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Abstract

Building construction uses prefabrication to shift manufacturing off the construction
site, and into factories. Off-site construction facilitates high efficiency, strict quality
control, and the integration of high precision and complex features into the construction
element. Increasing the size of prefabricated elements reduces on-site activities, but

presents new challenges to the on-site installation task.

This thesis pertains to the on-site mid-air-alignment task, in which a construction
element is crane lifted up towards its installation location, aligned to attachment
fixtures, and affixed to the building. The alignment tolerance is approximately 1mm
and 2deg. However, it is difficult to precisely locate the large and heavy element while

it is suspended high in the air.

This thesis contributes to developing the core processes and technologies that are
required to make automated localisation of the crane borne unitised curtain wall module
(CWM) viable. The research methodologies include process flow modelling, dynamical

systems modelling, and localisation through computer vision.
Chapter 1 introduces the motivations and objectives of the thesis.

Chapter 2 identifies the barriers and opportunities. A key opportunity is to strengthen
the communication between the crane operator and dogman by providing them with

rich localisation information.

Chapter 3 develops a guideline for system designers to choose the optimal dynamical
models to represent boom tower cranes. Use of an accurate model facilitates precise
control and state estimation. A key finding is that mechanically locking the CWM and

crane hook together can make the system easier to precisely control.

Chapter 4 develops an algorithm to measure the pose of a crane borne CWM, as relative
to its installation location on the side face of a high-rise building. Also developed, is a
practical framework for incorporating the advancements presented in this thesis into

the conventional direct CWM installation methodologies.

Chapter 5 concludes the thesis and recommends directions for future research.
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1 Introduction

This thesis pertains to the field of high-rise building construction, and specifically, the
on-site procedures to install the exterior wall, where the wall type is a unitised curtain
wall. The installation procedures are analysed, and solutions to prominent challenges
are developed. The described challenges and solutions are additionally applicable to
any crane operation in which a crane borne payload must be precisely aligned whilst it
is suspended high in the air.

The research uses robotics engineering methodologies. Specifically used techniques
include process flow modelling, dynamical modelling, and localisation through

computer vision.

1.1 Motivations
The unitised curtain wall (UCW) is a type of exterior wall for high-rise buildings

which is comprised of prefabricated modules [6]. Building with prefabricated modular
components is a path towards the industrialisation of construction [7]. However, the
large size and weight of prefabricated modules presents challenges to the on-site
installation task [8, 9, 10].

To install the UCW, each prefabricated module is installed sequentially: each curtain
wall module (CWM) is individually lifted, aligned to the side face of the building, and
fastened in place [8, 11, 12, 13]. This task is difficult because the CWM must be held
suspended in mid-air, outside of the open edge of the building, whilst being aligned
and fastened (Figure 1.1).

The current approaches to this task support the weight of the CWM either from outside
of the building with a crane (e.g. tower crane, mobile crane, spider crane), or from
inside of the building with a mobile manipulator (e.g. telescopic handler, forklift) [8,
10, 11, 12, 13]. Lifting with a crane allows direct CWM transport from the ground to
the installation location, eliminating inefficient double-handling of the CWM [8, 10].
However, this method can be dangerous. In the conventional direct CWM installation
procedure, workers have to stand at the open edge of the partially constructed high-rise
building and reach outwards to take hold of the free-swinging crane-borne CWM so

that they can manipulate it into alignment [3]. The workers risk being struck, crushed,
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or falling from a height [14, 15]. Risk is increased further in the ‘blind lift’ scenario
where the crane operator does not have sight of the payload that they are transporting.
Some methodologies have been developed to improve safety and efficiency of this
procedure, but they are limited in scope of application [10, 16]. Hence, the unsafe

methodologies are still commonly used [3].

The safety and efficiency of the conventional direct CWM installation procedure can be
improved with a system to align the crane borne CWM before workers have to physically
interact with it [17]. However, the location and orientation of the crane payload is

difficult to monitor and control [1, 18, 19]. Improved crane payload localisation is

required to make mechanised and automated mid-air alignment viable [3].

