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In Great Britain there are 25 fatal injuries each year on
average, and hundreds of non-fatal injuries to workers as a
result of being struck by moving vehicles in the
workplace. Restricted operator visibility is often identified
as a contributing factor in these accidents.
HSE researchers developed a risk-based method to
determine ‘visibility risk zones’ for earth-moving machinery
such as dumper trucks and excavators. Excavators are of
particular concern due to several fatal accidents in which
they have struck workers. Some excavators can have
relatively large blind spots, with up to about 50% of the
operator’s direct visibility to the field of view obscured by
the body of the machine and the boom.
This report describes the application of a risk-based method
to evaluate the operator’s field of view from a medium
sized hydraulic excavator. The evaluation considered the
visibility for an excavator with the mirrors and a rear view
camera fitted during manufacture, and the visibility that
would be given by a 360° camera monitoring system to
provide a ‘bird’s eye’ view around the excavator. The work
demonstrates the application of the risk-based method to
determine visibility risk zones.
Two related reports describe the development of the riskbased visibility risk zones method (RR1156) and its
application to a large rigid frame dumper truck (RR1158).

This report and the work it describes were funded by the Health and
Safety Executive (HSE). Its contents, including any opinions and/or
conclusions expressed, are those of the authors alone and do not
necessarily reflect HSE policy.
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KEY MESSAGES
In Great Britain, there are 25 fatal injuries each year on average, and hundreds of non-fatal injuries,
to workers as a result of being struck by moving vehicles at the workplace.
This report is one of two supplementary reports to a main report on the topic of evaluating visibility
around earth moving machinery (see Research Reports RR1156 and RR1158). It describes the
application of the risk-based approach described in RR1156 to the evaluation of the operator’s field
of view from hydraulic excavator fitted with a 360o camera monitoring system.
• The identification and evaluation of visibility risk zones is a useful concept to apply when
evaluating the operator’s field of view from a medium-size excavator. The method defined
the test locations according to the working envelope of the machine, taking account of the
area where the rear body can swing and the area where there was the potential for the
bucket to swing during travel (in its travelling position) and work.
• The right side mirrors are limited in their ability to provide the operator with an effective
view to the right side of the excavator where there are maskings to direct visibility. For
example, there is the potential for the boom, when it is raised back, to obstruct the
operator’s view to the mirrors; the operator may need to turn and look over their right
shoulder to view the right side mirrors; and the distance of the right side mirrors from the
operator’s position reduces the apparent size of pedestrians reflected within the mirrors.
• Where there are obstructions to the operator’s visibility on the right side of an excavator, a
suitable camera monitoring system (CMS) fitted to the right side can compensate for
limitations in the mirrors.
• The 360° camera monitoring system (360° CMS) provided the operator with a ‘bird’s eye
view’ around the excavator, including to the right side of the excavator regardless of the
boom position. The 360° CMS eliminated the residual masking areas at the rear corners of
the machine and to the right side of the excavator. It was particularly useful at eliminating
residual maskings of a pedestrian positioned to the right side of the excavator and within 5m
of the machine boundary, which was roughly equivalent to the area into which the machine
bucket could rotate while the machine was in its travelling position.
• However, a trade off of the 360° CMS was that it did not provide a view out to the edge of
the risk zone for machine operation (as defined by maximum reach of the bucket) or further
away to the horizon.
• Traditional single-camera monitoring systems fitted to the rear and right side of the
excavator could provide the operator with the opportunity to see to the far field of view.
This would help the operator anticipate the potential for collision with obstacles outside of
the working envelope when the excavator is tracking either in reverse or to the right.
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EXECUTIVE SUMMARY
In Great Britain, there are 25 fatal injuries each year on average, and hundreds of non-fatal injuries,
to workers as a result of being struck by moving vehicles at the workplace. Restricted operator
visibility is often identified as a contributing factor in these accidents.
This report describes the application of a risk-based approach for the evaluation of the operator’s
field of view from a medium sized hydraulic excavator. This was undertaken as part of a larger
project to develop a method for identifying and evaluating visibility risk zones for earth-moving
machinery.
The method used to evaluate the field of view from the excavator operator’s position is of particular
interest, due to several fatal accidents in which excavators have struck workers who were positioned
to the rear or right side of the excavator. As some excavators can have relatively large blind spots,
with up to about 50% of the operator’s direct visibility to the field of view obscured by the body of
the machine and the boom, mirrors and cameras are fitted to improve the operator’s field of view
and comply with visibility performance requirements specified in BS ISO 5006 (2006). However, the
test method described in BS ISO 5006 for evaluating the operator’s field of view is limited in scope
for excavators and is not considered to reflect the hazards of these machines in operation.
Aims
The purpose of this work was to undertake an evaluation of the field of view from a medium-sized
excavator fitted with a 360° camera monitoring system, applying a risk-based method which takes
account the excavator’s manoeuvrability when identifying and evaluating the visibility risk zones.
This was with the aim of:
•

•

•

Informing the development of a more risk-based method for evaluating the field of view
from earth-moving machinery in general, taking into account the manoeuvrability of
machines such as excavators;
Evaluating the performance, advantages and limitations of a 360° (or ‘bird’s eye view’)
camera monitoring system (360° CMS) in relation to the manoeuvrability of the excavator;
and
Suggesting performance criteria for earth-moving machine field of view evaluation, which
are based on the manoeuvrability concept and ergonomics principles.

Main findings
The identification and evaluation of visibility risk zones was a useful concept to apply when
evaluating the operator’s field of view from a medium-size excavator. The method defined the test
locations according to the working envelope of the machine, taking account of the area where the
rear body can swing and the area where there was the potential for the bucket to swing during
travel (in its travelling position) and work. The maximum reach of the bucket defined the boundary
of the area where the machine could move most quickly and where the operator needed to see.
With the use of the mirrors and a rear view camera fitted during manufacture (i.e. without the 360°
CMS), maskings were present at the rear corners and to the right side of the excavator. At the left
rear corner, the area of masking exceeded a width of 300 mm, which was considered sufficient to
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mask a pedestrian. At the rear right corner, the area of masking exceeded a width of 500 mm.
Further away from the machine, but still within its working envelope, the area of masking had a
width of 2600 mm.
This evaluation highlighted a number of factors that can limit the effectiveness of the right side
mirrors to provide indirect visibility to the right side of the excavator where there are maskings to
direct visibility. These include:
•
•
•

•
•

The potential for the boom, when it is raised back, to obstruct the operator’s view to the
mirrors;
The requirement for the operator to turn and look over their right shoulder to view the right
side mirrors;
The distance between the operator and right side mirrors, which reduces the apparent size
of the mirrors, and the size of reflected images of objects or pedestrians, within the
operator’s field of viewThe potential for the operator to make errors when setting up the mirrors; and
The requirement for artificial lighting of the work environment during hours of darkness.

The 360° MS was able to compensate for limitations of the excavator’s right side mirrors, providing
the operator with indirect visibility to the right side of the excavator regardless of the boom position
or surrounding light levels, and without requiring the operator to turn and look over their right
shoulder. The 360° CMS eliminated the residual masking areas at the rear corners of the machine
and to the right side of the excavator. It was particularly useful at eliminating residual maskings of a
pedestrian standing to the right side of the excavator and within 5 m of the machine boundary,
which was roughly equivalent to the area into which the machine bucket could rotate while the
machine was in its travelling position.
However, to the right side and rear of the excavator, where a pedestrian is standing more than 5 m
away from the machine boundary, their image on the 360° CMS display may not be of a sufficient
size to allow for the operator to detect them reliably. For this excavator, a trade off of the 360°
system providing a ‘bird’s eye view’ on the monitor was that it did not show the far field of view. In
contrast, the rear-view camera provided indirect visibility out to the edge of risk zone for machine
operation (as defined by maximum reach of the bucket) and further away to the horizon. This
improved coverage of the far field of view may improve the operator’s situational awareness in that
they would be provided with the opportunity to view pedestrians and other vehicles outside of the
working envelope moving towards the excavator. The opportunity to see the far field of view would
also be important when the machine is tracking in reverse or to the right; for example, tracking to
the right during trenching work. In this case, providing the operator with the opportunity to view
the far field of view would help them to anticipate the potential for collision with obstacles outside
the working envelope. This evaluation has also shown that the rear view camera monitor provided
larger image sizes of pedestrians on the display at further distances, and reduced image distortion,
which may help to improve the reliability of detection.
For the 360° CMS evaluated, the image of the pedestrian was observed to disappear where the
pedestrian was standing at the rear corner of the machine boundary. The effect was less apparent
when the pedestrian was moving. The extent to which it may be possible to eliminate the
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disappearance effect at the boundary between cameras with changes to the camera or software
configuration is not known. However, where the disappearance cannot be avoided, adjustments
may be possible so that the boundary between cameras is located in either an area of direct visibility
to the operator or, if this is not possible, then within an area which is more clearly ‘in view’ of
another visual aid, such as the rear view camera.
Recommendations and further considerations
This evaluation has demonstrated that a camera monitor system would be a more suitable visual aid
than mirrors to address the maskings to direct visibility on the right side of the excavator for the
range of operating positions.
It also raises the question of whether a wide angle right side camera may be preferred over a
360°CMS as a second camera monitor system for excavators. This is an issue that requires further
evaluation, as a traditional single-camera monitoring system was not fitted to the right side of the
excavator. It would be important to check that the combination of the rear and right side camera
selected would still be able to eliminate maskings along the machine boundary, particularly at the
front right corner and rear corners of the machine where the excavator’s boom and rear body can
swing. A comparison of the two camera systems should also take account of the extent to which
operators may perceive there to be additional value in the 360° camera system’s single monitor
providing indirect visibility all around the machine boundary (even in areas where there is good
direct visibility) during machine operation, and the extent to which they actually look at the 360°
monitor in comparison to the other visual aids.
Where an operator remains reliant on mirrors for indirect visibility to the right side, further
measures may be possible to make it easier for operators to position mirrors correctly. This may
include the use of paint markings on the machine body to guide the positioning of the mirrors, or
visibility maps showing the area that should be in view to the operator in each mirror.
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1 INTRODUCTION
This report describes the application of a risk-based approach during the evaluation of the
operator’s field of view from a medium sized hydraulic excavator. This was undertaken as part of a
larger project to develop a method for identifying and evaluating visibility risk zones for earth
moving machinery.
1.1

