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To enhance both the accuracy and resolution of a noisy low-resolution depth
image captured by a consumer RGB-D camera, the pixel-coordinates of the
aligned high resolution color image are widely used [1, 3, 4, 5, 6]. How-
ever, these global coordinates are not suitable for handling the geometry
of the measured shapes. For example, for a depth image, general smooth-
ing/upsampling filters smooth the surfaces to be parallel to the image plane.
Because the image plane has no geometric relationship with the measured
surfaces, the geometries of the surfaces are not taken into account, and are
sometimes corrupted by these filters.

In this paper, we propose a depth image enhancement method using
local tangent planes as local coordinates of the measured surfaces. In our
method, to reconstruct accurate surfaces, the normal direction components
of the measured surfaces are smoothed at each local coordinate using a
Gaussian filter. The explicit definition of smoothed point x̃ of point x in
local coordinates R is
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where wGauss is the Gaussian weight function, d(R) is the shape in region
R, n(R) is the normal vector, xT is the tangential component of point x,
and W is the total weighted sum. If t1(R) and t2(R) are the orthonormal
tangent vectors of the local tangent plane, then xT = (x, t1(R))t1(R) +
(x, t2(R))t2(R). We smooth the measured surfaces while preserving the
local geometries that are linearly approximated by the local tangent planes.
Accurate depth image enhancement is achieved by using the local geome-
tries approximated by the local tangent planes.

Our method is composed of two steps, a step that estimates the local tan-
gent planes of the uncorrupted surfaces from a noisy low-resolution depth
image and a step that reconstructs surfaces using the estimated local tan-
gent planes. Because the reconstruction accuracy strongly depends on the
approximation accuracy of local tangents, we divide the local tangent esti-
mation process into three additional steps. We first calculate local tangent
planes by applying principle component analysis (PCA) to the shapes on
each superpixel [2]. Then, we correct the local tangents using neighboring
colors and their positional relationships to reduce the influence of outliers
caused by measurement noise. For this correction, we introduce two types
of PCA, a color heuristic PCA that measures the distribution of 3D points by
color similarity and a PCA that is applied to only the centers of the neigh-
boring local tangents. Finally, we connect linearly connectable local tan-
gent planes to detect planar regions. In each planar region, local surface
geometries are well approximated by the connected local tangent planes. A
conceptual diagram of the calculation of local coordinates is shown in Fig-
ure 1. After this local coordinates estimation, in the reconstruction step,
we first reconstruct coarse surfaces using segmentation defined by the con-
tact relations between local planar regions, similarly to [5]. We then refine
the coarse surfaces by smoothing the normal direction components on each
local planar region.

Figure 1: Calculation of local coordinates that approximate uncorrupted sur-
faces from a noisy low-resolution depth image.
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(a) Original sensor data (b) MRF [1]

(c) PWAS [3] (d) Tangent [5]

(e) Our method (before smoothing) (f) Our method (smoothed)

Figure 2: 3D point clouds of a doll head that visualizes the difference be-
tween the enhancement results of several methods. The granular noise was
reduced by smoothing the normal components on local tangents.

We applied our method to real images captured by a consumer RGB-D
camera as well as some images from a well-known dataset. In the paper,
both quantitative and qualitative evaluations are described. Figure 2 shows
the measured real sensor data and enhanced data as 3D point clouds. Com-
pared with the existing methods that use the global coordinates of the image
plane, the interior regions of surfaces were reconstructed more accurately
by our method. Our experimental results show the effectiveness of our local
tangent-based depth enhancement.
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