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ABSTRACT

Photometric stereo (PS) recovers surface normals from images captured under
varying illumination conditions from a fixed viewpoint, thereby enabling the
reconstruction of fine-scale three-dimensional (3D) surface geometry. Owing to its
relatively simple imaging configuration and sensitivity to local surface geometric
details, PS is widely applied in areas such as 3D face reconstruction, cultural heritage
digitization, and industrial inspection. However, under realistic imaging conditions
involving cast shadows, specular highlights, global illumination effects, non-
Lambertian reflectance, and complex geometry, most existing studies treat illumination
as a given acquisition condition and focus primarily on the reconstruction model itself,
while paying limited attention to how illumination directions should be actively planned
under a limited acquisition budget. Under sparse acquisition settings, reconstruction
quality depends not only on the downstream reconstruction algorithm, but also on the
informativeness of the selected illumination observations. Illumination planning (IP)
for PS is therefore of both theoretical significance and practical value.

This thesis investigates learning-based IP for PS under limited illumination
budgets by treating illumination as a controllable, selectable, and optimizable
measurement-design variable in active sensing. To address the limited adaptability of
heuristic illumination selection, the quantization-induced limitations of discrete
candidate sets, and the lack of real-world execution and validation platforms in existing
studies, this thesis develops a unified framework spanning discrete sequential decision-
making, continuous online control, and real-world system deployment. The main
contributions of this thesis are summarized as follows:

e A Reinforcement Learning-based illumination planning method for
Photometric Stereo, termed ReLeaPS. To overcome the limited adaptability
of conventional heuristic illumination selection methods to complex materials
and different reconstruction backbones, IP is formulated as a reinforcement
learning-based sequential decision-making problem. The current observations
and previously selected illumination directions are treated as the state, the next
illumination direction as the action, and normal reconstruction quality as the
reward signal. This formulation enables adaptive illumination selection driven
by reconstruction objectives. Experimental results show that the proposed
method effectively improves surface-normal reconstruction results across
multiple PS methods under limited illumination budgets.

e A Continuous Online ILlumination planning method for Photometric
Stereo, termed COIL-PS. To address the quantization-induced limitations and
performance ceiling imposed by predefined discrete candidate sets, IP is further
extended from discrete candidate selection to continuous illumination direction
prediction over the upper hemisphere. The proposed method dynamically refines
subsequent illumination directions based on intermediate normal reconstruction
results, thereby enabling continuous online illumination control. Experimental
results demonstrate that the proposed method alleviates the quantization-induced
limitations of discrete candidate sets and achieves improved surface-normal
reconstruction results under the same acquisition budget.



e A real-world PS acquisition and validation system for IP. To bridge the gap
between simulation-based evaluation and practical deployment, a closed-loop
system integrating illumination control, image acquisition, illumination
calibration, HDR imaging, experimental logging, and result evaluation is
developed. The proposed system supports unified execution and fair comparison
across multiple acquisition modes, including fixed-illumination acquisition,
heuristic planning, discrete learning-based planning, and continuous online
planning. Real-world experiments verify that the proposed learning-based IP
methods remain reasonably stable and effective under practical factors such as
hardware constraints, calibration errors, and limited dynamic range.

In summary, this thesis elevates IP from a secondary acquisition setting in
conventional PS to a central measurement-design problem in active sensing. It
establishes a coherent research framework spanning discrete sequential planning,
continuous online control, and real-world system validation. The thesis mainly focuses
on PS acquisition under controlled active illumination, where the relationship among
the camera, object, and light source can be controlled. For PS in open scenes or under
natural lighting conditions, ambient light interference, unknown illumination, and
dynamic scenes further increase the difficulty of IP. This research provides a new
perspective on efficient PS under limited illumination budgets and lays the foundation
for extending task-driven IP toward weakly controlled or uncontrolled active
photometric sensing systems in the future.

KEY WORDS: photometric stereo, illumination planning, reinforcement learning,
continuous online control, active sensing



