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Abstract

This study proposes a method based on Spatial Augmented Reality (SAR) technology to transform the perceived material of an
object’s surface by projecting imagery rendered from measured BRDF data. The core of this method lies in the non-contact esti-
mation of the object’s three-dimensional surface shape from images captured at four different polarization angles. Specifically,
Stokes parameters are calculated from four polarized images, and a normal vector is derived for each pixel based on the re-
sulting Angle of Linear Polarization (AoLP) and Degree of Linear Polarization (DoLP). Next, rendering is performed using the
estimated normal map and a measured BRDF database. The resulting appearance of the target material is then projected onto
the object via a projector-camera system. Experiments demonstrate the ability to change the material appearance of certain
objects, such as plaster statues and plastic products. The significance of this research lies in demonstrating a new framework
for presenting material appearance by combining shape estimation using polarization with physically based rendering.

1. Introduction

The appearance of physical objects in the real world, particularly
their material appearance, plays a crucial role in various fields such
as product design evaluation, digital archiving of cultural heritage,
and entertainment. Spatial Augmented Reality (SAR) [BRO5] of-
fers a powerful paradigm for altering the appearance of objects
without physical modification. This technology does not require
personal devices like head-mounted displays, allowing multiple
viewers to share the augmented reality space simultaneously.

Since the pioneering work of Shader Lamps [RWLBO1], re-
search has advanced beyond texture projection using radiomet-
ric compensation [GNO4] to achieve more realistic material ap-
pearances, such as metallic gloss. Such data-driven rendering ap-
proaches rely on pre-measured reflectance models [MPBMO3] or
sophisticated measurement techniques [MSYO07]. Specific propos-
als include the presentation of dynamic material appearance using
pixel brightness optimization with multiple projectors [SSL*15],
and the reproduction of complex BRDFs using real-time ray trac-
ing [NKW20]. However, these optics-model-based methods require
geometric information like normal directions as a model and neces-
sitate dynamic tracking of the object for projection.

As an alternative, methods that do not use geometric models
have been proposed, such as reproducing the appearance of ob-
jects with structural color [MA18] or anisotropic reflection [OA22]
through reflection analysis and light-field projection using a multi-
projector-camera system. While this approach achieves material
appearance that changes with viewpoint, it still assumes the nor-
mal direction of the projection target’s surface, making it unable
to adaptively present materials on arbitrary shapes. To solve these
problems, the introduction of Physically Based Rendering (PBR),
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which involves estimating normal directions and reflection proper-
ties, is essential.

To address these limitations, this paper proposes a novel SAR
framework that integrates polarimetric normal estimation with
PBR. Our core contribution is an appearance-control pipeline that
first estimates surface normals from four polarization images cap-
tured at different angles. While recent work also leverages polariza-
tion for detailed shape and reflectance [IKN25], our work focuses
on integrating this sensing technique into a complete framework
to actively transform the perceived material appearance in an SAR
context.

2. Physical Principles of Shape Estimation by Polarization
2.1. Mathematical Formulation of Polarization State

The polarization state of light is described by the Stokes vec-
tor, S = [SO,SI,Sz,SﬂT. In this study, we compute the parameters
for linear polarization from four intensity images, ly,l45,190,1135,
captured by a polarization camera with its transmission axis at
0,45,90, 135[deg].

So = Iy +1Ioo (D
S1=1Iy—Iy 2
S = Iss — 35 (€))

From these Stokes parameters, the Angle of Linear Polarization
(AoLP) y and the Degree of Linear Polarization (DoLP) p, which
characterize the state of polarization, are obtained by the following
equations. These serve as the fundamental observables for estimat-
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ing the surface normal.
y = (1/2)arctan(S,/S}) 4)
p=1/53+53/So (%)

2.2. Surface Normal Estimation from Polarization
Information

The normal vector at each point on a surface is uniquely determined
by two angles: the zenith angle 0 (the tilt of the normal) and the
azimuth angle ¢ (the orientation of the normal). These angles are
estimated from the AoLP and DoLP.

2.2.1. Estimation of Azimuth Angle ¢

In specular reflection, the polarization direction of the reflected
light is perpendicular to the plane of incidence (the plane con-
taining the incident ray, the reflected ray, and the normal vector).
Therefore, there is always a phase difference of m/2 between the
observed AoLP (y) and the normal’s azimuth angle ¢. This rela-
tionship, expressed by the following equation, allows for the direct
estimation of the azimuth angle. This estimation is directly linked
to physical laws and is relatively robust.

