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Abstract—Personal Al agents can now plan, converse and
use software tools, but they stop at the screen. Complex phys-
ical work—assembly, laboratory protocols, dressing a person
in a rigid exosuit—needs many hands at once, yet cells with
three or more arms are still programmed offline as fixed scripts.
We present Hecaton, an agent that conducts N robot arms as
one body while a person talks to it: requests, corrections and
faults change the plan within seconds without stopping the cell,
the agent warns about foreseen conflicts before they happen,
and every action it commits is verified by deterministic tools
so that the language model never drives joints. To make such
claims testable we first build HecatonBench, a benchmark of
scenarios with ground-truth events whose oracles read only
the simulation log. [TODO: headline numbers from the sealed
test split: RoboBallet 10x40 sets vs. non-LLM baselines; live-
interaction success and latency; cooperative suit-up completion;
0 collisions.]

I. Introduction

Multi-arm cells unlock capabilities two arms cannot
provide: hold—hold—operate fixtureless assembly, hand-
over chains, large or flexible parts, and redundancy when
an arm fails. Today such cells rely on hand-designed
trajectories. Learned planners such as RoboBallet [B]
jointly allocate, schedule and plan eight arms for reaching
tasks and generalize zero-shot to new layouts, but they
do not take language, cooperative holding, or a human
working in the loop. Language-model planners coordinate
robots through dialogue or dependency graphs [B, E, E],
mostly for two or three arms and at the task level. [TODO:
one paragraph: the gap — live, cooperative, verified orches-
tration of many arms with a person in the loop.]
Contributions:

o HecatonBench: scenarios as data with ground-truth
utterances, faults, human motion and hazards; oracles
computed from the simulation log only; lockstep and
real-time clocks; reference controllers that prove the
oracles have power; a sealed test split.

o Hecaton: a talker/thinker agent that searches over
verified tools (propose — simulate — refine), a reflex
layer that stops the cell without the language model,
and a living receding-horizon plan.

e An evaluation on RoboBallet’s own task sets, live-
interaction scenarios, and a cooperative suit-up cell,
with ablations that separate the value of the language
model from the value of search.

II. Related Work

Multi-arm planning. [TODO: RoboBallet [B} priori-
tized and conflict-based multi-agent planning (verify refs
before adding); GPU trajectory optimization (verify).]
Language models for robot planning. Code as Policies [é],
LLM+P [f); multi-robot LLM collaboration [S]; dual-
arm parallel planning [B, 2]. [TODO: position: we add
many arms, verification, live human interaction, and a
benchmark with oracles.]

III. HecatonBench

[TODO: scenario schema; clocks; controller interface
(observe / tools / commit through a verify gate); oracles:
safety, stop latency, intent satisfaction and effect latency,
hazard alert precision/recall/lead time, cooperative fasten-
ing and hold drift, solved/makespan; reference controllers
(null, fixed-plan, unsafe, privileged) and their predicted
vs. measured outcome matrix; dev/test split.]

A. Surgical Track: Agent-Driven Multi-Arm Procedure
Environments

The same orchestration problem that a suit-up cell
exposes appears, sharpened, in the operating room: a
surgical robot already puts four arms into one scene,
procedure guidelines already describe the task sequence,
and every step must be verified before it may act. We
target three pillars as the surgical track of HecatonBench:
(1) robot AI — multi-arm policies for two to eight
cooperating arms, with VLA/LLM baselines evaluated
under the same oracles; (2) high-quality surgery — 100
or more grounded procedures rebuilt at realism >8/10
with real anatomy and cited/calibrated physics; (3) agent-
integrated — an agent environment factory that builds
and gates the environments, and agents that plan and
drive the arms through them. The target package date for
this track is 2026-12-04. The bench also makes beyond-
human measurable rather than rhetorical: every task
family carries a cited human-expert baseline and its
metrics report the agent-to-human-expert ratio; beyond-
human is claimed only where measured, and is otherwise
the stated target. The long-range scope is every standard
operation: a coverage catalog built from public surgical
curricula, case-log categories and procedure classifications
is the denominator, and it extends beyond human surgery
to laboratory-animal procedures (e.g. rodent stereotaxic
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(a) Hecaton overview. A person talks to the agent; the agent plans by calling verified tools; a supervisor without a language model

executes and can stop the cell; HecatonBench scores runs from the simulation log only. (b) The suit-up cell in MuJoCo: eight Franka Panda
arms (bases numbered 1-8), eight armor parts on two racks, and a mannequin (scene geometry only; no results shown).

and implant surgery), large-animal training models and
standard veterinary operations (planned).

