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Abstract
Multi-agent LLM systems increasingly run agents in parallel
against shared repositories, Kubernetes clusters, and docu-
ments. Once agents mutate common state, their interleaved
reads and writes reproduce isolation anomalies. Classical
remedies fit poorly: runs span minutes of inference, and
agents gather broad context for task success; this read am-
plification turns irrelevant overlaps into long 2PL waits or
OCC aborts that discard complete runs. Much state is live
and admits neither forks nor buffered writes. We argue that
concurrency control should be advisory: the runtime reports
a conflict, and the affected agent decides whether it invali-
dates the plan and repairs only dependent operations. We
formalize this guarantee as notified serializability and present
MTPO, which fixes a serialization order at launch, serves
order-filtered reads, applies writes in place, and reconciles
misordered writes through registered inverses; at quiescence
the run is serializable in the fixed order. On ten contended
two-agent workloads, a prototype achieves a 1.4× speedup
and 1.15× token cost with correctness within 5% of serial,
while 2PL and OCC surrender nearly all concurrency gains.

1 Introduction
LLM agents modify repositories, databases, and clusters via
tools. To cut latency, systems run them concurrently: Claude
Code ships parallel teams [1], Codex and Cursor run back-
ground agents [2, 22], and Kimi coordinates up to a hundred
agents [21]. Once agents share mutable state, classical con-
currency failures follow; an audit of over 200 traces attributes
more than a third of failures to inter-agent misalignment,
including agents acting on the same resource unaware of
each other [7].

A measured run makes the failure concrete. Two agents
share a live Kubernetes cluster. In an AIOpsLab remediation
task [9], agent A must repair every deployment left on a
wrong image. Agent B independently reads one service’s
current image and creates a matching canary. A lists the
cluster before the canary exists, so its sweep misses it; B
∗Both authors contributed equally to this work.

reads before A’s repair, so the canary mirrors the bad image.
Both report success. Yet either serial order would leave the
canary repaired: the observed outcome is nonserializable
and stays silent until the canary takes traffic.

Serializability rules out such outcomes [3], but its classi-
cal enforcers, two-phase locking (2PL) [12] and optimistic
concurrency control (OCC) [18], fit agent workloads poorly
for three related reasons (§2). (i) Long execution. Agent
runs spend most of their minutes in inference: 2PL stalls
parallel work, while an OCC abort discards the whole run.
(ii) Read amplification. Unlike transactions with explicit
access paths, agents gather broad context for task success,
often scanning repositories or namespaces. The inflated lock
and validation sets turn irrelevant overlaps into waits or
aborts. (iii) Live state. A cluster, production database, or
external API generally admits neither a fork nor buffered
writes; effects occur immediately, OCC has no commit-time
install, and abort may not erase them.

The LLM supplies the missing semantic judgment. Given
a conflict, it can decide whether a changed value invalidates
a plan premise; most broad-read overlaps do not (e.g., a peer
appending a log line to a scanned file disturbs nothing the
agent relies on). If one does, the agent rewrites only depen-
dent operations. Registered inverses provide saga-style com-
pensation for an out-of-order write [14]; the affected agent
then decides whether and how to issue a corrected write.
Coordination can thus be advisory: the runtime reports, and
the affected agent repairs.

We formalize notified serializability (§3), a correctness
criterion for concurrent agents that incorporates conflict
notification and local saga compensation. We then present
MTPO (Monotonic Trajectory Pre-Order, §4), which fixes the
serialization order and maintains its live state through three
repair rules; at quiescence, every object equals what that
serial execution would leave. Its rules separate mechanical
filtering and undo from LLM revision of premise-dependent
actions. §5 reports initial validation on ten contended work-
loads.
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2 Why Classical Mechanisms Fit Poorly
2.1 The Agent Execution Model
An LLM agent keeps a private, append-only context: each
inference appends tool calls, results, and model output [32,
33]. A read remains a premise for later inference after its
object changes. Because write parameters may derive from
earlier reads in this context, we conservatively treat every
write as read-modify-write (RMW), even when the tool call
appears to be a direct assignment. We call these context-
derived perceptions the agent’s view, its basis for later action.

2.2 Two Gaps
Classical concurrency control assumes short transactions
and cheap retries. Agent runs spend seconds to minutes
in inference: 2PL holds locks throughout, while one OCC
validation failure discards inference, tool calls, and artifacts.
Unlike a programmed transaction’s explicit access path, an
agent may grep a repository or list a namespace before acting.
This read amplification expands lock and validation sets,
causing work to wait or abort on semantically irrelevant
overlaps; §5 measures the effect.

