neN @ 'a/&‘(

inv0 n<d

constants: d variables: n

Q. How many PO/VC rules for model mO? %,M

SO ) bAT &-‘M

X foods < somp 1% ML-ow v ln (@ of st

% Lo gt ﬁMD‘?{M: M0_| o 02 (2
1l 4 o T, Ceqotd: Q%24 T2



' A(c)

begin
constants: d variables: n n:=n+1 ( )
end I(c,v

axioms: invariants: G( C ) V)

axm01:deN invO(1) ne N ML_in
invO(2y n< d begin —
)

n:=n-1

VR0 - end 6{c, E(c, v))

WAL,
%l: ML_out /700_1 / Y oA T«P{& ¢t
70’[: UL_owt/mv0_2/ Ty Tok . ML_on&/ mv 0_3 /"

Yo M/t / 14V
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PO/VC Rule of Invariant Preservation: Sequents

constants: d

axioms:
axm0.1:deN

Tol: Mloat/m0_ |/ 10V

den

NeAN
n <l

L—@
aeAe N

variables: n

invariants:
inv0_.14{neN
inv02{n<d

A(C)

I(c,v)

G(c, v)

o( eA’
FptiS N1 eN
Fod M asfmbr fw 1 €

T < Mo a0 Y2av =




Inference Rule: Syntax and Semantics |

Syntax C
> [ = Twme. "

e e B> ( = Te T | et é

afe e T T2 2 oot®
Q. What does it mean when A is empty/absent?
withok /\
(‘.\ Examples To e e W‘Q@AM& (: 3

{'% ?f‘o 4”3 fia G%JW % M#’tm/\f o Z;«f -fHp a.nfe[w/m% 14
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Proof of Sequent: Steps and Structure

Outstanding Sequent to Prove Known Inference Rules
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Understanding Inference Rule: OR_L oK_K
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Lecture 14 - Oct 28

Bridge Controller

Justifying the OR_L Inference Rule
Interpreting Unprovable Sequents



Announcements/Reminders

e Todays class: notes template posted

® ProgTest and WrittenTest1 results released

e Tomorrows lab sessions (1:30 to 3:30):
Shangru fo go over parts of your ProgTest

® Lab3 released




L« Towo Nades thestms
Example Inference Rules
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H1,H2 - G
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Justifying Inference Rule: OR_L

(PoRONER=> T v O 2R
(P=>RA (R
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@ A (8
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Discharging POs of original mO: Invariant Preservation

deN
neN
n<d

=
n+1<d

ML_out/invO_2/INV

Mon

o
deN ?ZX "ANN(D?
neN ?L
n<d
=y MW
n+1eN

deN
neN
n<d
I_

n-1¢N

. ﬂA deN
Zi .
ey | el
“l/ ] -
m" J\\ n-1kld

St

ML_in/invO_1/INV {l70 ‘ H” ;”Q
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et
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o

o
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Lecture 15 - Oct 30

Bridge Controller

Revising MO: Adding Event Guards
Initializing System, Establishing Inv.
Deadlock Free: Intro, PO, 1st Attempt



PO/VC Rule of Invariant Preservation: Revised MO

A(c)
constants: d variables: n I (07 V)
axioms: invariants: 6(07 V)
xmo-1sden 0.2, ns d -
/,'(C, E(c, V))

Q. How many PO/VC rules for model mo0? | &



Discharging POs of revised mO: Invariant Preservation

ML_out/invO_1/INV 58

deN
neN
n<d
n<d

=
n+1eN

ML_out/invO_2/INV

deN
nelN

fd
Nl <

w(

deN
neN
n<d
n>0

=
n-1eN

ML_in/invO_1/INV

Ns>9
il
A-leA

deN
neN
n<d
n>0
=

n-1<d

b




Initializing_the System

Analogy to Induction: Analogy to Induction:
Base Cases = Esfabllshlnq Invarlan’rs Inductive Cases = Preserving Invariants

10 Yl? (ﬂ{ YOS} ,{/\?&. VC_g)@?r‘_ﬂ) [ML_out

The Initialization Event

m my &gt flﬁ{' {I’MU Island
b APdC 7f(a)c?a+/a3 and

A /5 y) j'!/“ bridge
we FD%{E ne 1€
W(—ﬂ “\@/”‘”M O aptLpel




constants: d variables: n

K(c) effect of inits actions

axm01:deN invOi| neN ,

axioms: [ i“"ariajri:tF : vl = K(c): BAP of init's actions

inv0

:n<d
v

! it Gt fer on
: YP'F Lot ("_1,? ’l/).
Rule of Invariant Establishment MExercuse |

Ir
L e;{do Generate $equenfs from the INV rule.
A(C)] 5 B3

I:_\/;assﬂ INV l\m‘t/m/O, /mv\\ wit/wy 02 / Twy
‘ Dle' ./Q M d S N
C? K(c)) l\—/ 7 \\\‘_/7\
e N "2 d
#0754 0EN “o<d




Discharging PO of Invariant Establishment

deN Pk

- 1nit/inv0_1/INV

0eN Hon - 1
0€A

wel . % 0[ Hi - G
o
init/inv0_2/INV  }%




Em{(j@ ontollar - Kearrmve Sested

L, | thaes alosfs at bast one

it onabhd Jor the sz{;fpm fo ppess

(/ | | y10 ‘*’ﬁﬁfm\

W'AttPWL’e peadllotk BA,& 0 0O+
b (o) A6 T dbrlbek concltan |
7 (Gt v B
Bt ) v b () U decolbe Feethon A




ok erchloviss @ prp- SRR

po Ru le: Dead IOCK Frele dom REQ4 Once started, the system should work for ever.

constants: d variables: n

axioms: invariants:
inv01fneN
inv0 2fn<d
v
A(c oM o c: list of constants (d)
( ) aff o A(c): list of axioms (axmO0_1)
RC, V; M\/ﬁﬂMfS DLF o vand v list of variables in pre- and post-states v=(n), v = (n)
— _l,_ o I(c,v): list of invariants (inv0_1,inv0_2)
‘ 4 o G(c,v): the event’s guard
v1Gi(c, V) v---v Gplc, V) Mf G((d), (n)) of ML.out = n<d, G((d),(n)) of ML.in = n>0
Jroeoo!

. (1) 1)
Exercise: Generate Sequent from the DLF rule. 1) - o0 | Tost-stafe

d €N el (B4

. X
ne AN -
( WIS, SR A A, o 7 Ve
NS Moty G ) o ©




T tuf
Example Inference Rules | Jf»

H(F),E=F + P(F)

,@\: F +

H(E),E=F +~

P(E)

H(ENE-E -

P(E)




Discharging PO of DLF: First Attempt

H1 +

G

H1,H2 - G

deN
neN
n<d

—
n<dvn>0

deN

neN
n<dvn=d
=
n<dvn>0

MON

n<dvn=d
'_
n<dvn>0

OR_L

H,P+ R

HQ+rR

MON

n<d
'_

n<dvF:a

LR
=d

n
'_
n<dvn>0

HPvQ+ R

ot

n<d
ORR1| -

h<d|

OR_L

‘;(cd vd>o

HYP (n

EQ_LR,MON

P

d<dvd>0

ORR2| ?
da>0



Lecture 16 - Nov 4

Bridge Controller

DLF: Alternative Unprovable Sequent
1st Refinement: Abstraction
1st Refinement: State Space



Announcements/Reminders

e Today’s class: notes template posted
e WrittenTest2 next Wednesday (November 12):
+ Guide released
+ Practice Questions released
+ Lab3 solution to be release soon (for WrittenTest2)



Discharging PO of DLF: Revisiting First Attempt
WFLAD A e fﬁ/

H(F),E=F + P(F) T H(E),E=F +~ P(E) - Iy Pl
H(E),E=F +~ P(E) _ H(F),E=F ~ P(F) _ d M:M;zdz} A
deN \"’
L ¥_RL
;<d n>0 'lﬂ" M
mof 2
25T
n<dvn=d A l, ng
: ) bt
n<dvn>0 7? JJ Mo//
MON d ‘P;Q
£<d HYP ,#0" 15
* n<d \ .V
E o [__ ........... I A
;EQLR,MONORF&M. N> O' rﬁ ;‘-Y




Understanding the Failed Proof on DLF

constants: d variables: n

axioms:@dw U invariants:
. .,deN inv01:neN
- inv02:n<d

PHEC
a@ff@f m)lf = Ay @ {Zo @ 0{ 70 7~ {1,'}»748 ponstinf.-. S w

A(ML-&M’) © (ot -\ L|d = 0.

