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Abstract

Fault-tolerance is critically important in highly distributed
modern cloud applications. Solutions such as Temporal,
Azure Durable Functions, and Beldi hide fault-tolerance com-
plexity from developers by automatically persisting execu-
tion state and resuming seamlessly after failure. This pat-
tern, often called durable execution, usually forces frequent
and synchronous persistence, resulting in significant latency
overheads. In this paper, we propose distributed speculative
execution (DSE), a technique for implementing the durable ex-
ecution abstraction without incurring this penalty. With DSE,
developers write code assuming synchronous persistence, and
a DSE runtime is responsible for transparently eliding per-
sistence and reactively repairing application state on failure.
We present libDSE, the first DSE application framework that
achieves this vision. To hide speculation from application
code, we design a novel programming model centered around
message-passing, atomic code blocks, and lightweight threads,
and show that it allows developers to build a variety of specu-
lative services, including write-ahead logs, key-value stores,
event brokers, and fault-tolerant workflows. Our evaluation
shows that 1ibDSE reduces end-to-end latency by up to an
order of magnitude for persistence-bound applications com-
pared to current durable execution systems with minimal
runtime overhead and complexity.

1 Introduction

Modern cloud applications are more distributed than ever.
Companies have long adopted microservice-oriented architec-
tures, splitting their applications into hundreds of loosely cou-
pled, independently deployed distributed components [2,43].
Recent proposals, such as serverless and granular comput-
ing [49, 55], have pushed for even more distribution at a finer
granularity. Benefits aside, this makes every modern cloud
application inherently distributed and fault tolerance a key
challenge, leading to a new class of Durable Execution [10]
systems (e.g., Azure Durable Functions [8], Temporal [30]).
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These systems automatically persist application state where
necessary and transparently recover from failures to resume
execution. Today, they are widely used to orchestrate microser-
vices or serverless workers [12-14,16,17,20,22,27,32,48,76,
78]. Despite growing popularity, however, durable execution
engines often must perform frequent and synchronous state
persistence for correctness, which results in high latency over-
head (Section 2). Worse, this persistence amplification scales
with the degree of distribution — as the application is split
into more distributed components, synchronous persistence
becomes more frequent and expensive.

In this paper, we propose distributed speculative execu-
tion (DSE), which decouples the abstraction of durable ex-
ecution from its physical execution pattern. DSE bypasses
synchronous persistence on the failure-free path, allowing
services to communicate speculatively. To ensure correctness,
the runtime acts as a speculation sandbox, buffering outputs
to external systems (e.g., the user, legacy databases) until the
underlying state is durable. This dramatically reduces per-
ceived latency on the common path, in exchange for more
complex failure recovery. This trade-off is worthwhile as long
as the unit of speculation (e.g., an RPC request) is more likely
to succeed than to be interrupted by a failure.

Speculation is not a new idea. Prior work in hardware [70],
databases [39,44], and file systems [35, 62,63] used similar
techniques to hide latency. However, applying speculation to
modern cloud applications introduces new challenges.

Many previous systems assume a canonical shared state
(e.g., main memory, distributed file system). Participants lo-
cally speculate on the outcome of operations on that shared
state without committing speculative state. In contrast, many
modern cloud applications adopt a shared-nothing, message-
passing architecture (e.g., microservices, event-driven archi-
tecture). This requires speculation across multiple indepen-
dent, failure-prone entities (i.e., on both sides of a message
channel). Consequently, DSE must correctly orchestrate dis-
tributed rollbacks across multiple participants when failures
occur. Additionally, such rollbacks can interleave and race
with client logic unless the client rigorously protects itself by
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synchronizing against possible rollbacks at any time, resulting
in significant conceptual and engineering complexity.

To solve these challenges, we build libDSE, a speculative
programming framework for message-passing applications.
For the first challenge, orchestrating distributed rollbacks,
libDSE adapts the Distributed Prefix Recovery (DPR) proto-
col [57], a distributed cache recovery scheme, to our message-
passing setting. LibDSE automatically instruments messages
(e.g., RPC calls) between services to build and maintain a
recovery dependency graph. The graph is used to determine
when results are safe to expose externally, and to compute a
consistent snapshot for every affected component to roll back
to after failure. Component services are required to expose
hooks, enabling the libDSE runtime to force persistence/roll-
back when necessary and prevent unbounded growth of the
dependency graph.

For the second challenge, synchronizing against possible
rollbacks, libDSE provides a speculation-native programming
model centered around two intuitive primitives, actions and
sthreads. Actions are user-defined atomic blocks that are guar-
anteed by 1libDSE not to overlap with persist/recovery/rollback
invocations. Sthreads are stateless and lightweight threads
of execution that allow libDSE to guarantee correctness for
long-running or asynchronous operations that cannot execute
atomically. Advanced developers exercise fine-grained con-
trol over speculation behavior through speculation barriers,
analogous to memory barriers [26], which allow 1ibDSE ser-
vices to co-exist with non-speculative components by only
exposing non-speculative results.

Using 1ibDSE, developers can build speculative message-
passing services while relying on the framework to manage
the complexities of distributed dependency tracking and con-
current rollback/recovery. We demonstrate the benefits and
trade-offs of DSE by building three representative applica-
tions: a travel reservation workflow, a high-throughput event
processor, and a transaction processing system. We evalu-
ate our libDSE-based implementation against state-of-the-art
production and research systems, including Temporal [30],
DARQ [56], and Microsoft Orleans [29], showing that it can
reduce end-to-end latency by up to an order of magnitude. We
also quantify the engineering effort of adopting libDSE and
discuss the practical implications of its programming model.
In summary, our contributions are:

* We propose a new distributed speculative execution (DSE)
scheme that dramatically reduces fault-tolerance overhead
in durably executed applications.

* We present the design and implementation of libDSE, the
first DSE programming framework for modern shared-
nothing message-passing cloud applications.

* We present a detailed evaluation of 1libDSE on a diverse
set of cloud applications, showing up to an order of magni-
tude latency savings compared to current, non-speculative
implementations.

@ Increment() Counter

Frontend Service
—_—>

Logging

@Log(request) Service

Figure 1: A Simple Running Example
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2 Background and Motivation

Running Example. Consider a toy example of an application
that consists of a frontend layer, a counter service, and a log-
ging service. Users issue requests to the frontend to increment
the counter. Each request and its result are then sent to the
logging service for bookkeeping purposes. Failures can result
in a number of anomalies even in this simple scenario. Each
service can crash and lose data. The frontend server can crash
after a successful increment but fail to log the incremented
value. Naive attempts to solve this may retry the operation,
and cause the services to increment or log too many times.
While these anomalies appear innocuous in the toy example,
they are highly undesirable in real-world scenarios. If an e-
commerce company uses a similar architecture to connect
their payment and fulfillment services, such anomalies can
lead to double charging or unfulfilled orders. Developers of-
ten resort to principled solutions like durable execution to
prevent such anomalies.

2.1 Current Solution

Durable execution creates an illusion of uninterrupted, failure-
free execution by persisting application state at every step
and automatically retrying execution after failure. The goal
of durable execution is to ensure that users cannot distin-
guish between executions of the application with failures, and
ones without (except perhaps through performance degrada-
tion) [4]. Today’s cloud architect might achieve durable exe-
cution in our running example by first making each service
durable (e.g., by persisting to a database before returning),
and then using a resilient workflow engine (e.g., Temporal)
to orchestrate the frontend calls.

