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dinates (u,v). A PieceWise Multi-Linear (PWML) ap-
proximation is used to compress the data from the native
representation (11 bit, 640x480 pixel depth image), ob-
taining final sizes of about 20kB for the original 412kB
images.

A PWML approximation is defined as follows:
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Given a function f (u,v), evaluated over a domain £,

it can be approximated by a PWML function f (u,v).
The domain €2 can be partitioned into rectangular re-

N
gions {Qk}szl / kL=Jl Qr = Q. In each region the

function f (u,v) is implemented by a multi-linear ex-
pression, ie. f(u,v) = ap-u-v+bp-u+cp-v+
di, V(u,v) € Qy, that is defined by the set of parame-
ters [ag, by, ¢k, di]. By defining a distance function, e.g.
f (ua U) - T (U'a U)

F = max , an optimal approxi-

(u,v)e

mating function f can be found. The optimality crite-
rion focuses on minimising the size of the approximat-
ing function, i.e. the amount of data needed for storing
the representation. The size of the approximating rep-
resentation is proportional to the number of regions, N.
The free parameter in this optimisation process is the
set of regions {Qk}]kvzl (and the associated coefficients
[ak, bk, ¢k, di]). The optimisation problem can be simpli-
fied if the selection of regions is constrained to be defined
by a quadtree approach and the regions being square.
This new constraint is introduced in order to make the
optimisation process real-time feasible although the so-
lution would be suboptimal though still highly efficient.
This optimisation problem can be expressed as

min (N)
{ k}E:1

under the constraint of Equation 1. The PWML repre-
sentation of the 2D Depth image is then projected to 3D
for creating the PWML representation in 3D, as shown
in Figure 4.

4 Transmission and Visualisation for a
Remote Operator
4.1 Pose Estimation

Odometry from the wheel and steering encoders, was
fused with the pose from the inertial sensor to provide
a pose estimate for the purpose of this exercise. Further

details are available in [Whitty et al., 2010]. A Microsoft
Kinect sensor is mounted on the front of the UGV, as
shown in Figure 3, facing forward, providing short range
(0.5 to 5m) depth information. Additional cameras and
laser rangefinders were also mounted on the UGV, but
not used to obtain the results presented in this paper.

Figure 3: Close up showing the location of the Kinect
sensor on the front of the UGV.

4.2 Transmission

The fused pose measurements and the compressed
Kinect data were fed into a communication and pro-
cessing module that streamed the data via UDP to the
remote operator.

4.3 Visualisation

Responsive spatial awareness of an agent’s surroundings
can provide a high level of control and accountability in
a remote environment. While camera images and video
provide an elementary level of awareness, using other
sensor data such as laser range data can provide a more
immersive representation of an environment. A custom
piece of software was developed to combine input from
many on board sensors for passive remote visualisation.
The software uses OpenGL for efficient rendering of a
large amount of detailed data and SDL for cross-platform
support of user interaction.

The viewer can also be used to simultaneously dis-
play patches from the Kinect sensor and point clouds
obtained from several laser range-finders [Whitty et al.,
2010]. As outlined in Section 3 the 2D compression
of depth sensor data uses a 2D piecewise multi-linear
quadtree form of compresssion. Displaying data in this
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compressed form provides a more realistic representation
of well defined environments with large planar surfaces,
such as indoor environments. As the colour information
is not yet fused with the depth data in square patches
form, the viewer uses a configurable tint to guide colour-
ing each of the patches. Due to the quadtree form of
compression used, patches are interpreted by the viewer
from largest patches to smallest patches. As a result,
patches are coloured using a linearly interpolated colour
from the user defined tint value to black.

5 Results from Teleoperation Tests

Figure [5 shows our instantiation of the compression and
data streaming approach presented in this paper. In this
case the UGV was located in the School of Mechani-
cal and Manufacturing Engineering at UNSW, Australia
with a short range wireless link to a ground control sta-
tion (GCS) nearby. The GCS then replicated the appro-
priate data to a remote operator situated at the Univer-
sity of Bremen, Germany. This data was then displayed
and control commands were replicated back to the UGV.
The time taken to compress one frame was less than 2ms
using a standard netbook (1.6GHz single core CPU, 1GB
RAM), much less than the data rate provided by the sen-
sor.

G
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Figure 5: The network setup used in experiments be-
tween Germany and Australia.

5.1 Internet based teleoperation with
video and compressed Kinect patches

The available bandwidth was found to be 100kB/s be-
tween Germany and Australia. Setting up a single cam-
era for purely video teleoperation resulted in a framer-
ate of 5Hz at 320240 resolution. Using standard video
compression methods (H.264 video in an MP4 container)
the average latency between video being recorded in Syd-
ney and displayed in Bremen was 3.24 seconds, making
driving impossible. Using two cameras at 320x240 res-
olution substantially increased the latency as the avail-
able bandwidth was insufficient. The result was delays

of more than 5 seconds and wildly fluctuating framerates
that averaged below 2Hz. To even attempt to use the
full set of three cameras for a panoramic view was futile.
We emphasise that the results were obtained between
universities with high speed connections to local Inter-
net servers, but relied on the public bandwidth for inter-
continental connections. Similar results were obtained
despite the test being run at different times of day to ac-
count for peak traffic flows. The results indicate that
despite rapid increases in technology and information
technology systems, the ability to transmit video from
point to point through the Internet has hardly changed
in the last ten years [Hu et al., 2001].