Figure 1.1: The mid-air alignment task in the conventional direct CWM
installation procedure (photo by author, 2019)

1.2 Aims and Objectives

This thesis aims to improve the conventional direct CWM installation procedure by

making automated localisation of the crane borne CWM viable.
The key objectives are:

e To identify the barriers and opportunities to realising automated mir-air CWM

alignment.

e To determine which dynamical model should optimally be used to represent
a boom tower crane. Use of the optimal dynamical model facilitates the

development of accurate localisation systems.

e To develop a practicable solution to automated CWM localisation.
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1.3 Summary of Thesis Contributions

Overall, this thesis contributes to developing the core processes and technologies that

are required to make automated localisation of the crane borne CWM viable.
The key contributions of this thesis are:

¢ |dentification of the barriers and opportunities to increasing the level of automation
in CWM installation.

e A guideline for system designers to choose the optimal dynamical models to
represent the boom tower cranes that are commonly deployed on construction

sites.

e An algorithm and methodology to measure the pose of a crane borne CWM, as

relative to its installation location on the side face of a high-rise building.

1.4 Thesis Outline

Chapter 2 introduces the background, related literature, and an analysis of the barriers

and opportunities to realising automated CWM installation.

Chapter 3 explores the dynamical models used to represent boom tower cranes. The
trade-offs between model complexity and accuracy in representation of the real-world

system are evaluated. A decision tree to choose the optimal model is introduced.

Chapter 4 introduces a markerless computer vision algorithm and a practical
implementation to measure the relative pose between a crane borne CWM and its

installation location.

Chapter 5 concludes the thesis and discusses directions for future research.

1.3.0 | Introduction Page 3



2 Background and Literature Review

This chapter contains content from my publication [3].

The discussions with industry stakeholders were undertaken with approval
from the Monash University Human Research Ethics Committee (MUHREC)
— project ID 37652.

This chapter introduces the background and related literature. An analysis of the barriers
and opportunities to realising automated CWM installation is used to recommend

research directions.
Section 2.1 introduces the unitised curtain wall.

Section 2.2 introduces the on-site installation procedure as a generalised process and

evaluates the current and emerging methods.
Section 2.3 discusses potentials to streamline the conventional direct method.

Section 2.4 presents and analyses the perspectives of industry stakeholders on the

current methods and the barriers to automated CWM installation.

Section 2.5 summarises the chapter and recommends research directions.

2.1 Unitised Curtain Walls

The core purpose of the exterior wall of a building is to protect the building interior from
the outside environment [20]. It may optionally also provide support for the building (a

structural wall), security, and aesthetics.

For non-structural walls, the wall is supported by the buildings structure. For high-rise
buildings, the load-bearing structure is often made of timber, steel beams, or reinforced

concrete. Use of a non-structural wall permits more choice in wall design and materials

[6].

A curtain wall is a lightweight non-structural wall that hangs from the side of the
building (hence the name ‘curtain’). For concrete floored buildings, the wall is attached

to the concrete floor slabs [11]. Otherwise, it is attached to the frame of the building
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[6]. Curtain walls are often realised as large glass panels framed in aluminium: a form
of structural glazing. e.g. Figure 2.2.

Curtain wall types are often categorised as either stick or unitised [6, 11, 20]. In the
stick curtain wall system, additional framing members (mullions and transoms) are
affixed to the building before the infill panels (e.g. the glass panels) are affixed to the
framing [6, 20]. These operations are completed on-site. To insert the infill panels, it
is advantageous to approach from outside of the building (exterior glazing) to avoid
any obstructions that may reside inside of the building, and due to problems with air
infiltration when interior glazing is used [20]. However, exterior glazing in high-rise
construction is a high-risk activity that often has workers manipulate the panel while
abseiling down the outer face of the building.

By contrast, the unitised curtain wall (UCW) system is comprised of prefabricated
modules that hang from the building on brackets [6, 11]. Each curtain wall module
(CWM) consists of both frame and infill panel. CWM assembly and glazing is completed
in a factory environment. The required on-site operations are to first position and affix
mounting brackets to the building, and then to align and fasten the CWMs to these
brackets [11].

