prp ey
i3T® RI9672 )

‘ REPORT OF INVESTIGATIONS/2007

Recommendations for

Evaluating & Implementing Proximity Warning

Systems on Surface Mining Equipment

Centers for Disease Control and Prevention
National Institute for Occupational Safety and Health

p NS‘R‘”‘?B&%’
&

g’ é Department of Health and Human Services
\:'%'t"’ﬂa







Report of Investigations 9672

Recommendations for Evaluating
and Implementing Proximity
Warning Systems on Surface Mining
Equipment

T. Ruff

DEPARTMENT OF HEALTH AND HUMAN SERVICES
Public Health Service
Centers for Disease Control and Prevention
National Institute for Occupational Safety and Health

Spokane Research Laboratory
Spokane, WA

June 2007



This document is in the public domain and may be freely

copied or reprinted.

DISCLAIMER:
Mention of any company or product does not constitute endorsement by the National
Institute for Occupational Safety and Health (NIOSH). In addition, citations to Web
sites external to NIOSH do not constitute NIOSH endorsement of the sponsoring
organizations or their programs or products. Furthermore, NIOSH is not responsible
for the content of these Web sites.

ORDERING INFORMATION

To receive documents or other information about occupational safety and health
topics, contact NIOSH at

NIOSH—Publications Dissemination

4676 Columbia Parkway
Cincinnati, OH 45226-1998

Telephone: 1-800-35-NIOSH
Fax: 513-533-8573
e-mail: pubstaft@cdc.gov

or visit the NIOSH Web site at www.cdc.gov/niosh

DHHS (NIOSH) Publication No. 2007-146
July 2007

SAFER - HEALTHIER « PEOPLE™




Contents

Abbreviations ... viii
FX o1 1 o To1 SRR ix
Acknowledgments. ... X
T INtroduction ..o 1
2 Problem ... 3
2.7 Recent ACCIAENTS ...vvvueiiieeeeee e 3
2.2 Equipment Blind Areas ..........oooiiiiiiiiiiiiii 4

3 APProach oo 7
3.1 Technology AssessmMent .............oooiiiiiiiiiiiiieeee e 7
STl RAAT 7

312 SONAN i 8

313 Infrared ... 8

3.1.4 Tag-based ........cooooiiiiiiiiiiie 9

3.1.5 System Selection ...........ooviiiiiieeeii e 9

3.2 Preliminary Test.....uu oo 10
3.3 Field Test oo 11
3.4 New Technology Development...........ccccoeiiiiiiiiiiiiii 11

4 Test SUMMATIES .........ouiiiiiiii e 13
4.1 Preview Heavy Duty Radar............ccoiiiieee 13
4.2 Ogden Radar System .......ccoooiiiiiiiiicceee e 18
4.3 Advanced Mining Technology CAS-CAM/RF System .............eeeeee... 21
4.4 Ultra-wideband Radar..............oooiiiiiiiiiiiiiiiece e 24
4.5 GPS-based Proximity Warning ..o 27
4.6 Computer-based Stereo Vision...............uvvuiiiiiiiiiieieiiiiiiiiii, 30
4.7 HASARD SyStEM ...oviniiiieee e 31
4.8 Nautilus Buddy System ..o 32
4.9 System ManufaCHUIErS ........oviiiiiiiiiiiiieeee e 34

Evaluating Proximity Warning Systems on Surface Mining Equipment



Table of Contents

5 RecommendationsS .........ooniiii e

5.1 Choosing a Technology ..........cccccoiiiiiiiiiiiiii

5 Recommendations continued

5.2 Mounting Considerations .................oouiiimiiiiiiiiiieeeeeeeeeeeeeeeeeiii
5.3 Video Cameras .....uuueiiiiiieee e
5.4 Alarm Presentation ...........cooeeiiiiiiiiie e
5.5 TrAINING ceeeeii e
5.6 ECONOMICS c.viiiieei e
5.7 Future Research.. ..o

APPENAICES ...

A. Blind Area Diagrams...........ueeiiiiiiice e
A.1 Euclid EH4500 280-ton-capacity dump truck ..........cccoeeeeeeeeeeeeil.
A.2 Blind area diagram for a Euclid EH4500 280-ton-capacity

haul truck (ground plane) ..........ooooiiiiiiii
A.3 Blind area diagram for a Euclid EH4500 280-ton-capacity

haul truck (1.5 meter plane) ...........ovvviiiiiiiiiiii
A.4 Caterpillar 992G front-end loader............oovvviiiiiiiiiiiiiiiiiiiiiii,
A.5 Blind area diagram for a Caterpillar 992G front-end

loader (ground plane) ...
A.6 Blind area diagram for a Caterpillar 992G front-end

loader (1.5 meter plane) ..o
A.7 Hitachi EX5500 excavator..........uuuueiiiieeeieeeiiiiiiiieiee e
A.8 Blind area diagram for an Hitachi EX5500 excavator.

(ground plane) .......ueeeeeeie e
A.9 Blind area diagram for an Hitachi EX5500 excavator.

(1.5 meter plane) .......ooiiiiiiii e
A.10 Caterpillar DTTR dozer ...,
A.11 Blind area diagram for a Caterpillar D11R dozer

(ground Plane) .......ueeeiiiieee e
A.12 Blind area diagram for a Caterpillar D11R dozer

(1.5 meter plane) ......cceeeeeee e
A.13 Caterpillar T6G motor grader ...

