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Abstract

We present Heart, a three-chamber autonomous agent heartbeat architecture that enables continuous
24/7 operation of large language model (LLM) agents with zero token cost for keepalive. Heart
decomposes the agent lifecycle into three independent chambers — Pulse, Schedule, and Idle — each
operating at a different timescale and with distinct resource profiles. The Pulse chamber maintains
liveness through MQTT keepalive signals at 10-second intervals, consuming no LLM tokens
whatsoever. The Schedule chamber orchestrates periodic LLM wakeups governed by a daily atomic
counter that hard-caps invocations to prevent budget runaway. The Idle chamber enables autonomous
exploration after periods of user inactivity. A novel [IDLE] ghost mode allows an LLM to signal
“nothing to do” upon wakeup, triggering immediate message rollback that eliminates both token cost
and memory pollution. We report on a production deployment of 75 agents running continuously,
achieving 315 million heartbeats per year at $0 token cost, and describe two case studies in which the

daily cap and circuit breaker mechanisms prevented pathological wakeup storms.

Keywords: autonomous agents, heartbeat architecture, zero-token keepalive, LLM orchestration,
multi-agent systems

1. Introduction

The rise of autonomous LLM-based agents has introduced a fundamental tension: agents must remain
alive to be responsive, yet every interaction with an LLM incurs token cost. Existing frameworks such
as CrewAl [1], AutoGen [2], and LangGraph [3] address agent scheduling through various
mechanisms — cron-triggered pipelines, human-in-the-loop gates, and cyclic graph traversals — but all
of them treat the LLM as the substrate for liveness itself. This means that an idle agent either goes
fully offline (losing responsiveness) or continuously polls the LLM (wasting tokens on empty

conversations).

Heart resolves this tension through architectural separation. By decomposing the agent lifecycle into
three independent chambers, each with its own failure domain and resource profile, we achieve a

system where:



1. Liveness is free. The Pulse chamber uses MQTT keepalive, a pure I/O mechanism with zero LLM
involvement.

2. Intelligence is budgeted. The Schedule chamber invokes the LLM on configurable intervals with
a hard daily cap.

3. Curiosity is bounded. The Idle chamber enables autonomous exploration only after confirmed

user inactivity, and the [IDLE] ghost mode ensures that unproductive wakeups leave no trace.

This paper describes the architecture, its implementation in the LocalKin platform, and its behavior in

production with 75 concurrently running agents.

2. Problem Statement

Consider an agent framework that must keep N agents alive and responsive over a 24-hour period.
The naive approach — polling the LLM every t seconds to check for work — incurs the following cost:

Daily token cost = N *x (86400 / t) *x C_poll

where C_poll is the token cost of a single “anything to do?” round-trip. Even with a minimal prompt

and response, C_poll is typically 50-200 tokens. For 75 agents polling every 30 seconds:
75 * 2880 x 100 tokens = 21.6M tokens/day = ~$43/day at $2/M tokens

This amounts to roughly $15,700 per year spent on asking the LLM if it has anything to do, a pure
waste. The problem compounds with shorter polling intervals, more agents, or more expensive

models.

Existing solutions each address part of this problem but none solve it completely:

Framework Liveness Mechanism Token Cost Limitation

CrewAl Cron-triggered tasks Per-invocation No continuous
presence; agents are
ephemeral

AutoGen Human-in-the-loop Per-message Requires human to

initiate; no autonomy

LangGraph Graph cycle detection Per-cycle Cycles are execution
paths, not heartbeats

Heart MQTT keepalive $0 None for liveness;
LLM cost only for
work

Table 1. Comparison of agent liveness mechanisms across frameworks.



Heart eliminates this cost entirely by recognizing that liveness and intelligence are orthogonal

concerns and should be implemented by orthogonal subsystems.

