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Abstract

Agents have begun to operate computer systems. They mi-
grate databases, roll out configurations, and remediate inci-
dents, and the process that runs them can die mid-plan. When
it does, neither obvious recovery is safe. Retry re-executes
steps against a world its own earlier actions already changed.
Restart begins with no record of which effects became true.
Our position is that every side-effecting tool call must carry
an effect contract made of three fields, an effect identifier,
an idempotency key, and a declared reversibility class. The
runtime writes the contract to a durable intent log before the
call and reconciles that log on restart. We implement the log
as EFFECTLOG, 39 lines of Python over SQLite, and evaluate
it on a thirteen-step database migration under process-kill
injection. Across 320 measured runs, naive recovery leaves
duplicate rows in up to 66% of migrations and re-executes a
destructive step in up to 59%. Idempotency keys remove the
corruption but still take 14.1 relaunches per migration. Rec-
onciling from the log completes in 3.5 relaunches, at 2.8 ms
of logging per effect. An agent that cannot show what it did
must not be allowed to try again.
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1 Introduction

An LLM agent is two hours into a thirteen-step produc-
tion database migration [10]. Steps 1 through 10 analyze
the schema and replicate the tables. Steps 11 and 12 are the
point of no return, where the old tables are truncated and
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Figure 1. The crash at step thirteen. Retry assumes the world
of step 1; the world is at step 12.

DNS is cut to the new endpoint. At step 13 the process dies
on an API rate limit. Figure 1 draws the run. The top lane
is the agent’s plan, thirteen chips with twelve done. The
bottom lane is the world the plan itself has moved. Tables
are truncated, DNS is cut, and live traffic is already on the
new stack. What should the agent do next?

Neither move is safe, and for mechanical reasons. Retry
assumes the world of step 1, so its early steps re-execute
against tables that no longer hold rows and its late steps
repeat actions that must not repeat. Restart comes up know-
ing nothing, since the only record of the run lived in the
dead process’s context window. This scenario is not exotic.
Production has already supplied the incident report of an
agent deleting the database it had just been operating [33].
Deployed agents already work across 26 domains with a hu-
man kept in the loop, precisely because autonomous action
is not trusted [19]. Termination and verification failures lead
the multi-agent failure taxonomy [6], and sandboxed testing
finds even the safest agents taking severe-outcome actions
23.9% of the time [28]. What breaks is not the model’s plan-
ning. The execution layer gives the agent no way to make
its effects crash-safe, so no operator will hand infrastructure
to a process that cannot answer, after a crash, what did you
already do. Decades of systems machinery, write-ahead logs,
sagas, exactly-once execution [12, 16, 17], exist to prevent
exactly this. Why has none of it carried over?

Because each classical remedy assumes something the
agent setting removes. Transactions make the world hold
still inside one transaction domain, even a planet-spanning
one [8]. An agent’s calls cross the database here, DNS there,
and a ticket system elsewhere, and no manager spans them.
Sagas run forward with a compensating action per step [12],
but assume compensators authored in advance for an enu-
merated workflow, and nobody wrote the compensator for
step 11 because nobody knew step 11 would exist. Durable
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workflow engines event-source every step and replay deter-
ministically [3, 32]. An LLM agent is not a pure function of
its history, because its next step depends on sampled output
and fresh observation of a changed world. What is missing
is not a smarter policy. It is a durable record for one to read.

Our position is that agentic automation of operations will
not cross the adoption line until every side-effecting tool call
carries an effect contract. The contract names three fields,
an effect identifier, an idempotency key, and a declared re-
versibility class. The runtime writes them to a durable intent
log before the call and reconciles that log on restart. The lever
already exists. The tool boundary is the one place where the
runtime mediates every effect, survives the crash, and owes
no allegiance to any tool’s administrative domain. A log
written there turns recovery from replay into reconciliation.
Recovery probes what became true, then resumes against the
world as it is, never the world of step 1. The contract is de-
liberately mechanism, not policy, in the sense the exokernel
line gave those words [11]. The durable layer records intents
and outcomes. Deciding whether to retry, compensate, or
page a human stays above it, in code an operator can read.

