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Deterministic execution is critical for replicated systems
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Deterministic parallel execution (DPE) eliminates the single-threaded execution bottleneck!
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DPE has been explored in DB, blockchains, and datacenter
microservices (Bohm, Caracal, Block-STM, DORADD, etc.)
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DPE boosts performance, but leaves correctness assumed

- Existing DPE: determinism by design, correctness argued informally
- Bug impact: replica divergence, lost reproducibility, exploitable order

violations*

*Yunhao et al. Ordered Consensus. OSDI’26, OSDI’20.
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Our work focuses on
tools (Verus, Dafny, etc.) make this practical.

Kernel: Atmosphere (SOSP25)

Memory management: CortenMM (SOSP25)
Cluster controller: Anvil (OSDI24, SOSP26)
Storage: POWER (OSDI25)

.Recent advances in systems verification
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Insight | (local reasoning): Localize by objects, then compose

Intuition: each object has a dependency chain for exec

Avoid considering numerous interleavings (Cl) and support disjoint states

reasoning

Insight 2 (unified interface): Determinism is enforced at one effect boundary

Both runtime families produces visible effects at a commit point.

let res = task.run();

(res, state);



DeterV Overview

A verified DPE runtime in Verus

Localize Enforce Compose
each object follows its Check that order at layered refinement that
own version order one commit boundary composes local reasoning

(Insight 1) (Insight 2) into the global one
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Verification Focus

- Target: final state determinism
- A reference spec model: sequential_exec
- DPE(log) = sequential_exec(log)

11



DeterV Design

A verified DPE runtime in Verus

Localize Enforce
each object follows its Check that order at
own version order one commit boundary
(Insight 1) (Insight 2)

o\

Compose
layered refinement that
composes local reasoning
into the global one
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Local Reasoning via Object Versions

- Per-object version sequence

- Each task advances accessed objects to exactly next version
- Versions provide a simpler/compact abstraction for progress
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Local Reasoning via Object Versions

- Per-object version sequence

- Each task advances accessed objects to exactly next version
- Versions provide a simpler/compact abstraction for progress

TI(x)

T2(y)

T3(x)

vo[ 11 || T2 |

v ]

V2

- Each object walks its version sequence, rather than reasoning about the huge

global schedule space
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can safely say “x is at version v’?
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Manage Versions under Concurrency

- Versions themselves are shared mutable facts: who
can safely say “x is at version v’?

[ read version(x) = v ]

- DeterV represents this into two forms (a

[ commit X to v+I ]
global truth + thread-local token/permit)

[ “I know X is at v”X]

who is allowed
<. to move it next!

[ X is atv } { tokeh: x @v ]

l l Implemented as Authoritative Resource
Algebra from Iris (POPL15)
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DeterV Design

A verified DPE runtime in Verus

Localize
each object follows its

own version order
(Insight 1)

Versions and safely
represent who may
advance a version

Enforce
Check that order at

one commit boundary
(Insight 2)

Compose
layered refinement that
composes local reasoning
into the global one

where do we check and
actually mutate the
version?
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become visible, in which version
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1 exec fn commit_effects<S: Store>(

2 store: &StoreHandle<S, ReadWrite>,

3 writes: &Vec<(ObjId, S::Value)>,

4 Tracked(inv): Tracked<ObjInvariantsList>,

5 Tracked(permits): Tracked<PermitsList>, Ghost

6 ) — (advanced: Tracked<PermitsList>) state

7 requires

8 forall|o| permits_match_inv(permits[o], inv[o]),Pre/POSt
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10 forall|o| advanced@[o].v == permits[o].v + 1, {Cond
11 let applied: Map<ObjId, Version> = store.apply(writes);
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Compose Local Version Steps into Global Determinism
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Compose Local Version Steps into Global Determinism

Sequential Spec Layer

sequential_exec(log)

" 2. Inductive refinement

Global State Machine Layer

Concurrent Runtime Layer

(via commit_effects)

pointwise equality indicates the final state
equivalence

“Forget the schedule”; keep only each obj’s
committed version.

threads execute concurrently;
commit_effects is where shared state changes
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Implementation & Evaluation

- 3:| proof-code ratio in Verus
- Only verify safety, not liveness

- No async support
thread pool -> crossbeam-channel + std::thread
Notify -> Mutex and CondVar
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Implementation & Evaluation

=—0— DeterV === Unverified

- 3:| proof-code ratio in Verus
Uniform Zipf a=0.50
- Only verify safety, not liveness _g Tk
- No async support 2z ]
S € 100 4 100 5
- thread pool -> crossbeam-channel + std::thread = e i
- Notify -> Mutex and CondVar 100 200 300 100 200 300
<= 1k 3 1k =
3 3 3
o 22 100 4 100 4
- No latency penalty, less than 20% throughput R e s S =
100 200 300 100 200 300

drop due to the heavier signal impl



Takeaways

- Deterministic parallel execution boosts the replication performance,
while leaving the correctness unchecked.

- DeterV presents localize-then-compose reasoning which can simplify
the verification, instead of global reasoning

- Effects commitment provides a natural boundary and a reusable
interface to hook in verification
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