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4 Definitions, Abbreviations and Symbols 

A-GPS - Assisted Global Positioning System 

Brake efficiency –  

the mean deceleration from the instant when 75% of the full brake retardation 

is reached to standstill expressed as a percentage of gravitational 

acceleration 

CAN - Controller Area Network 

CAT - Collision Avoidance Technology 

Technology or device/s that actively scan for other vehicles or personnel and 

take automatic action to render the equipment to a safe state (e.g. reversing 

radar with brake control). [1] 

CoE - Centre of Excellence 

CMS - Collision Management System 

A collective name for the preventative and mitigating controls that reduce the 

frequency of collision situations and the level of risk to as low as reasonably 

practicable/achievable [2] 

EMESRT - Earth Moving Equipment Safety Round Table 

GUI - Graphical User Interface 

GPS - Global Positioning System 

IMU - Inertial Measurement Unit 

Lidar - Light detection and ranging 

LO - Local object.  

“The interactor in the best position to avoid the interaction – generally the 

interactor with the highest energy. There is only one Local Object in any 

interaction and it must be capable of taking preventative action” [3] 

MABXII - MicroAutoBox II 

OEM - Original Equipment Manufacturer 

PAT - Proximity Awareness Technology 

Technologies that helps a vehicle or driver  to identify they are converging to 

another vehicle, person or infrastructure (e.g. reversing mirrors, flashing 

lights, reversing sirens). [1] 

PDT - Proximity Detection Technology 
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Technologies or devices that actively scan for other vehicles or personnel 

and warn of their presence. This technology does not automatically take 

action to prevent a collision (e.g. reversing camera with distance alarm, laser 

scanner, radar). [1] 

poi - point of impact 

PUE - Potential Unwanted Event 

Radar - Radio detection and ranging 

RO - Remote object.  

 “The „other‟ participant in the interaction, generally with limited preventative 

controls available” [3] 

TMM - Trackless Mobile Machinery 

WiFi - Wireless fidelity 

 

Symbols 

    - LO braking deceleration [m/s2] 

    - RO braking deceleration [m/s2] 

vLO - Velocity of LO in [m/s] 

vRO - Velocity of RO in [m/s] 

      - LO initial velocity in [m/s] 

      - RO initial velocity in [m/s] 

     - Relative velocity between the two objects (i.e. RO and LO) in [m/s] 

     - Driver reaction delay and the machine delay time in [s] 

        - LO operator and machine delay in [s] 

        - RO operator and machine delay in [s] 

X  - Buffer zone in [m] 

x - Distance between LO and RO at start locations in [m] 

     - CMS distance threshold in [m] 

xa - Distance from LO to L7 in [m] 

xLO - Distance between LO and point of impact in [m] 

xRO - Distance between RO and point of impact in [m] 

    - Sensing distance in [m] 

xs  - Distance between LO and RO when RO has stopped in [m] 

y - Lateral offset between LO and RO in [m] 

θ - Angle of intersection in [deg] 

θgrad - Gradient of slope in [deg] 

Δt - 1/refresh rate in [s]  
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5 Overall Project Summary 

 

WHAT WAS PLANNED 

FOR THE QUARTER? 

WHAT WAS 

ACHIEVED? 

REASONS FOR 

DEVIATION 

Draft final report Final report drafted  

Identify broad gaps between 

specifications and current 

technologies and institute a 

research/development 

programme to close the gaps. 

Gaps between minimum 

specifications and current 

technologies were identified 

and work to close gaps was 

proposed.  

This was not part of the 

approved proposal and was 

included as additional work 

to this project 

 

Assess the feasibility of 

manufacturing the collision 

management system locally 

An initial feasibility study of 

manufacturing the collision 

management system locally 

was conducted and 

presented. 

This was not part of the 

approved proposal and was 

included as additional work 

to this project 

 

Assess the feasibility of 

establishing an independent 

collision management testing 

facility locally. 

An initial feasibility study of 

establishing an 

independent collision 

management testing facility 

was conducted and 

presented. 

This was not part of the 

approved proposal and was 

included as additional work 

to this project 

 

 

6 Executive Summary for Milestone 

This milestone, Milestone 5, is the final report on the work done for project CoE150501. 

In this milestone, the simulation capability was extended to include a tool to determine 

the minimum specifications for the detection zones of the collision management system 

(CMS). These minimum specifications for the detection zones were implemented in a 

baseline CMS that was evaluated according to the proposed verification method using 

simulation and testing of the interaction scenarios proposed in Milestone 4b. 

Furthermore, gaps between specifications and current technologies were identified and 

a research/development programme is proposed to close the gaps. Initial feasibility 



CoE 150501 Project Milestone Report 

8 

 

studies of establishing an independent collision management testing facility and of 

manufacturing collision management systems locally are conducted and presented.   

 

7 Overall Project Aim and Objectives 

The aim of the project is to develop a framework that can be used to evaluate different 

collision management systems.  

 

This aim is to be achieved thought the following objectives.  

1. Develop standardised verification methods for collision management 

systems, based on a comprehensive set of interaction scenarios between 

machines (Vehicle to Vehicle interactions are of primary concern with regards to 

surface mining operations) to quantify the performance of collision management 

systems. This will be based on a literature review of collision management 

systems globally. 

Milestone addressing this objective: Milestone 2 

2. Establish a vehicle dynamics simulation capability suitable for predicting the 

performance of collision management systems. Use this capability to analyse 

the scenarios and determine specifications for warning, retarding and stopping 

technologies. 

Milestone addressing this objective: Milestone 3 

3. Acquire and commission state-of-the-art test equipment to establish objective 

test capability for evaluating collision management systems and vehicle 

dynamics. Evaluate the effectiveness of the technologies available on the 

market against the specifications set by establishing a pilot test facility and 

standard verification methods based on a combination of simulation and testing. 

Milestone addressing this objective: Milestone 4a and 4b 

 

The outcomes of this research will enable the objective evaluation of the effectiveness 

of existing systems in the following areas: 

 

 potential for reducing collisions 

 analysing collision scenarios 

 developing suitable intervention techniques 

 quantifying the performance of the intervention techniques  

 identifying shortcomings of intervention techniques in a simulation environment 
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 quantifying the performance of collision management systems through objective 

testing 

 reducing the risk and cost associated with prototype implementation on large 

equipment.  

 

The test equipment and test protocols will create a national capability, enabling in-situ 

field testing of collision management systems on mining equipment above ground. 
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8 Project Schedule and Gantt Chart 

 

MILESTONE ENABLING OUTPUT 
MILESTONE TIMELINES 

(mm/yy) 

   Start date End date 

1 Project initiation Briefed parties and approval of start-up presentation 12/15 03/16 

2 
Develop standardised verification 

methods 

Standardised verification methods for collision management systems, 

based on a comprehensive set of interaction scenarios between 

machines (Vehicle to Vehicle interactions are of primary concern with 

regards to surface mining operations) to quantify the performance of 

collision management systems. 

04/16 09/16 

3 
Establish vehicle dynamics 

simulation capability  

A vehicle dynamics simulation capability suitable for predicting the 

performance of collision management systems. Use this capability to 

analyse the scenarios and determine specifications for warning, 

retarding and stopping technologies. 

04/16 12/16 

4a Identify  test equipment  
List of test equipment capable of evaluating collision management 

systems and vehicle dynamics. 
04/16 07/16 

4b 
Acquire and commission test 

equipment 

Acquire and commission state-of-the-art test equipment to establish 

objective test capability for evaluating collision management systems 

and vehicle dynamics. Evaluate the effectiveness of the technologies 

available on the market against the specifications set by establishing a 

pilot test facility and standard verification methods based on a 

combination of simulation and testing. 

06/16 03/17 

5 Final Reporting 
Report documenting standardised verification methods, equipment 

specification and test reports  
03/17 06/17* 

6 Final report (approval) 
Approved final report by CoE Quick Win Projects Steering Committee 

03/17 06/17* 

* Original date was 04/17 

 



CoE 150501 Project Milestone Report 

11 

 

Project Gantt Chart 

    Task 
2016  
Feb 

2016 
Mar 

2016 
 Apr 

2016  
May 

2016  
Jun 

2016 
 Jul 

2016 
Aug 

2016 
Sep 

2016 
Oct 

2016 
Nov 

2016 
Dec 

2017 
Jan 

2017 
Feb 

                              

1.1 

M
ile

st
o

n
e

 1
 

Briefing of interested parties 
                      

  

1.2 Milestone 1 report 
                      

  

                              

2.1 

M
ile

st
o

n
e

 2
 Literature review                       

  

2.2 
Consultation with suppliers and developers of existing 
systems                       

  

2.3 Define interaction scenarios                       
  

2.4 Milestone 2 report                       
  

                              

3.1 

M
ile

st
o

n
e

 3
 

Develop suitable vehicle dynamics models                       
  

3.2 Develop suitable collision management system models                       
  

3.3 Analyse scenarios                       
  

3.4 Simulate critical scenarios                       
  

3.5 Predict performance of collision management systems            
  

3.6 Evaluate verification methods using simulation models            
  

3.7 Quantify performance requirements            
  

3.8 Determine specifications            
  

3.9 Milestone 3 report                       
  

4a.1 

M
ile

st
o

n
e

 4
a Identify test equipment 

           

  

4a.2 Develop equipment specification 
           

  

4a.3 Milestone 4a report 
           

  

 



CoE 150501 Project Milestone Report 

12 

 

 

 
 

Task 
2016 
 Jul 

2016 
Aug 

2016 
Sep 

2016 
Oct 

2016 
Nov 

2016 
Dec 

2017 
Jan 

2017 
Feb 

2017 
Mrt 

2017 
Apr 

2017 
May 

2017 
Jun 

2017 
Jul 

                

4b.1 

M
ile

st
o

n
e

 4
b

 

Procure and commission measuring system              

4b.2 Establish pilot test program              

4b.3 Instrument light vehicle              

4b.4 
Conduct experiments on suitable test track using light 
vehicles to prove concepts           

   

4b.5 Perform specified verification tests              

4b.6 Analyse results              

4b.7 Milestone 4b report              

                

5.1 

M
ile

st
o

n
e

 5
 Draft final report (submission)           

   

5.2 Final report (approval) 
          

   

5.3 Milestone 5 report           
   

                

6.1 

M
6

 Approval              

6.2 Milestone 6 report              

                 

   

  
  

 
                    

   
   

  
Legend:   Completed   In Process 

 
  Not Started 

   

   

  
                        

   
   



CoE 150501 Project Milestone Report 

13 

 

9 Project Finances 

Table 1 shows cost associated per milestone.  

 

Table 1. Project finances – cost per milestone 

 

MILESTONE 
MILESTONE TIMELINES 

(mm/yy) 
COST per 

MILESTONE 

  Start date End date  

1 Project initiation 12/15 03/16 R 430 577-72 

2 
Develop standardised verification 
methods 

04/16 09/16 R 200 000-00 

3 
Establish vehicle dynamics simulation 
capability  

04/16 12/16 R 800 000-00 

4a Identify test equipment  04/16 05/16 R 2 524 072-28 

4b Acquire and commission test equipment 06/16 03/17 R 162 350-00 

5 Final Reporting 03/17 06/17* R 160 000-00 

6 Final report (approval) 03/17 06/17* R 28 777-20 

* Original date was 04/17  TOTAL R 4 305 777-20 

10 Milestone Delivery 

10.1 Introduction 

“Collision management systems have been introduced to primarily improve safety by 

reducing unsafe interactions. The system design should therefore support/complement 

existing controls and not replace these controls. The goal of any collision management 

system is to strive for zero harm.” [2] The road to zero harm is outlined in Figure 1. 

 

Figure 1. Road to zero harm [2] 
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Available collision management systems provide different levels of intervention. The two 

main levels are [2]: 

 Proximity detection (operator made aware of situation) 

 Collision avoidance (machine intervenes to prevent impact) 

 

The systems can therefore be classified as [2]: 

 A Proximity Awareness Technology (PAT) system – used to prevent potentially 

dangerous interactions from occurring by providing additional information to 

personnel on the equipment and personnel in the surrounding area  

 A Proximity Detection Technology (PDT) system - used in the event of a 

potentially dangerous interaction to automatically generate alarms that instruct 

personnel to take corrective action to avoid a collision. 

 A Collision Avoidance Technology (CAT) system - used in the event of a 

potentially dangerous interaction to automatically take appropriate control of 

equipment to avoid an adverse outcome based on the outcomes of the mine‟s 

risk assessment. 

 

Figure 2 shows the 9 layers which provide differing levels of process controls to prevent 

an unwanted vehicle interaction [3]. A PAT system is associated with Level 7, a PDT 

system associated with Level 7 & 8 and a CAT system is associated with Level 7, 8 and 

9. [4] Level 7, 8 and 9 will hereafter be referred to as L7, L8 and L9, respectively. 

 

Figure 2. Vehicle interaction preventative control levels (adapted from [4]) 

The current project is essentially aimed at the first two aspects shown in Figure 1: 

 Understand and refine the risk scenarios 
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The interaction scenarios will be used in the verification method in order to quantify 

the performance of a collision management system.  

 Develop requirements for each scenario 

The vehicle dynamics simulation capability developed in Milestone 3 enables the 

simulation of vehicle interaction scenarios to determine the requirements of the 

Collision Management System (CMS) for specific scenarios. Using this simulation 

capability along with the verification methods from Milestone 2, the specifications for 

warning, retarding and stopping technologies for a specific scenario can be verified.  

This would assist with selecting the appropriate collision management system.  

 

Figure 3 presents the outline/flow of the milestones of this project. It also shows the 

connection between the milestones. Milestone 2 presented the technologies used in 

collision management systems and the collision management systems used locally and 

internationally. It also presented the proposed verification method for evaluating 

collision management system through simulation and/or testing. The standard 

verification method proposed in Milestone 2 was supported by the simulation and test 

capability addressed in Milestone 3, 4a and 4b. Milestone 3 presented the development 

of suitable simulation models. These models were used in Milestone 3 to determine the 

minimum specifications of the detection zones considering range and field of view for 

three EMESRT interaction scenarios [3]. To demonstrate the value of the simulation 

capability, the models were used to evaluate a baseline CMS in four EMESRT 

interaction scenarios [3] using the proposed verification method from Milestone 2. The 

test equipment identified in Milestone 4a was acquired and commissioned in Milestone 

4b. A pilot test specification was proposed in Milestone 4b to evaluate the test 

equipment and determine effectiveness and suitability of test equipment and the 

verification methodology to, in future, be used for evaluating available CMS. This testing 

capability supplements the simulation capability from Milestone 3.  

