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This Talk

Explain part of Iris’ model
Clean it up a little

Category Theory and Coq are here to
help you
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Iris

A new separation logic that

m can verify complex, lock-free concurrent data
structures

m permits modular (thread-local) reasoning
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What makes Iris different from...

m CSL [O'HO7] m CaReSL [TDB13]
m RGSep [VPO7] m SCSL [LWN13]

m SAGL [FFS07] m HoCAP [SBP13]
m LRG [Fen09] m iCAP [SB14]

m CAP [DY+10] m FCSL [Nan+14]

m HLRG [Fu+10] m TaDA [dDYG14]
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Focus on simplifying the foundations of concurrent
reasoning

Ralf Jung, Derek Dreyer Unifying Worlds and Resources




What makes Iris different from...

m CSL [0'HO7] = CaReSL [TDB13]
= RGSep [VPO7] = SCSL [LWN13]
m SAGL [FFS07] = HoCAP [SBP13]
= LRG [Fen09)] = iCAP [SB14]

s CAP [DY+10] = FCSL [Nan+14]
s HLRG [Fu-+10] = TaDA [dDYG14]

Common approach: “protocol” to deal with
interference
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STSs in CaReSL

4,5, K, v

[Req(¢, 5, K, v); 04

| Exec(£); Lock |

J, K,v v’

|Ack(£); 0, 0; |

Resp(£, 4, K, v'); 0

Live(v, null) |7>| Live(v, £) '—)I Sentinel(v, £) H Dead(v, ¢) |
. ¢
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Upd(d, {0}); 0

| upd(d.m):ol | Upd(d, {0, 1}); 0 |->| Done(d); o |->| Gone; e |
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Complex rules built-in as primitives

rely guar
C Vb dx by. (w[b] * P) i =1 a (z. 36 Jr b w[6'] * Q)
CaReSL: -

cH{[bo]r=opP} i a {z.abhg*Q}

UpDISL
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Complex

rely guar
C Vb dx by. (w[b] * P) i =1 a (z. 36 Jr b w[6'] * Q)
Cal ieS L: -

iCAP:

TaDA:

rules built-in as primitives

UpDISL

CF{*DP} i a {m.}bﬁx*Q}

T,A| ® F stable(P) I, A | @ F Vy. stable(Q(y))
T A|®FneC LAV e X. (v, f(x) e T(A)V f(z) =2
[ | @+ Ve e X. (A){P* @acala]lyy *2I(2)) ¢ (Qz) *BI(f(2))) MM

T|®F (A).(Px ®&€A[("];(a) * region(X, T, I,n))

Aromic

c

(3z. Q(z) * region({ f(x)}, T, I,n))°

Use atomic rule
a¢ A Vre X (z, f(x) € T(G)"
A AEVzeX. (py | 1(t(2)) * p(x) « [Gla) C AyeY. (gp(a,y) | [(£2(f(2))) * a(x,9))

A+ L AF Vo € X (py | 3(2) x p(a) * [Cla) C Ty € Y (ap(,9) [ 82(f(2)) * a(=,1))
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All you need are two simple primitives:
m Monoids to express protocols.
m Invariants to enforce protocols.
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Iris rules

{R+P}e{Rx*Q}

e atomic

Rl - {P} e {@Q}
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Iris rules

{R+ P} e{Rx*Q}

e atomic

Rl - {P}e{Q}
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Iris rules

{R+P}e{Rx*Q}

e atomic

[Rl' - {P} e {@}

R= 3[R
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Ghost state

Logical state, no physical representation
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Ghost state

Logical state, no physical representation
m Permissions
m Capabilities
m Logical variables
...
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Ghost state in Iris

Partial commutative monoid (PCM)

m Set M (carrier)
m An operation - on M (associative, commutative)

m A unit € ("empty”)
m A zero L (“bottom”, “undefined”)

11
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Ghost state in Iris

Partial commutative monoid (PCM)

m Set M (carrier)
m An operation - on M (associative, commutative)

m A unit € ("empty”)
m A zero L (“bottom”, “undefined”)