Building with prefabricated modular components is considered as a path towards
the industrialisation of construction [7]. CWM construction in factory environments
affords strict quality control and facilitates the integration of high precision and complex
features such as double and triple glazing. Each CWM is typically® one storey high
(2400-4500mm), 1000-2700mm wide, 50-300mm deep, and 100-1600kg in mass.
The maximum CWM size and weight are restricted by the capacity of the public roads
between the factory and construction site.

Design requirements of the curtain wall are to bear wind, seismic, pressure, thermal, and
blast loading [20]. It must be aesthetic, pressure tight, watertight, thermally insulative,
and compliant to structural deformations of the building. Combined, these requirements
restrict the possible CWM designs. Therefore, the installation methodologies should
conform to the existing CWM designs rather than imposing additional requirements on
the design. For example, instead of using a computer vision algorithm that requires
markers to be placed on the CWM, the algorithm can detect the CWM by the visual

properties of the existing thermally insulative coatings on the glass.

!Based on product specifications from Capral Limited and Reynaers Aluminium. Retrieved 2023.
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The next section examines the UCW installation process as a generalised process. The
current and emerging installation processes are then introduced and evaluated against

the generalised process.

2.2 UCW Installation Process
The UCW installation process is described in [11, 12, 13]. The process comprises of

designing the wall, manufacturing CWMs, delivery to the construction site, vertical
transportation to the installation location, alignment with the attachment location, and
attachment of CWMs to the building. Within this process, the attachment interface on
the building side can be prepared before, or at the time of, CWM attachment [11].

This thesis focuses on the tasks of CWM vertical transportation and alignment with
the attachment location. These tasks are particularly dangerous in the conventional
procedure, and there is potential to significantly improve safety and economic efficiency
through mechanisation and automation [8, 9, 10, 18, 21].

Figure 2.1 introduces the generalised solution to CWM vertical transportation and
precision alignment. The desired state of the system has the CWM aligned to the
attachment location. To achieve this, the decision-maker commands the hardware
controller, which actuates the mechanical system toward the desired state. The state
of the system is sensed, and the sensed information is pre-processed by the analysis
unit before being fed back to the decision-maker. Information may also be sent directly
from the sensors or analysis unit to the controller, creating an inner feedback loop to

stabilise the system state and suppress deviations from the command signal.

The mechanical requirements of this task are CWM load bearing, large distance vertical
transportation, and precise position and orientation control with 1mm tolerance [16,
22]. A safe and efficient solution requires performance of each subsystem, as well as
unison in communication between the subsystems. A solution should also consider
how it affects the rest of the installation process, and the impact on other construction
tasks. For example, potential for construction delays is increased with reliance on
shared workspace [8, 9, 10] and equipment [8, 10, 21].

The subprocesses in Figure 2.1 are defined in a generic sense. For example, consider
the scenario of a single human worker installing a CWM by manual handling. In
this scenario, the mechanical system is the combination of the worker and the CWM.

Sensing of the system and the environment is achieved by the worker’s vision, hearing,
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Desired State

|

Decision-Maker

Analysis Unit
A
Sensors
A A Y \/
Hardware Controller
\
Mechanical System
Spatial Information System State
Figure 2.1: Generalised solution to Figure 2.2: Conventional direct UCW
the CWM vertical transportation and installation method: Transitioning from
alignment tasks in UCW installation. the vertical transport task to the

alignment task (photo by author, 2019).

and tactition. Their mind performs analysis and decision making. Hardware control is

achieved by their motor skills.

This manual solution performs with ideal synergy between the subsystems. However,
the performance of the mechanical system is limiting: the worker is not strong enough
to carry a CWM, nor can they quickly travel from the ground to the installation location.
Hence, the conventional methodologies employ lifting equipment to overcome these

limitations.

