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Abstract

Current multi-agent LLM systems rely on natural language as the sole
medium for inter-agent communication, treating coordination as a message-
passing problem. We argue this text-passing bottleneck is a structural
limitation—not merely an engineering inconvenience—that fundamentally
constrains consistency, efficiency, and auditability. We propose a paradigm
shift: from message-passing to shared cognitive substrates, where agents
coordinate through three explicit shared primitives: (1) a Shared World
Model maintaining typed state with invariants, (2) a Shared Causal Graph
representing explicit dependencies and attribution paths, and (3) a Shared
Energy Pool enabling resource-aware arbitration under budget constraints.
We introduce Baton Arbitration as a coordination mechanism and propose
Structural Continuity as an evaluation criterion for system stability. We
present this as a blueprint intended to guide the design of substrate-native
multi-agent systems.

1 Introduction

The emergence of multi-agent LLM systems has enabled increasingly sophisticated coor-
dination patterns, from role-based dialogue to complex workflow orchestration (Wu et al.,
2023; LangChain, 2024). Yet beneath the diversity of frameworks lies a common assump-
tion: natural language is the primary medium of inter-agent state. This assumption persists
despite decades of multi-agent systems research demonstrating that effective coordination
requires explicit shared representations (Durfee, 1999; Wooldridge, 2009).

We challenge this assumption. When Agent A summarizes its reasoning for Agent B in
natural language, information is inevitably compressed, types are lost, and consistency be-
comes unverifiable. When multiple agents write to a shared narrative, conflicts are resolved
through generation rather than arbitration. When coordination scales, token bandwidth
becomes system bandwidth.

Thesis. Natural language should serve as an interface to multi-agent coordination, not its
substrate. We propose that effective multi-agent systems require explicit shared structures—
what we term shared cognitive substrates—that maintain state, causality, and resource allo-
cation independently of linguistic representation. This echoes Minsky’s vision of intelligence
as a society of specialized agents (Minsky, 1986), but shifts the focus from agent-internal
architecture to the inter-agent coordination medium itself.

Contributions. This paper offers three contributions: (1) A bottleneck taxonomy identifying
three failure modes of text-passing architectures. (2) A substrate abstraction proposing three
shared primitives (World Model, Causal Graph, Energy Pool) as coordination foundations.
(3) A coordination-evaluation framework introducing Baton Arbitration for conflict-free
execution and Structural Continuity as a stability metric.
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2 The Text-Passing Bottleneck

2.1 Positioning: What Shared Substrates Are Not
Before detailing our proposal, we clarify what shared cognitive substrates are not:

e Not a shared prompt or memory bank. Substrates are typed, schema-bound struc-
tures with mutation interfaces—mnot text buffers that agents read and append to.

e Not a message queue or cache. We do not merely store messages for later retrieval;
we maintain world state that agents query and mutate through controlled opera-
tions.

e Not generic concurrency control. While coordination involves access management,
substrates provide semantic primitives—typed state with invariants, causal prove-
nance with propagation, and budget-aware arbitration—rather than low-level locks
or queues.

The core distinction: we define coordination primitives at the cognitive level, not communi-
cation tricks at the infrastructure level. Unlike classic blackboard architectures (Hayes-Roth,
1985), substrates here are explicitly tied to causal provenance and budgeted arbitration,
making multi-agent coordination measurable and auditable.

2.2 Failure Mode Taxonomy

Existing multi-agent LLM frameworks—including AutoGen (Wu et al., 2023), LangGraph
(LangChain, 2024), CrewAlI (CrewAl, 2024), CAMEL (Li et al., 2023), MetaGPT (Hong
et al., 2023), ChatDev (Qian et al., 2023), GPTSwarm (Zhuge et al., 2024), and simulation
environments such as Generative Agents (Park et al., 2023)—share a fundamental architec-
tural choice: agents communicate by generating and consuming natural language messages.
While some frameworks introduce structured artifacts (e.g., MetaGPT’s SOPs) or role-based
protocols (e.g., CAMEL’s inception prompting), the inter-agent medium remains linguistic.
We identify three structural failure modes inherent to this design.