Resource a € M: Logical assertion iai (“own a")

11
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Iris rules

Var. a# ar = b # ar
=

| . )

where a# b= a-b+# L
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Iris rules

Var. a # ar = b # ar
eEY:
a-b=c
FRp
where a# b= a-b+# L
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Iris rules

Var. a# ar = b # ar
=

| . )

a-b=c

I e— gj_-i = False
i3 x b < ic;

where a# b= a-b+# L
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Iris rules

{R+P}e{Rx*Q}

e atomic

[Rl' - {P} e {@}

Var. a # ar = b # ar
-33b

a-b=c

e i |1 = False
la b iCi

where a# b= a-b+# L
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R= 3[R
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We can encode other common forms of ghost state
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We can encode other common forms of ghost state
and derive the STS update rule

Ve. {&¢ 5" cxp(c)* P} ef{v.3c". c =" ' x () * Q}
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Complex rules built-in as primitives

rely guar
C Vb dx by. (w[b] * P) i =1 a (z. 36 Jr b w[6'] * Q)
CaReSL: -

CF{*DP} i a {m.}bﬁx*Q}

UpDISL

T,A| ® F stable(P) I, A | @ F Vy. stable(Q(y))
T A|®FneC LAV e X. (v, f(x) e T(A)V f(z) =2
. T @ FVz e X. (A)(Px@acalo])n) *1(2)) ¢ (Qz) *oI(f(x)) M
iCAP: T

L@ (A).(P* ®acalalg) * region(X, T, I,n))

Aromic

c

(3z. Q(z) * region({ f(x)}, T, I,n))°

Use atomic rule
a¢ A Vre X (z, f(x) € T(G)"
Ta DA: X AR Wz e X (p, | I(t2(2)) * p(z) * [Gla) C Iy€Y. (gp(z,y) | I(t2(f(2))) * q(z,))

A+ 1L AR Vz € X. <pp | té(z) * p(x) * [G]a> C Ayey. <qp(z,y) ‘ tﬁ(f(z)) * q(:u,y)}
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Iris rules

{R+P}e{Rx*Q}

e atomic

[Rl' - {P} e {@}

Var. a # ar = b # ar
-33b

a-b=c

e i |1 = False
la b iCi

where a# b= a-b+# L

Ralf Jung, Derek Dreyer Unifying Worlds and Resources

R= 3[R
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Monoids and Invariants are all you need
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Iris’ Model
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Semantic domain

Prop =

Ralf Jung, Derek Dreyer

ResMon — “Bool”

Unifying Worlds and Resources
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Prop £ ResMon =" " Bool"
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Semantic domain

Prop = Wid %" ResMon ™%" * Bool”
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Semantic domain

Prop = Wid %" ResMon ™%" * Bool”

where Wid £ InvName 12 Prop
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Roadmap

m Redundancies in the treatment of worlds and
resources
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Roadmap

m Redundancies in the treatment of worlds and
resources

m How to treat them uniformly
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Roadmap

m Redundancies in the treatment of worlds and
resources

m How to treat them uniformly
m What is this good for?

Ralf Jung, Derek Dreyer Unifying Worlds and Resources
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Semantic domain

Prop = Wid %" ResMon ™%" * Bool”

where Wid £ InvName 12 Prop

Ralf Jung, Derek Dreyer Unifying Worlds and Resources
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Step-indexing as a category: c.o.f.e.s

Complete Ordered Families of Equivalences

Prop
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Step-indexing as a category: c.o.f.e.s

Complete Ordered Families of Equivalences

(PI’Op, énEN)
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Step-indexing as a category: c.o.f.e.s

Complete Ordered Families of Equivalences

(Pl’Op, énEN)

PEQ=PLQ
P=Q&VnPLQ
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Step-indexing as a category: c.o.f.e.s

Complete Ordered Families of Equivalences

(Prop, éneN) (X7 £neN)