To protect against frontend failure, the workflow engine
automatically persists operation intents [69] and intermediate
results, and retries on failure. Each stateful service must be
programmed for idempotency — retried requests must have no
visible effects beyond their first execution, e.g., by attaching
a unique ID to each request and de-duplicating on the service
side. In our running example, the workflow engine would
execute an increment call by first persisting the intent to incre-
ment and generate a unique request ID, retry until successful,
and persist the result. Under the hood, the workflow system
maintains (sometimes implicitly) a directed acyclic graph
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Figure 2: DSE optimizes durable execution by transparently
eliding synchronous persistence and waiting in parallel

(DAG) of stateful tasks, and ensures at-least-once execution
(which is equivalent to exactly-once if tasks are idempotent).
Most such systems today must synchronously persist each
task’s output before starting the next task. Otherwise, if tasks
are non-deterministic, a replay may yield different outputs and
spawn different downstream tasks. The divergent tasks may
then conflict and cause anomalies. Consequently, almost all
of today’s durable execution systems have cumulative latency
overheads that scale with the depth of the task graph.
Our Solution. In contrast, DSE forges ahead before operation
intents, effects, or intermediate results are durable, greatly
reducing latency. This inevitably leads to anomalies upon
failures. To maintain the same durable execution guarantees,
DSE applications must detect such inconsistencies, repair
them, and prevent external users from observing them. In
other words, the requirements of correct DSE are:

* Recoverability. Inconsistencies are eventually repaired.

* Failure Transparency. External entities (e.g., clients) never
observe failure-induced inconsistencies.

Fundamentally, this means that DSE systems are rollback-
based recovery systems [42]. Any solution must design pro-
tocols that correctly track recovery dependencies between
participants, determine when state becomes recoverable, and
roll back unrecoverable state on failure. On failure, the system
determines the extent of failure based on collected dependen-
cies and orchestrates rollback across participants to restore
the application to a consistent state. Such schemes support
non-determinism, as non-deterministic operations are either
restored from persisted state and never replayed, or all their ef-
fects are rolled back. The key trade-off is that on failure, DSE
systems lose speculative work and must coordinate rollback,
which adds complexity.

2.2 System Model and Assumptions

Before we proceed, we discuss the system model and assump-
tions made for DSE that set it apart from earlier work.
Failure Model. Each component has fail-restart seman-
tics [56], meaning it may fail at any point and lose its volatile
in-memory state. However, it is guaranteed to restart in
bounded time and recover from state that it has explicitly
persisted before failure. Multiple incarnations of the same
component may temporarily co-exist due to network parti-
tions. We do not consider Byzantine failures.

Network. We assume reliable point-to-point communication
channels (e.g., TCP/IP), meaning messages are not lost or cor-
rupted. Network partitions can occur, temporarily preventing
services from communicating.

Storage and Persistence. Each component has access to
its own private durable storage that persists across failures,
such as a local log, remote replicas, or a backend database.
However, to enforce loose coupling between components,
components cannot directly access each other’s storage.

2.3 Targeted Workloads and Boundaries

DSE is broadly applicable to applications dominated by serial
persistence overheads. Beyond microservice orchestration,
DSE naturally targets:
Event-driven Processing. Many modern cloud systems use
event-driven pipelines to process streams of data. While the
initial ingestion may be durably logged upfront for reliability,
the state of each processing operator in the pipeline must
also be fault-tolerant. In conventional systems like Kafka
Streams [73], this requires each operator to synchronously
persist its intermediate state before passing results to the next
stage, incurring a persistence penalty at each step. DSE can
optimize this by allowing intermediate states to be managed
speculatively, eliminating synchronous I/O between stages.
Distributed Transactions. Many applications require atomic
updates across multiple microservices (e.g., orchestrating
checkout between inventory, payment, and shipping). This is
often achieved using distributed transaction protocols (e.g.,
two-phase commit [54, 60]), which rely on frequent, syn-
chronous logging to a durable medium. DSE can transparently
hide the latency of these synchronous log writes from the crit-
ical path without requiring changes to the core protocol logic.
Conversely, DSE’s benefits diminish when applied to work-
loads where persistence is not the primary bottleneck. For
compute-heavy applications, such as agentic exploration or a
video transcoding pipeline, task execution time vastly over-
shadows persistence latency. In these scenarios, the latency
saved by DSE can be negligible to the end-to-end execu-
tion time, as compute cost dominates. Similarly, for shallow,
CRUD-heavy applications, the latency savings are proportion-
ally smaller due to shorter execution chains. However, even
for these simple applications, traditional durable execution
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engines typically persist execution history (e.g., intent to exe-
cute, task start, and task completion) to guarantee determinis-
tic replay. This turns single logical operations into multiple
synchronous persistence operations. Consequently, DSE still
provides measurable improvements for shallow workloads by
bypassing these framework-injected persistence roundtrips,
though the absolute savings are less dramatic than in deep
workflows.

3 1libDSE Design

DSE application developers build speculative services by
encapsulating application state into StateObjects. Appli-
cation developers define StateObjects by implementing
a set of methods to persist or restore application state and
using libDSE’s primitives to protect state access. It is the
responsibility of libDSE to manage the complexity of spec-
ulation and failure recovery; it 1) persists, recovers, or rolls
back StateObjects when necessary by invoking developer-
supplied methods, 2) instruments application messages to
establish dependencies, drop rolled back messages, or delays
speculative messages where necessary for safety, and 3) im-
plements concurrency control primitives to protect applica-
tion logic against rollbacks. Application developers do not
need to implement the distributed recovery protocol logic or
reason about speculation beyond specifying atomicity bound-
aries using 1ibDSE. The rest of this section focuses on these
primitives (Table 1). We discuss the details of how libDSE
orchestrates speculative execution in Section 4.

3.1 StateObjects and Actions

Users create StateObjects by implementing the abstract
StateObject API shown in Table 1. We show an example
implementation of the counter service from our running ex-
ample using cloud storage files in Figure 3. The framework
ensures that Persist and Restore are not concurrently in-
voked. For performance, the Persist API is asynchronous;
users may return from the call once the persistence operation
is issued (e.g., flush the log at a specific offset), but before
it is completed. While conceptually simple, Restore encap-
sulates two different use cases, one where the StateObject
has failed and must reload state from persistent storage, and
another where the StateObject responds to a rollback. For
both cases, the example loads persistent state. This is correct
for the latter, but potentially slow and inefficient. Develop-
ers are therefore encouraged to distinguish between these
two cases (e.g., by checking if value == default in the
example) and apply application-specific optimizations (e.g.,
by leveraging built-in multi-versioning [34, 65, 67]). If the
StateObject crashes, the runtime uses ListVersions to
identify unpruned Persist calls. This API easily allows for
alternative implementations of persistence and recovery. For

1 class CounterStateObject StateObject {

2 int value;

4 void Persist (long ver, byte[] m, Action c) {
5 var content = Marshall (ver, m);

6 // async write to cloud storage

7 Task.Run (() => {

8 WriteFile (GetName (v), content);

9 e()s

10 b

11 }

13 byte[] Restore (long ver) {

14 content = ReadFile (GetName (ver));

15 var v, metadata = Unmarshall (content);
16 this.value = v;

17 return metadata;

18 }

19
20 }

Figure 3: Example StateObject Implementation

1 class CounterService {
2 CounterStateObject so;

4 /7 andler for RPC call to increment counter
5 IncrementResponse Increment (

6 IncrementRequest r) {

7 if (!so.StartAction(r.header)) throw;

8 response = new IncrementResponse ();

9 response.result =

10 AtomicInc (so.value, r.incrementBy);
11 response.header = so.EndAction();

12 return response;

13 }

14

15

Figure 4: Example CounterService Implementation

example, one can implement the counter service via either
logging and replay or a replicated state machine.