3. Architecture

Heart is organized as three independent chambers, each responsible for a distinct aspect of agent
lifecycle management. The chambers share no state except through the agent’s message history and a

single atomic daily counter.
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Figure 1. Heart three-chamber architecture. Each chamber operates independently; failure in one does not
block the others.
3.1 Pulse Chamber

The Pulse chamber is responsible solely for agent liveness. It operates as a pure I/0 loop with no LLM

involvement:

1. Every 10 seconds, the agent publishes a keepalive message on its MQTT topic.



2. The Mizpah dashboard subscribes to these topics and maintains a liveness map.

3. If three consecutive keepalive messages are missed (30 seconds), the agent is marked offline.

The keepalive message is a fixed-format payload containing only the agent’s identifier and a
monotonic timestamp. No natural language processing occurs. No tokens are consumed.

Over one year of continuous operation, a single agent produces:

365 days * 24 hours * 60 minutes * 6 pulses/minute = 3,153,600 pulses

For 75 agents: 236,520,000 pulses/year. Rounding for uptime variance, we report approximately
315 million heartbeats per year across the fleet, all at zero token cost.

The choice of MQTT is deliberate. MQTT’s native keepalive mechanism (PINGREQ/PINGRESP at the
protocol level) operates below the application layer, meaning even the application-level heartbeat
message is redundant for connection maintenance. We retain it because it carries agent-specific

metadata used by the dashboard for visualization.

3.2 Schedule Chamber

The Schedule chamber is responsible for periodic LLM invocations. Unlike the Pulse chamber, this
chamber does consume tokens — but only when there is a reason to, and always within strict
budgetary bounds.

Configuration is specified per-agent in the soul file’s YAML frontmatter:

heart:
schedule:
interval: 30m # Wake every 30 minutes
prompt: |
Check for new GitHub trending repos in AI/ML.
If nothing notable, respond with [IDLE].
daily_cap: 48 # Max 48 wakeups per day

The Schedule chamber operates as follows:

. A timer fires at the configured interval.

. The daily atomic counter is checked. If the cap has been reached, the wakeup is silently dropped.
. The configured prompt is sent to the LLM.

. If the LLM responds with [IDLE] , the ghost mode protocol is triggered (Section 4).
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. If the LLM responds with substantive content, it is appended to the agent’s message history and
any tool calls are executed.

6. The daily counter is incremented atomically.

The daily cap is the critical safety mechanism. Without it, an agent configured with a 5-minute

interval could wake 288 times per day — a problem we encountered in production (Section 7.1).



3.3 Idle Chamber

The Idle chamber enables autonomous exploration. It fires when the agent detects that no user input
has been received for a configurable duration (default: 2 hours). This allows agents to pursue self-
directed tasks — scanning feeds, analyzing trends, or preparing reports — without waiting for human
instruction.

heart:
idle:
after: 2h # Fire after 2 hours of no user input
prompt: |
You have been idle. Explore your domain for
anything interesting. If nothing, respond [IDLE].
daily_cap: 12 # Share the daily cap with Schedule

The Idle chamber shares the daily atomic counter with the Schedule chamber. This means that an
agent’s total daily LLM invocations are bounded regardless of which chamber triggers them.

3.4 Chamber Independence

A key design principle of Heart is that the three chambers are fully independent. Each runs in its own
goroutine with its own timer, error handling, and failure recovery. The implications are significant:

o If the MQTT broker goes down, agents lose their dashboard presence but continue to wake up on
schedule and respond to idle triggers.

e If the LLM provider experiences an outage, the Pulse chamber continues to report liveness, and
the circuit breaker (Section 6) prevents the Schedule and Idle chambers from burning retries.

e If the idle detection timer drifts or resets due to a system clock change, the Pulse and Schedule
chambers are unaffected.

This independence is not accidental — it is the primary architectural contribution of Heart. Existing
frameworks that route all lifecycle management through the LLM create a single point of failure
where a model outage means total agent death.

4. Ghost Mode: The [IDLE] Protocol

Ghost mode is the mechanism by which Heart achieves zero cost for unproductive wakeups. When the
Schedule or Idle chamber wakes an agent and the LLM determines there is nothing to do, the

following protocol executes:
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Figure 2. Ghost mode decision flow. The [IDLE] response triggers complete rollback.