BACKGROUND

Within the construction industry in Great Britain, approximately ten people die each year as a result
of being struck by moving plant [1]. The field of view from the excavator operator’s position is of
particular interest to the Health and Safety Executive (HSE), which has investigated several fatal
accidents in which excavators have struck workers-on-foot who were positioned to the rear or right
side of the excavator.
The problem is not limited to the use of excavators in Great Britain. Hinze and Teizer [2] examined
the details surrounding 594 fatal accidents involving machinery and vehicles that the Occupational
Safety and Health Agency (OSHA) investigated in the North American construction industry between
1990 and 2007. Excavators or backhoes were involved in 50 (8%) of fatal accidents. In the 26 cases
where the excavator was travelling, 12 (46%) involved travelling in the reverse direction and 9 (35%)
involved travelling in the forward direction. Blind sports were attributed to be a contributing factor
in 13 (50%) of fatal accidents involving excavators. The paper explains that excavators also
accounted for a number of the 35 fatal accidents in total (across all machinery types) in which the
machine was operating but not travelling.
Depending on the model, excavators can have relatively large blind spots, with up to about 50% of
the operator’s direct visibility to the field-of-view obscured by the body of the machine and the
boom. Side mounted mirrors and rear view cameras are fitted to excavators to improve the
operator’s field of view and comply with International Standards [3].
1.1.1

ISO 5006

ISO 5006 “Earth moving machinery – Operator’s field of view – Test method and performance
criteria” specifies a static test method for determining the operator’s visibility from earth moving
machinery (EMM) [3] [4]. Briefly, the test method involves placing a rotating light source apparatus at
the operator’s position, and measuring the width of shadows cast onto the ground along the
circumference of a 12 m radius visibility test circle (VTC) around the machine (Figure 1). In addition,
a vertical test object is moved along a rectangular boundary (RB), 1 m away from the machine. The
height of the vertical test object is specified as either 1.0 m, 1.2 m or 1.5 m, according to the type
and size of the machine and the location of the test (with a height of 1.5 m representative of a small
standing pedestrian).
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Visibility test circle (VTC)

Rectangular 1 m
boundary (RB)

Seat index point (SIP)

Machine boundary (MB)

Figure 1 ISO 5006 test visibility test locations for an excavator
The standard specifies the maximum width of the spacing between two light sources (65 mm, 205
mm or 405 mm to represent varying degrees of operator head and upper body movement) as well
as the number and length of maskings that are permitted at the VTC, for different sectors of vision
(Table 1). Any maskings (or blind spots) of the test object exceeding 300 mm in length along the RB
are not permitted. Where no specific criteria are specified, the standard suggests that no significant
hazard exists for the sector of vision, for example due to machine speed, distance to the test circle or
machine manoeuvrability.
The test is limited in scope to evaluating the excavator in its travelling position, as defined by the
manufacturer. However, it does not evaluate how the operator’s field of view changes with changes
to the position of the excavator’s bucket and boom, which may occur during rotational movements.
It also does not evaluate or require the recording of maskings to visibility in the area between the RB
and the 12 m VT/ These are areas in which the excavator’s bucket and rear body (or
counterweight) may swing during machine rotation. Despite these limitations, ISO 5006 is an
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important document which influences the number, type and placement of visual aids fitted to an
excavator during its manufacture.
Table 1 Summary of ISO 5006 visibility performance criteria for crawler and wheeled excavators,
including maximum permitted light spacing (top row, mm) and permitted number and width of
maskings (bottom row, mm). [3]
Empty
Sectors of vision
operating
A
B
C
D
E
F
RB
mass (m, t)
< 10
205
205
205
65
405
front boom
------------------------------- -----------
-----------
-----------
-----------
----------
(1 x 700 and 1 x 1300)
0
0
(1 x 700
300
or
and
1 x 2000
1 x 1300)
or
1 x 2000
10 ≤ m ≤ 25
405
205
405
205
65
405
--------
-----------
-----------
---------
----------
-----------
----------
1 x 700
0
1 x 700
1 x 700
No
1x
300
and
and
and
specific
machine
1 x 1300
1 x 5500
1 x 1300
criteria * width and
2 x 1300
65
25 ≤ m ≤ 40
405
205
405
205
405
--------
-----------
-----------
---------
----------
-----------
----------
0
1 x 1600
1 x 700
No
1x
300
1 x 700
and
and
specific
machine
and
1 x 5500
1 x 1300
criteria * width and
1 x 1300
2 x 1300
1.1.2

The use of visual aids on excavators

Koppenborg et al. [5] [6] describe how they used eye tracking to better understand how excavator
operators acquire visual information from mirrors, monitors and direct sight during reversing
movements and rotational movements. A head-mounted “Dikablis” eye tracker was fitted to
operators for a duration of 3 – 5 hours to record eye movements as they used their excavator
(ranging from 17 to 32 tons) at construction sites for typical activities such as trenching, grading,
pipe-laying, sloping, transporting objects, and loading and spreading material. All excavators were
equipped with a rear view camera monitoring system (CMS), one left rear view mirror, and either
one, two or three right rear view mirrors.
Among a sample of nine operators, a total of 415 reversing movements were observed (with a
median duration of 4 seconds), which were defined as when the cab direction was opposite to the
travelling direction. These were isolated from the data for analysis along with the 4 second period
prior to the start of the movement. Excavator operators glanced, at least once, into the CMS on 57%
of reversing manoeuvres, and the left rear view mirror on 64% of reversing manoeuvres. They
looked over their shoulder during 19% of reversing manoeuvres, and rarely (7%) glanced at the right
mirrors. In 12% of reversing movements, the operator did not look over their shoulder or into any
visual aid.
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Among a sample of four operators, a total of 997 rotating movements were observed, with an
average movement duration of 6.6 seconds. Rotation movements were defined as rotations to the
right (as operators have more limited visibility in this direction), that involved a rotation angle
exceeding 45°, and had no prior travelling movements or left rotating movements within the
previous 60 seconds. Where rotation movements were repeated in a cluster of activity, only the first
three rotating movements were selected. These rotation movements were isolated from the data
for analysis along with the 4 second period prior to the start of the movement.
Through direct visibility operators glanced the most at the attachment (90% of rotations), and the
area to the right of the attachment (78% of rotations). They also looked under or through the
hydraulic cylinders towards the front area of the right side of the excavator (25% of rotations) and
over their shoulder to the left side of the excavator (9% of rotations). The most commonly used
viewing aids during rotation movements were the CMS (34% of rotations) and the left rear view
mirror (22% of rotations). For the area on the right side, operators attended to the CMS monitor, but
rarely the right side mirrors. The right rear view mirror was used in only 0.8% of all rotation
movements, leading the researchers to question how the operator obtains information about the
area on the right side when the boom obstructs direct sight.
The researchers also found large differences between excavator operators. For example, use of the
CMS ranged from 10% - 98% during reversing movements and 0% - 90% during rotation movements.
However, they were not able to investigate how personal preference, training, habituation, work
activity, or work environment might have played a role in different operator behaviours that were
observed.
1.1.3

360° camera monitoring systems

360° camera monitoring systems (360° CMS) take the images from multiple closed circuit television
(CCTV) cameras fitted on a machine and typically merge these into a single image on a monitor,
showing a bird’s eye view of the area around the vehicle or machine. The purpose of these systems
is to improve the operator’s awareness of workers, vehicles, and other hazards around the machine,
while reducing the need for the operator to turn their head and twist to look over their shoulder
repeatedly, or view multiple mirrors and monitors when scanning for objects. This would appear
particularly valuable for excavators, as collisions are possible on both sides of the machine as the
bucket and rear body swing on opposite sides of the undercarriage (or tracks) during rotation.
The performance criteria for bird’s eye view systems have been proposed in BS EN ISO/DIS 16001 [7]
and are summarised in the final project report (in progress). However, little information has been
published on the performance of a 360° CMS in relation to the manoeuvrability of an excavator.

1.2

AIMS AND OBJECTIVES

The aim of this work was to undertake an evaluation of the field of view from a medium-sized
excavator (Photograph 1) fitted with a 360° camera monitoring system, applying a risk-based
method which takes into account the manoeuvrability of the machine.
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This was with a view to:
•

•
•

Informing the development of a more general risk-based method for evaluating the field of
view from earth-moving machinery, taking into account the manoeuvrability of machines
such as excavators;
Evaluating the performance, advantages and limitations of a 360° (or ‘bird’s eye view’)
camera system in relation to the manoeuvrability of the excavator; and
Suggesting performance criteria for earth-moving machine field of view evaluation, that are
based on the manoeuvrability concept, and ergonomics principles.
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2 METHODS
2.1

TEST LOCATION

The test was performed on the 13th and 14th July 2016 on an outdoor level concrete pad,
approximately 30 x 30 m in size, located at the Health and Safety Executive’s Laboratory at Buxton.
2.2

TEST MACHINE

The hydraulic excavator provided for this study was manufactured in 2016 and had a reported
operating mass (empty) of 14200 kg. It was fitted with a ditching bucket (1830 mm width x 720 mm
length), which was the largest bucket supplied with the excavator.

Photograph 1 Hydraulic excavator in its travelling position. The machine bucket is 1 m from the
machine boundary and raised 0.5 m above the ground. (1607020_011_Excavator_1a)
The undercarriage was 3505 mm in length and 2685 mm in width. When aligned with the tracks, the
rear body of the excavator hung 450 mm past the undercarriage. The machine boundary was
defined, according to ISO 5006, from the front of the tracks to the rear body of the excavator, when
it was aligned parallel with the tracks (Figure 1). The machine boundary was 3955 mm in length and
2685 mm in width.
2.3
2.3.1

VISUAL AIDS
Mirrors and rear view camera

The excavator was fitted with four visual aids during manufacture. The Operation and Maintenance
Manual provided diagrams and information on mirror adjustment.
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•

•

•

•

The left rear view mirror, mounted on the cab, was intended to provide a view to the left
side of the cab, access door, and rear of the left track, a view of at least 1 m from the side of
the machine, and as much visibility to the rear as possible.
The right rear view mirror, mounted over the front of the tank, was intended to provide a
view to the right access door, and the counterweight, a view of at least 1 m from the side of
the machine, and as much visibility to the rear as possible.
The right side mirror, mounted over the rear of the tank, was intended to provide a view of
the right side of the fuel tank and hydraulic tank and at least 1 m from the side of the
machine.
The rear view camera monitoring system (CMS) was intended to provide a view to the rear
of the excavator’s rear body. Horizontal guidelines on the monitor provided a reference of
rear distances (Photograph 4).

