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ABSTRACT

This paper presents an evaluation of the Tango tablet regarding its
motion tracking and depth perception capabilities. A methodol-
ogy for performing such kind of evaluation is proposed. Motion
tracking error is assessed in both small workspace and large envi-
ronments. In the small workspace scenario, the distances reported
by the motion tracking system are compared with values measured
with the aid of a graph paper. In the large environment condition,
the tracking error consists in the difference between initial and fi-
nal positions given by the system when the device moves around
the environment and returns to the same location. Depth sensing
precision is evaluated by comparing the 3D coordinates reported
by the system of the inner corners of a chessboard pattern with
ground truth values obtained from color camera image processing.
The results show that Tango tablet sometimes presents large mo-
tion tracking errors, which may harm AR experience. In addition,
Tango tablet depth sensing presents average error values similar to
desktop depth cameras, but it is more sensitive to infrared reflection
properties of the objects to be mapped.

Index Terms: 1.4.8 [Image Processing and Computer Vision]:
Scene Analysis—Depth Cues, Range Data, Tracking; H.5.1 [In-
formation Interfaces and Presentation]: Multimedia Information
Systems—Aurtificial, Augmented, and Virtual Realities

1 INTRODUCTION

Google Tango [2] is a technology platform that allows mobile de-
vices to detect their position and navigate the physical world sim-
ilar to a human walking around indoor and outdoor environments.
Tango uses advanced computer vision, image processing, and spe-
cial vision sensors to give the device the ability to have a spatial
perception of itself.

The first device featuring Google Tango was an Android plat-
form tablet, which was released in June 2014. Since then, sev-
eral applications have been developed using its motion tracking and
depth sensing technologies. For instance, [13] presents a system
that uses Tango to previsualize virtual objects in on-set film pro-
duction in order to help actors interact with them. Another one uses
the tablet to reconstruct and locate the user in the environment to
provide a redirected walking [6].

Since there are thousands of this device in use, it is natural
that more applications will appear using its motion tracking and
depth sensing technologies. Moreover, there is a commercial de-
vice launched with these technologies by Lenovo in partnership
with Google [10], which tends to stimulate the development of even
more programs featuring these capabilities. Therefore, it is relevant
to evaluate its accuracy. As far as the authors know, so far no study
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evaluates the Tango tablet. This experiment is important because
it provides expertise on how to assess tracking systems and also to
find scenarios and situations in which they work well and fail.

Evaluating tracking systems is a challenging task [15]. Many ef-
forts have been made in the past years to provide metrics and stan-
dards to analyze the aspects related to this problem [8, 9]. The main
reason is the difficulty to find the ground truth to compare with the
obtained results. There are several benchmark datasets available
aiming computer vision tracking systems evaluation, each one hav-
ing many purposes and providing several types of input data. For
instance, [5] presents an image dataset to evaluate planar model
based techniques, [11] describes a benchmark to measure the qual-
ity of 3D model based algorithms and [14] provides RGB and depth
information aiming SLAM systems. All of them also provide the
expected results, which are used to assert the precision of the algo-
rithm. However, it is hard to use these datasets on mobile devices.
One reason is the difficulty to extract information from different
sensors since they are noisy and the precision varies among devices.

This work aims to evaluate the precision of both motion tracking
and depth sensing technologies on Google Tango tablet. An evalu-
ation methodology is thus proposed and employed for fulfilling this
goal. This study also discusses the obtained results.

2 TANGO TABLET

As mentioned, the Google Tango device has some novel features
that provide new ways to navigate in different environments using
technologies such as motion tracking and depth perception [2]. This
section explains how these technologies work on Tango tablet and
describes the characteristics of the sensors used by them.