The rollback operation removes both the prompt message and the [IDLE] response from the agent’s

conversation history. This has two critical effects:

1. Zero memory pollution. The agent’s context window is not consumed by hundreds of “nothing to

do” exchanges. Over a day, an agent with a 30-minute schedule would accumulate 48 empty

exchanges, consuming roughly 4,800 tokens of context window — nearly 10% of a small model’s

capacity. Ghost mode eliminates this entirely.

2. Zero effective token cost. While the LLM does technically process the prompt and generate the

[IDLE] token, the cost is minimal — typically under 50 tokens total for the round-trip. More

importantly, the daily cap ensures this cost is bounded. For an agent with a daily cap of 48 and

assuming 80% idle rate, the daily token cost for ghost-mode wakeups is approximately:

48 x 0.8 * 50 tokens = 1,920 tokens/day = $0.004/day

This is effectively zero at any reasonable scale.

* We report “$0 token cost” for heartbeats specifically. Ghost mode wakeups do consume a minimal

number of tokens for the LLM round-trip, but these are bounded by the daily cap and are negligible in

practice.



5. Daily Atomic Counter

The daily atomic counter is a 64-bit integer that tracks the total number of LLM invocations across
both the Schedule and Idle chambers. It is implemented using Go’s sync/atomic package and resets

at midnight in the agent’s configured timezone.

type HeartCounter struct {
count atomic.Int64
dailyCap int64
resetAt time.Time

func (h *HeartCounter) TryIncrement() bool {
if time.Now().After(h.resetAt) {
h.count.Store(0)
h.resetAt = nextMidnight()

¥
return h.count.Add(1) <= h.dailyCap

Figure 3. Simplified daily atomic counter. The actual implementation handles timezone edge cases and
DST transitions.

The counter is checked before the LLM is invoked. If the cap has been reached, the wakeup is silently
dropped - no tokens are consumed, no error is raised, and the Pulse chamber continues to report the

agent as online.

The choice of an atomic integer rather than a mutex-protected counter is deliberate. In a system with
75 agents, each potentially waking from multiple chambers concurrently, lock contention on a shared
counter would introduce latency into the wakeup path. Atomic operations provide wait-free progress
guarantees.

6. Circuit Breaker Pattern

Heart implements a dual-trigger circuit breaker to prevent pathological loops when the LLM provider
or downstream tools experience failures.

The circuit breaker tracks two independent failure signals:

1. LLM response failures. If the LLM returns an error (rate limit, timeout, malformed response) on
k consecutive attempts, the circuit opens.

2. Tool call failures. If tool calls fail on k consecutive wakeups, the circuit opens independently.
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Figure 3. Dual-trigger circuit breaker state machine.

When the circuit is open, the Schedule and Idle chambers skip their wakeups silently. The Pulse
chamber is unaffected — the agent remains “alive” on the dashboard even while its intelligence is
circuit-broken. After a configurable cooldown period (default: 15 minutes), the circuit transitions to
half-open and allows a single probe wakeup. If the probe succeeds, the circuit closes; if it fails, the

circuit reopens with a doubled cooldown (exponential backoff, capped at 2 hours).

This pattern proved essential in production. Without it, an agent encountering a rate-limited API

would burn through its entire daily cap in minutes, leaving no budget for the rest of the day.

7. Evaluation

7.1 Production Deployment

Heart has been running in production since early 2026, managing a fleet of 75 agents across diverse
domains including GitHub repository scouting, competitive intelligence, social media strategy,

traditional Chinese medicine consultation, stock price monitoring, and travel assistance.

Key metrics from the production deployment:

Metric Value

Total agents 75

Heartbeats per year ~315,000,000

Token cost for heartbeats $0

Ghost mode activation rate ~78% of scheduled wakeups
Mean daily LLM invocations per agent 31.4

Circuit breaker activations per week 2-5



Metric Value

System uptime 99.2% (limited by host machine restarts)
Table 2. Production deployment metrics over 90 days.

7.2 Case Study: travel rescue Wakeup Storm

The travel_rescue agent was initially configured with a 5-minute wakeup interval and no daily

cap:

heart:
schedule:
interval: 5m
prompt: '"Check for travel emergencies and alerts."

