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Assisting this skill with a robot is attractive for throughput

and standardization.
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This is the core tension that safe RL must resolve

for medical robotics.
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Reinforcement learning (RL) is an interdisciplinary area of
machine leaming and optimal control concerned with how an
intelligent agent should take actions in a dynamic environment in
order to maximize a reward signal. Reinforcement learning is one
of the three basic machine learing paradigms, alongside
supervised leaming and unsupervised learning.

Q-learning at its simplest stores data in tables. This approach
becomes infeasible as the number of states/actions increases
(e.g., if the state space or action space were continuous), as the
probability of the agent visiting a particular state and performing a
particular action diminishes.

Reinforcement learning differs from supervised learning in not
needing labelled input-output pairs to be presented, and in not
needing sub-optimal actions to be explicitly corrected. Instead, the
focus is on finding a balance between exploration (of
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The typical framing of a a
Reinforcement Learning (RL) scenario:
an agent takes actions in an
environment, which is interpreted into a
reward and a state representation,
which are fed back to the agent
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How A\ is set and stabilized is the central

algorithmic design axis studied in this work.
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Kinematics, low-pass impedance force control,

and a B-mode speckle/bone/shadow image model — CPU only.
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At deployment the clinician sets — or turns — & freely

within the trained range, and the single policy responds

zero-shot: no gradient steps, no new data.

n-Configured Force Safety in Robotic Ultrasound Spinal Scanning Mohammad hadi Niknam



(SBL) suiylgen 51,5V Cowsly

A,y ey Ap €S 595L K=5 ZJ.SGAP.EI)CPOC}IJE)) I, A eo s SBL
we Rgo 053 1o 5 [0,5] g9y Co eSS Hsbas

ssiaw 3l e Bandit weight update (O3SRL machinery):
0 =7— X (¢ — d) 3i= Lagrangian jluie b sad g,ls 0 ges 5930 el
0355 50 r\;g\ exponential weights Sluyss,a s 5 3,8 oo 5L

w; < wiexp(—nl;), n = 0.05

SBL’s departure is entirely in how the multiplier is consumed

by the policy, to make it usable online.
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:\ Initialize actor 6. critics ¢g, ¢c. state s;c arms {/\,-},'-il‘ weights w; = 1
:Y for iteration k =1,2,... do

Y Oola < 0
¥ (s1,k1,a1,n,c1,...,st) = rollout(sy, mg,,) > Conditioned on safety
window k

I VE = Vip(se, me) and v§ = Vi (st ke) for t=1... T

5 (AR, 8 7) = GAE(r.T, V1,7, Acae) > Reward advantage and returns
2 (A7, ¥51) = GAE(ci.1, V5.1, 7, AGaE) > Cost advantage and returns
A end for

The rollout is conditioned on the operator window x at every

step, and GAE is computed for reward and cost independently.
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A Update 6, ¢r, ¢c by gradient descent

:4 end for
No L+—T— X (c—d) > Realized Lagrangian for sampled arm
N Wi wy exp(—nff) fori=1...N > EXP3 weight update

nfigured Force ¢

Aj — (1 — T))xk,1 -+ TZ;P:')\:' Key line:
— the bandit is updated from a sample, but the policy

consumes the smoothed expectation.
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This is a minimal, model-based form of preview control: the

spine geometry is a property of the patient anatomy, so a short

look-ahead is available in practice from a pre-scan or an atlas.
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This motivates generalizing the scalar ceiling to an operator

window [l‘ﬁov\n ’ﬂligh] .
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This is the intended, honest safety—quality tradeoff.
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Force vs. ceiling, cumulative violations, image quality,

and lateral tracking of the scoliotic centerline.
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Zero-Shot Safety Across Operator Ceiling (single policy)
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Mid-Scan Operator Dial: Zero-Shot Force Adaptation

— = Operator ceiling k(t)

10 — Contact force

Force (N)

Scan step

The policy responds to an operator turning the dial
mid-scan (9 — 4 — 11 N), the force following

£(t) in real time and never crossing it.
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We report only the clean error reduction and do not claim

a phase-lag effect, which is dominated by noise at this budget.
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Multiplier stability: raw bandit thrashes, SBL smooths it (seed 0)

Penalty multiplier A over training Per-epoch constraint violations
5 —e— PPO-Lagrangian (dual) ~—e— PPO-Lagrangian (dual)
i —— Raw EXP3 bandit
2 —— SBL (ours)
B
215
3 2
g %10
2 g
2
A s
o o
25 so 75 10 125 150 15 200 25 so 75 100 125 150 175 200
Epoch Epoch

The raw EXP3 bandit (red) thrashes between discrete arms,

dual ascent (blue) ramps slowly, and SBL (green) rises
smoothly.
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Two-Sided Operator Window: force tracks the band (single policy)
12 Operator window [low, high]
—e— Mean force
~B- Max force
-¥- Min force

10

Contact force (N)

Window upper bound «_high (N)
The shaded band is the operator-specified window; the contact
force rises with the window and stays inside it, tracking the

range a one-sided ceiling left unused.
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Safe RL trains the policy to understand the constraint,

so the agent smooths its trajectory and holds the probe
precisely

at the limit without fighting the system.
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Honest scope: what each contribution actually buys.
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Plus an open, dependency-light synthetic US simulator

so that all results are reproducible on a CPU.

https://github.com/mhadiniknam/HAS-RL
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Thank you

Questions?

https://github.com/mhadiniknam/HAS-RL
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