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Part 2 (WIP): completeness of library specifications

= Completeness of logically atomic triples in Iris
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Language: —pure| Tefe|le| e <+ e
HeaplLang, but without fork, free, and prophecy variables

Ve,o.safey(e, 0) = So(0) Fwp e{v."o(v)'}
S.(0) £ >|< (0 — v) (the ownership of o)
(lv)eo
Lob induction > (Ve, 0. "safe,(e,0)" = So(0) = wp e {v."p(v)'})
= If safe,(v,0) (veVal) = "p(v)'+wp v{v."¢(v)'} (by WPVALUE)
= |f safe,(er,01) (&1 ¢ Val), then e; is reducible
case analysis on the first step
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If ¢, =refuv
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ref
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T
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= |f safe,(e1,01) (&1 ¢ Val), then e; is reducible
case analysis on the first step
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= |f safe,(e1,01) (&1 ¢ Val), then e; is reducible
case analysis on the first step

Language-independent, expect for the blue part

For language-dependent part: update S,(o) using primitive laws.



Concurrent Completeness

Sequential:

= Proof environment: safe,(e, o) and S,(0)
= One wp e {v."p(v)'}

10



Concurrent Completeness

Sequential:

= Proof environment: safe,(e, o) and S,(0)
= One wp e {v."p(v)'}
But in concurrent setting, we need to prove..

Spatial hyp rsafe—tpw(_e), o) S.(0)

0
>k

Goal wp fork {ei}; e {v."p(v)'}

10



Concurrent Completeness

Sequential:

= Proof environment: safe,(e, o) and S,(0)
= One wp e {v."p(v)'}
But in concurrent setting, we need to prove..

Spatial hyp rsafe—tpw(_e), o) S.(0)

Goal wp e; {v. True} « wp e {v."p(v)'}

10



Concurrent Completeness

Sequential:

= Proof environment: safe,(e, o) and S,(0)
= One wp e {v."p(v)'}
But in concurrent setting, we need to prove..

Spatial hyp rsafe—tpga(_e), o) S.(0)

Goal wp e; {v. True} « wp e {v."p(v)'}

— — N
Leompt = ‘EI ¢, 0. 'safe-tp,(€,0)" * S.(0) ‘

Vi, €. Leomp Fwp e {v. "f=0= gp(v)_'}

10



Concurrent Completeness

Sequential:

= Proof environment: safe,(e, o) and S,(0)
= One wp e {v."p(v)'}
But in concurrent setting, we need to prove..

Spatial hyp rsafe—tpga(_e), o) S.(0)

— %

Goal wp e; {v. True} * wp e; {v. "p(v)’
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P
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Generalization

Number of programs

//(/\seq-el S )\se/q-/:eéj //[)\conc-el S, )\co/nc:-/E%

s
z Z z Z Y

z

AN
N
N
N
N
W~
N
X
N
N
N
N

-
7 4
P / P
s 0 _~Language
/ s 7
Z L, 7 //

[Wp Aseq.e{...}j:// [Wp )\conc.e{...}l:///{.. [ wp Ae{} j:///

EWpA%W@L”]} [WpAwmﬁp.ﬁl . E wp A.el -] J
Strength of safety } i
" Xeq» Aon — any language A (terms® and conditions® apply)
= wpe{---} —> wpe[--] (Lob induction — well-founded induction)
. Unary — binary (built on top of the unary completeness) 1




Condition 32 (Completeness).
"base-red(e, o) * S, (o) * oF & % I—safe—tpg)(f?, o) +n Y K[e] - g
('—Atomic ¢’ + YO. > WithStatePre(E, e,n, K, 0, &, ®) = Wpg e {CD}) Y
(So(0) = o¥ & % V. > WithoutStatePre(E, e, K, ®) ~ wp e {®})
where
WithStatePre(E, e,n, K, 0,8,®) 2 Yo', 0. ¢7. "(e,0) > (v, 0", 7)) % S (0') x ' Exn oY K[e] + g
D(v') = *e e, wpy ef {0. True}
WithoutStatePre(E, e, K, ®) = Ve', ¢, ¢/. Reduces(e, K, €', €) ~+ P+
wpr e’ {®} =« 3k, _; wp.ef (0. True}
Reduces(e, K, ¢’,€) £ V.5, (0) * o' & rsalfefl‘pq](é, o) =« pg