Evaluating Proximity Warning Systems on Surface Mining Equipment



Table of Contents

A.14 Blind area diagram for a Caterpillar 16G motor grader

(ground plane) ......ooooiiiii 66
A.15 Blind area diagram for a Caterpillar 16G motor grader

(1.5 meter Plane) ......eeeeeieieie e 67

B. Procedures for Determining the Detection Characteristics

of a Proximity Warning System ..........cooiiiiiiiiiiiiiiiiieeeeeee ) 69
BT1.T Definitions ....oeeeeeieiiiii e 69
B1.2 Test ObStacles..........ooiiiiiiiiiiiiieiee e 70

Test Procedure continued

BT.3 TSt SEIUP tovvteiiii e 70
B1.4 Test ProcedUres ..........oooeiiiiiiiiiiiiicce e 70
B1.4.1 Testing for False Alarms...........ccccoiiiiiiiiiiiii 70

B1.4.2 Testing Obstacle Detection ............coooeiiiiiiiiiiiiiiiiii 71

B1.5 Recording Data.......ooviiiiiiiiiiiiiei e 72

C. Data Collection FOrm ... 75
D. System Manufacturers and Distributors .............cccoovviiiiiiiiieeeee 77

D1.1 Radar-based Systems..........ooooiiiiiiiiii 77
D1.2 Sonar-based Systems..........oooiiiiiiiii 77
D1.3 Infrared Sensors and Thermal Imaging..........cccccvvvvvvviiiiiiiiiiiniin.. 77
D1.4 Tag-based Systems...........ovmmiiiiiiieeei e 78
DT1.5 Video SYStemS.....ccooiiiiiiiiiiieeee e 78

List of Tables
Table 1 Fatal accidents in surface mines partially aftributed to blind areas

Around EQUIPMENT......uuiiiiiie e 3
Table 2 Radar alarm data.........oooooiiiiiiiiiieee e 17
Table 3 Proximity warning technology characteristics .............cccceeeeenn.... 37

List of Figures
Figure 1. An example of a radar-based proximity warning system
(early version of the Preview radar system by Preco Electronics). 7
Figure 2. An example of a sonar or ultrasonic sensor-based proximity
warning system (Hindsight 20-20 by Sonar Safety Systems)....... 8
Figure 3. lllustration of tag-based system operation ..ol 9
Figure 4.  Preliminary tests conducted using a 50-ton-capacity

Evaluating Proximity Warning Systems on Surface Mining Equipment v



Table of Contents

off-highway dump truck..........ccciiiiiiii 10
Figure 5. Preco radar antennas and Vision Techniques camera mounted
on the rear of a haul truck..............oooiiiiii 14

Figure 6. Preco radar antennas mounted on the front bumper of a haul

TPUCK e 14
Figure 7. Preco radar alarm display mounted in truck cab...................... 14
Figure 8.  Preco radar detection areas for a person ...........cccccoeeevvvinnen.. 15

Figure 9.  Rear radar detection area as seen from the video monitor
(distances in ) ..o 16

Figure 10 Screen shot of video viewing software showing berm and radar

alarm indicator (upper right) ... 16
Figure 11 Ogden radar system mounted on the rear of a haul truck........ 19
Figure 12 Ogden radar detection area comparing two people

of different heights .........cccoviiiiiiiiiiieee 20
Figure 13 AMT RF unit mounted on the rear of a haul truck.................... 22
Figure 14 AMT RF unit mounted on the front of a haul fruck................... 22
Figure 15 AMT RF tag mounted on a passenger vehicle ......................... 22

Figure 16  Tests to determine the detection characteristics of the AMT

CAS-CAM/RF SYStemM....coiiiiiiiiiiiiiiiee e 22
Figure 17 AMT CAS-CAM/RF detection zones for a passenger vehicle..... 23
Figure 18 UWB radar and alarm display (right) on the rear of a

50-ton-capacity haul truck. ... 24
Figure 19  UWB radar detection zone for a person ..............cccceeeeeeeeeee.... 25
Figure 20 UWB radar detection zone for a pickup truck .......cccccoeeeeeee.t. 26
Figure 21  Operator’s display for a GPS-based proximity warning

SY ST e 28
Figure 22  Tests of a GPS-based proximity warning system..............c........ 29
Figure 23  Stereo camera system........cooveeeiiiiiiiieeeiiiiiee e 31
Figure 24 Captured image from one camera with ground and

alarm areas identified by boxes..............cccviiiiiieee 32
Figure 25 TramGuard detection zone for a person wearing a tag............ 33
Figure 26  Early version of the Nautilus Buddy tag-based system.............. 34
Figure 27 Buddy system detection zone for a person wearing a tag ......... 35
Figure 28 Example of LCD video monitor mounted in the upper right

corner of fruck cab.......coovvi 41
Figure A.1  Euclid EH4500 280-ton-capacity haul truck..........ccccoeeeeeei.t. 53
Figure A.2 Blind area diagram for a Euclid EH4500 280-ton

capacity haul truck (ground plane) ............ccii 54

vi Evaluating Proximity Warning Systems on Surface Mining Equipment



Table of Contents

Figure A.3 Blind area diagram for a Euclid EH4500 280-ton

capacity haul truck (1.5 meter plane).............c.coooiiiiiiiin 55
Figure A.4  Caterpillar 992G front-end loader ..........cooviiiiiiiiiiiii 56
Figure A.5 Blind area diagram for a Caterpillar 992G front-end

loader (ground plane) ..o 57
Figure A.6 Blind area diagram for a Caterpillar 992G front-end

loader (1.5 meter plane)...........oooooiiiiiiiiiiii 58
Figure A.7 Hitachi EX5500 excavator..........oovviiiiiiiiiiiiiiiiiieec 59
Figure A.8 Blind area diagram for an Hitachi EX5500 excavator.

