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Abstract—The calculation of depth information from a single
image taken with an endoscopic camera is shown for future use
in a wirelessly powered image sensor. A local shape-from-shading
(SFS) algorithm was implemented to calculate the depth map.
The SFS algorithm assumes that the surface is Lambertian and
the illumination is constant, which are not always satisfied in
in-vivo images. The images are therefore preprocessed before the
depth map was calculated to account for low contrast in the image
and specular reflections due to a light source in close proximity
to the surface.

I. INTRODUCTION

A wireless implantable image sensor is advantageous for
small bowel endoscopy or other subcutaneous monitoring
due to the lack of lead wires that will impede motion or
raise complication risks. However, to decrease the size of
the implanted sensor, power to the device must be delivered
wirelessly since batteries typically occupy a significant area.

The power consumption of wireless image sensors can be
limited through low frame rates and power efficient light
sources. Since only a few images can be captured with the
implanted camera without exhausting the available power,
extracting 3-D information from the images can be useful
when interpreting the images. In addition, the system must also
power the light source for the image sensor; images captured
can therefore have low contrast depending on the power budget
available to the light source. This project seeks to address these
issues and calculate depth information from an image taken
with a small endoscope camera.

A. Implementation Overview

The project seeks to address issues of reconstructing depth
maps from low-contrast images. The image distortion from
the lens is first corrected using calculated values from a
calibration image. Second, specular highlights are suppressed
by thresholding a contrast-scaled image and pixel values of the
saturated region are estimated using the surrounding pixels.
These preprocessing steps address issues from assumptions
made by the shape-from-shading algorithm used to calculate
the depth map in the last step.

B. Camera Description

The Awaiba NanEye endoscopy camera is attractive as a
wireless image sensor because it consumes 3mA of power
while occupying a 1 mm x 1mm footprint [1]. The 250 x 250
pixel camera includes integrated optics, which results in a 120◦

diagonal field of view [1]. The optics needed to achieve the
120◦ diagonal field of view results in fisheye lens distortion
that is corrected in the first implementation step. A photo of
the camera is shown in Figure I-B [1].

Fig. 1. Awaiba NanEye Camera [1]

II. LENS DISTORTION CALIBRATION
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Fig. 2. (a) Checkerboard Image (b) Undistorted Checkerboard Image

As shown in Figure 2(a), the NanEye camera optics in-
troduces radial distortion in the image. Assuming that radial
distortion is the major source of distortion, the distortion of the
image is modeled as a polynomial [3]. However, since the first-
order term dominates, the relationship between the distorted
and undistorted pixel locations simplifies to (1), where xu
and yu are the calculated undistorted coordinates and xf and
yf are the coordinates of the original image with distortion.

xu = xf (1 + κr2)

yu = yf (1 + κr2)

rd =
√
(x2f + y2f )

(1)

A camera calibration toolbox was used to calculate the
distortion parameters using a checkerboard image [2]. The
corners in the checkerboard are detected after manually se-
lecting the four outermost corners in the image. The original
and undistorted calibration images are shown in Figures 2(a)
and 2(b).
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Fig. 3. (a) Rice grains under low light conditions (b) Contrast scaled image

III. IMAGE PREPROCESSING

The light source of an endoscopic camera causes two issues
that are addressed in this section. First, the power budget
limitations implies that the light source will provide low
illumination levels and the resulting image will have low
contrast. Secondly, the endoscopic camera and the light source
are typically placed in close proximity to each other and
the surface of interest. Therefore, illumination on the scene
is uneven and can show specular reflections, which causes
artifacts in the depth map calculation.

A. Contrast Scaling

As shown in Figure 3(a), the features of an image captured
under low light conditions are not well delineated. The contrast
of the image is improved by adjusting the intensity of the
image using (2), which scales the pixel values to full range.
The contrast scaled image is shown in Figure 3(b).

The disadvantage of contrast scaling is that, since absolute
depth information is not known, contrast scaling amplifies
the height difference based on the relative reflectivity of the
surfaces. The unevenness of illumination on the surface will
be amplified, which can cause additional distortion. However,
contrast scaling can enhance the difference between edges in
an image for easier detection of abnormal features.

Inew =
(Iold −min(Iold))

max(Iold)−min(Iold)
(2)

B. Specular Highlight Suppression

The shape-from-shading algorithm used in this project as-
sumes that the surface observed by the camera has uniform re-
flection and is illuminated by a distant point source. However,
sample images of the gastrointestinal tract have shown that the
close distance of the light source to the surface causes uneven
illumination on the scene as well as small areas of specular
reflection caused by liquid on the surface. In the shape-from
shading algorithm, specular reflections result in bright areas
that are assumed to be tall features; specular highlights are
therefore suppressed to remove distracting artifacts in the
depth map.

The areas showing specular highlights were identified by
applying a threshold to the image and creating a mask
containing locations of the specular highlights. The mask
was eroded using a disk-shaped structural element to include

slightly bright regions surrounding the specular highlights. 8-
neighbor region labeling was then applied on the mask to
detect individual highlighted regions.

