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Lecture 4 : Abstraction
location : = S #t

row : int 20,
2]

· Most of today will be c : int (8
,
2]

3
a fun 1? !D activity

player
: =

black I white

Read the notes
cell == empty I full (p : player

state : = location
-> cell

game -

over (S : states

-we
one 5 of each color

8 "Clock" tokens chants

4 "Black Fuse" tokens Clives/misplays

assume 3 players,
hand size of 3 if you

like



Lecture 5 : Hoare Logic /part 11

Learning Outcomes :

1 . Explain what pre-and post-conditions mean

2. formally analyze a
"Whiteboard" programming language

ifI holds and we run e
,
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and it frushes ,

then &
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· logis : set of rubs for Size (2)

· soundness



emer

So3e Str .

Q
& (vi)

prof
odeshisms I inductive

qualid(a ,

b)
calls med proot of encled

reall" prected med

mod (a ,
b)

3 - 3 medl, b Sc .

-
>

5 - 3 encid(a ,
b) Ec .

gid/a,
b

,

51Y



3 : nat

expre
= = X(v)(e 192

: val

1 If e then en else ez

1 e
,

+ hz

1 (9,
,

22) 1 e I the

values v = = = XX . e /n I true/false I Su
,
val

:= = (xX
.

(2) e ,

Let X : = e, 2



(xx .

e) v - e[/x] production (xx .

x + 5) 5

↓
-

5+3

if false then 8
,
else 22 +e

Step

#in ( .,
12) - V

, Tez

9.2 3 1
+

*

22

we
have products (tupls)

add sums
(inductives/onums)



A +B

e==
.... / Either a b

· e I era Result <A ,
B)

1 Ob (a : A)

I Eur (b : B)

matchIthee
Ir x = 22

case le,

ohf
,

errf)

Case(oh ,
obeerrf) - de

case (EN e
,

of
,

erfs s errt e



e = = X(v)Xx .

ele ,

+ e) ...

v : = n / true I false 1 ...

e, 22 Step relation if

e ,
-

*

e2 Semantics (0
, pc)

->* 101 pc) then

Sp3 e Sxv . a 3 & (o' 5 (ra)= or ... + 10

#eneit



SQ Su .Qa be

&



Lecture 6 : Hoare Logia Spart 2)
Hoare legia x2

Learning outcomes : separation legic
x2

1
.
Prove reasoning principles in Hoare Logic

Ins Proof Mode (Rocal
2. Analyze pre-and post-conditions

593e Su . Qu3 reasonable ?

3933993
1. Yv; P1(et*) => &(vi) ~

2
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↳ too strong 5
.
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3 X
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What did you
learn?

What are you confused about?



Lecture 7 : Separation Logic (part 11

· sintax
,

semantics - add a heap
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,
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,
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Q : val - Cheap - Prop
! 5

val -> heap -> Prop "currying"

Quh



SL propositions

model as heap -> Prop

1 dem(h) = Se3 P1Q *
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Lecture 8

discomnate rising

caution in using industrion tastra

Strategy for even proof is not obvious·
In~ ⑭



T : Prop
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Video Lecture : recursion
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Intros" CH ,
H2]" "SM& H2 & Hz)"

iDestrust "M" as "(H ,
Hz]"

A- B - [
(X) "He"

AlB -> 5

Exists

iSplaL , iSplaR

Assumption ,
iframe

iApply

It with "(HJ") specialization patters

win "($H , 127"With "CH .T [12]"With "($)"



Learning outcomes

1. Translate program prof geals from FPM to paper

Fetameteaan
Cres fX .

el Xx .

e
↑ Y

(rec -X .
3)

Summ : name namenament

/rea f n . if n = o then e

essen + f(n - 1))



fib n = fib (n-z) + Rb(n - 1)
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trec fn= thein 1)
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Lecture II : Goose

How to model Go code for verification
?