fﬂem a‘l""‘ﬂr{l




Discharging PO of DLF: Second Attempt

deN 2xM()
ne Nrd >O

n<d

deN
ne N\JA70
n<dvn=d

l_
n<dvn>0

d?O

h<d
l_
q<dvn>0

nz¢

=
|_
n<dvn>0

170

n<d
I_
n<d

HYP

EQ LR, MON

| _~A
79
F

d<dvd>0




Discharging PO of DLF: Second Attempt

HYP

AP = P

HP+R H,Q+ R
HPvQ+ R

OR_L




Summary of the Initial Model: Provably Correct

geotfC bpamt

constants: d variables: n

axioms: invariants:
axm01:deN inv01:neN
[axm02:d>0 | inv02:n<d
/

ﬂ"% Correctness Criteria: |
+ Invariant Establishment

*(}B\O" "+ Invariant Preservation |

+ Deadlock Freedom
1 1 1 1 1 1 1

s7
=
-
23
=%

I I I



Bridge Com‘rollenzj;l Abstraction in the 1st Refinement
o

nitial, most abstract " |jod z';”/ e

(B8 (187 )

ml: Q b7 C

g
second, more concrete

REQ1 The system is controlling cars on a bridge connecting the mainland to an island.
REQS3 The bridge is one-way or the other, not both at the same time.
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X A x( =0

walid but hed 0 58 ppX (A>0A L=0)V (L0 A

Bridge Controller: State Space of the 1st Refinement 4 -o)

=0
REQ1 The system is controlling cars on a bridge connecting the mainland to an island. W];’-P c —

Dynamic Part of Model

invariants:

variables:

a,b,c

invi1{aeN )4‘
invi2:beN /7 l’(/c

invi3:ceN 'A.*/ﬂ.*
7 / 'Alt:\//‘ invid): (22) w .....
1./\\6"'8 2 i

=2

- Y
Static Part of Model mw;/ . Exercises Q. s w_¢ e @407

constants:

,m,o.‘o& [invi5}*
axioms:
d axm0 1:deN

axm02:d>0

invl_4: linking abstract & concrete states
invl_5: bridge is one-way




Lecture 17 - Nov 6

Bridge Controller

Concrete Guards: ML _out, ML_in
Guard Strengthening: Intuition, PO



Announcements/Reminders

e Today’s class: notes template posted
e WrittenTest2 next Wednesday (November 12):
+ Guide released
+ Practice Questions released
+ Lab3 solution to be release soon (for WrittenTest2)



X o Hhis sepuett %5 povall —> g =0 nef W0y (ot ORL )
Bridge Controller: Guards of “old”"’Events 1st Refinement

ML_out: A car exits mainland
(getting on the bridge).

ML-out (@) From 4b, oldtiert
o O\L0) o & M oet
then (% At i
a:=a+1 (4 d’) /;”L? /"
0 end -
axioms: O UE A+b+( =N
constants: d :;:g‘; Zi?j A b ML_.in: A car enters mainland
— + <0{ tting off the bridge).
5937‘,'&9 off the ge).
invariants: ML-ir? 9 L & welessen] %
invii1:a¢eN when
: >0
variables: a,b,c invli2:beN ?7? (
invi3:ceN then
|inv1_4: a+b+c=n| c:=c-1
invi5: a=0vc= end '_5‘@0 V (=0 [twl-Sy
=0



https://app.goodnotes.com/documents/?anchor=cGFnZS00RjVFREUwMy01Mzk0LTUyNDQtQUVDMC1BMUE5ODA5MzNGQ0M%3D#NjUxNEYwQjAtRjYwMC00RjI3LTgxQzMtRDc3QzMyRDNFOUU5
https://app.goodnotes.com/documents/?anchor=cGFnZS00RjVFREUwMy01Mzk0LTUyNDQtQUVDMC1BMUE5ODA5MzNGQ0M%3D#NjUxNEYwQjAtRjYwMC00RjI3LTgxQzMtRDc3QzMyRDNFOUU5

[\

o Ml ﬁa[@ e (/71?, //l-&lf,
Bridge Controller:|Abstract|vs.|Concrete|State Transitions
Abstract mO e ——
d=2
variables: n MEL M- W P. initialized to O
n<d n>0 ;/)76
invariants: then then
!nv0_1:neN n:=n+1 n:=n-1
inv02:n<d end end
Scenario
N\ o W’/l{; - car leavin.g ML
b:ilgge Mainland | —('O‘fa' - car entering ML
ML_in
Concrete m1 FT
oncrete m a, b, c initialized to O
variables: @D ML out .
when ML.in ﬂ.‘ ¢ B d=2
invariants: a+b<d when j 1= a=1.

invi1:aeN c=0 c>0 := b=0- d =

invi2:beN th = =0’

;231_3 .ceN th:rj ecn;: c—1 <9 4r:

inisaibiegl] end A 3:




Before-After Predicates of Event Actions: 1st Refinement

ML_in | 0200 ML_out
when (4 45,(:) when
0<ec a+b<d - Pre-State
th =
Events en c=0 - Post-State
c:=c—1 then 1
end | \ B =kl - Sate Transition
c,’lf’ t/ ’\ end
dplelh y

Before—after d=aNb=0bA d=aHl ANV =bA A;QM T/
predicates d=c—-1 d=c @
N




States, Invariants, Events: Abstract vs. Concrete

constants: d

axioms:
m axm01:deN
5 axm02:d>0

Abstract mO

variables: ( n ML out ML.in L;W‘[f
.'. w.hen.‘.........OOOOOWh'en..O.ﬁ M
_ _ v §n<d n>0 : fv«
InYarloar:ts: N th‘e‘r‘............'....t.ﬁéh.....
inv01:n¢
. . n:=n+1 n:=n-1
inv02:n<d end end
. Concrete m1 -
variables:( a, b, CJ ML _out
. han ML_in )
— o ........ll“‘..........:/ W
invariants: ca+b<d when : ﬁ)me
invi1:a¢N tc=0 c>0 . g
Inv1_2 bEN : h."“‘......O....lmen...... o
3")V113000€N000.000 a::a+1 C::C_1
..I[IOVO104‘ [ ] CaO—*; .b.—t .C. [ ] .r).: end end
invi5: a=0vc=




d
(‘:\(d*?’a\»')' °¢;;&"é,/\40l7 Concrete mi  "**..”

............... )_‘ (404)’ CA‘:L’CZ)L of -
e M2

Abstract mO . L- A4
- LA¥t<
_ B _ variables: >
varlables:@ Ml‘-’;‘;‘:tn MI;A;II'Ten - MI\_A;?\Ztn MLin (=0
n<d n>0 invasiants: -atb<d when
invariants‘-/ then then MaeN - c=0 c>0
e Te G | B | S
inv02:n< ahd ﬂ{’lh anil inv1:'atb+c@ en;:;.:a+1 enz::c—1
"8 - nvl 9: a=0vc= ZA
W= <n> =< > /M'>7°FML—0‘4 == ¢ ab.C)
n = <A4sb,L> M’:— <A/, l75C’> F((J?a, CO'E ,ML..-OIF
v and v': (abstract variables in pre-/post-states G(c, v): an abstract events guards
H{c) W): a concrete events guards

w and w': concrete variables in pre-/post-states

E(c, v): an abstract events effect
F(c, w): a concrete events effect

I(9(¥): list of @bstract invariants

@D@@ list of concrete invariants
LSy 45) = < i), WO_2S

Fledy s sy ades)= <l ], -, w6
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PO/VC Rule of Guard Strengthening: Sequents
Abstract mO

variables: n ML _out ML._in
w when
n<d n>0
invariants: then then
!nv0_1:neN — S
inv02:n<d ol ahi

Concrete ml eﬂ°)" ,;tk
i

variables: a,b,c ML _out ) ML _out RV

N ML_in

when cAN axwo_) g(g/L‘
o TThs when / fW
)y invi1:aeN c=0 thC >0 gl >g ﬂXV;O_,.'Z A/[
invi2:beN then en (& nvD_
invi3:ceN .: o1 i
e venn ||| 2meet || o=t |y oz b A<
invi5: a=0vc=0 A eN &*b"'[M

(k=0v (=0

bLEN
Q. How many PO/VC rules for model m1? g\'ff(d (=0






Lecture 18 - Nov 11

Bridge Controller

Guard Strengthening: Review
INV Preservation: POs
INV Preservation: Commuting Diagram



Announcements/Reminders

e Today’s class: notes template posted
e WrittenTest2 Wednesday (November 12)
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Discharging POs of ml: Guard Strengthening in Refinement

ML_out/GRD e

H1,H2 v G

MON

deN
d>0
neN H(F),E=F + P(F)
n<d H(E),E=F - P(E)
aeN

beN

ceN
a+b+c=n
a=0ve=0
a+b<d
c=0

_

n<d

EQ_LR




Discharging POs of m1l:

Guard Strengthening in Refinement

deN

d>0

neN

n<d
aeN

beN

ceN
a+b+c=n
a=0vec=0
c>0

.

n>0

Hi - G
H1,H2 ~ G

MON

FALSE_L

——————— HYP
H,P+ P LrP

H(F),E=F + P(F)

H(E),E=F + P(E)