1ibDSE organizes operations on StateObjects as a series
of atomic execution units called actions. Each action’s effects
are either entirely persisted or entirely lost due to recovery or
rollback. libDSE achieves this by ensuring actions never inter-
leave with Persist or Restore operations. However, actions
may execute concurrently with each other to allow for paral-
lelism. Messages are consumed as part of actions or produced
as a result of actions. libDSE provides users with flexibility
on how best to deliver messages between StateObjects, re-
lying on users to pass opaque headers rather than mandating
a specific messaging implementation.

We present an example in Figure 4 that implements our
counter service using gRPC [21]. Each message is instru-
mented with a . header field that holds metadata for libDSE
(more on this later). If StartAction returns false, the mes-
sage’s sender was rolled back, and the message must be dis-
carded. Otherwise, libDSE protects execution after line 7
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StateObject API

Semantics

StartAction (header) — bool
EndAction() — header
Connect (config)

Refresh()

Detach() — sthread

Merge (sthread) — bool

Start an atomic action, (optionally) receive the given libDSE message header. If returned
false, the message originates from rolled back state and should be discarded.

End an atomic action and (optionally) produce a header that encodes dependencies for any
outgoing messages resulting from this action.

Connect this StateObject to a libDSE Coordinator using the given configuration. Must be
invoked exactly once before performing any other operation.

Refresh should be periodically called to perform libDSE background tasks and guarantee
progress for the cluster.

Temporarily suspend an action and produce a sthread that can be used for speculative
operations independent of this StateObject.

Resume an action by merging the detached sthread back into this StateObject and update
its dependencies. If false, the state leading to the creation of the sthread was rolled back
and the sthread should be discarded.

sthread API

Semantics

Receive (header) — bool

Send () — header
Barrier ()

Attempt to receive the given libDSE message header. If returned false, the message should
be discarded. Throws exception if the sthread is rolled back.

Produce a header that encodes current dependencies of this sthread.

Blocks until all state observed by this sthread becomes non-speculative. Throws exception if
the sthread is rolled back.

StateObject Callbacks

Semantics

Persist (v, metadata, onPersist)
Restore (v) — metadata

Prune (v)

ListVersions () — metadatal]

Persist the current state and metadata as version v and then invoke onPersist.
Recover (or roll back) to the given version and return associated metadata.
Signal that a version (and all that precede it) can be pruned.

List all unpruned versions and associated metadata.

Table 1: Summary of libDSE API

from libDSE-triggered persists and restores. Users still need
to guard against multiple concurrent requests, and hence use
the thread-safe version of increment in line 10. Finally, it ends
the action, obtaining a header to pass back to the caller.

3.2 Handling Asynchrony

Long-running actions can block persistence until finished
and halt persistence progress across the cluster. For example,
the frontend server in our running example issues RPCs that
may complete asynchronously and automatically retry in the
background. In some settings, long running actions may even
block each other and cause a deadlock. 1ibDSE introduces
sthreads to prevent this from happening. A sthread is essen-
tially a lightweight thread of execution within a StateObject
that encodes the speculative state of its parent StateObject
at the time of sthread creation.

We show an example in Figure 5. Here, the frontend work-
flow orchestrator calls Detach after marking the start of work-
flow (line 7), but before executing the step (i.e., calling the
service) (line 10). After line 8, application code no longer
runs in an atomic block, and may go to sleep, retry, or other-
wise perform long-running operations without blocking the
StateObject. Thus, in the event of a rollback, the sthread
may still temporarily continue to execute. It is therefore es-
sential that sthreads are treated as independent, standalone
participants of the system and interact with other participants,
including their parent StateObjects, exclusively through
libDSE-instrumented message passing. For example, on line

1 ...

2 WorkflowEngineStateObject so;

3

4 Handler for RPC call to execute workflow
5 async Task ExecWorkflow (WorkflowRequest r) {
6 if (!so.StartAction(r.header)) throw;

7 so.MarkWorkflowStart (r);

8 var t = so.Detach();

9 // Request executes outside atomic block
10 cReq = ComposeRequest (r, t.Send());

11 var cRes =

12 await CallCounterServiceAsync (cReq);
13 if (!so.Merge(t)) throw;

14 '/ Back 1 an atomic block

15 so.UpdateWorkflow (cRes);

17 ret

18 y de specu on from cal
19 await so.Detach ().Barrier ();
20 return response;

21 )

Figure 5: Example Workflow Implementation with libDSE

12, we obtain the result of an asynchronous action, but cannot
yet consume its result; this must happen after the sthread is
merged to start a new action (line 13), which logically sends
a message from sthread that StateObject receives. If the
system experiences a rollback while the asynchronous action
runs, StateObject rejects the message and the sthread can
simply terminate. The sthread represents state derived from
its parent, which will recover independently and respawn the
sthread if necessary.
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Finally, sthreads support barriers, which provide fine-
grained control over speculative behavior. Similar to a mem-
ory fence, a barrier blocks until everything the sthread re-
ceived becomes non-speculative, thus preventing speculation
across the barrier. Only sthreads are allowed to invoke barri-
ers, as they are, by definition, blocking. Barriers are useful
when interacting with external entities. For example, in line
19 of Figure 5, by detaching and calling barrier, execution
of line 20 will be delayed until the response becomes non-
speculative, thereby only sending non-speculative results to
users. In many cases, barriers can be automatically inserted
(e.g., at the end of an RPC handler processing an external user
request), but advanced users may also use barriers to prevent
speculative dependencies between parts of their applications.
For example, inserting a barrier before line 7 prevents the
system from logging workflow starts speculatively.

4 Speculative Protocol

4.1 Inspiration: DPR

Distributed Prefix Recovery (DPR) [57] is a recently proposed
technique for causal consistency across sharded cache-stores
— storage units spanning volatile memory and durable storage.
For example, a shard within a partitioned database with an
accompanying Redis caching layer can be considered a (logi-
cal) cache-store. Often in such an architecture, the caches are
write-through: clients read from the cache, but write directly
to the backend storage. In contrast, DPR is write-back: writes
directly update the cache for increased throughput and imme-
diate visibility, and cached entries are asynchronously flushed
to storage. This leads to lost writes if caches fail, which may
cause application anomalies as readers may have acted on lost
updates. DPR presents a lightweight protocol for addressing
this problem. First, operation completion and persistence are
decoupled using two acknowledgements. Second, DPR clients
interact with cache-stores explicitly through sessions. Each
session is a (linearizable) sequence of operations and DPR
guarantees that any surviving state corresponds to session
prefixes. This ensures that no surviving operation depends on
a lost operation when a cache node fails.

Our Insights. We identify two key mismatches between DPR
and modern microservices. First, DPR has a rigid client-server
formulation. DPR clients are first-class citizens but do not
participate in rollbacks; they are responsible for discovering
rollbacks and resuming (potentially replaying) operations.
This complexity is compounded by possible client failures,
as a recovered (amnesiac) client may lack the information
needed to handle a rollback. libDSE eliminates this distinction
by treating every component as a stateful, message-passing
peer, correctly modeling that application control flow (e.g., in
a workflow orchestrator) is itself state that must participate
in rollbacks. Second, the original DPR relies on a stateful
coordinator backed by an external database. Consequently,
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Figure 6: Example Dependency Graph

DPR requires an additional synchronous persist on the failure-
free path before writes are recoverable. We improve upon this
with a deterministic and stateless coordinator design where the
ground truth is the collective persistent state of participants,
thereby removing this overhead.

4.2 Protocol Details

The 1libDSE protocol centers on an explicit recovery depen-
dency graph that all participants jointly maintain. We first
define this graph, then describe the sub-protocols that operate
on it: instrumentation populates the graph as the application
runs, boundary-finding identifies regions of the graph that
are safely committed and may be externally exposed, and
recovery uses the graph to coordinate rollback on failure.