HecatonBench surgical builds on environments the field
already runs, ported behind one interface and extended,
rather than rebuilt from scratch: ORBIT-Surgical [@]
and i4h-physics [H] on Isaac/Newton, LapGym [L10] and
SurRoL [11] tagk logic, and the 17 annotated tasks of
ImitateCholec [H] as step ground truth for clip-and-cut
cholecystectomy. The plan compresses to four gates:

o G1 scale: at least 100 gated procedure environments
and at least 1,000 variants (task x patient anatomy
X arm count X port layout x difficulty); both are
floors, not caps.

o G2 quality: an environment counts toward G1 only at
realism >8/10 under cross-model frame review, with
CT/atlas-sourced anatomy at life scale and cited or
calibrated physics parameters.

o G3 multi-robot: at least 15 tasks that need two to
eight arms to cooperate — handover, retract-plus-
dissect, clip-and-cut with three to four arms, and five-
to-eight-arm cells.

o G4 agent-driven: an agent environment factory gen-
erates, gates and registers new environments with no
human step; agent baselines (LLM planner, VLA,
scripted) are evaluated over the whole bench with
receipts.

Every environment enters the bench through a fail-
closed gate, never by assertion: headless reset/step, a
deterministic seed, a success and failure oracle shown able
to fail, a measured step rate, and a realism score confirmed
by cross-model frame review. Environments below the
realism bar stay gated-not-counted with an explicit gap
list, so the counted table reports measured quality rather
than aspirational coverage.

Physics stays pluggable. The bench runs i4h/Newton [E]
and SOFA behind one scene/step/observe interface —

GPU-parallel dynamics for bleeding, clipping and thermal
systems, and FEM as the validated tissue oracle —
choosing the best backend per physics type by measured
realism, the solver/contact/parameter-swappable pattern
of RoboSimStudio [1]. A task keeps one scene description;
the backend is a gate-time choice with a receipt, not a
fork of the bench.

Table ﬂ reports the measured status of the surgical
track today. The base reproduces, the first own patch
on the artery cut works end to end, and the grounding
pieces (step graph, virtual patient, tissue parameters) are
in place; realism scores sit far below the G2 bar, which
is the point of reporting them: the gate is doing its job
while the track is young.

Roadmap (planned): W1 brings the environment reg-
istry and unified API online with at least 30 environments
green through the gate; W2 adds the multi-robot tasks
(at least 15) and the variant generator; W3 scales to at
least 100 environments and at least 1,000 variants while
realism upgrades land; W4 freezes on 2026-12-01 and ships
the paper package by 2026-12-04. These numbers are the
plan, not measured results.

IV. Hecaton

[TODO: layers and rates; tool set (IK, allocation,
space-time multi-arm planner, co-hold planner, evaluate);
propose—simulate-refine search; reflex supervisor; living
plan; event handling; budgets.]

V. Experiments

[TODO: setups: (A) RoboBallet 10x40, 8 arms, their
referee; (B) live-interaction scenarios; (C) suit-up cooper-
ative cell; (D) held-out cell run once. Baselines: greedy,
OR-Tools, OR-Tools + equal-budget random search, fixed-
plan agent, Hecaton without search. >3 runs per seed; cost
and latency per episode.]
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Fig. 2. Surgical track at a glance. Top: Al illustration of the target multi-arm operating room (generated art, labelled illustration;
not a simulation output and not measured data). Bottom: real output of this bench’s own stacks — i4h Slang base render of the
cholecystectomy scene, scripted driver (cross-model realism 5/10; receipt artifacts/verify/i4h-slang-render-20261106.md); i4h artery-cut
r2 with visible bleeding at the cystic pedicle (realism 4/10; receipt t2/artifacts/i4dh-artery-r2/RESULT.md); CT-to-sim virtual patient s0011
(receipt artifacts/verify/sla-pr50-lead-verify-20261105.md). Receipt paths are under the 20261104-surgery-multiarm task run.