We built it. EFFECTLOG is a durable intent log in 39 lines of
Python over SQLite, driven by a 132-line harness that runs
the migration of Figure 1 against on-disk state and kills the
worker mid-plan. Across 320 measured runs, naive recovery
leaves duplicate rows in up to 66% of migrations and re-
executes a destructive step in up to 59%. Idempotency keys
eliminate both but still relaunch 14.1 times per migration
at 20% acknowledgment loss, since a lost key reads as work
not done. Reconciliation from the log completes the same
migration in 3.5 relaunches, 6.2x fewer, at 2.8 ms of logging
per effect. Knowing what became true turned out to be the
fast path, not only the safe one. We make three contributions.

e We name the execution gap precisely along three failure
axes, duplicate effects on retry, stale-world assumptions on
replay, and unknown state on restart, and we show why
transactions, sagas, and durable workflow engines each fail
to transfer to agents (§3).

e We implement EFrecTLOG and evaluate it on a live
thirteen-step migration under process-kill injection, 80 trials
per operating point, with one measured takeaway per failure
axis (§4).

e We specify the effect contract, its fields, its intent-log
protocol, and a reversibility taxonomy that determines which
actions an agent may retry alone and which require a human
gate (§5).

Scope and broader impact. We claim the shape of the con-
tract, not the optimality of any policy above it. The prototype
is single-agent and single-host, the injector kills the process
only between atomic effects, and compensator drafting re-
mains a hypothesis (§6). Typing effects by reversibility lets
autonomy grow class by class. The human gates the IRRE-
VERSIBLE class, not every step, which bounds blast radius as
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agents take on more. The same log that makes recovery safe
is also the ledger an operator audits, so accountability and
autonomy share one artifact. The risk is misplaced trust. A
mislabeled class turns a gate into a hole, so the taxonomy
must degrade to safety, and in our design it does. If deployed
agents cross the adoption line on workflow-engine wrapping
alone, this position is wrong, and that is measurable.

2 Why Now

Three lines are converging on this gap. Agents have en-
tered operations, with two thirds of surveyed agents tolerat-
ing minute-scale latency, exactly the long-running, effectful
regime where crashes are a matter of when [19, 20], on bench-
marks that already pose long-horizon effectful tasks [15, 37].
The frameworks that carry them [26, 29, 30, 34, 36, 38] treat
a tool call as a stateless function invocation, and nothing
distinguishes the request failed from the request succeeded
and the acknowledgment was lost, the oldest distinction in
distributed computing. And the agent-runtime community
is converging on durable, rewindable state for the agent’s
own computation [10, 35], while OS-side work meters its
resource footprint 7, 40, 41] and our companion work prices
what a replayed plan costs in carbon [21, 22, 24]. None of it
covers the agent’s effects on the world outside the harness.
Rewind restores the agent’s memory. It does not restore the
database.

3 The Execution Gap

The gap has three axes, and each defeats a different classical
remedy.

Duplicate effects on retry. If step 7, replicate table T,
runs twice, the damage ranges from wasted work to corrup-
tion. The classical answer is exactly-once execution, meaning
at-least-once delivery plus deduplication by a request iden-
tifier. RIFL built this mechanism for datacenter RPC [16],
and payment APIs expose it as idempotency keys [14, 31]. It
does not transfer as-is. The agent’s calls cross administrative
boundaries, the database here, DNS there, the ticket system
elsewhere, and no shared component deduplicates across
them. The identifier must travel with the call, minted by
the runtime and honored, or at least logged, at each bound-
ary. Configuration management learned the same lesson as
convergence to desired state [4].

