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Abstract

Given the recent focus on powered haulage incidents within the US mining sector, an appraisal of collision avoidance/warning
systems (CXSs) through the lens of the available research literature is timely. This paper describes a rapid review that identi-
fies, characterizes, and classifies the research literature to evaluate the maturity of CXS technology through the application
of a Technology Readiness Assessment. Systematic search methods were applied to three electronic databases, and relevant
articles were identified through the application of inclusion and exclusion criteria. Sixty-four articles from 2000 to 2020 met
these criteria and were categorized into seven CXS technology categories. Review and assessment of the articles indicates
that much of the literature-based evidence for CXS technology lies within lower levels of maturity (i.e., components and pro-
totypes tested under laboratory conditions and in relevant environments). However, less evidence exists for CXS technology
at higher levels of maturity (i.e., complete systems evaluated within operational environments) despite the existence of com-
mercial products in the marketplace. This lack of evidence at higher maturity levels within the scientific literature highlights
the need for systematic peer-reviewed research to evaluate the performance of CXS technologies and demonstrate the efficacy
of prototypes or commercial products, which could be fostered by more collaboration between academia, research institutions,
manufacturers, and mining companies. Additionally, results of the review reveal that most of the literature relevant to CXS
technologies is focused on vehicle-to-vehicle interactions. However, this contrasts with haul truck fatal accident statistics that
indicate that most haul truck fatal accidents are due to vehicle-to-environment interactions (e.g., traveling through a berm).
Lastly, the relatively small amount of literature and segmented nature of the included studies suggests that there is a need for
incremental progress or more stepwise research that would facilitate the improvement of CXS technologies over time. This
progression over time could be achieved through continued long-term interest and support for CXS technology research.
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1 Introduction the greatest number of fatalities each year. In fact, powered-

haulage-related incidents accounted for 50% (14 of 28) of

Within the US mining sector, accidents involving powered
haulage continue to be one of the leading safety concerns for
mineworkers, and powered haulage regularly accounts for
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the fatalities in 2017 and 48% (13 of 27) of the fatalities in
2018 [1]. Powered haulage is one of 21 accident classifica-
tions defined by the US Mine Safety and Health Admin-
istration (MSHA) and includes haulage units of all types
such as rail cars, conveyor belts, belt feeders, service trucks,
and haulage trucks [2]. However, when looking closer at the
equipment type, mobile equipment, such as service trucks,
haul trucks, and front-end-loaders, account for most of the
incidents. Nearly 40% (10) of the 28 overall fatalities in 2017
involved mobile equipment [3]. Following the high number
of incidents in 2017, MSHA identified powered haulage as
a special safety initiative in 2018 that provided additional
resources for technical assistance and conducting awareness

@ Springer


http://orcid.org/0000-0002-4678-773X
http://crossmark.crossref.org/dialog/?doi=10.1007/s42461-022-00633-w&domain=pdf

1358

Mining, Metallurgy & Exploration (2022) 39:1357-1389

campaigns. Additionally, MSHA issued a request for infor-
mation (RFI, Docket No. MSHA-2018-0016) in June of
2018 from mining industry stakeholders and community
members on developing best practices, training materials,
policy and procedures, technological improvements, and any
other information for improving miner safety in and around
mobile equipment. In particular, MSHA sought information
on the role of engineering controls, such as CXS technolo-
gies, that would “enhance equipment operators’ ability to
see all areas near the machine, warn equipment operators of
potential collision hazards, [or] prevent equipment operators
from driving over a high wall or dump point” [3].

In response to MSHA’s RFI, mining sector stakehold-
ers shared their own site-specific advancements, success
stories, and methods for reducing collisions. These ranged
from basic devices, such as mirrors, flashing lights, and
high-visibility flags, to highly advanced collision avoidance
systems that actively take control and stop a haul truck if an
imminent collision is detected. Stakeholders also empha-
sized the need for increasing operator situational awareness,
improving training, and improving communication between
operators and other workers [4]. As a result of this stake-
holder feedback, MSHA published additional guidance on
powered haulage collision prevention and provided access
to newly developed training materials, including safety fly-
ers and best practices [5]. Additionally, MSHA highlighted
CXS technologies as a potential solution to reduce the risk
of powered haulage collisions at mine sites after analyzing
fatal accidents at US surface operations from 2003 to 2018.
The analysis concluded that 21 accidents resulting in 23
fatalities could have been prevented by CXS technology [6].

While there is evidence to suggest that CXS technolo-
gies can help to prevent haul-truck-related collisions, less
is known about the current state of the technology: what
type of testing and evaluation has been done, what type of
interactions is the technology focused on preventing, and
what is the overall direction of CXS technology research.
To help characterize the current state of CXS technologies,
this paper will provide a literature-based review of the work
that has been done from 2000 to 2020 to evaluate the per-
formance of CXS technologies in the surface mining envi-
ronment through the application of a Technology Readiness
Assessment (TRA).

1.1 Technology Readiness Assessment (TRA)

A TRA provides a framework that can be used to assess the
maturity of technologies in terms of the degree to which
those technologies have been demonstrated to successfully
operate under the range of conditions encountered during
use. By providing an objective measure of the maturity of
a technology, such an assessment gives a basis for mak-
ing decisions about acquisition, product development, and
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research priorities. To perform a TRA, a clearly defined
measure of maturity is needed. A frequently used scale for
these assessments is the Technology Readiness Level (TRL),
a nine-point scale that defines maturity from conceptualiza-
tion to a fully mature, field-deployed technology.

The TRL scale was developed by the National Aeronaut-
ics and Space Administration (NASA) in the 1980s [7, 8]
and has been subsequently modified and adopted by several
other organizations, including the United States Department
of Defense (DOD), the US Department of Energy (DOE),
and the European Space Agency [9-11]. The TRL metric
was used for this study because it provides an independ-
ent assessment regardless of a product’s development stage.
Other methods, such as development lifecycle manage-
ment and product lifecycle management, depend on tracked
progress that is not conducive for a snapshot assessment
[12-14].

Another key advantage of the TRL metric is that it pro-
vides a common language with which the technology sta-
tus can be clearly communicated. By allowing technology
developers, users, industry regulators, and researchers to
easily see the degree to which a specific technology has been
proven, the TRL metric gives a means of better recognizing
the risks associated with technology transition. In this case,
the TRL gives a consistent and objective means of present-
ing whether a technology has been successfully evaluated
through laboratory tests, field tests, or deployments of com-
mercialized systems.