Today's focus : control flow

goose

Ede -> model
ofe

odeTPut a specht
68 prof

Fore



1. estemme Go evaluation order in f(x
,
2)

2
.

Determins
Goose evaluation order

↑ (collatz (2006, collatz /3000) , collatz (400d)



3 Ido : a) E ("execute", a)

'(do : e) M, ji i M2 Cratum : 1) / "Return"
,
el

2 /return : e)
do : eiiii Meiji M2

turn: eijii M2
Erotum : e,

4 break : #11 * ("break" ,

#(1)

exception-do Iratur : e) = e

Contine : #11 E ("Contine", #11)

exception-

do (do : e) = e

exception-do m = Sud m



Lecture 12 : Ownership reasoning

1. Articulate the meaning of ener as ownership

2.Work with fractional permissions

3 . Work with struct ownership
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Lecture 13 : Ownership (part 2)

1. Review ownership of structs

2. use ownership of slices correctly

frv

erests ::7 v Struct field pents - to

-

just syntax



Sre US Cus : List woul

s [Jint

S = Jetr, len
, cap)

↳ capten

-
cap

· subslice
· set an element retrace

· append
· load

- store
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,M ,-
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,
3) x1811,
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,
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strim) = porth ,
men

,
gn)
includes elements

from m to end

land enismal spare capacity in 5)



Lecture 14 : Loop invariants

1
.

Recall the rules for a correct loop invariant

2
.
Struggle to come up with keep invariants X : V

own slice s XS S1+ XS # X : val

S : Slicet ·wa-slice-lem

XS : listV

own-sice-cap S
n
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35 RET#Sishe
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n
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2

,
3) Strue] S[in] SRETS[in]; Trs]
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S[ : 1 : 1)

S
,
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SS ,
+[17 *
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S290)
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,
nee, a list-rep lixs]

match ! I
,
with

list rep Mil xs + (xs= [27

1 kil =>> Slist-rep In Xs]

// Why does XS = (7 ?

list - rep v Xs: =

match xs with

1(7 => v = In

Ihd : :x' == kens ha

end

Stist-rep 12 253

35st-mp l2 /xstys)]



Lecture 16 : Persistently modality

P : iProp Stev

Persistent (P) BP "persistently p"

DP : iProp

frqv & < 1 : read-only
039

Cra+a v + Creg
,

" * fregy
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P + DQ
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DP + P * DP
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Lecture 17 : Consurrency introduction

Learning outcomes :

1 .

formalize concurrency semantiss with interleavings

2. Appreciate why consumency is challenging



Lecture 18 : Lock invariants

P(h)
9p3e sa ? if le

,
w me leth's

either(a) Je
,
h) is not stuck

Stones e Su .
recri

(b) Ev ; e =v'1 &(vi)

↑: val-e Prop

if (e)
,

h)
me
Kett'l

either (a) (Ce'] +++, h) is not stuck

(b) Ev;=r'ay()
&

#notreadw CetTisstc
s



Stuple ,
true) * P

go funce (

e

34 Sislock (em ,
R)

e
↑ Lim se

Leshlem)

(2,
* R2) ER3

newMutex()

SisLock((m ,
1) + R3

SisLosk(m,
Bil

UnlocksmiSR) Unbsk((m)
islech (m

,
Rel 3

Sing ?

I



Lecture 19 : Ghost state

1 . Explain the API for (plan) ghest variables

2 .

Use ghost variables in simple oncurrency proofs.

3. (maybel Appreciate resource algebras as a

foundation for ghost state .

· P*Q Spann 2 ,; 22

↓ Xa
P· eyel ,



Spawnl) var X = 0 X+ = 2

# 2 11 FAO S Wp F15033

↑, * Q2 e : = Spawn (f)

printe 1/4

S is -

Jentlandle (8,
P))

vale Sis-Tamtandle (2, P))

1
.

