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Abstract. In 1986 théJ.S.Bureau ofMines (USBM)
embarked on amajor research effort to develop

technologythat can substantially reduce worker exposure

to face hazardsimply by relocating the equipment
operators to an area oélative safety.This reduced

NEW APPROACH

In 1986, theUSBM concluded that advances in
automation technologies could be usedsitificantly
enhanceunderground worker safety and health and

exposure miningystem (REMS) research effort enhances potentially provide a foundation for new mining methods.

the USBMongoinghealth and safety research efforts to

It was thought possiblthat equipment operators could

reduce and control dust and noise and to reduce accidentsuccessfully operate their machines without being locate

through trainingand bettemining practices.This paper

in the face arewith them, thus greatly reducing, if not

reports progress of the research that is developing and willeliminating, their exposure to dust, noise, machine anc
demonstrate the technologies required for the computer-geologicalhazards. Having recognized tlgessibility,

assisted tele-remote operation of continueonsing
machines, haulage systems, and roof bolting machines.

NEED FOR RESEARCH

Coal is the United States’ most abundant fossil energy

resource constituting over 82% o#éll domestic
nonrenewable energy reserves. Ate present
consumptiorrate, recoverable reserves of codll last

240 yeas. Todayabout 80% ofall coal mined in the

USBM researchers were obligated to pursue the researc
Thus a new research approach was addédet&JSBM
research arsenal attacking present and future health a
safety hazards affecting coahine workers. The
computer-assistethining systemresearctprogram was
thus conceived. It was recently, and perhaps mor

appropriately, reritmereduced exposummining
system” or "REMS" (McClelland, et. al., 1994).

The USBM esearch focuses on developing the critica
technology—in a practieald transferrable form—that

United States is used to generate over half (55%) of the ill enable what are now the most hazardous activities ¢

electricity consumed bthe Nation. This situation will
continue beyond the year 201With the demand for

electricity expected to increase by 22% by that time. Of
that increase, 95% will come from coal. Since so much in
our lives depends upon electricity, an uninterrupted flow

of affordable coal, mined with minimal risk to workers, is
essential to maintaining this nation’s vitality.

Today,faceworkers in underground room-and-pillar

mines experience disproportionate health and safety
hazards compared to their coworkers elsewhere in the

mine. Operators of roobolting and continuousnining
equipment comprise one-fitth ofhe workforce yet
accounted fortwo-fifths of the deaths andost-time
injuries during1986-1992. Shuttlear haulage is also
burdened with hazards.

Facing us is the inevitable—that coall become

equipment operation to be performed in safetyn a
nearby control station. We at the Bureau have progres
a long way along the path to reach that goal.

Our reseaiginated withthe continuousnining
machine and now includes, in addition to the contin
miner, a continuous haulage system, a roof bolter,

ventilation.

RESEARCH ACTIVITIES

Research is beingonducted at twtSBM research
centers—one, the lead center, ne&ittsburgh,
Pennsylvania, and one in Spokane, Washington. Th
Spokane Researclenter's effort concentrates entirely on
developing the automated drilling and bolting module for
the roof bolter. All other research and the technical

more difficult and potentially more hazardous to mine as project coordinatiorare conducted aittsburgh. The

miners are forced to tapto deeper and thinnexeams.

current research schedule plealls for a convincing

Safer and more efficient mining systems will be needed todemonstration of the technology by September 1997.

improve worker safety and control energy costs. It is
imperative that the U.S. Bureau of Mines (USBM) utilize
advancedtechnology tominimize worker risks and

Much of our work has been reportedpaior SME-
AIME annualmeetings and elsewhere (Schnakenberg an

improve mining methods. The nature of the coal industry Sammarco, 1991). The essencehs researclstems

in this country encumbers théSBM with thisresearch
responsibility. The Bureau’sesearch on a computer-
enhanced miningystem undeits Equipment Safety
division of the Health an&afety Researclprogram,

from the need to use sensors and computers for much:
the machine control becautd®e safesposition for the

machine operator is not within a direct line of sight of the
machine. Thus, the research consists of six major area

provides an essential component to safely satisfy the coal

needs of our nation.