30’ (e,0) o7 (€',0".¢7) % S(d’) # o Exn Y K[e]

Completeness. If Condition 32 holds for a language A, then

safe (e, @) = Fwp e {v."¢(v)'}
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Completeness. If Condition 32 holds for a language A, then

safe (e, @) = Fwpe{v."¢(v)'}

Case studies: HeaplLang, Arust, time credits, and Eris (error credits)

* Agrust: handle non-atomic memory access

» Eris: redo the completeness theorem following the same pattern

12



The missing rules in HeaplLang

unique = let {; = ref() in
free/;

assert (; # ref()
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The missing rules in HeaplLang

. A . |
unique = let {; = ref() in Safe because locations are never reused!

freely; Prove safety using meta tokens.

assert (; # ref()

¢ ¢ dom(o) o(l) =
(ref v,0) —pase ({, [l 1], €) (freel,0) —pase ((), 0/l L]0, €)
{True} ref v{l.{ — vx metaTok(¢, T)} {0 v} freel{v."v= ()"}

metaTok (¢, T) * metaTok(/2, T)
" F# b

(was missing)
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Another Example

resolve £ resolve (LitProph 1) to ()
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Another Example

resolve £ resolve (LitProph 1) to () Safe because

resolve does not check existence!

Analogy: (LitLoc 1) + ()

p € o.pid

(resolve ptov,0) Mhase ((),0,¢)
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Completeness.
For a HeaplLang expression ¢, safe,(e, @) =+ wp e {v."¢(v)'}

14



Insight: What Iris features are needed?

= LOb induction

» First-order ghost state, ghost maps

» |nvariants of timeless assertions

» WpVALUE, WPBIND, WPPURE, FuPDWP, and WPATOMIC
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Insight: What Iris features are needed?

= L6b induction

First-order ghost state, ghost maps

Invariants of timeless assertions
WPVALUE, WPBIND, WPPURE, FuUPDWP, and WPATOMIC

We don’t need

= Higher-order ghost state
» |mpredicative invariants
» Later credits 15
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Logic & Truth for Concurrent Data Structures

Logic Truth
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Logic & Truth for Concurrent Data Structures

Soundness v~ Birkedal et al. (2021)

Linearizable w.r.t.

(1 (P op(obj 2) (y. Qu(®))] cecuential behovior 1

= | -

Completeness

Logic Truth
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Key ldeas

(P) e(Q) =V®. AUp o(®) — wp e {®} -

AU o

I
T

= Extract linearization points from lin,(op)
= “Fire” AU at the linearization points
Challenges & Strategies

» Future dependency: typed prophecy variables on undecidable types
needs excluded middle law

= Non structural linearization points: helping
needs impredicative invariants and later credits



Completeness.
For a library op, lin,(op) = Vobj, z. I, = (P,) op(obj, ) (y. Qu(v))
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Why completeness?

» Theoretically interesting
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Why completeness?

» Theoretically interesting

» Embedding external techniques

-+ () op(obj, ) (-+-) | [Herlihy and Wing (1990) Queue}

(7))

3 l

C .

;% Aspect_oriented[Henzmger et al.(2013)] ]

o

§ / Fwd sim w/ commit pointsBouaijani et al.(2017)] }

: Sound :
lin,(op) ouncness { Meta-configuration trackinglayanti et al.(2024)] J
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Conclusion
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» Language-independent whole program completeness theorems
» Case studies: HeaplLang, Arust, time credits, and Eris
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Conclusion

Part 1. (To appear at ICFP 2026)

» Language-independent whole program completeness theorems
» Case studies: HeaplLang, Arust, time credits, and Eris

Please try it out!
(and/or join our discussion session)

Part 2.
= Completeness of logically atomic triples
» Ported external techniques: aspect-oriented proofs,

forward simulation with commit points, and meta-configuration tracking 19
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