PEQ=PLQ
P=Q&VnPLQ
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Step-indexing as a category: c.o.f.e.s

Complete Ordered Families of Equivalences

non-expansive function
n n
(Prop, =pen) >(X, £hen)

PEQ=PLQ
P=Q&VYn PLQ
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Step-indexing as a category: c.o.f.e.s

Complete Ordered Families of Equivalences

non-expansive function
n n
(Prop, =pen) >(X, £hen)

PO = pLQ PEQ=f(P)£f(Q)
P=Q<Vn PLQ

19

Ralf Jung, Derek Dreyer Unifying Worlds and Resources



Step-indexing as a category: c.o.f.e.s

Complete Ordered Families of Equivalences

non-expansive function
n n
(Prop, =nen) >(X, £hen)

PO = pLQ PEQ=f(P)£f(Q)
P=Q<Vn PLQ

Category of c.o.f.e.s and non-expansive functions

19
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Semantic domain

Prop = Wid =" ResMon =" “Bool"

where Wid £ InvName 12 » Prop
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Semantic domain

Prop = Wid %" ResMon %" P+(N)

where Wid £ InvName 12 » Prop

20
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Semantic domain

w
|

Prop = Wid =" ResMon ="

|
2
|
1

where Wid £ InvName 12 » Prop
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Every domain has to be a c.o.f.e., and
every function must be non-expansive
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Interpretation: Monoids and invariants

[P] : Prop = Wid %" ResMon %" PT+(N)
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Interpretation: Monoids and invariants

[P] : Prop = Wid %" ResMon %" PT+(N)

[lwratr 3
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Interpretation: Monoids and invariants

[P] : Prop = Wid %" ResMon %" PT+(N)

/[ab a-b=r]

[la]wrn®r 2%
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Interpretation: Monoids and invariants

[P] : Prop = Wid %" ResMon %" PT+(N)

/[ab a-b=r]

[la]wrn®r 2%
(A Jwrn2w()£[P]
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Interpretation: Standard connectives

[PAQIwrnE [PlwrnA[Q]wrn
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Interpretation: Standard connectives

[PAQ)wrn=[PlwrnA[Q]wrn

[[P*Qﬂwrnéﬂrl,rz. n-rn=rA
[PlwnnA[Q]wnrn

22
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Interpretation: Future worlds, framing

[[P:>Q]]anéVW,%W,I’/gr,nlgn.
[Plw'r'n = [Q]w r'r
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Interpretation: Future worlds, framing

[[P:>Q]]anéVW/%W,I’/;I’,nlgn.
[Plw'r'n = [Q]w r'r
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Interpretation: Future worlds, framing

[P= Qlwrn&Yw =w,r Jr.,n <n.
[Plw' r'n" = [Q]w r'n

P=Q =~ P=vs(Q)

—
A" = w " # o A [Q] W

(Q holds after a ghost move]

23
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Interpretation: Future worlds, framing
[P=Qlwrn&V¥w =w,r Jr.n <n.
[Plw' r'n" = [Q]w r'n

P=Q =~ P=vs(Q)
[vs(Q)JwrnEVw =w,re#r. ...=

M,r”#rf. L A[Q]wW ' n

(Environment picks]

23
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Interpretation: Future worlds, framing

[P= Qlwrn&Yw =w,r Jr.,n <n.
[Plw' r'n" = [Q]w r'n

P=Q =~ P=vs(Q)

[vs(Q)JwrnEVw = w,re#r. ...=
A" = w " # o A [Q] W
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Frame-preserving update:

Var. a # ar = b # ar

7= 0
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Interpretation: Future worlds, framing

H,D:>Q]]anévw'¢W,r'Qr,n'Sn.
[Plw'r'n = [Q]w r'r

P=Q =~ P=vs(Q)
[vs(QIwrn&EVw = w,re#r. ...=
AW = w " #Hore AN [Q] W n

23
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Unifying Worlds and

Resources



The new domain

Prop = Wid =" ResMon ="