1.2 Collision Avoidance/Warning Systems (CXSs)

CXSs are technological systems designed to detect objects,
warn operators, and/or automatically take action to prevent
and mitigate collision accidents involving mobile equipment.
For surface mining operations, CXSs are typically installed
on powered haulage equipment, such as haul trucks, where
their operation carries a significant risk of collision with
something in the environment, another vehicle, or a per-
son on the ground. Most commercially available CXSs are
designed to detect objects around the vehicle, especially
in blind spots, and inform the vehicle operator and other
involved persons at risk. Some CXSs are stand-alone and
rely solely on information obtained through sensors installed
on the host vehicle, while other CXSs communicate informa-
tion between the host vehicle and other connected devices,
vehicles, and infrastructure. Systems that communicate
with other devices in ad hoc networks are more generally
described as vehicle-to-everything (V2X).

CXSs employed at surface mining operations are avail-
able as standard and optional equipment from original equip-
ment manufacturers (OEMs). Systems can also be added
to existing equipment by OEMs and aftermarket integra-
tors. These CXSs may include one or more technologies.
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Technologies include single-, multiple-, and 360-degree-
view cameras for detection and viewing blind areas sur-
rounding equipment. Global Navigation Satellite System
(GNSS) receivers can be integrated for tracking vehicle and
hazard positions, path prediction, and enforcing geofenced
exclusion zones. Radio Detection and Ranging (RADAR)
and Light Detection and Ranging (LiDAR) sensors are also
commonly employed to detect and discern the presence of
personnel and objects near the equipment. CXSs may also
include electromagnetic or radio frequency tags for detect-
ing and tracking object positions. Tag-based CXSs utilize
received signal strength or time of flight to determine the
distance between a transmitter and a receiver or between a
pair of transceivers, which are mounted on the vehicles or
worn by people. Therefore, tag-based CSXs are only able to
track objects with an appropriate tag.

Whatever the underlying technologies, CXSs are intended
to prevent and mitigate mobile equipment accidents. CXSs
are typically intended to prevent accidents involving a loss
of situational awareness or failure to recognize hazards that
can result in a loss of control and potentially harmful vehicle
interactions with personnel, other equipment, and the envi-
ronment [15]. However, there currently is not a single system
or technology suitable for all operations and conditions [16].
A robust integration of CXS technology can afford a greater
level of protection for people, equipment, and infrastructure
from unwanted interactions. However, technology cannot
completely defeat the risk for collisions [17].

2 Objective

The objective of this study is to provide a review of the
published scientific literature related to collision avoidance
and warning systems (CXSs) and technologies in the surface
mining environment and assess their current level of matu-
rity. This review specifically focuses on CXSs designed to
prevent or mitigate collisions related to haul trucks.

3 Methodology

A rapid review methodology was selected for the search and
appraisal of existing research on CXSs and technologies. By
using elements of a full systematic review, a rapid review
provides a rigorous method for assessing existing literature
while reducing the overall scope of the review process by
allowing concessions such as focusing the research question,
limiting search strategies, and/or performing less sophisti-
cated analysis [18]. This study utilized a rapid review strat-
egy using a Search, Appraisal, Synthesis, and Analysis
(SALSA) framework [19]. The steps for the rapid review
included the following: (1) Search, a systematic search of

three databases; (2) Appraisal, selection of relevant studies
using inclusion and exclusion criteria and grouping by tech-
nology category; (3) Synthesis, extraction of relevant data
from articles including variables such as study type, testing
methods, and metrics tested; and (4) Analysis, an analysis
of the progression and state of CXS technology maturity
through the application of a Technology Readiness Assess-
ment (TRA).

3.1 Search (Systematic Search of Electronic
Databases)

Three electronic databases (i.e., Compendex, Scopus, and
OneMine) were searched using a keyword search strategy
with Boolean logic. The strategy predominantly consisted
of three groups of keywords connected by “AND” Boolean
operators with keywords within each group combined by
“OR” Boolean operators. The first group included the terms
“collision” OR “proximity” to identify articles related to
collision concerns. The second group of keywords con-
sisted of terms specific to the mining domain to limit the
results to mining-related work (e.g., “mining equipment,”’
“haul truck,” “mine truck,” “mine,” “mining”). The third
group consisted of terms related to CXS technologies and/
or sensors (e.g., “collision avoidance,” “collision warning,”
“object detection,” “radar,” “GPS,” “camera,” “tag”). Cer-
tain keywords, such as “data mining” and “landmine,” were
excluded from the search strategy using “NOT” operators to
reduce the number of nonrelevant articles returned.

The specific keywords chosen to be included or excluded
in the search strategy were first selected by the authorship
team and then refined through several iterations and tests
of the search that included a brief review of the search
results. For example, early search strategies returned many
articles related to military landmines. Further refinement
in strategy led to the exclusion of the term “landmine.” In
another example, variants of keywords such as “GPS” were
also discovered through iterative testing, which led to the
inclusion of terms such as “global positioning” and “global
navigation.”

The search tools and capabilities for each database varied
slightly (e.g., allowing the use of certain Boolean operators,
truncation, wildcard operators, or other parameters). There-
fore, the search string and operators were customized for
each database as shown in Table 1. Parameters were also set
to extract articles written in English between 2000 and 2020
and articles identified as peer-reviewed articles, conference
proceedings, and government agency publications. Addition-
ally, the search was limited to the title, abstract, and keyword
registry of each article. In the case of the OneMine database,
the search strategy did not include mining domain keywords
such as “mine” or “mine truck” because the database itself
is specific to the mining sector.
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Table 1 Search strategy and record of returned articles

Database

Strategy

Records

Scopus

Compendex

OneMine

( TITLE-ABS-KEY ( "collision*") OR TITLE-ABS-KEY (
"proximity")) AND ( TITLE-ABS-KEY ( "mining equip-
ment") OR TITLE-ABS-KEY ( "mine equipment") OR
TITLE-ABS-KEY ( "haul truck*") OR TITLE-ABS-KEY (
"mine truck*") OR TITLE-ABS-KEY ( "mine") OR TITLE-
ABS-KEY ( "mines") OR TITLE-ABS-KEY ( "mining")