(1) The machine or equipment itself. It must be
equipped with position sensors on its moving part:
so that the contradystem getshe feedback it
needs for closed-loop control. In the special cas
of the roof bolter, this research area includes the



design of a module whickcan perform drop loopsformed by supportinghe cable and hose
automated drilling and bolting. bundle by aing, which freely slides on a runner attached
to the conveyorboom (tail) of the mining machine,
(2) Navigationand guidance systems; provide the providethe 3.5 m ofslack needed tallow freedom of
control system witldata on theposition and movemeitetween the twanachines.Two chains also
orientation of the machine. ognect the two machines to prevent inadvertent strain c
the continuous miner cables.
(3) Coal-rock interface detection; provides the

means to keep thmining machine within the Roof bolter The roof bolter provideshe greatest
desired part of the coal seam. challenge to automate. diillieg, installation, and
setting of roof boltarelargely a mechanically-assisted,
(4) Data communicationghe link between the human opeasti The USBM purchased a Fletcher Model
activities of the machine and a computer HDDR-13, C-F (WATER)oof bolting machine to support
located at a convenient control station. the research effort. The research team at Pittsbure

completed a majoeffort to prepare the bolter chassis to
(5) Contol software; its architecture must be such acceptcomputer control. The research team at Spokan

that the program code runsquickly and has writterthe control software and isontinuing to
predictably and is easily understood, modified, designbanild anautomated roodrilling andbolting
and documented. adule. Although the objective is total hands-off drilling

and bolting of @5- to 20-m mine entry, even the highly
(6) Visualization and operator interface; they injury-saving goal of line-of-sightremote-controlled

provide the means for the operator to boltinggeiires an automated drilling and bolting module.
understand what igoing onwith the mining
machine—visualization—andhe facility to Ventilation Ventilation methodsand equipment for
control machine actions—the operator REMI® not greatly differfrom thatbeingdeveloped
interface. and used for normal and extended-cut continuous minin
If line curtainsare used, thenachine activitiecan be
Areas (4), (5), and (6) influence the selection of the pawgett the curtain is advanced. Wharsing
computer hardware as well. continuous haul#gehaulage systeroan support the
fan and tubing for blowing ventilation systems (Taylor, et
Machine al, 1992). Current research showingthat aproperly
functioning dust scrubber integral with the mining machine
Continuous Mining Machine We startedwith a is a substantial contributor godface ventilation for

continuous mining machinethat was on hand, a Joy methanecontrol. A sensothat monitorsthe status of
16CM, and then aew machine, a Joy 14CM. We added loadingthe dust scrubbdilter of the continuousniner
sensors to report appendage positions, motor currents, antas been developed and reports to the control system.
hydraulic pressurehe sensors being most important for

machine control.Sincethe mining machine is working  Navigation

with continuous haulage, we thought it best if the haulage

system wouldcarry thesupply cablesand hoses to the eBause remoteanual control over a mining machine
machine. We then devised a method feasily is challengingven when the operator hasiaw of the
disconnecting the power, water, and communications from machine, it is thestmidchine motion control is done
the miner. A means for supportirthe cables that with thieelp of a computer. To do thiye computer
provides sufficient slack between the haulage system and must know thleemeachineis, the direction it is
the continuousnining machine was also devised. Our headang the boundaries of the caam, i.e., coal
work onthe continuousmining machine is essentially iarface detectionyhich will be discussed irthe next
complete. section. One way to determine machine position is
reference its position from the mine geometry; the other i
Continuous HaulageThe greatest safety gains of REMS to use an inertial guidance sysi€man report its
will be realized when continuous haulage is employed. posidcourately.  While we experimented with

The continuous haulage system must be coordinated with altersgitems (Anderson, 198hd 1992; Jobes,
the actions of the mining machine. We purchased a shortl991and 1993), an inertial navigation system using thre
(18 m) section of a Joy 3FCT that nevertheless represents orthogonal laser gyroscopes and accelerometers w
all the components of a full system. We attached a sensor perfected for military applications by Honeywell Mi
to indicate the steering angle of the wheels of the hopper Aviddigsion. Severalyears ago, we obtained a
car andmodifiedthe haulage system tcarry the power Honavell system and have workedwith the
and communication cables atite water hose for the manufacturerfioe tune it for use on a continuous
continuousmining machine. Quick disconnects and two mining machine (Sammarco, 1993). This sensor, ren