VI. Limitations and Stage-2 Extension Plan

[TODO: simulation only; weld-based attach; language-
model latency; planned extension: surgery-pod and labo-
ratory cells on the same core, 16 arms, real-arm pilot.]
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Fig. 4. Procedure coverage catalog, computed at build time from bench/proclib-v2/catalog.yaml (script: figsrc/surgical /fig3__coverage.py).
(a) Clinical specialties stacked by the robot-relevance rubric (0 none / 1 assist / 2 established robotic / 3 robot-first); the ICD-10-PCS
grid cross-check rows are excluded from the bars and named with their count in the footnote. (b) Procedures mapped into the procedure
library vs. cataloged awaiting authoring; out-of-scope rows are reported as text.
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TABLE 1
Surgical track: measured status

measured result

status

item

i4h chole
SOTA base
i4h Slang
render
artery-cut
patch r2
SOFA Lap-
Gym base
Isaac Lab
32-env
sanity

chole step
graph
CT-to-sim
patient
tissue
parameters

procedure li-
brary

multi-arm
task set

backend
swap (SOFA
/ i4h)

env registry
+ gate

build4 physi-
ology on i4h

agent env
factory vl

34.6-55.6 Hz median step rate over
3 runs (0.55-0.88x realtime), 2400
steps, all 9 physiology systems en-
abled (7 fire); bleeding and suction
never fire under the stock scripted
driver

48.8 Hz with render+capture; ren-
derer 59.7 fps; 0 of 400 frames
dropped; cross-model realism verdict
5/10 as a labelled SOTA base repro-
duction

tissue deletion 205 tets (unpatched
baseline 128); first bleeding step 255;
peak blood particles 4096 (pool cap,
lower bound); gallbladder intact in
all 401 frames; visible bleeding at the
cystic pedicle from ~10 s; cross-model
realism 4/10

ReachEnv as-is: 180-223 steps/s over
3 runs; deterministic reset and step-
600 end-effector pose at seed 42
68—-148 step FPS on Isaac-Cartpole-
v0, load-dependent; identical warm-
up outliers in both runs

17 nodes from SAGES steps + Imi-
tateCholec 17 tasks: 24 seeded runs
give 20 complete, 4 safe bailouts; 0
arm-arm contacts, 0 critical-structure
injuries; CVS safety gate shown able
to fail; deterministic step-log hashes
virtual patient s0011: 10 organs,
all watertight; Hausdorff95 0.358—
0.498 mm vs. a 2 mm gate; max organ
volume diff 1.203% vs. a 3% gate

11 tissues, 98 literature-cited entries
(value + unit + citation), spot-
checked against PubMed abstracts
113 procedures, 1,236 steps, every
step cited; 113 of 113 mapped to an
environment family and to a human-
expert baseline entry (measured for 7
families, target-only for 8); validator
shown able to fail

23 tasks for 2-8 arms (2:4, 3:9, 4:7,
5:1, 6:1, 8:1); validator 11 of 11 checks,
shown able to fail; 6 known-fail con-
trols measured; 138 variants on disk;
none counted toward G1 yet

one scene/step/observe interface,
same task hash on both backends;
grasp-retract trajectory RMSE
4.14 mm (final 13.69 mm, max
23.20 mm) between backends; gravity
and contact still off

146 registered environments: 27 green
(SOFA 11, PyBullet 9, Warp 7; 18.7—
2833.6 Hz), 37 red with measured
cause, 9 held for re-run, 73 to build;
green = headless, 2-run deterministic
with non-empty state hashes, an ora-
cle that executed, known-fail control
passed; 0 counted (realism not yet at
the bar)

four self-built systems layered on
i4h: clip mechanics, respiration/pulse,
thermal dose, surface blood flow with
clotting; each review finding fixed
test-first (red then green), 67 tests
pass on CPU

5 chole-family procedures to 24 phase-
level environments with no human
step: 17 green, 7 red with measured
cause; stills + judge verdicts for every
green env; best realism 2/10, 6 of
79 events judged visible, 0 counted;
single judge family so far
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Fig. 7. Simulated cells, MuJoCo renders with arm bases numbered.
(a) The RoboBallet evaluation cell [E] (vendored scene; four ceiling-
and four table-mounted arms; its 40 reach targets per task set are
not drawn). (b) Our suit-up cell: eight floor-mounted arms around
the mannequin.
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TABLE II
[TODO: main results — filled only from sealed-test runs]

controller solved  collisions makespan live success

[TODO: rows|

Numbers measured on our host: single RTX 5090, Toaded shared
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