OR TITLE-ABS-KEY ( "miner")) AND ( TITLE-ABS-KEY
( "collision avoidance") OR TITLE-ABS-KEY ( "collision
warning*") OR TITLE-ABS-KEY ( "proximity detection")
OR TITLE-ABS-KEY ( "object detection") OR TITLE-ABS-
KEY ( "radar") OR TITLE-ABS-KEY ( "gps") OR TITLE-
ABS-KEY ( "global positioning") OR TITLE-ABS-KEY (
"gnss") OR TITLE-ABS-KEY ( "global navigation system*")
OR TITLE-ABS-KEY ( "detection and ranging") OR TITLE-
ABS-KEY ( "lidar") OR TITLE-ABS-KEY ( "ladar") OR
TITLE-ABS-KEY ( "electromagnetic") OR TITLE-ABS-
KEY ( "camera*") OR TITLE-ABS-KEY ( "vision") OR
TITLE-ABS-KEY ( "ultra-wideband") OR TITLE-ABS-KEY
("v2x") OR TITLE-ABS-KEY ( "v2v") OR TITLE-ABS-
KEY ( "rfid") OR TITLE-ABS-KEY ( "tag") OR TITLE-
ABS-KEY ( "ad-hoc")) AND NOT INDEXTERMS ( "data
mining") AND NOT TITLE-ABS-KEY ( "landmine*") AND

PUBYEAR > 1999 AND ( LIMIT-TO ( DOCTYPE, "cp") OR
LIMIT-TO ( DOCTYPE, "ar") OR LIMIT-TO ( DOCTYPE,
"re") OR LIMIT-TO ( DOCTYPE, "ch") OR LIMIT-TO (
DOCTYPE, "sh") OR LIMIT-TO ( DOCTYPE, "bk") OR
LIMIT-TO ( DOCTYPE, "no")) AND ( LIMIT-TO ( LAN-
GUAGE, "English"))

(((collision*) OR (proximity)) WN KY)

AND (((mining equipment) OR (mine equipment) OR (haul
truck*) OR (mine truck®) OR (mining) OR (mine) OR
(mines) OR (miner)) WN KY) AND (((collision avoidance)
OR (collision warning*) OR ( proximity detection) OR (
object detection) OR (radar) OR (gps) OR (gnss) OR (global
navigation satellite system*) OR (global positioning) OR
(detection and ranging) OR (lidar) OR (ladar) OR (electro-
magnetic) OR (camera*) OR (vision) OR (ultra-wideband)
OR (V2X) OR (V2V) OR (RFID) OR (tag) OR (ad hoc)) WN
KY) NOT ({data mining} WN CV) NOT ((landmine*) WN
KY) AND ((2020 OR 2019 OR 2018 OR 2017 OR 2016 OR
2015 OR 2014 OR 2013 OR 2012 OR 2011 OR 2010 OR
2009 OR 2008 OR 2007 OR 2006 OR 2005 OR 2004 OR
2003 OR 2002 OR 2001 OR 2000) WN YR) AND (({ca} OR
{ja} OR {bk} OR {ch} OR {ds} OR {ip} OR {st}) WN DT)
AND ({english} WN LA)

( ("collision") | ( "proximity"))+ ( ( "collision avoidance") |
( "collision warning") | ( "proximity detection") | ( "object
detection") | ( "radar") | ("gps") | ( "gnss") | ( "global naviga-
tion satellite system") | ( "global positioning") | ( "detection
and ranging ") | ( "lidar") | ( "ladar") | ( "electromagnetic") |
( "camera") | ( "vision") | ( "ultra-wideband") | ( "V2X") | (
"V2V") | ("RFID") | ( "Tag") | ( "ad hoc"))

From 2000 to 2020 [entered in a separate field]

De-duplicated articles in EndNote

Remove older than 2000

Remove magazine articles and presentations

379 articles
-13 internal duplicates (identical articles returned within Scopus)

317 articles

- 10 internal duplicates (identical articles returned within Com-
pendex)

- 248 duplicate articles with Scopus results

86 articles

- 1 internal duplicate (identical articles returned within One-
Mine)

- 29 duplicate articles with Scopus and Compendex results

481
448
432
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The database search was done in series starting with
Scopus, then Compendex, and, lastly, OneMine. All
searches were run in the time span of March through April
2020. Records of the articles returned in each search were
imported into EndNote X9 reference management software.
The software was used to merge the citation records from
each database and remove any duplicate articles. After this
process, a total of 432 articles remained for further review.

3.2 Appraisal (Selection of Relevant Studies)

Inclusion and exclusion criteria were developed by the
authorship team to remove nonrelevant articles from fur-
ther analysis. The team first defined a general set of inclu-
sion criteria using the population, intervention, comparison,
outcome (PICO) framework [20]. The population/domain
of interest for this study was defined as surface mining
equipment at an operating mine site or at field/laboratory
test locations, with a focus on off-road haul trucks. The
intervention was defined as CXS ideation, implementation,
performance testing, or evaluation of effectiveness, includ-
ing any type of CXS-related technology such as cameras,
GNSS, LiDAR, RADAR, tag-based, and/or V2X. The com-
parison was defined as none (i.e., operating without the CXS
technology) or an alternative technology within the domain
of CXS. Lastly, the outcome was defined as a measurable
(i-e., quantitative or qualitative) reduction in surface mining
equipment collisions or characterization of CXS or technol-
ogy functionality, performance, reliability, or usability (e.g.,
false alarm rate).

Table 2 Included articles grouped by CXS technology

Additional inclusion and exclusion criteria were created
to further refine the selection of studies. The inclusion crite-
ria were set to include articles related to other heavy equip-
ment domains (e.g., construction), any articles using sensors
to avoid collision, and any articles related to traffic control or
interface design. However, to be included, all articles were
required to mention mining as an example or potential use
case. Exclusion criteria were set to exclude other types of
mining (e.g., data mining, underwater mining, mine fields),
on-road trucking, and any articles outside of the original
search parameters (e.g., date range, year, publication type)
that may have been included in the search results.

The inclusion and exclusion criteria were applied to the
432 articles from the search results to identify articles for fur-
ther review. Using EndNote X9 reference software, the titles
and abstracts of each article were independently screened and
coded by two reviewers. Articles that did not relate to CXS
or otherwise fell out of the scope of the inclusion criteria
were coded and placed into a grouping titled N/A (excluded).
Articles that met the inclusion criteria were grouped by CXS
technology category using a defined set of codes including
CAMERA, GNSS, RADAR, LiDAR, TAG, V2X, OTHER,
UNDERGROUND, and N/A as shown in Table 2.

