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Abstract—This paper presents a human-aware exploration
framework that integrates a modified frontier-based rapidly-
exploring random tree planner with a vision-conditioned local
navigation policy. Frontier exploration is reformulated using
forward-biased sampling combined with heading alignment con-
straints and a clearance-aware goal backoff mechanism that
retracts navigation targets from unknown boundaries to improve
local feasibility. Motion execution is performed using a Neural
Value-Driven Policy, which samples multiple candidate trajecto-
ries conditioned on visual observations and selects control actions
using a learned critic function. To support semantic mission
objectives, a robust identity-gating mechanism enforces temporal
persistence and spatial consistency before confirming human
detections, thereby preventing duplicate counting under tracker
instability. Exploration continues until a predefined semantic
objective is satisfied, after which the system transitions to a
return-home behavior.

Index Terms—Autonomous Exploration, Frontier-Based Plan-
ning, Rapidly-Exploring Random Trees, Vision-Based Navigation,
Human-Aware Robotics

I. INTRODUCTION

Autonomous exploration has traditionally been formulated
as a geometric problem, where the objective is to maximize
map coverage or information gain in unknown environments.
Frontier-based exploration methods explicitly target the bound-
ary between known and unknown space and have demonstrated
strong performance in practice [2]. Sampling-based planners
such as rapidly-exploring random trees provide an efficient
mechanism for exploring high-dimensional spaces under dif-
ferential constraints [1].

In many real-world applications including search and res-
cue and service robotics, exploration must be guided by
semantic objectives rather than geometric coverage alone. In
such scenarios, the robot must reliably detect and reason
about humans. Naively combining exploration with human
detection often results in repeated counting caused by identity
flickering, short-lived false positives, and tracker instability
[4]. In addition, navigation goals selected directly on frontier
boundaries frequently lead to execution failure due to insuffi-
cient clearance near unknown regions.

This work addresses these challenges by embedding fea-
sibility constraints and semantic reasoning directly into the
exploration loop. The proposed system integrates a frontier-
biased RRT planner with a learned vision-conditioned navi-

gation policy and a robust identity confirmation mechanism,
enabling reliable human-aware exploration with deterministic
mission termination.

II. SYSTEM OVERVIEW

The proposed framework is structured hierarchically to
separate long-horizon decision making from short-horizon
motion execution, while maintaining tight coupling through
shared objectives. An overview of the system architecture and
information flow is illustrated in Fig. 1.

Let the robot state at time t be denoted as xt = (pt, θt),
where pt ∈ R2 represents the planar position and θt the
heading. The environment is represented as a two-dimensional
occupancy grid M, a standard abstraction in probabilistic
robotics [3]. A frontier set F is extracted as the boundary
between known free space and unknown regions.

Global exploration operates by growing a rapidly-exploring
random tree T rooted at the current robot state. Sampling is
biased toward the robot forward direction to encourage motion
continuity:

xs ∼

{
C(xt, θt), with probability pf ,

U(M), otherwise,
(1)

where C(·) denotes a bounded forward sampling cone and U(·)
uniform sampling over the map domain.

Candidate nodes are accepted only if they are collision free
and lie within a bounded distance of a frontier cell, following
frontier-driven exploration principles [2]. To improve feasibil-
ity near unknown regions, selected frontier goals are retracted
by a standoff distance ds along the approach direction and
must satisfy a free-disk constraint of radius rc:

∀c ∈ D(rc), M(c) = 0. (2)

Once a global goal gk is selected, local motion execution
is delegated to a Neural Value-Driven Policy. Given a visual
observation ot, the policy samples a set of K candidate
trajectories:

{τ (i)t }Ki=1 ∼ πθ(· | ot), (3)



Fig. 1. Overview of the proposed human-aware exploration framework
integrating frontier-biased RRT planning, vision-conditioned local trajectory
selection, and robust human identity gating within a unified mission loop.

where each trajectory is a finite sequence of velocity com-
mands. A learned critic function Qϕ evaluates each candidate,
and the selected action is obtained as

τ∗t = argmax
τ
(i)
t

Qϕ(ot, τ
(i)
t ). (4)

III. HUMAN IDENTITY GATING

Human detections are accumulated over time and associated
with tracked identities. Each detected human is represented by
an observation state

Oi = {tfirst, tlast, ki, (xi, yi)}, (5)

where ki denotes the number of consecutive detections.
An identity is confirmed only if the temporal stability

condition

ki ≥ kmin ∧ (tlast − tfirst) ≥ Tmin (6)

is satisfied. This design mitigates transient detections and
tracker noise [4].

To prevent identity switching and duplicate counting, a
candidate identity is rejected if

∃h ∈ Hrecent : ∥(xi, yi)−(xh, yh)∥ ≤ rflip ∧ (ti−th) ≤ Tflip.
(7)

Once confirmed, identities are permanently blocked from
re-entry, ensuring consistent human counting throughout the
mission.

IV. MISSION-LEVEL ALGORITHM

V. CONCLUSION

This paper presented a human-aware exploration frame-
work that integrates frontier-biased RRT planning, vision-
conditioned trajectory selection, and robust semantic reason-
ing. By modifying frontier exploration with clearance-aware
goal retraction and coupling it with a learned value-driven
navigation policy, the system achieves reliable exploration and
human counting in unknown environments. The proposed ap-
proach provides a principled foundation for future extensions
to multi-robot exploration and additional semantic objectives.

Algorithm 1 Human-Aware Exploration Mission
1: Initialize occupancy map M and confirmed human set
H ← ∅

2: Set target human count NH

3: while |H| < NH do
4: Extract frontier set F from M
5: Grow frontier-biased RRT T from current state [1]
6: Select frontier goal gk satisfying heading and clearance

constraints
7: while goal gk not reached do
8: Acquire visual observation ot
9: Sample candidate trajectories {τ (i)t }Ki=1

10: Select τ∗t = argmaxQϕ(ot, τ
(i)
t )

11: Execute control command from τ∗t
12: Update map M
13: Update human observation states {Oi}
14: if identity i satisfies stability constraints then
15: H ← H∪ {i}
16: end if
17: end while
18: end while
19: Navigate to home location ghome

20: Terminate mission
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