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Figure 1: Hidden scene containing a shape of a man that is not in the direct line of sight of the camera (left) and visualization
of the object position reconstructed from diffuse reflections in real time (right).

ABSTRACT

The sensing of objects hidden behind an occluder is a fascinating
emerging area of research and expected to have an impact in numer-
ous application fields such as automobile safety, remote observation
or endoscopy. In the past, this problem has consistently been solved
with the use of expensive time-of-flight technology and often re-
quired a long reconstruction time. Our system is the first one that
only relies on off-the-shelf intensity cameras and lasers. To achieve
this, we developed a novel analysis-by-synthesis scheme which
utilizes the output of a specialized renderer as input to an optimizer
to perform the reconstruction. In the exhibition, visitors can freely
move the object around in the hidden scene, while our camera setup
on the other side of the wall reconstructs the object position and
orientation in real time. We hope that this first hand experience
will spread excitement about possible future applications of this
new technology.
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1 MOTIVATION

Cameras can be used to quickly reconstruct properties of distant
objects such as shape, position and movement. They have however
the major drawback, that they require a direct line of sight to the
object and thus objects hidden behind occluders cannot be sensed.
The emerging field of non-line-of-sight sensing tries to tackle this
problem by using diffuse reflections from other parts of the scene
for the reconstruction. In the future, this could become a useful
technology to prevent collisions in narrow streets, to locate and
rescue persons in dangerous places such as burning buildings or to
advance or replace endoscopic equipment.

In the basic scenario, an object is hidden from the camera by an
occluder, prohibiting any form of direct sensing. If however a large,
planar object, e.g. the back wall of the setup, is visible from both,
the camera and the object it can act as a diffuse mirror. A laser
pointer located next to the camera is focused onto this wall and
the light reflected from the laser spot on the wall illuminates the
hidden scene. The object reflects the incoming light back to the wall,
where it then can be sensed by the camera. In this so called three-
bounce-setup [Velten et al. 2012] the wall and object are usually
diffuse, which means that all angular information is destroyed by
the reflections, making the reconstruction a challenging problem.

2 STATE OF THE ART

The idea of non-line-of-sight sensing was introduced in 2009 [Kir-
mani et al. 2009] and was quickly adopted by various research



SIGGRAPH ’17 Emerging Technologies, July 30 - August 03, 2017, Los Angeles, CA, USA

Scene hypothesis Synthetic rendering E
el
Q
‘ S
Q
] — r?S
el
(0]
e @
Estimated parameters
Optimizer
Real scene Captured image
e — - o
=1
L
el
Q
=
Q
3
I}
o
o
@
Parameters unknown v

Figure 2: The analysis-by-synthesis scheme used in our algo-
rithm.

groups. Over the past years, there have been numerous publica-
tions that tackle various aspects of the problem including geometry
reconstruction [Heide et al. 2014; Velten et al. 2012], material re-
construction [Naik et al. 2011] and object tracking [Gariepy et al.
2016]. Outside the scientific community, many of them have also
been well received by mass media [Gray 2015].

Except for some approaches that use alternative wavelength
ranges for which the occluding medium is transparent [Adib and
Katabi 2013], all existing approaches rely on diffuse reflections
and use time-of-flight measurements as an additional source of
information. They require specialized hardware such as high-end
streak detectors or single-photon imagers, and most of them are
not capable of real-time operation. By measuring the time delay
of the incoming light for each pixel, the length of the light paths
can be determined. With a back projection method borrowed from
computer tomography, the possible origins of reflections inside the
scene can then be determined.

3 OUR METHOD

Our main contribution is the introduction of the analysis-by-syn-
thesis scheme to the field of non-line-of-sight sensing (see Figure 2).
The reconstruction of a hidden scene from camera data is a challeng-
ing inverse problem, whereas the forward problem, the computation
of synthetic camera images from a given scene, is readily solved by
means of established rendering techniques.

To reconstruct the object position the algorithm starts with an
initial guess and renders a synthetic camera image. If the shape of
the object is known, it can be used for rendering directly. Otherwise,
a proxy can be used, resulting in a decreased accuracy. At the same
time, the real camera in the scene takes a picture of the wall and
both pictures are compared using the root-mean-square error. This
error depends on the estimated object position and becomes the
target function of a numerical optimization algorithm, which adapts
the object position until the minimum is found.

Besides not requiring any temporal information, this approach
offers great flexibility: Arbitrary scene parameters such as position,
orientation and material of the object or even more complex scenes
consisting of multiple objects that occlude each other can be simu-
lated and in principal be reconstructed. However, with the number
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Figure 3: Floor plan of our setup.

of scene parameters, the dimensionality of the optimization prob-
lem grows and the optimization becomes less stable and more time
consuming. So far, we have been able to reconstruct the position
and orientation of a known object concurrently in real time and are
confident, that more scene parameters such as material and shape
will be reconstructable in the future.

For a more in-depth description of the algorithm and an eval-
uation of its accuracy and limitations, we refer to our technical
paper [Klein et al. 2016].

4 EXHIBIT AND USER EXPERIENCE

In our setup (see Figure 3), the hidden object is mounted to a robotic
arm, which offers precise control over its movement in all six di-
mensions. We will offer visitors to directly control the object and
watch how our system reconstructs their movement in real time
despite being on the other side of the wall. As we use infrared
light, there is no visible evidence inside the hidden scene, that the
object is being tracked. Since there are no front walls, visitors are
free to explore every detail directly. This offers an unprecedented
hands-on experience of this exciting new technology.
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