3.3 Synthesis (Extraction of Relevant Data
from Articles)

In some cases, articles were assigned more than one code.
Once all articles were independently coded, the reviewers met
to resolve any disagreements about inclusion. A third reviewer

Code Definition Total
CAMERA Camera used as sensor (any spectrum, e.g., Infrared, Ultraviolet) or as viewing device (e.g., backup camera and 360 13
view)
GNSS Includes Global Navigation Satellite System (GNSS) and Global Positioning System (GPS) 25
RADAR Radio Detection and Ranging (any spectrum, e.g., ultra-wideband) 23
LiDAR Light Detection and Ranging (LiDAR) and Laser Detection and Ranging (LADAR) 4
TAG All tag-based systems. Radio-frequency identification (RFID), Electromagnetic Field, Bluetooth, ZigBee 18
Vv2X All networking, Ad Hoc, Vehicle-to-Vehicle (V2V), Centralized Networking 21
OTHER Work that is chiefly focused on improvements to CXS related algorithms, software, simulations, modeling, or underly- 27
ing capabilities
UNDER- Study takes place underground or on underground mining equipment. Does not specify surface mining as a use case 81
GROUND
(excluded)
N/A (excluded) Any paper that does not relate to CXS or otherwise falls outside the scope of the inclusion 268
Total from search 432
Total excluded 349
Total included 83

In some cases, articles were assigned more than one code. Total included reflects the number of articles from the search results minus the num-

ber coded as UNDERGROUND and N/A (excluded)
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was utilized to ensure the application of inclusion and exclu-
sion criteria was consistent between researchers and to serve as
a tiebreaker if consensus could not be reached. After the initial
coding, the review team decided to exclude all articles coded as
UNDERGROUND. In many cases, it was unclear if the under-
ground technologies could be applied to the surface mining
environment and review team did not want to mischaracterize
the findings of these articles since the focus of this effort was
surface mining only. After the meetings and removal of the
underground articles, 83 articles remained for the review.

Table 3 Coding definitions used for test type

After the selection process was complete, a second
review was conducted to extract and classify relevant data
from the articles for further consideration under the TRA
phase. A member of the authorship team was assigned as
primary reviewer for each of the coded technology groups
(e.g., CAMERA, GNSS, LiDAR). This review, by the
primary reviewer, included reading the full text of each
article in detail, providing a narrative summary for each
article, and identifying variables of interest including the
testing type (Table 3), CXS type (Table 4), interaction

Code Definition

Functional Testing
supposed to do?)

Analytical Testing

The technology is tested against basic design requirements or specifications (i.e., does it work? does it do what it is

The technology is evaluated or analyzed using analytical techniques (e.g., simulation testing) to forecast potential out-

comes based on possible variations of project or environmental variables and their relationships with other variables

Performance Testing

The technology is tested to determine performance characteristics (i.e., accuracy, detection rate, and range). The tech-

nology is tested to evaluate the degree to which a test item accomplishes designated functions within given constraints

of time and other resources
Reliability Testing
Usability Testing

The technology is tested to determine ruggedness or performance over time in the intended environment
The technology is evaluated to determine the ease of use through observation or feedback from users

Table 4 Coding definitions used for CXS type

Code Definition

Component Sensor or components that attempt to aggregate raw data, delineate objects of interest, and generate context of information relative
to vehicle [This definition is used to code papers that are not testing full systems with overall control types/objectives.]

Awareness
of the equipment:
e Provides enhanced situational awareness
e Provides context of the situation to the operator
e Where is it?
e What is it?
e How far away is it?
o What is its heading?
e How fast is it going?
e Supports visual confirmation for the operator
Warning
the corrective action required:
e Determines an imminent threat of collision

e Provides a specific instruction to the operator to intervene

Avoidance

Technologies that provide information to enhance the operator’s ability to observe and understand potential hazards in the vicinity

Technologies that provide alarms and/or instruction to enhance the operator’s ability to predict a potential unsafe interaction and

Technologies that automatically intervene and take some form of equipment control to prevent or mitigate an unsafe interaction:
o Provides a specific instruction to the machine to intervene

e Machine assesses the instruction in relation to other contributing factors, then intervenes

Table 5 Coding definitions used
for interaction type

Code

Definition

Vehicle-environment interaction

Vehicle-person interaction

Vehicle-vehicle interaction

Operator loses control or otherwise drives vehicle into an
environmental hazard (e.g., large rock, berm, into pond, tips
over)

Vehicle has a collision with a pedestrian

Vehicle has a collision with another vehicle
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Table 6 Coding definitions used for metrics tested

Code Definition

None No testing or metrics measured
Measurement accuracy
Sensor/network performance
System function

Detection reliability
Qualitative assessment
Classification accuracy

Component reliability

Comparison of reported position values to known or ground truth values

Determining maximum range of sensor. Evaluation or testing of network performance or radio signal propagation
Pass or fail of system design specifications or expected outcomes

False alarm rates, nuisance alarms, missed events. Evaluation of system ability to detect object or report events
Operator impressions or feedback from subject matter experts

Ability to identify types of objects, shapes, or equipment

Evaluation of the ruggedness or dependability of components under specified conditions over time

type (Table 5), and metrics tested (Table 6). The extracted
data were entered into an Excel spreadsheet accessible by
all review team members. For each article, the primary
reviewer also assigned a TRL rating (as described in the
next section of this paper). Once the review of all articles
was complete, the team met through a series of teleconfer-
ences to discuss the primary reviewer’s findings and ensure
consistency in the team’s interpretation of and application
of the inclusion and exclusion criteria and the TRL defini-
tions. In some cases, the full text review revealed additional
details that led to the exclusion of the article (e.g., not appli-
cable to CXS or mining). In cases where the full text was
not available, the article was excluded from further review.
After these additional exclusions, 64 articles remained for
the final analysis.

3.4 Analysis (Application of Technology Readiness
Assessment)

The extracted data from each article were used as evi-
dence during the TRA and for the assignment of a final
TRL to the CXS technologies described in each article.
Mining-specific TRL definitions developed by Carr [21],
as shown in Table 7, were utilized to ensure that the CXS
technologies were being evaluated with respect to the min-
ing domain. The mining-specific TRL definitions take into
consideration factors such as the progression of technology
(i.e., concept, component, prototype, operational system)
and the environment in which testing occurred (i.e., ana-
lytical, laboratory, relevant environment, operating mine
site). To assign final TRL ratings to each article, all team
members met via a series of teleconferences to discuss
pertinent information regarding each article and to ensure
consistency in the reading and interpretation of the TRL
definitions. The preliminary TRLs assigned in the data
extraction phase were then either confirmed or modified
based on the team’s teleconference review. A final TRL

rating required consensus by a minimum of three of the
review team members.

4 Results
4.1 Articles Selected for Inclusion

As shown in Fig. 1, the initial search of the three elec-
tronic databases (Compendex, Scopus, and OneMine)
resulted in 432 articles once all duplicate articles were
excluded. After applying inclusion/exclusion criteria, title
and abstract reviews, and full-text reviews, the number of
articles remaining was reduced to 64—or approximately
14.8% of the initial search results. However, several arti-
cles were assigned to two or more technology groups in
cases where multiple CXS technologies were discussed
within the article. This resulted in a total of 97 cases
included for analysis.

