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<latexit sha1_base64="LqcDQSSL5VjqlCbqwEiUqpeLWYE="></latexit>

→r.
[
! r

]
f(r)

[
↑
] Winv ! "

[
!list ! r" ↓ c ↔↗ 𝐿

]
iterc(f,c,r)

[
c ↔↗ 0

] Winv ! "

<latexit sha1_base64="EnWvbz45Ng9hqZFv6n36JWStwvY="></latexit>

fn iterc(f,c,r) { if *c > 0 {
f(r); *c = *c → 1;
iterc(f,c,*(r+ 1)) } }

✦ Can verify termination of iteration naturally!
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✦ Allows flexible construction for extra expressivity

‣ Later-weakening

‣ Stratification <latexit sha1_base64="350strsSt+FdJeUhDeBybwW3BbY="></latexit>

![P] e [Q]"1 ⊋[
!P"1

]
e
[
!Q"1

] Winv ! "0

<latexit sha1_base64="RUzccX2PrGV9JtjMVuVfJ6rECGA="></latexit>
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<latexit sha1_base64="X+rewjclSbdeDFJhbEob+mJ9lY4="></latexit>
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✦ The set of SL formulas can even be extensible

‣ By parameterizing over the constructors, just like iProp’s Σ

<latexit sha1_base64="X+rewjclSbdeDFJhbEob+mJ9lY4="></latexit>

Fml → P , Q !𝐿,𝑀 P * Q | · · · |
!" #$P (P ↑𝐿 Fml)

| �̌� 𝐿 (𝑁 ↑ ⊋ iProp)
<latexit sha1_base64="qTxbGaZa9kiHpxdxVAk+vgrYROQ="></latexit>

! �̌� 𝐿 " ⊋ �̌� 𝐿 𝐿 𝐿 ⊋ �̌� next 𝐿 �̌� next 𝐿 ⊋ 𝐿 𝐿
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✦ Nola’s model for the invariant generalizes Iris’s 

‣  for            ,                              for
<latexit sha1_base64="FfCS8EHbyTMLkA2Br16fh6bpS0Y="></latexit>

Fml

To experts:  Nola’s model just generalizes Iris’s
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<latexit sha1_base64="csMVsEVtnL8OncHWSX/MivVnKX8="></latexit>

⊋ iProp
<latexit sha1_base64="PTKtHHU907IOMmF5TlhYdcU8Sp8="></latexit>

�̌� : ⊋ iProp → iProp

<latexit sha1_base64="NaGtUCMtuJLKYxHakEhy+uN/HzY="></latexit>

I!" Fml ⊋ A#$%
(
N !n

𝐿 A& Fml
)

’I!" ⊋ A#$%
(
N !n

𝐿 A& (⫅̸ iProp)
)

P ⊋ →𝐿 . ↑ [𝐿 ↓ ag P ] 𝐿I!"
𝑀 𝑀 ⊋ →𝐿 . ↑ [𝐿 ↓ ag (next 𝑀)] 𝐿’I!"

Winv ! " ⊋ → I : N !n
𝐿 Fml.

• ag I 𝐿I!" ↔ ↔
𝑀↗dom I

( (
!I 𝐿" ↔ ( 𝑀

)
↘ ) 𝑀

) Wlinv ⊋ → 𝑁 : N !n
𝐿 ⫅̸ iProp.

• ag 𝑁
𝐿’I!"

↔ ↔
𝑀↗dom 𝑁

( (
�̌� 𝑁 𝐿 ↔ ( 𝑀

)
↘ ) 𝑀

)

<latexit sha1_base64="GG5KX1Yr+9l1ZPZD7R4lTBAINJA="></latexit>

! ": Fml → iProp
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let mut l = 0;
let b = &mut l;

*b += 7;
print(l);

!

Rust’s borrow
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↑𝐿. l ↓↔ 𝐿†!↑𝐿. l ↓↔ 𝐿 l : int
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<latexit sha1_base64="j1NUGylGvKCBt8u22CfALYv7fvE="></latexit>

let mut l = 0;
let b = &mut l;

*b += 7;
print(l);

!

Rust’s borrow

<latexit sha1_base64="2imKLQcGhF27rzbZQXetEeIOkug="></latexit>

!P" ⊋Wbor ! " &! P → ↑! P †! → ↑! P ⊋Wbor ! " !P"

&! P → [!]𝐿 ⊋Wbor ! " &!
𝐿 P → !P" &!