HP+-R HQ+R
EQLR OR.L
HPvQ+ R




PO/VC Rule of Invariant Preservation: Sequents
Abstract mo * X“' ‘”’*0/ nse
6

variables: n ML out ML_in
when when
n<d n>0
in\_lari(_';ur.:ts: . . V(;ﬂ-ﬂ then
Inv0 1:nec — —
inv02:n<d
— enc end /- 9—

Concrete m1 ¥¥ A}'-‘—O \/rff- 0

variables: a,b,c é\‘ -
7 ML _out )
when l/ ML _in v
invariants: a+b<d when
invi1:3¢N c=0 c>0 ﬂ@N )/le_/\\)
invi2:beN then then ﬂ p d Yl !
!nv1_3:ceN m Ci=C-_1 < <
inv1_5§ a=0vczg end a, A{'{ | end (_ t | ﬁé&] beﬂ tw M bg@ te@
Ny s U Apzga, At Db+t =

b7

RARifs %S oA, abo0=0 v (=0 N=0V (=0
A"'L(d (=0 L £ >0
Q. How many PO/VC rules for model m1? IOW e %

(QH L = 4] a=0V [)-0




fakag wvevaonl :

Visualizing Invariant Preservation in Refifement

M

ML - out C> Gbned 71 he et .
Each concrete state ’rransn’r(l)g:nﬁ FESJTBSW :r’ ;. ’m) 2/ 72«@665_314 24SF.
should be|simulated by|” F’ 00,,1»4 4
an abstract state ’rransnhon (ftrom v to v) / d;ﬁ/vawl ﬁ%}
WI(V)& v?’gﬁe Abstract event] HL-04 v’ 1(1;(2 V)
@ \ '4—>—T\ w o)

sttt | e " ab fpg(.,gfafp
A% wued “"\@% e ‘M (‘w I

J (C W) .°... 1)6 : ](c v w') A /\_/7 %JMJ

j .°‘+ e | cpt-SeE)
o vﬁ(\: Concrete event ¢ : "
o anov® N ML L (onirt! F%,f,g('afp
F(c,w)




Discharging POs of m1: Invariant Preservation in Refinement

ML_out/invl_4/INV H L G
MON EQ

H1,H2 v G P+~ E=E

deN

d>0 H(F),E=F + P(F)

neN EQLR
B ] H(E),E=F + P(E)

aeN

beN

ceN

a+b+c=n
g=0ve=10

at+b<d

c=0

-
(a+1)+b+c=(n+1)




Discharging POs of m1: Invariant Preservation in Refinement

ML |n/|nVI S/INV -_ H 2
FALSE_L OR_R1
H1, H2 - G H+~ PvQ

deN
d>0
neN
n<d
aeN
beN
ceN
a+b+c=n
a=0ve=0
c>0

=

a=0v(c-1)=0

H(F),E=F ~ P(F) HP+-R HQ+R
EQLR ORLL
H(E),E=F ~ P(E) H,PvQ +~ R

HYP

H,P + P




PO of Invariant Establishment in Refinement

Components

constants: d ’ variables: a,b,c

K(c): effect of abstract init

invariants:

axioms: invid:aeN
axm0.1:de¢N invi2:beN
axm02:d>0 invi3:ceN

invid4: a+b+c=n

invi5: a=0vc=0

L(c): effect of concrete init

I
o O o

Rule of Invariant Establishment Exercise:
Generate Sequents from the INV rule.
A(c)

|_

Ji(c, K(c), L(c))

&)
Q. How many PO/VC rules for model m1?



Discharging PO of Invariant Establishment in Refinement

H1 - G

d = N H1,H2 - G MON
d>0 init/invI4/INV

~ o TRUE_.R
0+0+0=0

init/invl _S/INV




Lecture 19 - Nov 13

Bridge Controller

New Events: IL in, IL out
Simulation of New Events: skip
Livelock/Divergence: Example



Announcements/Reminders

e Todays class: notes template posted
e Lab4 to be released
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L et o
b @c[ V8] ¥t & a Aotk Mba.é/ Mcu/o/ 4 rw/afm/ 77“"4 o0 h/j :e;?z?;a
Bridge Controller: Guarded Actions of "new” Events in 1st Refinemen

IL_in: A car enters island
(getting off the P/rjdggL

1519 . IL_in }A’O nolp$54) 7
’ when - @ (=0 l

22
g
end «—hbt l
axioms: 2 f-:bﬂ:
constants: d axm01:deN IL out: A car%e;ii‘ ﬁﬁféﬁ%-ﬂ)-ﬁ[:
axm02:d>0 . ) A v
(getting on the bridge). 45, m{-;y
i . P @-L-LQ 2 Wlp
invariants: IL_out )
i 1:aeN when A” 1
. I
variables: a,b,c invli2:beN J
invi3:ccN then- 43| b := L_’ b>g
invi4: a+b+c=n )
\// ena 5 a =
P& a+c1.-:>{?r:'7\)§@




Before-After Predicates of Event Actions: 1st Refinement

IL_in
when
a>0
then
a=a-1
b:=b+1

IL_out

when
b>0
a=0

then
b:=b-1
c:=c+1

end

- Pre-State

- Post-State
- Sate Transition

Concrete State Space




D= Tl = Tme

Visualizling Invariant Preservation in Refinement

Il ., I_oaf v
Each new state transition (from w _to w’) ")ﬁn S—k'gl! =
should be simulated by _» 4]:7}7 /\I"'\/ e

an abstract dummy state transition (from v to v') end

) P

Iv) Abs4trac(:17'event , 167)
G(c,v)\—= v E£ET,V)
T s "
| A i | ’
( P ! Y'e : gm
: J C,V,W) J(C,V’,W,)' : l
A fﬂJ\/"(I AR
0) 0 /'d ',\ Concrfte event
T ek
g Lt . UL ot
:r'la-TA 3 *° '7




PO/VC Rule of

old oyl oo espfs

Abstract mO

B constants: d

variables: n

i | axioms:
axm0.1:deN
axm02:d>0

Concrete m1l

invariants:
invO1|neN
inv0_2 ] n<d

variables: a,b,c

invariants:
invii1:a¢N
invi2:beN
invi3:ceN

invid4: a+b+c=n
invi5: a=0vc=0

Q. How many PO/VQ rules for model m1?

Invariant Preservation; Sequents

| |
IL_in/INV1_4/INV

NeA
gt V<o b e/ +& =0 |
) A >0
N Low B0 ] IL_in/INV1_5/INV
i 5 (exestzse)
Z thciln:O
"W b:=b-1
l c:=c+1
, —



Discharging POs of ml: Invariant Preservation in Refinement

IL_in/invl_4/INV H v G
MmoN |l HYP

H1,H2 - G H,P + P

deN

d>0

neN

n<d
aeN

beN

ceN
a+b+c=n
a=0ve=0
a>0

=

(a-1)+(b+1)+c=n




Discharging POs of m1: Invariant Preservation in Refinement

ML |n/|nVI S/INV -_ - Q
FALSE_L OR_R2
H1 H2 - G F PvQ@Q

deN
d>0
neN
n<d
aeN
beN
ceN
a+b+c=n
a=0vec=0
a>0

=

(a-1)=0vec=0

H(F),E=F + P(F) HP+-R HQ+R
Tap.p P EQLR ORL
’ H(E),E=F ~ P(E) H,PvQ +~ R




Island

T Now e pbsset L pvoer  feastans of

[ubety fpnsttlns: <7, Loty TL_w 5 JL_ouf, ML >



Livelock Caused by New Events Diverging

An alternative m1l (for demonstration)

—Aﬂ Mee

/;/eLCIC SHOCKED

6

i M”lﬂ/”

axioms: in\!ariants:
constants: d axm0.1:deN variables: a,b,c !“V: —; : Z € é
axm02:d>0 invi2:be
W 2 a5 inv13:ceZ
” I (Glwe Bﬁﬁblfd)
ML _out ML m > N
bl Wheh ILin IL_out
c=0 e a=a-1 b:=b-1
then i1 b:=b+1 ci=c+1
a=a+1 end._ end end
end

ossblp $tenpie FUGES pobleviptt : V¢ \f =
1 (
Dlstaert Tenscttong: < 7t o ML out,”

[onsate Transetions - &t MLout [ T1_w, 1L of,

Wil (154
3.

