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let r = ref (A _.()) in
xr = A_.(xr)QQ; (xr)()

Shared mutable ref to a function r: ref (() = ())

Landin’s knot

" <. pDeref

No loop appears in the program .~ & Call

But it loops infinitely... &
Self-reference
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4+ Invariant | P|: Roughly, the situation P always holds

» Shareable! |P| = |P|*|P| = Shared mutable state

A

dv.r—> v x v: T

Shared mutableref r:ref T

Can be nested! r: ref (ref T) P € iProp = |P|€ iProp
SL Prop

> Need it,as we are in Separation Logic [Ishtag & O’Hearn ’01]

Notshareable r— Vv > re—> Vxr—\V

- State mutation [FHV*P]*F:W[FI—)W*P]
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4 Naive invariant is unsound! [P k Q] = [P * R] %

> Can't just store any P € iProp [P * Q] c [R]
- Paradoxes [Krebbers+’17] [M&T '25] ~ Landin’s knot &

4+ Known fix: Weaken by the later modality > [Nakano ’00]

» |> P|: Situation > P always holds [[>P 3 Q] e [[>P % R]

[ri's

>

Sound! But weaker... & [[>P * Q] e [R]

Later weakens: P = > P but>P> P even>>-Px P




Challenge: Termination & liveness verification




Challenge: Termination & liveness verification

+ Later > blocks verifying termination & liveness!



Challenge: Termination & liveness verification

+ Later > blocks verifying termination & liveness!

» Shared mutable refs cannot be rightly dereferenced



Challenge: Termination & liveness verification

+ Later > blocks verifying termination & liveness!

» Shared mutable refs cannot be rightly dereferenced

A

dv.r— v % v: T

r:refT




Challenge: Termination & liveness verification

+ Later > blocks verifying termination & liveness!

» Shared mutable refs cannot be rightly dereferenced

A

>dV.r— v % v: T

r:refT




Challenge: Termination & liveness verification

+ Later > blocks verifying termination & liveness!

» Shared mutable refs cannot be rightly dereferenced

A

>dV.r— v % v: T

r:refT

Total [r: refT] xr [V. | V:T]




Challenge: Termination & liveness verification

+ Later > blocks verifying termination & liveness!

» Shared mutable refs cannot be rightly dereferenced

A

>dV.r— v % v: T

r:refT

Total [r - ref T] xr [V' !\V: T__] Blocks access




Challenge: Termination & liveness verification

+ Later > blocks verifying termination & liveness!

» Shared mutable refs cannot be rightly dereferenced

A

>dV.r— v % v: T

r:refT

Total [r - ref T] xr [V' !\V: T__] Blocks access

‘r:ref T *r v.v:T

Partial



Challenge: Termination & liveness verification

+ Later > blocks verifying termination & liveness!

» Shared mutable refs cannot be rightly dereferenced

A

>dV.r— v % v: T

r:refT

Total [r - ref T] xr [V' !\V: T,] Blocks access

' : * o :
roret T [ V'vv\'T/Step-indexing

Partial



Challenge: Termination & liveness verification

+ Later > blocks verifying termination & liveness!

» Shared mutable refs cannot be rightly dereferenced

A

>dV.r— v % v: T

r:refT

Total [r - ref T] xr [V' !\V: T,] Blocks access

' : * o :
roret T [ V'vv\'T/Step-indexing

Partial

66 L . : .
However, Iris’s use of step=-indexing means that Iris-

) based approaches ... do hot support reasoning about

Gaher+ "22 liveness properties such as termination preservation.

Simuliris
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+ Later > blocks verifying termination & liveness!
» Shared mutable refs cannot be rightly dereferenced ?

A

r:refT

>dV.r— v % v: T e

Total [r - ref T] xr [V' !\V: T,] Blocks access

' : * o :
roret T [ V'vv\'T/Step-indexing

Partial

o . . However, Iris’s use of step-indexing means that Iris-
Simuliris

) based approaches ... do hot support reasoning about
Gaher+ "22 liveness properties such as termination preservation.




Our work, Nola Matsushita & Tsukada PLDI °25




Our work, Nola Matsushita & Tsukada PLDI °25

w Use syntax!