       

This milestone, Milestone 5, is the final report on the work done for project CoE150501. 

In this milestone, the simulation capability was extended to include a tool to determine 

the minimum specifications for the detection zones of the collision management system 

(CMS) (section 10.2.1). These minimum specifications for the detection zones were 

implemented in a baseline CMS that was evaluated according to the proposed 

verification method using simulation and testing of the interaction scenarios proposed in 

Milestone 4b (section 10.2.2). Furthermore, gaps between specifications and current 

technologies are identified and a research/development programme is proposed to 

close the gaps (section 10.2.3 and 10.2.6). Initial feasibility studies of establishing an 
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independent collision management testing facility and of manufacturing collision 

management systems locally are conducted and presented (section 10.2.7 and 10.2.8). 

 

Figure 3. Outline/flow of project milestones 

10.2 Milestone Results 

10.2.1 Minimum specifications 

The determination of the minimum specification is based on a zero-harm approach.  

Zero-harm can be achieved in several ways, not all of which are feasible or practical.  

Two extreme examples of this, w.r.t. trackless mobile machines (TMM) are: 

 A trivial solution exists, where all TMMs are removed from a mine.  No potential 

unwanted events (PUEs) can then occur due to interaction scenarios between 

TMMs, TMMs and personnel and between TMMs and infrastructure.  

 An alternative solution is to equip every TMM and pedestrian with an accurate 

positioning system (Global Positioning Systems (GPS) for surface applications and 

radio positioning systems for underground applications), combined with accurate 

geo-mapping of the mine and its infrastructure and to have highly skilled and trained 

operators (e.g. “pilots”). A system similar to an air traffic control system can then be 

used to avoid dangerous interaction scenarios between TMMs, pedestrians and 
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mine infrastructure.  Although this solution may have a high likelihood of no PUEs 

occurring, it may be infeasible due to a substantial installation cost. 

 

The minimum specifications aim to achieve a compromise between the two above 

mentioned solutions.  The minimum specifications are such that the operator of a TMM 

is notified of a potential unwanted event timeously so that the operator can take evasive 

action, or if the operator does not respond and take appropriate corrective action the 

machine intervenes. The operator corrective action and machine intervention is limited 

to braking in this project. Steering can be included in the future as an alternative or 

additional intervention strategy. The minimum specifications take the TMM braking 

capability and environmental conditions into account.  The braking capability is 

determined by the TMM‟s ability to decelerate.  Environmental conditions considered in 

this study include the road surface friction coefficient and the incline or decline of the 

road the TMM is travelling on. 

 

The technical specifications considered are with respect to the detection zones of the 

CMS. The detection zones are defined by an area or areas around the vehicle within 

which a sensor must be able to detect a Remote Object (RO). Each interaction scenario 

has its own minimum specification for the detection zones. The minimum specifications 

of all the applicable scenarios are superimposed to define the overall minimum 

specification of the detection zones. The minimum specifications thus depend on the 

interaction scenarios and the objects in the scenarios and will have to be determined for 

each operation/mine individually. The minimum specification is thus not a general 

specification that will be applicable to every TMM in all scenarios.   The minimum 

specification outlines the region within which the sensors fitted to the TMM must be able 

to detect a remote object. How the specified detection zone is achieved is at the 

discretion of collision management system (CMS) supplier and is not included in this 

project. 

 

The CMS requires a decision making algorithm, that uses the detection zones as input, 

to determine when to notify the driver of a potential unwanted event or intervene by 

automatically braking the vehicle. The specification excludes the decision making 

algorithm. The combination of several interaction scenarios to form an overall detection 

zone specification for a TMM may result in false positives being detected or false 

negatives being missed. A false positive occurs when an object is detected and the 

driver of the TMM notified of a potentially unwanted event, when such an event was not 

likely to occur. A false negative is when an unwanted event occurs without the operator 
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of the TMM being notified of the potential event so that the operator can take corrective 

action. A zero-harm approach was adopted, attempting to prevent any false negatives 

from occurring. Intelligent development and optimisation of the CMS algorithm may 

reduce the occurrence of false positives without allowing false negatives. Decision 

making algorithms are beyond the scope of the current project, but the simulation and 

testing capability developed can be used to develop and evaluate suitable algorithms in 

future. 

 

Section 10.2.1.1 describes the interaction scenarios used for the minimum specification 

determination. After this section, the minimum specifications are derived for each 

interaction scenario and combined to provide an overall minimum specification for the 

detection zones (section 10.2.1.2). The dependence of the minimum specification on 

the interaction scenarios is analysed in section 10.2.1.3.    

 

10.2.1.1 Definition of interaction scenarios 

The test scenarios and configuration proposed for the pilot test program in Milestone 4b 

attempts to address the essential aspects of the various listed EMESRT interactions [3]. 

The proposed scenarios and configurations must not be seen as a complete set of tests 

but rather a carefully selected reduced set to be used to verify specific minimum 

specification of the CMS during pilot testing and for proving concepts. The proposed 

interaction scenarios from Milestone 4b reduced the EMESRT scenarios [3] to: 

 Interaction scenario 0: Vehicle (TMMs) to person interactions 

 Interaction scenario 1: Straight line interactions (between TMMs) 

 Interaction scenario 2: Non-parallel interactions (between TMMs) 

 Interaction scenario 3: Blind approach (between TMMs) 

 Interaction scenario 4: Curve interaction (between TMMs) 

 

Each scenario has different configurations. These interaction scenarios broadly define 

the scenarios, but do not provide specifics with regard to starting positions, initial 

velocities, curve radii or TMM dimensions.  These specifics must be defined from the 

interaction scenarios identified as significant risks for the specific mine site. The 

identified interaction scenarios will determine the initial conditions and consequently the 

minimum specifications. Selection of the scenario initial conditions was done with 

consideration of the test facilities currently available and accessible to the project team 

and is sufficient to prove the concepts.  
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In all of the scenarios, a Local Object (LO) and Remote Object (RO) is defined.  For all 

of the scenarios investigated, it was assumed that only the LO is equipped with a CMS.  

The LO is defined by EMESRT [3] as the object with the best potential to avoid the 

accident.  The LO was assumed to be a Caterpillar 793D haul truck, for illustrative 

purposes.  The Caterpillar 793D dimensions are shown in Figure 4 and Table 2. Details 

of the objects used in the interaction scenarios are given in Table 4. 

 

Figure 4  Caterpillar 793D haul truck [5] 

Table 2  Caterpillar 793D haul truck dimensions [6] 

ID DIMENSION VALUE [m] 

A Overall length 12.862 

B Overall width 7.68 

C Overall height 6.494 

D Wheelbase 5.905 

E Ground clearance 1.005 

F Dump height 13.113 

G Dump ground clearance 1.364 

 

10.2.1.1.1 Interaction scenario 0: Vehicle (TMMs) to person interactions 

Four configurations were defined in Milestone 4b‟s report in this interaction scenario. In 

these configurations or sub-scenarios, the RO is a pedestrian, with dimensions 

1mx1mx1.9m. These dimensions were chosen for illustrative purposes. The sub-

scenarios are: 

0.1 No take-off zone 

0.2  RO directly in front of LO 

0.3  RO directly behind LO 

0.4  RO traveling in non-parallel direction to LO 

The no take-off scenario (0.1) was not simulated, as this scenario is intended to test 

whether the CMS will prevent the vehicle from taking-off when a RO is located within 
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the detection zone and is a static test. The initial conditions of scenarios 0.2 to 0.4 are 

given in Table 3. 

 

10.2.1.1.2 Interaction scenario 1: Straight line interactions (between TMMs) 

Three configurations were defined in Milestone 4b‟s report in this interaction scenario.  

In these configurations, the RO is a Caterpillar 793D Haul truck, with dimensions given 

in Figure 4 and Table 2. The configuration initial conditions are given in Table 3.  The 

configurations are: 

1.1. RO directly in front of LO 

1.2. RO directly behind LO 

1.3. RO in front of LO with lateral offset. 

 

10.2.1.1.3 Interaction scenario 2: Non-parallel interactions (between TMMs) 

A single configuration was defined in Milestone 4b‟s report in this interaction scenario.  

The RO is a Caterpillar 793D Haul truck, with dimensions given in Figure 4 and Table 2.  

The initial conditions of configuration 2.1 are given in Table 3. 

 

10.2.1.1.4 Interaction scenario 3: Blind approach (between TMMs) 

Two configurations were defined in Milestone 4b‟s report in this interaction scenario. 

Configuration 3.1 will be simulated. This configuration simulates a TMM (the LO) 

approaching a decline with another TMM (the RO) obscured from view beyond the crest 

of the decline. An RO was defined such that it is completely obscured from the LO‟s 

view beyond the crest. RO width, length and height were defined as 3m, 6m and 1m, for 

illustrative purposes. The details of configurations 3.1 are given in Table 3. 

 

10.2.1.1.5 Interaction scenario 4: Curve interaction (between TMMs) 

A single configuration was defined in Milestone 4b‟s report in this interaction scenario.  

The RO is a Caterpillar 793D haul truck, with dimensions given in Figure 4 and Table 2.  

The details of configuration 4.1 are given in Table 3. 
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Table 3. Details of interaction scenarios 

 Item Simulation Details 
In

te
ra

c
ti

o
n

 s
c

e
n

a
ri

o
 0

.0
 

Interaction 

scenario 

Define interaction 

scenario 

Vehicle to person interactions 

Test 

configuration 

Define test 

configuration 

0.2 RO directly in front of LO 

to assess capability of CMS to detect person in front of it  

 

Schematic 0.2 

0.3 RO directly behind LO 

to assess capability of CMS to detect person behind it 

 

Schematic 0.3 

0.4 RO traveling in non-parallel direction to LO 

to assess capability of CMS to detect person coming from side 

 

Schematic 0.4 
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Path for 

object(s) 

Define path(s) for 

object(s) 

0.2 LO driving in a straight line. Paths of LO and RO are parallel to each other at the 

following pre-set lateral offset(s): 0m 

0.3 LO reversing in straight line. Paths of LO and RO are parallel to each other at the 

following pre-set lateral offset(s): 0m 

0.4 LO driving in straight line. RO moving in straight line on path that is perpendicular to 

path of LO. Path of RO is xLO = 30m from initial position of LO 

Initial conditions 

of object(s) 

 Set objects in 

initial conditions 

 Set heading of 

objects 

 Set speed of 

objects 

0.2 

 LO starts at a point x = 100m away from RO 

 LO driving in a straight line. Path of LO at zero lateral offset to RO 

 LO to have velocity, vLO = 30km/h before reaching L7. RO stationary 

0.3  

 LO starts at a point x = 30m away from RO 

 LO reversing in a straight line. Path of LO at zero lateral offset to RO 

 LO to have velocity, vLO = 10km/h before reaching L7. RO stationary 

0.4 (0.4.1) 

 xLO = 30m, xRO = 15m 

 LO and RO moves straight ahead on defined paths 

 vLO = 10km/h, vRO = 5km/h 
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 Item Simulation Details 

In
te

ra
c

ti
o

n
 s

c
e

n
a
ri

o
 1

.0
 

Interaction 

scenario 

Define interaction 

scenario 

Straight line interactions 

Test 

configuration 

Define test 

configuration 

1.1 RO directly in front of LO 

to assess capability of CMS to detect object in front of it   

 

Schematic 1.1 

1.2 RO directly behind LO 

to assess capability of CMS to detect object behind it 

 

Schematic 1.2 

1.3. RO in front of LO with lateral offset 

 

Schematic 1.3 

Path for 

object(s) 

Define path(s) for 

object(s) 

1.1 LO driving in a straight line. Paths of LO and RO are parallel to each other at the 

following pre-set lateral offset(s): 0m 
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1.2 LO reversing in straight line. Paths of LO and RO are parallel to each other at the 

following pre-set lateral offset(s): 0m 

1.3 LO and RO driving in a straight line in opposite directions. Paths of LO and RO are 

parallel to each other at the following pre-set lateral offset:  y = 7.1m (Overall width of 

vehicle is 7.68m (Table 2). Lateral offset of 7.1m will cause vehicles to have PUE)   

Initial conditions 

of object(s) 

 Set objects in 

initial conditions 

 Set heading of 

objects 

 Set speed of 

objects 

1.1 

 LO starts at a point x=110m away from RO 

 LO driving in a straight line. Path of LO at zero lateral offset to RO 

 LO to have velocity, vLO = 30km/h before reaching L7. RO stationary, vRO = 0km/h 

1.2  

 LO starts at a point x = 40m away from RO 

 LO reversing in a straight line. Path of LO at zero lateral offset to RO 

 LO to have velocity, vLO = 10km/h before reaching L7. RO stationary, vRO = 0km/h 

1.3  

 LO starts at a point x = 100m away from RO 

 LO driving in a straight line. Path of LO at lateral offset to RO defined in “Path for 

objects” 

 LO to have velocity, vLO = 30km/h before reaching L7. RO stationary, vRO = 0km/h 
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 Item Simulation Details 
In

te
ra

c
ti

o
n

 s
c

e
n

a
ri

o
 2

.0
 

Interaction 

scenario 

Define interaction 

scenario 

Non-parallel interactions 

Test 

configuration 

Define test 

configuration 

2.1 RO traveling in non-parallel direction to LO 

to assess capability of CMS to detect object traveling at non-parallel direction to 

LO 

 

Schematic 2.1 

Path for 

object(s) 

Define path(s) for 

object(s) 

2.1 LO driving in straight line. RO driving in straight line on path that is perpendicular to 

path of LO (θ = 90°). Path of RO is xLO = 98.5m, from initial position of LO 

Initial conditions 

of object(s) 

 Set objects in 

initial conditions 

 Set heading of 

objects 

 Set speed of 

objects 

2.1 (2.1.1) 

 xLO = 98.5m, xRO = 45m  

 LO and RO drives straight ahead on defined paths 

 vLO = 30km/h, vRO = 15km/h 
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 Item Simulation Details 

In
te

ra
c

ti
o

n
 s

c
e

n
a
ri

o
 3

.0
 

Interaction 

scenario 

Define interaction 

scenario 

Blind approach 

Test configuration Define test 

configuration 

3.1 RO stationary (on decline) with LO approaching blind  

to assess capability of CMS to detect object that is on a blind approach 

 

Schematic 3.1 

Note on 3.1: If configuration is such that L7, L8 or L9 falls on the decline the required 

stopping distance associated with the control has to be adjusted to take into effect the 

reduced brake efficiency due to the decline.  