O=w+n/2 6)

2.2.2. Estimation of Zenith Angle 6

The estimation of the zenith angle 6 is more complex. Physically,
the DoLP is governed by the Fresnel equations, which depend on
the surface’s refractive index and the angle of incidence (equal to
the zenith angle 0). This relationship creates two challenges: it can
be ambiguous, as a single DoLP value may correspond to two dif-
ferent angles, and it requires prior knowledge of the refractive in-
dex. To avoid these complexities and prioritize computational sim-
plicity and versatility, this study adopts a simplified linear model:

0= (n/2)-p @)

This approximation is based on the physical tendency that the
DoLP is 0 at a zenith angle of O[deg] (normal incidence) and in-
creases monotonically with the angle (at least up to Brewster’s an-
gle). This model does not require information about the refractive
index and avoids the ambiguity problem, making it extremely easy
to implement. However, it is merely a first-order approximation that
ignores the physically rigorous relationship, thus imposing an in-
herent limit on the accuracy of the estimated zenith angle. This
design choice is considered an intentional trade-off to obtain a rea-
sonable proxy for the shape at a practical cost for the specific ap-
plication of material appearance transformation, rather than aiming
for perfect shape acquisition.

3. System Design and Implementation

The system flowchart is shown in Figure 1. The process is executed
as a pipeline consisting of surface normal estimation, physically
based rendering, and geometrically corrected projection.
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Figure 1: Processing Flow

3.1. Stage 1: Surface Normal Estimation

The first stage of the process is the estimation of the target’s surface
normals. First, four intensity images (lo, l45,19o,1135) are acquired
from a polarization camera. Next, Stokes parameters are calculated
to generate AoLP and DoLP maps. After applying a median fil-
ter for noise reduction, the azimuth angle ¢ is derived from the
smoothed AoLP map, and the zenith angle 0 is derived from the
DoLP map using the linear approximation model. Finally, these az-
imuth and zenith angle maps are converted to a Cartesian coordi-
nate system, completing the 3-channel normal map used for the
subsequent rendering stage.

3.2. Stage 2: Physically Based Rendering with Measured
BRDF

In the second stage, physically based rendering is performed using
the estimated normal map. The MERL BRDF Database [MPBMO3]
is used, which contains measured reflectance data for a vast number
of incident and outgoing direction combinations. It is parameter-
ized in the computationally efficient half-vector coordinate system
(05,04,94). Therefore, the rendering process requires converting
world-coordinate vectors (normal n, light direction 1, view direc-
tion v) for each pixel into this half-vector coordinate system to look
up the database.

3.2.1. Rendering Equation

The fundamental reflection equation for physically based rendering
is expressed as follows [PJH16]:

Lo(v) = /Q FLV)LD)(n-1dl ®)

As this system assumes a single directional light source (the projec-
tor), this integral is simplified to a direct product for the outgoing
radiance Lo:

Lo = fr(1,v) - Clight - max(0,n-1) )

where f; is the BRDF, 1 and v are the light and view vectors, n is
the surface normal, and Cj;gp, represents the light source’s color and
intensity.

3.2.2. Rendering Process

Each pixel is rendered using the estimated normal vector, and the
light and view vectors determined by the scene configuration. From
these vectors, the parameters for the half-vector coordinate system
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are calculated, and the MERL BRDF Database is referenced to ob-
tain the RGB reflectance values. The final color of the pixel is de-
termined by multiplying this reflectance by the light source color
and the dot product of the normal and light direction.

3.2.3. Radiometric Considerations

This system simplifies radiometric compensation and currently
does not account for spatial non-uniformities in the object’s origi-
nal color or texture. It is limited to multiplying the entire rendered
image by a single brightness correction factor to adjust the visibil-
ity of the projected result according to the projector’s brightness
and the object’s surface (or physical) reflectance.

3.3. Stage 3: Geometrically Corrected Projection

To align the rendered image with the target object, we pre-calibrate
the geometric mapping between the camera and projector us-
ing standard Gray-code structured light. This process generates a
lookup map (Fig. 2) to warp the rendered image before projection.

areaA

% C2P(Cam View) y”

P2C(Prj View)

Figure 2: Pixel map showing geometric correspondence between
the projector and camera. R, G channels indicate x, y coordinates,
respectively. Correspondence exists in area A but not in area B.

4. Results and Discussion

The projector-camera system used in this study is shown in Fig-
ure 3. The hardware consists of a DLP projector (Vivitek QUMI
Q6-BK), whose projection light is unpolarized, and a polarization
camera (FLIR Blackfly S BFS-U3-51S5P) capable of capturing
polarized images in four directions (0,45,90, 135[deg]) simultane-
ously. The baseline (distance between the projector lens and the
camera lens) was 50mm, and the distance from the projector lens
to the target object was 1000mm.