Information Loss. When an agent externalizes internal state as text, typed structures be-
come untyped strings. A causal chain A — B — C becomes “A leads to B, which causes
C”—losing explicit edge semantics, confidence annotations, and compositional structure.
Downstream agents must re-infer what upstream agents already knew.

Consistency Failure. Without explicit dependency tracking, parallel agents may hold con-
tradictory beliefs about shared state. Text-based reconciliation requires generation (“let me
clarify..”) rather than verification against invariants. There is no mechanism to propagate
updates or detect when Agent A’s conclusions invalidate Agent B’s premises.

Coordination Overhead. Communication cost scales with token count, not semantic content.
Expressing “Agent 3 should proceed” requires the same bandwidth machinery as complex
reasoning. As agent count and interaction depth increase, coordination overhead dominates
useful computation.

Failure Mode Root Cause Required Primitive(s)
Information Loss Untyped serialization World Model (typed state)
Consistency Failure No dependency tracking World Model + Causal Graph
Coordination Overhead Token = bandwidth Energy Pool (budget arbitration)

Table 1: Text-passing failure modes and their corresponding substrate primitives.

3 Shared Cognitive Substrates

We propose that multi-agent coordination should be grounded in explicit shared structures
rather than emergent from message exchange. A shared cognitive substrate provides three
primitives that agents read from, write to, and reason over collectively.
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Shared World Model (State). The Shared World Model maintains a typed representation
of entities, relations, attributes, and constraints that all agents observe and modify through
controlled interfaces. Core properties: typed state (objects carry schemas; relations have
defined semantics), invariant enforcement (constraints are checked on write, not hoped for
on read), and versioned history (state transitions are logged, enabling rollback and audit).
Agents do not “describe” the world to each other; they observe the same world.

Shared Causal Graph (Structure). The Shared Causal Graph explicitly represents depen-
dencies, derivations, and attribution paths across agent reasoning. Core properties: explicit
causality (if conclusion C' depends on premises P;, P>, edges P, — C and P, — C are
recorded), cross-agent attribution (when Agent B builds on Agent A’s output, the depen-
dency is structural, not textual), and consistency propagation (updating a node triggers
downstream validity checks). This enables credit assignment across agents, contradiction
detection, and principled belief revision.

Shared Energy Pool (Resource). The Shared Energy Pool provides a resource-aware co-
ordination layer where agents operate under explicit budget constraints. Core properties:
finite budget (total available “energy” is bounded; agents request allocations), priority ar-
bitration (when demand exceeds supply, allocation follows explicit rules), and contention
visibility (resource conflicts are observable events). Here, “energy” is an abstract budget
that can be instantiated as operation quota, validation quota, or tool-call budget depending
on deployment context. Crucially, energy allocations gate which substrate operations can
be executed under contention: when budget is tight, agents must trade off between propos-
ing, committing, validating, and repairing state—making coordination an explicit, auditable
control surface rather than an implicit latency.

Walkthrough: Multi-Agent Planning. This walkthrough illustrates coordination in terms of
substrate operations, decoupled from message length and linguistic reconciliation.

Setup: Agent A (Planner) and Agent B (Critic) collaborate on a deployment plan.

World Model writes: A writes stepl: ”provision servers” [status=proposed]; A writes step2:
”deploy code” [depends=stepl, status=proposed)].

Causal Graph edges: stepl — step2 (dependency); Agent_ A — stepl, step2 (provenance).
Energy arbitration: Budget allows 3 more operations. B requests 2 units for critique; granted.
Baton transfer: A holds write-baton, commits steps. A releases baton. B acquires baton, writes:
stepl.risk: ”capacity unknown”. Causal graph adds: Agent_ B — stepl.risk.

Consistency propagation: Risk annotation triggers re-validation flag on step2.

In a text-passing architecture, the same update would require repeated natural-language
reconciliation to re-establish dependencies and resolve conflicts, inflating coordination cost
without increasing semantic precision.