Path for object(s) Define path(s) for 

object(s) 

3.1 LO driving in straight line. RO stationary on decline 

Initial conditions 

of object(s) 

 Set objects in initial 

conditions 

 Set heading of 

objects 

 Set speed of objects 

3.1 

 LO starts at a point xLO = 10m away from start of declined road section. RO positioned 

at xRO = 30m from start of declined road section. 

 LO driving in a straight line. Path of LO at zero lateral offset to RO 

 LO to have velocity, vLO = 10km/h before reaching L7. RO stationary, vRO = 0km/h  
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 Item Simulation Details 

In
te

ra
c

ti
o

n
 s

c
e

n
a
ri

o
 4

.0
 

Interaction 

scenario 

Define interaction scenario Curve interaction 

Test configuration Define test configuration 4.1 RO located on same curvature as LO 

to assess capability of CMS to detect object around bend 

 

Schematic 4.1 

Path for object(s) Define path(s) for object(s) 4.1 LO driving on same curvature (r = 100m) as RO  

Initial conditions 

of object(s) 

 Set objects in initial 

conditions 

 Set heading of objects 

 Set speed of objects 

 LO starts at a point x= 157m away from RO on curved path 

 LO driving on curved path. RO stationary on same curvature as LO 

 LO to have velocity, vLO = 30km/h before reaching L7. RO stationary, vRO = 0km/h 

Road grade  0% for all scenarios and configurations except for configuration 3.1. In configuration 

configuration RO is on 10% decline 

Surface 

conditions 

Test on desired surface.  

Note friction coefficient, if 

available, or state condition of 

road (e.g. wet gravel) 

Friction coefficient = 0.4 

Same friction coefficient was used for all simulations of interaction scenarios 

Ambient 

conditions 

Test in desired ambient 

conditions.  

Note ambient conditions.  

No adverse ambient conditions was included in any of the simulations of the interaction 

scenarios 
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Table 4. Details of Objects 

 Item Simulation Details 

O
b

je
c

t(
s

) 

Pedestrian Model pedestrian, capturing essential 

characteristics. 

Pedestrian in Interaction scenario 1 has dimensions of 1mx1mx1.9m. These 

dimensions were chosen for illustrative purposes 

Vehicle  Local Object (LO)  Remote Object (RO) 

1) Define type of vehicle, make and model Heavy vehicle; Caterpillar; 793D Heavy vehicle; Caterpillar; 793D 

 2) Obtain vehicle parameters (vehicle 

parameters to be obtained governed by vehicle 

model that will be suitable to capture required 

behaviour of vehicle) 

 Dimensions; mass; centre of mass  

 Brake performance 

Parameters: 

 For dimensions see Table 2 and 

Figure 4 

 Maximum effective brake 

performance in all scenarios : 0.1g 

for (L7 and L8) and 0.175g for (L9)  

Parameters: 

 For dimensions see Table 2 and 

Figure 4 

 

3) Create simulation model of vehicle 

 Suitable vehicle model (e.g. 4 corner 

model) 

 Tyre model (e.g. friction circle) 

 

 Vehicle model as described in 

Milestone 3‟s report    

 Friction circle representation of the 

tyre 

 

 Vehicle model as described in 

Milestone 3‟s report 

 Friction circle representation of the 

tyre 

Infrastructure Model infrastructure capturing essential 

characteristics 

No infrastructure in the vehicle interaction scenarios  
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10.2.1.2 Determination of minimum specifications 

The minimum specifications are scenario specific. An overall specification that 

encompasses all possible scenarios identified for a specific vehicle can be specified by 

combining the specifications of the individual scenarios for each specific site. The 

minimum specifications are determined by assuming that the LO will brake to avoid an 

unwanted interaction scenario.  It is assumed that the RO will not have a CMS fitted.  

There are however, some situations where the RO must be equipped with a CMS to 

avoid a collision. The relative velocity between the two objects in each scenario were 

used to determine the detection zone specifications. From the equations of motion for 

particle dynamics the equation can be derived to determine the longitudinal sensing 

distance is: 

                      
  (        (     ))⁄              

      
  (        (     ))⁄  

With 

   sensing distance 

      LO initial velocity 

        LO operator and machine delay 

     LO braking deceleration 

   gradient 

      RO initial velocity 

        RO operator and machine delay 

     RO braking deceleration 

 

The longitudinal sensing distance thus takes the LO initial velocity, LO operator and 

machine delay, LO braking capability and gradient into account. If the RO is also 

moving, the RO operator delay, braking capability and gradient are taken into account.  

The vehicle braking capability is limited by either the vehicle‟s ability to dissipate the 

kinetic energy due to its speed (using retarders, friction brakes, etc.), or the prevailing 

road surface friction coefficient. The scenario environment‟s gradient is also taken into 

account, as this may influence the braking performance of the vehicle. A positive 

gradient indicates that the LO is travelling uphill and a negative gradient is downhill. The 

width of the LO is used to determine the lateral sensing distance in the straight-line and 

curved scenarios. The LO and RO widths are used in the junction scenarios. 

 

A graphic user interface (GUI) was developed to allow the selection and specification of 

each scenario. The GUI is scenario specific and requires only the information relevant to 
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each scenario. It then presents the user with a visualisation of the sensing range in 

three dimensions (see Appendix A – Minimum specification GUI). The specification for 

each of the scenarios described above is shown graphically in Figure 5 to Figure 13. It 

also allows for the combination of the different detection zone requirements of each 

individual scenario into a single, overall specification (Figure 14 and Table 5). This 

overall detection zone specification can be used in the simulation model developed in 

Milestone 3for verification.   

 

Figure 5. Scenario 0.2 sensor specification 

 

Figure 6. Scenario 0.3 sensor specification 

  

Figure 7. Scenario 0.4 sensor specification 

 

Figure 8. Scenario 1.1 sensor specification 
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Figure 9. Scenario 1.2 sensor specification 

 

Figure 10. Scenario 1.3 sensor specification 

 

Figure 11. Scenario 2.1 sensor specification 

 

Figure 12  Scenario 3.1 sensor specification 

 

Figure 13. Scenario 4.1 sensor specification 
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Figure 14  Overall minimum detection zone specification for L7 warnings 

Table 5. Minimum detection distance specification for control level L7. L8 and L9 for the various 

interaction scenarios  

 
Distance along LO path to potential point of impact [m] 

Deceleration 0.1g* 0.175g* 

Control 
Level 

Interaction 
scenario 

L7 L8 L9 L9 

0.2 77.1 52.1 43.7 28.6 

0.3 17.8 9.5 6.7 5.0 

0.4 17.8 9.5 6.7 5.0 

1.1 77.1 52.1 43.7 28.6 

1.2 17.8 9.5 6.7 5.0 

1.3 77.1 52.1 43.7 28.6 

2.1 77.1 52.1 43.7 28.6 

3.1 18.3 9.9 7.2 5.3 

4.1 77.1 52.1 43.7 28.6 

*Effective deceleration of vehicle in scenario  

10.2.1.3 Dependence of minimum specification 

As mentioned, the minimum specifications depend on the interaction scenarios, the 

objects in the scenarios and the initial conditions (such as initial velocity). The minimum 

specification in Figure 14 is therefore not a general specification that will be applicable 

to every TMM in all scenarios. To illustrate, the initial velocities of the LO and RO are 

changed for scenario 1.1 and 2.1. Figure 15(a) shows the minimum specification for the 

set of interaction scenarios with the velocities for the LO and RO as specified in Table 3. 

Figure 15(b) shows the minimum specification for the same set of interaction scenarios 

with the same objects but with the LO having an initial velocity of 50km/h instead of 

30km/h for scenario 1.1 and 2.1 and an RO having an initial velocity of 25km/h instead 

of 15km/h. It can be observed that the range requirements change from 85m to 175m.  
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(a) 

 

(b) 

Figure 15. Overall minimum detection zone specification for the same interaction scenarios with 

different object velocities. (a) LO and RO velocities as specified in Table 3. (b) LO velocity for 

scenarios 1.1 and 2.1 changed to 50km/h and RO velocity for scenario 2.1 changed to 25km/h 

10.2.2 Verification of a CMS 

Using the verification method proposed in Milestone 2 and the minimum specification as 

determined above, a CMS can be evaluated in order to verify whether it would be able 

to meet these specifications. Section 10.2.2.1 demonstrates this verification procedure 

by simulating and testing a baseline CMS.   

10.2.2.1 Verification through simulation 

10.2.2.1.1 Simulation model 

The simulation model is discussed in detail in Milestone 3‟s report.  In summary, it 

consists of two vehicle models that are capable of braking and path following.  The 

models include load transfer due to braking and cornering and include the effect of a 

gradient on the braking performance, as well as a friction circle for combined cornering 

and braking. The simulation model includes a sensor model and CMS algorithms for 

each vehicle (if applicable). The sensor model is determined by the minimum 

specifications discussed in section 10.2.1.2 and is discretized as a grid around the 

vehicle. The sensor model detects if an object is within the sensing range and returns 

the distance between the objects if detected. The CMS algorithm is discussed in the 

section 10.2.2.1.2. The RO‟s CMS can be switched off if the RO is not equipped with a 

CMS – the RO will then maintain a constant velocity while following its prescribed path 

for the duration of the simulation.  A schematic representation of the vehicle models, the 

sensor model and the CMS algorithm is shown in Figure 16.  
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Figure 16  Integration of vehicle models, sensor model and CMS algorithm 

10.2.2.1.2 CMS algorithm 

A baseline CMS algorithm was developed to allow for simulation of the identified 

interaction scenarios. It must be emphasized that this CMS algorithm was purely 

developed to allow sensible simulation of the identified scenarios to show that the 

specified detection zone is adequate to avoid potential unwanted events.  In the case 

where a specific manufacturer‟s CMS is simulated, the sensor model and CMS 

algorithm will be replaced by the one supplied by the manufacturer. Such an algorithm 

can be used as a „black box‟, without disclosing intellectual property. The inputs 

required by the manufacturer‟s algorithm can be supplied, with the outputs from the 

algorithm being the CMS warning level given to the operator. 

 

Figure 17 shows a schematic representation of the CMS algorithm used for the 

simulations.  The CMS warning level (no warning, Level 7 warning, Level 8 instruction 

and Level 9 intervention control input) are returned as feedback to the vehicle model.   

The time derivative of the distance between the two objects is used to determine the 

relative velocity between the two objects. Although the distance is provided as input to 

the algorithm without its direction, it is assumed that the relative velocity determined is a 

close approximation to the actual relative velocity. The relative velocity is used with the 

following equation to determine the level of warning provided to the driver model: 

                     
  (       (     ))⁄  

Vehicle model CMS algorithm 
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Where  

     is the CMS distance threshold 

     is the relative velocity between the two objects 

     is the driver reaction delay and the machine delay time 

    is the maximum braking deceleration of the Local Object 

      is the gradient or slope 

 

From discussions and input with the mining sector the driver reaction delay was 

assumed to be 3 seconds for a Level 7 warning, 1 second for a Level 8 instruction and 0 

seconds for a Level 9 intervention control input. The machine delay was kept as a 

constant 1 second delay. If the detected distance was below any of these thresholds, 

the applicable warning, instruction or intervention control input was given to the driver 

model. Depending on the warning level, the driver model then applies the corresponding 

action. As stated, this project considers braking as the only intervention that can be 

taken as the corresponding corrective action by the driver (for a L7 and L8 warning and 

instruction) or machine intervention (for L9 intervention control). In the simulations a 

deceleration of 0.1g is applied by the brakes during a L7 or L8 warning and a 0.175g 

deceleration for a L9 control intervention.   

 

Figure 17. Schematic representation of CMS algorithm 

10.2.2.1.3 Simulation results 

The minimum specifications for the detection zones shown in Figure 14  were used 

along with the CMS algorithm of Figure 17 to simulate the interaction scenarios 

described in section 10.2.1.1. In all of the simulations the Local Object was the only 

vehicle equipped with a CMS. The simulations were setup such that the simulation is 

stopped when the speed of the LO is below 0.5km/h. This is due to numerical instability 

of the tyre model at very low speeds. It is assumed that if the LO moves at 0.5km/h the 

LO is effectively stationary. 
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10.2.2.1.3.1 Interaction scenario 0: Vehicle (TMMs) to person interactions  

Figure 18 to Figure 20 show the simulation results of the TMM to person interaction 

scenarios. In all of the simulations the LO managed to stop without a collision occurring 

between the vehicle and the pedestrian.  In all three cases the Level 7 warning 

determined from the minimum specification was sufficient to avoid a collision. 

 

Figure 18. Scenario 0.2 simulation results 

 

Figure 19. Scenario 0.3 simulation results 

 

Figure 20. Scenario 0.4 simulation results 
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10.2.2.1.3.2 Interaction scenario 1: Straight line interactions (between TMMs)  

The straight line TMM to TMM interaction scenario simulation results are shown in 

Figure 21 to Figure 23. In all of the scenarios, the LO managed to stop before colliding 

with the RO. Similar to the TMM to person interaction scenarios, a Level 7 warning was 

sufficient to avoid a collision in all cases. 

 

Figure 21. Scenario 1.1 simulation results 

 

Figure 22. Scenario 1.2 simulation results 

 

Figure 23. Scenario 1.3 simulation results 
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10.2.2.1.3.3 Interaction scenario 2: Non-parallel interactions (between TMMs)  

Figure 24 shows the results for the TMM to TMM non-parallel interaction of 

configuration 2.1. The LO managed to stop before colliding with the RO. The RO 

passed through the intersection, as it was not equipped with a CMS.  A Level 7 warning 

was sufficient to avoid the collision. 

 

Figure 24. Scenario 2.1 simulation results 

10.2.2.1.3.4 Interaction scenario 3: Blind approach (between TMMs) 

The blind approach TMM to TMM interaction scenario (configuration 3.1) simulation 

results are shown in Figure 25. The scenario simulates the LO driving up an incline, with 

a stationary RO obscured beyond the crest.  As can be seen in Figure 25, the LO stops 

before colliding with the RO with a Level 7 warning being sufficient. 

 

Figure 25. Scenario 3.1 simulation results 

10.2.2.1.3.5 Interaction scenario 4: Curve interaction (between TMMs)  

The curved TMM to TMM interaction scenario (configuration 4.1) simulation results are 

shown in Figure 26. The LO managed to stop before colliding with the RO. The CMS 

algorithm triggered a Level 8 instruction, telling the driver model to brake the vehicle.  