(ground plane).....coooeeeieiiiiiii 60
Figure A.9 Blind area diagram for an Hitachi EX5500 excavator.

(1.5 meter plane) ..o 61
Figure A.10 Caterpillar DTTR dozer........cvviiiiiiiiiiiiiiiiiiiiiieec 62
Figure A.11 Blind area diagram for a Caterpillar D11R dozer

(ground Plane)........oviiiiiiii 63
Figure A.12 Blind area diagram for a Caterpillar D11R dozer

(1.5 meter plane) .........ooooiiiiiceeeee e 64
Figure A.13 Caterpillar 16G motor grader................ooiiiiiiiieeeeee 65
Figure A.14 Blind area diagram for a Caterpillar 16G motor grader

(ground Plane)........ooiiiiiiiii 66
Figure A.15 Blind area diagram for a Caterpillar 16G motor grader

(1.5 meter plane) ......cooooiiiiiiiiie e 67
Figure B.1 Example of test grid...........oovviiieeeiiiii e 73

Evaluating Proximity Warning Systems on Surface Mining Equipment vii



Abbreviations

AMT Advanced Mining Technology

FCC Federal Communications Commission
FEL Front-end Loader

FMCW Frequency Modulated Continuous Wave
FOV Field of View

ft Feet

GHz Gigahertz

GPS Global Positioning System

HASARD Hazardous Area Signaling and Ranging Device
IP Internet Protocol

KHz Kilohertz

LCD Liquid Crystal Display

LED Light Emitting Diode

LF Low Frequency

m Meter

MHz Megahertz

MSHA Mine Safety and Health Administration
NIOSH National Institute for Occupational Safety and Health
PDOP Positional Dilution of Precision

RF Radio Frequency

SA Selective Availability

SAE Society of Automotive Engineers

UK United Kingdom

UWB Ultra-wideband

viii Evaluating Proximity Warning Systems on Surface Mining Equipment



Abstract

Researchers at the National Institute for Occupational Safety and Health, Spokane
Research Laboratory, studied technology and methods that could reduce accidents
involving surface mining equipment that collides with other vehicles or workers, or
drives over an unseen road edge. These accidents are partially attributed to the lack of
tull visibility around these large pieces of equipment. Blind areas can be extensive and
this report presents plots of blind areas for five pieces of surface mining equipment.
Several technologies designed for detecting obstacles in blind areas and providing a
warning to the operator were evaluated on off-highway dump trucks. These proximity
warning systems included radar, sonar, GPS, radio transceiver tags, and combinations
of radar and cameras. A summary of test results is presented in this report, along with
guidance on effective proximity warning technology, installation and maintenance
considerations, and recommendations for effective implementation. This study found
several commercially available systems that could effectively warn an equipment
operator of an impending collision. Several new technologies also show promise for
reducing these accidents. In most applications, it is recommended that sensor-based
systems be combined with video cameras to provide important alarming functions
along with an actual view of the blind area.
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Introduction

Accidents involving surface mining equipment that collide with another vehicle, run
over a pedestrian worker, or back over an embankment or other object are a major
concern for mine workers and managers, regulators, insurance companies, and safety
researchers. These accidents occur in spite of rules that require audible back-up alarms
on mobile equipment (Code of Federal Regulations, 1999; Laroche, 2006). There are
many factors that must be considered when looking at the cause of these accidents;
including training issues, equipment design, equipment and job site operating proce-
dures, worker fatigue, and equipment blind areas. Because the ultimate responsibility
for the safe operation of equipment usually falls on the operator, there has been con-
siderable interest in providing better information to the operator regarding obstacles
and workers near the equipment. One method to improve situational awareness
incorporates the use of sensors to detect nearby obstacles and workers and provide a
warning alarm to the operator. These devices are referred to as collision or proximity
warning systems.

In 1998, the Mine Safety and Health Administration (MSHA) proposed a rule change
that would have required the installation of video cameras and proximity warning sys-
tems on surface mining haulage equipment to alert operators to objects and workers
in their blind areas (MSHA, 1998). At that time, only camera systems were available
and proven to work on surface mining equipment and concerns were raised by indus-
try regarding the use of sensor-based monitoring systems. To better understand these
concerns, researchers at the National Institute for Occupational Safety and Health
(NIOSH) talked with mine safety personnel, equipment manufacturers, and engineers
at MSHA. These stakeholders indicated that the main factors in the reluctance to
implement proximity warning systems on heavy equipment included 1) a lack of field
testing and research to determine the effectiveness of the systems, 2) poor reliability
due to possibly high false alarm rates, and 3) poor reliability and high maintenance
requirements due to the harsh environment in mines. Based on these discussions,
NIOSH researchers decided that proximity warning systems needed further develop-
ment and testing before they would be widely embraced by industry.