There are two predominant strategies to UCW installation, from which all the current
methodologies are derived. In the direct methodologies, CWMs are lifted directly
from the ground to the attachment location, as depicted in Figure 2.2. In the staged
methodologies, CWMs are bulk transported from the ground to the working floor (the
storey at which the CWMs are to be installed), before being individually lifted and
installed [8, 9, 11, 13]. Variations of the staged conventional method are depicted in [8,
12, 13], and a more recent staged method is depicted in Figure 2.3.

The direct and staging methodologies are described and discussed in the following

subsections.
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2.2.1 Staging Methods

The conventional staging methods are described in [8, 9, 11, 13]. In the first stage,
CWM vertical transportation from the ground to the working floor is performed in bulk,
and the CWMs are placed near the installation location. A material lift (construction
hoist, buck hoist, industrial elevator) may be used, if available. Otherwise, a bundle of
CWMs may be crane lifted from the ground to a loading platform (outrigger platform).
Loading platforms are temporary platforms that extend out the side of the building to
allow crane bundles to be landed.

The vertical transportation task requires the use a lift or crane, and the use of additional
floor space on which to stage the CWMSs. These resources are often shared between
multiple contractors. Hence, the procedure can significantly impact or be impacted by

the logistics of other construction operations [8, 10].

In the second stage, each staged CWM is then individually lifted and aligned to the
attachment location before being fastened in place. A spider crane on a floor above, or
the roof, is commonly used to bear the weight of the CWM. In this method, the pose of
the CWM is controlled by a combination of the current length of the crane’s hoist, and
the manual handling of workers on the working floor [8, 12, 13]. As the hoist is raised,
the CWM needs to be pushed over the edge of the building to orient it from lying flat to
hanging vertically. This process can be very physically demanding of the workers [13].

Sometimes, jigs with sliding mechanisms are used to reduce physical demand [12].

Alternatively, a mobile manipulator (e.g. telescopic handler, forklift) located on the
working floor may pick up the CWM with suction cups and carry it to the aligned pose.
This is depicted in Figure 2.3. Advanced robotic manipulators have been developed to
enable human-robot cooperative manipulation in this task. In [13, 23], the end-effector,
which supports the weight of the CWM, can be effortlessly moved by a worker applying
force to it. Therefore, the worker can manual-handle CWMs into alignment without

having to support their weight.

The alignment task requires heavy machinery and jigs to be located on, or above, the
working floor. The building must accommodate the size and mass of this machinery. The
space used by the machinery may interfere with other operations. The transportation
of the machinery to, from, between, and around floors may also be logistically difficult.
For example, by installing the last CWM, the mobile manipulator may be trapping itself
inside of the building. Depending on the building’s design, or in the case of building

renovation, access may not be possible.
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Figure 2.3: Staged UCW installation method using a telescopic manipulator:
Performing the alignment task (photo by author, 2021).

In terms of the generalised solution, the synergy between the subsystems is high if
a mobile manipulator is used, but low if a spider crane is used. Using a spider crane
places multiple hardware controllers on different building floors: the crane operator on
the floor above, and the workers on the working floor. Error or delay in communication

with the decision maker could result in an accident.

Overall, the staging methodologies can be safe and efficient, but they are not applicable
to every CWM installation scenario.

2.2.2 Conventional Direct Method
In the direct approach, each CWM is individually lifted directly from the ground to the

attachment location with a crane or hoist. It is then aligned, fastened, and detached

from the hoist. The hoist is then lowered, and the process repeats.

The direct methods are most appropriate for large and heavy CWMs. It is faster to
install UCWs that are comprised of larger modules [9, 10, 24]. Additionally, by not
requiring on-floor staging, the impact on other construction operations can be reduced
[8, 10].
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In the conventional direct solution, each CWM is individually crane lifted from the
ground below the installation location, up towards the installation location. While
the CWM is still supported by the crane, workers at the installation location reach out
past the open edge of the building to take hold of the free-swinging CWM [3]. They
then physically manipulate the CWM into alignment before fastening it to the brackets
(Figure 2.2). The CWM is detached from the crane, and the process is repeated.