This may be attributed to the fact that the sensor specification was determined by 
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calculating the arc length of the path the LO will follow around the curve. The sensor 

detects the RO, but then measures the linear distance between the two objects. The 

sensor thus measures the cord length and not the arc length. For this reason a Level 8 

instruction is triggered, although a Level 7 warning would have been sufficient if the 

sensor provided more detailed feedback to the algorithm or if the CMS algorithm took 

the vehicle‟s actual path into account. This, however, falls outside of the scope of this 

project. 

 

Figure 26. Scenario 4.1 simulation results 

10.2.2.2 Verification through testing 

Experimental tests were conducted according to the test specification proposed in 

Milestone 4b in order to validate the minimum specifications of the detection zones as 

well as to validate the simulations. Two light vehicles were used each equipped with a 

VBOX GPS system to obtain the vehicle positions, heading and speed. The LO was 

equipped with a dSpace embedded PC as well as a brake robot to control the vehicle 

deceleration to the required set point. The LO received the position of the RO vehicle 

using telemetry. The LO vehicle was simulated to be equipped with sensors which 

conform to the minimum specifications for the respective interaction scenario being 

tested. The LO vehicle was programmed with a baseline CMS which provides signals 

for the L7, L8 and L9 braking levels based on the minimum specification that was 

determined for the detection zones in section 10.2.1. At the L9 braking level the brake 

robot decelerates the light vehicle at the desired deceleration. While the actual vehicles 

are SUVs, virtual vehicle dimensions corresponding to a CAT 793D haul truck were 

superimposed on the actual vehicle (see Figure 27). The maximum speed of the vehicle 

was set at 30km/h with a maximum braking ability of 0.1g and with a machine delay of 

1s. The brake robot was used to decelerate the light vehicle at the maximum braking 

ability of the vehicle that it is simulating (in this case a CAT 793D haul truck). Since the 

size of the CAT 793D is larger than the actual vehicles used a virtual buffer of around 
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8m was created between simulated vehicle collision and an actual collision. The added 

buffer and better braking ability of the light test vehicle provided the ability to conduct 

the tests in safer conditions. 

Vehicle Dimensions

Virtual Vehicle Dimensions

LO RO

Virtual Sensor

Stopping Distance

GPS dSpace

Wireless Telemetry Link

GPS

 

Figure 27. Schematic of experimental setup Head-on collision where virtual vehicles collided with 

one another 

The following interaction scenarios and configurations, from the test specification in 

Milestone 4b, were tested: 

 Interaction scenario 1.1: RO directly in front of LO 

 Interaction scenario 1.2:  RO directly behind LO 

 Interaction scenario 2.1: RO traveling in non-parallel direction to LO 

 Interaction scenario 4.1: RO located on same curvature as LO 

 

Sections 10.2.2.2.1 to 10.2.2.2.4 present the results of the experimental verification of a 

simulated CMS system against the minimum specifications. 

 

10.2.2.2.1 Interaction scenario 1.1: RO directly in front of LO 

Interaction scenario 1.1 is conducted with the RO vehicle stationary and the LO vehicle 

travelling at 30km/h (as defined in Table 3). The virtual sensor provides the distance of 

the RO vehicle from the LO vehicle and provides signals at the L7 and L8 braking 

levels. At the L9 braking level the vehicle performs a braking manoeuvre at 0.1g. The 

distance between the vehicles are then determined using the GPS positions. The test 

was conducted 6 times, and the results are tabulated in Table 6. The results show that 

the warning signals were provided very close to the minimum specification from Table 5. 

The average distance between the LO and RO when RO has stopped (xs) is 0.02m with 

a standard deviation of 0.9m. This indicates that the minimum specification is at the limit 

of avoiding a collision as no safety factor has been added. A buffer zone or safety factor 
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was not added to the minimum specifications for the tests. The reason for this is that the 

specification was developed as the absolute minimum distance required such that the 

vehicles have no separation between them. Figure 28 shows a test where a collision 

was avoided and Figure 29 shows a test where the virtual vehicles collided with one 

another. 

 

Table 6. Interaction scenario 1.1 results  

Test 

conf. 

Interaction scenario 1.1 

LO: Virtual CAT 793D  

RO: Virtual CAT 793D 

Distance from RO [m] 

L7 L8 L9 
Stop 

(xS) 

1.1 

Minimum specification 77.1 52.1 43.7 0 

Run  vLO [km/h] 

Wanted 

(Actual) 

Deceleration [g] 

Wanted  

(Actual) 
    

1 30(28.8) 0.1(0.1) 77.05 52.05 43.69 1.2 

2 30(30.4) 0.1(0.1) 77.06 51.97 43.68 -0.6 

3 30(29.3) 0.1(0.1) 76.99 52.05 43.70 1.2 

4 30(29.6) 0.1(0.1) 77.01 52.04 43.72 -0.2 

5 30(29.2) 0.1(0.1) 76.99 52.03 43.70 -0.9 

6 30(29.6) 0.1(0.1) 77.05 52.03 43.71 -0.6 

Mean±SD 77.03±0.03 52.03±0.03 43.7±0.01 0.02±0.9 

Mean-3SD 76.94 51.94 43.67 -2.68 

Pass criteria 

a) Mean-3SD > minimum 

spec 

No No No No 

b) Number of false-

negatives 

0 0 0 0 

Pass (Yes/No) No No No No 

 

 

Figure 28. Head-on collision where virtual vehicles did not collide with one another 
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Figure 29. Head-on collision where virtual vehicles collided with one another 

10.2.2.2.2 Interaction scenario 1.2: RO directly behind LO 

In this configuration of the straight line interaction scenario the RO vehicle was 

stationary and the LO vehicle was reversing at 10km/h. The LO vehicle was equipped 

with virtual sensors which provides distance feedback of the RO vehicle behind the LO 

vehicle. The CMS system provides L7 and L8 braking level warning signals and at the 

L9 braking level the vehicle is braked by the brake robot. The results of the test are 

tabulated in Table 7. The table shows similar results showing that the specification is at 

the limit of the accident. 

  

Table 7. Interaction scenario 1.2 results 

Test 

conf. 

Interaction scenario 1.2 

LO: Virtual CAT 793D 

RO: Virtual CAT 793D 

Distance from RO [m] 

L7 L8 L9 
Stop 

(xS) 

1.2 

Minimum specification 17.8 9.5 6.7 0 

Run vLO [km/h] 
Wanted  

(Actual) 

Deceleration [g] 
Wanted  

(Actual) 

    

1 10(9.46) 0.1(0.09) 17.8 9.48 6.70 -0.04 

2 10(10.4) 0.1(0.11) 17.8 9.48 6.71 -0.5 

3 10(9.8) 0.1(0.11) 17.82 9.48 6.69 -1 

4 10(10.1) 0.1(0.09) 17.8 9.48 6.69 0.1 

5 10(9.5) 0.1(0.1) 17.8 9.47 6.59 0.6 

6 10(10.4) 0.1(0.1) 17.81 9.46 6.71 0 

Mean±SD 17.8±0.01 9.48±0.01 6.68±0.04 -0.14±0.5 

Mean-3SD 17.8 9.48 6.56 -1.64 

Pass criteria 

a) Mean-3SD > minimum 

spec 

No No No No 

b) Number of false-negatives 0 0 0 0 

Pass (Yes/No) No No No No 
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10.2.2.2.3 Interaction scenario 2.1: RO traveling in non-parallel direction to LO 

For this interaction scenario the RO vehicle was parked at the edge of the detection 

zone of the LO vehicle. Once the LO crossed a marker at the desired speed of 30km/h 

the RO vehicle was driven at a 90 degree angle relative to the LO vehicle. The LO 

vehicle commenced braking when the RO vehicle was within the L9 control level 

distance. The L7 and L8 control level signals were not tested due to space constraints 

of the testing area. The results for the tests are tabulated in Table 8. The table shows 

that the specification for this test is again on the limit of preventing a collision. Figure 30 

and Figure 31 show the path of the RO vehicle and the final position of the LO vehicle. 

From these figures it is possible to see whether there was a likelihood that the vehicles 

would collide with one another. 

 

Table 8. Interaction scenario 2.1 results 

Test 

conf. 

Interaction scenario 2.1  

LO = Virtual CAT 793D 

RO = Virtual CAT 793D 

Distance from RO [m] 

L9 
Stop 

(xS) 

2.1 

Minimum specification 43.73 0 

Run vLO [km/h] 

Wanted (Actual) 

Deceleration [g] 

Wanted (Actual) 
  

1 30(29) 0.1(0.094) 43.3 1.7 

2 30(28.4) 0.1(0.1) 44.0 4.5 

3 30(31.0) 0.1(0.096) 43.4 -1 

4 30(30.5) 0.1(0.096) 43.3 0 

5 30(30.4) 0.1(0.099) 42.7 1 

6 30(28.07) 0.1(0.097) 44.7 6 

7 30(29.82) 0.1(0.097) 43.3 0.2 

Mean±SD 43.5±0.64 1.8±2.5 

Mean-3SD 41.6 -5.7 

Pass criteria 
a) Mean-3SD > minimum spec No No 

b) Number of false-negatives 0 0 

Pass (Yes/No) Yes No 
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Figure 30. Interaction scenario 2.1 where virtual vehicles do not collide with one another 

 

 

Figure 31. Interaction scenario 2.1 where virtual vehicles collide with one another 

 

10.2.2.2.4 Interaction scenario 4.1: RO located on same curvature as LO 

In this interaction scenario the RO vehicle was stationary and the LO was negotiating a 

turn of radius 40m. The braking signals were determined as the line of sight distance 

rather than the arc distance of the turn. This makes the system more conservative since 

the line of sight distance will be less than the minimum required which is based on the 
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arc distance. Once the L9 braking signal is received the system brakes at 0.1g. Table 9 

shows the results of the test. From the test data no accident occurred (i.e. the stop 

distance xs > 0) even when the vehicle was driving faster than required. This is due to 

the conservative L9 signal based on the line of sight distance.  

 

Table 9. Interaction scenario 4.1 

Test 

conf. 

Interaction scenario 4.1 

LO =  Virtual CAT 793D 

RO = Virtual CAT 793D 

Distance from RO [m] 

L7 L8 L9 
Stop 

(xS) 

4.1 

Minimum specification 77.1 52.1 43.7 0 

 vLO [km/h] 

Wanted  

(Actual) 

Deceleration [g] 

Wanted  

(Actual) 

    

Run 1 30(28.4) 0.1(0.1) 77.02 52.01 43.70 6.4 

Run 2 30(28) 0.1(0.1) 77.00 52.06 43.73 7.3 

Run 3 30(29.2) 0.1(0.1) 77.03 52.00 43.66 4.9 

Run 4 30(29.5) 0.1(0.1) 77.04 52.05 43.72 4.9 

Run 5 30(31.1) 0.1(0.1) 76.99 52.00 43.69 0.7 

Run 6 30(31.5) 0.1(0.1) 77.05 52.06 43.71 0.3 

Run 7 30(28.9) 0.1(0.11) 77.01 52.03 43.73 5.4 

Mean±SD 77.02±0.02 52.03±0.03 43.71±0.02 4.27±2.7 

Mean-3SD 76.96 51.95 43.65 -3.9 

Pass criteria 

a) Mean-3SD > 

minimum spec 

No No No No 

b) Number of false-

negatives 

0 0 0 0 

Pass (Yes/No) No No No No 

 

10.2.2.3 Conclusion on verification results 

The simulation results showed that in all cases the Level 7 detection zone determined 

from the minimum specification and implemented in the simulation with a baseline CMS 

algorithm was sufficient to avoid a collision. The test results showed that in most cases 

the CMS system did not meet the pass criterion that the mean-3SD must be larger than 

the minimum specification. This does not necessarily imply that the CMS is not suitable. 

The CMS would meet the minimum specification if the detection zones on the system 

are adjusted such that it accounts for the variability in the system. This variability 

includes but is not limited to the variability of the sensor, the CMS algorithm and the 

vehicle‟s braking performance.  
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10.2.3 Buffer Zone (Safety Factor) 

It should be noted that the minimum specification is developed such that the vehicles 

are at the limit of avoiding a collision. Therefore, there is no buffer zone to account for 

variability in the braking performance vehicle speed or machine delay. It is advised that 

a buffer be added to the minimum specification. The proposed buffer is based on two 

separate buffers. The first is based on the vehicle size. It should be assumed that the 

vehicle is 50% larger than the actual vehicle. Therefore, if the vehicles stop within 50% 

of the actual vehicle dimensions it should be considered a collision. This can be viewed 

as an area around the vehicle where no other object should protrude into. The second 

buffer is based on the stopping distance. An additional distance should be added to 

compensate for variability in vehicle speed, delay and braking performance. This 

additional distance could be based on the variability of the system. 

Furthermore, it should be noted that the minimum specifications were determined 

assuming that the vehicle is capable of a 0.1g deceleration during braking. Any 

deceleration higher than the 0.1g will add to the safety factor of buffer zone. 

 

10.2.4 False positives 

As discussed in section 10.2.1, the minimum specifications for the detection zones was 

based on a zero-harm approach to define the detection zones needed to avoid the 

identified interaction scenarios from causing harm. Several scenario specifications are 

then combined to define an overall detection zone minimum specification for all relevant 

scenarios relating to a specific vehicle. If the sensor and the accompanying algorithm 

are able to detect an object within the specified sensing range and make the correct 

decisions, the collision will be avoided. What is however evident from the specification is 

that false positives may be generated in some normal operating situations where a 

harmful event was not about to occur. This is illustrated with two simulations. 

  

The first simulation shows what may happen when two vehicles pass each other head-

on, as is normal on many haul roads. The two vehicles are Caterpillar 793D haul trucks, 

each travelling at 30km/h. They are separated by a gap of 5m. The simulation results of 

this scenario are shown in Figure 32. The results show that the LO detects the RO and 

immediately triggers a Level 8 instruction. Because the RO keeps moving towards the 

LO at 30km/h, the relative velocity between the two vehicles is approximately 60km/h.  

This triggers a Level 9 control input after 2 seconds of simulation time. The LO is then 

brought to a stop. Figure 32 clearly shows that there was no pending collision and the 

Level 8 warning and Level 9 control input were due to false positives. Figure 33 shows 
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the initial detection point of the RO by the LO. Figure 33 shows that the RO is detected 

by the sensor specified for the junction TMM to TMM interaction scenario 2 (see Figure 

11 and Figure 14 for the junction and overall detection zone specification). 