To this end, NIOSH started a research project in 2000 with three goals. The first goal
included testing commercially available proximity warning systems on equipment
used at mining operations. The second goal involved developing new technology or
modifying existing systems to address the specific needs of this industry. The final re-
search goal focused on making recommendations regarding testing and implementing
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Introduction

this technology on surface mining dump trucks and other equipment. Partnerships
were established with MSHA, Caterpillar, Inc., Phelps Dodge, Inc., and several prox-
imity warning system developers to assist in this research. This report summarizes this
NIOSH study that ended in 2006 and provides recommendations for implementing
proximity warning systems on surface mining equipment based on tests at mining
operations.
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2 | Problem

To better understand the extent of the problem, researchers studied fatal accidents
that occurred at US surface mining operations and defined the blind areas around five
large and commonly used pieces of surface mining equipment. This helped identify
equipment that has a high risk of being involved in collisions and the areas near this
equipment that should be monitored for obstacles or workers.

2.1 Recent Accidents

Fatalities at US surface mines that are at least partially related to the equipment oper-
ator’s inability to see certain areas near the machine are displayed in table 1. Research-
ers collected this data from the MSHA fatality reports published between January 2000
through the first half of 2006 (MSHA, 2006). Equipment types with the highest num-
ber of fatal accidents were dump trucks (38%) followed by front-end loaders (33%).
Distribution of accidents by mine type was fairly even among surface coal (29%), sand
and gravel (29%), and stone operations (38%). There were no such fatalities in surface
metal mines during the study period. The majority of accidents involved obstacles or
workers in the rear blind area of reversing equipment (67%).

Table 1. Fatal accidents in surface mines partially attributed to blind areas around equipment.

Year  Description Mine type Equipment involved Area where
accident occurred

2000  Scraper backed over victim who ~ Sand/gravel  Scraper Rear blind area
was walking behind it.

2000  Front-end loader backed over Stone Front-end loader Underneath
victim who was working under the (FEL) machine
loader.

2000  Coal truck backed over victim Coal Dump truck Rear blind area
who was walking behind it.

2000  Haul truck drove over victim who  Surface - mill  Dump truck Front blind area
was walking in front of it.

2000  Haul truck driver killed when Coal Dump truck Rear blind area
truck backed over the edge of a
dump point.

2002  Front-end loader drove over Stone FEL Front blind area

victim who was walking in front it.

2002  Dump truck backed over victim Stone Dump truck Rear blind are
who was standing behind it.

Evaluating Proximity Warning Systems on Surface Mining Equipment 3
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Table 1 continued. Fatal accidents in surface mines partially attributed to blind areas around
equipment.

Year  Description Mine type Equipment Area where
involved accident occurred
2002  Front-end loader backed over  Sand/gravel FEL Rear blind area

victim who was walking behind
it.

2002  Haul truck driver killed when Coadl Dump truck Rear blind area
truck backed over the edge of a
dump point.

2002  Front-end loader operator killed Sand/gravel FEL Rear blind area

when it backed over a drop-off.

2003  Haul truck drove over a van Coal Dump truck Front blind area
which was parked in front of the
truck, two passengers killed.

2003  Front-end loader backed over  Sand/gravel FEL Rear blind area
victim who was walking behind
it.

2003  Front-end loader backed over o Stone FEL Rear blind area
pickup truck, killing driver.

2003  Haul truck driver killed when Coal Dump truck Rear blind area
truck backed over the edge of a
dump point.

2003  Dozer operator killed when the  Coal Dozer Rear blind area
dozer backed over the edge of
a highwall.

2005  Worker run over while Sand/gravel Conveyor Near wheels
repositioning stacking conveyor.

2005  Scraper operator killed when Sand/gravel Scraper Front and side
machine drove over edge. blind areas

2005  Haul truck driver killed when Stone Dump truck Rear blind area
truck backed over the edge of a
dump point.

2006  Worker run over by FEL on the  Stone FEL Front blind area
surface of an underground
mine.

2006  Dozer operator killed when the  Stone Dozer Rear blind area
dozer backed over the edge of
a highwall.

2006  Worker run over by reversing Stone Skid-steer loader ~ Rear blind area

skid-steer loader.

2.2 Equipment Blind Areas

In order to fully understand the visibility limitations for various types of surface min-
ing equipment, NIOSH and Steeleworks, Inc., of Denver, Colorado, conducted a study
to define the blind areas near five pieces of commonly used machines including a haul
truck, a front-end loader, an excavator, a bulldozer, and a motor grader (Steele, 2006).
Figures in Appendix A show the blind areas as determined by a similar, but simpli-
fied visibility evaluation procedure described by ISO standard 5006 (2006). The first
plot for each piece of equipment shows the areas where the operator cannot see the
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ground. The second plot shows the areas where an operator cannot see a 1.5 m (4.9 ft)
tall person. Blind areas are indicated by grey shading. Areas visible using mirrors are
indicated by hatched areas.