Motion tracking means that a Tango device can track its own
movement and orientation through 3D space. Tango implements
motion tracking using visual-inertial odometry to estimate where
a device is relative to where it started. Standard visual odometry
uses camera images to determine a change in position by looking
at the relative position of different features in those images. Visual-
inertial supplements visual odometry with inertial motion sensors
capable of tracking a device’s rotation and acceleration. This al-
lows a Tango device to estimate both its orientation and movement
within a 3D space with even greater accuracy. Unlike GPS, motion
tracking using visual-inertial odometry works indoors. In addition
to the gyroscope and accelerometers, Tango uses a wide-angle mo-
tion tracking camera (also known as the "fisheye” lens) to add visual
information, which helps to estimate rotation and linear accelera-
tion more accurately. To perform motion tracking, the Tango APIs
provide the position and orientation of the user’s device in full six
degrees of freedom. The data is returned with two main parts: a
vector in meters for translation and a quaternion for rotation.

Depth Perception gives an application the ability to understand
the distance to objects in the real world [2]. Tango tablet imple-
ments depth perception with time-of-flight (ToF) technology, which
requires the use of an infrared projector and an infrared sensor.

Tango tablet depth sensor is designed to work best indoors at
moderate distances (0.5 to 4 meters). This configuration gives good
depth at a distance while balancing power requirements for infrared
illumination and depth processing. It may not be ideal for close-
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range object scanning or gesture detection.

The Tango APIs provide a function to get depth data in the form
of a point cloud. This format gives (x,y,z) coordinates for as many
points in the scene as are possible to calculate. Each dimension is
a floating point value recording the position of each point in meters
in the coordinate frame of the depth-sensing camera.

3 EVALUATION METHODOLOGY

The following subsections describe the methodology used to eval-
uate the motion tracking and depth sensing functionalities of the
Tango tablet.

3.1

The chosen evaluation method is based on moving the Google
Tango tablet between two known positions in the real world and
comparing the distance between these positions computed by the
device with the ground truth value. This way, it is possible to evalu-
ate the error the system accumulates during motion tracking from a
starting point to an ending position. It was used a graph paper with
the precision of one millimeter to ensure the experiment accuracy.
The paper was pasted in a table so it does not move during the tests.
A needle was attached to the base of the Tango tablet in order to
have the exact position of the device over the paper. Figure 1 shows
the setup. It was designed two different experiments based on this
setup, one to evaluate a small AR workspace and another one for
large environments.

Motion Tracking

Figure 1: Evaluation setup consists of a graph paper with precision of
one millimeter and measuring 1.5 x 0.55 meters. Red circle highlights
the needle used to get the exact position on the paper.

For the first one, the idea is to evaluate how the Tango tablet
works on a small workspace, which for this study is a table with
an area up to one square meter. Therefore, the device is positioned
with the needle on the origin of the graph paper and their axis are
aligned. The tablet will be moved freely and placed on any other
position on the graph paper. The error is the difference of the Eu-
clidean distances between the origin and the final position com-
puted on the Tango device and measured with the graph paper.

Regarding the large environment, the goal is to measure how the
Tango device behaves when performing motion tracking on places
such as a regular office or outdoors. The office is a closed room
that has an approximate area of 50 square meters and artificial il-
lumination. As for the outdoor experiment, it was placed in two
different courtyards measuring around 100 square meters each. It
was also located in the corridor of a building that is open to the out-
side. All the outdoor measurements were collected using natural
illumination during daylight.

It is not possible to have a graph paper that is large enough to
cover the entire office or the courtyards. Thus, for this experiment,
the device is also positioned with the needle on the origin of the
graph paper, their axis are aligned and it is moved freely in these
environments. The difference from the previous experiment is that
the tablet is returned to the same position where it started. The error
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is also the Euclidean distance between the position computed on the
Tango device after finishing the movement and the initial position.

3.2 Depth Sensing

Regarding the depth sensor, it was evaluated the accuracy of the 3D
points positions obtained from it. The process consists in calculat-
ing the Euclidean distance between 3D points reconstructed from
the color camera and corresponding ones from the depth camera.
The registration between color and depth cameras is provided by
the Tango API. The intrinsic parameters used are the ones from the
manufacturer calibration. The 3D points of the color camera are the
inner corners of a detected chessboard pattern whose pose is esti-
mated using the Direct Linear Transformation (DLT) method and
refined by minimization of reprojection error [3].