The excavator operator was asked to fit and adjust the mirrors using the information in the user
manual as a guide. Photograph 2 and Photograph 3 were obtained from a panoramic photograph
taken at the operator’s position and show the forward field of view and right side field of view,
including the positon of the visual aids.

Photograph 2 The forward field of view from the operator’s position. The left rear view mirror is
shown. (Forward_Fov)
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Photograph 3 The right side field of view with the excavator in its travelling position. The right rear
view and side mirrors are shown. (Right_FoV)
Table 2 describes the position of the visual aids fitted during the evaluation.
Table 2 Description of the size and position of the visual aids fitted during manufacture.
Visual aids
Dimensions (mm)
Left side
Right rear
Right side
Rear view
mirror
view mirror mirror
CMS
Distance to front of machine
820
2025
2445
3955 c
boundary
Distance to left side of machine 85 a
2645
2495
1315 c
boundary
Height above ground
2260
2455
2480
2200
Size of viewing surface
150 x 250
150 x 250
150 x 250
85 x 95
Distance from operator position 1030
2095
2120
790 d
ISO DIS 5006 proposed
7
12.2
12.4
minimum test object height e
ISO DIS 16001 proposed
7
minimum test body height
Viewing angle (degrees) b
47°
193°
205°
120°
a

Mirror is to the left of the left side machine boundary
The 90° viewing angle is directly in front of the operator. Viewing angles exceeding 180° are behind the operator.
c Denotes the position of the camera
d Denotes the distance of the monitor from the operator’s eye position
e ISO DIS 5006 proposes that the height of the reflection of a 1.5 m test object in the mirror shall be at least 7 mm for every 1.2 m that the
mirror is positioned away from the operator’s eye point, with performance evaluated at the longest distance that the mirror is intended to
be used.
b
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It was possible to adjust the display screen image on the rear view CMS. For the evaluation, the
monitor was set to ‘Default Screen ’, as found, which showed the system gauges as well as the rear
camera view simultaneously. It was also possible to set the monitor to show the rear camera view
on full screen, which increased the size of the display to 155 mm in length and 85 mm in width.

2.3.2

Description of the 360° camera monitoring system

The excavator was fitted after-sale with a 360° camera monitoring system (Optronics 360, Spillard
Safety Systems) [8]. With an ASL 360E11 camera fitted to the front, rear and each side of the
excavator, the system provided the operator with a ‘bird’s eye-view’ around the machine on a
second monitor within the cab (Photograph 4).

Photograph 4 Example of the view of a pedestrian in the 360° (left) and rear view (right) camera
monitors. (SDV_0428(2:03))
The system was installed to meet the Skanska 360 camera ‘all-round visibility standard’. The general
requirements for mobile construction plant were that:
•
•
•

The system “can pick up a pedestrian from a maximum distance of 5 m to a minimum of zero
in all directions.
Pedestrians and objects should be visible up to a height of 1m over the entirety of the
surround view and must not disappear on the boundary between cameras.
Cameras must have a wide dynamic range and real time video delivery of 25 frames per
second as well as being able to function in normal construction environmental conditions e.g.
lighting levels” [9].

Table 3 shows the position of the cameras and monitor on the excavator. The front camera was
positioned approximately 750 mm lower than the other cameras. The reason for this was not
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known, although the machine operator suggested that this was so that it could not be struck when
the bucket was brought close to the machine.
Table 3 Description of the 360° camera monitor system fitted to the excavator.
Camera
Dimensions (mm)
Monitor
Left
Front
Right
Distance to front MB
2770
625
2645
Distance to left side MB
90a
1025
2595
Height above ground
2330
1540
2270
Size of viewing surface
115 x 85
Distance from operator position
750
Viewing angle (degrees)
107°
a

Rear
3955
1315
2290

Left of the machine boundary

2.4

APPROACH TO THE WORK

The evaluation involved recording where the machine could move when travelling and slewing,
recording the maskings to direct visibility, recording the range and performance of the visibility aids
fitted, and subsequent assimilation and analysis of the data collected.
A trained excavator operator was used to operate the excavator when determining where the
machine could move.
2.4.1

Scope of the evaluation

The scope of the evaluation was limited to evaluating the operator’s field of view to the ground
plane and to pedestrians standing on the ground plane. The evaluation does not consider the
operator’s field of view upwards, for example to a bucket that is raised to tip a load into a truck, or
to locations or workers positioned below the ground plane, for example when digging a trench. The
range of camera monitoring systems may be reduced where workers are standing on raised ground
adjacent to the machine.
2.4.2

Recording where the machine could move

To determine the machine travelling performance, the operator was asked to accelerate the
excavator from rest to its maximum travel speed and travel a total distance of 20 m. Cone markings
were positioned at intervals along the route. The travelling test was recorded with video camera,
and played back to determine the approximate time for the tracks to reach each position. The
travelling tests were repeated three times in total, and the average times were calculated. The test
was carried out on a compacted gravel/dirt road.
The machine was then moved to the centre of the test location. This was a large 30 m x 30 m
concrete pad. The surface was reasonably level, with the excavator angled 1.4° laterally (slightly
raised on the right side) and 0.6° in the fore-aft plane (slightly raised at the front). The ISO 5006
visibility test circle and rectangular 1 m boundary were marked on the test surface for reference.
The machine bucket was then placed into various positions in order to determine the range of
relevant working envelopes. The test surface was marked to show the limit of:
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•
•

•

Rear body/counterweight swing
Bucket swing with the machine in its travelling configuration (i.e. with the bucket positioned
1 m away from the machine boundary and raised 0.5 m above the ground, see Photograph
1)
Maximum reach/swing of the bucket.

These boundaries were recorded later with a laser scan of the test location, which was subsequently
used to obtain relevant dimensions such as the swing radius.
The machine’s technical specification was also reviewed for relevant performance data.
2.4.3

Recording the maskings to direct visibility

To examine the field of view from the operator’s position, a target evaluation method was applied
that was developed for the Health and Safety Executive. The approach is similar to the National
Institute of Occupational Safety and Health (NIOSH) Manual Method for determining blind areas
around construction equipment [10]. In this case, the approach used an observer sat in the operator’s
position, and a recorder, marking out with paint around the excavator where the observer had line
of sight to a pole that was 1500 mm in height and 150 mm in diameter. This approach recorded the
limit of the line of sight from the operator’s position to the top or any 200 mm section of the test
object. The test was then repeated to record the operator’s line of sight to the bottom of the test
object where it was in contact with the ground.
Seat adjustment
It was possible to adjust the horizontal position of the whole seat console (160 mm of travel) and the
seat pan (180 mm of travel) independently, which provided a total horizontal seat adjustment range
of 340 mm. For evaluation purposes, the seat console and seat pan were adjusted to the midpoint
of their horizontal range of travel. In this position, the seat index point (SIP) was measured to be
1670 mm from the front machine boundary and 630 mm from the left side machine boundary.
The seat was also set to the midpoint of its vertical seat adjustment range (75 mm), placing the
observer’s SIP approximately 500 mm above the cab floor/
The observer
The observer, sitting in the operator’s position in a relaxed working position had a sitting eye height
of 750mm above the sitting surface, and 1250 mm above the cab floor. Amongst the British male
working age (18 – 64 years old) population, the observer was 86th percentile (1835 mm) for stature
and 75th percentile (830 mm) for sitting eye height (as measured above the seat surface).
The observer was permitted to move their head and torso to the same degree as the operator would
be able to do whilst operating the machine, and while maintaining hand and foot contact with the
controls at all times. Head and torso movement was restricted to within the confines of the cab.
Machine configurations
In order to record how the position of the excavator’s boom had an effect on the size and position of
the maskings, the maskings were recorded with the machine in three positions:
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•
•
•
2.4.4

The boom raised fully back;
The machine in its travelling position; and
The boom forward for maximum reach.
Recording the area of indirect visibility

With the machine in its travelling configuration, the boundaries of where the test object was in view
within the mirrors, rear view CMS, and 360° CMS were marked on the test surface.
The test object was considered within the view of the CMS where any part of the test object was
shown in the mirror or monitor. For the 360° CMS, the surface was marked with another boundary
to show the area where the system provided an image of the entire 1.5 m height of the test object.
Following this application, revisions have been suggested for the criteria to apply when considering
the area in view in the mirrors or camera monitor system (see Section 5.4).
2.4.5

Measurement and recording the markings on the test surface

Once the maskings to direct visibility and the areas of indirect visibility were marked on the test
surface, the ground markings were recorded with a laser scan of the excavator and the test location.
2.4.6

Analysis of the visibility risk zones

A scaled drawing of the test surface was created showing the maskings to direct visibility for each
machine configuration. This was used to identify the visibility risk zones for direct visibility.
Table 4 Classification of visibility risk zones for direct visibility
Zone
Description
1a
masking in an area where the machine can move
1b
masking in an area where the machine cannot move, but the
masking may reduce the operator’s situational awareness
3
no masking – an area of direct visibility
The areas of indirect visibility were then incorporated into the scaled drawing. This was to identify
any residual maskings, as well as the areas where the operator can only view with indirect visibility
and therefore, where the operator is reliant on the adjustment, performance, and maintenance of
the visual aids.
Table 5 Classification of visibility risk zones for direct and indirect visibility
Zone
Description
1a
masking in an area where the machine can move
1b
masking in an area where the machine cannot move, but the
masking may reduce the operator’s situational awareness
2a
area of only indirect visibility where the machine can move
2b
area of only indirect visibility where the machine cannot move, but
without the visual aid, the operator’s situational awareness may
be reduced
3
no masking – area of direct visibility
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The maximum width of maskings was recorded, as measured perpendicular to the operator’s
position.
2.4.7