4.2 General Characteristics of CXS Found Within
Included Articles

As shown in Table 8, a relatively large portion consisting
of 38 (39%) of the 97 articles were solely focused on CXS
designed to prevent vehicle-vehicle interactions. Another
large portion consisting of 21 (22%) sought to provide
solutions for “All” types of interactions between the vehi-
cle, environment, and person. Notably, vehicle-vehicle
interactions are represented in 83 (85%) of the cases (i.e.,
all technology categories except vehicle-person and vehi-
cle-environment). In contrast, a relatively small portion
consisting of 11 (11%) of the CXS were solely focused
on vehicle-person interactions. An even smaller portion
consisting of 3 (3%) of the CXS were solely focused
on vehicle-environment interactions. All CXS technol-
ogy categories (e.g., CAMERA, GNSS, LiDAR) were
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Table7 NASA, DOD, and

mining-specific TRL definitions

[21]

Scopus

NASA Definition DOD Definition Mining-specific Definition
Actual system proven
. through successful use in
Actual system “flight Actual system proven . g - .
" . active mining operations
TRL9 | proven” through successful through successful mission
mission operations operations under the range of
P P conditions expected to be
encountered in use
Actual system completed
and “flight qualified” Actual system completed Actual system completed
TRL8 | through test and and qualified through test and demonstrated through
demonstration (ground or and demonstration field tests
space)
System prototype
System prototype System prototype L
L L demonstrationin a
TRL7 | demonstration in a space demonstration in an . .
. . . representative operating
environment operational environment .
mine
System/subsystem model or
4 / ¥ L System/subsystem model or | System/subsystem model or
prototype demonstration in L .
TRL6 . prototype demonstration in | prototype demonstrated in a
a relevant environment . -
a relevant environment relevant environment
(ground or space)

Component and/or
breadboard validation in
relevant environment

Component and/or
breadboard validation in
relevant environment

Component and/or
breadboard validation in
relevant environment

Component and/or
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Fig. 1 Flow diagram showing number of articles at each stage of the review. Note: The total of 97 final cases includes articles that were coded
into two or more technology categories
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represented in the vehicle-vehicle interaction category. In
comparison, vehicle-environment interactions were only
associated with “Other” and “RADAR” technologies.
Table 9 shows CXS system type. A large portion con-
sisting of 47 (48%) of the articles involved testing or
evaluation of CXS component-level technology (e.g.,
sensors, data aggregation, algorithm optimization)
rather than fully developed systems. After that, the most
common type of CXS within the articles was “Warning”
systems (i.e., technologies that provide alarms and/or
instruction to enhance the operator’s ability to predict a
potentially unsafe interaction and the corrective action
required). Warning type systems accounted for 36 (37%)

Table 8 Collision interaction type cross-tabulated by technology category

of the CXS within the articles, while Avoidance and
Awareness type systems accounted for only 10 (10%)
and 4 (4%) of the CXS, respectively.

When looking at the type of testing done on the CXS,
Table 10 shows that a large portion consisting of 33 (34%)
of the articles were focused on “Performance” testing (i.e.,
where the technology is tested to evaluate the degree to
which it accomplishes designated functions within given
constraints of time or other resources). Another large por-
tion consisting of 26 (27%) of the articles were focused on
“Functional” testing (i.e., Does it work? Does it do what it
is supposed to do?). However, 27 (28%) articles conducted
“No testing.” In these cases, the CXS were often discussed

Technology category
Interaction type CAMERA GNSS LiDAR OTHER RADAR TAG V2X Grand total
Vehicle-vehicle 6 7 2 10 4 2 7 38
All 10 2 2 6 1 21
Vehicle-vehicle and vehicle-environment 2 2 1 3 4 1 3 16
Vehicle-person 1 2 4 1 11
Vehicle-vehicle and vehicle-person 2 1 4 1 8
Vehicle-environment 2 1 3
Grand total 12 20 3 19 17 14 12 97
Table9 CXS system type Technology category
cross-tabulated by technology
category CXS system type  CAMERA GNSS LiDAR OTHER RADAR TAG V2X Grand total
Component 5 9 3 14 5 5 6 47
Warning 4 8 3 8 7 6 36
Avoidance 2 1 2 10
Awareness 1 2 1 4
Grand total 12 20 3 19 17 14 12 97
Table 10 Test type cross-tabulated by technology category
Technology category
Test type CAMERA GNSS LiDAR OTHER RADAR TAG V2X Grand total
Performance 10 2 6 2 7 4 33
No testing done 5 5 5 6 2 27
Functional 3 1 4 7 3 4 26
Analytical 1 2 2 5
Usability 1 2 3
Functional/reliability/usability 1 1 2
Usability/functional 1
Grand total 12 20 3 19 17 14 12 97
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Table 11 Metrics collected and
cross-tabulated by technology

Technology category

category Metric tested

CAMERA GNSS LiDAR OTHER RADAR TAG V2X Grand total

None
Measurement accuracy
Sensor/network performance

System function

—_ N = = W

Detection reliability
Qualitative assessment
Classification accuracy 1
Component reliability 1
Grand total 12

5 5 6 2 27
9 2 2 20
2 2 5 4 14
1 1 5 2 2 13
7 2 1 13
3 3 1 1 8
1 2
1 2
20 3 19 18 15 12 99%

“Two instances tested more than one metric type

conceptually, within technology frameworks, or for use
in potential/future applications. In contrast to these first
three categories of testing, a relatively small number of
articles were focused on “Analytical,” “Usability,” and/or
“Reliability” testing of CXS (see Table 3 for definitions
of these test types).

In terms of the metrics collected (i.e., variables meas-
ured) during testing, Table 11 shows that many of the
articles focused on “Measurement accuracy,” “Sensor/net-
work performance,” “System function,” and “Detection
reliability.” A smaller portion of the articles focused on
“Qualitative assessment,” while only two articles focused
on “Classification accuracy,” and two focused on “Com-
ponent reliability.” Note that “None” accounted for 27
articles, which coincides with the “No testing done” clas-
sification shown in Table 10.