Since the depth image generated by the Tango device has a lower
resolution when compared to the color image, it has to be upsam-
pled when obtaining the corresponding depth measure of a chess-
board corner. Both nearest-neighbor and bilateral interpolation [16]
were evaluated for performing this task.

4 RESULTS

In order to evaluate the motion tracking capability available on
Google Tango, it was used a sample application available on the
project GitHub! called “C++ Augmented Reality Example”. This
application uses the fisheye camera and the device gyroscope and
accelerometer to compute its pose relative to its initial position.
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For the experiment on the small workspace, the Tango tablet was
moved freely to any other position over the graph paper. To have
statistical power, the sample size for this experiment was calculated
aiming 95% confidence within 1 centimeter precision [4]. There-
fore, these measurements were repeated 67 times to ensure that.

Figure 2 shows the error dispersion, in which the smallest was
0.0087 meters and the largest was 0.1808 meters. On average, the
error was 0.0666 £ 0.0399 meters.

Motion Tracking

0.200 m
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Figure 2: Error dispersion for the small workspace experiment.

Figure 3 shows the device’s position distribution over the graph
paper during the experiment.

Regarding the evaluation of the motion tracking on large envi-
ronments, the error is the Euclidean distance between the initial
and the final position calculated by the device after moving it freely
in this environment and returning to the same location. After a few
measurements, it was noted a large difference between the errors
from the indoor and outdoor environments. Therefore, it was de-
cided to perform two different evaluations. The number of samples
to ensure statistical power emphasize this decision. For the indoor
experiments, it was necessary to have 31 samples to have 95% con-
fidence within 2 centimeters precision, which is the double of the
small workspace because the covered area was much larger. On the
other hand, it was not possible to have such confidence in the out-
door experience. The reason is that error variation is so high that it

https://goo.gl/DYwBPM
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Figure 3: Distribution of the device positions on the graph paper
(green) and their correspondent positions calculated by the Tango
tablet (red).

would be necessary to have more than 5000 samples to have 95%
of confidence within 2 centimeters precision.

Figure 4 shows the error dispersion in the large indoor scenario.
The smallest one was 0.0487 meters while the largest was 0.2607
meters. On average, the error of the 45 samples measured was
0.1421 + 0.0563 meters. Also, the average distance walked with
the Tango tablet was 23.6082 £ 7.8920 meters.
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0.150 m

0.075m Xy X x
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Figure 4: Error dispersion for the large indoor environment experi-
ment.

Figure 5 illustrates one of the paths walked with the Tango tablet
and the difference between the initial and final positions.

C++ Augmented Reality Example

Tango service version: 160528-8a6a84f-armeabi-v7a-android-19
App version: INSTANT_RUN

Tango system event: FisheyeUnderExposed: 48
Target->Device, Base->Start:

First
Third

Reset AR Scene Top

Figure 5: Screenshot of one of the paths computed using the Tango
tablet. The green arrow points to the initial place and the red one to
the final position calculated after a free walk. The error is the average
Euclidean distance between them.

Regarding large outdoor environments, it was performed 21 rep-
etitions. However, this amount was not enough to have statistical
power. Even though, the average error of 0.9052 £ 0.7526 meters
indicates that precision of the Tango tablet is much smaller when it
is dealing with natural illumination and wide spaces.
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4.2 Depth Sensing

In the first experiments, the chessboard pattern was printed on a
paper using black ink. However, the dark squares did not reflect in-
frared light in a way that would allow robustly estimating the depth
of the chessboard corners. Due to this, it was used a mix of cyan,
magenta and yellow ink in order to have dark squares that are cor-
rectly scanned by the depth camera. This aspect is illustrated in
Figure 6. The chessboard was printed on A4 paper with a square
side of 28 millimeters.