Wid £ InvName 2 » Prop

Ralf Jung, Derek Dreyer Unifying Worlds and Resources

w
|

|
2
|
1
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The new domain

Prop = Mon =%

|
2
|

1

Mon £ (InvName ™ » Prop ) x ResMon
Wid

25
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Need: Monoid structure for worlds
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Need: Monoid structure for worlds

Managing agreement of invariants
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The new domain

Prop = Mon =%

|
2
|

1

Mon 2 (InvName ™ Ac(»Prop))x ResMon
Wid

25
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A monoid for worlds (1st attempt)

Ac(X) & X

Ralf Jung, Derek Dreyer Unifying Worlds and Resources
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A monoid for worlds (1st attempt)

Ac(X) & X
po2alP P=Q
L ifP£Q

26
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Future worlds

Lo U1 Lo L3 Lg

A
S
0
A
RS
§\

27
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Future worlds

Lo 1 Lo L3 Ly

Po P4 w

Po| P P3| Py | wr
= PO Pl P3 P4 W,

Ralf Jung, Derek Dreyer
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Interpretation: Implication

[[P:>Q]]anéVW,%W,I’/;I’,nlgn.
[[P]] W n = [[Q]] w

=

[P=Qmn&Ym JIm,n <n [Plm'n = [Q]mn

/

(w,r) [W’Q W/\r’;r]

28
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Interpretation: View Shift

[vs(PYlwrn&Yw' = w,re#r. ... =
A" =W " # e NP

Ralf Jung, Derek Dreyer Unifying Worlds and Resources

/
w” r' n
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Framing worlds

Lo L1 %) L3 Ly

PO P4 w

Po| P P3| Py| wr
— 'DO Pl P3 P4 W/

Ralf Jung, Derek Dreyer
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Framing worlds

w oL Ly 13 4
P P, w
Po| P P3| Py| wr
— | Py | P, Py Pyl w
< [P Pu P P3| Pyl W

Ralf Jung, Derek Dreyer
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Framing worlds

Lo L1 %) L3 Ly
Py P,
# | Po| P P3| P4
# | Po| Pr| P P3| Py

Ralf Jung, Derek Dreyer

Wr

1

30
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Interpretation: View Shift

%
" =W #Hore AN [PIW 0

31
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Interpretation: View Shift

" =W #H e AN[PIW 0
U
[vs(P)] mn=V¥ms # m =
IAm" # ms. ... A[P]m" n
(w,r) W//#Wf/\r//#r]

31
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A monoid for worlds (1st attempt)

Ac(X) & X
po2alP P=Q
L ifP£Q

Ag(X) is a c.ofe.
Composition must be
non-expansive!

Ralf Jung, Derek Dreyer Unifying Worlds and Resources
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A monoid for worlds (1st attempt)

Ac(X) & X
po2alP P=Q
L ifP£Q

Ag(X) is a c.ofe.
Composition must be
non-expansive!

But it is not: »
Let P; = P, P; # P,

32
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A monoid for worlds (1st attempt)

Ac(X) & X

|I>

P ifP=0Q
L fP#£Q

P-Q

Ag(X) is a c.ofe.
Composition must be
non-expansive!

But it is not: »
Let P; = P, P; # P:
Pi-Pi=F

32
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A monoid for worlds (1st attempt)

Ac(X) & X

P ifP=0Q
L fP#£Q

|I>

P-Q

Ag(X) is a c.ofe. But it is not:

Composition must be Let P, 2 Py, P, n;gl Py:

non-expansive!
P Py - P = Py, but

PL-Py=1

32

Ralf Jung, Derek Dreyer Unifying Worlds and Resources



Composition of similar elements must
preserve the “degree of definedness”
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The agreement monoid (fixed)

Ac(X) = { X}

Ralf Jung, Derek Dreyer Unifying Worlds and Resources
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The agreement monoid (fixed)

AG(X) 2 {“Bool” x X}
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The agreement monoid (fixed)