4.3 Technology Readiness Assessment Results

The assigned TRLs for all articles are shown graphically in
Fig. 2 by the publication date (year) of the article. A large
portion of the coded articles were assigned TRLs in the
range of 2 to 4, which are defined as early levels of technol-
ogy maturity, such as technology concept formulation (level
2), proof of concept (level 3), or component testing in a labo-
ratory environment (level 4). Another large portion of the
articles were assigned TRLs ranging from 5 to 6, which are
defined as moderate levels of technology maturity, such as
component validation in a relevant environment (level 5) or
system/prototype validation in a relevant environment (level
6). However, a relatively small portion of the articles were
assigned TRLs ranging from 7 to 9, which are defined as
high levels of technology maturity, such as system/prototype

Fig.2 TRLs assigned for all
articles by publication date 9 1 1
(year)
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Fig.3 TRLs assigned for cam-
era-based technology articles by
publication date (year)

TRL

HE Y

2000 2002

demonstration in an operational environment (level 7),
actual system completed and qualified through test and
demonstration (level 8), or actual system proven through
successful mission operations (level 9).

4.3.1 Camera-Based CXSs

The assigned TRLs for camera-based articles are shown
in Fig. 3. Notably, none of the articles included within
the review described operator awareness systems such as
rear- and side-view video systems (e.g., backup cameras,
side-view cameras, “360” cameras) installed on haul
trucks. Rather, the majority of these articles described
systems utilizing “computer vision” (e.g., pattern rec-
ognition, photogrammetry, videogrammetry, artificial

Fig.4 TRLs assigned for
GNSS-based technology articles
by publication date (year)

TRL

2004

T T T T T T T T T i T T T T T 1

2006 2008 2010 2012 2014 2016 2018 2020

Date of Publication (Year)

intelligence) to detect persons entering a predefined zone
near fixed machinery [22], recognize objects of various
configurations [23], and detect persons near a working
excavator [24]. Most of these camera-based “computer
vision” technology articles were assigned a TRL of 2 to
4, indicating lower levels of maturity. However, in con-
trast, the highest TRL assigned to a camera-based tech-
nology article was an 8. This article described a com-
mercially available operator awareness camera system
for cable shovels that is used in conjunction with radar
proximity sensors to aid the shovel operator in avoiding
collisions with haul trucks [25]. Overall, these results
may indicate lower levels of maturity for cameras used
as sensors, while cameras used as operator aids are at
higher levels of maturity.

1 T T T T
2000 2002

2004 2006

2008 2010 2012 2014 2016 2018 2020

Date of Publication (Year)
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4.3.2 GNSS-Based CXSs

As shown in Fig. 4, most GNSS-based articles were
assigned a TRL within the range of 2 to 4, indicating
that much of the research on GNSS-based technology is
being done within laboratory conditions rather than in
relevant or operating environments. Many of these arti-
cles focused on incremental improvements to GNSS tech-
nology, such as identifying the best location for antenna
placement on large mining vehicles [26], reducing errors
with the use of algorithms [27], or combining GNSS data
with ground-based data for improved positioning [28,
29]. Most of the remaining articles were assigned TRLs
of 5 to 6. These articles typically evaluated GNSS sys-
tems in relevant environments such as mine sites with
only one article published recently [30]. However, none
of the articles were assigned TRLs of 7 or 8, indicat-
ing that very little testing has been done or reported for
complete GNSS systems in operational environments.
However, one article received the highest TRL rating of
a 9 for the evaluation of a commercially available system
that is widely used at multiple mine sites [31]; this was
the only 9 in the entire dataset.

4.3.3 RADAR-Based CXSs

As shown in Fig. 5, a series of RADAR-based articles
were assigned TRLs of 2 from 2007 to 2011. Many of
these articles offer descriptions of how radar-based tech-
nology could be applied to the mining environment. For
example, one article described a framework for research
in this area going forward [32], while another article

Fig.5 TRLs assigned for
RADAR-based technology arti- 9 1
cles by publication date (year)

TRL

described the design and limitations of radar-based sys-
tems but did not report any field testing [33]. In other
cases, articles described radar-based technologies used in
fundamentally different applications, such as on a stack-
ing conveyor or ship loader, but still within the domain
of mining and collision avoidance [34]. A large portion
of the radar-based articles represented progressive work
completed by Todd Ruff of the NIOSH Mining Program.
These articles were published between 2000 and 2007
and span from a TRL of 2 to 7. The work began as con-
ceptual and prototype testing in a laboratory and com-
pleted with the testing of commercially available and
prototype systems at an operating mine site [35-42].
The highest assigned TRL for a RADAR-based article
is an 8; this article describes a commercially available
RADAR-based collision avoidance system for electric
rope shovels designed to reduce impacts of the rope
shovel with itself, haul trucks, and the environment [43].
No additional publications about RADAR-based CSXs
were identified after 2014.

4.3.4 LiDAR-Based CXSs

The assigned TRLs for LiDAR-based articles are shown
in Fig. 6. A relatively small amount of literature was
found by this study’s search strategy related to LiDAR-
based collision avoidance technologies within the mining
sector. Only three articles were selected for inclusion.
None of these articles described applications of LiDAR
technology onboard haul trucks but rather on other
equipment found within the mining environment such as
electric rope shovels [44], bucketwheel excavators [45],

1 T T T T
2000 2002
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Fig.6 TRLs assigned for
LiDAR-based technology arti- 9 1
cles by publication ate (year)

TRL

Fig.7 TRLs assigned for tag-
based technology articles by 9 A
publication date

TRL

1 4+—

2000 2002 2004 2006 2008 2010 2012 2014 2016

2018 2020

Date of Publication (Year)

2000

and front-end loaders [46]. The highest TRL assigned
to a LiDAR-based technology article was 4, indicating a
lower level of technology maturity.

4.3.5 TAG-Based CXSs

As shown in Fig. 7, all included tag-based articles were
assigned a TRL of 6 or below. These articles appear to
fall into two groups. The first set of articles, from 2000 to
2006, have TRLs from 2 to 6 and capture much of the early
CXS development for the mining industry. Some articles
are more focused on tag-based technology specifically for
surface mining applications [39], while others are focused
on underground systems that may be adapted for surface

2002 2004 2006

2008 2010 2012 2014 2016 2018 2020
Date of Publication (Year)

mining [47]. The second group of articles appear to pro-
gress in maturity from 2009 to 2017 but are generally pro-
duced by different authors and describe different systems.
However, in general, these articles tend to describe more
integrated multi-sensor systems that appear to be progress-
ing in complexity over time [30, 48].