The Kinect sensor was also set up and the data visu-
alised as shown in Figure[d] When sent in its compressed
state, the Kinect data and associated pose measurements
required for 3D reconstruction used 43kB/s of the avail-
able bandwidth. Note that at no time during this test
was the video feed utilised and yet safe and efficient tele-
operation was demonstrated to be possible using COTS
sensors and hardware and the publicly available Internet.

5.2 Comparison of visualisation methods
for remote operation

To measure the relative performance of the aforemen-
tioned visualisation methods, a pair of complementary
experiments were devised. The first investigated the ef-
fectiveness of each visualisation method through circum-
navigation of a cluttered indoor test circuit. The second
investigated the applicability of each of the visualisation
methods to supporting accurate relative positioning for
higher level tasks.

Efficiency experiment

For measuring the effectiveness of the visualisation
and control methods, a kidney shaped test circuit was
constructed in our laboratory and the time taken to
drive each lap measured in each case. During each test,
the average received data rate was recorded. As a base
case, manual operation by an operator walking behind
the UGV was used to determine the minimum traversal
time through the track.

Figure[6]shows the display for the first test case where
purely video was available to the operator. Figure[d]then
illustrates the operator view for the second test case,
where the compressed Kinect range data (no colour) was
displayed as collated surface patches in the 3D visuali-
sation module.

Table [I] shows how the fastest lap average time was
obtained when the UGV was directly observed, as ex-
pected. Using video, the operators drove around corners
by watching the edge of the corner closely and vectoring
around it, but were assisted by the wide (120°) com-
bined horizontal field of view of the cameras. The rea-
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Figure 6: The panoramic view available to the operator
from three forward facing webcams. This view required
substantially more bandwidth than the other visualisa-
tion methods.

sonable frame rate (5Hz) of the cameras was excellent
for obstacle avoidance, but only where the obstacle was
conveniently located in the field of view of the cameras.

Slightly slower lap times were obtained using purely
the Kinect range data, which collated scans to gradually
construct a virtual 3D model of the room, a subset of
which was displayed in Figure[d With the fixed position
of the Kinect sensor on the front of the UGV, the speed of
driving was limited by the Kinect’s narrow field of view
and thus an inability to observe obstacles when turning
sharply. Its reasonable framerate (3Hz at the remote
computer) was useful for detecting small obstacles when
driving quickly.

In terms of bandwidth, sending the set of panoramic
video feeds clearly demanded the largest amount of
bandwidth. At 410kB/s, it was clearly above the avail-
able bandwidth for intercontinental connections with-
out a dedicated communication link. Sending the com-
pressed Kinect range data along with pose measurements

Table 1: Tests on the efficiency of UGV operation

Visualisation and | Avg. lap | Revd. data
control method time [s] rate [kB/s]
D}recjc ob.servatlon 530

with joystick

Video teleoperation

with joystick 61.5 410

Kinect teleopera-

tion with joystick 68.9 43

for fusing into 3D patches required about one tenth the
bandwidth of the video stream. Overall, the compressed
Kinect data gave sufficient situational awareness for low
speed teleoperation, equivalent to direct observation.

Accuracy experiment

With a mass of recent interest in manipulation using mo-
bile platforms, there is a need for systems that can be
accurately positioned relative to a target. To simulate
this requirement, we performed a test where the UGV
was required to be positioned perpendicular to and di-
rectly in front of a cupboard with 5cm clearance. The
position of the UGV and its orientation with respect to
the front of the cupboard were measured during repeated
experiments.

As per the previous experiment, three tests were con-
ducted, with each of the first four involving the UGV
being driven by a remotely situated operator using a
joystick. Table [2] summarises the results. As a base
case, the vehicle was positioned by an operator with di-
rect visual contact with the UGV and joystick control,
in order to estimate the greatest accuracy allowed by the
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Table 2: Tests on the accuracy of UGV positioning

Visualisation and Final dis- La'nter.a ! Angle
tance to | misalign- | to
control method
doors ment square
[em] [em] ]
Direct observation
with joystick o 0-5 15
Video teleoperation
with joystick 35 15 2
Klnect' ’c'eleopera- 6 9 3
tion with joystick

mechanical system of the UGV.

The pure video teleoperation method was most accu-
rate for alignment as the operator simply had to centre
the front camera on the two doors. The final distances
to the doors were similar for the Kinect and directly ob-
served methods, with a clear improvement over the pure
video case, where the lack of a depth estimate made it
impossible for the operator to accurately position the
UGV sufficiently close to the cupboard without fear of
collision. Thus the Kinect can be considered a useful sen-
sor for vehicle positioning to support higher level tasks
during teleoperation.

6 Conclusion

The work we have presented in this paper demonstrates
the combination of a Kinect data stream with a simple
pose estimation process for providing real-time 3D visu-
alisation for remote teleoperation of a mobile robot. The
solution provides good situational awareness by trans-
mitting 3D sensed data processed using a fast compres-
sion method that has negligible effect on the latency.
The UGVs used have been designed and developed by
UNSW Mechatronics and the results include demon-
stration of the effectiveness of this approach in driving
both efficiently and accurately relative to video stream-
ing when very low bandwidth is available.

Adding the colour data from the Kinect camera to the
patches is a logical next step, along with transmitting
only patches associated with unseen areas and culling
small patches. Achieving higher compression ratios to
increase the frame rate available to the operator would
aid driving at higher speeds in very limited bandwidth
scenarios. Matching of the compressed data for perform-
ing SLAM to aid localisation is also a subject for future
work.
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