4  Baton Arbitration: A Coordination Primitive

Given shared substrates, how should agents coordinate access? Classical multi-agent coor-
dination relies on negotiation protocols, shared plans, or learned policies (Stone & Veloso,
2000). We propose a simpler primitive suited to substrate-native systems: Baton Arbi-
tration, where execution rights are explicitly held and transferred, rather than implicitly
contested.

The Baton Concept. A baton represents the right to perform a privileged operation on
shared state—writing to the World Model, committing to the Causal Graph, or allocating
from the Energy Pool. At any moment, each baton has exactly one holder. Benefits: conflict
elimination (writers don’t race; they wait for the baton), responsibility attribution (every
state change has an accountable agent), and rollback simplicity (reverting a bad commit
means returning to pre-baton state).

Batons are not generic mutexes. Unlike low-level locks, a baton is a semantic write au-
thority bound to substrate regions, with logged commits for audit and role-based partition-
ing. Acquiring a baton implies accepting accountability for the coherence of subsequent
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state changes—not merely exclusive access to a resource. Importantly, batons govern only
privileged writes and commits; reads and queries can proceed concurrently without baton
acquisition, and separate batons can be defined per substrate region (world-state, causal,
budget) to enable fine-grained parallelism.

Role-Based Partitioning. Rather than treating all agents as interchangeable, we suggest role-
based capability partitioning: different roles hold authority over different substrate regions.
Nlustrative roles: World Editor (authorized to mutate entity/relation state), Causal Analyst
(authorized to extend/prune the causal graph), Energy Governor (authorized to reallocate
budget across agents), and Continuity Monitor (authorized to trigger stability interventions).
This transforms coordination from “who talks next” to “who holds write authority now.”

5 Structural Continuity: An Evaluation Criterion

How do we know if a multi-agent system is “working well”? Beyond task completion, we
propose Structural Continuity as a stability metric.

Structural Continuity measures the degree to which a multi-agent system maintains coherent
shared state across interactions, defined along three dimensions: State Stability (how much
does the World Model drift under agent activity?), Causal Integrity (are causal graph edges
preserved or frequently invalidated?), and Energy Efficiency (what fraction of allocated
resources produces durable changes, i.e., changes surviving k steps without invalidation?).

Formally, over a horizon k, we view structural continuity as SCy = f(Agtates Pcausal, Menergy ),
where Aggate captures world-model drift, peausal denotes causal-edge survival rate, and Nenergy
denotes the fraction of budget yielding durable commits. Specific instantiations of f are left
to future empirical work.

Measurement Approach. We suggest continuity can be operationalized through: anchor
tracking (designated reference points in shared state; continuity = anchor survival rate over
n interactions), drift detection (measuring distance between World Model snapshots at ¢ and
t + k, via schema-aware state differencing or embedding-based comparison), and recovery
cost (resources required to restore consistency after perturbation, measured in energy units
or operation count).

6 Implications and Conclusion

Safety. Shared substrates make multi-agent behavior auditable by design. Every state
change traces to an agent holding a baton; every causal claim has explicit provenance. This
transforms safety from “hoping agents behave” to “verifying agents complied.”

Scalability. When coordination occurs through substrate operations rather than token ex-
change, communication cost decouples from linguistic complexity. Adding agents increases
substrate load, not message explosion.

Open Questions. Several challenges remain: What is the minimal substrate sufficient for
coherent coordination? Can baton transfer policies be learned rather than predefined? How
should substrate-based and text-based coordination interoperate? As a minimal next step,
we plan a validation stress suite that systematically varies contention (budget), conflict
frequency, and horizon length k, and reports structural continuity (SCy) together with
coordination overhead against text-passing baselines.

We have argued that multi-agent LLM coordination suffers from a structural bottleneck:
reliance on natural language as the sole inter-agent medium. We proposed shared cogni-
tive substrates—World Model, Causal Graph, and Energy Pool—as explicit coordination
primitives, introduced Baton Arbitration as a conflict-free coordination mechanism, and
suggested Structural Continuity as an evaluation criterion. This blueprint aims to shift the
conversation from “how agents talk to each other” to “what agents share with each other.”
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