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Abstract

This paper presents a photometric stereo method that
works with unknown natural illuminations without any cal-
ibration object. To solve this challenging problem, we pro-
pose the use of an equivalent directional lighting model for
small surface patches consisting of slowly varying normals,
and solve each patch up to an arbitrary rotation ambiguity.
Our method connects the resulting patches and unifies the
local ambiguities to a global rotation one through angular
distance propagation defined over the whole surface. Af-
ter applying the integrability constraint, our final solution
contains only a binary ambiguity, which could be easily re-
moved. Experiments using both synthetic and real-world
datasets show our method provides even comparable results
to calibrated methods.

1. Introduction

Given a Lambertian object illuminated by three non-
coplanar directional lightings, surface normals of an object
could be estimated by photometric stereo [30]. The pixel-
level details of surface normal estimates are of great interest
for applications in 3D computer vision.

The classic setup has two assumptions on lighting — di-
rectional and calibrated lighting — restricting the applica-
bility of conventional photometric stereo. The directional
lighting model assumes a point light source placed far away
from the target object, and typically requires the data cap-
ture to be conducted in a dark lab setting. The calibrated
lighting assumption needs an external step for measuring
both lighting intensities and directions. If the former as-
sumption is relaxed, the problem becomes calibrated photo-
metric stereo under natural illumination; while relaxing the
latter assumption leads to uncalibrated photometric stereo
under directional lighting. The difference between natural
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Figure 1. Natural lighting vs. directional lighting.

and direction lighting is shown in Fig. 1. Generalizing cali-
brated and directional lighting assumptions at the same time
will make the problem rather complicated, since there is
a high-dimensional linear ambiguity which cannot be fully
removed [0]. A fully calibration-free method is desired be-
cause it will push photometric stereo from the lab to the
wild environment; however, it is still a challenging task.

In this paper, we propose a solution to uncalibrated pho-
tometric stereo under natural illumination. We develop a
“divide and conquer” approach to first “divide” the problem
into tractable sub-problems with locally resolvable ambigu-
ity, and then “conquer” them jointly by merging all sub-
results as the final output. Our key observation is that for a
small surface patch with slowly varying normals, the vis-
ible hemisphere of environment map also shows smooth
changes. Under this assumption, the environment lighting
could be approximated as an equivalent directional light-
ing by summing up all samples on the visible hemisphere
for that patch. Then for each patch, we solve uncalibrated
photometric stereo under directional lighting assumption to
a patch-wise rotation ambiguity. We further combine the
patch-wise solution to construct the normal map for the
whole surface through angular distance propagation and
matrix completion up to a unified global ambiguity, which
could be finally reduced to a binary ambiguity through inte-
grability constraint. Our pipeline is illustrated in Fig. 2.

The main contributions of this paper are twofold: 1) We
explore the equivalent directional lighting model to solve
patch-wise surface normal up to local ambiguities, without
using calibrated information of environment maps; 2) we
propose the angular distance matrix and the corresponding
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Figure 2. Complete pipeline of our method.

propagation method using shortest path search and comple-
tion method to connect the patch-wise solution as a com-
plete normal map up to a global rotation ambiguity.

Our final solution only contains a binary ambiguity, and
to the extend of our knowledge, this is the first method deal-
ing with photometric stereo under natural illumination with-
out relying on any calibration objects and producing accu-
rate results with the minimum inherent ambiguities.

2. Related Work

There are two major restricting assumptions that need to
be relaxed for photometric stereo [30] to be applied to prac-
tical applications — calibrated directional lighting assump-
tion and Lambertian reflectance assumption. Correspond-
ingly, to make photometric stereo work in more realistic
scenes, there are two directions to generalize the conven-
tional approach — generalization of lighting assumption and
generalization of reflectance model. This paper focuses on
the former problem, thus both calibrated and uncalibrated
photometric stereo methods with non-Lambertian objects
(e.g., [4, 20, 17, 26, 8]) are beyond the scope, and we refer
the readers to [27] for a comprehensive review and compar-
ison of non-Lambertian photometric stereo methods.

Calibrated, directional lighting: The calibrated Lam-
bertian photometric stereo with directional lighting assump-
tion is the most classic setup. The first photometric stereo
work [30] and its robust extensions rely on these assump-
tions. Various robust approaches have been proposed to
eliminate deviations from the classic model by treating
the corrupted measurements as outliers, such as Random
Sample Consensus (RANSAC) [19, 28], median-based ap-
proach [18], low-rank matrix factorization (Robust-PCA)
[31], and expectation maximization [32].

Calibrated, natural lighting: Natural illuminations can
be calibrated directly by using a mirror sphere as a light
probe or indirectly by approximating sunlight as a dominant
directional source. With mirror sphere measured environ-
ment maps, Yu et al. [35] show photometric stereo result by
directly sampling the captured natural illumination. Acker-
mann et al. [2] implement photometric stereo for outdoor

webcams using a time-lapse video, and Abrams et al. [1]
show the necessity of using images taken over many months
(thousands of images) for sufficiently observing illumina-
tion variations. Jung et al. [16] develop parameterized sun
and sky lighting models to apply photometric stereo under
outdoor illumination captured in one day. Hold-Geoffroy et
al. [15] recently analyze that outdoor observations recorded
within a few hours could also constrain a reliable normal
estimation.

Uncalibrated, directional lighting: Photometric stereo
without calibrated lighting as known input is called uncali-
brated photometric stereo. Even if the lighting assumption
is directional lighting, the solutions to both surface normal
and lighting are not unique due to some inherent ambigui-
ties. The shape (or lighting) can be estimated uptoa 3 x 3
linear ambiguity [12], and this ambiguity could be further
reduced to a 3-parameter General Bas-Relief (GBR) ambi-
guity for integrable surfaces [7, 36]. Recent works mainly
focus on estimation of the 3 unknowns to obtain final nor-
mal estimates, by using priors on albedo [5, 25], detecting
local maximum diffuse points [ 1], or reflectance symme-
try [29, 33]. If multiview inputs are available, the directionl
lighting directions could also be indirectly estimated, and
photometric constraints are used to refine the shape [13, 14].
The lighting can also be semi-calibrated with directions be-
ing provided and intensities remaining unkown [9].

Uncalibrated, natural lighting: This is the most diffi-
cult category for Lambertian photometric stereo since the
lighting assumption is general and unknown. Given only
single-view images, the natural illumination could be ap-
proximated using spherical harmonics. However, there is a
9 x 3 (= 27 unknowns) linear ambiguity in estimated sur-
face normals for second order spherical harmonics repre-
sentation [6]. And unfortunately, this high-dimensional am-
biguity cannot be completely removed without additional
information. For example, Shen and Tan [23] can only ob-
tain sparse surface normals without additional calibration.
A coarse geometry prior from multiview information can
be used as a ‘proxy’ for measuring natural lightings us-
ing sparse normals [3], resolving high-dimensional ambi-
guities [24] from [6], or even estimating general isotropic
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