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Abstract

During the last decade, mining companies and mobile equipment manufacturers have pursued improved
efficiency, productivity, and safety in underground mining operations by automating some of the functions of
underground vehicles. This paper describes the implementation and successful field testing of a new
infrastructureless guidance system for autonomous tramming of centre-articulated underground mining
vehicles (e.g., load-haul-dump and mine trucks). The project described in this paper is the result of a
technical partnership between MDA, an experienced mining high-tech provider, and Atlas Copco, a world
leader in the design of underground mining equipment.

1 Introduction

This paper describes the implementation of a nefnastructureless guidance system for autonomous
tramming of underground load-haul-dump (LHD) minirehicles. Also, included are the results of tésds
have been performed on two different LHD modelyéafy the functionality of the system. The project
described in this paper is the result of a tectmagnership between MDA, an experienced minirgptcs
provider, and Atlas Copco, a world leader in thsigie of underground mining equipment. This workswa
first described in Marshall and Barfoot (2007).

Despite previous efforts by several parties to mate the tramming function of underground machines,
widespread adoption of such technologies has yetc¢ar in the minerals industry. It has been regzbby
mine operators that this is, at least in part, tdugoor reliability and lack of robustness in thésghnologies.
Thus, the purpose of the described project wasegigd a fast, reliable, and robust “autotramming”
technology that does not require the installatibfixed infrastructure throughout the mine.

There are several factors that make infrastruaaselautotramming a challenging task. Firstly, the
characteristic centre-articulated and hydraulicatijuated steering mechanism makes such vehidfesli

to control at high speeds. In this paper, we dbsca system architecture that effectively handhesd
substantive vehicle dynamics. Another significahiallenge is the problem of precise and real-time
underground localization. Underground mines anmestantly changing, thus a system that requiresdfixe
infrastructure to localize vehicles would necessithe constant installation of this infrastructasethe mine
advances. It is widely viewed that an infrastroeless system is preferable, but such a system easdly
allow for possible changes/advancement in the enmient. In this paper, we describe a robust Ipatdin
method that fuses data from various sensors tardigte the position and orientation of the undergbu
vehicle with respect to a self-generated metric mgghe underground mine. This approach contrasts
existing systems that either require infrastructoremploy topological methods, which are considdrg
some in the robotics community to be non-robustmdmbitrary tunnel geometries are possible.

During 2006 and 2007, extensive field trials weoaducted using two different Atlas Copco LHDs &t th
Kvarntorp Mine, in Sweden. Performance resultsehbgen compared with previously recorded manual
operator baseline times to establish an efficiahey effectively matches that of an experiencedaipe
The autotramming system was found to have remagkaddiability, based on a large number of repeated



tramming operations. In summary, this paper dessriwhat we believe to be the next-generation
infrastructureless guidance system for undergraunimihg vehicles.

1.1 Development Approach

The development approach used in this project @aibided in two main phases. In the first phase, a
detailed model of the machine was designed in alation environment. This model was then extengivel
used for the development, initial testing and \atiimh of the autotramming system. The intention tiad

the autotramming system’s software should havéesét its final design upon completion of this paand
that only minor tuning of control parameters shdmgdnecessary when porting the system to a reétleeh

In the second phase, the autotramming system wegrated with the control system of the real vehiahd

the complete system was tested and verified irmburgderground mine environment. This approachckwhi
is a legacy of MDA’s experience as a provider ofipment for space exploration, turned out to beyver
successful. The complete integration and acceptsts were performed in only 5 weeks.

In this paper, we report on only the final desigithe autotramming system and on the experimerddesis
performed in the second phase of the projecttheefinal tests and verification of the autotramgngystem
on real LHD vehicles in an underground mine envinent.

2 System Overview

At the user level, our autotramming system’s openatonsists of three steps: teaching, route pngfiland
playback. During the teaching step, an operatoredrthe vehicle along a desired route, either len t
vehicle, or by teleoperation. Simultaneously, semata is collected and stored in a binary log ffont
and rear SICK laser rangefinders, a hinge angleodarc and a drive shaft encoder for measuring
displacement). During the route-profiling steptadingged during the teaching step is processdtin@f
and converted into a format suitable for use byestmation and control algorithms during playbadie
output is referred to asraute profile, which contains information about the travelledhpa sequence of
overlapping metric maps along the path, a recomhgfpause points (e.g., for dumping/loading makgras
well as a vehicle speed profile to be tracked dupiayback. Finally, in the playback step, theteys
autonomously plays back a route profile generatgdhe teaching and route profiling steps. During
playback, navigation and guidance algorithms usta deom the specified route profile to estimate
longitudinal, lateral, heading, and vehicle speedre at discrete instants. The control system #iehilizes
these errors so that the vehicle follows the pedfppath at the desired speed.