11, T -_qILﬁ‘k(':I 1T

oD
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Lecture 20 - Nov 18

Bridge Controller

Invariant vs. Variant
Observing Patterns of Variant Values
POs of Variants: NAT vs. VAR



Announcements/Reminders

e Todays class: notes template posted

e Lab4 released

e A reference paper for the tabular method (Lab4)
e Online course evaluation
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o]
We o o———g—— och/M[pS )
P i

e N 70

’\}L\th )
xpssa/ hat
««a«t% * 3 ‘\‘eﬁygai» 5 "‘3 Wﬁe e Pd
e | LN
0 7]

'fﬂ"' Ul- Okt LN Il gwt




Use of a Variant to Measure New Events Converging

variables:

ab,c

invariants:

invi1:a¢N
invi2:beN
invi3:ceN
invid: a+b+c=n
invi5: a=0vc=0

. IL.in
ML_in whan
when 550
c>0 then
then a:=
c:=c-1 b:=
end end

IL_out

when
b>0
a=0

then
b
c

end

b-1
c+1

Variants for New Events: 2 - a + b

Voo v v o, o v,

<init,|ML_out, IML_out,|IL_in, |IL_in,|IL _out,|IL _out,|ML_in,|ML_in
a=90 a=1 a=2 a=(-a=0"a=0Q0-a=0a=0aqa
b=0 b=0 b=0b=]b=2-b=| b= b= b
c=0 ¢c=0 ¢c=0¢=0c=0 ¢c=1 ¢c=2c=| c
v=@ v v:@v v=@v=®v=o v =(Qv

>

variant: 2 -a + b

44

o
A

o

fixed




PO of Convergence/Non-Divergence/Livelock Freedom

Variant Stays Non-Negative
4 — X Y«

2.4 +K < 2-a b

Nen Qe beN (en A>O|— 2+

variant: V(c, w)
A

ned R:Qvl=0 adstn € Il
A New Event Occurrence Decreases Variant M

Variants for New Events: 2 - a + b

<t
e

i
) , '
VAR A5 Lfcw’

J(c,v,w) (.
H(C w) eyw;fwm

-3 /\”\/ A
e D] i
/V/

by et

*

occurrences of
new events




Caogi®  Gren waant: R +b

(1) Tete He ke of mg
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[\M +h 2ome yAfc tang bo obsovupd 7

21 Tomdrte a2 VAR ok AQT TO..

(2 % 2 coguents % poe)
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Example Inference Rules ( )@ H> Wé >

H> v
= {P'—:—. '11]73

H >0EREEA
= 1728 = Vg3
H> (ap>¢)

H-P\ [Hraq] A 'ﬂp“ I-)_l .
@@l +F 728




H-Pr Q

ORR
H+ PvQ@
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Lecture 21 - Nov 20
Bridge Controller

Relative Deadlock Freedom
m2: abstraction, superposition, invariant



Announcements/Reminders

e Todays class: notes template posted

e Lab4 released

e A reference paper for the tabular method (Lab4)
e Online course evaluation



Idea of Relative Deadlock Freedom

(LTS
A(c) AACAD i /
! T M b
W 16, v) ! g cﬁfmm /@4)
80 (c, v, w) 7 , 2 *64‘13*4
Gi (G, V) V' -V Gn(C, V) a
- et mtwolpp 2 zz
Hi(c.w) v;--v Hy(c, w) * /% "b:;% g 1ot ars
05 & =
- ggaﬁﬁ bl dog%%{-ﬁ P ﬂéff/gétf,
DLF unpm\%able #190% mo gl wiogl/



PO of Relative Deadlock Freedom

Abstract mO

variables: n ML out ML_in
when when
o n<d n>0
|n\!ar|(-;1r1|ts: . then iNon
inv01:ne
; n:=n+1 n:i=n-1
inv02:n<d shd ond
Concrete ml
variables: a,b,c ML _out L
when -n
invariants: +b<d when
invil:aeN c=0 c>0
inV1 _2 H b eN then then
4: a+b+c=
invi5: a=0vec=0 end end
IL_in IL_out
when whgn
W A 1./5e N
the'? then
a=a-1 b= b_1
b:=b+1 ci=c+1
end end

...... 3
(A5 o)
Y
“( [>>O A KR~



Discharging POs of ml: Relative Deadlock Freedom

o T
MON EQ.LR

H1,H2 + G H(E),E=F +~ P(E)

deN

a>o0

neN

n<d

aeN

beN

ceN

a+b+c=n

a=0ve=0

n<dvn>0

-
a+b<dac=0

v ¢>0

v a>0

v b>0ara=0




Discharging POs of ml: Relative Deadlock Freedom

H P+ R HQ+R

HPvQ+ R

H+ P H+ Q

d>0
b=0vb>0
=

b = d n0'=0

v b>0A0=0

H+- PAQ

ORLL

AND_R

H+ P

Hr PvQ

H+ Q
Hr+ PvQ

OR_R1

OR_R2

P+ E=E

EQ

HP+~P

HYP




Initial Model and 1st Refinement:

Provably Correct

ML _out
when
n<d Abstract mO
then
constants: d variables: n n:=n+1
init end
begin
axioms: invariants: n:=0
axm0.1:deN inv01:neN end ML._in
axm02:d>0 inv02:n<d when
n>0
then
n:=n-1
end
Concrete ml
ILin
ML _out when
Correctness Criteria: Mesies: RI0.0 when_ S
. = =g-1
+ G a d 1. en 1. enin invariants: th:n 2 la;-: i+1
: . constants: d W e init a=a+1 end
+ Invariant Establishment i bEN beggr_r . ond =
a A . invi3:ceN i
+—I—+¥ﬂ+‘la it F r#sqa&v{mc n s inv14: 8+ bicen e=g IL_out
BXING L :0.€ invi5: a=0vc=0 c:= ML in when
+ Convergence/éi,elo& axm02:d>0 end when b>0
. A c>0 a=0
+ Relative Deadlock Freedom variants: then then
2-a+b ci=c-1 b:=b-1
| e end c:=c+1
end




Bridge Controller: Abstraction in the 2nd Refinement

ENVA The system is equipped with two traffic lights with two colors: green and red.

e\ ENV2 The traffic lights control the entrance to the bridge at both ends of it.

e
I ENV3 I Cars are not supposed to pass on a red traffic light, only on a green one.

Lo ltats of wfmomef 4 . 5 &
more abstract than m1/ élﬂd Sﬂg‘ﬁ#hy mﬂlt /j 'f ft’fw

lot7® VL

ml: 3 /ﬂ? L’CC ﬁﬁ?/
out | more concrete fhan nj ore abstract than m2

m2:
more concrete
than ml




Bridge Controller: State Space of the 2nd Refinement

ENV1 | The system is equipped with two traffic lights with two colors: green and red.
ENV2 The traffic lights control the entrance to the bridge at both ends of it.

ENV3 | Cars are not supposed to pass on a red traffic light, only on a green one.

Dynamic Part of Model

invariants: @ \

variables: inv2.1:| mi_tl e COLOUR
11: = ISLAND .
My inv2.2 it c COLOUR .

inv2la: 22 7)_¢) - A=00b>50 il_d
Static Part of Model

sets: COLOR constants: red, green

M7 inv2.3: ??ml-’ca'-a;:“ =01 fpebed \
(

axioms: m C;o
axmz 1 : COLOR= {green, rsd} inv2_3: being allowed to exit ML means limited cars & no crash

axm2_2: green + red I
inv2_4: being allowed to exit IL/mean$ some car in IL & no crash H=D




Lecture 22 - Nov 25
Bridge Controller

2nd Refinement: Splitting Guards
2nd Ref.: Unprovable Sequent for INV
Adding an Invariant



Announcements/Reminders

e Todays class: notes template posted
e Lab4 released
e A reference paper for the tabular method (Lab4)



Bridge Controller: "Old” and "New” Events

Sinqle Car Travel: 04"'
® wﬁhﬂrf
Ol _tl_green, ML oui* Y

IL_in, K
@il _tl_green, IL ou'r ML_in>

A.b,C oo bonute A puchles M.z. dtl_ge
Y.
L> D{W@ hcv?, vio BL0PS | to fhe?«/ U s cd "
L ML. 04t> ;\ML..Mt
" V5.
7N ./ltW, U Dv\od 1 h\gres*
; m\?ff‘ L




Bridge Controller: Guards of “old” Events 2nd Refinement

ML_out: A car exits mainland
(getting onto the bridge).

sets: COLOR

ch, ‘/ML_out ) M ﬁ\/em'
2
a=a+1

K’M(,S end
constants: red, green wup

axioms:

axm2_2: green + red

axm2_1: COLOR = {green, red}

# W— ’f-fn(’g IL_out: A car exits island
45-‘2 M (getting onto the bridge).

variables:
a,b,c
mi_t/
il_tl

invariants: 7/

mi_tl e COLOUR 4
il_te COLOUR
mi_tl=green=a+b<dArc=0
il.tl=green=b>0ra=0




Bridge Controller: Guards of "new” Events 2nd Refinement

4

b

ISLAND )