 

Figure 32. False positive in head-on passing scenario 

 

Figure 33. Passing head-on initial detection point (Yellow shaded area is minimum specification as 

determined in section 10.2.1.2 (see Figure 14)) 

The second simulation is for the case where the LO overtakes a slow moving RO on the 

LO‟s left. The LO starts behind the RO, with the LO moving at 30km/h and the RO at 

10km/h. The simulation results for the overtaking scenario are shown in Figure 34. The 

LO detects the RO after approximately 2 seconds of simulation time and triggers a 

Level 7 warning if driver ignores L7, then L8/L9 will be triggered leading to braking and 

stopping of the vehicle. The driver then brakes the LO until its speed is equal to that of 

the RO. The LO never overtakes the RO, as it reduces speed until it maintains a 

constant distance from the RO. The collision is avoided but this is detrimental to traffic 

flow, production, etc. Figure 35 shows the initial detection point of the RO by the LO. 

The RO is detected by the sensor specified for the curved TMM to TMM interaction 

scenario (see Figure 10 for the curved TMM to TMM interaction scenario sensor 

specification). 
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Figure 34. False positive in overtaking scenario 

 

 

Figure 35. Overtaking scenario initial detection point 

The aim of this section is to highlight the fact that the specification of the detection 

zones is a complicated process. The detection zones cannot be specified without some 

knowledge of, or design input to, the CMS decision making algorithm. The CMS 

algorithm needs to be able to distinguish between situations where a PUE will take 

place and when not. 

 

10.2.5 Broad gaps between specifications and current technologies 

The minimum specifications for the detection zones for the scenarios considered were 

presented in section 10.2.1. The technologies used in collision management system 

were presented in Milestone 2. The various technologies were described and the 

performance capabilities of each technology with respect to various criteria were 

presented. Table 10 compares the capabilities of the technologies to the minimum 

specifications of the detection zones. Two sets of interaction scenarios are considered 

and imply that there are two sets of minimum specifications. The first set is the overall 
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minimum specification as determined for the scenarios defined in Table 3 (see Figure 

14 and Figure 15 (a)). The second set is the overall minimum specification as 

determined for the scenarios defined in Table 3, but with the LO‟s velocity for scenarios 

1.1 and 2.1 changed to 50km/h and the RO‟s velocity for scenario 2.1 changed to 

25km/h (see Figure 15 (b)).    

 

The minimum specification for the range criterion is obtained from the largest sensing 

range required for a Level 7 warning from the set of interaction scenarios. For the range 

criterion the technology has to have a minimum sensing range greater than 85m for the 

first set of scenarios and greater than 175m for the second set. For the second set only 

GPS adheres to this range requirement. The minimum specification for the Field of 

Perception is obtained from the largest field of view required for a Level 7 warning from 

the set of interaction scenarios. All the technologies meet the requirements for the Field 

of Perception for the two sets of interaction scenarios.   

 

The accuracy of the CMS can be compensated for by the buffer zone proposed in 

section 10.2.3. A system which is more accurate will have a smaller variance in its 

braking performance. Therefore, the buffer zone, which is based on three times the 

variance of the experimental braking test, is adjusted based on the accuracy. A system 

with higher accuracy would require a smaller buffer zone and a system with a lower 

accuracy will require a larger buffer zone. If a buffer zone of 2m is provided, most of the 

technologies would be able to meet this accuracy requirement. 

    

None of the simulated or experimental scenarios presented required information of the 

angle where the object was detected. Therefore, no angular resolution is required to 

apply to the minimum specification. The angular resolution should be determined based 

on the requirements of the algorithms used to determine if a detected object is a false 

positive or an impeding collision. 

 

The minimum refresh rate or sampling frequency of the sensors can be compensated 

for by the buffer zone of the system discussed in section 10.2.3. The effect of the 

refresh rate on the stopping distance will be captured by the variance in the braking 

performance of the vehicle. A temporary buffer can be chosen based on the relative 

speed of the vehicles and the refresh rate. If the refresh rate is 100Hz or 10ms, and the 

velocities of both vehicles are 30km/h, then the buffer zone can be determined as: 
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where  X   – buffer zone 

  Δt   – 1/refresh rate 

  Vrelative[m/s] – Relative velocity between objects in m/s 

  SF  – Safety factor 

If a buffer zone of 2m is set it would imply that a refresh rate of 40ms would be required.  

 

If scenarios require object detection without line of sight it implies that the only 

technology that would be able to meet this criteria would be GPS or other radio 

frequency based triangulation based system e.g. cellphone triangulation as found in A-

GPS. 

 

The other criteria should be evaluated for each application. Table 10 shows clearly that 

all of the sensing technologies would satisfy some of the criteria but not all. It can be 

concluded that a single sensor solution may not be feasible or optimal as each system 

has its own advantages and disadvantages. An accurate, reliable collision management 

system that functions in all scenarios will most likely require sensor fusion. Sensor 

fusion is where a combination of sensors is installed and function in unison on a central 

controller. Furthermore, the variety of scenarios demands a combination of technologies 

to reduce the risk. This gap and others are discussed in section 10.2.6.   

 

All (or at least vast majority) of CMS developed/manufactures/tested/implemented in 

South Africa is based on “Proximity detection” sensing technologies. These 

technologies are limited by their range, response rate and accuracy and do not meet the 

specs in this study. They can however be partial solution in some scenarios, especially 

at low speed with pedestrian involvement. The solution to the problem lies in multiple 

sensors with GPS high on priority list followed by long range radar etc. As stated, using 

multiple sensors required sensor fusion. Fairly simple CMS algorithms can prevent 

collision in many scenarios but highly sophisticated algorithms are needed to prevent 

false-positives and false-negatives.  

Using GPS would also require Vehicle-to-Vehicle and Vehicle-to-Infrastructure 

communication. Local area communication would at least be needed with a range of 

approximately 500m and low latency. High bandwidth is not required as only latitude, 

longitude, speed and time stamp is needed at 100Hz (or 10ms). A lower response time 

may be required when using sensor fusion with IMU and wheel pulse dead reckoning 

(which can possible be obtained from CAN bus)   
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Table 10. Technology capabilities (adapted from [7]) 

Criterion 
Minimum 

specification 

Magnetic field 

antenna 

Laser scanner 

(Lidar) 
Radar GPS Wifi 

Stereo-vision 

(Video) 
Ultrasound 

Range 

> 85m* 

2-5m 

 

<150m 

 

<150m 

 Hardware 

dependent 

 Hardware 

dependent 

Passive: 5-10m 

 

<150m 

 

<8m 

 

> 175m**        

Field of 

Perception 

> 21 deg* 
360 deg 

 
360deg 

 
<50deg 

 
360deg 

 
360deg 

 
<125deg 

 
<10deg 

 

> 19 deg**        

Accuracy 

(distance) 
2m  1m 20mm 1m 

Sub meter requires 

specialised 

hardware 

1m 
Dependent on 

hardware  >0.5m 
1mm 

Angular 

resolution 
 

Limited directional 

perception 
0.1deg 2-4deg 

Dependent on GPS 

bearing quality 

limited directional  

perception 

Dependent on 

number of pixels. 

1-4deg 

8-10deg 

Refresh rate 40ms milliseconds 
 

10ms 
 

70ms 
 

seconds 
 

seconds 
 

40ms 
 

seconds 
 

       

Line of sight 

required 

Requires 

technology to be 

able to detect 

object without line 

of sight 

Yes, but limited 

perception in corners 

is possible 

Yes Yes No 

Yes, but limited 

perception in corners 

is possible 

Yes Yes 

Operation above 

ground 
Haul truck 

operates above 

ground 

Possible Yes Yes Yes Yes Yes No 

Operation below 

ground 
Yes Yes Questionable No Undetermined Possible No 



CoE 150501 Project Milestone Report 

52 

 

Criterion 
Minimum 

specification 

Magnetic field 

antenna 

Laser scanner 

(Lidar) 
Radar GPS Wifi 

Stereo-vision 

(Video) 
Ultrasound 

Sensitivity to 

articles on 

sensor surface 

(e.g. dust) 

Has to operate in 

rain and dusty 

environment 

Little effect 

Dirt / blockage 

detection is 

standard. 

Mounting with 

precautions are 

necessary 

Blockage 

detection 

standard. 

Mounting with 

precautions are 

necessary 

No effect Little effect 

Mounting and 

protection 

precautions 

necessary 

Mounting and 

protection 

precautions 

necessary 

Sensitivity to 

adverse 

condition (rain, 

snow, dust, fog) 

Has to operate in 

rain and dusty 

environment 

Impairment Impairment 
Scatter noises 

possible 
Impairment Impairment Vision impaired Impairment 

Sensitivity to 

lighting 

conditions 

Has to operate 

during day and 

night 

None None None None None 
Heavily dependent 

on ambient light 
None 

Cells highlighted in red implies that technology does not meet minimum specification for specific criterion 

 *Form overall minimum detection zone specification with LO and RO velocities as specified in Table 3 (see section 10.2.1.2).  

**From overall minimum detection zone specificationwith LO velocity for scenarios 1.1 and 2.1 changed to 50km/h and RO veloci ty for scenario 2.1 changed to 25km/h 

(see section 10.2.1.3) 
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10.2.6 Research/development programme to close gaps 

As indicated in section 10.2.5 existing systems can only provide partial solutions, 

complete solutions require gaps to be closed. This section lists the identified gaps and 

the proposed line of action. The following gaps have been identified: 

 

10.2.6.1 Sensor fusion 

From the results and conclusions in section 10.2.5, a single sensor solution may not be 

feasible or optimal as each sensing system has its own advantages and disadvantages. 

An accurate, reliable collision management system that functions reliably in all 

scenarios will most likely require sensor fusion. In sensor fusion multiple sensors are 

used in combination to provide additional information or to correct other sensors. The 

use of sensor fusion has the potential to improve performance, reduce false positives 

and make the system more robust. Furthermore, the varieties of potential unwanted 

events demand a combination of technologies to reduce the risk. “The effective 

combination of technologies is a sensible approach, considering that fatalities and 

serious injury can occur in all possible scenarios. The building blocks of any operator 

assistant system are a number of environmental perception sensors used cooperatively 

with other additional sources of information like GPS.” [8] 

 

In order to close this gap it is proposed that simulation is used to determine the sensing 

technologies to be used and the most effective fusion of these technologies, considering 

the minimum specifications for the identified interaction scenarios. Simulation offers an 

effective way to consider and analyse different technologies and combination thereof. 

Once an optimal combination or group of possible combinations have been identified 

these can be tested. The simulation must be supplemented with testing to verify that the 

fused technologies, as determined from simulation, are indeed sufficient in real life 

operating conditions.  

 

10.2.6.2 CMS algorithms 

As concluded in previous sections, the minimum specification only provides the 

necessary sensor detection range which is required to avoid a collision. However, since 

the sensors in themselves contain no logic this would result in false positive warnings. 

Therefore, the most important aspect that needs to be addressed is the CMS algorithm, 

which takes the information from all the sensors and other vehicles and determines 

whether there is a possible collision and activates the required control level in order to 

avoid the collision. As stated above, sensor fusion may be required in order to obtain a 
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feasible or optimal CMS for a set of interaction scenarios. Intelligent development and 

optimisation of the CMS algorithm may reduce the occurrence of false positives without 

allowing false negatives. 

 

In order to close this gap it is proposed that the developed simulation platform be used 

to simulate different CMS algorithms in various interaction scenarios. Simulation offers 

an effective way to consider and analyse different CMS algorithms. Once an optimal or 

set of possible optimal algorithms have been identified these can be tested. The 

algorithm obtained from simulation must be supplemented with testing to verify that the 

algorithm is robust enough and indeed sufficient to reduce the occurrence of false 

positives without allowing false negatives. 

 

10.2.6.3 Type of testing 

Figure 36 indicates the different types of testing from development to implementation. 

The horizontal axis shows the progress from development to implementation and the 

vertical axis indicates percentage. Two lines, repeatability and realism, is indicated 

where repeatability starts around a 100% on the left and approaches 0% on the right. 

Realism starts around 0% on the left and approaches 100% on the right. Four steps are 

indicated on the figure and are as follows: 

1) Test in simulation 

The realism at this stage of testing might be close to zero as many of the factors 

that are associated with the operational environment might not be addressed. The 

repeatability, however, is close to 100% due to variability being small. The aim of 

testing here is the filter all CMS systems that is not able to satisfy the minimum 

specifications before continuing with more costly tests. Simulation provides the 

ability to simulate and analyse many scenarios much more cost and time effective 

than testing in the operational environment that is on the other side of the spectrum 

in step 4.   

2) Test under well controlled conditions.  

The realism at this stage of testing might still be lower than the repeatability. 

Conditions are well controlled during these tests. The conditions includes: track 

surface e.g. Gerotek Test Facilities; weather e.g. test only under specific weather 

conditions; vehicle condition e.g. suspension, brakes, tyres, etc. The aim of testing 

here is to verify that the CMS algorithm and hardware (which includes CMS, OEM 

and interface between CMS and OEM) is able to meet the minimum specification 

and to provide initial indication of the expected performance in steps 3 and 4.   
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3) Test under “representative” operational conditions but not in operational 

environment 

The realism at this stage might be more representative of the operational 

environment but is still not fully representative thereof. Aim of tests at this stage is to 

provide additional information of the expected performance in step 4.  

4) Test in full operational conditions   

The realism at this stage is close to 100% and is (fully) representative of the 

operational environment. Testing would take place on mine site.  

 

 

Figure 36. Types of testing – from development to implementation 

This project focused on tests that are to the left on Figure 36, in other words, tests 

falling under step1 and 2. The simulation capability presented in Milestone 3 and pilot 

test programme enabled the determination of minimum specifications and analyses of a 

baseline CMS in various scenarios and proved the concept. Further work must be 

conducted in order to determine how well tests in step 1 and 2, with the current 

interaction scenarios (e.g. EMESRT [3] and scenarios proposed in Milestone 4b), are 

able to indicate the performance of the CMS in operational conditions (or tests in step 

4).   

10.2.6.4 Confidence of stop distance between objects 

The verification procedure uses a pass criterion that is based on the mean and standard 

deviation of a number of test runs. Depending on the variation of the stopping distance 

(that is dependent on CMS, vehicle, environment and test equipment variations) the test 

runs might not be enough to provide a confidence level on the mean values that is 
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sufficient. It is therefore recommended that statisticians be consulted on this criterion to 

assist in determining the required number of test for a specific confidence level. 