Jomll

Sp)
Locks :D; Unlikel
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Unbak()
213
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2/3

- V = vz]

S4ptria) Stopte2]D
Lock()

3 : = i

Unbah()

2
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Lecture 20 : Atomic spess

Learning outcomes

1
. Appreciate the challenge of specifying atomicity

2. Recall how to specify atomicity using atomic updates



7 X
, X-ptr 1**

----

2

var M Sync .Mutex is-Mutex/
-

) 7x, , YtX,

var * it 12
*7x252mXz

*
,

=D

*
z

= 0 X = X
,

+xz

spawn /(0,0 Spam) (Uro
(

m .
Lock() m. Locks)

* + = 2 -X, = 2 x + = 2- Xy = 2

m .
Unlocks m

.

Unleah))
&
Nit 2] [Ui2

m
.

Lachisi 2 : = X ; m
.Unlah()

Assert (y =n)
& why = 4 ?



manager integer erX

↓ X 1. Get 1) : out

implement use

t
.

Prc1)
specification

Sint-repse ,

x17 Sint-reple, as]

1
.

Get 1) 1
.

In(l)

SET #X ; intreple,
xi] SRET #1) ; int reple,

x+ 11)



is-atomcm+Je,
2) : iProp

own-i+ /X
,
x) : iProp I in I

# -* 7x. emnt(x) *

Jx .&other the
own -nt(x) Cown-m+ (x +2) -+ 1)
E

Lock() 0 X2

↓ antial section
->own-nt (x+ z]

& x2 + & &(x2]

I
Unlocks 0 X2+

" other threads

retur o X3



TheE** FAA
· increment by I

· natums old

TEX, ow())
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.
Ost)] AU/7x

.
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,
x)

& Ex
.

RET #
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So 71 : 2
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Lecture 21 : Atomic specs (part 2)

[
-

Get-> I 2
2to

( ]

In[

[ I [
3

In< Ins
C 2

((-](6/1) [ ]
Get e?

Get el GrtO
(A) Get + 1

Get e?
(B) Get -0

Jepsan



Incaizability : For
,

behavior look
,

t ->

&nearizable (to)

Jordeng

& ordering (oda), tr, behaviorKod,
In -

Imeeizable (tr]

1. dynamic In points ↑
orderung Jocel

2 . helping
3

.

"future dependent
"



manager T : :Prop Vasas
↓ ↓

libran user of
inv N I

Noop
dev ! irbrary 30

Exercise Solution (FAA spec
#

ES * .

ownm+ /, x)
*

↓-S+
↳n -m+ N, +1)

I
.

FAA/)

St.
RET #X

,
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t



frev
ver El

ghost-var (U, da ,
v)

owny (a
: M) RA = IM

,

Se
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auth-map-auth 10, my

auth-map-frag 10,
subml # auth-map-frag 10, subs

subm1subm'#m



Lecture 23 : Property-based Testing (PBT)

1
.

Relate a PBT test to a specification in separation legic

2. Identify properties to test

3. Articulate the difference between PBT and verification

output :

ipht : oven
,
eggs , dry ,

wet
,

batter

JEQ 1/

Tess
↓name Atwet

3Abatter ↓



// sorts by age

typePerson structs &us Sort(arr (7 Person) I

Name string
--

Ase it

& 3

Sans +ou ar] arr : listPerson .

t

Sort(arr-S)

↑ sorted/arr', aga) *

Start ,

ans to and↳multiset/ar" = multant lar !
Temutamen (arr,

an')



Cde

1
.
Function input-output

2. property & (mput, output)
: bee * S

3
. generator for enput =

↓
-

Thara
fasue success



VXX
,

P(x)

* Permutations, --

Sacystic(s)] Sime]

Tapbart(s) TopSart/g)

SRET1 ; -- - ) & RET Cacta
,
ns) ; . - - !



parse (text)
: Ast or error

?

print last)
: string

What properties solational specifications) should

parse and print satisfy
?