Dependency Graph. We show an example dependency graph
in Figure 6. Each vertex of the graph is a recoverable point
that can be loaded via Restore, and is uniquely identified by
a combination of a StateObject id, a global failure counter
(more details on this later), and a local persistence counter.
For example, A} is the recoverable point from StateObject
A with local persistence counter 2 and global failure counter
1. Vertices start off volatile, but become persistent as the un-
derlying StateObject persists their state. In the example, A%
is persistent, but Aé is not yet. Edges of the dependency graph
represent recovery dependencies — an edge from u to v iff u
recovering without v results in an inconsistency. By definition
of consistency [53], such a dependency is established either
implicitly by precedence (i.e., u is later than v in the same
StateObject), or if u received a message originating from
state captured by v. Because each recoverable point captures
multiple state transitions and messages, the dependency graph
may have cycles. Because 1ibDSE tracks dependencies at the
granularity of recoverable points, rolling back a recoverable
point wipes out all state updates and messages captured, even
if only one was poisoned. This false sharing is a deliberate
design choice. Per-message dependency tracking would im-
pose substantial bookkeeping overhead on the failure-free
path and require multi-round communication on failure to
disambiguate causality. Another subtle but important property
of this formulation is that recovery dependencies are estab-
lished at message consumption, not at data read or write. This
is what allows libDSE to handle indirect, control-flow depen-
dencies uniformly with the data dependencies that prior work
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focuses on. Consider a workflow orchestrator that receives a
confirmation from service A and, based on the confirmation,
conditionally invokes service B. The orchestrator never reads
or writes A’s state directly — but its decision to branch to-
ward B causally depends on having consumed A’s message.
By tracking dependencies at message consumption, libDSE
correctly classifies the invocation of B as recoverable only
if A’s confirmation is recoverable, even though the data flow
between them is opaque.

Instrumentation Protocol. libDSE tags each message with
its originating vertex on the dependency graph (the content
of the aforementioned 1ibDSE headers). If a StateObject
receives a message from v when its current (not yet persisted)
recoverable point is u, it adds an edge from u to v in the depen-
dency graph. Each StateObject accumulates dependency
graph updates and sends them periodically to the 1ibDSE
coordinator after persistence.

Boundary Protocol. A Recoverable Boundary is a cut of
the graph where no future failure will cause vertices within
the boundary to roll back. Messages originating from within
the boundary are therefore not speculative and safe to expose
externally. Recoverable boundaries manifest on the graph as
closures, i.e., sets of vertices that 1) are all recoverable and 2)
have no edge leading to non-recoverable vertices. For exam-
ple, in Figure 6, Al and B} form a closure, but A}, B}, and B}
do not because Bé depends on C!, which is not yet persistent.
The coordinator finds boundaries by periodically searching
the graph. However, a naive implementation is susceptible to
the domino effect [42], where frequent communications cause
a node to always transitively depend on future, uncommitted
versions, and there is no way to bound the blast radius of a
rollback. To prevent this:

Definition 4.1. (Commit Ordering Rule) Aj is allowed to
receive a message from B) only if y > n.

For example, under this scheme, there cannot be an edge (red
dotted arrow) from C 11 to Aé. The 1libDSE runtime would block
an action from starting if the message it consumes has a larger
persistence counter. Meanwhile, libDSE transparently issues
Persist, which advances the local counter (e.g., from C} to
C%); the action can start immediately after the call without
waiting for actual persistence. Intuitively, this scheme pre-
vents the domino effect by guaranteeing that for any vertex
A)y‘, the set of vertices with persistence number < y is a closure
that includes A}. As a trade-off, participants that communi-
cate frequently passively synchronize and will tend to issue
persists on similar schedules.

Recovery Protocol. Failures lead to vertex loss on the de-
pendency graph, and the system state is inconsistent iff any
surviving vertex has an edge into a lost vertex. To recover, the
system must roll back vertices until no such violations exist.
The primary challenge here is that the system must achieve
consensus on rollbacks; otherwise, overlapping failures or
out-of-sync views of the dependency graph may result in dif-

ferent parts of the system recovering to different closures
and creating inconsistency in the process. The global failure
counter from before is how we encode consensus — upon fail-
ure, a leader assigns a monotonically increasing and unique
failure sequence number to the rollback. Each participant of
the rollback then recovers to the prescribed state at their own
pace. In the example, A% signals that A has recovered from a
failure and is now operating in the post-recovery world. Cru-
cially, while every participant must eventually acknowledge
recovery, they do not necessarily actively roll back if they are
not impacted. A node like C 11 does not depend on any external
nodes, and therefore can simply rename itself to C2l without
active recovery work. However, during recovery, there is a
temporary divergence in the cluster between pre-recovery and
post-recovery halves (or more if there are multiple concur-
rent failures). libDSE disallows communication across failure
counters for safety:

Definition 4.2. (Recovery Partition Rule) Aj is allowed to re-
ceive a message from B} only if x = m. If m < x, the message
is discarded; otherwise, its receipt must be delayed.

In the example, if post-recovery A now receives a message
from C 11 , it again cannot receive the message (red dotted ar-
row), because otherwise, it would have potentially acted on a
message from pre-recovery world that will be rolled back in
the post-recovery world, polluting it. Instead, A would reply
to C telling it about the failure and the action the cluster took
to resolve it, allowing C to reconcile its view of the cluster
state.

Supporting sthreads. Unlike StateObjects, sthreads are
derived state and never appear as vertices in the dependency
graph, but they do carry a dependency set that is updated as
the sthread executes. On receiving a message tagged v, the
sthread inserts v into its set. On send, the full set is attached
to the header, so a sthread-originated message carries a set of
triples rather than a single triple. The set is merged into the
receiving StateObject’s in-memory vertex, producing the
corresponding incoming edges as if the sthread’s predecessors
had sent directly. At every barrier or merge, the set is cleared,
preventing unbounded growth. This is safe because a barrier
is a quiescence point: any speculative work the sthread is
carrying either commits past the barrier or is abandoned on
rollback, and either way is no longer the sthread’s dependency
to track.

4.3 Coordinator Design

We now describe the design of our coordinator. Unlike DPR’s,
the 1ibDSE coordinator is backed by a persistent log (either
through distributed consensus like Raft [64] or reliable cloud
storage) that encodes changes to the cluster state, such as
membership changes and recoveries.

Finding Boundaries. LibDSE automatically persists frag-
ments of the dependency graph as part of StateObjects us-
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Rollbacks, Membership Changes

Persistent Log

ing the metadata parameter on Persist. This establishes the
distributed components as the ground truth; the coordinator
maintains a (potentially stale) view of the actual graph. Newly
persistent versions and in-flight operations may be missing
from the coordinator’s view. That said, the persistent part of
the graph is immutable. Future operations may add vertices,
but cannot change dependencies in the past. This makes it safe
for the coordinator to declare recoverable boundaries on the
coordinator’s view, because any recoverable boundaries the
coordinator finds on its present view must also be recoverable
on a later view. Consequently, the coordinator does not persist
its decisions on the failure-free path — restarted coordinators
instead recompute the boundary on a more up-to-date view
to find the same (or larger) recoverable boundary. To find
recovery boundaries, the coordinator runs a standard graph
BFS over its in-memory view of the graph and publishes its
results immediately.

Orchestrating Rollback. A rollback is triggered when one
of the StateObjects fails, and the coordinator computes
the extent of data loss by removing any vertices on the de-
pendency graph not reported as persistent by the restarting
StateObject. Then, it iteratively removes vertices from the
graph until no surviving vertex has a dangling edge. As dis-
cussed in Section 4.2, on failure, the coordinator must achieve
consensus between StateObjects on what the final state of
the graph is in response to the restart. This is achieved by
synchronously persisting the failure (by assigning it a failure
sequence number) and the rollback actions proposed, before
releasing the decision to the rest of the cluster on the log.