4.3.6 V2X-Based CXSs

As shown in Fig. 8, an early wave of V2X-based articles
was published between 2002 and 2003. These articles
involved the development and testing of prototype prox-
imity warning systems utilizing V2X technology with
GPS data to provide peer-to-peer positioning information
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Fig.8 TRLs assigned for V2X-
based technology articles by 9 1
publication date
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between mining vehicles to avoid collisions and hazards
with known coordinates, such as dump edges [49-51].
These articles provided functional demonstrations of
the technology and concluded that these types of sys-
tems could work within the mining environment. How-
ever, based on the available literature, it is unclear if
these systems were further refined or adopted by mine
operators, OEMs, or equipment suppliers. Following this
initial grouping of articles, there appears to be a gap
in the literature from 2003 to 2009. However, a second
wave of articles was published between 2009 and 2017.
These articles focus on making improvements to various
aspects of V2X-based systems and describing progress
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in maturity through the time period. For example, Sab-
niveesu et al. [48] describe making improvements to net-
work reliability, Kaufman et al. [26] investigate the effect
of haul truck metallic frames on radio antenna propaga-
tion, and Virtanen and Jankkari [52] describe using V2X
technology to aid in positioning vehicles in GPS-denied
environments.

4.3.7 Other CXSs
As shown in Fig. 9, most of the articles within the “Other”

category were assigned TRLs of 2 to 4. The topics
covered within these articles include improvements to
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CXS-related algorithms, software, simulations, mod-
eling, or underlying capabilities. For example, articles
provided a concept or framework for how CXS capa-
bilities could be improved [53, 54], an overview of CXS
technologies used in robotics applications [55], or a
probabilistic method for predicting vehicle movements
[56]. More examples include improvements to guidance
algorithms for obstacle avoidance [57], computer mod-
eling of navigation strategies [58], and an evaluation of
a CXS user interface for a proximity and terrain mod-
eling system [59]. Two of the “Other” technology articles
were assigned TRLs in the range of 6 to 8. Both articles
provided a qualitative assessment of CXS efficacy by
field observations, gathering operator/user feedback, and
identifying potential human factors challenges associated
with CXSs [60, 61].

5 Discussion

The rapid review assessed the current state of CXS
research through the application of systematic search
methods and a Technology Readiness Assessment. Cod-
ing and categorization of relevant data from selected
articles revealed insights into the focus areas and poten-
tial gaps in current CXS research from 2000 to 2020.
However, it is important to note that this review only
included publicly available scientific sources, includ-
ing peer-reviewed journal articles, conference proceed-
ings, and government reports, primarily from academic
or government institutions, and does not include a good
representation of research done by private organizations
or commercial enterprises as this research is not gener-
ally published in the literature. The following sections
will discuss the findings and limitations of the review.

5.1 Focus Areas of CXS Research

The results of this literature review indicate that the focus
of CXS research has been on preventing vehicle-to-vehi-
cle collisions. While this indeed accounts for many of
the fatalities in the mining industry, vehicle-environment
and vehicle-person collisions are more prevalent [62,
63]. In an analysis of truck-related fatalities from 1995
through 2002, vehicle collisions accounted for 11% of the
89 fatalities, while pedestrian collisions were 28% and
environmental interactions (i.e., utility collisions, rollo-
vers) accounted for 50% [62]. A newer analysis look-
ing at fatalities from 2005 through 2018 found a similar
trend in accidents. Again, vehicle-vehicle collisions were
prevalent, but not the majority, accounting for only 9%
of the 91 haul-truck-related fatal accidents; pedestrian

collisions and environmental interactions (e.g., drove
off of a high wall) accounted for 15% and 54%, respec-
tively [63]. Interestingly, motor vehicle fatalities follow
an opposite trend, but there is a possible explanation for
this. The National Safety Council reported that in 2018,
vehicle-vehicle collisions accounted for 42% of all traf-
fic deaths and 72% of all motor vehicle accidents, while
pedestrian collisions only accounted for 19.5% of all
motor vehicle deaths [64]. But, similar to the mining-spe-
cific data, single-vehicle automotive crashes with fixed
objects, pedestrians, and non-collisions (e.g., rollovers)
accounted for a greater proportion of fatalities (55%) and
fatal crashes (57%) [65]. With a larger market share and
higher overall mortality and mobility impact, automotive
research and advances may drive some of the off-road
mining-specific technology availability. Nevertheless,
the accident statistics for the mining sector suggest that
there is an opportunity for CXS research to address a
potentially larger need in pedestrian collisions and other
single-vehicle accidents.

MSHA also identified the need to address vehicle-
environment interactions. Besides inadequate seatbelts
and vehicle-vehicle collisions, MSHA identified vehicle-
environment interactions as one of the top 3 contributing
factors to mobile equipment accidents. It found that 61
fatal accidents have occurred in the USA since 2007 that
involved mobile equipment, and 20 of those accidents
specifically involved bulldozer operators and haul truck
drivers falling over the edge of a high wall or dump point
at surface mines [3]. In the literature review, only 3% of
the articles were solely focused on vehicle-environment
interactions, 16% were focused on both vehicle-vehicle
and vehicle-environment interactions, and 22% were
related to “All” types of interactions between the vehicle,
environment, and person. Moving forward, more dedi-
cated research is needed on CXSs that detect vehicle-
environment interactions.

The results of this study also suggest that a larger
focus is being taken on warning systems as opposed to
awareness or avoidance. The lack of research on avoid-
ance systems may be due, in part, to the lack of regula-
tory action taken to mandate collision avoidance sys-
tems (i.e., automated control) at surface mine sites. As
an example, underground mines in the USA adopted col-
lision avoidance systems (i.e., proximity detection sys-
tems) on continuous mining machines after MSHA regu-
lations passed; however, in the absence of regulation,
many mine operators chose not to implement avoidance
systems on other mobile equipment within their mines
[63]. Additionally, development and testing of colli-
sion avoidance systems in the mining sector may also
have been limited due to the uncertainties surrounding
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the technology implementation in other sectors such as
the automotive market. There still is significant uncer-
tainty over the appropriateness of intermediate automa-
tion (e.g., automated systems that require a driver at the
wheel) [65], as well as concerns related to trust in these
systems for motor vehicles [66] and other mining vehi-
cles [67]. As more avoidance features become standard
in the automotive market, these problems may begin
to resolve. However, one major barrier to adoption of
avoidance systems in mining may be terminology. The
mining industry uses the idea of avoidance or complete
prevention of collision, whereas the automotive industry
uses the idea of limited mitigatory control in “collision-
imminent braking” [66]. As evidenced by the limited
studies and validation data, collision avoidance systems
still require additional development and testing.

The limited amount of collision awareness research is
far less clear. Situational awareness has been discussed
in the mining context for at least a decade [68]. Further-
more, warning and design principles suggest that context
can greatly improve an operator’s decision-making [69].
New research in automation and control also supports
the importance of awareness before warnings in the fact
that two-stage warnings are proving to be more effective
than just one-stage warnings [70]. However, given that
research on the importance of awareness technologies
and two-stage warnings is relatively new, it is possible
that research on awareness systems has not reached the
mining sector yet. Future work could be done to explic-
itly look at the awareness aspects of systems, how well
they improve operator situational awareness, and their
performance and maturity levels.

