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High-fidelity 3D shape reconstruction aims to infer a scene’ s detailed geometry from one or several
images, which is desired in various applications, including virtual reality (VR), digital heritage
preservation (e-Heritage), image re-lighting, and re—texturing. Photometric stereo is known to be
effective for detailed shape recovery. Given image observations captured from a fixed camera under
varying illuminations, photometric stereo estimates the orientations of a surface, i.e., surface normals
However, classical photometric stereo techniques assume the lighting condition to be a single distant
light with a calibrated lighting direction. Also, the image observations under varying illuminations
are captured via multiple shots. The above lighting assumption requires a large space to place light
sources sufficiently far away from a target scene, an additional effort for lighting direction
calibration, a darkroom to capture images under single illumination, and a static target object during
the capturing. It is important to develop photometric stereo methods with analyzing more practical
lighting conditions as it enables applications including accurate shape estimation under the illumination
of practical near LEDs, detailed shape recovery in the natural environment, and dynamic shape
reconstruction. To achieve that, this thesis tackles three practical lighting conditions for photometric
stereo: Anisotropic near—point light, uncalibrated natural light, and multispectral light

The first part of this thesis achieves photometric stereo under near point light, relaxing the infinitely
distant light setting. Real-world point light sources (e.g., LEDs) have anisotropic radiant intensity
distribution (RID), i.e., the radiant intensity is varying from emission angle. We propose a spherical
harmonic—based RID model to represent the real-world anisotropic light emission, which shows high
representation power for diverse RIDs. We further propose a self-calibrating near—light photometric
stereo method that formulates a linear system to estimate the RID, surface normal, and depth
simultaneously. By accurately modeling the near point light, we show our method outperforms existing
approaches on surface shape recovery under practical near light illuminations.

The second part of this thesis achieves photometric stereo under uncalibrated natural light, removing
the requirement of the darkroom and light calibration. We take image observations under unknown natural
illuminations and output the surface normal map. To achieve that, we introduce an equivalent directional
lighting model to estimate the local surface normal up to an orthogonal ambiguity. Then we propose a
graph—-based patch merging method to solve the per-patch ambiguities. Compared to existing methods on
uncalibrated natural illumination, we obtain more accurate results without requiring a fine initial
guess of the target shape.

The third part of this thesis considers the problem of single—shot shape recovery by photometric stereo
under multispectral light, also called multispectral photometric stereo (MPS). It relaxes the requirement
of multiple shots to stack images under varying illuminations, which assumes a target object to be
static during the data capturing. In MPS, observations are stacked into different spectral bands of a
single-shot multispectral image. In this way, MPS can recover shape from a single image and further
achieve dynamic shape reconstruction from a multispectral video sequence. However, solving surface shape
from MPS is known to be ill-posed. We show that such a problem can be made well-posed for surfaces with
uniform chromaticity but spatially-varying albedos based on our proposed formulation. We further
introduce linear bases extracted from a spectral reflectance database and formulate shape from MPS under

spatially-varying chromaticities and albedos as a well-posed problem.
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