Coordinator Recovery. Even though the coordinator is
ephemeral, when a coordinator fails, the system must still
perform some necessary steps to ensure correctness. On re-
covery, the new coordinator needs to reconstruct the cluster
state, including previous rollback decisions and the list of
active participants by replaying the persistent log. It then re-
sends recent rollback decisions and asks for every participant
to send locally stored dependency graph segments, which
guarantees a view of the dependency graph that is more up-to-
date than before the failure. The coordinator cannot answer

queries about the current recovery boundary until every partic-
ipant has responded to ensure a complete view of the graph.

4.4 Correctness Sketch

A full formal proof is out of scope for this paper. We sketch the
informal argument here, addressing safety (the protocol never
externally exposes inconsistent state), liveness (the protocol
always makes progress), and the rollback bound.

Safety. Our 1ibDSE protocol guarantees that external entities
do not observe rollback-induced anomalies. Because the sys-
tem exposes a message externally only after its originating
vertex lies within a declared recoverable boundary B. By def-
inition, every out-edge of u € B points to another vertex in B,
and every vertex in B has been reported persistent. A future
failure can only invalidate vertices not yet persistent, which
will not affect any vertex in B. The Recovery Partition Rule
additionally prevents participants from acting on or communi-
cating across different pre/post-recovery splits for all failures,
so recovery will not introduce additional anomalies.
Liveness. Given liveness of local persistence and recovery,
libDSE guarantees to eventually declare every message non-
speculative or rolled back. In the failure-free path, this is
because 1) local persistence advances independently of each
other and does not block on the progress of others (i.e., no
deadlock), and 2) the Commit Ordering Rule guarantees finite
closure for every recoverable point, which will eventually all
become persistence given local liveness. On the failure path,
each failure receives a strictly increasing sequence number
on the coordinator’s persistent log, and by assumption each
induced rollback completes in finite time. A message m origi-
nating from u is therefore, in finite time, either (i) rolled back,
if u lies in the lost set of some failure, or (ii) preserved across
the failures u experiences, in which case the failure-free argu-
ment applies during any subsequent quiescent interval.
Bounded Rollback. As argued previously, the Commit Or-
dering Rule ensures {v : counter(v) < k} is a closure for any
k. Therefore, when a StateObject loses state past counter
k, the rollback at every other participant is bounded by that
participant’s own persistence progress past k.

S Implementation and Discussion

5.1 Putting it Together: libDSE Runtime

The 1ibDSE runtime implements the aforementioned program-
ming model, and connects each StateObject to the coordina-
tor. The core libDSE and coordinator implementation consists
of approximately 4000 lines of C# code.

gRPC Integrations. libDSE has built-in integration with
gRPC [21] and ASP.NET [6]. To create a speculative service,
users first write the service API using vanilla gRPC, encap-
sulate the state with a StateObject, and implement the gen-
erated gRPC stub using the libDSE API. During runtime, a
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libDSE gRPC interceptor [23] automatically injects action
boundaries before and after RPC handlers execute, and uses
the HTTP headers to transparently pass libDSE headers. The
presence of the special header is also used to infer whether the
endpoint has speculation enabled (e.g., an external user would
believe the speculative service is just another gRPC endpoint
and send requests without libDSE headers), and automatically
apply barriers to hide speculation. Advanced users can dis-
able the interceptor and manually call 1ibDSE APIs where
necessary. Finally, all background logic of libDSE is pack-
aged as an ASPNET managed service, and users can start an
ASP.NET-based speculative service simply by declaring these
dependencies and leaving the rest to the ASP.NET framework.
Cluster Orchestrator Integrations. When starting an ap-
plication, StateObjects first Connect to the coordinator
to report its presence with a predetermined unique ID. If
a StateObject that has already reported starting does so
again, libDSE treats this as indicative of a failure. We ob-
serve that this model aligns well with current practices — for
example, a user using Kubernetes to manage microservices
expects Kubernetes to detect down services and replace them
by relaunching in a new container. The relaunched service,
upon its Connect call, will set off failure handling logic.
When Connect returns, libDSE has registered the calling
StateObject as the legitimate incarnation which may start
sending and receiving messages. libDSE guarantees that any
messages received from or sent to the previous incarnation
will eventually be rolled back, but it is up to service imple-
menters to ensure that two incarnations do not simultaneously
update persistent state (e.g., with a Persistent Volume Claim
in Kubernetes). It is not necessary for a service to explicitly
disconnect from a libDSE coordinator, as long as it persists
all of its outstanding state before becoming inactive. The co-
ordinator sends periodic heartbeat/boundary update messages
to participants, which includes instructions for garbage col-
lecting dependency graphs and outdated recoverable points.
Action Synchronization. To guarantee atomicity of actions,
each action executes under a shared lock while Persist and
Restore execute under an exclusive lock. Because actions
are far more common than Persist and Restore, we use
biased locking [40, 58,59, 68] to improve scalability.

5.1.1 Pattern: Speculative Log

A foundational pattern for stateful services is to treat a durable,
append-only log as the source of truth, with the service’s in-
memory state acting as a materialized view over that log.
Many systems, including databases, key-value stores, and
workflow engines, fall under this model. This model is an
excellent fit for libDSE, as it provides a principled way to
adapt a wide range of applications to speculative execution by
first building a speculative log. The most significant change
required from a standard log implementation is attaching cus-
tom metadata with Persist calls. We achieve this by design-

ing special commit records that hold metadata, and appending
them to the end of a log at the beginning of Persist. To
restore, we scan the log until the requested commit record and
truncate the tail. When rolling back, we cache the offsets of
speculative commit records in-memory to avoid the scan. On
top of the log, service implementers are free to maintain arbi-
trary in-memory state that can be reconstructed by replaying
the log’s entries. While this model is powerful, reconstructing
in-memory state from replaying can be prohibitively expen-
sive. This is a well-studied problem in prior literature from
database systems [60] addressed by periodic checkpointing
of an in-memory state and log truncation.

5.1.2 Applying the Speculative Log Pattern

With the speculative log, implementing other complex stateful
services is equivalent to maintaining different materialized
views over it. This approach demonstrates the versatility of
the pattern, allowing us to adapt libDSE to a wide range of
common services. We describe three examples below.

Key-Value Store. We implement a speculative key-value
store based on the open-source FASTER key-value store [18],
which powers production systems such as Orleans [29],
Durable Functions [8], and Garnet [24]. FASTER uses Faster-
Log as its backend and mostly maintains an in-memory hash
index over the log to serve key-value workloads. To make
FASTER speculative, we only need to make its underlying
log speculative and access it using libDSE clients. We reuse
most of FASTER’s sophisticated storage and checkpointing
schemes [36, 65] without modification.

Speculative Workflows. We base our speculative workflow
orchestration system on the DARQ system [33,56], which is
itself a wrapper around a log. At a high-level, the DARQ log
records the entire history of workflow events and commands,
and relies on replay and deduplication to ensure exactly-once
execution. Our implementation replaces DARQ’s backend
log with the speculative version, and triggers replay of the
workflow system when the log is rolled back.

Event Broker. We implement a speculative event broker sys-
tem similar to Kafka [52] and EventHubs [7], with a collection
of producers and consumers interacting through disjoint top-
ics. Each topic is fundamentally just a log, which we have
replaced with a speculative log. We leave creation, deletion,
and management of topics non-speculative, as they are usually
not on the critical path.