Evaluating the size of the pedestrian image in the monitors

The size of the image of a pedestrian (or part of a pedestrian) on a mirror or monitor is one
important factor that can affect the reliability of the operator to detect the pedestrian around the
machine. For example, research on the detection of the pedestrian image on a cab monitor
positioned about 1 metre from an operator found that no pedestrians were detected in the screen,
when the height of their image was 2 mm [11]. They study recommended that, when defining the
range of a camera-screen system, the height of a 5th percentile pedestrian (1550 mm in stature) on a
screen should be a minimum of 10 mm. For this apparent height, there were no detection errors
under optimum conditions. However, the rate of non-detection did increase to more than 25%
when other variables related to the environment were taken into account (e.g. position of the
pedestrian on the screen, pedestrian clothing, light pollution, and obstacles in the viewing
environment).
Recording the size of the image
To evaluate the size of the camera monitor image of a pedestrian standing within the test area,
sampling positions were marked on the test surface at each side and each corner of the machine
boundary, and then at 2 m intervals away from the machine out to the maximum working envelope
(maximum bucket reach). This resulted in 40 sample positions on the test surface. Photographs
were taken of the monitor screen with a representative pedestrian standing at each of the sampling
points.
Wearing work boots, high visibility clothing and helmet, the pedestrian had a stature of 1910 mm
(1830 mm or 85th percentile for British males unclothed) and a standing shoulder height of 1570
mm. They had a shoulder breadth of 460 mm (30th percentile for British males) and a body weight of
70 kg (15th percentile for British males). Their shoulder height was roughly equivalent to 5th
percentile pedestrian stature.
Measuring the size of the image
The photographs of the monitor were scaled using the dimensions of the monitor display as a
reference. The following observations and measurements were then made of the image:
•
•

•
•

The pedestrian image width, being either body depth or breadth as measured at the widest
point of high-visibility clothing;
The pedestrian image height, being the length of the part of their high visibility clothing in
view, as measured along the longitudinal axis (e.g. from the bottom of trouser legs to the
top of the shoulders where the full body was visible in the display);
The approximate pedestrian image area, calculated as the product of the image height and
the maximum image width; and
The parts of the pedestrian in view on the monitor.

Where there were multiple images of a pedestrian on the 360° CMS display for a given position, the
largest image was selected for measurement. .

22

Evaluating the size of the image
The pedestrian image heights were evaluated against known performance criteria for CMS monitors
positioned closer than 1/2 m from the operator’s eye point:
•

ISO DIS 16001 (2016), which proposes that a test body (400 mm wide x 1600 mm high)
should have a minimum screen height of 7.0 mm. For the 360° CMS, it also proposes that
the head end and foot end of the test body need to be represented at the same time. [7]

•

Jegen-Perrin et al. (2016), which recommends that, when defining the range of a cameradisplay system, the height of a 5th percentile pedestrian (1550 mm in stature) on a display
should be a minimum of 10 mm [11]

Where the sampling location was in view for both the 360° CMS and the rear view CMS, the results
were compared.
2.4.8

Evaluating the size of the pedestrian image in mirrors

A photograph of the right rear view mirror was taken with the pedestrian standing in view at the 12
m visibility test circle. A photograph of the right side mirror was taken with the pedestrian standing
beneath the mirror on the rectangular 1 m boundary. The height and width of the image of the
pedestrian (as defined by the high visibility clothing that they wore) were measured and scaled using
the dimensions of the mirror surface as a reference. The height of the image was also compared to
BS ISO/DIS 5006 which proposes that the height of the reflection of the 1.5 m test object in the
mirror should be at least 7 mm for every 1.2 m that the mirror is positioned away from the
operator’s eye point, with performance evaluated at the longest distance that the mirror is intended
to be used [4].
An evaluation of the left rear view mirror was not possible as, unfortunately, a photograph showing
the pedestrian at the 12 m VTC was not recorded.
2.4.9

Evaluating the effects of water and mud on the camera lens surfaces

The performance of the camera monitoring systems was evaluated under some contaminated
conditions. With a pedestrian walking through the areas of indirect visibility, changes to the clarity
of the view on the monitor were observed and recorded with video and photographs. The
conditions considered were:
•

Wet: a sponge was used to transfer tap water onto the surface of the camera lenses. The
wet sponge was held above the camera and gradually squeezed to simulate the effects of
rainfall.

•

Mud: a sponge was used to transfer a mixture of soil and water onto the surface of camera
lenses. The camera was then wiped once with a clean wet sponge to observe any effects on
the clarity of the view when partially contaminated (or poorly cleaned).
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2.4.10 Evaluating the effects of low light conditions on the performance of visual aids
The performance of the camera monitoring systems was evaluated between 22:15 and 23:00. This
was during the period of nautical twilight, when detailed outdoor operations are not possible
without artificial light, and so the working lights of the excavator were switched on, as would be
considered normal working practice at this time. The weather conditions were fine but partly
cloudy, and at times the cloud covered the view of the moon. A calibrated illuminance meter
(Konica Minolta T-10, SN 59136099, 39126116) was used to measure the horizontal illuminance at
ground level to the rear of the machine. Through the course of the evaluation, this was observed to
reduce from approximately 10 lux to 0.3 lux. The evaluation involved a pedestrian walking over
the test surface while the clarity of the view on the monitor and mirrors was observed and recorded
with video and photographs.
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3 EVALUATION OF THE VISIBILITY RISK ZONES
3.1
3.1.1

THE TEST SURFACE
Description and measurement of the working envelopes

Figure 2 shows the working envelopes of the excavator, relevant to describing the risk zones around
the machine. It also shows the ISO 5006 test locations for comparison.

Maximum reach of the
bucket

Limit of bucket/stick
swing in the travelling
position

Limit of rear body swing

Machine boundary (MB)

ISO 5006 rectangular 1 m
boundary (RB)

Test surface boundary.
ISO 5006 12 m visibility
test circle (VTC)
Figure 2 The test surface, showing the working envelopes and ISO 5006 test locations.
For the excavator, the machine boundary was defined as the edge of the machine from the front of
the undercarriage to the rear body of the excavator, when it was aligned parallel with the
undercarriage. The machine boundary was 3955 mm in length and 2685 mm in width. Rather than
represent the smallest rectangular boundary around the machine, the definition of ‘machine
boundary’ applied in this evaluation allowed an evaluation of the field of view in the area between
the tracks of the undercarriage, as well as the rear corners alongside the machine.

25

The maximum working envelope was defined as the maximum reach of the bucket (Photograph 12
appended). It had a radius of 8.55 m, which was within the 12 m visibility test circle (VTC). The VTC
was slightly off-set from the working envelopes, being centred on the seat index point rather than
the centre of the slewing ring. With the machine in its travelling position, the swing radius was
measured to be 4.45 m (the distance between the centre of the slewing ring and the outermost part
of the stick). The area of rear body swing was measured to have a radius of 2.25 m.
3.1.2

Machine movement

The machine’s technical specification stated that the excavator was capable of 11.5 rotations per
minute. This is equivalent to about one 360° rotation every 5.2 seconds, a 180° rotation in 2.6
seconds and a 90° rotation in 1.3 seconds.
Table 2 shows the time that it took the excavator to travel to each distance marker when
accelerating from rest. The acceleration tests show that the excavator at rest could accelerate to the
rectangular 1 m boundary in about 1 second, to the limit of travelling position swing in about 2.5
seconds, to the limit of bucket reach in about 7 seconds, and the 12 m VTC in about 8 seconds.
Table 6 Travel time to reach distance when accelerating from rest
Time (seconds)
Distance (metres)
Trial 1
Trial 2
Trial 3
1
1
1
3
3
3
5
5
4
10
9
8
12
11
9
15
13
11
20
16
14

Average
1
2
3
7
8
10
13

1
2.7
4.0
8.0
9.3
11.3
14.3

The machine specification showed a maximum travel speed of 5.5 km/h (or 1.5 m/s) which the
excavator, starting from rest and set to its ‘fast mode’, achieved in about the first 5 metres (4
seconds) of travel.
As the excavator was a crawler machine, a wide range of turning circles were considered to be
possible, making it prudent to consider that, from a position of rest, the excavator could travel into
any region of the test area. However, the excavator could rotate to the positions more quickly than
it could travel. In consequence, the evaluation of the maskings focussed on the area defined by
maximum bucket reach. However, this would also consider the area where the excavator could
travel to within about 7 seconds, while an evaluation of the maskings within the area defined by the
12 m VTC would consider the area where the machine could travel to within about 8 seconds.

3.2
3.2.1

VISIBILITY RISK ZONES FOR DIRECT VISIBILITY
Maskings of the 1.5 m test object

Figure 3 shows where there are maskings to the operator’s direct visibility of the top, or any 200 mm
part, of the 1.5 test object. The dark red areas indicate where the test object was masked by the
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body of the excavator. The red areas show where there are potential maskings caused by
movement of the boom, from its fully raised back position to its position for maximum bucket reach.
Boom masking at
maximum bucket reach to
ground level

Boom
masking in
travelling
position

Boom
masking
when fully
raised back

Yellow = direct visibility
Dark red = masking within the working envelope caused by the machine body
Red = potential masking within the working envelope caused by the boom
Pink = masking outside the working envelope
Figure 3 Maskings to direct visibility of the top, or any other 200 mm section, of the 1.5 m test
object.
The pink area shows the presence of maskings, which may be considered of lower priority because
the excavator bucket cannot swing directly into this area, unless the machine was to travel towards
the area first. Nonetheless, it may be helpful to provide indirect visibility in these areas in order to
improve the operator’s situational awareness- for example, to allow the operator the opportunity to
detect a pedestrian or other vehicle that is outside but approaching the machine’s working
envelope.
Figure 12 to Figure 17 (appended) show the maskings to direct visibility for specific boom positions.
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3.2.2

Maskings at ground level

Figure 4 shows the maskings to the operator’s direct visibility of the ground/ The size and proportion
of maskings caused by the body of the excavator are greater compared to the maskings of the 1.5 m
test object. The ISO 5006 sectors of vision are also shown on the plot for comparison to the risk
zones [3].