These blind area plots can be used as a guide to determine the effective placement

of monitoring devices. For instance, the most significant blind areas on a haul truck
(figs. A1, A2, A3) are to the front, the right side, and to the rear. Cameras or proximity
warning sensors should monitor these areas. On a front-end loader (figs. A4, A5, A6)
the rear blind area is a concern, but a raised bucket can also cause a significant blind
area to the front. Large excavators (figs. A7, A8, A9) have extensive blind areas on the
side opposite the cab and to the rear. These machines tram slowly, but the primary
concern is an object or person within the swing radius. A tracked dozer (figs. A10,
All, A12) has significant blind areas to the rear and to the front when the blade is
raised. Side blind areas are a concern too, because tracked or skid-steer machines can
rotate quickly around the machine’s center point. A large motor grader (figs. A13, Al4,
A15) has fairly good visibility if mirrors are used, but the front and rear blind areas

are still of concern. Visualizing the extent of the blind areas can be an effective tool

in reminding workers of the dangers of approaching equipment while on foot or in a
smaller vehicle. Blind areas for many other types of smaller equipment used in mining
and construction can be found in Hefner, 2003.
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3 ‘ Approach

The objective of this study was to determine if off-the-shelf proximity warning systems
could be used on mining equipment to monitor blind areas and assist the operator

in avoiding collisions. If off-the-shelf technology was determined to be inadequate,
researchers would then work with manufacturers to either modify their existing
technology or develop new systems specifically meant for the mining application. The
first step was to assess the state of proximity warning technology and identify sys-
tems that showed potential for surface mining equipment. The next step was to test
those systems in a controlled setting with a dump truck to determine which systems
should advance to field trials at a surface mine. Tests were primarily conducted using
off-highway dump trucks because they were involved in many of the accidents listed
in the MSHA reports. In most cases, systems that work on trucks can also be used on
other equipment. The final phase of this work involved an evaluation of new technol-
ogy and off-the-shelf systems on dump trucks during surface mining operations.

3.1 Technology Assessment

At the beginning of this study, many devices were available that could detect an ob-
stacle near a vehicle and provide a warning to the driver. However, the most common
applications for this technology were automobiles, recreational vehicles, delivery vans,
and other on-highway trucks. Available technologies at the time consisted of radar,
sonar, infrared sensors, and tag-based proximity warning systems, but very few sys-
tems were designed or marketed
for off-highway construction

or mining equipment. A brief
discussion of the operating
principles for these technologies
follows.

3.1.1 Radar

Radar systems (fig. 1) transmit
a radio signal from a directional
antenna that is mounted on

the vehicle. The radio signal is
reflected off of objects that are
within the transmitted beam

Figure 1. An example of a radar-based proximity warning .
system (early version of the Preview radar system by Preco and a portion of the reflected

Electronics). energy returns to the receive
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antenna, which causes an alarm to be generated. Typically these systems operate in
the microwave (300 MHz - 40 GHz) portion of the radio spectrum. Doppler radar
detects the relative motion of an obstacle, i.e., detection requires either movement of
the obstacle or the vehicle. Pulsed or ultra-wideband (UWB) radar detects obstacles
by measuring the time of flight of a pulsed signal that is transmitted and then reflected
from an object within the radar’s beam. Both types of radar are effective for detecting
people, other vehicles, large rocks, and buildings. Some obstacles are not good radar
reflectors, such as plastics, dry wood, or objects with large flat surfaces that can reflect
signals away from the radar antenna. Possible obstacle detection ranges for a radar-
based proximity warning system vary from less than a meter to 30 meters or more.

To accommodate the wide detection areas typically needed for surface mining equip-
ment, multiple antennas may be required for full coverage. For more information see
Skolnik, 1990 and Ruft, 2002. Several radar-based proximity warning systems were
available at the beginning of this study and two progressed to field tests at a surface
mine.

3.1.2 Sonar

. Sensors
Sonar or ultrasonic sensor

systems (fig. 2) transmit pulsed
sound waves and detect echoes
from nearby objects. The fre-
quency of the sound is above
that of human hearing (greater
than 20KHz). When this study
was started, sonar systems

for vehicles had very limited
range—typically less than 3 m
(10 ft). Multiple sensors were Figure 2. An example of a sonar or ultrasonic sensor-based
needed to cover the width of a proximity warning system (Hindsight 20-20 by Sonar Safety
large vehicle. These sensors can ~ Systems).

be sensitive to particles in the

air (dust, snow, and rain) and must be kept fairly clean to avoid any debris buildup

on the face of the sensor. Limited preliminary tests were conducted with one sonar
system meant for delivery trucks and construction equipment (Ruff, 2001); however,
due to the system’s range of about 2.4 m (8 ft), the system was not tested in a mining
environment. Improvements to these types of sensors are possible and new systems
may be available that would be better suited for surface mining applications. For more
information see Fink, 1989 and Massa, 1999.

3.1.3 Infrared

Control box

Alarm

Infrared proximity sensors transmit an invisible infrared light beam and detect reflec-
tions from nearby objects. A few of these systems were available for refuse collection
vehicles, utility trucks, and automobiles at the beginning of this study. Infrared prox-
imity sensors were not evaluated due to limited detection range and concerns with
reliable operation in the mining environment (Johnson et al., 1986). Improved systems
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with detection ranges of up to 9 m (30 ft) are now available and these technologies are
gaining popularity in some construction and industrial applications. It is not known
how effective they would be in a mining environment and they should be included in
any future test programs. Infrared video cameras (thermal imagers) detect the thermal
signature radiated from a person and provide an enhanced image, especially in low-
light conditions. Applications of these devices for avoiding collisions between vehicles
and people were in the early stages of commercialization at the beginning of this
project and were also not formally tested. For more information on infrared-sensing
technology and thermal imaging see ITC, 2006.