Figure 6: Screenshot of the depth estimation of two chessboards
printed on a paper. On the right, the one printed with a mix of cyan,
magenta and yellow inks. On the left, the same pattern printed with
a black ink. Note that the sensor is not able to estimate depth on the
black squares of the left paper.

Figure 7 shows the mean depth estimation error considering dif-
ferent distances between the device and the chessboard pattern and
different depth interpolation strategies. In order to obtain error val-
ues accurate within 0.1 millimeters at 95% confidence, 150 samples
were collected for each configuration. The average execution times
of the nearest-neighbor and bilateral depth interpolation procedures
for each point were 0.6956 + 0.1275 and 1.8811 =+ 0.3118 millisec-
onds, respectively.
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Figure 7: Mean depth estimation error with respect to distance be-
tween Tango and chessboard pattern using different depth interpola-
tion methods.

5 DiscussION

The results showed that the motion tracking of the Tango tablet is
2.3 times more precise on a small workspace than on large indoor
environments. However, the presented errors can have an impact
on the user experience. An average error of 6 centimeters is often
noticed in a small workspace.



On the other hand, even having a bigger error when dealing with
large environments, the precision of the motion tracking on indoor
spaces is suitable to provide a good user experience for several
kinds of AR applications. However, for scenarios in which it is
necessary to have accuracy, this error can harm user experience.
Figure 8 (left) shows an example where Tango tablet measure tool
is calculating the width of a 0.7 meter door. After moving the de-
vice for a few steps away from the door and back, the ruler is placed
in a different position, as seen in the right side.

Figure 8: Door width estimation using Tango tablet. Left side shows
the initial measurement and the right side shows the ruler position
after moving the device. Door actual width is 0.7 meters.

During the experiment, it was noticed that the algorithm that
Tango uses for the motion tracking seems to mistrust the sensors
it uses regarding their precision. There is an indication that it has a
much stronger confidence on the information provided by the fish-
eye camera. For instance, sometimes the device was left stand-
ing still over the table and when some object moves in front of the
camera, the motion tracking algorithm calculates that the tablet was
moving in the opposite direction.

The tests on large outdoor environments were not enough to pro-
vide results with statistical power because there was a significant
variation on the error measured on every sample. However, this dis-
parity suggests that the Tango tablet has some issues to deal with
outdoor illumination and wide spaces. It is emphasized by the fact
that there were not a single result on the outdoor measurements that
presented an error smaller than any indoor sample. Moreover, in
some cases, the error was greater than 1.0 meter and in the worst
case it reached more than 3.0 meters.

Regarding depth sensing, the mean errors presented by Tango
tablet were similar to the ones obtained with a desktop depth sen-
sor. The results also suggest that the depth estimation error in-
creases linearly with respect to the distance between the device and
the object. Bilateral depth interpolation provided an average preci-
sion improvement of 1.82% (1.08 millimeters) with respect to the
nearest-neighbor approach, but it was more than 2.5 times (1.18
milliseconds) slower on average for each point.

6 CONCLUSION AND FUTURE WORK

It was presented an evaluation of motion tracking and depth sensing
functionalities of the Tango tablet. A graph paper and a chessboard
pattern were used as tools for assessing motion tracking and depth
estimation errors, respectively. Tango tablet motion tracking errors
were around 6 and 14 centimeters for small and large indoor sce-
narios, respectively, which may not be suitable for some AR appli-
cations. In addition, while Tango tablet depth sensing presented av-
erage errors compatible with the ones obtained with desktop depth
cameras (ranging from around 3.5 to 8 centimeters for distances be-
tween 0.9 and 1.4 meters), it presented some issues when scanning
objects with low infrared reflectivity.

As future work, a motion capture system, such as the one from
ART [1], may be used to generate ground truth for evaluating Tango
3D trajectories. Improvements for Tango motion tracking may also
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be proposed, such as also exploiting depth information for odome-
try estimation [7]. Regarding the depth sensor problems when deal-
ing with objects that do not reflect infrared light well, depth map
hole-filling methods that take color information into account such
as [12] may be investigated.
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