Cranes are imprecise and can not control load orientation. Therefore, the workers
intercepting the CWM are required to stop its swinging and rotate it before it can be
brought close enough to the building for them to take hold of it. The workers risk being
struck, crushed, or falling from a height [14, 15].

In crane operations, the dogman performs sensing, analysis, and decision-making.
The dogman is a designated worker whose job is to direct the crane operator in the
movement of the load [25]. The standard modes of communication between the crane
operator and the dogman are two-way radio, arm gesture signalling by the dogman,
and whistle signalling by the dogman [25]. In case of loss of communication, the crane

operator should halt the crane.

The dogman is usually situated at the installation point so that they can precisely
determine the pose of the payload during alignment. However, communication of this
information is limited by the standard modes of communication. The communication is
slow and low in detail e.g. there is no arm signal to communicate distance or speed.
The standard sensors on-board a crane do not measure spatial information. Therefore,
in the case of a ‘blind lift' (where the crane operator cannot see the CWM directly), the
operator can not verify their correct interpretation of the dogman’s instructions. Overall,
the communication speed and information detail are key limiting factors to installation
speed and safety [18, 26].

The flow of information and control in the process is mangled. This indicates that safety
and efficiency be improved through automation of the work conventionally performed
by the dogman and the alignment crew. This requires automation of sensing and

analysis, and mechanisation of precision crane payload pose control.
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2.2.3 Emerging Direct Methods

A key challenge in implementing a direct method is to achieve precise control of
the CWM during alignment. The conventional solution leaves the pose uncontrolled
throughout vertical transport. Then when CWM approaches the installation location, it
is captured and controlled into alignment. However, safely capturing and manipulating
the CWM is difficult if it approaches while swinging or orientated the wrong way around.
Therefore, it would be better to control the CWM throughout the vertical transport.

The most appropriate class of robot for high-rise UCW installation without on-floor
staging is the hanging robot [27]. Yet, precise control of all the degrees of freedom
(DOF) of a hanging system is difficult. The crane system with a single hoist cable is
highly underactuated and susceptible to wind induced oscillations [19], hence the need

for the dogman and alignment crew to perform fine position and orientation control.

Two approaches to control a hanging system are to either suppress oscillations with
control systems or to introduce additional kinematic constraints. A common kinematic
constraint for crane operations is a tag line; a rope that is attached to the payload and
held by a worker [25]. This solution has been used for mid-rise CWM installation, where
two workers positioned on the ground each have a rope to pull the CWM in opposite
directions. For high-rise construction, a tag line may be attached to the payload before
it is lifted. Then, the workers at the installation location use a shepherd’s crook to
recover the tag line.

This methodology was developed into a robotic solutionin [11, 16, 27, 28, 29, 30]. The
redundantly cable-driven parallel robot uses tensioned cables to connect the robot
to the corners of the building face. This over-constrains the robot, allowing it to float
without swaying. This design can not achieve 1mm precision, hence, a secondary robot
arm is attached to the cable suspended base through a passive damper [16, 28]. The
high number of DOF is not ideal for cost or maintenance. Another limitation of the
design is that for flat faced buildings, the constraint cables will be closely in-plane,
which leaves the design sensitive to out-of-plane disturbances [31]. Additionally, the
cable tension must increase as the angle of the cable from vertical increases [31]. Very
large cable tension would then be required to install the top row of CWMs, a load
which the building may not be designed to withstand. However, there are no other
practical cable attachment points other than the building that is under construction
[27].
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Two methods which have been commercialised use guide cables [9] or guide rails [8, 10]
for kinematic constraint. Again, the building is used to support the constraining fixtures.
As risk of damage by collision with the building is eliminated, the lift path can stay
close to the building for the entire lift. This allows for performing the lift with a hoist
that is mounted on the building, thus eliminating dependence on the expensive tower
crane. However, these solutions are limited in application to geometrically prismatic
buildings. Furthermore, the guide rails themselves must be installed without the aid of

guide rails, requiring dangerous manual labour.