MAINLAND

sets: COLOR

constants:

red, green

axioms:

axm2_1: COLOR = {green, red}

axm2_2: green + red

ML_tl_green:

turn the traffic light ml_tl to green

ML_tl_green
N
the
mi_tl := green
end

L7

0y ml-t4 = val

&) f*éq{
t=0

IL_tl_green:

variables:
a,b,c
mi_tl
il_tl

invariants:

inv2_1:
inv2_2:
inv2.3:
inv2.4:

mi_tl e COLOUR
il_tle COLOUR

ml_tl=green=a+b<dArc=0

iltl=green=b>0nra=0

turn the traffic light il_tl to green

IL_tl_green

il_tl := green
end

WIEI;)/;C_I) TZ_‘f[ :rPO{
the P b?‘U

| Q=0



PO/VC Rule of Invariant Preservation: Sequents

Abstract m1
variables: a,b,c ML out IL_out
when when
invariants: a+b<d b g
invii1:a¢eN c=0 ha—
invi2:beN then by
invi3:ceN SO B
invid: a+b+c=n end Ci=C+
invi5: a=0vc=0 ong
Concrete m2
variables: ML out IL_out
i when "
B} N il_tl = green
il mi_tl = green then
then B ]
invariants: | a=a+1 \ ci=c+1
inv2_1: m/_tl ¢« COLOUR en end
inv22: il e COLOUR [k 2 O
inv23: ml tl=green=a+b<dnrc=0
inv2.4: iltl - green=b>0 A(a)- 0

Exercise: Specify IL_out/inv2_3/INV

A(c)
I(c, V)
J(c,v,w)

H(c, w)
Ji(c,E(c,v),F(c,w))

ML_out/inv2_4/INV

axm01 { deN
axm02 { d>0
axm2.1 { COLOUR = {green, red}
axm22 { green=+red
inv0_1 } neN

inv0_2 n<d

inv1_1 aeN

invi_2 beN

invl 3 ceN

invi 4 a+b+c=n

invl 5 a=0vec=0

inv2_ 1 ml_tl e COLOUR

inv2 2 % il t e COLOUR

inv23 { mi_ti=green=a+b<dnrc=0
inv24 { il.tl=green=b>0ra=0

Concrete guards of ML_out { mi_tl = green /
-
{ ilti=green=b>0A(a+ 1)-0

Concrete invariant inv2_4
with ML_out’s effect in the post-state



Example Inference Rules

| Medss o
HPP=a+ R




Discharging POs of m2:

Invariant Preservation

—

deN

a>o0

COLOUR = {green, red}

green + red

neN

n<d

aeN

beN

ceN

a+b+c=n

a=0vc=0

mi_tle COLOUR

il tle COLOUR
ml_tl=green=a+b<drc=0
il-tH=green=b>0Ara=0
mi_tl = green

i
il_tI=green=b>0A(a+1)=0

ML_out/inv2_4/INV

M@/ﬁ)n

MON

green + red
il -t/ =green=b>0ra=0
ml_tl = green

&
il'tl=gree>)b >0 A (a+1) =0

IMP

First Attempt

w2 ved
a- ) = é"’”’

4 = ¥, i

=

grert

NZ_3:

we_ 4« -ﬁﬂ"‘s a;‘( NNB«

H+P Hr Q H,P,Q+ R
ANDR fj§l—————— ANDL

H+ PAQ HPAQF R

HP,Q+ R H,P+ Q
IMPLJ§l————— IMPR

HP,P=>Q+ R Hr P=>Q

0«

A (-
b,fh /'vp ?fé".

,jHS

EXe,
green + red green + red
il_tl = greel >0Aa=0 | b>0Aa=0
mi_tl = green mi_tl = green
il_tl = green 'ﬂp_‘ il _tl = green RND L
- -
b>0A(a+1)=0 b>0A(a+1)=0

green + red
b>0
a=0
mi_tl = green |H
green + red il _tl = green
b>0 =
a=0 b>0
ml_tl = green AND R
il tl = green green + red
= b>0
b>0A(a+1)=0 a=0 EQLR
r_nl,t/ =green | “uoN :
il _tl = green
B
(a+1)=0

SHOCKED
g g
&
green + red green + red
mi_tl = green mi_tl = green
il_tl = green |ARI| il_tl = green |??
= =
(0+1)=0 1-0




Discharging POs of m2: Invariant Preservation

deN

d>0

COLOUR = {green, red}
green + red

neN

n<d

aeN

beN

ceN

a+b+c=n

a=0vec=0

mi_tl e COLOUR

il-tte COLOUR
mi_tl=green=a+b<dac=0
il_tI=green=b>0na=0
il_tl = green

.
ml_tl=green=a+(b-1)<da(c+1)=0

MON

green + red
mi_tl=green=a+b<dac=0
il_tl = green

.
mi_tl=green=a+(b-1)<da(c+1)=0

IL_out/inv2_3/INV

IMP_R

green + red green + red
mi_tl=green=a+b<dac=0 a+b<dac=0

il_tl = green IMP L il_tl = green AND L
mi_tl = green ml_tl = green

= =

a+(b-1)<da(c+1)=0 a+(b-1)<da(c+1)=0

First Attempt

H+P Hr Q H,P,Q+ R
ANDR jl————— ANDL
H+- PAQ H: PAQ+ R
HP,Q+ R H P+ Q
IMP_L IMP_R
HP,P=Q + R Hr P=>Q
green + red
a+b<d
c=0 a+b<d
il tl=green  |MON| + ARI SHOCKED
green + red mi_tl = green a+(b-1)<d
a+b<d [
c=0 a+(b-1)<d % Q
il_tl = green AND R
mi_tl = green green + red
- a+b<d green + red green + red
a+(b-1)<da(c+1)=0 c=0 EQLR il tl = green il _tl = green <
iltl = green ~~ | mi_tl = green | ARI| mi_tl = green | ??
MON
mi_tl = green - -
= 0+1)=0 1=0
(c+1)=0




Understanding the Failed Proof on INV

I IL_out/inv2_3/INV I _

IL_out
when

deN

d>0

COLOUR = {green, red}
green + red

il tl = green
then

b:=b-1

c:=c+1

neN
n<d
aeN
beN
ceN

end

a+b+c=n
a=0vec=0

variables: ML _out
ab,c when
mi_tl
it ml_tl = green
- then
invariants: a:=a+1
inv2.1: ml_tl e COLOUR end
inv22: jl_t'e COLOUR
inv23: ml tl=agreen=a+b<drc=0
inv24: il t/=green=b>0Ala=0

e red

i_tl = green ( init

mi_tl = green e
b =0
c'=0

il_tl" = red

)

mi_t =red  mlr

por

ML_tl_green
e e

d
a =
b =
c =
1 =

il_tl'

2

0

0

0
green

red

)

mi_tle COLOUR
il te COLOUR

il-tl=green=b>0na=
il_tl = green
=

mi_tl=green=a+b<dac=0

0

ml_tl = green=a+(b-1)<da(c+1)=0

Fixed

ML_out/ inv2_4:INY |

deN

d>0

COLOUR = {green, red}
green + red

neN
n<d
aeN
beN
ceN

a+b+c=n

a=0vec=0

mi_tle COLOUR

il-tt e COLOUR
mi_tl=green=a+b<dac=0
il tl=green=b>0Aa=0
mi_tl = green

s
il_tl=green=b>0A(a+1)=0

MAINLAND

ISLAND

MAINLAND

a=2 d=2
a=1 a=0
b'=0 b’=1
=0 c'=0
mi_tl' = green  mi_tI' = green
iltl" = red iltl" = red

IL_tI_green
e

d 2

b’—1
LC =

(

mi_tl' = green

Lt = = green

‘,fn

il_tl" =

%n ;

’u(ILout , )

3 ’J

_2 wﬁﬂaJm/”

= green ml tf' = areen{p
green J/ t' = green L



T ( mé,fé@(?vm ATl tl- f«@«)
= { veol # f«{?& (a75) §

1( Mé_fé@l/rpo( @ 7 ) # yeol )
= ‘90(@_ wza/(L]Mj

ml _ {"a f rod @ 040 = yod
Y\szﬂbj&i&'




Fixing m2: Adding_an Invariant

The bridge is one-way or the other, not both at the same time.

inv2.3:

Abstract m1l :
variables: a,b,c ML _out IL_out E
when when .
invariants: a+b<d bi g .
invi1:a¢N c=0 ha— .
invi2:beN then iy .
invi3:ceN 2:=a+1 o=b=1 ¢
invid: a+b+c=n end R=BErL o
invi5: a=0vc=0 end .
Concrete m2
variables: ML out IL_out
?ﬁlb}lc when Wh./e;;
: B il_tl = green
il ml_tl = green then
then bi=b-1
invariants: a=a+1 c:=c+1
inv2.1: mi_tle COLOUR end end
inv2.2: j/_tle COLOUR

mi_tl=green=a+b<dac=0
inv24: il tl=green=b>0na=0

Exercise: Specify IL_out/inv2_3/INV

ML_out/inv2_4/INV
axm0_1
axm0_2
axm2_1
axm2 2

ﬂ‘[;k ¢ inv0_1
207
v :’5 ot

inv0_2
invl 1
invl 2
invl_ 3
invi 4
invl 5
inv2 1
inv2 2

|
|
%beN
|
|

inv25: mi_tl=red v il_tl = red

{deN
a>0
COLOUR = {green, red}
green + red
neN
n<d
aeN

ceN
a+b+c=n
a=0vec=0
ml_tl e COLOUR
il_tt e COLOUR

mi_tl=green=a+b<dac=0

il tI=qgreen=>b>0Ara=0
ml_tl = red v il _tl = red

Concrete guards of ML_out

Concrete invariant inv2 4

with ML _out’s effect in the post-state

{ mi_tl = green

{ ilti-green=b>0n(a+1)=0




Dischara

deN

d>0
COLOUR = {green, red}
green + red —  c—
neN Z

n<d 0 L
aeN »~

beN (4
ceN

a+b+c=n

a=0vc=0 r Z o
ml_tle COLOUR > a (]
il tte COLOUR

mi_tl=green=a+b<dacy0

il tl=green=b>0ra=0 DA {Pﬂ M
mi_tl = red v il_tl = red fi Y (]

ml_tl = green
.
il tl=green=b>0A(a+1)=0

MON

i }élye A%M?}

mi_tl = red v il_tl = red

mi_tl = green

-
il-tl=green=b>0nA(a+1)=0

IMP R

green + red

b>0 H-Q+ P
=0 R ——
lanl,tl = green H P Q NOTJ.
mi_tl = red v il tl = red
il-tl = greenv 4 i& ) F
-

green # red [b>0 |
b>0

green + red green + red
il tl=green=b>0Aa=0 b>0na=0

mi_tl = green ml_tl = green ,5"772 e 3 H( F)7 E=-F + P(F)

l"nl,tiz red v il_tl = red IMP_L l:rll,ti: red viltl= red |AND_L e s U e | EQ_LR

il tl = green il tl = green il.tl= green green * red - H( E) E-F P(E)

[ - - b>0 green # re =

b>0A(a+1)=0 b>0A(a+1)=0 5 a-0 mi_tl = green ’
bEOR (B mlt = green LR, | mi_ti=redv il-ti=red | , MMmitl=redv il.ti= red

mi_tl = red v il-tl = red il tl = green il tl = green

il_tl = green - -

- (©0+1)=0 1-0 H,P+ R HQ+R

(a+1)=0 ORLL

HPvQ+ R




Dischara

ing POs of m2: Invariant Preservation

deN

d>0

COLOUR = {green, red}
green # red

neN

n<d

aeN

beN

ceN

a+b+c=n

a=0vc=0

ml_tl e COLOUR

il e COLOUR
mi_tl=green=a+b<dac=0
il-t=green=b>0Ara=0
mi_tl = red v il tl = red

il_tl = green

-
mil_tl=green=a+(b-1)<da(c+1)=0

= green
=red vil_tl = red

MON

green # red
mi_tl=green=>a+b<dac=0
mi_tl = red v il-tl = red

il_tl = green

i

mi_tl=green=a+(b-1)<da(c+1)=0

IMP R

ASSignment

IL_out/inv2_3/INV

green = red
mi_tl=green=a+b<dnac=0
il -t = green

mi_tl = red v il_tl = red

mi_tl = green

E
a+(b-1)<da(c+1)=0

IMP_L

green = red

a+b<d

c=0

il tl = green

mi_tl = red v il tl = red
mi_tl = green

green + red
a+b<dac=0

il_tl = green

mi_tl = red v il_tl = red
mi_tl = green

=
a+(b-1)<da(c+1)=0 ;+(b_1)<dA(c+1)=o

green # red

a+b<d

c=0

il_tl = green

mi_tl = red v il_tl = red
mi_tl = green

v
a+(b-1)<d

a+b<d

i
a+(b-1)<d

green # red

a+b<d

c=0

il_tl = green

mi_tl = red v il_tl = red
mi_tl = green

.
(c+1)=0

green # red
il-tl = green

mi_tl = green
-
0+1)=0

mi_tl = red v il_tl = red Al

=
il-tl = green

mi_tl = red v il_tl = red|
mi_tl = green

H-Q+ P
——  NOTLL

H,-P + Q

H(F),E=F ~ P(F)
EQLR

H(E),E:F)— P(E)

HP+R HQ+R

OR.L

HPvQ+R




Lecture 23 - Nov 27
Bridge Controller
Adding Actions, Splitting Events

Preventing Livelock/Divergence
Proving Livelock/Divergence Freedom



MAINLAND

Vit

\

ML_tl_green

when
mi_tl = red
a+b<d
c=0
en
mli_tl := green
il_tl := red
end

% PE——w—

Exercise: Specify IL_tl_green/inv2_5/INV

IL_tl_green
when
il_tl = red
b>0
a=0
then
il_tl := green
mi_tl := red
end

Qolded nz.

Fixing m2: Adding Acfions ml.

)\
|

| * b

ML _ost
-
=ved v ?’eu av. Ly 5
=_ ML_tl_greenfinv2_5[INV 7| _gat
axmO0_1 { deN ..L.T ™
axm0 2 da>0
axm2_1 COLOUR = {green, red} ML- -fé
axm2_2 green + red ZL [ fM
in 1 { neN
M9 invol2 { n<d
iny1l1 aeN
iny1)2 beN
iny1|3 ceN
1 iny1|4 { a+b+c=n
iny15 { a=0vc=0
iny2l1 ml_tl e COLOUR

oz inf2)3 E

iny2J2 { il_-tte COLOUR
mi_tl=green=a+b<darc=0
iny214 il -tl=green=b>0Ara=0
ing2}5 { mi_tl = red v il_tl = red

Jeoat = vek vV veol = V(’M
VT »
b =ved v A7z ool




2.3 -t <4 > atbed 4 oo

TeelLuseedd (Thws%aa 'wz_qzzl_ﬁagg b>ora=o
ot =820

UL_out/ | 2- l/ Ty

T _outiv2_ 3|/ Ty

md-+{ =4 L=o

To Veeus ( Tookd)

" mot=] if),cd

My _out /]

WZ_3Y TaY

1) _out/

wZ_ dl/ TAV

0+ =4 :770



Invariant Preservation: ML_out/inv2__3/INV

ML_out/inv2__3/INV

axmO0_1
axm0_2
axm2_1
axm2.2
inv0_1
inv0 2
inv1 1
invl 2

invl_3
invl 4
invi5
inv2_1
inv2 2

out
when

il_tl = gr
then inv2.3
inv2.4

c:=c+1 inv2.5
end Concrete guards of ML _out

ML _out IL-
when
ml_tl = green

variables: then

a,b,c a=a+1

mi_tl end J$¢p/_ n4

il_tl A = A [
invariants:

inv21: m/ tle COLOUR

inv2 2: j/_tle COLOUR

inv2.3: mi tl=green=a+b<darc=0

inv2.4: il t/=green=b>0na=0

Exercise: Specify

Concrete invariant inv2_3
with ML_out’s effect in the post-state

b
7 ﬁz\ﬁ 0

IL_out]

/inv2_4/INV

{ deN

green + red
neN
n<d
{ aeN
{ beN
{ceN
{a+tb+c=n
{a=0vc=0
imlﬂ € COLOUR

d>0
COLOUR = {green, red}

il_tle COLOUR
ml_tl=green=a+b<dac=0
il-tH=green=b>0Aa=0
ml_tl = red vil_tl = red
ml_tl = green

e

{ mitl=green=}(a+1)+b<djc=0

~sforf
/?bS‘f /(;\é-auf
(4 =a+Fl)



Dlscharglnq POs of m2: Invariant Preservation

d eN
a>0
COLOUR = {green, red}
green + red
neN
n<d
aeN
beN
ceN
a+b+c=n
a=0vec=0
mi_tl e COLOUR
il-tte COLOUR
mi_tl=green=a+b<dac=0
il_.tI=green=b>0Aa=0
ml_tl = red v il tl = red
mi_tl = green
.
mi_tl=green=(a+1)+b<dac=0

MON

mi_tl=green=a+b<dac=0
-
mi_tl=green=(a+1)+b<dac=0

ML_out/inv2_3/INV

First Attempt

H+ P Hr Q
AND_R
Hr PAQ
5Ol H,P,Q - R
[©0] AND_L
HPAQ+ R
MAINLAND
H P+ Q
IMP_R
Hr P=Q
Unproucole dle  pebed
f«ZOo |
(A'.fl)‘('[? (0( =— 'r_nl,tl=green
mi_tl=green=a+b<dac=0 a+b<dnac-= ‘::0< (a+1)+b<d
mp_R| 1= green I R| -t = green AND L| mi 1l = green AND R | Cn—
e b<d
(a+1)+b<dnrc=0 J (a+1)+b<dnrc=0 ;a+1)+b<dAC:0 i:0<

M L.