Classical mechanisms also separate uncommitted writes
from published state: they stage writes for commit (OCC,
snapshot isolation, and Spanner [11]) or roll them back on
abort (2PL). A live Kubernetes cluster, production database,
or third-party API provides one copy; writes take effect im-
mediately, and external effects may resist rollback.

These gaps yield two requirements. R1: coordination com-
bines optimistic execution with localized recovery: agents
avoid long-held locks, and recovery repairs only dependent
work instead of aborting the task. R2: writes take effect in
place because live targets provide no general fork, buffer, or
rollback.

2.3 What Deployed Systems Do
Deployed systems serialize agents, partition writes, or fork
state. Serialization forfeits concurrency [16, 26, 31]; static
partitioning needs write sets before plans reveal them and
misses the canary anomaly despite disjoint writes [1]. Coding
agents enjoy a favorable special case: Git worktrees cheaply
fork repository state, and tests check some post-merge invari-
ants [2, 10]. This does not generalize: many targets cannot be
forked, many consistency conditions lack a simple test oracle,
and copies still admit read-committed-like anomalies [3].

3 Notified Serializability
3.1 Runs, Objects, and Orders
A run is a finite total order of tool invocations and returns,
physical writes, repairs, notifications, and commits. Its exter-
nal projection records writes reaching the target and agents’
final reports; call metadata and repair bookkeeping are inter-
nal. Shared state partitions into objects. Each call 𝜏 declares
its read/write footprint 𝑅(𝜏), 𝑊 (𝜏), and each reversible write

carries an inverse. Because effects can exceed call arguments,
footprints include indirect effects and let the runtime confine
calls (§4.4).

The model adds two framework actions. Notify appends a
message reporting another agent’s applied write and result-
ing value; the receiver treats it as fact and decides whether
and how to adapt. This short append is fast and token-light
relative to rerunning an agent. Saga undo reverses an applied
live-state write through its registered inverse. Undo is nec-
essary to reconcile out-of-order write-write (ww) conflicts
on a single live copy. Prior work has proposed saga-style
compensation for multi-agent LLM planning [8].

The system has two orders. We assume a global tool or-
der ≺𝑡 because tool-internal concurrency safety lies outside
the agent framework: calls may overlap if their combined
outcome equals execution in that order. The serialization
order ≺𝜎 is instead the agent-level serial reference the run
should match. It is existential in the correctness criterion;
§4.1 explains why MTPO fixes one before execution.

3.2 Agent Assumptions
The model assumes: A1 (individual success): run alone
from a state satisfying its premises, the agent completes its
task, adapting transaction theory’s individually correct pro-
grams to a stochastic executor [4]. A2 (well-formedness):
every shared-state access uses a registered tool within its
declared footprint, and each delivered notification is con-
sumed before the next action. This is the agent analogue of
a well-formed transaction, locking theory’s term for follow-
ing its required access discipline [12]. A3 (self-healing): a
notified agent recognizes whether the change invalidates a
premise and revises exactly dependent work, possibly none;
for an undone RMW, it also decides whether to reissue it
and recomputes its parameters. A3 is a new capability claim
about the LLM and is probabilistic in practice: §5 observes a
5% misjudgment rate on a budget model.

3.3 The Correctness Notion
Conflict serializability commutes adjacent nonconflicting
operations to obtain a serial schedule. Agent runs add noti-
fications, saga undo, and agent-issued replacements, which
ordinary commutation cannot represent.Notified equivalence
(≅𝑁) therefore adds two cancellation laws. The read-side law
treats a stale read followed by notification of the value ex-
posed by the ≺𝜎-serial execution and an A3-correct revision
as equivalent to returning that value initially. The write-side
law treats a rank-reversed RMW, framework undo, and noti-
fication of the refreshed serial value followed by A3-correct
redo or omission as equivalent to executing only the cor-
rected operation at its 𝜎 position. Undo is mechanical; both
semantic revisions depend on A3 and isolate the LLM’s un-
certainty.

Applying these laws removes repair events and yields an
ordinary interleaving 𝐼. Serialization equivalence (≅𝑆) then
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applies textbook commutation to decide whether 𝐼 is conflict-
equivalent to a serial schedule [4]. A run 𝜌 is notified-
serializable when, for some ≺𝜎, 𝜌 ≅𝑁 𝐼 ≅𝑆 𝑆𝜎, where 𝑆𝜎 is
the corresponding serial schedule.The naive canary run lacks
a correction, so no read-side cancellation yields either serial
order. With A before B, notifying B of A’s repair lets it reissue
set_image from the corrected value; the stale premise and
repair cancel, yielding the reference interleaving.