Estimations of the pixel values in each region are calcu-
lated by a simple inpainting method; Pixel intensity values
from areas surrounding the specular highlights are propaged
inwards through averaging until the region is filled [5]. After
initializing the area under the specular highlights to zero, a 5
x 5 averaging filter is applied and the calculated values under
the specular highlight region are inserted into the original
image. The averaging continues until the difference between
the previous and current averaged values falls below a small
threshold, which indicates that the region has pixel values very
similar to the surrounding regions. This method assumes that
the reflectance of the region is uniform so that the intensity
of the surrounding pixels are reasonably good approximations
for the bright specular highlights.

The estimations of the pixel values are recombined with
the main image by using a Gaussian filtered mask to blend
the edges using (3) [5].

Iblended = (1−Mg) ∗ Ioriginal +Mg ∗ Iaverage (3)

Region labeling allows the estimation to work on specular
highlight regions of varying sizes although the accuracy of
pixels in large areas is much worse.

Since information about the surface is inherently lost under
specular reflection, this method performs best on images with
small round areas of bright specular reflection. In cases where
the specular reflection region is large, averaging is unable to
adequately estimate intensity values toward the center of the
region. In addition, the area identified as a specular highlight
should be as small as possible to reduce the effect of averaging
on salient details in the image.

Stock images of the GI tract were used to test the averaging
implementation [6] [1]. The original images are shown in
Figures 4(a) and 4(b). The masks used to recombine the
images are shown in Figures 4(c) and 4(d) and the final
images with specular highlights suppressed are shown in
Figures 4(e) and 4(f).

As seen in Figures 4(e) and 4(f), averaging smooths small
regions that are saturated by specular highlights. However,
since averaging does not recreate texture of the area, large
areas that are saturated are not approximated well by this
method and require more complex algorithms to recreate the
saturated regions. In Figure 4(e), the bright spots at the top
an bottom of the uvula are removed but the large bright area
on the right edge is not approximated well by this method.

IV. DEPTH MAP CONSTRUCTION

This project implemented the Tsai-Shah shape-from shad-
ing algorithm described in [4] and a Gaussian filter on the
calculated depth map to smooth small artifacts. The algorithm
computes depth information assuming that the reflectance of
the surface and direction of the light source is known [4].
In addition, the algorithm also assumes that the surface is
Lambertian and the illumination on the surface is constant.
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Fig. 4. (a)and(b) are the original images with specular highlights. (c) and
(d) are masks that show the position of the specular highlights an that are
used to blend the images. (e) and (f) are the images with specular highlights
suppressed.

In an implanted system, the light source will be at a fixed
location with respect to the camera but an estimate of the
albedo of the surface is used.

The preprocessing steps described in the sections above seek
to mitigate depth inaccuracies that result from violation of
the illumination assumptions of the SFS algorithm. Specular
highlights result in high depth estimations which are false and
can distort shape of the surface being analyzed.

The depth map implementation was tested on images of
rice grains against a black background. This test setup allows
modeling of the depth map without effects from a background
surface. Figure 5(a) shows the calculated depth map on the
original image. The SFS algorithm is able to detect the edges
of the rice kernel although the magnitude of the calculated
depth with respect to the background is low. In addition, a non-
black and textured background can also affect the detection of
the features the size of rice grains.

Using contrast scaling, the rice grains are more easily
detected at the expense of additional noise. Cross sections of
the original image depth map and processed image depth map
are compared in Figures 5(c) and 5(d). The edges of the rice
are much more easily detected with minimal effect from the
background. However, since the relative depth of the features
are calculated, the absolute depth between the background and
features are amplified.
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Fig. 5. (a) Depth map of original image (b) Depth map of image after
preprocessing steps (c)(d) Horizontal and vertical cross sections of the depth
maps
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Fig. 6. (a) Original image (b) Depth map of original image (c) Depth map
of image with specular highlights removed (d) Depth map with overlay of
colors

A. GI Test Image

An image of the uvula from Awaiba [1] was used to test
the processing chain. The direction of the light source was
estimated from the image. Contrast scaling has a limited
effect the test image since the surface is well-illuminated by
multiple LEDs. The specular highlights at the top and bottom
of Figure 6(b) are removed in Figure 6(c) with minimal
effect on the depth calculation of the surrounding areas. The
color information is overlaid on the depth map for a 3-D
representation of the image.

V. FUTURE WORK

Improvements on the preprocessing steps include automatic
calculation of the threshold to detect specular highlights. In
addition, a more sophisticated inpainting technique will allow
removal of larger regions of specular highlights. This project
primarily used gray scale images but can be extended to color
images.



VI. CONCLUSION

Depth map calculations for endoscopic images are shown
in this project. The implementation corrects for radial lens
distortion on the camera using a first-order polynomial model.
Tsai’s SFS algorithm for Lambertian surfaces was used to cal-
culate depth information. However, since the proposed images
do not satisfy the Lambertian surface constraints and diffuse
illumination assumed by the SFS algorithm, preprocessing
steps modify the images to reduce the effects of specular
highlights and low constrast images.
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