Transactional Store. Lastly, we implement a transactional
store with the standard two-phase commit protocol [60] and
strict two-phase locking. Tuples are stored in main memory.
We rely on a speculative log as write-ahead log for recov-
erability and persistence, and 1ibDSE thread primitives for
synchronization.
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5.2 Limitations and Discussion

Developer Burden. LibDSE is not a transparent, drop-in
solution for existing applications. It requires developers to
adopt its programming model, encapsulating application state
within the StateObject abstraction and using actions and
sthreads for concurrency control. This may require significant
refactoring for legacy applications lacking clear state manage-
ment boundaries. That said, in our experience, most of these
changes align with modern best practices for building correct
and scalable microservices. Furthermore, libDSE naturally
promotes the creation of highly reusable, foundational com-
ponents, such as the services we discussed above, which can
be implemented once and reused across many applications,
amortizing the initial development cost. Adoption can be fur-
ther simplified with integration with programming languages,
but we leave this for future work.

Data Loss. From the external user’s perspective, DSE does
not introduce data loss, as speculative state is withheld from
users, and only speculative state is lost on failure. However,
our DSE recovery protocol is designed for simplicity and
speed during failure, as it avoids complex, multi-round con-
sensus protocols between participants. The trade-off is that
this can lead to coarser-grained rollbacks than are strictly
necessary, sacrificing speculative throughput (i.e., work loss
instead of data loss) to minimize recovery latency. Because the
coordinator’s view of the dependency graph may be slightly
stale, it must conservatively roll back all speculative work
that could have depended on a failed component’s lost state.
We mitigate this in practice by allowing a service to skip a
rollback if it can prove locally that it has no dependencies
on the speculative state in question. We study the effects of
rollback in more detail in Section 6.

Coordination Overhead. Relying on a centralized coordi-
nator creates a potential bottleneck for scalability. 1ibDSE
mitigates this risk by decoupling coordination from the execu-
tion critical path. StateObjects communicate peer-to-peer
and do not contact the coordinator during standard message
processing. Dependency graph updates are batched and trans-
mitted asynchronously only upon local persistence (e.g., every
10ms), independent of operations, resulting in control traffic
that is proportional to the group commit frequency rather than
application throughput. Furthermore, the coordinator finds
recovery boundaries as a background process. A saturated co-
ordinator may delay the visibility of results to external clients
(by advancing the boundary less frequently), but it does not
throttle the internal execution throughput of the speculative
cluster. We observe that a single coordinator instance is usu-
ally enough to handle the metadata traffic of high-throughput
workloads without saturation, but coordinator compute can
also be parallelized if necessary.

Compatibility with Replicated Systems. The fail-restart se-
mantics of a StateObject are a natural fit for services that
use single-primary replication (e.g., State Machine Replica-

tion or Primary-Backup), where the volatile state exists on
the primary node, and recovery is achieved by switching to a
backup. However, the model is a poor fit for eventually con-
sistent systems (e.g., Dynamo-style databases [38]). These
systems lack a clear, linearizable notion of "restarting" from a
single consistent point in time, making them difficult to model
as a StateObject. That said, persistence is often cheaper in
such systems, making speculation less critical and applicable.
Compatibility with External Infrastructure. libDSE as-
sumes that participants in a speculative group are DSE-aware
and implement the StateObject APIL. Real applications,
however, frequently interact with infrastructure that is not,
such as a shared SQL database or an external payment API.
We support two strategies for these cases. When the external
component is fully external to the speculative group (e.g., a
payment API whose side effects cannot be rolled back), ser-
vices interact with it through the Barrier () primitive, which
blocks until all upstream speculative dependencies have com-
mitted. This forfeits speculation across the barrier but is al-
ways safe, and importantly allows 1ibDSE to be adopted incre-
mentally: speculation is enabled only between DSE-capable
components, while legacy components continue to participate
behind barriers. When the external component is a shared data
store that all speculative participants access (e.g., a shared
relational database used for coordination among speculative
services), the external component can participate in specu-
lation by internally tracking speculative dependencies—an
arrangement equivalent to schemes like early lock release [46]
on the shared store.

6 Evaluation

Our evaluation studies the following research questions:

* Does DSE help applications reduce end-to-end latency?
* What overhead does 1ibDSE impose on applications?

* Does 1ibDSE scale to high throughput and/or concurrency?

Experimental Setup. We run all of our experiments on the
Azure public cloud. For end-to-end experiments, we build
the applications using the popular gRPC + ASP.NET stack
and deploy them onto a managed Azure Kubernetes Service
(AKS) cluster [28]; all workloads are scheduled onto a pool of
10 Standard_D8s_v3 machines [15] with attached premium
locally redundant storage SSDs [9]. Unless otherwise spec-
ified, all libDSE services run with a group commit interval
of 10ms. For microbenchmarks, we use a pair of D32s_v3
machines [15], each with 32 vCPUs and 128 GB of RAM.

Engineering Effort. Table 2 summarizes the engineering ef-
fort required to build the evaluated services. We implement
the speculative log by modifying the open-source FasterLog
project from Microsoft [19], which involved no modifica-
tion of the log itself and only ~200 lines of wrapper logic
to expose it as a speculative service. Similarly, porting the
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Table 2: Engineering effort for libDSE-based services.

Component LOC Base System

FasterLog [19]
FASTER KV [18]

Speculative Log ~200
Key-Value Store ~400

Workflow Engine ~ ~200 DARQ [56]
Event Broker ~800 DARQ [56]
Transactions ~2000  From scratch + FasterLog
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Figure 8: TravelReservations

FASTER Key-Value store [18] and the DARQ system (which
is an event processing framework built on FasterLLog) [56]
required minimal code changes (~400 and ~200 LOC, re-
spectively), primarily to wrap state objects and implement
service-level logic. The Event Broker required slightly more
glue code (~800 LOC) for the gRPC streaming API. The
Transactions benchmark is the largest component (~2000
LOC) because it implements the 2PL + 2PC transaction pro-
cessing and the TPC-C benchmark [72] as stored procedures
from scratch on top of our speculative log, rather than mod-
ifying an existing codebase. However, this logic is largely
orthogonal to speculative execution, and in our experience, is
not further complicated by 1ibDSE. These figures demonstrate
that libDSE effectively abstracts the complexity of distributed
dependency tracking, allowing developers to adopt specula-
tive execution with minimal engineering overhead.

6.1 End-to-End Benchmarks

TravelReservations. We first assemble a travel reservation
system based on DeathStarBench [43], where a workflow en-
gine reserves a series of items, one from each service (e.g., ho-
tel, flight, car-rental) backed by our speculative KV store using
sagas [31]. We focus on the write portion of the workload. We
exclude read operations as they are typically served from local
cache in both baselines, exhibiting identical performance; fo-
cusing on writes allows us to isolate the overhead and latency
benefits of libDSE’s persistence mechanism. Note that this
does not mean libDSE does not help read-only workloads:
many durable execution engines log reads for correctness
(e.g., to ensure deterministic replay during recovery), effec-
tively turning reads into writes that 1ibDSE also accelerates.
We compare our implementation with the open-source ver-
sion of Temporal [30], an industry-standard workflow-engine,
deployed over an Azure-managed Cassandra cluster and us-
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Figure 9: EventProcessing

ing Azure CosmosDB for application logic. Additionally, we
evaluate our system with speculation disabled to isolate the
performance gains from speculative execution vs. implemen-
tation and tool stack. All benchmarks run for 120 seconds.

Figure 8 shows the result of our experiment. The left panel
reports average and 95th-percentile latency as the number
of participating services increases, using a steady rate of 10
workflows/s to avoid queuing delays. As the service chain
grows, baseline latency increases linearly due to cumulative
synchronous persistence costs. In contrast, libDSE incurs only
minor latency increases due to RPC overhead, effectively by-
passing persistence bottlenecks and achieving an order of mag-
nitude lower latency for long workflows. We further demon-
strate scalability by fixing the chain length to three services
and varying the workflow arrival rate. As shown in the right
panel of Figure 8, speculation significantly improves through-
put capacity. Traditional workflow engines become CPU-
bound under high load because they manage many concurrent
workflow instances simultaneously blocked on synchronous
persistence, each consuming non-trivial context-management
overhead (thread state, stack frames, runtime bookkeeping,
etc.). libDSE completes workflows rapidly, sharply reducing
the number of in-flight blocked contexts and thus the associ-
ated CPU pressure—enabling higher sustained throughput on
identical hardware.