mi_tl = green |HYP
e
c=0




N

Understanding_the Failed Proof on INV *’{,L‘,'o,%fwé/@’

variables: ML out IL_out

a,b,c when when

ml_tl il tl = green

il_tl then

then b:=b-1

invariants: a=a+1 ci=c+1

inv2.1: ml_tle COLOUR end end

inv22: jl_t/ e COLOUR

inv2.3: mi_tl=green=a+b<dnc=0

inv2.4: i/ ti=green=b>0na=0

(q ¢ N'\V? d
< J
‘J‘I“\l\\/ g& e ‘60 N
d=3,b=0,a=0 o®  [I€a+1) + b < d|evaluates to true ]
= green d=3,b=1,a=0 (AH +b¢d "‘?,;.I/ [(@+ 1)+ b< devaluates to true]
d=3,b=0,a=1|b "0 :ﬁ“’[(a+1)+b<devaluatestotrue]
=5b=0a=2] ‘g0" l(a+1)+b<devaluatesto false]
gd=3;b="1,8="1 A4 g:—o bit [ (a+1) + b< devaluates to false ]
(Cl + l) +b<d d:3,b=2,a=0|( )To{ /-:Zgaf [ (a+ 1) + b< d evaluates to false ]
e M &
2 B S ol veght B



Fixing m2: Splitting Events

ml_dl _|
| EaA

ISLAND ) MAINLAND

Lost 2

ML _out_1 ML_out_2 IL_out_1 IL_out 2
when when when when
mi_tl = green mi_tl = green il_tl = green il_tl = green
a+b+1+d a+b+1=d b#1 b=1
then then I Ile then then
a::a+1 <a:aé?u(’ofrf b:zb—1 b::b_.l
end t Ci=C+1 Bl 0871
d .
e / en il_tl := red
end
d &5 o



fpanctl
Current m2 May |Livelock ,/Afw’”"wg \
b

ML_tl_green | IL_ti_green ISLAND MAINLAND
when 1 when
mi_tl = red 1 il_tl = red
a+b<d 1 b>0
g=0 a=0
then | then The twvent wlz D(m\fef
mi_tl := green | | il_tl := green ¢ Thevbs
il_tl := red 1 ml_tl := red f"" / me fVA‘/ﬂ/
end |l end St @4
4~ mZIﬁ‘P Mf&/e%a»y
( init , MLtl.green , MLoutl1 IL.in IL.tl_green , ML_tl_green IL_tl_green gasa, )
—— — ——— —— S — e = —_
d=2 d=2 d=2 d=2 d=2 d=2 d=2
a=0 a=0 a=1 a=0 a=0 a=0 a=0
b'=0 b =0 b'=0 b’ =1 b =1 b =1 b =1
=0 ¢ =0 ¢ =0 c'=0 C =0 c =0 ¢’ =0
mi-ti=red mitl=green MIt'=green mi_tl'=green | mit'=red mit'=green mit'=red 7
il-tl = red il_tl" = red il-tl" = red il-t" = red il_tl" = green il_tl" = red il_tl" = green
=




Fixing m2: Regulating Traffic Light Changes

Divergence Trace: <init, ML_tl_green, ML_out_1, IL_in, IL_tl_green, ML_tl_green, IL_tl_green

olﬂty‘d zL-;L /’—

ey pefs,
Sl

ML_tl_green
when
IL_out_1
414%0 ’an_lgz ; ';d ML_out_1 when
'&l dl =0 when il tl = green
A e -C/_ 1 mi_tl = green b+1
Nwﬁ? tthass: a+b+1+d then
ot then b:=b-1
%I /K mi_tl := green B e
0 il_tl := red / — : i
e ml_pass = 0 il_pass :
N{ end end end
hﬁ‘ A v
IL_tl_ green ML out 2 IL out 2
when when when
il_tl = red mi_tl = green il_tl = green
d b_>0 a+b+1=d b=1
A ; then then
. a=a+1 bi=b-1
\ml-tl:: red c:=c+1
it = mi_pass := 1 Htlemrodl
Iln;ltlrl_ f :ifin ‘[ = : il_pass := 1
] end
il_pass:=0
end

sy pth 7\

gt 7

d=2 "\ |m _pass il_pass

< init, \ 1
ML_tl_green, O) [
ML_out_1, (
ML_out_2, / /
IL_in, [ /
IL_in, ( [
IL_tl_green, | 7 O
IL_out_1, [ (
IL_out_2, [ /
ML_in, ( /
ML_in ( [

chsw\



Fixing m2: Measuring Traffic Light Changes

ML _tl_green
when
ml_tl = red
a+b<d
c=0
il pass =1
then
mi_tl := green
il_tl := red
ml_pass:=0
end

d=2

ml_pass

il_pass

variants : ml/_pass + il_pass

< init,

ML_tl_green,

ML_out_1,

ML_out_2,

IL_in,

IL_tl_green
when
il_tl = red
b>0
a=0
ml_pass = 1
then
il_tl := green
ml_tl := red
il_pass:=0
end

IL_in,

IL_ti_green,

@) L G Gl Ll [ Lot

IL_out_1,

NN NN N

IL_out_2,

ML_.in,

ML_in

'—.H'—D.—.F—.H.—..—.HOH

pd [ g [ et [ gt

NINININY

occurrences of
new events




PO of Convergence/Non-Divergence/Livelock Freedom

A New Event Occurrence Decreases Variant
A(c)

I(c,v) Variants:|ml_pass + il_pass
J(c,v,w)
H(o,w) RS
J yos 'Mab oF - ML_tl_green/VAR
V(c,F(c,w))<V(c,w) deN d>0
: COLOUR = {green, red} green + red
-6 f0 neN n<d
ML tl_green Fle,glu 0(: aeN beN ceN
when ~a 47+ a+b+c=n a=0vec=0
mi_ti = red v mi_tl e COLOUR il_tl e COLOUR
afg“j mi_tl=green=a+b<darc=0 il tl=green=b>0na=0
;;ass ot mi_tl = red v il tl = red
then ml_pass € {0,1} il_pass e {0,1}
mi_tl := green ml_tl = red = ml_pass = 1 il_tl = red = il_pass =
il tl := red ml_tl = red a+b<d - c=0
ml_pass := 0 il = O !'mf
end

il_pass =1 5
o~ M';‘(’
')f q Oﬂ il_pass 4 ml_pass + il_pass —

“wl_pss + 70_pss



PO of Relative Deadlock Freedom

axm0_1
axm0_2
axm2_1
axm2_2
inv0_1
inv0_2
inv1_1
invl 2
inv13
invi 4
invi 5
inv2 1
inv2_2
inv2 3
inv2 4
inv25
inv2_ 6
inv2 7
inv2 8
inv2 9

Disjunction of abstract guards

Disjunction of concrete guards

Abstract ml

{deN
{d>0 variables: a,b,c ML _out ] IL.in IL_out
{ COLOUR = {green, red} when ML.in when when
{ green+ red a+b<d when a>0 s
neN c=0 c>0 then a=0
then
n<d then then a=a-1 bie b1
{aeN a:=a+1 c:i=c-1 b:=b+1 ci=c+1
{ beN end end end end
{ ceN
{ a+b+c=n - 1 1 1 1 1 1 1 1 1 1 1
a=0vc=0 Concrete m2 | i1 green ML_out 1 IL_out 1
{ mi_tle COLOUR - when when Wwhen
{ il e COLOUR ML tl_green il_tl = red ml.tl = green dellsgizen
h a+b+1+d =1
ml_tl=green=>a+b<dac=0 when b>0 ih then
il_tl=green=b>0Aa=0 mi_tl = red a=0 :’La” bi=b-1
{ mi_tl=red v il ti= red St ml.pass = 1 ~ ci=c+1
c=0 then mi_pass := 1 il_pass := 1
{ mi_passe{0,1} 3 X end S
il pass = 1 il_tl := green end
{ il_pass €{0,1} then 730 . ol
{ mi_tl = red = mi_pass = 1 ml_tl := green il_pass:=0 ML out 2 ILout2
{ il tl = red = il_pass = 1 iltl:= red end when when
a+b<dac=0 } guards of ML outin my ml_pass := 0 ml_tl = green iltl = green
v c>0 } guards of ML inin my end atb+i=d b=1
fIL.inin m b fhew
v a>0 guards of /L_ 4 ai-a+d bib-1
v b>0ra=0 guards of /L_out in my mi_tl := red ci=c+1
= ml_pass :=1 {I,tl := red
mitl=redra+b<dac=0nilpass=1} gquards of ML tl_greenin m; end en”dpass =
v il tl=redAab>0na=0naml_pass =1 guards of /L _t/_greenin m;
v ml_tl=greenna+b+1+d } guards of ML out 1in my ML.in
v mi_tl = greenna+b+1=d } guards of ML out2in my when
v il_-tl = green n b + 1 guards of /L out_1in my c>0
v il-tl=greennb=1 } guards of IL_out2in m, the'f
v a>0} guards of ML inin mp A 1
v c>0 } guards of /Linin m,