4 The MTPO Protocol
4.1 Fixing the Agent Order
Notify must be one-way: if agents may require each other to
adapt, two rw antidependencies can form a nonserializable
cycle and livelock. For 𝑥 = 𝑦 = 1, run 𝑥 ← 𝑦/2 ∥ 𝑦 ← 𝑥/2:
each correction invalidates the other’s read and triggers
another, whereas either serial order ends after two writes.
Classical protocols choose direction during execution: 2PL
through lock waits and victim selection, OCC through vali-
dation or commit order and abort. Their blocking and whole-
run retry violate R1, while private buffering and general
rollback do not fit R2’s single live copy. MTPO therefore
fixes the agent order before execution.

At launch, MTPO assigns ranks 𝜎𝑗 and records their pre-
order ≺𝜎, following deterministic pre-ordering [29]. Repair
moves only upward: notifications flow from lower to higher
rank; for ww, the framework saga-undoes higher-ranked
writes and notifies their agents to reconsider them. Depen-
dencies thus form a 𝜎-monotone DAG of depth at most 𝑛 −1;
in the example, the lower rank halves once and the higher
consumes one correction to reach the serial outcome.

Fixed direction gives progress by rank induction. For finite
tasks under A1 and A3, the lowest-ranked agent terminates
without repair, and each later agent receives finitely many
repairs from terminating predecessors. No predecessor waits
for a successor, so idealized makespan excluding repair is
no worse than serial execution; notification, inference, undo,
and redo can exceed this bound in practice.

Pre-ordering has one scheduling cost: a short, late-ranked
task may finish locally yet wait for predecessors to stabilize
and absorb their repairs. This affects latency, not correct-
ness when A1 holds for the chosen order; complexity-aware
ranking is future work.

4.2 Repair by Conflict Type
MTPO has three repair rules with one serial reference. For
object 𝑜, the write trajectory 𝑇 (𝑜) lists uncancelled writes in 𝜎
order. Its materialization 𝑀(𝑜, 𝜎𝑗) applies the prefix through
𝜎𝑗 to the initial state and is the ≺𝜎-serial value exposed to
𝑗. Notification 𝜈𝑖→𝑗(𝑜) delivers that refreshed value into 𝑗’s
view.
Reads pull from the trajectory (wr). Before returning a
read, the runtime produces 𝑀(𝑜, 𝜎𝑗), screening out higher-
ranked writes through a three-level fallback. If the object

Table 1. MTPO repair rules.
Dep. Backward event Repair
wr Too-new read Return 𝑀(𝑜, 𝜎𝑗)
rw Read made stale Notify reader; revise dependents
ww Rank-reversed writes Undo high; apply low; notify origin

retains versions, it reads the corresponding one. For hard-to-
version live targets such as a cluster or database, it instead
caches historical results from common analytical read tools.
If neither form exists, it saga-undoes higher-ranked writes
and reads the restored rank-correct state.
Notifications push to readers (rw). The runtime tracks
reads. When a lower-ranked write makes a higher-ranked
agent’s read stale, it delivers 𝜈𝑖→𝑗(𝑜) with refreshed 𝑀(𝑜, 𝜎𝑗)
before the receiver’s next inference.The LLM keeps, rewrites,
or retracts only dependent work (A3), reopening an agent
that had finished locally if needed. Reverse notifications are
forbidden by §4.1.
Writes apply speculatively (ww). A write arrives at its ≺𝑡
position, enters 𝑇 (𝑜) at rank 𝜎𝑗, and is late if a higher-ranked
write already took effect. The framework automatically saga-
undoes such writes in descending rank, cancels their old
entries, then applies the lower-ranked write immediately.
Because all writes are RMW, it notifies their originators with
the refreshed rank-correct value; each decides whether to
issue a replacement and recomputes its parameters (A3). A
noninvertible tool waits until every lower rank commits, so
it cannot arrive late.

4.3 Correctness
An agent is quiescent when it has no further write and has
consumed every delivered notification; GlobalQuiet holds
when all agents are quiescent and none is in flight. MTPO
maintains one invariant: at GlobalQuiet, every live object
equals its trajectory’s materialization.