Stale-world assumptions on replay. Even with dedu-
plication, replaying the plan is unsafe, since its precondi-
tions were computed against the world of step 1. Transac-
tions solve this inside one system by making the world hold
still [8], but an agent’s world spans systems that share no
transaction manager. Sagas [12] answered this for long-lived
workflows, running forward with a compensating action per
step, and Helland’s argument [13] explained why beyond a
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single system this is the only workable shape. But sagas as-
sume compensators authored in advance for an enumerated
workflow, and an agent’s plan is generated at run time.
Unknown state on restart. The restarted agent must
answer what became true, and today the answer lives only
in the dead process’s context window. Durable workflow en-
gines [32], durable functions [3], and transactional serverless
workflows [39] solve exactly this for code, event-sourcing ev-
ery step so replay reconstructs state deterministically. They
are the closest existing answer, so we take them head on.
Determinism is the load-bearing assumption. The workflow
must be a pure function of its history, and an LLM agent is
not, because its next step depends on sampled output and
fresh observation of a changed world. Wrapping the agent
in a workflow engine preserves the log but not the seman-
tics; process checkpointing [9] restores memory, not the
world, the same limit as harness rewind. Crash-only soft-
ware [5] and operator-facing undo [2] anticipated the stance,
but manage a system’s own state, not a world of foreign
side effects. Journaling before acting is itself old, from write-
ahead logging [17] to log-structured filesystems [27]; what
has no prior home is a record of intents about a foreign world,
typed by reversibility and recovered by probing rather than

replaying (§5).

4 Prototype and Evaluation

We built it, then we crashed it, 320 times per recovery mode.

Setup. EFFECTLOG is a durable intent log in 39 lines of
Python over SQLite in write-ahead mode.! It writes four
records per effect, intend, attempt, observe, resolve, plus a
recovery call returning unresolved intents. The 132-line har-
ness runs the thirteen-step migration of Figure 1 against on-
disk state rather than mocked stubs, an application database,
a source table, a cutover file, and a notification log. Crash in-
jection SIGKILLs the worker after a step’s effect commits and,
in the acknowledgment-loss case, before its observe record
persists, so the effect happened but no record of it survived.
A parent process relaunches until the migration completes,
then audits the disk for duplicate rows and destructive re-
executions. Three modes run under identical injection. Naive
restart replays from step 1. Idempotency keys are checked
at the tool boundary. EFFECTLOG reconciliation probes each
unresolved intent against the world and resumes from the
frontier, the first step whose effect is not yet known to have
committed. Four operating points pair a per-step crash rate
¢ with an acknowledgment-loss rate g, namely c=2%+q=5%,
c=5%, c=10%, q=20%, at 80 trials each. Scripts and raw runs
are at https://github.com/hanabhp/CrashSafe.

ILine counts exclude blank lines and comments; the counting script ships
with the artifact. The log runs with PRAGMA synchronous=FULL, an fsync
at every commit, so its durability rests on the same assumption every write-
ahead system makes.
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Figure 2. Naive restart, measured. Duplicate rows (top) and
destructive re-execution (bottom) across operating points.
Keys and EFFECTLOG sit at zero in every run of both.
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Figure 3. Mean launches per completed migration at 20%
acknowledgment loss.

Naive restart, measured. Figure 2 shows the share of

completed migrations with duplicate rows (top) and destruc-
tive re-executions (bottom) under naive restart. Neither fail-
ure is confined to extreme settings. Even a modest 2% per-
step crash rate with 5% acknowledgment loss leaves 27.5%
of migrations with duplicated rows, rising to 66% (mean 49.8
duplicate rows) at 20% acknowledgment loss, where destruc-
tive re-execution also peaks at 58.8%, the source table deleted
a second time while the cutover is already live. With idem-
potency keys or EFFECTLOG the count is zero in all 320 runs
of each. The boundary refuses what the identifier marks as
done, and EFFEcTLOG’s recovery probes the world before it
acts.
Takeaway 1. Naive restart leaves duplicate rows in up to 66%
of runs and re-executes a destructive step in up to 58.8%; an
idempotency key or EFFECTLOG drops both to zero in every one
of 320 runs.

Recovery cost, measured, and a result we did not ex-
pect. Correctness was the design goal; the launches column
delivered a second finding. At 20% acknowledgment loss,
naive restart needs 21.7 launches per completed migration
and idempotency keys still need 14.1, while EFrFEcTLOG com-
pletes in 3.5, a 6.2x reduction (Figure 3). Logging costs 2.8 ms
per effect for four durable records, three orders of magnitude
below the tool latencies of a production migration. The log
is not only the safety mechanism; it is the cheaper way to

finish.
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Figure 4. The contract lives at the tool boundary; recovery
is reconciliation, not replay. Dashed outlines mark separate
administrative domains.

Takeaway 2. Keys buy safety, not recovery. At 20% acknowl-
edgment loss naive restart relaunches 21.7 times and keyed
restart 14.1, while probe-then-resume completes in 3.5, a 6.2X
reduction.