Once profiled, a route can be played back manygimé is expected that re-profiling would only be
necessary if significant changes to the environmesre made; e.g., due to significant mine develagme
Since the vehicle is driven along a collision-fpegh during teaching, complex path planning isrequired.
However, the system does include short-range goalafgorithms designed to stop the vehicle shdwd t
profiled path be subsequently obstructed duringljsak.

The following subsections provide further detaglgarding some of the system’s key features.

2.1 Route Profiling

A route profile consists of four components: a patbfile, a pause profile, a sequence of locallgsistent
metric maps, and a speed profile. Firstly, a sequ@f locations that are equally spaced (typicalfy m)
along the path are created, called path points. thA&e associate with each path point the configumaaf
the vehicle at that point during the teaching dtgpnterpolating the pre-processed logged datausTthe
sequence of path points and associated data cenpegath profile.

Locally-consistent metric maps of the mine envireninalong the path profile are generated using both
odometry and rangefinder data. Each map is anpaecay grid (Elfes and Moravec, 1985). For localmat

in underground mines, this approach is much maneélfle than a system that must classify tunnel ltupo

in that it will work regardless of the shape of thalls, so long as the maps are of sufficient nesanh.
However, the use of a single monolithic map to espnt the mine environment suffers from two key
problems. Firstly, in some situations high memosgage is required. Secondly, map inconsisten@es c
result on longer traverses when a vehicle clodes@or crosses its own path. To address theddgms,



we employ a sequence, or atlas, of metric mapshathalong the path to form an overall route peofil
which is to say, the system does not rely on onadtithic map and an absolute frame of reference Th
underlying idea is to create a situation in whioh vehicle’s path exists in a high-dimensional spaberein

it never intersects itself (Howard, 2004). Figtirehows an example monolithic and the corresponalilag
maps generated from real data acquired during boeraests in a real underground mine. The maimicli
map has a resolution of 0.3 m, while the atlas nesgs have a resolution of 0.1 m.

direction
switches

Figure 1  Example monolithic occupancy grid with aths maps and vehicle path shown. The grey
squares indicate the atlas map centres and the clecwith cross hairs is a dump point.

2.1 Playback

Our objective was to create a system that permilarge articulated vehicle to robustly track thehpa
specified by a route profile. During playbacksthias been achieved through the design of a twestiaie
control system. At the slower timescale, or olbep, are localization and path-tracking algoriththat
work to reject lateral and heading path errors.th&tfaster timescale, or inner loop, are rateregbrs and
two controllers that track reference steering rated vehicle speeds. The underlying justificafionthis
two-timescale design is founded on the assumptiah we can specify sufficient bandwidth separation
between the nested control loops. A schematibetontrol architecture is shown in Figure 2.

At the outer loop, there exist two basic algorithfosalization and path tracking. The localizatfamoblem
solved here is one of estimating the vehicle’'s pasdt travels through a (locally) known environmen
Recently, a number of techniques have been dewtlopehe mobile robotics community that globally
localize a robot in a known environment. Manylwdde techniques use a patrticle filter representatithe
vehicle’s pose (Thrun et al., 2001). An initiakdg using a particle filter was shown to work imglation,

but required the use of too many particles (eigatgr than 100) for convergence from a reasoriabial
pose estimate. Variations requiring fewer partides computational resources exist, but are comjgex
implement. Moreover, the task at hand does natadgt require a solution to the global localization
problem. Instead, we chose to implement a variatibthe Unscented Kalman Filter (UKF) (Julier and
Uhlmann, 1996; Wan and van der Merwe, 2000) totjosivith respect to the locally consistent submaps



defined during route profiling. The inputs to tb&F algorithm are the laser rangefinder data ad a®l
wheel odometry (i.e., hinge angle and wheel speéd)final outputs are heading and lateral errérhe
vehicle with respect to the profiled path.
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Figure 2 Two-timescale control system architecture.