Increasing the number of runs has implication on time and cost w.r.t. testing, therefore, 

being able to perform the minimal number of tests, that provides an acceptable 

confidence level, would be ideal. 

Furthermore, the standard deviation is indicative of the variation of the system. It would 

therefore imply that the tests would have to be done on the system (which includes the 

mining equipment, CMS and the interface between the OEM and CMS) of interest in 

operational conditions in order to quantify the variation that is to be used in the detection 

zones of the CMS. An alternative would be to quantify the variation of different 

elements of the system in the operational environment and then use this 

information in simulation and/or in simulated testing. 

 

10.2.6.5 Soft targets 

A “soft target” is a remotely or autonomously controlled vehicle resembling a speed 

bump, but with a superstructure fitted that visually resembles a real vehicle. The 

superstructure is made of a light weight and soft material e.g. foam covered with 

canvass. In case of a collision, the superstructure disintegrates with little force and the 

test vehicle drives over the speed bump without incurring any damage or safety risk. 

Developing and using these during testing should be further investigated. 

 

10.2.6.6 Additional aspects that should be considered in future 

10.2.6.6.1 Human modelling 

Drivers and operators of mining equipment might react differently in specific scenarios. 

They might therefore decide to brake rather than steer the vehicle or vice versa, or take 

a sub-optimal evasive action that actually increases risk of another or more PUE‟s.  

Human driver behavioral modelling might be a further aspect that could be considered 

along with the CMS algorithm and autonomy of vehicles.  

 

10.2.6.7 Interface between CMS and OEM 

CMS systems have to be integrated with the mining equipment in order to have a fully 

functioning CMS that would enable the vehicle to brake in the event of an L9 control 

level intervention. The implementation and interfacing between the CMS and OEM will 

depend on whether it is new or legacy mining equipment. For new equipment the CMS 

could potentially communicate with the OEM via the CAN bus whereas in the case of 

legacy equipment the interfacing would have to be mechanically or hydraulically. 
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Besides the technical aspects of interfacing between the CMS and OEM, legislative and 

liability aspects would also need to be addressed and is potentially the area with the 

greatest challenge.  

 

10.2.6.8 Conclusion on closing gaps 

Sensor fusion along with the CMS algorithm would be the first aspects to be considered 

and further investigated. Along with this it is important to determine how well tests in 

step 1 and 2 (see section 10.2.6.3), with the current interaction scenarios (e.g. EMESRT 

[3] and scenarios proposed in Milestone 4b), are able to indicate the performance of the 

CMS in operational conditions (or tests in step 4). Tests in step 1 and 2 should be set 

up such that passing them will result in acceptable performance in the operational 

environment with minimal risk.  

 

10.2.7 Feasibility of establishing an independent collision management testing facility locally 

This section assesses the feasibility of establishing an independent collision 

management testing facility locally.  

10.2.7.1 Scope of testing facility 

The facility must enable the evaluation of CMS locally without any bias towards a 

specific system or stakeholder. The stakeholders are: 

 Department of Mineral Resources (DMR)  

The DMR can use the independent testing facility to set feasible regulations 

 Mining industry  

The mining industry can use the independent testing facility to evaluate and 

analyse significant risks identified for specific mine sites and assist them in 

setting minimum specifications 

 CMS suppliers  

CMS suppliers can use the independent testing facility to assist with 

development and evaluation of their systems 

 

10.2.7.2 Requirements for testing facility 

The testing facility is aimed at evaluating different collision management systems. The 

testing facility should at least satisfy the following requirements:  

 Enable evaluation of different CMS 

 Need to facilitate criterion of the interaction scenarios (or PUE) identified as a 

significant risk. The following aspects needs to be considered: 

o The PUE (e.g. head-to-head, intersections) 
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o The objects in the scenario (e.g. object mass, dimensions, velocities, 

etc.) 

o The conditions of the scenario (e.g. surface conditions)  

 Provide environment to conduct tests: 

o with good repeatability (or test-retest reliability) 

o safely 

o representative of operational conditions 

 Provide infrastructure for testing 

Infrastructure for testing includes but are not limited to weather station, data 

connections, access control and emergency services 

 Accessible 

Ability of facility to be reached (logistically) and/or entered (able to accommodate 

test vehicles) 

 Facility must be in South Africa 

 

10.2.7.3 Possible approaches for testing facility 

The following two broad approaches could be followed to establish an independent 

collision management testing facility locally: 

 Use existing facilities 

 Build new facility 

 

Various alternatives exist for the approach that utilises existing facilities. These 

alternatives are, but not limited to: 

 Gerotek test facilities 

 Mine sites 

 

Another factor to consider along with the possible approaches is the vehicles to be used 

in the scenarios. The following alternatives regarding the test vehicle can be 

considered: 

 Test on light vehicles in simulated conditions (simulating vehicles and conditions 

(e.g. grades, friction coefficients) using light vehicles with brake robot). This 

approach will be referred to as test vehicle alternative 1 (TVA1). This method, 

while capable of testing the sensors, is best suited for testing the integration of 

sensors on the logic circuit as well as the CMS algorithm itself. This test 

alternative allows for testing of many scenarios.  
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 Test on actual vehicles. This approach will be referred to as test vehicle 

alternative 2 (TVA2). This method is best suited to test whether the sensor 

specification in terms of distance and angular range is achievable when placed 

on and sensing the actual vehicles which they will be used for. This alternative is 

limited to testing the scenarios in which the specific vehicle is involved in.  

  

The possible approaches that will be considered are listed in Table 11. The table also 

lists the shorthand notation for each of the approaches. Including the reference 

approach (Aref) there are 6 approaches that will be evaluated in the next section. 

 

Table 11. List of possible approaches for testing facility 

Facility 

 

Vehicles 

 New facility Existing facility 

Gerotek Test Facilities Mine sites 

TVA1 A1 Aref A4 

TVA2 A2 A3 A5 

 

10.2.7.4 Evaluation 

The possible approaches stated in the previous section are now evaluated against the 

following criteria: technical, economic, operational and scheduling feasibility. These 

criteria may have sub criteria and are indicated and discussed in the following sections. 

Each approach is evaluated against these criteria and sub-criteria. 

 

The evaluation process considers Gerotek Test Facilities with light vehicles (i.e. TVA1), 

as the reference approach. All other approaches are compared to this approach and 

given a score between -1 and 11. A score of -1 implies that the approach  is extremely 

unlikely to be able to address the criterion better than the reference approach, 1 implies 

that the approach will very unlikely be able to address the criterion better, 3 implies that 

the approach will unlikely be able to address the criterion better, 5 implies that the 

approach will likely address the criterion similarly, 7 implies that the approach will likely 

be able to address the criterion better, 9 implies that the approach will very likely be 

able to address the criterion better and 11 implies that the approach is extremely likely 

to be able to address the criterion better (Table 12). The reference approach is given a 

score of 3 for all criteria. After the comparative score is indicated for each criterion and 

for all approaches, the score is multiplied by the weight for the specific criterion and 

summed over all the criteria to give a weighted score for each approach. The weight 

assigned to each criterion is discussed under the relevant criterion or sub-criterion. 

Table 13 provides a summary of the results of the evaluation process. 
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Table 12. Evaluation scoring system  

Score Ability of approach to address criterion 

compared to reference approach 

-1 extremely unlikely 

1 very unlikely 

3 unlikely 

5 similarly 

7 likely 

9 very likely 

11 extremely likely 

 

a. Technical feasibility 

The technical feasibility is evaluated against the following criteria: 

a.1. Ability to evaluate different CMS 

The approach must allow for evaluation of different collision management 

systems. This may arguably be the most important requirement for the test facility 

and this criterion is therefore assigned a weight of 1.  

 

All approaches are expected to enable the evaluation of different CMS. If a CMS 

requires special infrastructure it is assumed that the CMS supplier will provide this 

along with the system to be evaluated. All approached are therefore given a score 

of 5 compared to the reference approach. 

 

a.2. Ability to address requirements set by interaction scenarios (or PUE). 

The facility must be able to address the requirements set by the interaction 

scenario. These requirements consist of: 

a.2.1. the PUE  

The PUE may be a head-on interaction between two vehicles or any one of the 

PUEs listed by EMESRT [3]. It may be an event not listed by EMESRT but a 

significant risk identified by the mine. The PUE may also be one of the interaction 

scenarios defined in Milestone 4b. This criterion is assigned a weight of 0.5. 

 

The reference approach should be able to accommodate most of the scenarios 

listed by EMESRT and in Milestone 4b. Similarly, approach A3 should be able to 

accommodate most of the scenarios and is given a score of 5. The new facility 

can be designed to ensure that all relevant PUE‟s can be tested. Approach A1 and 
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A2 is therefore given a score of 11. The mine site will enable the PUEs identified 

as significant risks to be tested. It should be noted that if a single mine site is used 

it may only be able to cover certain scenarios and not all. Approach A4 and A5 is 

given a score of 3. 

   

It should be noted that an approach may be able to address this criterion but it 

may however not allow the PUE to be tested due to the type of vehicle and vehicle 

velocities. This is evaluated in the following criteria.  

   

a.2.2. Objects in the scenario 

The combination of the PUEs, the objects involved and their initial velocities will 

determine whether the approach will be able to accommodate the interaction 

scenario. This criterion is assigned a weight of 0.5 

 

The reference approach should be able to accommodate most of the PUE and 

object combinations. All vehicles cannot be tested on Gerotek. For example, 

CAT793D haul trucks are assembled on site and it would therefore not be possible 

to test this vehicle on Gerotek. Approach A3 is extremely unlikely to address this 

criterion better than the reference approach. The new facility can be designed to 

ensure that all relevant PUE and object combinations can be tested. Approach A1 

and A2 is therefore given a score of 5. The mine site will enable the PUE and 

object combinations, identified as significant risks, to be tested. It may however 

only be able to cover certain PUEs and object combination and not all. Approach 

A4 and A5 is given a score of 1.   

 

a.3. Ability to provide environment to conduct tests: 

a.3.1. Ability to provide environment to conduct tests with good repeatability (or 

test-retest reliability) 

A major aspect of the environment that will affect repeatability of the test is the 

road surface. The facility should provide road surface conditions that allow for 

repeatable test to be performed. This criterion inherently implies that unpaved 

surfaces would get a lower score than paved surfaces. Other environmental 

factors to consider w.r.t. repeatability of the tests are traffic that is not part of the 

interaction scenario. It is important to have repeatable tests during the evaluation 

of CMS and this criterion is therefore assigned a weight of 0.6. 
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The facilities of the reference approach have test tracks that are paved and 

maintained in order to give repeatable surface conditions. Access to test tracks is 

limited to vehicles and personnel involved with the test. Interference from other 

traffic would therefore be highly unlikely. Approach A3 also uses the same 

facilities as the reference approach and is therefore given a score of 5. The new 

facility would be designed to satisfy this requirement and is therefore given a 

score of 3 compared to the reference approach. In order to achieve good 

repeatability on mine sites haul roads would need to be maintained and would 

also require dust suppression. Mine sites may have paved areas that could 

provide test with repeatable surface conditions and limit access of other traffic. 

Approach A4 and A5 are given a score of 1 compared to the reference approach. 

 

a.3.2. Ability to provide environment to conduct tests safely 

The environment must be conducive to conduct tests safely. Aspects to consider 

are: “run-off” areas (especially for dynamic interaction scenarios). It is important to 

have safe testing conditions and this criterion is assigned a weight of 0.7. 

 

The facilities of the reference approach have test tracks with areas next to the 

track that can be used as “run-off” areas. These “run-off” areas however may not 

be sufficient for all scenarios especially with heavier vehicles during dynamic 

scenarios. Approach A3, which uses actual vehicles, is therefore given a score of -

1 compared to the reference approach. The new facilities could of course be 

designed to provide sufficient “run-off” areas for the envisaged interaction 

scenarios and is given a score of 11 compared to the reference approach. Mine 

sites may provide spaces with sufficient “run-off areas” to conduct test and is 

given a score of 5.   

 

a.3.3. Ability to provide environment to conduct tests representative of operational 

conditions 

Operational conditions may include aspects such as: visibility (dust), 

surface/underground mining operation, minerals and materials mined and their 

effect on CMS. This criterion is assigned a weight of 0.4 as it is considered less 

important than having an environment that provides good repeatability and safety.     

 

The reference approach will allow for test to be conducted for surface interaction 

scenarios. It will also allow for testing underground interaction scenarios above 

ground but may not be able to test for all without constructing obstacles to 
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represent tunnels etc. The new facility can be designed to include tracks above 

and below ground in order to test for various surface and underground interaction 

scenarios. The minerals and/or materials mined during underground operation 

may affect the operations conditions and the CMS. It may therefore be required 

that different underground tracks be build that include minerals and/or materials 

that have the greatest potential to affect the CMS. These may include electrical 

noise generated by vehicles and other equipment used in the underground 

environment. A score of 9 is assigned to approach A1 and A2. Mine sites will 

provide the best approach to address this criterion, however, one mine site might 

not be able to address the operational conditions of all other mines. A score of 5 is 

therefore assigned to approach A4 and A5.  

 

b. Economic feasibility 

The economic feasibility is evaluated against the following criteria: 

b.1. Cost 

The aspects of the cost to be considered between the new facility and the existing 

facilities are inherently different. For the new facility, the cost is associated with 

raw materials, labour, etc. For the existing facilities the cost are associated with 

the cost for usage of tracks and facilities. The cost associated with the two 

different test vehicle alternatives is also considered. This criterion is assigned a 

weight of 1.0. 

 

The reference approach has a cost structure in place for track and facility usage. 

The possibility also exists to extend the facilities at Gerotek in order to allow CMS 

testing of heavy vehicles and other PUEs. This would provide a more cost 

effective alternative to building a new facility. The approach using Gerotek with 

actual mining vehicles (i.e. approach A3) will most likely have a greater cost 

associated due to the transport of the mining vehicles. Approach A3 is given a 

score of -1. The new facilities will cost considerably more compared to the existing 

facilities and using actual mine vehicles on the new facility will further increase the 

cost. Therefore, a score of -1 is assigned to the new facilities (i.e. approach A1 

and A2) compared to the reference approach. It should be noted that the cost of 

the new facility compared to the other approaches is not well represented by the 

scoring system used. Therefore the scoring associated with approach A1 and A2 

in Table 13 are highlighted in red.  Mine sites may not have cost structures in 

place for usage of facilities nor may they charge for the use of facilities, there may 

however be costs to the mine if testing interferes with production. Approach A4 is 
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given a score of 1 compared to the reference approach. Approach A5 may not 

have all the vehicles on site that is required to test scenarios that are found on 

other sites and is given a score of -1.  

