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Abstract This paper describes the development of a tele-robotic rockbreaker de-
ployed at a mine over 1000kms from the remote operations centre. This distance in-
troduces a number of technical and cognitive challenges to the design of the system,
which have been addressed with the development of shared autonomy in the con-
trol system and a mixed reality user interface. A number of trials were conducted,
culminating in a production �eld trial, which demonstratedthat the system is safe,
productive (sometimes faster) and integrates seamlessly with mine operations.

1 Introduction

A rockbreaker consists of a large serial link manipulator arm having 4 DOF that is
�tted with a hydraulic hammer and used throughout the miningindustry to break
oversized rocks. CSIRO has been contracted by Rio Tinto IronOre to install a tele-
robotic control system to the primary rockbreaker at the West Angelas mine, situated
over 1000km north-east of Perth in Western Australia. Figure 1a shows the rock-
breaker installation at the ROM (Run of Mine) bin. The bin is �tted with horizontal
bars at the bottom that prevent oversized rocks from entering the crusher below (see
Figure 1b). This arrangement is commonly referred to as a grizzly. Haul trucks car-
rying ore from a nearby quarry dump their load into the ROM bin. Any oversize
rocks in the bin are crushed using the rockbreaker arm. Untilnow, an operator has
had to step out of a control room adjacent to the bin and use a line-of-sight remote
control to operate the arm. The rock breaking strategy in this context is determined
from a quick visual examination of the rock (i.e. centre hit to shatter the rock, nibble
the sides of the rock, or nudge the rock to let it fall through). The available time is
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limited by the level of ore in the hoper below the grizzly and the number of trucks
queueing at the bin (typically less than a minute). If the rock cannot be broken in
time, it must be pushed to the side and the arm returned to its rest position.

The objective of this project was to demonstrate the feasibility of effective and
safe telerobotic control over long distances, as part of RioTinto's long term plan
to tele-operate their mining operations. This distance introduces a number of tech-
nical (communications bandwidth and latency) and cognitive (lack of spatial and
situational awareness) challenges that can be addressed bydeveloping technologies
at both the local and remote ends of the system. Improving theintelligence of the
control system at the remote end (i.e. Cartesian motion, collision avoidance) can
mitigate the effects of latency, whilst the development of mixed reality user inter-
faces (with a combination of live video and 3D computer visualization) can improve
the situational awareness for the operator.

Fig. 1 Rock breaker (a) at rest over ROM bin (b) breaking a rock on grizzly.

Mixed reality arises as a hybrid solution that attempts to overcome the weak-
nesses of the two extremes:direct visualisation of the environment by cameras
andsynthetic visualisationof a software model of the environment by computer
graphics. Cameras provide a direct representation of the real world which includes
all visible features, but typically only from a limited range of viewpoints. Virtual
representations are very �exible with respect to viewing parameters and manipula-
tion, but can only include information that is represented in the software model of
the environment, and only to the limit of accuracy to which the dynamics of the real
environment can be sensed. Thus, an interface that mixes thetwo paradigms for vi-
sualisation can take advantage of the best features of each,while overcoming some
of the disadvantages. In practice, both paradigms provide situational awareness me-
diated by technology, and so are subject to failures of various sorts. Providing mul-
tiple streams of awareness incorporates a level of redundancy that protects against
some failure modes.



Telerobotic Rock Breaker 3

This paper is divided as follows: Section 2 provides a brief background to tele-
operation over the Internet and its applications to the mining domain; Section 3
describes the implementation of the tele-robotics system to a mining rock breaker
in a production environmnet; Section 4 describes the results of the �eld trials; and
Section 5, concludes with a discussion and proposal for future work.

2 Background

Tele-operation has been an active �eld of research and commercial activity for a
number of years as it offers a means of isolating an operator from hazardous or un-
inhabitable environments while retaining the reasoning powers of the human opera-
tor. It has a long history, dating back over sixty years to a “master-slave” system[5].
Many systems have subsequently been developed for underwater, radioactive, vol-
canic, and outer space environments.

During the late 1990s there was a great deal of interest in tele-robotics appli-
cations over the Internet [7]. One of the �rst Web-based tele-operation projects[6]
involved a mock-up of an archaeological site situated in a radioactive area. Users
could join a queue to take control of a 2:5DOF manipulator, searching for `relics'.
This work later evolved into a “tele-garden'” system in which users could remotely
tend to a garden. To avoid latency induced instability both systems used supervisory
control to specify a position in space[14]. Around the same time, researchers de-
veloped a Web-controllable, 6-axis robot that allowed operators to stack toy blocks
by controlling the gripper and Cartesian position of the arm(again using supervi-
sory control) [16]. This system was subsequently convertedto a `tele-laboratory'
allowing students to perform parts of their coursework.