Briefly, the unscented transformation works by pagterizing mean and covariance information in a way
that allows for propagation through a nonlinearifihis is done by creating a discrete approximattat
can be directly transformed, which has the samenn@al covariance as the original Gaussian. This
approximation takes the form of a set of 2 1 so-called sigma points (whereis the dimension of the
configuration space of the vehicle), which are swtrio and have the desired mean and covarianceurin
casen = 3 because we are interested in estimating thiekeeplanar position and orientation.

A path-tracking controller is required to guide trahicle along the path specified by the routeifgofPath-
tracking control for articulated vehicles has begtensively discussed in the engineering literatyeethere
is some disagreement over the form such a contsileuld take. Some researchers argue that tlitopos
of both front and rear components of the vehicleutth be tracked; others suggest that wheel sliplshioe
explicitly accounted for (Ridley and Corke, 2003)/e have found that, in practice, neither of thias&s is
necessary under the two-timescale control architedf inner-loop controllers are robust enougthamdle
these model uncertainties. Moreover, we have fabatrejection of only the heading error and kterror
of the front component (when travelling forwardnecessary. We obtain these error signals frontutie
algorithm and then employ a nonlinear controllexsdd on feedback linearization, to drive them tm,ze
thereby forcing the vehicle to track the profileathp

3 Integration and system verification tests

Our autotramming system design was initially inéégd and tuned for verification on a 10-tonne ceépac
Atlas Copco ST1010C LHD. Initial tests of the dtanming system were carried out over a period of
several weeks during March-April 2006 at the KvarptMine (an Atlas Copco testing facility creatednf

a closed mining operation), in Sweden.

During 2007 the system was ported to, and tunedaforewly released 14-tonne capacity ST14 LHD.sThi
section also presents the result from experiments tasts performed on this platform, which focus on
localization and path tracking during playback.

At the time of writing, a field test of the ST14tamation system, including autonomous tramming, is
underway at a mine in northern Finland. Here, tlaehine is working in a backfilling operation. Thntiial
results from these tests are very good, with flag/l@utotramming even though backfilling operatimese
not the intended task when the system was designed.



3.1 Atlas Copco Test Vehicles

The ST1010C is a one of a kind prototype machinéppgd with Atlas Copco’s standard CAN-based Rig
Control System (RCS), Figure 3. The machine igthas an Atlas Copco Wagner ST1010 LHD which has
an empty mass of 26.3 tonnes and takes a payloHdl toihnes.

Bucket

Drive shaft
encoder

Figure 3  Atlas Copco ST1010C test vehicle, with ssor layout.

The standard ST1010 is equipped with direct hydraufor control of steering, brakes and bucket
movement, and analogue interfaces to the trangnissid engine, e.g. accelerator pedal and geartaele
switch. In the ST1010C, all vehicle functions anerfaced via a CAN-based computerized controlesys
Since this machine is of an old type and one ofnd, kit is not optimal for research on future protu
However, when the project started this was the ambilable Atlas Copco LHD that was already equibpe
with the RCS. To enable autonomous tramming, thehime was equipped with some additional sensors
and an extra computational module. The main seremtaed were: a drive shaft encoder to measure drive
length; a hinge angle encoder; and two laser réinders, one for each direction of travel.

After the verification tests had been performedtioe ST1010C, the newly developed Atlas Copco ST14
Scooptram was made available for automation, Figur@ll ST14 LHDs come equipped with a CAN-based
control system that also includes a hinge angledsgrcas standard equipment. The sensor equiprsedt u
on the ST14 automation ready vehicle (ARV) is dligdifferent from the ST1010C in that the ST14lso
equipped with an Inertial Measurement Unit (IMUApart from this, the automation installations ane t
same with laser rangefinder sensors, a drive siaftder and an extra computational module.

The ST14 is not only of a newer design than the030C, it is also a significantly larger machine tiéan
empty weight of 38 tonnes and the ability to cargayload of 14 tonnes, the ST14 is nearly 50% ibeav
than the ST1010C. This is also reflected in itsetigions, as the ST14 is significantly higher, widerd
longer than the ST1010. Compared to the ST101GCST4 also has a higher top speed in additiomto a
improved hydraulic system, where the later refl@cts more responsive steering.



Figure 4 Atlas Copco ST14 Scooptram test vehiclehe sensor layout is the same as for the ST1010C.
The IMU is mounted in the housing of the front lasescanner.

