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The Bitter Lesson

But useful work happens across:

B many calls, over hours or days

The wins in Al come from methods

that can absorb more computation.

B tools and external systems

Models already let us scale - e EgEnizs, Emel s

compute within a call. B code the agents themselves create
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L3M: the distributed runtime

L3M is a Lean 4 runtime where
one computation can span hu-

mans, agents, models, and
code.

L3M carries the computation: all state is
encapsulated in the hub, a git repository;
a daemon keeps it moving and
coordinates across machines.

I. models + code: how
future systems will compute

Il. the runtime that future
needs, as built in L3M

Runtime: Lean 4, over a small named native/OS floor for files, locks, networking, and terminal 1/0.



What should live outside the model loop?

A great primitive.

_
B modern harnesses already add persistent
sessions, handoffs, guardrails, tracing, human
¥ approval, and resumable sandboxes around it
tool / handoff

‘ choose next action

But should everything route back through the
model?

result

B waiting - loops - coordination

E

B recovery - delegation - state



One computation, three participants

doesn't scale

goals ambiguity compute
what matters reasoning loop and wait
whom to trust synthesis enforce invariants

Intelligence compounds when one call’s reasoning changes what later calls can

compute with: state, branches, agents, programs, invariants.




The conversation is a view, not the state

structured runtime state

[ messages - events - tools - lineage - obligations ] The Ob]eCt bemg man|pUlated

is no longer a chat transcript.

derived model view It is a structured computation.

¢D\ re projection




Explicit state gives the computation a geometry

77777 Once computation is
explicit state, trajecto-

objects.

l
\- - ries become first-class
compare e shared work
I
I

tain history navigate - resume - fork
compare - retire - merge work

Branching is literal: agent work lives on Git branches and merges as branches, and what agents learned can be distilled

A mechanism
| into a shared persona.
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A computation, in L3M’s own primitives

mail a human
if a decision is needed

worker A

start build arm a vigil spawn workers compare
worker B

a durable inbox erde work; retain history

AGE WHERE
* roots - 16
carson/

These are not prompt patterns. S e

agents here (@26

They are runtime primitives. pat G e

docs

imtaanatan

@ live roster: a parent and its children



mail - vigil - human line

an event arrives <

The model decides what

appended to the durable Log computation should exist.

The runtime carries it

a pure fold derives what is owed through time.

the runtime starts it Events arrive in any order; the

model call - tool agfivity - owed action model always sees a well-formed

,,,,,,,,,,,,,,,,,,,,

| its completion is another event — computation.
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Intelligence can become machinery

the model discovers a procedure

[ writes it as a sealed Lean program l Capability grows; authority

does not.

sealed: effects C grant?

How to do the job moves out of the
it becomes a named tool prompt and into an artifact checked
once and reused.

[ future computation calls it — no re-reasoning l

A theorem + runtime check
sealUsed admits only safe @ (src/L3m/Sealed/SealTheorems. lean): the seal admits only permitted constants.
A program'’s body is closed over its declared footprint and is offered iff the grant covers it (Program <name>, loadable
with Program reload).
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A runtime that can change needs properties that survive change

—» child authority < parent authority ’
—» target remains inside granted roots ’
—» the prior bytes come back; exactly n turns disappear ’
—>‘ the weakest reversibility class wins ’

Formal methods let us preserve invariants as the harness changes.

They also let a human reason about what agents are doing without knowing, or needing to know,
every detail.
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Tameness: reversibility buys autonomy

recoverable

irreversible

read

snapshotted edit

local Git branch

external request

push / send / unbounded program

Let agents act freely

where the runtime can
recover.

Spend human attention where
the world cannot be put back.

Tame: an action the runtime can
undo, or whose reach is bounded
in advance. Tame actions run
without review.

Human can come out of the loop
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Why implement the runtime in Lean 4?

agent loop confinement agent-written functions
state + events authority sealed programs
capabilities + tools reversibility same typed environment

The same language implements the runtime, states its invariants, and is available

to extend it.

A boundary

The Lean kernel checks the stated Lean properties. Closed facts may rely on native decide; host behaviour rests on
named assumptions; a small C/native floor provides host primitives. This is not end-to-end verified security.
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Lean is how humans and agents agree on software
human: “the Ul feels laggy when resizing”

|

The human states what
must remain true. The

‘ human + model: what should remain true?

agent changes the code.
The kernel arbitrates.

the answer is a Lean statement: at a given screen
width, a frame renders each row at most once

model: changes the implementation Neither has to trust the other's
7 reading of the code.
‘ kernel: the production traversal still satisfies it

A finding from building L3M: this way of reasoning about software is powerful well beyond
security.

=
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Early results: how much work is tame?

Claude Code 59.5

L3M, shell B Tame alone reaches about

two thirds of the shell.