With respect to mining, Ballantyne et al. [1, 8] investigated the use ofvirtual
reality displays for excavator tele-operation. The display enabled the operator to
pre-set no-go areas for the excavator and to also mark areas of the excavation site in
which the terrain was perhaps too dangerous for the excavator to navigate. Several
Japanese groups have also been investigating tele-operation of mining and construc-
tion equipment [15, 10, 9]. Although research was conductedto develop a virtual
reality system for the mining industry [2] this technology was never commercially
realized. The reasons for this failure is unknown, but at this time, the technology
was immature and probably did not provide the appropriate level of immersion and
interaction necessary for control (i.e. due to latency and bandwidth issues).

Advances in our ability to develop autonomous systems have extended the pos-
sibilities for very high-level task speci�cation, moving tele-operators from manual
control to a role which is much more tactical or supervisory[12]. These layers of au-
tonomy introduce different requirements for the human machine interface [4]. One
of the main criticisms of tele-robotics is that it does not provide suf�cient situational
awareness [13] to the human operator to sustain the previousmanual levels of pro-
duction. This is being addressed by a number of research labsacross the world (eg.
NASA's Robonaut) and has become a signi�cant research activity within CSIRO.
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3 Implementation

The rockbreaker system architecture (see Figure 2) is basedaround two main com-
ponents : the Remote Control System (RCS) located at the WestAngelas mine and
the Telerobotic User Interface (TUI) more than 1000kms fromthe Remote Opera-
tions Centre (ROC) in Perth, Western Australia. The RCS includes:

� CANBus tilt sensors �tted to the boom, jib and hammer and absolute encoder
�tted to the slew axis (see Figure 3b);

� two analogue PTZ cameras and a �xed wide angle camera mounteddiagonally
across ROM bin, connected to three high speed video compression units;

� two pairs of Firewire megapixel stereo cameras, mounted 80cm apart and several
metres above the ROM bin (see Figure 3a);

� industrial Ethernet I/O to generate voltages to drive solenoids and measure state
of hydraulic control pack;

� a safety PLC that monitors the access in the rockbreaker workspace, and actuates
safety relays that provide power to the control unit;

� a Linux PC to run control software and an XP machine to run stereo acquistion
software. Both machine were connected to the mine site Intranet.

Fig. 2 System architecture showing components at the (a) remote and (b) local locations.

The control software is based upon our DDX (Dynamic Data eXchange) mid-
dleware [3]. It is split into a number of specialized modules. At the top is a com-
munications layer that provides a simple web interface to the controller, and UDP
communications for outgoing state information and incoming demands. The advan-
tage of UDP is that it provides the lowest communications latency (which is an
important consideration in this application) at the expense of reliability. At the next
layer is thetrajectory planner , which accepts the incoming demands and plans the
arms trajectory (i.e. it is able to convert Cartesian demands into a sequence of joint
space velocity demands). Below this is theboom controller which has PID loops
on four joints and is able to detect and alert the operator to the joint limits. At the
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bottom is theboom serverwhich sends the control signal to the Ethernet IO, which
in turn generates the control voltages for the proportionaldirectional control valves
(solenoids) at the base of the rock breaker. These solenoidscannot be actuated by
the computer without explicit control from the Safety PLC. Such control will not
be given unless a number of fail-safe steps are taken, including; latching the access
gates, a heartbeat from the control computer, and selecting“Computer Enable” in
the control room. The Safety PLC also provides access into the site Citect system
(which controls the crusher).

PTZ cameras

Stereo
Wide Angle

Existing PTZ

Targets

Tilt sensor

Fig. 3 Installed hardware: (a) cameras (b) tilt sensors and (c) calibration targets in ROM bin.

Particular care was taken to select hardware that could survive in the harsh min-
ing environment. In summer, the ambient temperature can exceed 50 deg C, and
drop below zero at night. The iron ore dust is particularly abrasive and can easily
damage electronics. Since the arm dimensions were known, itwas possible to use
the estimated position of the hammer tip itself to measure the dimensions of the
ROM bin (which were different from the mine plan). These dimensions were then
used to place visual markers (see Figure 3c) in the ROM bin that were then used to
calibrate the seven cameras. This meant that the arm, cameras and ROM bin were all
measured in the same frame of reference. This frame of reference was used by the
collision detectionmodule (using openGL) to detect collisions between the model
of the ROM bin and the arm.