  

b.2. Benefits 

The aspects considered under economic benefits of the approach are the 

prospect of the approach to provide employment opportunities and/or to support 

local business. 

b.2.1. Supporting local business 

Supporting local business is important to ensure sustainability of business and 

thereby securing current jobs. This criterion is assigned a weight of 0.5. 

 

Compared to the reference approach, all other approaches have similar potential 

to support local business. A score of 5 is given to all approaches 

  

b.2.2. Employment opportunity 

South Africa has a high unemployment number. Creating employment 

opportunities will be beneficial to the country. This criterion is assigned a weight of 

0.5. 

 

The new facility has the greatest potential for creating employment opportunities. 

A score of 7 is given to approach A1 and A2. The other approaches have similar 

potential to the reference approach for creating employment opportunities. A score 

of 5 is given to all other approaches.   

 

c. Operational feasibility 

The operational feasibility is evaluated against the following criteria: 

c.1. Accessibility 

Accessibility is split into two sub-criteria, logistics and the ability of the facility to 

accommodate test vehicles.  

c.1.1. Logistics 

This sub-criterion evaluates how reachable the facility is. This criterion is assigned 

a weight of 0.3. 

 

Most mining activities are located around Gauteng (Figure 37). Gerotek is located 

approximately 25km outside of Pretoria. Getting light vehicles to Gerotek, 

especially if light vehicles from the Vehicle Dynamics Group at University of 
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Pretoria is used, is simple. Getting mining vehicles to Gerotek will pose a greater 

logistical challenge. It will also mean that not all mining equipment will be able to 

be transported to Gerotek (For example, CAT793D haul trucks are assembled on 

site). A score of -1 is given to approach A3. A new facility could be placed 

centrally to mine sites in order to allow simpler logistics with respect to using 

mining vehicles as test vehicles, but it will still mean that not all mining equipment 

will be able to be transported. Approach A2 is given a score of -1. Using light 

vehicles as test vehicles on the new facility would result in similar logistical effort 

compared to the reference approach. A score of 5 is assigned to approach A1. 

The mine site would have minimal to no logistical implications in order to use 

mining vehicles as test vehicles except if vehicles is needed to test scenarios from 

other sites. Some logistics would be associated with getting light vehicles to the 

mine site. A score of -1 is given to approach A5 and 5 to A4.       

 

 

Figure 37. Mining in South Africa. [9] 

c.1.2. Ability to accommodate test vehicles 

This sub-criterion evaluates whether the facility is able to accommodate the test 

vehicles. This criterion is assigned a weight of 0.4 
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The reference approach will be able to accommodate the light vehicles. The 

facilities in the other approaches would also be able to accommodate the light 

vehicles. A score of 5 is therefore given to approach A1 and A4. Gerotek will not 

be able to accommodate all mining vehicles on all tracks. A score of 3 is therefore 

given to approach A3. The new facility can be designed to ensure that all relevant 

mining vehicles can be accommodated. A score of 9 is given to approach A2. The 

mine site would be able to accommodate mining vehicles but they may only be 

representative of the specific mine‟s scenario and a score of 7 is given to 

approach A5. 

 

c.2. Provide infrastructure for testing 

Infrastructure for testing includes, but are not limited to weather station, access 

control and emergency services. This criterion is assigned a weight of 0.4 

 

The reference approach has infrastructure such as weather station, access control 

and emergency services. The new facility can be designed with the necessary 

infrastructure and is given a score of 5. The mine sites may have some of the 

infrastructure in place and is given a score of 1. 

 

c.3. Usability 

This criterion evaluates the ease-of-use of the facility. Aspects considered are ease 

of access to facility (here access refers to being able to use the facility and not 

logistics or ability to accommodate test). This criterion is assigned a weight of 0.4. 

 

The reference approach has a booking system in place to book test tracks. Gerotek 

is therefore easy to use and merely dependant on availability of tracks. Approach 

A3 is therefore given a score of 5. The new facility would work on a similar booking 

principle and approach A1 and A2 are given a score of 5. Testing on mine sites 

would require permission from sites as well as possible scheduling around normal 

mining operations and/or stopping of mining operations to test on specific section of 

mine. A score of -1 is therefore given to approach A4 and A5.    

 

c.4. Sustainability 

This criterion evaluates the ability of the facility to support the evaluation of CMS 

systems over the short and long term. It is important that the facility is sustainable 
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otherwise it cannot justify the (running or set up) cost associated with the facility. 

This criterion is assigned a weight of 1.0 

 

Using an existing facility implies that the facility can be used sporadically when 

needed, whereas a new facility would require that it be used by 3rd parties in order 

to produce income for running cost associated with the facility. The reference 

approach therefore has a much higher likelihood of being sustainable than the new 

facility. It should be noted that the sustainability of the new facility compared to the 

reference approaches is not well represented by the scoring system used. 

Therefore the scoring associated with approach A1 and A2 in Table 13 are 

highlighted in red. Approach A1 and A2 is therefore given a score of -1. The 

sustainability of the mine site as a test facility is less than the reference approach 

and a score of 3 is given to approach A4 and A5.     

 

d. Scheduling feasibility 

This criterion evaluates the possibility of the approach to be implemented such that it 

can allow for evaluation of CMS systems within the implementation time frames for 

Chapter 8 amendments [10]. Underground diesel has until June 2018 and Surface 

until June 2019. This criterion is assigned a weight of 1.0. 

 

The reference approach is ready for use. The mine sites are ready but subjected to 

agreement by mine. Approach A4 and A5 are given a score of 3. The new facility is 

not likely to be available for testing within this time frame and is therefore given a 

score of -1. It should be noted that the scheduling of the new facility compared to the 

reference approaches is not well represented by the scoring system used. Therefore 

the scoring associated with approach A1 and A2 in Table 13 are highlighted in red. 
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Table 13. Summary and results of assessment of feasibility of establishing an independent collision 

management testing facility  

Facility New 
Existing 

Gerotek Mine site 

Test Vehicle Alternatives TVA1 TVA2 TVA1 TVA2 TVA1 TVA2 

Approach A1 A2 Aref A3 A4 A5 

Evaluation criteria Weight             

a.1.Ability to evaluate different 
CMS  

1 5 5 5 5 5 5 

a.2.Ability to address 
requirements set by interaction 
scenarios 

- - - - - - - 

a.2.1. PUE 0.5 11 11 5 5 3 3 

a.2.2. Objects in the scenario 0.5 11 11 5 -1 1 1 

a.3. Ability to provide 
environment to conduct tests: 

- - - - - - - 

a.3.1. with good repeatability 0.6 5 5 5 5 1 1 

a.3.2. safely 0.7 11 11 5 -1 5 5 

a.3.3. representative of 
operational conditions 

0.4 9 9 5 5 5 5 

Technical feasibility score - 30.3 30.3 18.5 11.3 13.1 13.1 

b.1.Cost 1 -1 -1 5 -1 1 -1 

b.2.Benefits - - - - - - - 

b.2.2.Supporting local business 0.5 5 5 5 5 5 5 

b.2.2. Employment opportunity 0.5 7 7 5 5 5 5 

Economic feasibility score - 5 5 10 4 6 4 

c.1.Accessibility - - - - - - - 

c.1.1.Logistics 0.3 5 -1 5 -1 5 -1 

c.1.2.Ability to accommodate 
test vehicles 

0.4 5 9 5 3 5 7 

c.2. Provide infrastructure for 
testing 

0.4 5 5 5 5 1 1 

c.3.Usability 0.4 5 5 5 5 -1 -1 

c.4.Sustainability 1 -1 -1 5 5 3 3 

Operational feasibility score - 6.5 6.3 12.5 9.9 6.5 5.5 

e. Scheduling 1 -1 -1 5 5 3 3 

Scheduling  feasibility score - -1 -1 5 5 3 3 

Overall feasibility score   40.8 40.6 46 30.2 28.6 25.6 

Overall feasibility score*    24.8 24.6 46 30.2 28.6 25.6 
* Score for approaches A1 and A2 for criteria b.1, c.4 and e changed to -7, -5 and -7, 

respectively 
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10.2.7.5 Review 

Section 10.2.7.4 presented the evaluation of the different approaches. It should be 

noted that the evaluation process followed cannot remove the inherent subjectivity of 

the process but does attempt to at least make the subjectivity transparent. Different 

weighting and different scoring, which of course is subjective, can result in a different 

outcome. This feasibility study can be used as an initial indication of the best approach 

within the group of approaches considered. It is important to have the feasibility study 

reviewed by all stakeholders in order to substantiate the criteria, weighting and scoring.    

 

From the evaluation of the approaches, Table 13 indicated that the reference approach 

would be the best approach. Approach A1 and A2 comes in as the 2nd and 3rd best 

according to the evaluation. It must however be noted that this is due to the scoring 

system not capturing the actual difference in the criteria (i.e. b.1, c.4 and e) realistically 

between these two approaches and the reference approach. If the scoring for approach 

A1 and A2 for criteria b.1, c.4 and e is changed to -7 and -5 and -7, respectively, these 

two approaches falls to the bottom of the list for best approach.    

 

An alternative approach to the reference approach may be to extend the facilities at 

Gerotek. This could have potential to minimize cost as well as benefit local business 

and create employment opportunities. A further alternative that should be kept in mind is 

using simulation to substitute or supplement physical testing. Simulation has 

considerable advantages w.r.t. to time and cost. Simulation would probably not be 

sufficient to evaluate CMS but could play a pivotal role in the early phase of 

development and test planning.  

 

The type of testing was discussed in section 10.2.6.3. It should be noted that the 

reference approach is best suited for testing related to step 2. Approach 5 is again 

better suited for testing related to step 4. Section 10.2.7.6 considers the reference 

approach and its ability to accommodate the proposed interaction scenarios from 

Milestone 4b. 

 

10.2.7.6 Ability of existing facility to accommodate interaction scenarios 

The reference approach that uses Gerotek Test facilities and light vehicles in simulated 

conditions was identified in section 10.2.7.4 as the best approach for testing of CMS 

related to step 2 (see section 10.2.6.3). This section considers the existing facilities at 
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Gerotek and its ability to accommodate the proposed interaction scenarios from 

Milestone 4b. The following general assumptions are made:  

 A brake robot will be used to control the braking. 

 A GPS will be used to monitor the speed. 

 Light vehicles will be able to accelerate at 0.3g to achieve the desired speeds for 

the relevant interaction scenario. 

 Braking to be done at 0.1g as a worst case. 

 Operator and machine delays as documented will be applied to determine 

stopping distances 

 Runoff areas must be the largest for a case where no collision occurs and at least 

one of the vehicles (the RO) continues on its path 

10.2.7.6.1 Straight line interaction scenarios 

For the straight line interaction scenarios the following assumptions are made: 

 Maximum speed of the LO and RO of 50km/h, i.e. maximum relative velocity of 

100km/h 

 Braking deceleration at 0.1g 

 3s operator delay and 1s machine delay 

 Maximum vehicle width of 7.6m with a lateral offset of 4.4m (Based on CAT 793D 

haul truck) 

This results in the following requirements: 

 Stopping distance of 168m for LO and RO 

 Total straight line space needed thus 402m. 

o Total stopping distance needed for both vehicles in head-on scenario thus 

336m 

o Distance needed to accelerate a vehicle to 50km/h at 0.3g is 33m 

 Total width needed 12m 

 

The Long Straight Track at Gerotek Test Facilities, which is 1000m long and 12m wide 

will be able to accommodate interaction scenario 0.2, 0.3, 1.1, 1.2 and 1.3 with the 

assumptions stated above. Any reduction in the object velocities will be feasible on this 

track.  See Figure 38 below for a satellite view of the Long Straight Track at Gerotek 

Test Facilities. 

 

Figure 38. Long Straight Track 

10.2.7.6.2 Non-parallel interaction scenarios 

For the non-parallel interaction scenarios the following assumptions are made: 

 Maximum speed of 50km/h of LO. 
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 Braking deceleration at 0.1g 

 3s operator delay and 1s machine delay 

 Intersection angle of 90. 

This results in the following requirements: 

 Total distance to get each vehicle up to speed is thus 201m. 

o Stopping distance of 168m for LO  

o Distance needed to accelerate a vehicle to 50km/h at 0.3g is 33m 

 Intersection angle of 90. 

There are several locations at Gerotek Test Facilities where intersection scenarios can 

be investigated thereby accommodating interaction scenario 0.4 and 2.1.  There is 

ample space to get the vehicles up to speed and to perform brake maneuvers. Possible 

intersection test areas are (see Figure 3): 

 Access road to High Speed Track 

 Access road to Long Straight Track 

A major problem with any of these areas is suitable run-off area.  Since access roads 

are needed to test an intersection scenario, suitable provision for a run-off area has not 

been made. It is recommended that an existing area be upgraded to allow for the testing 

of interaction scenarios. Such a facility should have run up lengths of at least 33m in 

and an obstructed test area (where line-of-sight proximity detection systems can be 

tested) with dimensions of 168m x 168m for detection with additional run-off areas. 

Such a run-off area should accommodate for a vehicle stopping in approximately 33m, if 

it is assumed the light vehicles can brake at 0.3g in an emergency situation from 

50km/h. 

 

Figure 39. Access road and High Speed Track at a slope downward (left) and access road to long 

straight (right) with no runoff area 

 

10.2.7.6.3 Curve interaction scenarios 

For the curve interaction scenarios the following assumptions are made: 
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 Maximum speed of the LO and RO of 50km/h, i.e. maximum relative velocity of 

100km/h 

 Maximum safe lateral acceleration of 0.3g.   

 Braking deceleration at 0.1g 

 3s operator delay and 1s machine delay 

This results in the following requirements: 

 A minimum radius of curvature of 66m. 

 Stopping distance of 168m for LO and RO 

 Total arc length needed with a radius of 66m thus 402m. This equates to a 

sector angle of 350. 

o Total stopping distance needed for both vehicles is 336m along the 

curved path (i.e. arc length). 

o Distance needed to accelerate a vehicle to 50km/h at 0.3g is 33m 

This exact requirement is not available at Gerotek Test Facilities.  Gerotek Test 

Facilities does have a constant radius ring with a radius of 100m.  With a radius of 100m 

and a distance of 402m, a sector angle of 230 is needed.  A curved interaction 

scenario can be tested on this ring, but if the speed limit of 50km/h is adhered to, a 

reduction in the lateral acceleration will be seen. At 50km/h with a radius of 100m, the 

lateral acceleration will be 0.2g.  If smaller radii are to be tested to achieve higher lateral 

acceleration levels, a circular concrete skid pan with a radius of 50m is available with 

ample run-up area. Gerotek Test Facilities thus has ample space and facilities to do a 

curved scenario investigation. Interaction scenario 4.1 can therefore be accommodated.  