Discharag

ing POs of m2

Relative Deadlock Freedom

il_pass € {0,1}

ml_tl = red = ml_pass = 1

il tl = red = il_pass = 1
a+b<dac=0

c>0
a>o0
b>0ra=0

mitl=redna+b<dac=0nilpass=1

il-tH=redAb>0Ana=0Aml_pass=1
mi_tl = green

il-tl = green

a>0

deN
d>0
beN
mi_tl = red
il tl = red
mi_tl = red = ml_pass = 1
il_tl = red = il_pass =1
=
b<daml pass=1nil pass=1

v b>0Aml_pass=1nil_pass-=1

deN
d>0
beN

ml_tl = red
iltl = red

"| ml_pass =1

il_pass =1
-
b<damlpass=1nil pass=1
v b>0amlpass=1nAil_pass=1

d>0
beN

e

b<dvb>0

ARI

da>0
b>0vb=0
-

b<dvb>0

OR L

d>0 d>0
b>0 OR.R2 b>0
- -
b<dvb>0 b>0
d>0

i EQ.LR,MON
b<dvb>0

HYP

d>0 da>0
OR_R1

+ +

0<dv0>0 0<d

HYP



1st Refinement and 2nd Refinement: Provably Correct

IL.in
. avb<d then ‘Correctness Criteria: -
c=0 a=a-1
| constants: o || myerants: it then. i '+ Guard Strengthening 7
invit:aeN begin aw=a+1 end
invi2:beN i end 'l | ) .
axioms: It gige)) b0 + Invariant Establishment
S o0 in15. 220160 ena || | MLin " when I iant - -~
axm02:d> when b>0 + Invariant Preservation
variants: =2 a=0 = |
3 then then
2.a+b P e - + Convergence B
end c:i=c+1 o
Abstract m1 end '+ Relative Deadlock Freedom
Are
variables: ML tl_green
< infon IL_out_1
b Z’i;’)z ?d ML out 1 when
- = when il-tl = green
ml.4 e mi_tl = green b#1 ML in
it th i a+b+1+d then when
ml.pass o then b:=b-1 c>0
il pass mEt N geon a:=a+1 ci=c+1 then
il tl = red g _
ml_pass :=1 il_pass:=1 ci=c-1
ml_pass:=0
sets: COLOR invariants: efid end end end
inv2.1: mi_tle COLOUR
inv22: jl_.tle COLOUR -
axioms: inv2.3: mitl=green=a+b<dnac=0 ILtl.green ML out.2 ILout 2 ILin
axm0.1:deN inv2.4: il_tl=green=b>0ra=0 when when when when
axm0.2:d>0 inv2.5: mi_tl = red v il_tl = red it = red mi_tl = green iltl = green a>0
axm2.1: COLOR = {green, red} inv2.6: ml_pass ¢ {0,1} b>0 a+b+1=d b=1 then
axm2.2: green + red inv2.7:il_pass < {0,1} 2=0 then then a:=a-1
inv2.8: ml_tl = red = ml_pass = 1 mi_pass = 1 a=a+1 b:=b-1 b:=b+1
inv2.9: il tl = red = il_pass =1 then mi_tl:= red ci=c+1 end
p ml_pass :=1 il_tl:= red
il_tl := green end il e 1
variants: :rlni;gs; ‘reg end
mi_pass + il_pass =
Concrete m2 ond




Lecture 24 - Dec 2

Background

Safety-Critical vs. Missional-Critical
Professional Engineers: Code of Ethics
Safety Property/Invariant

Verification vs. Validation



Announcements/Reminders

¢ Todays class: notes template posted

® Lab4 released

¢ A reference paper for the tabular method (Lab4)
® Review session survey active now!

e Exam guide, example questions released
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Mission-Critical vs. Safety-Critical

Safety critical

When defining safety critical it is ben-
eficial to look at the definition of each
word independently. Safety typically
refers to being free from danger, injury,
or loss. In the commercial and military
industries this applies most directly to
human life.( Critical refers to a task
that must be successfully completed
to ensure that a larger, more complex
operation succeeds. Failure to com-
plete this task compromises the integ-
rity of the entire operation. Therefore
a safety-critical application for an
RTOS implies that execution failure
or faulty execution by the operating
system could result in injury or loss of
human life.

Safety-critical systems demand soft-
ware that has been developed using a
well-defined, mature software devel-
opment process focused on producing
quality software. For this very reason

the DO-178B specification was cre-
ated. DO-178B defines the guidelines
for development of aviation software
in the USA. Developed by the Radio
Technical Commission for Aeronautics
(RTCA), the DO-178B standard is a
set of guidelines for the production of
software for airborne systems. There
are multiple criticality levels for this
software (A, B, C, D, and E).

These levels correspond to the conse-

quen f a software failure:
H| Level A is catastrophic scs
M| Level B is hazardous/severe

B[ Lever U s major
M Level D is minor
M Level K is no ettect

Safety-critical software is typically
DO-178B level A or B. At these higher
levels of software criticality the soft-
ware objectives defined by DO-178B
must be reviewed by an independent
party and undergo more rigorous test-
ing. Typical safety-critical applications
include both military and commercial

ﬂight, and engine controls.

Mission critical

A mission refers to an operation or
task that is assigned by a higher author-
ity. Therefore a mission-critical ap-
plication for an RTOS implies that a
failure by the operating system will
prevent a task or operation from being
performed, possibly preventing suc-
cessful completion of the operation as
a whole.

Mission-critical systems must also be
developed using well-defined, mature

software development processes. There-
fore they also are subjected to the
rigors of DO-178B. However, unlike
safety-critical applications, mission-
critical software is typically DO-178B
level C or D. Mission-critical systems
only need to meet the lower criticality
levels set forth by the DO-178B speci-
fication.

Generally mission-critical applications
include navigation systems, avionics
display systems, and mission command
and control.


http://pdf.cloud.opensystemsmedia.com/advancedtca-systems.com/SBS.Jan04.pdf
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Building the product right?

M
Library of
Programming

Components

8

satisfies?
I

Implementation

System Properties

Informal translated
Requirements -

checked/proved? )

translated

>

System Model
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Certify

Research on “Assurance Cases

g_Systems: Assurance Cases

"

if interested!

Research

Ntet

Argument
A

Sub-claim 1

Do et This di fo
Source Document: The system of systems iagram focuses
CJCSI621201E supports Net-Centric: onthreshold level KPP P
military operations satisfaction

Cimé Cim13
tis assumed that The SoS is able to The SoS continuously
hardware components. Sz exchange data ina rovides sunvivable, Sub-claim 4
(o ihe netwoliccan be TheeSismoe® secure manner to interoperable, secure, and
ignored in this (omor and be mansged enhance mission operationally effective
analysis Infhe retirerc effectiveness information exchanges
A
Cims Cim7 Cim14
B ‘The SoS network The sect The SoS
cim3 management software is requirements (e.g., data Cimi1 information
The SoS network able o establish, control, security, information The SoS suppors exchanges occur
conforms to the and terminate assurance, access information exchanges within prescribed -
F relevant standards connections to the cortrol) for the SoS are timelines
network met

Cima
- The SoS Evs Cim8 Cimg Im10 Evi2 1
communications Results of Security Security VerificationAvalidation Cimiz Resuts of oFi15 BV Evis
software and protocol Evd preliminary requirements are components within of SoS security Information to be preliminary Timelines are Regults of Modeling
stack conform to the Architecture field tests identified ‘the design are features is exchanged is okl tote o preliminary &
| relevant standards evaluation and adequately across consistent across adequately planned defined and field tests simulation :
resuts experiments the SoS the SoS and resourced ... . restits

Ev Eve Evit - 1
Evi Test Requirements Ev7 ee Ew Requirements, et
Architecture plans/results database Architecture Architecture. Test database
documents related to showing and evaluation plans and showing applicable
security design descriptions information ‘P" - i
compliance requirements documents transers imelines

29066

er/2009_019_001

Source: h pdf



https://resources.sei.cmu.edu/asset_files/whitepaper/2009_019_001_29066.pdf

g Lot (sketohy
~ Vs booklet cro geeth)

-

- When: 9am to 12pm, Thursday, December 11 (ACW 206)
- Coverage: Everything (lecture materials & labs)

+ slides, iPad notes
- Even problems that look challenging at first are built on the same foundational
techniques you've learned and practiced in lectures and labs. A solid, reflective
grasp of the basics will take you farther than memorizing examples.
- Format: Mostly Written

+ explanations/ justifications +|write math expressions + calculations, proofs

Exam Info

- Restrictions: R«{_ l
+ One-sided, computer-typed, min 10pt data sheet \
+ No sketch paper (Exam booklet includes it) + No calcula’ror Qf

- What you should bring: | (‘
+ Valid, Physical Photo ID (strict) ﬂ(

+ Water/Snack
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