the Honeywell OreRecovery andTunneling Aid naturally occurring gamma radiation emanating from th
(HORTA) for mining applications, is mounted on the host strai@an be used(Mowrey, 1991a, 1991b;
mining machine and reports machine orientation and Maksimovic and Mowrey, 1993). When coal thickn
position. As a regt of our application and test results, the greater than 0.6 m are requgediagical conditions
HORTA is presentlybeing aggressivelynarketed for are not favorable, natural gamma methods will not wor
mining machine guidance systems especially for highwall ti@se instances, we agealuating using commercial
applications. As of this writing (August995), the ground-penetrating radar to measure coal thickness. T
accuracy of thedORTA has not beefully determined. USBM has also developed a highly unique spatial domz
The only true test of the accuracy is to subject it to the raykterathat canamongother uses, determine the
mining conditions under which it is to operate (including distances from the air-coal interface to the roughly pl
vibration, machine motiongnd time), namely on the boundariestioé layers of strata for depths of a few
miner for highwall and room-and- pillar mining. We plan meters (Clarfd Johnson, 1991). Withithe next
to conduct tests in aspen-pit coal mine because we need couple of years, this radar system will be able to prc
to be able to compare position and orientation data from 3-D images of hidden strata.
the HORTA againsaccuratedransit data. At this time a
test site in an open-pit mine appears likely. For those situations when no coal is to be left o
roof, we have developed sensing systerthat detects
The guidance othe continuoushaulage system is when the bits of the continuous miner touch the overly
another task that is nearing completion. The objective is strata. This system uses an infrared (surface temg
to keep the position of the conveyor discharge (tail) of the sensithag)ing video (TV) camera that detects the

mining machine ovethe center of the hopper of the immediate heating ofhe bits, rock surfaceand dust,
continuous haulage system while coal is being dischargedcaused by friction with the harder overburden. A simple

from theminer. Atothertimes,the hopper camust be video alarm system, normally used to detect intruders |
positioned to receive coal or to avoid stressing the cables sensing movements in a stationary video scene, is
of the mining machine. Our control program restricts the detect the increased thermal activity the instant it o
movements of thenining machine to those which the As the control computer raises the boom toward the r
haulage systermanfollow. We have used threstring it monitorsthe signal fromthe video alarm and stops
potentiometers mounted dhe front of the hopper car raising thmom whenthe alarm signal is detected
with the free ends of the strings attached to the rear of the (Mowrey and Ganoe, 1995).

continuousmining machine. Triangulation calculations
applied to these data provide the haulage control computelCommunication and Computers
with the orientation and position of the hopper relative to

the miningmachine. The controller (detailed below) Sensor data and commands must quickly and
interprets this informatioand uses it to stedne guide confidently flowbetween thenining equipment and the
wheels ofthe hopper and teove the haulage system  machine control computer outby. In an effort to keep tht
forward and backward as necessary. systems onboarthe machine asimple as possible, we
chose Intel's Bitbus, a network of microcontrollers. One
Coal Rock Interface Determination microcontrollercard gathersll the sensordata (except

thatfrom the HORTA) and repeatedly and continuously
One of themost difficult problemghat the USBM transmits it over a twisted-padtatalink to the control

faces indeveloping computer-assistadning iskeeping station. On a separate twisted pair, maatonenands
the cuttinghead of amining machine withinthe desired that turn the motors or hydraulic valves on or off are se
boundaries of a coal seam, whatever the type of geology to a second micrococdrollenboard thenachine
encountered. Twm-seam guidance situations are usually (Schiffbauer, 1994). The USBM empirically determ
encountered. One is tldesire toextractall the coal to appendagrotion response characteristi@sd devised
the seam boundary; the other is the need to leave a layer the appropriate servo control algorithms. Control
of coal on the floor or roof or both for reasons of ground are essentially those of the machine hydraulics.
stability or coal quality. Furthermore, properties of
overlying orsupportingstrata varyfrom seam to seam. ThEIORTA is connected toits own controlling
Techniques useful in one seam may not be useful inoffboardcomputer by two twisted-pair wiresAll four
others. The USBM has put extensive research effort into twisted pairs are bundled and enclosed in hydraul
these problems (Mowrey, 1991a, 199Hnd 1992; conduit and bound to the machine power cable.
Maksimovic and Mowrey, 1993; Pazuchanics and
Mowrey, 1991 and 1993). In the case of the continumausage system, we
wanted to utilizethe manufacturer's contraystem as
Whensome thickness of coal is to be left on the roof much as possible. We worketenmianufacturer to
and/or the floor, a commercially available coal-thickness enable us to connect our steering-wheel angle sens