Yellow = direct visibility
Dark red = area of masking within the working envelope caused by the machine body
Red = area of potential masking within the working envelope caused by the boom
Pink = area of masking outside the working envelope
Figure 4 Maskings to direct visibility of the ground.
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3.3
3.3.1

AREA OF INDIRECT VISIBILITY
Mirrors and rear view camera

Figure 5 shows the area of the test surface where part of the 1.5 m test object was in view in the
mirrors or rear view CMS.

Right side mirror

Right rear view mirror
Left rear view mirror
Rear view camera
Figure 5 The area of indirect visibility to the 1.5 m test object provided by the mirrors and the rear
view camera.
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Figure 6 shows the area of the test surface where the ground was in view in the mirrors and the rear
view CMS.

Right side
mirror

Right rear view mirror
Left rear view mirror
Rear view camera
Figure 6 The area of indirect visibility at ground level provided by the mirrors and the rear view
camera.
3.3.2

The 360° camera monitor system

Figure 7 shows the range of the 360° CMS. The green area is where the top of the 1.5 m test object
was visible on the monitor. The amber area indicates where any part of the test object was visible
on the monitor i.e. where any part of a pedestrian was visible, including where their feet were in
contact with the ground). The red area indicates the area of the test surface that was outside the
range of the 360° CMS.
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Rectangular 1 m boundary

Rectangular 5 m boundary
Green = the monitor shows a view of the entire 1.5 m test object
Amber = the monitor shows a view of any part of the 1.5 m test object
Red = out of camera range. The monitor does not show the test object or ground
Figure 7 The range of the 360° camera monitoring system. The ISO 5006 rectangular 1 m boundary
and 5 m boundary (Skanska all-round visibility standard) are also shown.
All around the excavator, the 360° CMS provided a view of the entire test object within the envelope
defined by the travelling position. The exception was to the front of the excavator, due to the lower
mounting height of the front camera; however, the operator’s visual attention would primarily be
focussed in this direction towards the machine’s bucket/ The range of the 360° MS was greater at
the machine corners, where the camera images overlapped. Beyond the envelope defined by the
travelling position, the range of the 360° CMS is considered most important to the rear and right
side, as these are the areas where there are maskings to the operator’s direct visibility (see Section
3.2).
On the right side, the 360° CMS provided a view of the test object out to the maximum working
envelope defined by maximum bucket reach. The range of the system at ground level was limited to
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about 10 m from the right side machine boundary (about equivalent to the 12 m visibility test circle
position). However, between the travelling envelope and the 12 m VTC, the image of the pedestrian
on the monitor may not be of sufficient size to allow for the reliable detection by the operator (see
Section 4.1).
To the rear, the 360° CMS provided a view of the test object out to about 5 m from the machine
boundary, roughly equivalent to the Skanska all-round visibility standard, but the range did not
exceed the maximum working envelope boundary. The rear view camera was required to provide
the field of view further away from the machine, and included the view out to the horizon.

3.4
3.4.1

VISIBILITY RISK ZONES FOR DIRECT AND INDIRECT VISIBILITY
Visibility risk zones with the use of mirrors and rear-view camera

Figure 8 shows the visibility risk zones for the excavator taking account of the indirect visibility
provided to the operator through their use of side-mounted mirrors and the rear-view camera.
These visual aids were supplied with the excavator when manufactured. The ISO 5006 rectangular 1
m boundary is also shown.
With the use of the mirrors and rear view CMS, residual maskings were present at the rear corners
and to the right side of the excavator. The widths of the residual maskings were measured
perpendicular to the operator’s position (for example, as indicated by the white arrow on Figure 8).
At the left rear corner, the masking had a width of 300 mm, which was considered sufficient to mask
a pedestrian. At the rear right corner, the masking had a width of 500 mm, while further from the
right side of the machine, the masking caused by the machine body had a width of 3050 mm.

32

3050 mm

Yellow = direct visibility
Dark red = area of masking within the working envelope caused by the machine body
Red = area of potential masking within the working envelope caused by the boom
Pink = area of masking outside the working envelope
Amber = area of indirect visibility within the working envelope, where the operator is reliant on
the mirrors and rear view camera
Beige = area of indirect visibility outside the working envelope
Figure 8 Visibility risk zones for the 1.5 m test object, with the use of the mirrors and rear-view
camera. The ISO 5006 rectangular 1 m boundary is also shown.

33

3.4.2

Visibility risk zones when the view to right side mirrors is obstructed

When the boom was raised back, it could obstruct the operator’s view to the two right side mirrors,
and thus reduce the area of indirect visibility around the rear right corner of the machine
(Photograph 5a and Photograph 5b).

(a)

(b)

Photograph 5 (a) View to the right side mirrors and (b) showing how the boom can obstruct the view
of the mirrors when it is raised back.

Figure 9 shows the visibility risk zones, when the boom of the excavator was raised back and
obstructed the operator’s view to the right side mirrors/ This evaluation assumes that the 360° CMS
was not fitted. The maximum width of the masking was 2310 mm in the area of rear body swing,
3740 mm within the envelope defined by the travelling position, and 6120 mm within the envelope
defined by maximum reach of the bucket.
While the boom is raised back, the bucket may be closer to the machine than when the machine is in
its travelling position (Photograph 14 appended). However, this has not been changed on Figure 9
as it is possible that the boom and bucket could be lowered as the excavator rotates to the right.
The limitations of the right side mirrors are discussed further in Section 5.1.
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2310 mm
3740 mm
6120 mm

Yellow = direct visibility
Dark red = area of masking within the working envelope caused by the machine body
Red = area of potential masking within the working envelope caused by the boom
Pink = area of masking outside the working envelope
Amber = area of indirect visibility within the working envelope, where the operator is reliant on
the mirrors and rear view camera for indirect visibility
Beige = area of indirect visibility outside the working envelope
Figure 9 Visibility risk zones for the 1.5 m test object when boom is raised back and obstructs the
operator’s view to the right side mirrors.
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3.4.3

Visibility risk zones with the use of mirrors and all camera

Figure 10 shows the visibility risk zones for the excavator taking account of the indirect visibility
provided to the operator through use of the mirrors, the rear view CMS, and the 360° CMS. This
shows that addition of the 360° CMS eliminated the residual masking areas between the machine
boundary and 1 m rectangular boundary and to the maskings on the right side of the excavator
which were within the maximum working envelope. The rear view CMS and the 360° CMS were
both required to eliminate the maskings within the maximum working envelope at the rear of the
machine.

Yellow = direct visibility
Amber = area of indirect visibility within the working envelope, where the operator is reliant on
the mirrors, rear view CMS, and 360° CMS
Beige = area of indirect visibility outside the working envelope
Figure 10 Visibility risk zones for the 1.5 m test object with the use of mirrors, rear view CMS and
360° CMS.
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The range of the camera monitoring systems and their performance to support the reliable
detection of a pedestrian is evaluated further in Section 4.
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4 CAMERA MONITOR SYSTEM PERFORMANCE
This section discusses additional aspects of the 360° and rear view camera monitoring systems (CMS)
that can affect the reliability of the operator to detect a pedestrian in the monitor, including:
•
•
•

Size of the pedestrian image;
Performance in daylight and low light levels; and
Performance under contaminated conditions.

The area of the test surface covered by each system was described in Section 3.3, as part of the
evaluation of the visibility risk zones.
4.1

PEDESTRIAN IMAGE SIZE IN THE MONITORS

Figure 11 displays the height of the pedestrian image on the 360° CMS at 40 sampling locations
across the test surface.

Figure 11 The height of the pedestrian image (mm) on the 360° CMS at 40 locations across the test
surface.
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Where the sampling location is highlighted red, the height of the image is less than the 7 mm
minimum height criterion proposed in ISO DIS 16001 [7]. Where the location is amber, then the
pedestrian image height meets the 7 mm ISO DIS 16001 criterion, but is less than the 10 mm
minimum recommendation for more reliable detection under optimal conditions [11]. At a green
sampling location, the pedestrian image height exceeds the minimum 10 mm recommendation for
reliable detection under optimal conditions [11].
Table 7 provides a summary of these results, along with data on the area of the pedestrian image.
Where the height of the pedestrian image met the criterion for height, the minimum width of the
pedestrian image was 2 mm.
Table 7 The height (mm) [and area, mm2] of the image of a pedestrian in the 360° CMS monitor for
positions around the excavator.
Location on the machine boundary
Distance from the machine boundary
0m
2m
4m
6m
8m
28
32
21
18
14
Front right corner
[196]
[160]
[126]
[90]
[56]
19
17
11
6 **
2 **
Right side
[114]
[102]
[55]
[12]
[8]
14
20
23
12
11
Rear right corner
[56]
[140]
[138]
[48]
[22]
9*
21
10
0 **
0 **
Rear
[81]
[168]
[30]
[0]
[0]
13
18
18
15
12
Rear left corner
[78]
[90]
[90]
[60]
[36]
21
24
15
8*
0 **
Left side
[147]
[144]
[90]
[32]
[0]
34
37
27
21
17
Front left corner
[340]
[296]
[216]
[85]
[60]
48
6 **
4 **
3 **
0 **
Front
[1632]
[24]
[16]
[12]
[0]
* Meets the 7 mm ISO DIS 16001 height criterion [7], but less than the 10 mm guideline for more reliable detection under
optimal conditions [11]
** Less than the 7 mm ISO DIS 16001 height criterion [7].