3.1.4 Tag-based

Tag-based proximity warning systems use electronic tags that are worn by workers,
attached to small vehicles, or attached to stationary objects. Tag detectors or readers
are installed on mobile equipment (fig. 3). Two methodologies are popular. The first
requires the tag to transmit a marker signal that is detected by the tag reader. If the

tag is within a certain range (determined by either signal strength or time-of-flight
methods), an alarm is generated in the cab of the equipment. Two-way communica-
tion between the reader and the tag allows alarms to be generated at the tag also. The
second method is similar, but the reader transmits the marker signal. If a tag detects
this signal, an alarm condition is sent to the reader and an alarm is generated both

in the cab and at the tag. Several technologies have been used to generate the marker
signals that determine tag proximity: ultrasonic, magnetic, and radio frequency (RF).
At the beginning of this study,
several of these systems were
being developed for mining
applications and early versions
of five tag-based systems were
selected for preliminary tests on
a small dump truck at NIOSH
(Ruff, 2000; Ruff, 2001). By 2006
at least six systems were com-
Marter signal mercially available and some
were being used at surface min-
ing sites outside of the United
States. Limited tests at a surface
mine were conducted for two of
these systems during this study.

Figure 3. lllustration of tag-based system operation.

3.1.5 System Selection

Proximity warning systems selected for preliminary tests consisted mainly of those
that used radio frequency electromagnetic waves (including low frequency (LF) and
microwave). This transmission medium was thought to be the most robust for the
mining environment due to its ability to transmit through any environmental condi-
tions (rain, snow, dust, and extreme temperatures), its ability to transmit long ranges
at relatively low power levels, and its tolerance of moderate amounts of dirt or mud

Evaluating Proximity Warning Systems on Surface Mining Equipment 9
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buildup on sensor components. Not all available systems could be tested, but a rep-
resentative sample of systems provided general information on the advantages and
disadvantages of a particular technology. Recommendations are therefore applicable
to a technology type in most cases, not just the particular system tested.

3.2 Preliminary Tests

Preliminary evaluations of sys-
tems that showed potential for
use on mining equipment were
conducted at the NIOSH Spo-
kane Research Laboratory using
a 50-ton-capacity, rigid frame,
oft-highway dump truck (fig.

4). While smaller than trucks
typically used at surface min-
ing operations, the 50-ton truck
provided a test bed that allowed
researchers to determine impor- Figure 4. Preliminary tests conducted using a 50-ton-capacity
tant parameters for each system. off-highway dump truck.

This task occupied research-

ers for the first two years of the study, as systems were selected for preliminary tests,
evaluated under controlled conditions, modified to meet the needs of large equipment,
and retested. Several systems went through this process as described in early reports
by this author (Ruff, 2000; Ruft, 2001). Mounting considerations, false alarm rates, and
detection zones were determined and this information was used to select systems for
more extensive tests on larger trucks at a surface mine.

Most accidents resulting in injuries involve a piece of equipment colliding with either
a pedestrian worker or a smaller vehicle. Thus, the detection zones for a person and

a passenger vehicle were recorded for each candidate system. At the beginning of the
tests, there were questions regarding the use of standardized test objects to simulate
people or vehicles. For instance, trihedral corner reflectors, metallic spheres, and test
manikins have all been used to evaluate radar systems (Skolnik, 1990; SAE, 1999). A
study was initiated that compared the detection of all of these objects to that of an ac-
tual person and found that the most accurate results were obtained when a person was
used to determine detection characteristics (Ruff, 2002). See Appendix B for a sug-
gested proximity warning system evaluation procedure using a person and a passenger
vehicle.

Systems that passed the initial tests were then taken to a surface mine to be tested on

larger trucks used at the mine. The following criteria were used to select systems for

field tests:

« Ability to reliably detect a person and a passenger vehicle near the truck and at a
distance of at least 6 m (20 ft) from the truck (front and rear)

+ Ability to provide an effective alarm to warn the truck driver of a nearby obstacle
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o Low false alarm rate

o Apparent ability to handle the harsh environmental conditions at a mining
operation

o The ease with which the system could be installed without making extensive
modifications to the truck

« Reasonable cost (under approximately US$15,000 per truck)

3.3 Field Tests

After the preliminary tests were completed, researchers chose the most promising
systems for tests at a mine site. A cooperative agreement with Phelps Dodge Morenci,
Inc., Morenci, Arizona, was established that allowed NIOSH and system manufactur-
ers to test systems on Caterpillar model 793 and 797 dump trucks used in mine pro-
duction. The extent of the test depended on the type of system tested. For instance,
radar systems do not depend on any other infrastructure or communication with
obstacles—all components for the proximity warning system are on the truck. On the
other hand, tag-based systems require potential obstacles and workers on the mine
site to be outfitted with electronic tags. For a meaningful test, a significant number of
employees and light vehicles would need to be outfitted with tags and this was cost
prohibitive. For these reasons, more extensive tests during production were possible
for radar-based systems, while tests of tag-based systems were limited to short-term
trials or simulated load-haul-dump cycles.

On some trucks, evaluation forms were given to the truck drivers at the end of each
shift and they were asked to provide feedback on how the system was operating and

if it was helpful. Appendix C contains an example of a form used for collecting com-
ments. Researchers also collected performance data during direct observations and
informal driver interviews. Quantitative data was obtained during tests of the radar
systems by recording all radar alarms along with time-stamped video footage of the
areas being monitored by radar. This allowed researchers to later view the video and
corresponding alarms to determine what caused the alarm and classify it as true, false,
or nuisance (defined in section 4.1). While the focus of the tests was to determine the
effectiveness of sensor-based systems, cameras were also used during some of the tests,
resulting in some general recommendations regarding their use.