sensor thatisesthe ability of the coal toattenuate the  string potentiometers for guidance directly into their
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system. We used their current-loop communication these picturesonnert with machine actions or
network to pasthe status andensoratainto and pass environmental changes. \Wave developed two
commands from our control computer. prototysualizationconcepts. In one case we show
our indoor research area consisting of a block of artificia
The outby control station fAREMS, intended to be coal, the mining machine, the continuous haulage mach
located near the power center mom-and-pillar and our research control hut. tAe machine or its
operations, contains 3-4 single-board PC’s, an associated appendageshmaqviefure of themachine on the
shared monitor, and a keyboard. Microcontrodiards monitoalso moves. Moreover, the operator can zoom i
reside in one PC to communicate with the mining machine on the machine or view it from any angle, including
and haulage system. Another PC exclusively operates theinderneathhe ground. Inanother instanceyhich was
HORTA. Athird PC runs our control software—software developedhifginwall mining, we provide simultaneous
that interprets the dat®om the machines andssues top, side, and end views as “flat” drawings (orthograph
commands that turn motors and control hydraulic valve on projections)thelside view, we showhe mining
or off to performmining and haulage tasks. 3ilicon machine irprofile, the coal that is extracted, and the coa
Graphics workstation and monitor displays the workface thickness left on roof anddingrreading®btained
with the machines in action, and senedso as the from the coal thickness sensors. This information for t
operator interface where timeachine operator observes current cut is overlaid on a similar picture of the previ
what is happening and can intervene if necessary. All of cut. These X-Ray-like views provide machine operators
the mentioned computers are interconnected so that they with a better “view” than if they wewedtthdre
can immediatelyshare sensor and control data. The machingsing theseviews, they canoptimize the
hardware described fits into a single compact frame inside extractiasiby knowledge ofthe previouscut to
a control hut that advances with the section. adjust roof or floor height to take or leave more co:s
top view allows a view othe pillar (web) width, and
Machine Controller Software views a projected path of thminer tosee whether the

pillar is narrowing or getting wider. Steering corrections

The USBM chose to use a hierarchical, real-time can be made manually if needed. The visualization syste
control system to integrate and manage computer-assistedoes not have to be usedth a computer-controlled
machine control. The system we developed is modeledmining system, but it doeseed to be able to get
after that developed by the National Institute of Standardsnavigational and appendage datdom the mining
and Technolog¢NIST) (Quintero and Barbera, 1992) and machine.
is the practicalimplementation ofNIST's NASREM
architecture developed and adopted for the NASA space The visualization system describadove could also
program (Albus, et al, 1989). This form of control depict a longwalkhearer, theeam boundaries, and the
programming was selected because daimed the shield supportand their movements, and theretnuld
advantages of ease of understanding, readability,enhance development and use of automédagwall
modification, and a deterministic and well-understood mining.
behavior. We have found theskims to betrue and
useful. The programming language used is C and runs in  We are currently developing an operator interface fo
MS-DOS on one PCThe structure ofhe software isa  the continuousnining machine and continuousaulage
hierarchy of taskswith the higher level tasks being element of REMS. The objective of an operator interfac
composed of a parallel arsgrial combination of more is to quickly informthe operator of the status of the
simple tasks. With thistructure, tasks can beasily machine operation all timesand permit facile manual
added or modified. Our controller provides a control of machine tasks or actuators whenever it become
“researchers” interface featurimmll-down menus that  necessary. The design is a particularly difficult task sinc
allow selectedssuing oftask commands at any level or the USBMdoes not have continual access tmiae in
direct control over each machine actuator. Although this which wecan operat&REMS sothat we can experience
interface is hady for the researchers, it is inappropriate as real mining scenarios and develop the appropriate

an operator interface. informative interface from those experiences. However
we are developing the basic structure and components tt
Visualization and Operator Interface shouldallow easy reconfiguration and prototyping. A

preliminary interface is under development.
Because the machine operators will not be within line
of sight of the machine they are controlling, and because
TV cameras (whichwill probably always be present) FUTURE RESEARCH
cannot always providéhe best perspective, we have
developed an alternative. The basic research objective is
to develop meaningful (information conveying) pictures of
the machine in its workingrea ancanimate or update