Satellite images of the two potential test locations are shown in Figure 40. 

 

Figure 40. Constant radius ring with 100m radius (left) and concrete skidpan with 50m radius (right) 
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10.2.8 Feasibility of manufacturing collision management systems locally 

In order to determine feasibility of local production of CMS, it is necessary to state the 

minimum specifications, sensing requirements, communication requirements, 

algorithms and actuation requirements. 

 

10.2.8.1 Minimum specifications  

Based on the analysis performed in this study, a feasible CMS must meet three 

minimum specifications namely: 

a) The CMS on the LO must be able to detect any RO that is within a range of 175 m 

b) Fast response time of less than 100 ms (10 Hz bandwidth) and low latency is 

required 

c) Line-of-sight is not guaranteed in all scenarios. LO‟s and RO‟s will need Vehicle-to-

vehicle (V2V) and/or Vehicle-to-Infrastructure (V2I) communication in order to detect 

each others presence within the 175m range. 

Although many other factors need to be considered, systems with the required sensors, 

processing power and decision making strategies that can achieve these three main 

specifications are expected to be sophisticated enough to cope with these additional 

factors. 

10.2.8.2 Sensing system 

Due to the long sensing range required (175m) and the fact that line-of-sight cannot be 

guaranteed in many scenarios. The only feasible sensing solution is radio frequency 

based triangulation as found in GPS or cell phone network positioning. These systems 

should be supported by additional sensors such as long-range Radar and vision-based 

sensors that can provide good information when line-of-sight becomes possible. Sensor 

fusion will be required to accurately interpret measurements from several combined 

sensors. 

 

10.2.8.3 Communication system 

In conditions where distances are large (generally more than 50m) or where line-of-sight 

is not possible due to obstacles (e.g. mine dumps, pits, vegetation, and surface 

topology), vehicle to vehicle (V2V) and/or vehicle to infrastructure (V2I) is the only way 

for any LO to know the position of any RO. These communication systems can consist 

of radio links, Wi-Fi links, Cellular links or a combination of these technologies. 

 

10.2.8.4 Decision making algorithm 

Once a CMS on a LO detects any RO within it‟s range of interest, the decision making 

algorithm in the CMS must determine if any action is required and execute the required 
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action (e.g. warning the driver or stopping the vehicle). This decision making strategy 

will be implemented on an embedded microprocessor with analogue and digital inputs 

and outputs, as well as communication. This decision making intelligence may be local 

(on the LO and RO) or central (e.g. “flight control” centre), or both. A strategy, capable 

of preventing false positives, will require a real-time vehicle dynamics predictor to 

determine the expected trajectories of the LO and RO and thus predict the risk of an 

unwanted interaction. 

 

10.2.8.5 Actuation 

The first level of feedback from the CMS is to communicate with operator (L7&L8) via 

audible and visual cues. If further intervention is required the CMS should communicate 

with the vehicle (e.g. through the CAN bus on modern vehicles) or with separate 

actuator (e.g. brake robot of pneumatic valves added to the vehicle in case of old 

technology equipment) to bring the vehicle to a controlled stop (L9). 

 

10.2.8.6 Existing local capability 

Traditional local CMS providers mainly use proximity based sensing technologies (e.g. 

RFID tags). These sensing systems are limited to short ranges (generally less than 40 

m) and becomes slow (high latency) and inaccurate/unreliable at large distances. These 

systems also employ very simplistic decision making strategies (e.g. if distance between 

LO and RO is less than 50m then warn, if distance is less than 30m then STOP). These 

systems have achieved limited success in low speed scenarios. 

Other sources of sensing technology and capabilities exist in South Africa. GPS based 

vehicle tracking systems exist and are widely implemented (e.g. fleet management, 

stolen vehicle recovery). Also most smartphones offer assisted GPS (or A-GPS) which 

use traditional GPS combined with cellular network triangulation that offer faster 

response and better accuracy than GPS on its own. These system also allow 

communication of the device position with the service provider to enable road traffic 

reports, accident reports etc. Additional sensors such as Radar and vision-based 

sensors may need to be imported where low quantities make local production infeasible. 

As far as the decision making strategy implementation is concerned, extensive 

embedded microcontroller capability exists locally. Implementing suitable hardware 

platforms should not be a significant challenge. 

The biggest challenge is seen to be the development of the actual decision making 

algorithms. None of the existing systems employ algorithms that are intelligent enough 

to prevent false positives. The simulation and testing capabilities and tools developed 
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during this project, as well as the vehicle dynamics capability that exists at the 

University of Pretoria, can be used to develop these strategies, test them against the 

scenarios in simulation, implement CMS in hardware and test the final results against 

the specification. 

 

10.2.8.7 Conclusion 

Extensive development, especially of the decision making algorithms, is required. There 

is local expertise available to perform this development. Local industry in general has 

the expertise to manufacture CMS systems locally although some critical components 

may have to be imported. 

10.3 Milestone Conclusions 

The aim of section 10.2.1 was to determine the minimum specifications for the detection 

zones that would prevent PUEs from occurring. The specified detection zones were 

shown to be specific to the scenarios used. A simulation model was used to illustrate 

that the specified detection zones was sufficient to detect objects and giving the 

required control level signal in order to mitigate the PUE. A baseline CMS algorithm was 

used in conjunction with the specified detection zones. Because the detection zones 

were specified to cater for multiple interaction scenarios, the potential of unwanted false 

positives existed.  This was illustrated with two scenarios that would not be classified as 

a PUE during normal operational conditions. In conclusion, it may be said that a tool 

was developed that allows the minimum specification for a specific object, subject to the 

specific scenarios the object will encounter. The success of this tool relies on the 

accurate specification of the scenarios the object will encounter. The approach 

employed to determine the detection zones needed to avoid PUEs between objects 

may lead to an over specification of the detection zone. This may lead to false positives 

occurring. False positives can be addressed, but more complex sensing technology and 

a CMS decision making algorithm that can determine when a detected remote object 

will interact in an unwanted way with the local object, is needed. 

 

Simulation and testing were used to evaluate a virtual CMS to verify that the CMS is 

able to activate the correct control level at the correct instance for various interaction 

scenarios. The main of this was to demonstrate the simulation and testing capability that 

was established in Milestone 3 and Milestone 4a and 4b. It should be noted that 

simulation and testing (using simulated conditions) of CMS is part of the development 

and evaluation process and not the end point. They do provide an effective method to 

highlight risks and shortfalls of the CMS. The results from simulation and/or simulated 
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testing can provide useful information to the CMS supplier which can use it during 

design revision, or to the mine that is selecting the best CMS for their site. Once a best 

(or set of best possible) CMS have been identified from simulation (step 1) 

and/or simulated testing (step 2), the CMS must be tested in operational 

conditions (step  4, see section 10.2.6.3 for detail on steps). Operational testing 

is important as variations of the system, which now includes the actual mining 

vehicle, environmental aspects etc., can be quantified. An alternative would be 

to quantify the variation of different elements of the system in the operational 

environment and then use this information in simulation and/or in simulated 

testing. This alternative approach was outside the scope of this project.   

 

Broad gaps were identified between the current technologies and the specifications. 

These gaps were: Sensor fusion; CMS algorithm; Type of testing; Confidence of stop 

distance between objects and Human modelling.  Future work was proposed in order to 

close these gaps. Sensor fusion along with the CMS algorithm is proposed to be the 

first aspects to be considered and further investigated, along with determining how well 

tests in step 1 and 2 (see section 10.2.6.3), with the current interaction scenarios (e.g. 

EMESRT [3] and scenarios proposed in Milestone 4b), are able to indicate the 

performance of the CMS in operational conditions (or tests in step 4).  

   

An initial feasibility study of establishing an independent collision management testing 

facility locally was conducted. Results showed that the best approach was to use 

Gerotek Test Facilities with light vehicles (simulating mining equipment performance). It 

is however important to have the feasibility study reviewed by all stakeholders in order 

to substantiate the criteria, weighting and scoring.  

 

An initial feasibility study of manufacturing collision management systems locally was 

conducted. It was concluded that extensive development, especially of the decision 

making algorithms, is required. There is local expertise available to perform this 

development. Local industry in general has the expertise to manufacture CMS systems 

locally although some critical components may have to be imported.  
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10.4 Milestone Recommendations 

The main recommendations of this final report are: 

10.4.1 Tool for determining minimum specification 

It was shown that the minimum specifications are dependent on the interaction 

scenarios (or significant risks). This report presented a tool that could assist in 

determining the minimum specifications for a CMS based on the significant risk 

interaction scenarios. This tool should be extended in future to include more interaction 

scenarios which are significant risks on South African mines. 

10.4.2 Gaps between specifications and current technologies 

Sensor fusion along with the CMS algorithm is proposed to be the first aspects to be 

considered and further investigated. Along with this it is important to determine how well 

tests in step 1 and 2 (see section 10.2.6.3), with the current interaction scenarios (e.g. 

EMESRT [3] and scenarios proposed in Milestone 4b), are able to indicate the 

performance of the CMS in operational conditions (or tests in step 4). Tests in step 1 

and 2 should be set up such that passing them will result in acceptable performance in 

the operational environment with minimal risk. 

10.4.3 Suitable CMS test procedure and specification for potential test facility 

Based on the investigations and analysis performed in this study, several 

recommendations are made for a suitable CMS test procedure. The test procedure 

influences the choice of, and specifications for a potential test facility. These 

recommendations, as well as the motivation for the recommendations are indicated in 

Table 14 

 

Table 14. Recommendation and motivations regarding CMS test procedure and specifications for 

potential test facility 

Recommendation Motivation 
Repeatability of the testing of the CMS should 
be the prime driver of any decision related to the 
test method and facility. 

Tests that cannot be repeated is not suitable for 
evaluating the CMS against specification. 

Repeatable high-friction paved test surface, 
requiring low maintenance and no pre-test 
preparation, (i.e. concrete or tar) is required. 

The focus must be to isolate the performance of 
the CMS from the possible effects of changing 
test conditions. Any non-surfaced roads (e.g. 
gravel roads) will negatively influence 
repeatability as the surface can change 
significantly with time, rainfall, maintenance, 
repeated use etc. 

A brake robot will be used to control the braking. Braking should be performed at an accurately 
controlled value (e.g. 0.1g +- 10%) and not be 
dependent on the braking capability of a specific 
vehicle or the condition of brakes, tyres, 
suspension etc. on the test vehicle. If different 
vehicles, with different braking capabilities are 
used, the CMS cannot be evaluated repeatably. 
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A light vehicle will be used for the LO Light vehicles will be able to accelerate at 0.3g, 
brake at 0.9g and corner at 0.8g. This will give 
an extensive safety margin during testing as the 
test vehicle can be steered or braked to prevent 
an actual collision if the CMS fails. 

“Soft targets” will be used for the RO. A “soft 
target” is a remotely or autonomously controlled 
vehicle resembling a speed bump, but with a 
superstructure fitted that visually resembles a 
real vehicle. The superstructure is made of a 
light weight and soft material e.g. foam covered 
with canvass. In case of a collision, the 
superstructure disintegrates with little force and 
the test vehicle drives over the speed bump 
without incurring any damage or safety risk. 

The RO should be chosen or designed such 
that, if the CMS fails and a collision does occur, 
the collateral damage will be minimal and the 
safety of persons performing the tests are not 
compromised.  

The GPS test equipment, acquired during 

Milestone 4a, will be used to monitor the speed 

and position of the LO and RO, as well as to 

map the positions of surrounding infrastructure. 

The speeds and positions of the LO and RO 
must be accurately known (to 0.1m) in order to 
determine compliance of the CMS to the 
specification. 

Operator and machine delays as documented 

will be applied to determine stopping distances. 

N/A 

Runoff areas must be the largest for a case 

where no collision occurs and the at least one of 

the vehicles (the RO) continues on its path 

If light vehicles and “soft targets” are used on 

high-friction paved roads, only small runoff 

areas are required as these vehicles can be 

braked and steered at accelerations that are 

much higher than required for CMS testing. 

Support e.g. workshop, safety, emergency (fire, 

medical etc.) communications (voice, data), 

maintenance, security, safe and environment 

protected storage, access control. 

Safety and security during test must be highest 

priority. 

Site not located on a mine due to OHS 
complications. 

Logistics around access to mine sites will make 
cost prohibitive and significantly influence time 
scales. 

 

10.4.4 Review of feasibility study of establishing an independent collision management testing 

facility locally 

The feasibility study of establishing an independent collision management testing facility 

locally (see section 10.2.7) should be reviewed by all stakeholders in order to 

substantiate the criteria, weighting and scoring. 

 

11 Next Milestone 

The next Milestone is Milestone 6 which is the approval of this report.  
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13 Appendix A – Minimum specification GUI 

A Graphic User Interface (GUI) was created to determine the minimum sensor 

specifications for various scenarios, as described in the EMESRT documentation [3]. 

The minimum sensor specifications take into account the size of the Local Object (LO), 

its braking efficiency and the gradient of the scenario. The process of specifying a 

scenario is illustrated below in Figure 41. 

The first step is describing the LO. Provision is made for an asymmetrical LO.  When 

OK is selected, the LO is shown in yellow.  

 

Figure 41. Describing the Local Object 

The next step is specifying the interaction scenarios. Selecting „Add Scenario‟ opens a 

panel with a list of the scenarios (Figure 42) as described in the EMESRT 

documentation [3]. 

 

Figure 42. List of EMESRT scenarios 
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The scenarios can then be added one-by-one. Selecting the „L1 – head-on‟ checkbox 

opens the L1 panel (Figure 43) where the scenario specifics are entered. This is 

repeated for each scenario the LO will encounter. 

 

Figure 43. L1 scenario panel 

Selecting „OK‟ will plot the scenario‟s sensor specification as a shaded area along with 

the LO in yellow (Figure 44). Several scenarios can then be added and are then shown 

on along with the LO Figure 45. The sensor minimum specification is automatically 

combined into a single overall specification applicable to the LO. 

 

 

Figure 44. Result of L1 scenario minimum sensor specification 

 

 

Figure 45. Result of adding several scenarios 