AG(X) £ {(V,P) e PTHN) x X}
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The agreement monoid (fixed)

AG(X) £ {(V,P) e PTHN) x X}
Quotient: (V4, P1) = (Vo, Py) if Vi = VoL AVn e Vi. PL = P,

33
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The agreement monoid (fixed)

AG(X) £ {(V,P) e PTHN) x X}
Quotient: (V4, P1) = (Vo, Py) if Vi = VoL AVn e Vi. PL = P,

—~

Embedding: P = (N, P)

Ralf Jung, Derek Dreyer

Unifying Worlds and Resourc
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The agreement monoid (fixed)

Ac(X) £ {(V,P) € PTHN) x X}
Quotient: (V4, P1) = (Vo, Py) if Vi = VoL AVn e Vi. PL = P,

Embedding: P £ (N, P)
n+1
Let P, =0 P, Py 7& Ps:

33
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The agreement monoid (fixed)

Ac(X) £ {(V,P) € PTHN) x X}
Quotient: (V4, P1) = (Vo, Py) if Vi = VoL AVn e Vi. PL = P,

Embedding: P £ (N, P)
Let P2 Py, P, Py:
PP,

=({<n}, )

33
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The agreement monoid (fixed)

Ac(X) £ {(V,P) € PTHN) x X}
Quotient: (V4, P1) = (Vo, Py) if Vi = VoL AVn e Vi. PL = P,

Embedding: P £ (N, P)
Let P2 Py, P, Py:
PP,

=({<n}, )

)

33
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The agreement monoid (fixed)

Ac(X) £ {(V,P) € PTHN) x X}
Quotient: (V4, P1) = (Vo, Py) if Vi = VoL AVn e Vi. PL = P,

Embedding: P £ (N, P)
Let P, =0 P, Py ”;;1 Ps:
PP

({< n}, P1)
(N7 Pl)
PP,

IENN

33
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The agreement monoid (fixed)

Ac(X) £ {(V,P) € PTHN) x X}
Quotient: (V4, P1) = (Vo, Py) if Vi = VoL AVn e Vi. PL = P,

Embedding: P £ (N, P)
Let P; = P>, P; ”;;1 Ps:
PP

({< n}, P1)
(N7 Pl)
PP,

IENN

Ralf Jung, Derek Dreyer

In general:
(V1, P1) - (V2, P2)
= (VinVan
{n| P1= P}, P1)

33
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This monoid has the right equations, and
composition is non-expansive!

Ralf Jung, Derek Dreyer Unifying Worlds and Resources




Mechanization in Coq
is slightly more complex
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The new domain

Prop = Mon =%

|
2
|

1

Mon 2 (InvName ™ Ac(»Prop))x ResMon
Wid

34
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The new domain

Prop = Mon =%

|
2
|
1

Mon 2 (InvName ™ Ac(»Prop))x ResMon
Wid

AG needs to be functorial

34
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The new domain

Prop = Mon =%

|
2
|
1

Mon 2 (InvName ™ Ac(»Prop))x ResMon
Wid

AG needs to be functorial in a non-expansive way

34
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Category Theory and Coq

Changing the core domain of our model. . .
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Category Theory and Coq

Changing the core domain of our model. . .
... without fully grasping its construction.
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Category Theory and Coq

Changing the core domain of our model. . .
... without fully grasping its construction.

Category theory: Intuition
Coq: Certainty
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So what?

May help to do speculation
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So what?

May help to do speculation
m Advanced proof technique for linearizability
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So what?

May help to do speculation
m Advanced proof technique for linearizability
m Not currently supported by lIris
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So what?

May help to do speculation
m Advanced proof technique for linearizability
m Not currently supported by lIris

m Model: Need multiple parallel worlds and
resources
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Take-away

Ralf Jung, Derek Dreyer

Unifying Worlds and Resources
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Take-away

. X
Monoids are all you need,
and



Take-away

Monoids™ are all you need,
and Category theory is
your friend
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