3.4 New Technology Development

During the early stages of this study, proximity warning systems marketed specifi-
cally toward surface mining equipment were rare. This prompted researchers to take
a parallel approach by fostering the development of new technology while at the same
time evaluating and improving existing technology. New systems were proposed and
prototypes were developed in cooperation with industry partners. These new technol-
ogies included ultra-wideband (UWB) radar, a system based on the global position-
ing system (GPS), a stereovision system using advanced video processing techniques,
and a tag-based system originally developed for underground mining equipment by
researchers at the NIOSH Pittsburgh Research Laboratory. A summary of test results
for these new systems is also included in the following section.
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4 | Test Summaries

4.1 Preview Heavy Duty Radar (from Ruff, 2006)

The most comprehensive field tests during this study were conducted on the Preview
Heavy Duty Radar System from Preco Electronics, Boise, Idaho, which is packaged
and marketed for off-highway earth-moving machinery. The system uses pulsed radar
and time-of-flight signal measurements to sense the presence of and determine the
distance to an object within the radar beam. An alarm display is mounted in the cab
of the truck and provides both audible and visible warnings. A series of light emitting
diodes (LEDs) light up in succession, and the warning tone changes frequency to in-
dicate the distance to an object. Originally, the system consisted of one radar antenna
per alarm display (fig. 1), but the detection area for one antenna was not adequate

for large equipment. After suggested modifications were made during the course of
the tests, the latest Preview system now allows multiple antennas to be networked to
a single alarm display. This allows the system to monitor blind spots at the front and
rear of the mining equipment.

A camera system from Vision Techniques, United Kingdom (UK), (consisting of one
camera mounted on the rear axle of the truck, one camera mounted on the front of
the truck, and a video monitor in the cab) was also installed on the truck to provide
researchers and truck operators with a visual check of the front and rear blind areas.
The camera view automatically switched between front and rear, depending on gear
selection.

The camera and radar systems were mounted on a Caterpillar 793B 260-ton-capac-
ity dump truck at the Phelps Dodge Morenci, Inc., copper mine in Morenci, Arizona.
Two radar antennas were mounted on the rear axle of the truck (fig. 5), and two were
mounted on the front bumper (fig. 6). The rear-mounted antennas required a special
bracket so that the antennas could be mounted without welding on the axle casing.
The rear antennas were also angled in toward each other by approximately 15° so that
their beams crossed, providing a wider detection area behind the rear dual tires. The
radar alarm display was mounted in the cab just above the dispatch system screen

to the right of the operator’s seat (fig. 7). For the final system, a single alarm display
indicated the presence of objects either to the rear or in front of the truck, depending
on gear selection.
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Figure 5. Preco radar antennas and Vision
Techniques camera mounted on the rear of a
haul truck.

Rear camera

e

ho 6 5

Figure 6. Preco radar antennas mounted on
the front bumper of a haul truck.

Figure 7. Preco radar alarm display mounted
in fruck cab.

To determine the dimensions of the radar detection areas at the front and rear of the
truck, a plot was made for the detection of a standing person. The locations where the
radar detected the person were marked on the ground and later plotted on a graph
(fig. 8). Note that the rear detection area does not cover the immediate area near the
rear tires of the truck. Early tests showed problems with the radar generating false
alarms due to detection of the tires. For these tests, the radar system was calibrated
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Figure 8. Preco radar detection areas for a person.

to ignore the tires, but this caused a person within 3 m (10 ft) of the rear axle to be
missed. The height of the radar antennas also contributed to this problem because a
person could walk underneath the radar beam when close to the antennas. While the
rear detection area was not ideal, a trade-off must be made between close detection
and false alarms from tires or other structures protruding from the truck. The outer
range of the detection area was not affected by these limitations, and a person was de-
tected at a distance of 7.6 m (25 ft) from the truck’s rear axle. The front detection area
extended from the front bumper to a distance of 7.6 m (25 ft).

The radar detection area for a person and the camera field of view (FOV) were then
compared using video footage. It was important that the radar detection area was
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totally contained within the
camera’s FOV so that the
cause of radar alarms could be
verified by the operator and
by researchers. Figure 9 shows
the rear camera view with the
detection area overlain on the
video screenshot. This graphic
allowed researchers to esti-
mate the distance between the
back of the truck and objects
in the camera’s FOV during
Figure 9. Rear radar detection area as seen from the video data analysis. Distances from
monitor (distances in ). the centerline of the truck were
marked in increments of 1.5
== m (5 ft) on longitudinal lines.
; ; : Distances from the axle were
marked along the centerline.

The researchers wanted to
determine what types of objects
were detected by the radar sys-
tem and how often the system
would alarm during the course
'» g | of normal operations. To do
1 this, video footage from the
Srpet ~ . rear camera was recorded on a
Figure 10. Screen shot of video viewing software showing digital video recorder. The re-
berm and radar alarm indicator (upper right). corder also saved the date, time,
and duration of all radar alarms
from the rear system. When the video footage was reviewed, the recorder software
overlaid text on the video to signify that an alarm had occurred. Figure 10 shows a
screenshot of the recorder viewing software. The “Radar” text on the upper right of the
video indicates that an alarm was occurring during that segment.