Nodding lasers were initially proposed to acquire the 3D surface of the rocks in
the ROM bin, but after discussions with the operators, we found that they rely heav-
ily on the texture and colour of the rocks when deciding upon abreaking strategy.
A second computer was used subsequently to acquire and process high resolution
stereo images. A 3D surface was generated from advanced photogrammetry tech-
niques (commercial product developed by CSIRO called Sirovison). To reduce the
effects of stereo shadow a second pair of cameras was mounteddiagonally across
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the ROM bin. To cope with the extreme lighting conditions (dark shadows across the
bin in the morning and evening) contrast enhancement was achieved with exposures
bracketing. In practice, the system is able to generate 3D surfaces with cm resolu-
tion. Once the 3D surface has been acquired it is converted toX3D and sent to the
TUI for rendering onto the 3D virtual screen (see Figure 4). One future advantage of
using this photogrammetry software is that it also has the ability to recognize joint
sets and fracture surfaces - a valuable feature for future automation.

Fig. 4 Three video screens and augmented virtuality of rock breaker overlaid with 3D rock surface.

One of the shortcomings of the previous work has been the ad-hoc nature in
which the user interfaces have been developed. Whilst components based robotics
(such as Player/Stage, ORCA and Microsoft Robotic Studio) and Web-based tool-
boxes for LabView and Matlab have moved to the mainstream, the user interfaces
have not provided the level of immersion necessary to provide suf�cient situational
awareness to control dangerous and expensive equipment in remote and unstruc-
tured environments. Some researchers have proposed a framework based upon gam-
ing technology [11] which we have (i.e. using Second Life to control a simulation of
the rock breaker) and will continue to look into (i.e. Unity). The proposed solution
for this project has been to use AJAX3D which merges X3D and AJAX techniques.
X3D is an ISO standard for real-time computer graphics that can be viewed with
the appropriate viewer (eg. Flux from Mediamachines). Multimedia streams can
be placed onto surfaces in the environment (e.g. video onto billboards). The X3D
viewer can support audio, stereo displays and haptic devices. Being an open stan-
dard there are a number of CAD systems that are able to export drawings to X3D.
With AJAX calls to the DOM (Document Object Module) or SAI (Scene Authoring
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Interface) it is possible to partially load parts of the scene (i.e. update the world) or
reload features of the scene (i.e. a joint angle on the rock breaker).

A photograph of the TUI in operation at the ROC is shown in Figure 2b. In front
of the operator there are two screens: on the right is the Citect system that is used
to monitor the movement of the ore from the crusher down to thestacker/reclaimer;
on the left is the user interface designed for the rock breaker control. It consists of
the four windows (see Figure 4): three video screens and an augmented virtuality (a
3D computer graphics scene that includes some elements captured directly from the
real world).1 The operator is able to control the rock breaker with the mouse and
the gaming joystick (Logitec RumblePad). Projected onto a screen above the two
monitors are four video streams from various locations around the rock breaker:
one to monitor approaching trucks and another to monitor thestate of the secondary
crusher. Speakers on either side of the screen reproduce thesounds made at the rock-
breaker. This is a very important indicator of the state of the machine: the operator
is able to hear the sirens that indicate that the machine is powered; and the sound of
the hammer can also be used into indicate whether the hammer is making contact
with the rocks (i.e. dry �ring). Access to the mine communication systems (RF ra-
dio) is provided via a microphone/headset. With this the operator is able to inform
the �eet management system of the availability of the crusher.

Once the user has established network communications with the RCS, most com-
mands are accepted through the RumblePad. The right hand trigger button is used
as a command validation switch (deadman). The movement of the arm being dis-
abled when the switch is off. The left hand button over-ridesthe collision detection
system to allow the operator to move the arm close to the ROM bin. This is typ-
ically used for the cleanup operations. When hydraulic pressure is requested, the
RCS expects a heartbeat at 10Hz. The RCS will disable hydraulics after a speci�ed
number of heartbeats are missed (in this case, 20 heartbeatsor 2 seconds).2 In the
TUI, the operator is able to select different modes of control. They can select in
either velocity or position mode in joint, Cartesian or backhoe space (a combination
of joint and Cartesian). The two joystick controls on eitherside of RumblePad are
used to control the motion of the arm. The arm can also be sent to pre-con�gured
set points (i.e. Home, Park etc.) or requested to move to a selected location on the
3D rock surface. The user interface is designed around the principal that there is
only one primary view that determines the behaviour of the controls. For example,
when the PTZ video is the primary display, then the arrow buttons (top left of the
RumblePad) are able to pan and tilt the camera. However if theprimary screen is
the virtual screen, the arrow keys move you up and over the ROMbin (eg. jet-pack
mode). The selection of primary screen is controlled by the numbered buttons.

1 The system was designed so that the layout and size of the screens could be modi�ed upon
request. In the trial, rather than the original design of a primary screen with three thumbnails, the
operator preferred four screens of equal size with minimal decoration.
2 Measured over several days, the average round trip time was 56 milliseconds with a standard
deviation of 3 milliseconds. On average, there were 3 pings per day that lasted more than 300 mil-
liseconds. The video compression (IndigoVision) ranged inbandwidth from 339 Kbps to 1238Kbps
at 25fps 4SIF. The state and demand UDP traf�c consumed little bandwidth.
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4 Field Trials

Field trials were conducted in mid December 2009. The trial consisted of three 12–
hour shifts over 3 days during normal production runs. Two ofthe shifts started at
4am to allow for testing in night conditions. We used two operators, one at each
end of the system. The operator based at the ROC in Perth had not been trained
or introduced to the TUI prior to commencing the trials. A second operator was
present in the control room at the mine site to supervise the rockbreaker operation
and intervene in case of emergency.