Event Processing. We evaluate the search trend alert work-
load described in the DARQ paper [56] (available in open-
source [33]) using our speculative event broker. The workload
consists of three processing stages communicating via stream-
ing events. We compare our implementation against the origi-
nal, non-speculative version of DARQ. Figure 9 presents the
results of processing a pre-generated event trace at a steady
rate of 50k events/s for 120 seconds, while varying the group
commit interval (c). Note that ¢ governs the persistence of
intermediate stream-processing state. While a larger ¢ implies
a wider window, meaning more intermediate results are lost
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during cluster failures that must be replayed, it does not lead
to additional loss of user data, which can be persisted eagerly
at ingestion. The first two plots demonstrate that 1ibDSE dras-
tically reduces end-to-end latency compared to the baseline.
The bottom graph illustrates the volume of bytes written to
storage; libDSE achieves significant reductions in storage
bandwidth because it prunes short-lived intermediate results
that are generated and consumed entirely within the specu-
lative window, preventing them from ever reaching storage.
Consequently, these storage savings are more pronounced
with larger group commit intervals, which increase the likeli-
hood that intermediate state is pruned before disk I/O occurs.
Two-Phase Commit. Finally, we evaluate our transactional
store. The benchmark cluster consists of four shared-nothing
shards, each maintaining its own (speculative) log. We
evaluate a modified TPC-C workload [72] consisting of
100% distributed transactions, comparing our implementation
against Microsoft Orleans’s optimized transactional frame-
work [29,41]. To ensure fair comparison, we manually place
Orleans grains to have the same sharding with our system, and
run Orleans purely in-memory to eliminate the throughput
limitations of its standard Azure Table Storage backend.
Figure 10 illustrates the commit latency distribution. Non-
speculative latencies cluster around multiples of the 10ms
group commit interval, as most transactions must wait for the
next persistence window. There are a few “lucky” transac-
tions that complete the first round of messages at the end of
the last group commit and therefore finish close to 10ms, but
most transactions wait longer. In contrast, speculative execu-
tion eliminates sequential waiting between phases, allowing
the protocol to overlap communication with I/O. The plots
show most transactions finishing under 20 ms (essentially one
round of group commit + RPC overheads). Consequently, our
speculative implementation significantly outperforms both the
non-speculative baseline and the in-memory Orleans setup.

6.2 Recovery

Event Processing. We evaluate realistic recovery scenarios
using the EventProcessing workload by terminating a Kuber-
netes event handling node at the 30-second mark. Kubernetes
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Figure 11: EventProcessing-recovery
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automatically provisions a replacement container, triggering
libDSE’s recovery protocol upon startup. During this interval,
gRPC requests to the affected node time out and are retried,
temporarily halting processing for that partition. Figure 11
shows that recovery takes approximately 10 seconds for both
speculative and non-speculative versions, a duration domi-
nated by container orchestration latency rather than protocol
overhead. To isolate the overhead of 1ibDSE’s rollback mech-
anism from orchestration delays, we also introduce simulated
failures that trigger immediate rollback across all participants
without container restarts. This configuration represents the
theoretical best-case recovery performance, exposing only the
latency induced by speculative state restoration. We inject four
independent failures and observe that the system stabilizes
rapidly, resulting in latency spikes of 100s of milliseconds.

Two Phase Commit. Similarly, we evaluate recovery in the
transaction benchmark using simulated failures, comparing
against a failure-free non-speculative baseline. Figure 12 plots
the results, where red dots indicate aborted transactions. The
primary trade-off of speculative execution is a temporary
spike in user-visible aborts during rollback; to ensure safety,
our implementation aggressively aborts all in-flight transac-
tions that may depend on invalidated state. However, this
effect is minimal in practice. Quantitatively, speculative re-
covery increases the overall abort rate by only 0.3% compared
to the baseline. Because these transactions can be immedi-
ately retried, the aggregate impact on system throughput is
negligible. Note that the measurement gaps visible in both
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plots correspond to standard server GC pauses. The gaps in
the speculative version appear longer because of the different
scale on the x-axis (speculative baseline finishes the workload
much faster due to higher throughput).

6.3 Microbenchmarks

Finally, we present a series of microbenchmarks to study the
overhead of various libDSE mechanisms.

Overhead of libDSE Instrumentation. We first study the
latency and throughput overhead of 1ibDSE’s message instru-
mentation protocol on a service. We study three versions of
the FASTER-based key-value store from the hotel reservation
benchmark, two with libDSE (DSE), and another as a thin
RPC wrapper around the vanilla FASTER code (no DSE).
To study the effects of the interceptor mechanisms vs. the
instrumentation protocol itself, we also build one version that
processes libDSE headers in user code (DSE-manual) and an-
other that does so transparently with gRPC interceptors (DSE-
interceptor). We vary the request issue rate for each configura-
tion to investigate the resulting latency-throughput trade-off.
Figure 13 shows that 1ibDSE with interceptors has slightly
higher latency when the system is not saturated and about
25% lower maximum throughput. This is mostly due to the
additional work entailed by the gRPC interceptor mechanism
(e.g., HTTP header manipulation). In contrast, the 1ibDSE pro-
tocol itself causes a negligible increase in latency and a less
than 5% reduction in throughput. This shows that the 1ibDSE
instrumentation adds only a small overhead to applications.
Thread Scalability of libDSE Primitives. Recall that ibDSE
users must protect their operations with libDSE threading
primitives for correct speculative execution. It is therefore
important that libDSE primitives be scalable and not intro-
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Figure 15: libDSE Coordinator Scalability

duce new bottlenecks in an application. To measure this, we
design a simple microbenchmark where threads acquire pro-
tection under a tight-loop concurrently, reporting throughput
as the number of concurrent threads increases. A background
thread periodically performs (empty) checkpoints to advance
versions. We measure three sets of primitives: local-action,
where libDSE users mark blocks of code as atomic with re-
spect to checkpointing and recovery; send-receive, where
1ibDSE users start an action using a (randomly pre-populated)
header and write the resulting dependencies to another header
at the end of the action; and detach-merge, where 1ibDSE
users create a new sthread from the current dependencies and
then merge it with the state object. As shown in Figure 14,
our implementation of the action primitive (based on [58]) is
scalable up to 16 threads with no performance degradation.
As expected, send-receive is more expensive than local-action,
and detach-merge is more expensive than send-receive, due
to the amount of computation involved. However, all three
primitives can sustain millions of operations per second on a
single server, making them unlikely to be bottlenecks in typi-
cal RPC-oriented workloads that only see 100s of thousands
of operations per second per node.