B Review costs model work,

L3M, shell, reviewed

L3M, tame not success.
L3M, tame, no programs 24.3 " Tool programs add about 3
5 : points.

60

erminal-Bench pass(

Caveat: first implementation; harness and system prompt untuned. 37 tasks, three attempts
each; every arm runs the same model. With a shell, L3M still trails Claude Code.

3M



What does L3M unlock?

[ persistent state H trajectories H runtime primitives

Future research directions

search over agent
trajectories representations
Each run leaves something the next one can build on.

multi-agent proof-carrying harness
coordination extension optimization




L3M

Harnesses determine whether intelligence can

compound across calls.
Explicit state makes trajectories first-class.

Lean keeps invariants that survive change.

Capability grows; authority does not.

L3M Paper




Appendix: L3M on one host

models, credentials

T T Ty »{ model providers J

A
model call, from the session

a host
N
hub default: a folder sessions (processes)
hub.git refs, the ledger, personas [ fom Eilfee/medm daemon

one per user per host

session alice/main/worker

13m. json

forest/ an ACR per agent [

wakes an asleep

settings/  repositories, mail offices
the human's & u f

N agent on a vigil or a
session alice/postmaster

own settings cache/ [ letter; retires agents

whose lifetime is

over; carries mail

L3M on one host. One daemon serves every hub on the host, and a hub is a folder: a bare repository, a forest of ACRs, its
settings and a cache. Sessions are processes that the daemon starts and that call the model themselves. The human's own
settings name the hubs, the models and the credentials.



Appendix: mail between hubs

N

(alice‘s hub (bob's hub

: needs postman
postmaster
(the daemo:

outbox ref
its only

mirror/office/..
only under mirror/

the office
a Git remote named
in the hub's settings

—

union

>
push

stage: fetch

needs airmail

the read mark returns the same way, as a receipt

Mail between hubs. The sender's authority ends at its own outbox; carrying mail across machines is the postmaster's duty, and
only the human's settings name the offices. Read marks travel back the same way, as receipts.



Appendix: mail is runtime state

- a message in carson/13m/pm's inbox: =% mail from carson/13m/agents: migrate-11tol2-gate-drops-uri:
offered 854ca45c2 {(carson_13m_ nts-1791
Agents has offered the defect fix. Let me read it:
ead(carson/13m/pm)
1 i from c

SEINT 5 d from

@ a live session: the runtime wakes the PM agent on mail from another agent; it reads its durable inbox

. the recipient is woken, not ids, senders, threads, read
one agent offers a fix by mail .
polling state

® inbox caps restrict refs @ -notice is runtime provenance @ - body cannot forgeH



Appendix: the body of an agent

the ACR, ../uri/self/: the session's cwd
r N\

hub.git, each ref agents/role/uri/self

deleting the ACR loses none of them

r N
! checked out on (
! rants .
i & never checked out: the harness writes
: X these by compare-and-swap, the agent
| [clalms 4 4 ! 9
‘ > e e el S teath, @nd
| copiea
I

{state inbox health make journal

workspace/ [workspace
agent/ [persona

(NI S A D G S

- P personas/name

\ J
r N\
proj/ [l3m/uri/self/main }
L J
[journal }
\ J
proj.git, a repository the agent claimed
D a write oot B checked out, denied to the agent O never checked out a copy the harness regenerates

The body of an agent. Its write roots are worktrees on its own branches; the harness's checkouts are denied to it; the rest of the

agent is refs the harness writes and the agent reaches only through tools.



Appendix: Log - View - Wire

Log (JSON lines, abridged)

{"seq":0,"kind": "system", "system": {"text": "You are.."}}

View (provider-neutral)

‘Wire (Bedrock Converse)

{"seq":1,"ts":"..T10:02:11.4022" , "kind" : "message" , "message"
{"role":"user","content": [{"type": "text","text":"fix
it"}1}}
{"seq":2,"kind": "message" , "message" :{"role": "assistant"
"content": [{"type":"tool_use","id":"t1",
"name":"File_read","input":{.}}],
"usage":{"input":5210, "output":84, "cache_read":4096,..}}}
{"seq":3,"kind": "machine",
"machine":{"class":"call_closed",..}}
{"seq":4,"kind": "message" , "message
[{"type
{"seq":
{"class

"tool_result","id":"t1","content":".."}]1}}

,"kind":"state_change","state_change"
"note","label": "budget"