Our work, Nola Matsushita & Tsukada PLDI °25

w Use syntax! For SL assertions to share



Our work, Nola Matsushita & Tsukada PLDI °25

w Use syntax! For SL assertions to share

Syntax gives you better control of what can be shared,

than the later modality !, to achieve soundness




Our work, Nola Matsushita & Tsukada PLDI °25

w Use syntax! For SL assertions to share

Syntax gives you better control of what can be shared,

than the later modality !, to achieve soundness

:!Pn! | e:!P"! iy Winv!"

_l—LI_I_IJf
D1 | o " Winv!




Our work, Nola Matsushita & Tsukada PLDI °25

w Use syntax! For SL assertions to share

Syntax gives you better control of what can be shared,
than the later modality !, to achieve soundness

: : iny | "
P11l e IP"I ™ winv: P! Fml Syntactic SL formula
B ———————— R T—————
- *y Winv!”

e




Our work, Nola Matsushita & Tsukada PLDI °25

w Use syntax! For SL assertions to share

Syntax gives you better control of what can be shared,

than the later modality !, to achieve soundness

Winv! "

N =C R =S i = L P! Fml Syntactic SL formula

TPl a— WiV " FmI! IProf semantics




Our work, Nola Matsushita & Tsukada PLDI °25

w Use syntax! For SL assertions to share

Syntax gives you better control of what can be shared,

than the later modality !, to achieve soundness

. : . [
p"rr e P 1LY winv: P! Fml Syntactic SL formula
_l—u_l_uf § .
Pl e v WV " FmIl! IProf Semantics

Proofs can be written semantically with iProf in Iris !
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4+ Just build the syntax for SL formulas & its semantics

FmI! PQ ! 1» P*Q|P-* Q| PVQ,\Y&#! Er
|1 $"Prop | r—>vV | FI'EIEB(P "1 Fml)
| Invariant
" FmIt 1Prog

P*Q" ! IP"11Q" PR ! [P

+ Now later-free! r-ref T | IIEI V.r'—>v * v. 1]

Later-free access! !r:ref T" *r v.lv:T"
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R
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Verification example: Infinite shared mutable list

4 No later remains if we use Nola

X
ac —a Iris
ist,, L r L Mg , list! r v [11r]!
IglEI_s.r+1l—>s*Iist | s\( I"s.r+1#%s ! llist! s
! 11 ! 11 - . ! 11 !
Iist ' r* *(r+1 s.!list ! s” winv: llist! r *(r+1) s.!llist! s

4+ Can verify termination of iteration naturally!

fn iterc (f,c,r) { if *c>0 { v, e f(ry oM™
f(r); *c=*c! 1 j ! !
terc (f,c,*(r+1)) }} llist ! r" #c$%d iterc (f,c,r) c$%0

Winv! "
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+ Well-definedness of ! ' is the key to soundness
» No Landin’s knot paradoxes!
N : : Winv ! "
['1e[']" !> ! e |
Bad self-reference

+ Allows flexible construction for extra expressivity

| 0 Winv!
» Later-weakening ![>[!]e[!]" I 'l e | Inv

» Stratification "y s Fml ! iProg ![p] e[ "31 |
1P e 1Q4

Winv! " g
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To experts: Power of SL formulas

+ Any semantic SL props can be stored under later

> Precisely subsuming the existing later-weakened approach

Fml! P,Q ! \» P*Q| adatPkr" Fm)
| 5'/!6 (#" 1 iProp
710" 1 10 111 fnext!  {next! ! I

4 The set of SL formulas can even be extensible

> By parameterizing over the constructors, just like iProp’s |
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To experts: Nola’s model just generalizes Iris’s

4+ Nola’s model for the invariant generalizes Iris’s

» Fmlifor! IProg, !":Fml!

4

A#S% N 1"

1" Fml | A& Fml

IProg for ¥: ! IProp! IProy
[ris

M1 A#$% N 1T A&(" iProp

L e ag(next)]

Wiinv | | # NI"" iProp

omemem sl | " }
¥ag#® 9 $ RIS &)
"""""" "yglom#
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Rust-style borrows

+ RustBelt &#’s lifetime logic [Jung+ ’'18], but later-free
Rust’s borrow {R}

let mutl = 0O
let b = &nutl
*D += 7,

print (1);
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Rust-style borrows

+ RustBelt &#’s lifetime logic [Jung+ ’'18], but later-free

Rust’s borrow R} Reasoning in SL —#
let mutl = O; T #$!D | int
let b = &TlUtI, ‘/ [ ] \ | |
) 1@l =) 1 & @l l—>1)
0 += 7, - int 0 br&! muting ’i\,
print (1); { v 1104 @Al —=>1)