Proposition (notified serializability). Assume A1–A3 and
the three rules. At GlobalQuiet, the run is notified-serializable
in ≺𝜎, and every object’s final state is what the ≺𝜎-serial exe-
cution leaves.
Proof sketch. Apply the cancellation laws to construct

𝐼, with each operation at its agent’s rank and every read
returning its GlobalQuiet 𝑀(𝑜, 𝜎𝑗). Table 1 supplies every
reduction required for 𝜌 ≅𝑁 𝐼: wr screens out higher-ranked
writes, rw invokes the read-side law throughA3 revision, and
ww invokes the write-side law through undo and A3 redo
or omission. Every remaining conflict edge points forward
in 𝜎, so its precedence graph is acyclic and 𝐼 ≅𝑆 𝑆𝜎 [4]; the
invariant gives the same final state. �

4.4 Realization via Tool Synthesis
Declared tools. A privileged, domain-independent Tool-
Smith agent realizes MTPO online. A worker submits a
declarative capability request; ToolSmith synthesizes a con-
crete registered tool with its implementation and declared
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Figure 1. End-to-end results over ten contended two-agent workloads; speed and token cost are normalized to serial.

read/write footprints. Admitting calls only through these
tools lets the runtime interpose and track dependencies with-
out application-specific framework code.
History and undo. ToolSmith decides for each object or
analytical read whether a historical version or result can
be cached, then generates the cache-maintenance logic. To
automate compensation, it emits three phases for each write:
prepare saves the state needed for recovery, exec performs
the call, and reverse restores it. For example, drop-database
dumps before execution and restores that dump on reverse.
ToolSmith writes all three phases so the runtime can invoke
reverse automatically; a tool without one waits for lower
ranks to commit (§4.2).

5 Initial Validation
Setup. We built ten contended two-agent cells from Work-
Bench (simulated office automation) [28] and AIOpsLab (in-
cident remediation on a live Kubernetes cluster) [9]. Neither
suite races by design, so each cell pairs one suite task with
a hand-constructed second agent chosen to exhibit a text-
book anomaly (dirty read, phantom, lost update, read skew,
write skew). Hand-written invariants give the oracle: a run
passes iff its outcome is equivalent to one of the two serial
orders. Workers run deepseek-v4-flash; each cell runs ten
trials per protocol, all on one middleware: serial, naive (no
coordination), 2PL (declared footprints as locks, deadlock
detection, victim undo and restart), OCC (eager validation,
abort and restart), and MTPO.
Results (Figure 1). Naive reaches ≈1.5× speedup but

passes only 13% of trials. 2PL and OCC recover correctness
but nearly no concurrency; OCC also costs 1.83× the tokens.
MTPO passes every cell at a 1.4× speedup and 1.15× token
cost, with correctness within 5% of serial. In the five residual
failures, the notified agent misjudged relevance to its plan:
the guarantee remains conditional on A3.

Case study (Figure 2). On the canary cell from §1, MTPO
matches naive’s wall time (33 versus 32 s) while preserving
the serial outcome: A’s repair triggers one notification, and
B changes only the dependent canary image. 2PL takes 53 s
after deadlock and lock waits; OCC takes 64 s after aborting
and redoing B.

A
B

(a) naive 32 s  

A
B

deadlockwait
write lock

wait
read lock redo B

(b) 2PL 53 s  

A
B redo B

(c) OCC 64 s  

0 5 10 15 20 25 30 35 40
wall-clock time (s)

A
B notify

repair(d) MTPO (ours) 33 s  

read
write
commit

lock-blocked
deadlock/abort
lock wait

rw conflict
notification
repair

Figure 2. Execution timelines for the canary workload.

6 Related Work
Agent systems validate read sets [17, 19], port classical pro-
tocols [6, 23, 25, 34], or wrap tools transactionally [20]. They
impose blocking, abort, or transaction boundaries and give
no repair-based agent correctness model. SagaLLM proposes
saga-style compensation for multi-agent planning, while
GoEX studies undoable tool execution [8, 24]; MTPO decides
when to compensate.

Federated databases, multidatabase middleware, and TP
monitors coordinate fixed transactions across heterogeneous
systems [5, 15, 27]. They rely on locks, validation, commit,
or compensation. MTPO instead lets an executor revise de-
pendent actions after notification. Deterministic databases
pre-order transactions [29]; MTPO uses that order to direct
repair on live state. Semantic concurrency control used static
annotations [13, 30], whereas an LLM judges dependencies
at runtime and its judgment must be checked.
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