𝐿 P → !P" ⊋Wbor ! " &! P → [!]𝐿

<latexit sha1_base64="PyLYQva2WvE48t8NzaazmrVDgqw="></latexit>
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l :†! int
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[!]1 &! ( E

𝐿. l|-> 𝐿)
b : &! mut int

[!]1↗𝐿

&!
𝐿 ( E

𝐿. l|-> 𝐿)
↑𝐿. l ↓↔ 𝐿†!↑𝐿. l ↓↔ 𝐿 l : int
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fn iter(f, l) { match l { Nil => (), Cons(a,l→) => { f(a); iter(f, *l→) } } }
<latexit sha1_base64="mYmUvNeD/Flah7in5znzZQpGWWU="></latexit> →a. a : &! mut T ↑ f(a) ↓ _. ⊋ 𝐿𝑀 , [(𝑁,𝑁↔)] . 𝑁↔ = 𝑂 𝑁↗ 𝑀 []
l : &! mut List<T> ↑ iter(f,l) ↓ _. ⊋ 𝐿𝑀 , [(𝑃, 𝑃 ↔)] . 𝑃 ↔ =map 𝑂 𝑃↗ 𝑀 []
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‣ Refines RustHornBelt       [M+ ’22] with Nola

‣ Semantic typing / logical relation that enjoys extensibility

Case study: RustHalt
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Example <latexit sha1_base64="NMmR46cJn2XrlCyFnSkcb2YZFt8="></latexit>

fn iter(f, l) { match l { Nil => (), Cons(a,l→) => { f(a); iter(f, *l→) } } }
<latexit sha1_base64="mYmUvNeD/Flah7in5znzZQpGWWU="></latexit> →a. a : &! mut T ↑ f(a) ↓ _. ⊋ 𝐿𝑀 , [(𝑁,𝑁↔)] . 𝑁↔ = 𝑂 𝑁↗ 𝑀 []
l : &! mut List<T> ↑ iter(f,l) ↓ _. ⊋ 𝐿𝑀 , [(𝑃, 𝑃 ↔)] . 𝑃 ↔ =map 𝑂 𝑃↗ 𝑀 []

Semantics!
<latexit sha1_base64="EoY8nRfttZli0+S9PeVW+MKa9YQ="></latexit>

!! →! e ↑ r. !↓ ⊋ pre" ⫅̸ ↔𝐿 , 𝑀,𝑁.
[
↗ ¯̂𝑂.

〈
𝑃𝑄 . pre (𝐿 𝑄) (𝑂 𝑄)

〉
↘ [!]𝐿 ↘ [𝑀] ↘ !!"( ¯̂𝑂, 𝑀)

]
e

[
𝑃r. ↗ ¯̂𝑅 .

〈
𝑃𝑄 . 𝐿 𝑄 (𝑅 𝑄)

〉
↘ [!]𝐿 ↘ [𝑀] ↘ !!↓"( ¯̂𝑅, 𝑀)

]Wrh ! "
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Recent application:  Lilo
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Lee+ OOPSLA ’25

refines

preserving termination under scheduler fairness

Example
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✦ Semantic alteration of SL formulas for the body 

‣ Goal:  Prove subtyping on shared mutable refs semantically

✦ Magic derivability enables this by a kind of fixpoint

To experts:  Magic derivability, our finding

17

<latexit sha1_base64="q6sfy+/uT1utQVuk6ZkcXqOCOes="></latexit>

T → U U → T

ref T → ref U
Goal

<latexit sha1_base64="rE3wHY7/s4xlsx5fAqDnmqVw1UU="></latexit>

!P" → !Q"
!
!" #$P " → !

!" #$Q "
Need some- 
thing like

<latexit sha1_base64="81lNuT4hqVc2Eqau0BJa1YdMwNo="></latexit>

!
!" #$P "𝐿 ⊋ →Q s.t. 𝐿 (P <=> Q ) . Q

<latexit sha1_base64="zyQONQ8A+zflh1r+QGinCJRWqUA="></latexit>

Judg → J ! P <=> Q
<latexit sha1_base64="7eDu4tp16tghKYcXQEqSXv7jqcI="></latexit>

!P <=> Q "+𝐿 ⊋ !P"𝐿 → !Q"𝐿

<latexit sha1_base64="m54DPIFj6ck7EEaZudqUDD9BU9Y="></latexit>

→ 𝐿 ↑ Deriv . !P"𝐿 ↓ !Q"𝐿
→ 𝐿 ↑ Deriv . !

!" #$P "𝐿 ↓ !
!" #$Q "𝐿

<latexit sha1_base64="g1GO0f+mu2yEHMHBXwEsLl7T2Lg="></latexit>

der J → !J"+der der ↑ Deriv



✦ Sound later   -free shared mutable state

‣ Refine       ’s invariants        & RustBelt      ’s borrows

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

‣ Fully mechanized in Rocq as a library of

✦ Syntax  for SL formulas to share:       & 

‣ Extensible & Semantic SL props under later

‣ Magic derivability for semantic alteration

<latexit sha1_base64="lChu82hN2pPrXrYUpy3amiRxeO0="></latexit>P

Our work, Nola

18

<latexit sha1_base64="6XO8LhtyftoijSnUFDtP03MR8+Q="></latexit>

𝐿 𝐿

<latexit sha1_base64="IMbECOKpSOuhHfKQQmV+OCXKH9U="></latexit>𝐿
<latexit sha1_base64="85fTkX6CA+kzKPaj2X87u9/yVtE="></latexit>&! 𝐿𝐿

Matsushita & Tsukada PLDI ’25

<latexit sha1_base64="az24aX6tp4wu97OsqdFDeXJ3gOg="></latexit>

P <latexit sha1_base64="0dGaRJVaYn02/943XCvCWu0bA1c="></latexit>

&!P

https://github.com/hopv/nola
https://dl.acm.org/doi/pdf/10.1145/3729250