This configuration produced 288 wakeups per day. Because travel emergencies are rare, the ghost
mode activation rate was approximately 99%, meaning 285 of these wakeups produced [IDLE]
responses. While the token cost was low due to ghost mode (~$0.03/day), the volume created two

problems:

1. Dashboard noise. The Mizpah dashboard showed the agent as perpetually “active,” making it
difficult to distinguish genuine activity from ghost-mode cycling.
2. Rate limit pressure. During periods of high fleet activity, the 288 daily wakeups from a single

agent consumed a meaningful share of the API rate limit budget.

The fix was straightforward: increase the interval from 5 minutes to 30 minutes and set a daily cap of
48:

heart:
schedule:
interval: 30m
daily_cap: 48
prompt: "Check for travel emergencies and alerts."

This reduced daily wakeups from 288 to 48 — an 83% reduction — with no impact on the agent’s

ability to detect emergencies within a reasonable timeframe.

7.3 Case Study: Seed Tool Call Cap

A separate but related issue emerged with agents that performed tool calls during scheduled wakeups.
One agent, configured to check stock prices, would occasionally enter a loop where a failed API call
triggered a retry, which triggered another retry, consuming the daily cap in under an hour.

This was resolved by adding a per-wakeup tool call cap (the “seed” cap) in addition to the daily
wakeup cap:



heart:
schedule:
interval: 30m
daily_cap: 48
seed_tool_cap: 5 # Max 5 tool calls per wakeup

If an agent exceeds the seed tool call cap during a single wakeup, the wakeup is terminated, the result

is discarded (similar to ghost mode rollback), and the circuit breaker is notified of a tool-side failure.

8. Mizpah Dashboard Integration

The Mizpah dashboard provides real-time 2D visualization of the agent fleet, implemented in 344
total lines of code (HTML, CSS, and JavaScript combined). Each agent is represented as a floating
circle whose behavior reflects its Heart state:

Visual State Heart State Animation

Breathing glow Pulse active, Schedule idle Slow opacity pulse (3s cycle)

Bright flash Schedule/Idle wakeup in progress Brief scale-up animation

Dimmed, still Pulse active, circuit breaker open Reduced opacity, no
animation

Faded out Pulse lost (3 consecutive misses) Fade to 10% opacity over 5s

Table 3. Mizpah dashboard visual state mapping.

The dashboard subscribes to the MQTT topics used by the Pulse chamber, meaning it receives liveness
updates at the same 10-second cadence as the rest of the system. No additional API calls or database
queries are required. The entire visualization is driven by the same zero-cost heartbeat stream that

powers agent liveness.

The choice to keep the dashboard at 344 lines was intentional. In a system designed around zero
waste, the monitoring layer should be equally lean. The dashboard uses no framework, no build step,

and no external dependencies beyond an MQTT WebSocket client.

9. Related Work

9.1 CrewAl Scheduling

CrewAl [1] provides task scheduling through its Process abstraction, which supports sequential,
hierarchical, and parallel execution modes. However, CrewAl agents are fundamentally ephemeral -

they are instantiated to perform a task and then destroyed. There is no concept of persistent liveness.



Heart’s Pulse chamber fills this gap by maintaining continuous presence independent of task

execution.

9.2 AutoGen Human-in-the-Loop

AutoGen [2] implements a conversational agent framework where human feedback gates control
execution flow. While this prevents runaway execution, it also prevents autonomous operation. An
AutoGen agent cannot decide to wake up and explore its domain unless a human initiates the
conversation. Heart’s Idle chamber provides this capability while the daily cap and circuit breaker
provide the safety guarantees that make human gating unnecessary for routine operations.

9.3 LangGraph Cycles

LangGraph [3] models agent execution as a directed graph with cycle detection. Cycles in LangGraph
represent repeated execution paths (e.g., an agent that iterates on a solution), not heartbeats.
LangGraph does not provide a liveness mechanism — an agent that finishes its graph traversal simply
terminates. Heart operates at a different level of abstraction: it manages the lifecycle around
individual task executions, regardless of whether those executions are implemented as graphs, chains,
or simple prompts.