The prior solutions which introduce additional kinematic constraints are limited to
specific or custom designs of building and CWM. Complying with these limitations is
not always possible e.g. for the custom design in [32]. Hence, there is still need to use
the conventional direct method. The next section investigates opportunities to improve
the conventional direct method without limiting its utility.

2.3 Technologies Relevant to Mid-Air Crane Payload
Alignment

The conventional direct CWM installation method is inefficient and unsafe [8]. Yet,
the current automation solutions are limited in scope of application [10, 16], or in
addressing only a small part of the installation procedure [13]. Hence, the conventional
method is still needed, and should be improved.

In a review of automation in high-rise construction, it was suggested to review the
advancement of basic technologies that can be utilised in high-rise construction [33].
Direct CWM installation was explored in [27], however, the scope of research did not
include informational tasks.

This section explores opportunities for improvement in conventional direct CWM
installation, with the objective to streamline the flow of information and control in CWM
vertical transportation and precision alignment. This involves mechanising precision

alignment and improving the quality of the information the crane operator receives.

The literature search used the search keywords identified in [33]. The most relevant
were ‘curtain wall,, ‘facade’, ‘installation’, ‘assembly’, ‘automation’, and ‘robot’. Other
keywords were identified through relation to the mechanisms and processes used
in UCW installation. For example, ‘crane’ was combined with ‘vision’, ‘mapping’,
‘localisation’, ‘skew control’, and ‘operator assistance’. The review broadly surveys

the applicable technologies rather than focus on specific implementation details. It
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is assumed that an operator is required, hence fully autonomous path planning and

logistics are not explored.

2.3.1 Mechanical System

Tower cranes, mobile cranes, and spider cranes are all applicable to CWM load bearing
and vertical transportation. The lack of other types of support body in high-rise
construction indicates that no other independent support structure is practical. This
conclusion is supported by the analysis [27]. Using a crane, any geometry of CWM can
be lifted to any attachment location that is not below overhanging building geometry.
Hence, cranes are applicable to almost any CWM installation scenario. The requirement
to situate a tower crane on-site is typically satisfied due to the requirements of other
on-site construction operations, and the crane can be shared amongst these operations
[8].

To achieve the positional accuracy required for UCW installation, all vibrational modes
of the crane borne CWM should be suppressed. There are 6 DOF for a crane borne
load: sway (pendulum swinging of the hook with 2 DOF), roll (payload tilting about
the hook with 2 DOF), skew (rotation about the cable axis with 1 DOF), and heave
(linear oscillation along the cable axis with 1 DOF) [34]. Based on a 2017 review of
crane control systems [19], most research considers only the sway modes with a few

considering the roll modes. Very little research considers skew [35] or heave [19].

Heave, roll, and sway oscillations can be controlled with regular tower crane motions;
however, control is underactuated. Furthermore, the rotational motion of the jib about
the tower (slewing), has highly coupled non-linear dynamics, making control of the
payload very difficult [19]. Hence, to achieve the positional accuracy needed to install

a CWM, an additional mechanism is required.

Below-the-hook-lifting-devices (BTHLDs) are devices that attach between the crane
hook and the crane payload. BTHLDs can provide mechanical interfaces for payload
attachment, orient payloads, and perform task specific functions. The use of spreader
bars, a type of BTHLD, is already common in CWM installation. A BTHLD can be fit
to any crane, and the connection/disconnection procedure is fast and simple. They are

versatile and compatible with existing cranes.

BTHLDs can be used to adjust roll orientation by small angles by translating the centre
of mass of the payload about the hook [36]. This can be an active device, or the roll

orientation can be manually set to the aligned orientation before the lift operation.
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Active skew control is necessary to perform alignment with complex building geometry
or when using slewing cranes [37]. Several BTHLDs have been developed which exert
skew torque with fans or through conservation of angular momentum with heavy
flywheels [17, 38, 39]. Using these, less manipulation work is required, improving both
the safety and speed [17, 38, 40]. Commercial instances of these devices include the
EVEREST series, HALO, Roborigger, and the Vita Load Navigator?.