It should be noted that both of the two test vedsickere used before they were engaged in the atiboma
tests. The ST1010C had previously been used foe thamn 4000 hours in an extensive field test agirtie
LHD equipped with the Atlas Copco RCS system. Ott4was also somewhat worn, as it was the first
prototype of the ST14 model and had been engagedfield test for six months in a mine in northern
Sweden. The fact that both vehicles were used th bobenefit and a drawback from an automation
development point of view. It is a drawback sinc&an vehicle can be more difficult to control. Aom
vehicle is also more likely to suffer from breakdwwysuch as leaking hoses or engine and transmission
failures. The latter did not directly affect ouradwation of the autotramming system, but failurelaged the
overall testing and added uncertainty to the planiOn the other hand, worn vehicles can alsaeba as a
benefit when evaluating a new automation systenenially, any automation system employed on heavy
machinery will have to deal with worn mechanics dmydraulics. In our case, since all tests have been
performed on used vehicles the autotramming sy$igsnalready proven to be tolerant to some amount of
degradation of the vehicles as compared with breavd machines.

3.1 ST1010C Automation Testing

In this paper we report on 36 of the trial rung thare performed under strict observations as agfahe
acceptance test of the delivery of the autotrammsggtem from MDA to Atlas Copco. The main
requirements of the acceptance tests were twalyfirthe autotramming system should not perform
significantly slower than a manual operator; setgntie reliability should be equal to or bettearhfor a
manual operator. The second requirement was qigghf a navigation precision requirement of £0.8tm
the end of a route, and that the vehicle was hotvaed to hit the walls of the tunnels during anytioé tests.

For the purpose of evaluating the autotrammingesysh set of test routes were designed to coviarelift
aspects and situations that are common in the tiperaf LHDs. This includes tramming in wide and
narrow drifts with and without intersections (T1dah2), as well as curved drifts with both perpentic
and long sweeping curves (T3). Also paths includingiping at a dump point (T4 and T5), and direction
switches (T5) were evaluated. Figure 5 displayntio@olithic maps for the different routes.



Figure 5 Monolithic maps displaying the routes useth the verification of the autotramming system.
The drift widths in the wider parts of the routes ae nominally 11 m, while they are 4.5 m
wide in the narrow parts.

Manual baseline times were obtained by timing admiwperator driving the same route as the autonsmou
tramming system. The navigation precision of taenming system was measured by comparing the positio
of the vehicle after stopping at the endpoint obate, to markings on the ground representing dbation
where the vehicle was stopped during teachingSeetion 2. Several of the test scenarios were atedu
both with, denoted ‘L’, and without, denoted ‘Ealdin the bucket.

Table 1 displays the average times for each testasio for both the human operator as well as tier t
autotramming system. From these results, the amoting system was calculated to have an efficiarficy
approximately 0.97. During the tests of the ‘T4Eksario the vehicle consistently refused to switzh
fourth gear due problems with the transmissionh imtmanual and autotramming mode. The timing eféh
runs is therefore not representative and the ‘Tg€nario was excluded from efficiency calculatiewen
though displayed in Table 1. Notable is also tie éntire area in which the tests were performed is
illuminated. This is of great help for the manupkmtor in achieving precision and speed, whileag no
effect on the autotramming system.

To measure the navigation accuracy and repeagabflithe autotramming system, the final positiortha
end of each run was directly compared to markingshe ground at the endpoint of each manually taugh
route; see Figure 6. The results of these measutsraee presented in Table 2.

Tablel  Average times (in seconds)

Test Scenario T1 T2 T3 T4E T4L T5E T5L Total
Human Operator 41.8 27.0 57.0 85.0 90.0 81.0 83.064.84
Autotramming 41.3 25.8 59.5 97.3 89.8 81.8 85.0 .380

As can be seen in Table 2 the navigation errorbo#tt dump points and end points of the routes are
consistent within a given test scenario, and thatarecision requirements are fulfilled with largargin in
most cases. It should also be noted that no speeific tuning was performed to achieve this [@ea. By
applying route specific tuning, the navigation esroould for sure be reduced even further.



Figure 6 Example positioning measurement from a tésun, where the orthogonal lines marked ‘T2
show the manually taught position of the wheel's dar edge.

Table 2 Longitudinal and lateral positioning errors (cm) covering all measured stops for all
relevant underground test runs.