Assumptions and limitations. Four points, stated plainly.
Crash model. The injector kills the process after a step’s ef-
fect commits, or before its acknowledgment persists; it never
tears a write inside an effect, since every effect here is one
atomic operation, and a tool without that property must
wrap its effect or declare it FENCED. Key placement, a bug
we hit. An early version committed the key and the effect
in separate transactions, so a crash could record the key
without the effect and deduplication then skipped real work;
the hardened version commits both in one transaction for
database steps, and for file steps writes the key just after,
at-least-once, where a duplicate is possible but a lost effect is
not. Log durability. If the log is unavailable, corrupted, or lost
with the process, recovery degrades to naive restart, never
below it. The open window. The world can change between a
probe and the resumed action; a fencing token is the classical
answer, and stays future work. At 80 trials per point, bino-
mial 95% confidence intervals stay within eleven percentage
points.

5 The Effect Contract

Every side-effecting tool call carries three fields. effect_id
names this intended effect, idem_key is the deduplication
token the tool boundary honors, and reversibility is one
of IDEMPOTENT, REVERSIBLE, FENCED, Or IRREVERSIBLE. The
runtime keeps one log (Figure 4).

The protocol. The runtime writes four log records per
effect to durable storage. Intend is written before the call
and carries the three fields and the assumed precondition.
Attempt marks that the call was issued with the idempotency
key. Observe records the outcome as witnessed, including an
unknown fate. Resolve closes the effect as committed, com-
pensated, or escalated. Recovery is the reconciliation loop
that §4 prices. It reads intents without resolutions, probes
the world for each, and then resumes planning against the
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reconciled world, never the world of step 1. This is a write-
ahead log for reality, the oldest idea in the room [17], applied
one layer higher.

The reversibility taxonomy is where policy attaches,
typing effects the way dependability engineering types faults
and failures [1]. IDEMPOTENT effects retry freely. REVERSIBLE
effects carry a compensator reference the planning model can
draft at plan time, validated like any verification step [21, 22],
giving GoEX’s undo posture [25] a durable record. FENCED
effects are safe only under an ordering token the boundary
checks, the truncate-then-cutover pair of steps 11 and 12
being the case in point. IRREVERSIBLE effects, and only they,
hard-require a human gate, turning the vague instinct of
keeping a human in the loop [19] into a typed rule.

Placement. In the exokernel split between mechanism
and policy [11], the contract is mechanism. It belongs in the
durable layer beneath the model and above the tools, the
only component that sees every effect, survives the crash,
and owes allegiance to no tool’s domain. A boundary that
honors keys gives exactly-once. One that does not still gets
intent-logged and reconciled by observation.

6 Discussion and Future Outlook

The workflow-engine objection. The most natural push-
back is to wrap the agent in a durable workflow engine.
Section 3 answers it. Determinism fails for sampled, world-
observing agents, and engine-level exactly-once covers in-
vocation, not undoability. The contract borrows the engines’
durability discipline [3, 32] and drops the replay semantics
they cannot keep. A recent startup applies the same instinct
to agent actions [18]. The difference is scope. The contract
types reversibility and travels with the call across adminis-
trative boundaries that a transactional shell cannot span.

Open hypothesis. Plan-time compensator drafting (§5)
is a hypothesis. A draft that passes the tool’s schema and the
verifier machinery agents already run stands. Where none
validates, the effect is gated as IRREVERSIBLE, so the taxon-
omy degrades to safety, not optimism. Two findings would
refute us, workflow-engine wrapping alone carrying agents
across the adoption line, or compensators that rarely validate,
which would empty the REVERSIBLE class. Measuring per-
domain effect-class mixes in deployed harnesses [22, 23, 34]
is first on our list.

7 Conclusion

In this work, we argued that operational agents need a crash-
safe effect contract, an effect identifier, an idempotency key,
and a reversibility class, logged before each call and recon-
ciled on restart. We implemented it as EFFECTLOG, a 39-line
intent log, and evaluated it under process-kill injection on
a thirteen-step migration. We showed that naive recovery
corrupts up to 66% of runs, while reconciling from the log
eliminates corruption and completes in 3.5 relaunches.
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