The camera at the front of the excavator was mounted lower than the side and rear cameras of the
360° system, and as a result a pedestrian standing on the front machine boundary appeared much
larger on the monitor. When the pedestrian was standing between 2 – 8 m to the front of the
machine boundary, the image size did not meet the 7 mm minimum height criterion. However, this
was due to the ditching bucket, in the travelling position, blocking the camera’s view of the
pedestrian. This is less significant due to the operator being able to achieve good direct visibility to
the front of the excavator. During machine operation, the operator’s visual attention would also be
directed towards the bucket. If the bucket was raised, it is likely that more locations at the front
would have met the ISO DIS 16001 (2016) criterion.
4.1.1

Comparison of the rear view and 360° camera monitor systems

Table 8 compares the image size of the pedestrian in the 360° CMS to the image size in the rear view
CMS for 15 sampling locations to the rear of the excavator. This shows that the size of the
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pedestrian image in the rear view monitor was equal to or greater than the image in the 360°
monitor at 29 of the 30 locations.
Table 8 The height (mm) [and area, mm2] of the image of a pedestrian in the 360° CMS and rear view
CMS for positions at the rear of the excavator.
Location on the
Distance from the machine boundary
machine boundary
0m
2m
4m
6m
8m
360° Rear 360° Rear 360° Rear 360° Rear 360° Rear
CMS view CMS view CMS view CMS view CMS view
Rear right corner
14
0**
20
28
23
23
12
19
11
15
[56]
[0]
[140] [252] [138] [161] [48]
[95]
[22]
[45]
Rear
9*
25
21
28
10
17
0 **
12
0 **
11
[81]
[700] [168] [168] [30]
[68]
[0]
[36]
[0]
[33]
Rear left corner
13
13
18
30
18
28
15
20
12
15
[78]
[65]
[90]
[210] [90]
[196] [60]
[100] [36]
[45]
* Meets the 7 mm ISO DIS 16001 height criterion [7], but less than the 10 mm guideline for more reliable detection under
optimal conditions [11]
** Less than the 7 mm ISO DIS 16001 height criterion [7].

The rear view camera provided a view of the pedestrian standing to the rear of the machine, both
within and beyond the working envelope. Where a pedestrian was standing 6 – 8 m away from the
machine boundary, they were still in range of the rear view CMS, and the height of the image met
the 10 mm minimum height guideline for reliable detection (Photograph 6). In contrast, the 360°
CMS range was limited to between 4 m and 5 m from the rear machine boundary (Figure 7).

(b)
(a)
Photograph 6 A pedestrian standing 6 m from the rear machine boundary is (a) out of range on the
360° CMS, but (b) within the view of the rear view CMS (images not to scale). (IMPG0811, SDV_0428(2:11)
In contrast, the 360° camera system provided an improved view at the corners of the machine,
particularly at the rear right corner of the machine boundary which was not in the view of the rear
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view camera (Photograph 7)/ Further away from the machine’s rear corners, the image of the
pedestrian was in view in both cameras; often appearing larger in the rear view camera, which can
increase the reliability of detection, but only partially in view at the edge of the screen, which can
reduce the reliability of detection.

(a)
(b)
Photograph 7 A pedestrian standing at the rear right corner of the machine boundary is (a) in the
view of the 360° camera system, but (b) not in the view of the rear view camera (images not to
scale) (IMPG0805, SDV_0428(2:00).
In these ways, the rear view camera and 360° camera monitor system complemented each other.
Either system on their own would have left the operator with a reduced field of view. However, to
cover the entire working envelope, defined by the maximum reach of the bucket, the rear view CMS
was also required, as this provided a larger and less distorted image of the pedestrian further away
from the machine, and allowed the operator the opportunity to view any pedestrians entering into
the working envelope. However, the angle of view was not sufficient to cover the entire area of
masking to direct visibility at both the rear and the right side of the excavator.

4.2

DISAPPEARANCE AND VEILING OF THE PEDESTRIAN IMAGE

The image of the pedestrian was observed to disappear in the 360° CMS monitor, when the
pedestrian stood stationary at the rear left corner of the machine boundary (Photograph 8). This
occurred in a key risk zone, an area within the swing of the excavator’s rear body, and where the
operator’s direct visibility was obstructed/ This location was within range of the rear view MS;
however, Photograph 8 also shows how reflections from the operator’s high-visibility clothing were
able to create a veiling effect that partially obscured the image of the pedestrian on the rear view
monitor.
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Photograph 8 The image of the pedestrian, standing stationary at the rear left corner of the machine
boundary, has disappeared in the 360° monitor (left), while veiling reflections obscure the image of
the pedestrian in the rear view monitor (right) (images not to scale). (SDV_0425. 3 seconds)
While important to note and take actions to improve the conspicuity of the CMS in this location,
Photograph 8 can give the impression that the disappearing image is worse than the operator may
actually experience, because typically pedestrian motion would improve the probability of detection
significantly. There would also be opportunities for the operator to identify the pedestrian before
they reached this location, either through direct visibility to the left side, use of the left rear view
mirror, or with the rear view CMS (subject to the impact of veiling reflections).

4.3

PERFORMANCE UNDER LOW LIGHT LEVELS

Photograph 9 shows an example of the view in the rear view and 360° camera monitors under low
lighting conditions. Both systems performed well in low lighting conditions and offered the observer
a better view of a pedestrian than could be achieved with direct visibility or the use of mirrors
(Photograph 10). The performance of the rear view camera system was particularly notable.
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Photograph 9 Example of the view in the 360° and rear view CMS under low light conditions (0.3 lux
horizontal ground illuminance at the rear of the excavator) (images not to scale). (SDV_0436_1:42)
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Photograph 10 Example of the view of a pedestrian, standing at the 12 m VTC test boundary, in the
right rear view mirror under low light conditions (1 lux horizontal ground illuminance at the rear of
the excavator). The pedestrian is standing at the 12 m VTC and the image of the pedestrian in the
mirror is approximately 50 mm tall and 15 mm in width. (SAM_1293).

4.4

PERFORMANCE UNDER WET AND MUDDY CONDITIONS

The camera monitoring systems performed well in wet conditions. The cameras were shielded from
above and any water droplets that did land on the camera surface lens quickly ran off so that only a
brief distortion of the image on the monitor was observed.
Photograph 11 shows the 360° CMS during heavy (a) and partial (b) contamination of the surface of
the right side camera lens. The presence of mud on the surface of the camera lens could be
observed as darkened and blurred areas on the monitor. This provided feedback to the operator
that a particular camera required cleaning. With partial contamination the obscured areas were
more patchy, and may be less noticeable to the operator, yet it was observed that they could still be
of sufficient size to obscure the image of a stationary pedestrian (Photograph 11). Where the image
is of the pedestrian walking, or where the area obscured on one camera is covered by another
overlapping camera, the reliability of the operator detecting a pedestrian in the area covered by a
contaminated camera may be increased. However, it highlights how the performance of the 360°
CMS is reliant on the operator maintaining a clear camera lens, and thus, the importance of easy

44

access to the camera surfaces for cleaning. For such reasons, when evaluating the visibility risk
zones, it is considered important to identify those areas where the machine can move and where the
operator only has an indirect view with mirrors or camera monitoring systems.

(a) Heavy contamination

(b) Partial contamination

Photograph 11 The 360 monitor view during heavy (a) and partial (b) contamination, showing how
mud on the surface of the right side camera obscures the image of the pedestrian (IMGP0844, IMPG0837,
IMPG0853, IMGP0850).
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5 DISCUSSION
5.1

APPLICATION OF THE VISIBILITY RISK ZONES METHOD

The identification and evaluation of visibility risk zones was a useful concept to apply when
evaluating the operator’s field of view from a medium-size excavator. The method defined the test
locations according to the working envelope of the machine, taking account of the area where the
rear body can swing and the area where there was the potential for the bucket to swing during
travel and work. The maximum reach of the bucket defined the boundary of where the machine
could move within a short period of time and thus where the operator needed to see. The maskings
identified within this circular area (of 8.55 m radius) were classified as the zone where there was the
greatest risk of collision between the excavator and a worker-on-foot. Another approach could have
been to prioritise a smaller envelope (of 4.45 m radius) within the working envelope, which was
defined by the bucket in the travelling position.
In contrast, visibility test locations specified in ISO 5006 [3] are restricted to visibility of a 1.5 m test
object along the rectangular 1 m boundary and visibility to some parts of the ground at a distance of
12 m from the operator’s position/ It does not require an evaluation of the field of view between
the machine boundary and the 1 m rectangular boundary. This was the area in which the rear body
could swing during machine rotation. The visibility risk zones method identified the potential for
residual maskings at the rear corners of the machine boundary where the machine was only fitted
with mirrors and rear view camera (Figure 8). ISO 5006 also provided no specific requirements for
visibility in Sector E beyond the rectangular 1 m boundary (Table 1). However, the visibility risk
zones method identified maskings in this direction that were beyond the rectangular 1 m boundary
yet still within the area where there was the potential for the bucket to swing during operation.

5.2

LIMITATIONS OF THE RIGHT SIDE MIRRORS

This evaluation highlighted a number of factors that can limit the effectiveness of the right side
mirrors to provide indirect visibility to the right side of the excavator where there are maskings to
direct visibility. These include:
•

The potential for the boom, when it is raised back, to obstruct the operator’s view to the
mirrors (Photograph 5);

•

The requirement for the operator to turn and look over their right shoulder to view the right
side mirrors;

•

The distance between the operator and right side mirrors, which reduces the apparent size
of the mirrors, and the reflected images of objects or pedestrians, within the operator’s field
of view;

•

The potential for the operator to make errors when setting up the mirrors; and
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•

The requirement for artificial lighting of the work environment during hours of darkness.

The relative importance of these limitations is not known. However, they are likely to contribute to
the findings of Koppenborg et al. [5] [6] that operators only glanced at their right mirrors during 7% of
reversing manoeuvres and 0.8% of rotation movements, which raises questions about how
operators are to obtain information about the area on the right side.
In this evaluation, the excavator was supplied with a user manual that contained instructions and
illustrations on how to position the mirrors. Nonetheless, as the visibility risk zones were evaluated,
it became apparent that the operator could have positioned the mirrors in a more optimal position.
It is conceivable that operators may take limited care in setting up and position the right side
mirrors, if indeed they are perceived to be of little value and seldom used. For this machine, the
360° and rear view camera monitoring systems were available to compensate for mirrors where they
were either not easily visible from the operator’s position or were poorly adjusted.
Manufacturers fit mirrors or other visual aids to comply with the requirements of ISO 5006 [3] and
ISO 14401 [12] . For the right side of excavators, this requires the elimination of maskings greater
than 300 mm wide along the rectangular 1 m boundary, but only when the excavator is in its
travelling position. ISO 5006 [4] proposes to revise the method for excavators to include an
evaluation of the potential for the moving linkage to obstruct the operator’s view to the mirrors and
consequently indirect visibility at the rectangular 1 m boundary. However, it does not consider how
the range of the boom positions during machine operation can affect direct and indirect visibility to
the whole area on the right side where the machine can move. The visibility risk zones method
appears more helpful in establishing the area that should be in view in the mirrors over all
conditions. It has identified that a camera monitor system may be a more suitable visual aid to
cover the maskings to direct visibility on the right side for the range of operating positions. Where
the operator is reliant on right side mirrors, further measures may be possible to make it easier for
operators to position mirrors in the correct position. This may include the use of paint markings on
the machine body to guide the positioning of the mirrors, or visibility maps showing the area that
should be in view to the operator in each mirror.