Y

V text
,

print /parse (text))
= text?

(if not error?

Fast
, parse (print(ast)) = ast?

t =pr+ (ast) print/parse tast
=



bug if futex-wait(m,
x) were unconditional :

e = true ; Po = casim
,
false ,

truel ; pa ,
= unlock

im antical section

↓
futy-wat(m ,

*)
1 = false

store /m
,
false)

! ↓
futex-wake (m)

↓
fished

lenal - wart

deadlock



Lecture 24 : Liveness

1 . Explain the meanhy of an LTL statement

2. Articulate the challenge of fairness in liveness specifications

type Matex = bed
vor m Mutex

fis Sm + Mutex) Losbss/
m. Locks

1920
for ! CAS (M ,

Passe
,

timel 33
m .
Unlockll 1) mihcl,a

S

func CoMutex) Unlocks S Exercise :

1/pC)

*m = false (a) Does this terminate ?

3 1922 (b) Argue rigoroush , why or why not



⑳Be = time

type Matex = bed

↓
If e = false : 14tis

fis Sm + Mutex) Losbss/

1920
for ! CAS(m ,

Passe
,

truel37
S ↓ 1 false

func CoMutex) Unlocks S ⑳
1/pC)

*m = false

3 1922
C : bed

+, : prolph , 1Paz
m .

Lock(s m
.
Losh1 >

m.

Unkahls m.
Unloch)( tz : Pro1pC , 1Phz

next /S
,
S') : Prop

MA/s) = S
.
e = false 1 S.

6
,

= pro 1 S
. tz = Pso



↑: state
-s prop a : State -estate -> Prop

PE rp41(a) S
,
S2

,
Sy

,

---

I Pinel Pup I P 11

I DP I up ↑(Si
,
Sir, Sirz....)

"always p" "eventually &
"

S
,
S2

,

Sz
, ...

Dup

& 15 , ]
-$7 * DQ

9) (5
.
) /2) (2) Dr$7

& (next) 1 Tint]

↑Si)
Y +P - ..

↑ /S
, S2

,
Sy ,

...
) BP next next next

P(S2
, S3 .

- .. )



1 : bed ⑳ t
,
-next

-2-next
↓

: DeSe ⑭ nextf E
,

-next Vtz-next

int/s) ⑭ v rep

next /s ,
sil WF(t

, -next) 1

WF(tz - next
temmata(s)

-it n Dnext + ↓stermate
> X

8 -> 0 + 1-1-
. -

.

tinext

wF(a) = D/ isenabled(a) =>
↑ (a)) ↑

+
z -next

~WF (t ,
-
next)

enabled(a)(2) = Isl
,
also si]



spec
* Mint 1 i <next] far * WF(t

,
-
next N

WF(+2
- next)

spes1 fair
- termate

~ enabled las -.
Tenabled (a)

I !
Si

,

S2
, Sz ... -

L BW-Tenabled(al) 1)/Denebld => ↓(a))
a

-

Danabled/a)
-

epech



Lecture 25 : Conclusion

1. Concept map

2. Beyond this class

3. Course evals



intros, district,
industronpersistence atomic splt,
tastics IPM..Hoare triplesupdates

Consumency I
leak Fris

fractions shesta muariants PBT Ineres Rosq

w
-

...
loop

muarents 11 Perennial ,
60

↑
↳

runs
: band/sea Systems #(slices

verification

Xin
I ~realest assernens-alleas #S Istruct field) ↑
Heare
-- preconditions

I
legic

separator
data

structures S
- frame rule

soundness

Spain--

-

--theorem
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Beyond this class
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Some more questions for the survey :

1
.

What did you think of the name tents?

pods/discussion?

2. Would you like to wore and verify your ownode?

3
.

Would you like more theory ? less theory ?

4. should we read some papers (and roduse sops elsewhere ?