\

'ﬁ { - 1 o
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Video and radar alarms from the rear-mounted systems were recorded for 24 hours
each day for seven days while the truck was in use during normal operations. This
consisted mainly of the load, haul, and dump process and occasional parking maneu-
vers for break time or truck maintenance. Video and radar alarms were recorded only
when the truck was in reverse gear. Because of data storage limitations, data from the
front of the truck were not collected. Researchers later manually reviewed the seven
days of video footage for five variables. These variables included date and time of
reverse movement of the truck, the activity of the truck (loading, dumping, and park-
ing), the alarm type based on what was visible in the video during the alarm (true,
false, nuisance, or missed), and a description of what was visible in the video.
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A radar alarm was considered true if an object larger than approximately 30 cm (12 in)
high was inside the area contained in the detection area of the radar. For example, true
alarms occurred when a large rock, a person, or another vehicle was detected by the
radar. True alarms were further classified to distinguish those that required extra cau-
tion or immediate braking action from those that did not require any attention from
the operator (nuisance alarm). Nuisance alarms are defined as those alarms caused

by objects of which the operator is already aware and which pose little or no risk.
Nuisance alarms are partially determined from context because the truck operator’s
awareness is assumed. For example, backing to a rock pile in the loading area presents
little risk because (1) the truck tires may contact the rock pile without causing dam-
age, (2) the truck cannot over-travel the rock pile, and (3) the operator is aware of the
rock pile and positioning the truck while moving at a slow speed. On the other hand,
detecting the berm at a dump point is considered a true alarm, not a nuisance alarm,
even if the driver is aware of the berm. Backing to a dump point requires extra caution
and over-traveling the berm, in most cases, would result in the truck going over the
edge of a high embankment.

An alarm was considered false if no object larger than 30 cm (12 in) high was present
inside the detection area. False alarms included detection of ruts, small dirt berms,
small rocks, or foliage. Missed alarms occurred when a large object was within the ra-
dar detection area, but no alarm was generated. These events are summarized in table
2 according to the number and types of alarms recorded during a seven-day period.

Table 2 - Radar alarm data

Event Quantity Percentage
Reverse movements of truck 618

Total alarms 580

True alarms (requiring action or extra caution) 235 40% of all alarms
False alarms 102 18% of all alarms
Nuisance alarms 243 42% of all alarms
Missed alarms 0

Reverse movements with no alarm 38

During the 7-day test, the truck was moved in reverse 618 times. Ninety-four percent
of the time, an alarm was generated during reverse movement, but only 40% of alarms
actually required immediate action or extra caution from the truck operator. The high
number of alarms that do not represent dangerous situations, including false and nui-
sance alarms, will be problematic if operators lose confidence in the system and start
to ignore alarms altogether (Breznitz, 1984; Bliss et al., 1995).

A trade-off exists between adequate sensitivity for detecting objects near the truck and
the probability of false alarms (Parasuraman et al., 1997). Sensor manufacturers have
an understandable propensity toward alarming because of the potentially high cost

of a missed detection. If an object as small as a person must be detected, then other
objects, such as ruts or rocks, may be detected also. Nuisance alarms are unavoidable,
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but methods can be incorporated that allow the source of the alarm to be verified. If
verification does not increase driver workload, e.g. a quick look at a video monitor,
nuisance alarms may be better tolerated.

The following additional observations were made during these tests:

« Mounting positions for the radar antennas are critical and require trial and error
to eliminate false alarms from tires or structures on the truck itself.

« System sensitivity settings can effect false alarm rates and detection zone
dimensions; experimentation may be required to obtain optimal detection.

« The presentation of audible alarms in the cab may be more important than the
visual alarms provided by lamps or LEDs. Drivers may not look at the alarm
display, especially while reversing.

« 'This system reliably detected large obstacles such as people, other equipment,
passenger vehicles, and large rocks or rock piles.

« Nuisance alarms are inevitable because maneuvering is required near objects that
are not in danger of being hit.

o A simple and quick method to check the source of alarms must be provided. A
camera view of the area being monitored is sufficient.

o The detection range of 7.6 m (25 ft) is only effective for slow moving situations.

4.2 Ogden Radar System

The Ogden radar system, manufactured by Ogden Safety Systems, Ltd., Yorkshire, UK,
is used extensively on loaders and articulated trucks at mines and quarries in the Unit-
ed Kingdom. The system uses frequency-modulated continuous wave (FMCW) tech-
nology and operates between 13 and 14 GHz. The radar transmits a low-power signal
and measures any return signals that are reflected from objects within its transmitted
beam. The characteristics of the reflected signal contain information on distance and
movement. Using this principle, it is possible to determine the speed at which the ob-
ject is approaching the radar and the distance to the object. An alarm that consists of a
single LED and an audible warning is activated in the cab of the truck when an object
is detected by the radar. Tests of this system were limited because it is not yet approved
by the Federal Communications Commission (FCC) for use in the United States.

The radar beam can be configured to meet the requirements of different mining
equipment. The width and depth of the four zones within the beam can be adjusted to
accommodate unique shapes for the detection zone. For example, on larger trucks, it
is important to detect objects near the radar and inside the rear dual tires. But it is also
important to detect objects immediately behind the rear tires, requiring a widening of
the beam after the tires are cleared. This is a challenging requirement and the ability to
shape the radar beam was unique to this system.

Tests were conducted at Phelps Dodge Morenci, Inc., on a Caterpil