5.3

THE 360° CAMERA MONITOR SYSTEM

For this excavator, the 360° CMS was a useful visual aid for checking whether there were any
pedestrians within most of the working envelope. It was particularly useful at eliminating residual
maskings of a pedestrian standing to the right side of the excavator and within 5 m of the machine
boundary, which was broadly equivalent to the area into which the machine bucket could rotate
while the machine was in its travelling position.
The 360° camera monitor system was also able to compensate for limitations of the excavator’s right
side mirrors (see Section 5.2), providing the operator with indirect visibility to the right side of the
excavator regardless of the boom position or surrounding light levels, and without requiring the
operator to turn and look over their right shoulder.
There was also scope for the system to provide some residual coverage at the rear corners of the
machine boundary, where a pedestrian may not be considered sufficiently ‘in view’ at the lower
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corners of the rear view camera monitor. For the installation evaluated, the image of the pedestrian
was observed to disappear where the pedestrian was standing at the rear corner of the machine
boundary. The effect was less apparent when the pedestrian was moving. The extent to which it
may be possible to eliminate the disappearance effect at the boundary between cameras with
changes to the camera or software configuration is not known. However, where the disappearance
cannot be avoided, adjustments may be possible so that the boundary between cameras is located
in either an area of direct visibility to the operator (zone 3) or, if this is not possible, then within an
area which is more clearly ‘in view’ of another visual aid, such as the rear view camera (zone 2).
For the 360° CMS, the size of the pedestrian image on the display was sufficient within the area
defined by the travelling position, and within a range of 5 m from the machine boundary. However,
at the sides (and importantly the right side) and rear of the excavator, the height of the pedestrian
image on the display did not meet the 7 mm ISO DIS 16001 (2016) criteria within the entire risk
zone/working envelop defined by the maximum reach of the bucket. It was not known whether this
represents the absolute limit of the 360° CMS range that was possible for this excavator, or whether
the set up was influenced by the ‘all-round visibility standard’ which specified that the system should
pick up a pedestrian from ‘a maximum distance of 5m to a minimum of zero in all directions’/
However, whatever the absolute range of the system, a trade off of the 360° system providing a
‘bird’s eye view’ on the monitor was that it does not show the far field of view (i.e. out to the
horizon) as a might a traditional rear-view camera monitor system.
Many excavators may already be fitted with a rear view camera in order to comply with ISO 5006
and eliminate maskings along the rectangular 1 m boundary at the rear of the machine; for example,
for this excavator, the rear-view camera monitor was incorporated into the machine monitoring
system. The subsequent installation of the 360° camera monitor system provided indirect visibility
to the right side of the excavator where residual maskings were present, but did present a second
monitor into the cab for the operator to check during machine operation. This evaluation raises the
question of whether it is worth considering whether a wide angle right side camera may be
preferred as second camera monitor system for excavators.
For example, this evaluation has shown that the range of the 360° camera monitor system was
limited in scope to providing indirect visibility of the risk zone defined by the travelling position.
However, the rear-view camera provided indirect visibility out to the edge of risk zone for machine
operation (as defined by the maximum reach of the bucket) and further away to the horizon. This
improved coverage of the far field of view may improve the operator’s situational awareness in that
they would be provided with the opportunity to view pedestrians and other vehicles outside of the
working envelope moving towards the excavator. The opportunity to see the far field of view would
also be important when the machine is tracking in reverse or to the right; for example, tracking to
the right during trenching work. In this case, providing the operator with the opportunity to view
the far field of view would help them to anticipate the potential for collision with obstacles outside
the working envelope. This evaluation has also shown that the rear view camera monitor provided
larger image sizes of pedestrians on the display at further distances, and reduced image distortion,
which may help to improve the reliability of detection.
This requires further evaluation, as a traditional camera monitor system was not fitted to the right
side of the excavator. It would be important to check that the combination of the rear and right side

48

camera selected would still be able to eliminate maskings along the machine boundary, particularly
at the front right corner and rear corners of the machine where the excavator’s boom and rear body
can swing. A comparison of the two camera systems should also take account of the extent to which
operators may perceive there to be additional value of the 360° camera system’s single monitor
providing indirect visibility all around the machine boundary (even in areas where there is good
direct visibility) during machine operation, and the extent to which they actually look at the 360°
monitor in comparison to the other visual aids.

5.4

IMPLICATIONS FOR THE VISIBILITY RISK ZONES TEST METHOD

One aim of this evaluation was to inform the further development of the visibility risk zones method
and performance criteria more generally.
5.4.1

Evaluating the visibility risk zones

As a risk-based approach, the visibility risk zones method prioritises those maskings in areas where
the machine can move (i.e. risk zone 1a). However, this example has highlighted the importance of
being able to provide the operator with the opportunity to see to the far field of view, which may
include areas where the machine cannot move, in order to improve the operator’s situational
awareness.
Where there were maskings in areas where the machine can move, the maximum width of the
maskings was determined. This was measured perpendicular to the operator’s position, as if the
person-on-foot was orientated to face the operator (see Figure 8 and Figure 9). For areas where the
machine can move (i.e. risk zone 1a), a masking width exceeding 200 mm was proposed as being
sufficient to mask enough of a pedestrian such that they may not be recognisable as a person. This
criterion is broadly equivalent to half the width of a person; for example, BS ISO 3411 specifies that
small operator (5th percentile mixed gender world population) shoulder breadth is 380 mm [13]. This
is consistent with the approach applied to camera monitoring systems for considering where a
person should be considered ‘ in view’ at the edge of the monitor [7] (see Section 5.4.2).
5.4.2

Evaluating the size of the image in mirrors and monitors

In this evaluation, the test object was considered within view of the rear view and 360° camera
monitoring systems where any part of the test object was shown in the monitors. In addition, for
the 360° CMS, the surface was marked with another boundary to show the area where the system
provided an image of the entire 1.5 m height of the test object.
However, further refinement of the visibility risk zones method should incorporate specific criteria to
define when a pedestrian (or a representation of a pedestrian) is considered ‘in view’ at the
boundaries of the camera monitor system or mirror. The amount of a pedestrian in view and the
size of the image are two factors that will influence the likelihood that an operator can detect and
recognise the image as a person.
ISO/DIS 16001 [7] describes a test method for marking out the boundary and range of rear-view and
360° camera monitoring systems, which could be adapted to fit the visibility risk zones approach. It
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is sensible to incorporate relevant parts of this test method into the visibility risk zones approach,
where the method is compatible, as future machines fitted with a camera monitoring system will be
required to comply with this Standard. For the evaluation of 360° camera monitoring systems, the
method uses a cylindrical test body, 1600 mm in height and 400 mm in diameter, to represent a
person on foot. A similar test body (albeit 1500 mm or 1000 mm in height) would also be useful
when applying the visibility risk zones approach, particularly for evaluating when a person would be
‘in view’ at the edge of the mirrors or camera monitoring systems. For example, it could help to
control for factors such as the size, shape and proportion of the target that is in view, and as it is
likely able to balance on its end, this could reduce the need for two people to be involved in marking
the area of indirect visibility on the test surface and incorporating indirect visibility into the
evaluation of the visibility risk zones.
However, the evaluation should also take account of additional research [11] which suggested that,
for more reliable detection of a pedestrian under optimal conditions, the minimum height of a
pedestrian image on a monitor, positioned about 1 m from the operator, should be increased to 10
mm. Thus, for visual aids within about 1 metre of the operator’s position, it is proposed that the
image of a pedestrian should be considered ‘in view’ when.
•

The vertical centre line of the pedestrian (or representative test body) is in view for a section
(or length) of the test body which is determined to be sufficient to identify a pedestrian in
the intended work environments (e.g. a length of at least 200 mm); and

•

The image in the monitor should be at least 10 mm in length (along the longitudinal axis)
and 2 mm in width (along the sagittal or frontal axis), with the monitor positioned within 1.2
m of the operator’s eye position/