Error / Test T1 T2 T3 TAE T4L TS5E  T5L T7
Longitudinal 0 5 -10 -22 -20 -20 -25 0
0 0 -10 -20 -30 -25 -25 5
0 5 -10 -25 -15 -20 -25 5
-5 0 -10 -30 -20 -25 -20 5
Lateral 45 10 0 -15 -10 20 -10 15
40 10 0 -15 -15 25 -15 5
40 10 0 -15 -10 20 -10 5
45 15 0 -10 -10 20 -10 0

3.2 ST14 Automation Testing and Commercialisation

Following successful verification on the ST1010@& autotramming system was ported to the ST14 kehic
and its control system during 2007. In this stlp, dutotramming system was commercialised alonlgy avit
new tele-operation system. As a complement to thet@mming system, the automation system on the
ST14 also features automatic dumping functionalityis however, is outside the scope of this paper a
will therefore not be further described.

During integration and initial tuning of the autmmming system on the ST14, it was noted that tpeerd
performance improvement of the inner loop, due dtieh steering response of the ST14 compared to the
ST1010C, did not occur. All attempts to increase handwidth of the steering rate controller comgdce
the ST1010C resulted in oscillations in the stegrinut this was not seen as a large problem she&T14
outperformed the ST1010C in the most importantgesharios T4 and T5. However, as new test cases we
run and the focus of the tests turned towards tleatl path tracking performance instead of methby
easily measured precision at the endpoint of tlker) it appeared as though the autotramming system
the ST14 had a major problem. One of the new @St consisted of a loop where the machine travelle
forward in a nearly rectangular path. When playbagk this route at high speed (> 4 m/s) it was dotinat
the tracking algorithm not only cut the cornerghwd path, but also severely failed to track thén at the
straight sections in-between the corners; see &igum large parts of the path the lateral patbking error
exceeded 1 m with a maximum of 1.39 m, somethiagithcompletely unacceptable.



********* Reference path
O Reference path Start
¢ Reference path End
Playback path

Figure 7 Monolithic map with estimated path superinposed on the reference path. Nominal drift
width is 11m. The path tracking error exceeds 1m iarge parts of the path.
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Figure 8 Estimated lateral path tracking errors for three different runs of the route displayed in
Figure 7

Simultaneously, it was discovered that some smalhighly significant changes to the hydraulic systhad
been made since the initial modelling of the STdek Section 1.1. After remodelling the hydraulisteyn
according to the new specifications and performafdbe steering, new simulations were made. Fitoen t
simulations, a slightly changed steering contratlesign was derived and new controller parameterg w
evaluated. The results from the simulations wereoeraging and, during the following re-tuning otth
inner and outer loop on the machine, significarpriomements in performance were noticed. When piayin
back the same route again the path tracking ewere greatly reduced to a maximum value of 0.44 m.
Finally, the speed profile of the route was sliglatijusted to avoid saturation of the steeringhgn¢orners.
This reduced the path tracking error even furtbea maximum of 0.28 m, while still reaching a speéd
close to 5 m/s on the straight parts of the rolitee speed reduction in the corners resulted in desto
increase of the total time to playback the patmf@® s to 74 s. Figure 8 displays the path trackimgrs for
all three of these described runs.

4 Conclusions

By applying map-based localisation using an atlasmetric maps together with a suitable control
architecture, our autotramming system was desigvigtdthe aim of matching the performance of a ménua



operator. The results presented in this paper ao®usaging, and indicate that the system fulfile th
performance and robustness requirements of an@utmrs tramming system for underground mines.

The system has been tested on two different Atlapc@ LHD vehicle models in underground mine
environments for more than 18 months (at the tifmerding), and is currently being field tested anreal
operating mine. Furthermore, the porting of theeysfrom our original prototype ST1010C demonstrato
to the new ST14 commercial vehicle was made easthbymodular architecture of the autotramming
system’s design. This is important because theesyss likely to be ported to many of Atlas Copco&swv
and upcoming LHD and mine truck models.

Nevertheless, there remain both challenges and royities. One of the major challenges, from a
commercialization point of view, is to develop ®aind interfaces that allow trained LHD operatorgdt
only use, but to also administrate the autotrammsiygjem; including to record, generate and validats
routes. From a technical point of view, the deveiept of an auto loading system is a great oppdstuas
this would allow for fully autonomous operationtbé complete Load — Haul — Dump cycle.
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