External Camera |

Figure 3: Hardware configuration of the experimental system
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Figure 4 shows the experimental results of applying our method
to objects of various shapes and materials, as captured by an ex-
ternal camera. To enhance visibility for projection, all BRDF ren-
derings (including the target material samples shown in the top
row) were processed with a boosted gain. For predominantly dif-
fuse objects such as the plaster statue and the helmet (Fig. 4 (b,
¢)), a small amount of surface gloss allowed polarization-based
normal estimation. Projecting a metallic material created natural
highlights along the object’s curves, changing its perceived mate-
rial. On the other hand, application to the metallic bust (Fig. 4 (a)),
which originally has strong specular reflection, and the earthenware
(Fig. 4 (d)), whose surface irregularities cause nearly Lambertian
reflection, proved difficult.

4.1. Evaluation and Discussion with Luminance Profiles

To quantitatively evaluate the material reproduction, we performed
a correlation analysis of luminance profiles. This method compares
the relationships among the estimated object shape, the theoretical
luminance predicted by the BRDF model, and the actual measured
luminance from the projection.

1. Geometric Proxy Profile: The angle 6, between the normal
vector n and the half-vector H, obtained from the normal map.
Plotted as 1 — norm(0y,) to visually align with luminance peaks.

2. BRDF Luminance Profile: The theoretical luminance value
calculated by referencing the MERL BRDF database with the
normal information for each point.

3. Measured Luminance Profile: The polarization-independent
luminance value Sy calculated from two captured polarized im-
ages (I, Iyo) of the actual projection onto the object.

These three profiles are normalized to [0, 1] and plotted on a single
graph. Figure 6 shows excerpts from the analysis when applying
optically contrasting materials (‘chrome’ and ‘red-plastic’).

4.1.1. Uncertainty in Shape Estimation and Its Impact

The foundation of this method is normal estimation via polariza-
tion, and its accuracy directly impacts rendering quality. In partic-
ular, the linear approximation model (Eq. 7) for the zenith angle is
a deliberate trade-off, sacrificing physical rigor for versatility. This
approach is successful for objects with smooth surfaces like the
plaster statue and the helmet, where the AoLP map smoothly re-
flects the object’s curvature, enabling normal estimation (Fig. 6 (b2,
c2)).

Despite the estimation process being sensitive to noise (Fig. 5),
the final results (Fig. 4) successfully reproduce the material ap-
pearance and illumination gradients, similar to the rendered sam-
ples, except for (d). This robustness is particularly evident for (b)
and (c), which are predominantly diffuse. As discussed in the fol-
lowing section on modulation (Sec. 4.1.2), their intrinsic surface
properties act as a low-pass filter, smoothing any sharp highlights
or high-frequency noise from the projection. This interaction ef-
fectively masks the underlying errors from the normal estimation,
leading to a visually stable and plausible result.

4.1.2. Surface interaction on the Object Surface

Another factor is the interaction between the projected illumination
and the surface, including interreflections in concave regions and
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Figure 4: Projection results captured by an external camera. (a) Metallic bust (specular ob-
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Figure 5: AoLP and DoLP maps

Jject), (b) Plaster statue (diffuse object), (c) Helmet (smooth plastic with diffuse and specular
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Figure 6: Illumination profiles: Geometric Proxy Profile (red),
BRDF Luminance Profile (green), and Measured Luminance Pro-
file (blue). Theoretically, for a smooth Lambertian surface, the
measured profile should coincide with the BRDF data, as shown
in (c2).

spatially non-uniform reflection distributions arising from spec-
ular components. Consequently, the measured luminance profile
(blue) inevitably reflects the modulation of the projected light by
the object’s intrinsic reflectance characteristics. Interreflections in-
troduce errors in normal estimation, leading to noticeable illumi-
nation drops in the measured luminance, as shown in Fig. 6 (b1,
b2). The effect of specular reflection is particularly evident on the
metallic bust (Fig. 6 (al, a2)), where a significant discrepancy ap-
pears between the theoretical target profile (green) and the mea-
sured profile (blue). This discrepancy arises because the surface il-
lumination distribution is modulated by specular reflection, produc-
ing illumination peaks in addition to the Lambertian component.
These peaks often cause luminance saturation and a loss of gra-
dation. These findings indicate that the proposed method performs
best on surfaces exhibiting spatially uniform and mainly diffuse
reflectance, where interreflections and specular modulation effects
are minimized.

5. Conclusion

In this study, we demonstrated a SAR-based framework for pro-
jecting material appearances using measured BRDF data and po-
larimetric normal estimation.

Future work includes replacing the simplified linear model
(Eq. 7) with a more physically rigorous solution, such as iterative
optimization against the Fresnel equations, to resolve the zenith an-
gle ambiguity. Additionally, incorporating radiometric calibration
would compensate for the object’s base material.
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