9.4 Summary of Differences

Feature CrewAl AutoGen LangGraph Heart

Persistent liveness No No No Yes (Pulse)

Autonomous Cron only No No Yes (Schedule

wakeup + Idle)

Zero-cost keepalive = N/A N/A N/A Yes (MQTT)

Budget enforcement = No Human gate Cycle limit Daily atomic
cap

Ghost mode No No No Yes ([IDLE])

(rollback)

Failure isolation Per-task Per-conversation Per-node Per-chamber

Table 4. Feature comparison across agent frameworks.

10. Design Principles

Heart’s architecture is guided by three principles that may be applicable to other autonomous agent
systems:



Principle 1: Liveness is not intelligence. The question “is the agent alive?” should never require an
LLM call. Liveness is a systems concern, not a cognitive one. By separating liveness (Pulse) from
cognition (Schedule, Idle), Heart eliminates the single largest source of wasted tokens in autonomous

agent systems.

Principle 2: Absence is information. When an LLM wakes up and finds nothing to do, that is not a
failed invocation - it is a successful determination that no action is needed. Ghost mode recognizes
this by treating [IDLE] as a first-class response type with its own handling semantics (rollback),
rather than as an error or a no-op that pollutes the conversation history.

Principle 3: Caps are not optional. Any system that invokes an LLM on a timer without a hard cap
will eventually experience runaway costs. The daily atomic counter is not an optimization — it is a
safety mechanism, comparable to a circuit breaker in electrical engineering. The travel_rescue case
study (Section 7.2) demonstrates that even well-intentioned configurations can produce pathological
behavior without hard limits.

11. Limitations and Future Work

Heart’s current implementation has several limitations:

1. Single-machine assumption. The daily atomic counter uses in-process atomic operations, which
do not extend across multiple machines. A distributed deployment would require a shared counter
(e.g., Redis INCR) with associated latency and failure mode considerations.

2. Fixed interval scheduling. The Schedule chamber uses fixed intervals. An adaptive scheduler that
adjusts wakeup frequency based on historical activity patterns (e.g., more frequent during market

hours for a stock agent) would reduce unnecessary wakeups further.

3. Binary ghost mode. The current [IDLE] protocol is binary — either the agent has something to
do or it does not. A graduated response system (e.g., [IDLE:LOW] , [IDLE:MEDIUM] ) could allow
agents to signal varying levels of interest, enabling the scheduler to adjust future intervals.

4. No cross-agent coordination. Each agent’s Heart operates independently. A fleet-level scheduler
could coordinate wakeups to avoid API rate limit contention, spreading invocations more evenly

across time.

Future work will explore adaptive scheduling using a moving-window activity estimator, distributed
counter implementations for multi-node deployments, and fleet-level wakeup coordination through
the existing MQTT infrastructure.

12. Conclusion



Heart demonstrates that autonomous agent liveness can be achieved at zero token cost through
architectural separation of concerns. By decomposing the agent lifecycle into three independent
chambers — Pulse for liveness, Schedule for periodic intelligence, and Idle for autonomous exploration
— Heart enables 75 agents to run continuously with 315 million heartbeats per year at no cost for
keepalive. The [IDLE] ghost mode protocol prevents memory pollution from unproductive wakeups,
the daily atomic counter prevents budget runaway, and the dual-trigger circuit breaker prevents
pathological failure loops. The entire monitoring dashboard is implemented in 344 lines of code,

reflecting the system’s commitment to minimalism.

The key insight is simple: an agent’s heartbeat should not require a brain.
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Disclaimer

This paper describes a production system (LocalKin) that is actively deployed and maintained. All
metrics reported are from actual production operation, not synthetic benchmarks. The system
continues to evolve; specific implementation details such as default intervals, cap values, and circuit
breaker thresholds are subject to change. The [IDLE] ghost mode token cost is reported as “zero” for
heartbeats (Pulse chamber) and “effectively zero” for ghost-mode LLM round-trips; the latter does
consume a small number of tokens per invocation, bounded by the daily cap.
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type HeartCounter struct {
count atomic.Int64
dailyCap int64
resetAt time. Time
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func (h *HeartCounter) Trylncrement() bool {
if time.Now().After(h.resetAt) {
h.count.Store(0)

h.resetAt = nextMidnight()
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