During the �eld trials we were able to remotely replicate thework �ow of the
local human operator. When the operator is alerted to the presence of a large rock,
the operator is presented with an overview of the rockbreaker from a wide-angle
video stream and augmented virtuality (see Figure 4). The remote operator is able to
“walk around the rockbreaker to inspect the rocks from different angles. Once they
have established the appropriate breaking strategy, the operator is able to deploy the
arm with the joystick. As the arm is commanded to move, the motion of the arm
is replicated in the 3D scene. Simultaneously both PTZ cameras follow the tip of
the hammer. When the operator is ready to break the rock, theycan switch their
attention to the live video stream, which they can use to monitor the breaking of the
rock. Once complete, the arm can be automatically sent to therest position.

Within half an hour of introducing him to the TUI, the operator based at the ROC
in Perth, was breaking rocks. At �rst, the operator was unsure/sceptical of the game
like controls, however after some experience with the new interface they were happy
to accept the device. At the end of the trial the operator expressed the opinion that
the deployment of the arm was faster for breaking “simple” rock con�gurations, but
dif�cult to deal with complex rock con�gurations (where rocks are packed on top of
one another). The operator made several useful suggestionsfor changes to the user
interface that would address this problem (i.e faster 3D update of rock pro�le, and
manual over ride of zoom control). Over the three days the operator was able to deal
with all of the rocks without measurable disruption to production. However there
were two safety incidents. In one case, there was a communications dropout, and
in a second incident the operator moved the arm into the wall as a result of using
a forth camera mounted on a hill over 200m away (this camera was not part of the
rockbreaker system) and became confused with motion of the arm. At no time was
any damage done to the arm or the ROM bin.

5 Discussion and Future Work

Perhaps the most signi�cant comment made by the operator waswhen we asked
what was the difference between local and remote operations. His reply was“`In
local operations, I can concentrate on the task at hand, and my peripheral senses
deal with everything else. When I'm remote, I'm forced to redirect my attention to
each screen/window that is front of me. This distracts me from what I am doing.”.
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The current generation of control room used in the mining industry contains a
number of custom built user interfaces: typically one for each mining process that
needs to be monitored. To reduce the cognitive load of switching from one interface
to another, we believe that the operator should be presentedwith a single interface.
This interface should be highly immersive, interactive andrecon�gurable.

The primary goal of our future work is the development and delivery of aMixed
Reality Framework that will provide a uni�ed user interface for accessing and in-
teracting with key areas of the mining operation. The intention of this work will
not be to replace the existing remote control systems but to provide a portal to
access various third-party systems via the Mixed Reality Framework. To use the
web-browser metaphor, which is used to move from one web pageto another, this
system will provide a Mixed Reality Browser that will enablepersonnel to browse
the state of various mining processes in a 3D context in conjunction with existing
2D interfaces.

In the context of teleoperation, “mixed reality” can be usedto refer to interfaces
that mix the different pathways to visualisation - direct visualisation via video and
synthetic visualisation derived from a dynamic software model of the state of the
world. Further, for this mixing to be effective, it must be based on information about
the relationship between the pathways. In particular, the cameras themselves (and
mobile camera platforms) must be modeled in some way, and thecamera models
may also be dynamically updated from sensor information. Werefer to the combi-
nation of all these models, and the relationships between them, as thecomposite
situation model.Several things need to be modelled in software as part of the pro-
cess of situation representation. These models may exist onthe same computer as
the user interface, or they may be accessed from a centralised world model 'in the
cloud'.

Situation awareness through visualisation is only one aspect of teleoperation. The
actual operation and control of the remote machine must alsobe supported through
the interface. A mixed reality interface creates opportunities for control paradigms
based on direct selection and manipulation of objects within the interface. This in-
cludes real objects that have been visualised directly or synthetically, or virtual ob-
jects that have been added explicitly for the purpose of interaction. In each case,
the same selection and manipulation techniques could be used. Just as a mixed re-
ality interface incorporates a mixture of pathways for situation visualisation, it will
also incorporate a mixture of operation pathways: direct operation (for example, the
position of a joystick controls the degree of opening of a valve), and indirect or
synthetic operation (for example, a virtual version of the arm is moved to a posi-
tion, then commands are sent to move the real arm to that position). Mixed Reality
Interaction represents a fertile area for investigation.
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