"1 ASD | int "1 #3)
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Rust-style borrows

+ RustBelt &#’s lifetime logic [Jung+ ’'18], but later-free

Rust’s borrow R} Reasoning in SL —#
let mutl = O; T #$!D | int
et b = &nutl; s 8 >
) | 1@l =) 1 & @l l—>1)
0 += 7, | - 'int S D&l mutint ’i\,
print (1); { v 1104 @Al —=>1)
"I #$!D | int "L H#S
Pty Whott gip i p ip o Woortt pr

& P 1 [1]y 1V Weott i prpt P LoIpr L WhORT gl py 1],

14



Case study: RustHalt

15



Case study: RustHalt

+ Semantic foundation for verifying Rust termination

15



Case study: RustHalt

+ Semantic foundation for verifying Rust termination

Example fn iter (f,1) { match!l { Nil = (), Congal’) = { f(a); iter (f,*I"')} }}
la. a:& mutT " f(a) # . ! 1" [(##)].#=$#n0 " []
| : & mutList <> " iter (f,[) # . ! 1" [(%99]. %= map$ % " |]
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Case study: RustHalt

+ Semantic foundation for verifying Rust termination
» Refines RustHornBelt (R} [M+ '22] with Nola

Example fn iter (f,1) { matchl { Nil = (), Conga|') == { f(a); iter (f,*I')}}}
la., a: &' mutT " f(a) # . ! " [#)].#£=%#0" []
| :&! mutList <T> " iter (f,1) # . ' 1" [ [(%®]. %=map$ % " []
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Case study: RustHalt

+ Semantic foundation for verifying Rust termination
» Refines RustHornBelt (R} [M+ '22] with Nola
» Semantic typing / logical relation that enjoys extensibility
Example  iter (f,1) { matchl { Nil = (), Congal') = { f(a); iter (f,*I')}}}
la, a:& mutT " f(a) # . ! "  [##)].#©=%#0" ]
| :&! mutList <> " iter (f,1) # . ! " [(%9]. %= map$ % " ]
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Case study: RustHalt

+ Semantic foundation for verifying Rust termination
» Refines RustHornBelt (R} [M+ '22] with Nola

» Semantic typing / logical relation that enjoys extensibility

Example fn iter (f,1) { matchl { Nil = (), Conga|') == { f(a); iter (f,*I')}}}

la, a:& mutT" f(a) # .1 1" [#B)].#£©=%#0" ]
| :&! mutList <> " iter (f,1) # .1 1" [(%D]. %= map$ % " []
Semantics!
et r 1 pret $!¢",",# oz %&pre("&)(@&) &[]y &["] &!!" (ﬁ)

e 0% o8 %aIk (C&) &1 &['7 &!1 7 (8™
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Recent application: Lilo Lee+ OOPSLA "25

4+ Fair liveness verification with Nola-style invariants

> Stratification for higher-order features

Example

while (1) { V; X = 1; while (1) { V; X = 2;
do { V;a = X; } while (a =1); V; print(a); } do { V; b = X; } while (b = 2); V; print(b); }

refines
while (1) { V; print(2); } || while (1) { V; print(1); }
preserving termination under scheduler fairness
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» Goal: Prove subtyping on shared mutable refs semantically
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To experts: Magic derivability, our finding

+ Semantic alteration of SL formulas for the body

» Goal: Prove subtyping on shared mutable refs semantically

Goal

ref T! ref L  thing like

U ut 1 Need some- P! Q)

I

+ Magic derivability enables this by a kind of fixpoint

PRy ! 1 Qst! (P<0Q).|[Q

Judg! J ! P<=(C
P<Q' ! IPY ! 1Q",

PR QL
1" Deriv. !PY # 1Q)"
| 1" Deriv. /PRy # !}Qk
derJ  1J"., der" Deriv

der
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Our WOI‘k, Nola "'db‘ Matsushita & Tsukada PLDI ’25

4+ Sound later ' -free shared mutable state

> Refine Iris’s invariants || | | & RustBelt &

» Great for termination & liveness verification
- Case study: RustHalt, RustHornBelt revised for termination

> Fully mechanized in Rocq as a library of Iris

+ Syntax P for SL formulas to share: |[P|& & P

>

Extensible & Semantic SL props under later

» Magic derivability for semantic alteration
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https://github.com/hopv/nola
https://dl.acm.org/doi/pdf/10.1145/3729250