Anderson, D. L. (1989). Position and Heading

At the presenttime (August 1995)the USBM is Determination of a Continuoidining Machine Using
planning toconductchallengingtests of the continuous an nfular Position-Sensing System. BuMines
mining machineusingopen pit andhighwall mines. The IC 9222,* 8 pp.
accuracy of the HRTA will be determined by performing
full-scale highwallmining scenarios in an open-pit mine. Anderson, D. L. (1992). Underground Test Results
Absence of overburden provides researchers access to Laser-Based Continuodsasfir@ontrolSystem.
measure machine positiarsing surveyingequipment. BuMines RI (in publication), available frauathor,
The open-pit site will offer opportunities to test and refine redw of Mines, P.O. Box 18070, Pittsburgh, PA
automatic mining scenarios such as two-pass advances and 15236, USA.
turning crosscuts; the radalstem for maintaining web
thickness in highwall,evaluation of thevisualization Qwfo, R.L., and Johnson, W. J. (1991). A Radar Coal
system; andwill provide an opportunity to get the Thickness Sens@onference Record of the 1991
operating time that is needed to improve the designs of an IEEE Industry Applications Society Annual Meeting.
operator interface. Aighwall mine will provide a test site Dearborn, Ml, pp. 1182-1191.
for the coal interface detectiosystems aghey are
integrated into the control system. Jobes, C. C. (199Ujtilizing Mechanical Linear

Transducers for theDetermination of a Mining

The combination of successful open auiid highwall Machine's Postition and Heading. BuMines RI 9364,* 1
mining tests should spark the interest of the highwall and pp.
undergroundmining industry and thereby provide the
incentive for equipment manufacturers to use USBM Jobes, C. C. (1993). Meclksmmsal Guidance of a
technology. Mning Machine. IEEE Transactions of Industry

Applications, Vol. 29, No. 4, pp. 755-761.
The roof bolter, when ready in a yearsar, will be

tested in an undergroumdine in anarea ofpreviously Maksimovic,S., and Mowrey, G. L. (1993). Basic
bolted roof. Gelogicaland Analytical Properties of Selected Coal
Seams for Coal Interface Detection. BuMines IC 9296,
58 pp.
SUMMARY

McClelland, J. J., R. F. Randolph, G. H. Schnakenberc
The USBM is engaged in a research program that Jr., and R. S. Fowkes. (1994) SafeBreak-
utilizes advances itmachine control technology to through—Reduced Exposukining System (REMS).
improve workersafety and health in underground coal BuMines SP-26-94,* 38 pp.
mines. Sensors and computer technology can now allow
remote operation of the continuousining machine, Mowrey, G. L. (1991a). Promising Coallnterface
continuous haae system, and roof bolter, from a nearby  Detection MethodsMining Engineering, Vol. 43, No. 1,
safe location duringhe most hazardous tasks of cutting  pp. 134-138.
and hauling coal and bolting the roof. Substantial progress
has been made and components ofRE®S, such as Mowrey, G. L. (1991b). Horizon ContréloldsKey to
coal interface detection and visualization, can be utilized Automation (Part 1). Coal magazine, pp. 44-48.
individually in today’s mining systems to increase safety.
Provided the resources are available, the performance oMowrey, G. L. (1992). Horizon Contrélolds Key to
the system can be tested and demonstrated using test sitesAutomation (Part 2). Coal magazine, pp. 47-51.
of open pit and highwall mines. The demonstration should
convince industry and equipment manufacturers that Mowrey, G. L., and Ganoe, C. W. (1995). An Infrared-
REMS canimprove the bottomline substantially by Based Coal Interface Detecti@ystem, Proceedings,
reducing injuries and fatalities, and their associated costs. Third International Symposium on Mine Mechanization
and Automation, Golden, CO, June 12-14, 1995, Ed. L
Ozdemir and K. Hanna, pp. 3-21 to 3-31.
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