The results of this study also highlight the research
focus on component testing rather than full systems.
While component testing is appropriate and makes sense
for low technology maturity, as researchers explore the
development of specific sensors or applications, the
industry also has a strong need for independent system
validation. It is essential that CXSs are not only tested for
effectiveness in the laboratory, but also for effectiveness
in field implementation. The mining environment is far
less controlled and forgiving than a parking lot or empty
field. Something that may work well on pavement with
controlled boundaries and equipment may fail to perform
on a dirt roadway leaving the pit. It is imperative that the
limits of safety—critical systems such as CXSs are well-
understood to ensure that performance meets expecta-
tions and other controls are implemented as necessary.
More validation testing to characterize the performance

@ Springer

and reliability of these systems is critical. Though test-
ing is likely done by the manufacturers outside of the
scientific literature, independent validation can provide a
better understanding of true performance and limitations.

5.2 Technology Readiness

Although full systems exist on the market and some are
in use at operational mine sites, this literature review
does not generally reflect that, as there is a lack of TRLs
above 7 or 8. In fact, only 8% of the articles yielded a
TRL above 7, indicating a need for more robust test-
ing and reporting on complete system implementa-
tions in the scientific literature. This gap may be due
to limited systematic research on full systems, a lack of
collaboration(s) between research institutions and private
companies, or the proprietary nature of the work which
prevents publishing of results in peer-reviewed publica-
tions. Testing complete systems in relevant or operational
environments is critical to understanding how a technol-
ogy will work, helps to identify any unintended conse-
quences, and allows for improvements in human-centered
design [71]. However, the literature that is available on
technology implementation at operational mine sites is
often presented within non-peer-reviewed sources, such
as trade publications (e.g., magazines) or white papers.
These sources were excluded from this review as they
tend to serve more as product advertisements rather than
objective evaluations of system effectiveness and perfor-
mance. However, some known work also failed to appear
in the literature searches such as the Australian Coal
Industry’s Research Program (ACARP) project C26028
[72]. Increased promotion and publication of work done
by industry groups could improve industry knowledge.
Another possible explanation for the gap in higher
level TRLs is that industry may be waiting for a jump
to full automation rather than investing in operator aids.
Fully autonomous mining equipment and automated
mines are already deployed and progressively becom-
ing more available. For example, several mines in Aus-
tralia’s Pilbara region operate fleets of autonomous
surface mining haul trucks [73—75]. Though a move to
full automation could limit mine workers’ exposure to
dangerous situations and thus potentially decrease inju-
ries and fatalities, there is uncertainty about how long it
will take for full automation to be adopted by the mining
industry and the extent to which it will be adopted. As
the mining industry navigates the automation revolution,
continued CXS research would ensure improved safety
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of mine workers and provide a valuable safety solution
for situations that are not suitable for full automation.

Lastly, the results of the TRA indicate that there
appears to be a lack of a significant upward trend or
stepwise progression of the research and TRLs over time.
Though a small trend was noted in the tag-based tech-
nologies, this was generally not observed for CXSs as
a whole or within the other technologies. This lack of
research progression could be due to several different
issues. As mentioned previously, with respect to avoid-
ance systems, there has been limited regulatory pressure,
which could correspond to a lack of funding in the area.
This could also be due to leaps in technology, where sys-
tems become obsolete during testing and are abandoned.
In addition, it is possible that the technology was already
integrated into mines and either no further improvements
were made or improvements were made but kept propri-
etary. In general, for stepwise progression, there needs
to be a continued long-term interest and monitory sup-
port in the area from technology develops, researchers,
implementers, and regulators.

5.3 Limitations

With several iterations, including the refinement of
keyword terms and search strategy, the authorship team
attempted to capture as much relevant literature as pos-
sible. However, it is still possible that the authors’ chosen
keywords and search strategy did not capture all relevant
articles. For example, if an article only described a tech-
nology as a “backup alarm,” it is possible that terms like
“collision avoidance” or “proximity detection” would
not detect the article in this case. However, given the
large set of keywords used and the number of duplicate
articles returned from the three databases, the authors
feel confident that a representative amount of literature
was captured through the search strategy described in
Section 3.1.

The search was limited to peer-reviewed articles from
three electronic databases. Research or work documented
in other sources such as trade publications (e.g., maga-
zines), white papers, unpublished reports, dissertations,
and other “grey literature” were not included. However,
after a cursory review of the non-peer-reviewed literature
excluded from this review, the authors believe that these
sources likely would not have substantially influenced
the conclusions of this review.

No assessment of the research article quality was
done (e.g., quality of literature, rigorousness of meth-
odology, consistency of results, confounding factors,
potential biases, repeatability). However, it is likely
that the addition of a quality assessment of the litera-
ture would have resulted in the exclusion of even more
articles from the original search results. Given that the
number of included articles in this study is relatively
small, the authors believe that the application of a quality
assessment would only narrow the results of the review
and would not change the overall conclusion that more
research in this topic area is needed.

6 Conclusion

This review and search strategy yielded a relatively small
amount of peer-reviewed literature relevant to CXS tech-
nologies for surface mining haul trucks. This result is not
surprising given the relatively small size of the mining
sector and that CXS technologies remain to be proven
within the mining sector. However, the appraisal of arti-
cles included within the review, through the application
of the Technology Readiness Assessment (TRA), identi-
fies several gaps where additional research is needed.
First, the focus of CXS technologies on vehicle-vehicle
interactions may be misguided given that most haul-
truck-related fatalities are due to vehicle-environment
interactions (i.e., loss of control, rollover, or going over
a high wall). It may be beneficial for future research to
focus on vehicle-to-environment interactions to align
with the fatality and injury data. Secondly, the absence
of technology articles rated in the higher levels of matu-
rity indicate that there may be a need for more systematic
research on mature systems which is published in the
peer-reviewed literature and collaboration between aca-
demia, government research institutions, and industry to
evaluate the performance of CXS technologies. Lastly,
the segmented nature of the research studies indicates
that there is a need for more stepwise research in which
research can progressively improve over time. In several
cases, the technology reached a moderate level of matu-
rity (i.e., TRLs around 5 to 6), but it was unclear if the
technology was adopted by industry or if research con-
tinued. Overall, the mining sector may benefit from more
peer reviewed published work to evaluate CXS technolo-
gies, possibly through collaboration between the industry
and academia or research agencies.
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