L "text”

t gots
{"seq":7,"kind": "boundary" , "boundary" :
{"class":"rewind","to_seq":5}}
{"seq":8,"kind": "message", "message":
{"role"

on"}1}}

user","content": [{"type":"text","text":"go

":{"role":"user","content"

system: "You are.."
items:
message user [text "fix it"]
message assistant
[tool_use t1 File_read ..]
message user
[tool_result t1 "."]
delta capabilityNote
"budget" "80%"
anchor: next user turn
nessage user
[text "go on"]

render
—

"toolConfig"
\

{"systen": [{"text": "You are."}] ,
"messages": [
{"role
{"role

user", "content": [{"text":"fix it"}]},
assistant","content": [
{"toolUse":{"toolUseId": "t1",
"name":"File_read",.}}]},
{"role": "user","content": [
{"toolResult": {"toolUseId": "t1",.}}1},
{"role": "user","content": [

{"text": "<state-change>80%</state-change>"},
{"text":"go on"}1}],
-3}

What the model sees is a pure function of the Log. Record 6 is retracted by the rewind at 7; the machine record at 3 lowers to
nothing; the budget note at 5 becomes a delta that the dialect folds into the next user turn.




Appendix: the event loop

sequencer: one pass (the Log's only writer; never waits)
signal sources |’ ----------------------------------------------- activities
the human's line 0 accept decide fold store schedule the model call
a fired vigil I signals hooks what is owed write-ahead activities each tool

a letter

STk ------—------.-------—--——--J-—-.--——-———— each letter to send

signals: a reply, a tool's result, an action done

The event loop. Signal sources and activities only post signals, and the sequencer alone appends to the Log. Each pass accepts
what is consistent with the Log, journals the hooks' decisions, folds the Log to decide what is owed, stores it, and only then starts
the activities it names, so a kill at any point is repaired by the next pass.



Appendix: a tree of agent

alice (a huma:

grant

writes the root grant .
fs: project, scratch

fuel of alice/main: 1000

git: project refs

alice/main push: origin lent 400 | lent 300 | 300 left
S net: paper indexes lent + left < 1000;
=~ | Spawn: persist a loan past what is left is refused

C parent, lent 40! ~_

C parent, lent 300 TSag

[alice/main/private] [alice/main/research]
grant grant
fs: project fs: scratch
git: project refs git:
push: push: refused, not clamped
net: net: paper indexes
spawn: spawn:

one name, three trees: alice/main/research

grant: a child of alice/main refs: ../alice/main/research/se ody: forest/alice/main/research/se

t: a child of alice/: /alice/main/ h/self body: £ /alice/main/ h/self/

A tree of agents. Each child's grant lies within its parent's, and its fuel is lent from the parent's. A request that exceeds either is

refused. The private child keeps the project's refs but not the right to push them.



Appendix: the headline guarantees

The headline

Guarantee

Theorem

Rests on

Confinement. A file tool cannot name a
path that climbs out of the agent's roots.

Monotone authority. A child's grant never
exceeds its parent's, and no agent grants to
itself.

No token without the grant. The boot
mints a token only for an authority the grant
confers, and a narrower grant mints none a
wider one lacked.

Budget is lent, not minted. All a subtree
of agents can spend is bounded by its root's
budget.

Self-extension adds no authority. A
sealed program the harness admits uses only
admitted constants.

Review cannot be skipped. A tool whose
effects cannot be undone and are not
confined by a capability is always reviewed.
Undo. A journaled edit can be restored to
the bytes it replaced.

safePath_no_traversal

grant_restrict_le

no_self_grant

mint_reflects_profile

Minted.restrict_none

global_budget_bounded_by_root

sealUsed_admits_only_safe

ungated_world_reaching_always_reviewed

live_capture_round_trips

The kernel. The check is on
the path's text; symlinks are

checked at run time.

The kernel.

The kernel. That tokens
cannot be forged is enforced by
the build, not proved.

The kernel.

The kernel.

The kernel.

The kernel, and a named
assumption that Git's object
store returns the bytes it
hashed.

guarantees. Each is a theorem about the code L3M runs and what it rests on.



Appendix: Terminal-Bench, in full

per passing attempt

configuration pass@3, % model calls tokens, M minutes
Claude Code, permissions bypassed 59.5 53.0 4.43 24.6
L3M, shell, review off 41.7 53.2 7.70 25.4
L3M, shell, review - -yes 40.5 100.9 12.10" 30.4
L3M, shell, review - -no 43.2 107.3 12.81% 28.1
L3M, tame 27.0 53.3 7.7k 21.6
L3M, tame, no programs 24.3 41.5 6.17 24.5

B Setup: 37 tasks, three attempts each, Claude Opus 5 in every arm, Claude Sonnet 4.6 as reviewer, 75-minute
deadline. Means are over passing attempts and include subagent sessions.

B Review covers shell calls only, 25% of all tool calls. About 6% of reviewed calls were redirected to a tame
tool, 2% withdrawn, 2.4% stalemates for a human. Each reviewed call adds about 2.6 model calls.

B *Tokens include the reviewer’s side, on the cheaper reviewer model.
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