Coordinator Performance. Finally, we study the libDSE
coordinator, which is responsible for identifying messages
that are no longer speculative so their effects can be exposed
externally. We design a microbenchmark in which simulated
participants submit versions to a real coordinator on a pre-
determined schedule, and measure the latency between sub-
mission and commit. Each version depends on each other
participant’s current version independently with probability
d. Participants run on a Kubernetes cluster, communicate
with the coordinator over real intra-datacenter network con-
nections, and refresh their cluster view every Sms. Figure 15
reports median commit latency (bars) with the 95th-percentile
tail as whiskers. A local-commit fast path lets versions with
no speculative dependencies commit almost immediately, so
the d = 0.0 bars sit near 2ms across the entire range and the
corresponding pgs remains within one 5 ms refresh interval.
In the general case, both median and pgs scale smoothly from
8 to 64 services: medians stay below a single refresh interval.
Graph connectivity has only a modest impact, as in-memory
traversal is cheap relative to network and refresh delays.
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7 Related Work

Durable Execution and Workflows. Durable Execution, as
a term, was first coined by Temporal [10], and is widely ac-
cepted in industry [8, 13, 14,16, 17,20,22,27,32], although
it is similar to earlier concepts of virtual resiliency [4, 45]
and reliable workflows [5, 11, 25]. Most of these systems
achieve resilience guarantees by modeling the application as
a directed acyclic graph (DAG) of tasks and synchronously
persisting execution state before starting new steps; external
effects of execution are wrapped in special abstractions (e.g.,
activities in Temporal and DF, impulses in Ambrosia) and
required to be idempotent for resilience. ExoFlow [78] is a
recent workflow system that allows developers to take advan-
tage of determinism and rollbacks within the workflow for
better performance. Developers mark parts of their workflow
as deterministic or rollback-capable, and ExoFlow will bypass
synchronous persistence where possible, using replay and roll-
back to recover when necessary. In contrast, libDSE allows
true inter-service speculation without relying on determinism.
Cross-Service Transactions. Other systems, such as
Olive [69], co-locate service state and orchestration state onto
one unified storage layer, providing exactly-once guarantees
without requiring idempotency, but also forcing developers
to migrate to their storage engine. While Olive used exist-
ing database services (e.g., Azure Tables), Boki [48] showed
that a shared log abstraction can provide more performance
and usability benefits, and Halfmoon [66] further optimizes
Boki to reduce the amount of information logged. More re-
cently, SpecLog [35] applies speculation within the shared-log
setting itself: it introduces fix-ante ordering, which predeter-
mines the global record order via per-shard quotas so that
applications can begin processing records before the final
global cut is committed. libDSE is complementary in that it
speculates across the synchronous persistence of independent
message-passing services (i.e., between independent logs)
rather than inside the ordering layer of a single log. Other
systems support distributed transactions in the unified stor-
age layers [71,76]. Orleans, of particular note, implemented
early lock release [3, 39, 41, 44] to reduce latency. While
conceptually similar to DSE, their implementation only ap-
plies to Orleans’ transactional workers. In contrast, libDSE
is designed to work for heterogeneous participants and per-
component private storage. While some transactional pro-
tocols allow distributed transactions across heterogeneous
storage engines [1,51,77], they are not widely used currently
to our knowledge. Finally, DBOS [12,50] proposes to build
all services and runtime layers on top of a distributed transac-
tional DBMS, but would require an even more radical rewrite
of existing technology stacks than 1libDSE.

Other Related Work. Fault-tolerance in microservice-
oriented cloud applications can be viewed as a modern in-
stantiation of asynchronous recovery in message-passing sys-
tems, which was heavily studied in prior work [42]. Dataflow

systems are conceptually similar to workflow systems and
compose distributed components, but usually have the benefit
of known application semantics (i.e., composed components
are operators such as filter and map, rather than blackbox
code). Consequently, dataflow systems predominantly use
lineage-based techniques to reconstruct application state on
failure [61,74,75]. 1ibDSE is, at its core, a checkpoint-based
recovery scheme, which assumes no such domain-specific
knowledge. The DSE protocol bears similarity to classic dis-
tributed snapshot algorithms [37], but is redesigned for an
online setting where checkpoints happen continuously. The
idea of a performant distributed rollback system reliant on
logical time is similar to the well-known time warp oper-
ating system [47], which employs speculative execution to
handle out-of-order simulation actions (synchronization). In
contrast, libDSE employs the algorithm to hide persistence
latency (durability). Finally, Speculator [62] and xsyncfs [63]
similarly use speculative execution to speed up file system
operations transparently. However, they assume a shared
state model and implement client-centric speculation, whereas
libDSE specializes for message-passing scenarios.

8 Conclusion

We presented distributed speculative execution (DSE), a novel
approach to reduce persistence overhead in durably exe-
cuted cloud applications. Through our framework, libDSE,
we demonstrate that DSE is both practical and beneficial for
performance, and that its complexities can be effectively hid-
den from most developers through the use of abstractions.
Our results show that DSE significantly reduces latency. We
envision DSE to be a key technique in building future highly
distributed cloud applications.
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A Artifact Appendix

Abstract

The artifact provides libDSE, our distributed speculative
execution (DSE) framework, together with the speculative
services and end-to-end benchmarks used in the paper. It
contains the core libDSE runtime and coordinator (the
StateObject/sthread programming model, message instru-
mentation, and the rollback-recovery protocol), the four specu-
lative services built on the speculative-log pattern (a key-value
store, a workflow engine, an event broker, and a two-phase-
commit transactional store), and the benchmark drivers for the
TravelReservations, EventProcessing, and TwoPhaseCommit
workloads. It also includes the plotting scripts and the raw
experiment results needed to regenerate every figure and table
in the evaluation (Section 6).

Scope

The artifact substantiates the paper’s central claim that DSE
reduces end-to-end latency for persistence-bound cloud ap-
plications by up to an order of magnitude relative to non-
speculative durable execution, while adding only modest run-
time overhead. Concretely, it allows one to reproduce: the
latency and scalability results for the travel reservation work-
flow against Temporal and a non-speculative baseline (Fig-
ure 8); the latency and storage-bandwidth results for event
processing against DARQ (Figure 9); the commit-latency
distributions for distributed transactions against Microsoft
Orleans (Figure 10); the recovery behavior under injected
and real failures (Figure 11, Figure 12); the instrumentation,
threading, and coordinator microbenchmarks (Figure 13, Fig-
ure 14, Figure 15); and the engineering-effort summary (Ta-
ble 2).

Contents

The artifact is organized as follows:

* libDSE runtime and coordinator — the core library
(approximately 4000 lines of C#) implementing actions,
sthreads, speculation barriers, message instrumentation, the
dependency-graph protocol, and the stateless coordinator,
with built-in gRPC and ASP.NET integration.

* Speculative services — the speculative log and the four
services layered on it: a key-value store (built on FASTER),
a workflow engine (built on DARQ), an event broker, and a
2PL+2PC transactional store.

* Benchmarks — drivers and workload generators for Travel-
Reservations (DeathStarBench-style sagas), EventProcess-
ing (DARQ search-trend-alert), and TwoPhaseCommit (a
modified TPC-C), plus the baseline deployments (Temporal,
DARQ, Orleans).

* Figure reproduction — plots.py regenerates all figures
from the raw measurement files under data/.

Hosting

The artifact is publicly available and permanently archived
on Zenodo at doi.org/10.5281/zenodo.20059348 (ver-
sion v2), which provides a self-contained snapshot of the
libDSE implementation, the speculative services and bench-
marks, and the experiment data. The implementation builds
on the open-source FASTER project [18], hosted on GitHub
at github.com/microsoft/FASTER. The artifact’s README
documents the build and run procedure.

Requirements

The end-to-end experiments were developed and tested on
Microsoft Azure.

* Cluster. A managed Azure Kubernetes Service (AKS) clus-
ter with a pool of 10 Standard_D8s_v3 nodes, each with
attached premium locally-redundant-storage SSDs.

¢ Microbenchmarks. A pair of Standard_D32s_v3 machines
(32 vCPUs, 128 GB RAM each).

* Software. The .NET SDK and C# toolchain, gRPC, and
ASP.NET for the services; Python 3.12 with matplotlib
for plots.py; and the Azure CLI (az) for download. sh.
Reproducing the baselines additionally requires Temporal
(over Azure-managed Cassandra and Azure Cosmos DB),
DARQ, and Microsoft Orleans.

Reproducing the exact numbers requires comparable Azure
hardware; the framework and microbenchmarks themselves
build and run on a single multi-core machine.
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