It is sensible that a similar approach could be applied when marking out the boundary of any mirrors
fitted more than 1.2 m away from the operator; however, the minimum image size may need to be
increased. The probability that an operator will detect a pedestrian in the mirror or monitor will be
influenced by a complex set of task, object, and environmental factors, although, in principle, larger
image sizes should result in a greater likelihood of detection. It has been proposed that the image in
the mirrors should be at least 7 mm in height (along the longitudinal axis) for every 1.2 m that the
mirror is positioned away from the operator’s eye position [4]. However, further applied research is
required to clarify the minimum size (height and width) of the image of a pedestrian that an
operator can reliably detect in mirrors positioned at various distances away from the operator. This
approach assumes that the collision will be with a standing pedestrian; however, collision hazards
could include other vehicles and physical structures at the job site, which may need to be taken into
account through risk assessment at the job site.
Further work is also required to clarify the most optimal method to measure the size of an image in
the mirrors. Where the mirror is close to the operator’s position, it may be relatively straight
forward for the observer to make an approximate visual check that the size of the image meets the
criterion when a pedestrian is standing at the furthest location that the mirror or camera is required
to cover. However, it is a more complicated process to record, on the test surface, the locations
where the image size drops below a recommended height. For the camera monitoring systems, the
approach adopted in this study was to photograph or video, from the operator’s position, the image
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of the pedestrian in the mirror or monitor at various locations on the test surface. The height of the
pedestrian image in the photograph or video was then compared to a known reference (such as the
dimensions of the monitor or mirror surface). However, for complex evaluations (e.g. a machine
with multiple configurations and mirrors) this is a time-consuming approach. It may not be practical
to complete at the same location where measurements of the machine are taken, and thus difficult
to implement where an iterative approach is required to optimise the selection or installation of a
visual aid. It would be useful to have tools or applications that allow the observer to take
measurements of the pedestrian image size in the mirror and make judgements about the suitability
of their size in real time; for example, at a work site where the evaluation may take place.
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6 CONCLUSIONS
The identification and evaluation of visibility risk zones was a useful concept to apply when
evaluating the operator’s field of view from a medium-size excavator. The method defined the test
locations according to the working envelope of the machine, taking account of the area where the
rear body can swing and the area where there was the potential for the bucket to swing during
travel (in its travelling position) and work. The maximum reach of the bucket defined the boundary
of the area where the machine could move most quickly and where the operator needed to see.
With the use of the mirrors and a rear view camera fitted during manufacture (i.e. without the 360°
CMS), maskings were present at the rear corners and to the right side of the excavator. At the left
rear corner, the area of masking exceeded a width of 300 mm, which was considered sufficient to
mask a pedestrian. At the rear right corner, the area of masking exceeded a width of 500 mm.
Further away from the machine, but still within its working envelope, the area of masking had a
width of 2600 mm.
This evaluation highlighted a number of factors that can limit the effectiveness of the right side
mirrors to provide indirect visibility to the right side of the excavator where there are maskings to
direct visibility. These include:
•
•
•

•
•

The potential for the boom, when it is raised back, to obstruct the operator’s view to the
mirrors;
The requirement for the operator to turn and look over their right shoulder to view the right
side mirrors;
The distance between the operator and right side mirrors, which reduces the apparent size
of the mirrors, and the reflected images of objects or pedestrians, within the operator’s field
of view;
The potential for the operator to make errors when setting up the mirrors; and
The requirement for artificial lighting of the work environment during hours of darkness.

The 360° CMS was able to compensate for limitations of the excavator’s right side mirrors, providing
the operator with indirect visibility to the right side of the excavator regardless of the boom position
or surrounding light levels, and without requiring the operator to turn and look over their right
shoulder. The 360° CMS eliminated the residual masking areas at the rear corners of the machine
and to the right side of the excavator. It was particularly useful at eliminating residual maskings of a
pedestrian standing to the right side of the excavator and within 5 m of the machine boundary,
which was roughly equivalent to the area into which the machine bucket could rotate while the
machine was in its travelling position.
However, to the right side and rear of the excavator, where a pedestrian is standing more than 5 m
away from the machine boundary, their image on the 360° CMS display may not be of a sufficient
size to allow for the operator to detect them reliably. For this excavator, a trade off of the 360°
system providing a ‘bird’s eye view’ on the monitor was that it did not show the far field of view. In
contrast, the rear-view camera provided indirect visibility out to the edge of risk zone for machine
operation (as defined by maximum reach of the bucket) and further away to the horizon. This
improved coverage of the far field of view may improve the operator’s situational awareness in that
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they would be provided with the opportunity to view pedestrians and other vehicles outside of the
working envelope moving towards the excavator. The opportunity to see the far field of view would
also be important when the machine is tracking in reverse or to the right; for example, tracking to
the right during trenching work. In this case, providing the operator with the opportunity to view
the far field of view would help them to anticipate the potential for collision with obstacles outside
the working envelope. This evaluation has also shown that the rear view camera monitor provided
larger image sizes of pedestrians on the display at further distances, and reduced image distortion,
which may help to improve the reliability of detection.
For the 360° CMS evaluated, the image of the pedestrian was observed to disappear where the
pedestrian was standing at a rear corner of the machine boundary. The effect was less apparent
when the pedestrian was moving. The extent to which it may be possible to eliminate the
disappearance effect at the boundary between cameras with changes to the camera or software
configuration is not known. However, where the disappearance cannot be avoided, adjustments
may be possible so that the boundary between cameras is located in either an area of direct visibility
to the operator or, if this is not possible, then within an area which is more clearly ‘in view’ of
another visual aid, such as the rear view camera.

6.1

RECOMMENDATIONS AND FURTHER CONSIDERATIONS

This evaluation has demonstrated that a camera monitor system would be a more suitable visual aid
than mirrors to address the maskings to direct visibility on the right side of the excavator for the
range of operating positions.
It also raises the question of whether a wide angle right side camera may be preferred over a
360°CMS as a second camera monitor system for excavators. This is an issue that requires further
evaluation, as a traditional camera monitor system was not fitted to the right side of the excavator.
It would be important to check that the combination of the rear and right side camera selected
would still be able to eliminate maskings along the machine boundary, particularly at the front right
corner and rear corners of the machine where the excavator’s boom and rear body can swing. A
comparison of the two camera systems should also take account of the extent to which operators
may perceive there to be additional value of the 360° camera system’s single monitor providing
indirect visibility all around the machine boundary (even in areas where there is good direct
visibility) during machine operation, and the extent to which they actually look at the 360° monitor
in comparison to the other visual aids.
Where an operator remains reliant on mirrors for indirect visibility to the right side, further
measures may be possible to make it easier for operators to position mirrors correctly. This may
include the use of paint markings on the machine body to guide the positioning of the mirrors, or
visibility maps showing the area that should be in view to the operator in each mirror. There may
also be scope to improve the coverage of mirrors with bespoke designs for particular applications.
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8 APPENDIX A – ADDITIONAL VISIBILITY RISK ZONE PLOTS
The section provides additional visibility risk zone plots, showing the maskings for specific excavator
boom positions: boom lowered for maximum reach of the bucket; travelling position; and boom
raised back.

Photograph 12 Maximum bucket reach (with bucket resting on the ground)
(IMGP0717_Excavator_3a)

Photograph 13 Hydraulic excavator in its travelling position. The machine bucket is 1 m
from the machine boundary and raised 0.5 m above the ground. (1607020_011_Excavator_1)
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Photograph 14 Hydraulic excavator with its boom raised back (IMGP0726_Excavator_2a)
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8.1
8.1.1

VISIBILITY RISK ZONES FOR DIRECT VISIBILITY
Maskings of the 1.5 m test object

Yellow = direct visibility
Dark red = masking within the working envelope caused by the machine body
Red = potential masking within the working envelope caused by the boom
Pink = masking outside the working envelope
Figure 12 Maskings to direct visibility of the top, or any other 200 mm section, of the 1.5 m test
object, when the boom is lowered for maximum reach of the bucket
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Yellow = direct visibility
Dark red = masking within the working envelope caused by the machine body
Red = potential masking within the working envelope caused by the boom
Pink = masking outside the working envelope
Figure 13 Maskings to direct visibility of the top, or any other 200 mm section, of the 1.5 m test
object, for the travelling position.
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Yellow = direct visibility
Dark red = masking within the working envelope caused by the machine body
Red = potential masking within the working envelope caused by the boom
Pink = masking outside the working envelope
Figure 14 Maskings to direct visibility of the top, or any other 200 mm section, of the 1.5 m test
object, when the boom is raised back
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8.1.2

Maskings at ground level

Yellow = direct visibility
Dark red = masking within the working envelope caused by the machine body
Red = potential masking within the working envelope caused by the boom
Pink = masking outside the working envelope
Figure 15 Maskings to direct visibility of the ground, when the boom is lowered for maximum bucket
reach. The ISO 5006 sectors of vision are also shown.
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Yellow = direct visibility
Dark red = masking within the working envelope caused by the machine body
Red = potential masking within the working envelope caused by the boom
Pink = masking outside the working envelope
Figure 16 Maskings to direct visibility of the ground, for the travelling position. The ISO 5006 sectors
of vision are also shown.
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Yellow = direct visibility
Dark red = masking within the working envelope caused by the machine body
Red = potential masking within the working envelope caused by the boom
Pink = masking outside the working envelope
Figure 17 Maskings to direct visibility of the ground, when the boom is raised back. The ISO 5006
sectors of vision are also shown.
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9 APPENDIX B – GLOSSARY
Direct visibility
Visibility by direct line of sight.
Indirect visibility
Visibility with the aid of mirrors or camera monitoring systems.
Maskings
The areas around the machine where the specified test object (e.g. a pole 1 m or 1.5 m in height),
when held vertically and with its base touching the ground, cannot be viewed by the observer sitting
in the operator’s position/
Seat index point (SIP)
The point on the central vertical plane of the seat as determined by the design and installation of
device specified in BS EN ISO 5353 [14]. For the purposes of machine design, the SIP may be
considered to be equivalent to the intersection on the central vertical plane through the seat
centreline of the theoretical pivot axis between a human torso and thighs.
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Application of a risk-based method to
evaluate operator visibility from an
hydraulic excavator

In Great Britain there are 25 fatal injuries each year on
average, and hundreds of non-fatal injuries to workers as a
result of being struck by moving vehicles in the
workplace. Restricted operator visibility is often identified
as a contributing factor in these accidents.

HSE researchers developed a risk-based method to
determine ‘visibility risk zones’ for earth-moving machinery
such as dumper trucks and excavators. Excavators are of
particular concern due to several fatal accidents in which
they have struck workers. Some excavators can have
relatively large blind spots, with up to about 50% of the
operator’s direct visibility to the field of view obscured by
the body of the machine and the boom.
This report describes the application of a risk-based method
to evaluate the operator’s field of view from a medium
sized hydraulic excavator. The evaluation considered the
visibility for an excavator with the mirrors and a rear view
camera fitted during manufacture, and the visibility that
would be given by a 360° camera monitoring system to
provide a ‘bird’s eye’ view around the excavator. The work
demonstrates the application of the risk-based method to
determine visibility risk zones.
Two related reports describe the development of the riskbased visibility risk zones method (RR1156) and its
application to a large rigid frame dumper truck (RR1158).
This report and the work it describes were funded by the
Health and Safety Executive (HSE). Its contents, including
any opinions and/or conclusions expressed, are those of
the authors alone and do not necessarily reflect HSE policy.

RR1157

www.hse.gov.uk

5