Another method of skew control is seen on harbor cranes. For slewing harbor cranes,
skew control is achieved with an active rotary crane hook (rotator, power swivel) [35,
37, 41, 42]. For system stability, at least two separated cables must connect the trolley
and hook block. Full scale outdoor experiments show that very small skew error is
achievable [37], likely to a degree that is sufficient for UCW installation.

To aid in vibration suppression when the CWM is near the building, the building and
the previously installed CWMs can act as reactionaries. A robotic manipulator can take
hold of the building and drive the CWM into position by using the sway degrees of
freedom [43] or an extendable hook attachment [44]. For the gripper type, inspiration
can be taken from harbor crane operations, where the spreader is mechanically aligned
to the target container with ‘flippers’. The flippers are driven closed onto the edges
of the container from all directions, mechanically forcing the parts into alignment. To
prevent damage to the building or CWM, a pre-acting control strategy can be used to
dampen the impulsive load of the manipulator coming into contact with the reactionary
[43].

2.3.2 Localisation

To perform vertical transportation and precision alignment requires localisation of the
crane borne CWM with respect to the attachment location and nearby hazards. In the
current methodology, the dogman performs localisation and decision-making. However,
the standard modes of communication between the crane operator and the dogman
are slow and low in detail. Thus, there is risk of miscommunication and low response
time in emergency situations. Safety and efficiency can be improved by providing the
crane operator with high quality localisation information [18, 26].

Providing the crane operator with too much information or poorly organised information
increases the cognitive workload to perform analysis [45], which increases their reaction

time. Camera views provided to the operator should be 2D top and side views rather

2Respectively from: Verton Australia, Torquer Lifting Solutions, Tensa Equipment, Vita Inclinata.
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than a 3D view [45]. Pre-processing and analysis of camera feed to draw attention to
the relevant information is commonly researched. A map can be generated by piecing
together images captured by an overhead camera at different crane orientations [46],
and the heights of obstacles can be highlighted by thresholding rangefinder data [47].
Video feed can also be generated in a game engine by fusing sensor data with the
CAD model of the construction site [45, 48]. However, trials of an operator feedback
system indicated that a raw camera view should still be provided to increase operator
trust in the system [45]. A raw camera view can also provide a fallback in case of poor

operating conditions for automated analysis [49].

The display’s controls should be simple, require minimal user interaction, and preferably
be hands free [48]. Disruptive feedback (e.g. audio feedback) may be interpreted as
either helpful or distracting, depending on the operator’s perception of a task’s difficulty
[18]. Therefore, the types of feedback should depend on the current task. For CWM
installation, it may be appropriate to use separate interfaces for vertical transport and
precision alignment. Since these tasks are completed separately, the interface can

switch as the CWM approaches the installation location.

To produce high-quality visualisations of the localisation and perform automated actions
requires obtaining numeric measurements of the localisation. Two measurement tasks
are to monitor the distance between the CWM and the side face of the building, and
to measure the relative displacement between the CWM and the target aligned pose.
Likewise to the display interface, the requirements of the measurement systems are
also task dependent. Vertical transport requires a broad view, but does not require high
precision. The alignment task has opposite requirements. Hence it may be practical to

use different measurement systems for each task.

The global localisation strategy is to individually measure the locations of the
crane payload, attachment location, and any hazards, with respect to a global
map. Then, any relative measurement can be obtained from the map. The digital
building plan can be used as a map, if available [45, 50]. However, this does not
provide realtime information on hazards or deviance from the plan. Additionally, this
technique is not useful to precision alignment because the state of the art in global
crane-payload-pose-measurement achieves error in the order of metres [48, 51, 52,
53], and most systems do not consider payload orientation [19, 54]. The barriers
to achieving millimetre accurate crane pose measurement are numerous: a solution

would need to consider the highly-coupled non-linear pendulum dynamics of the
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payload [19], deflections of the tower, boom, jib, and hoist-rope, the effects of wind
and the effects of frictional damping [55, 56, 57, 58, 59].

To circumvent the limitations of global localisation, a proximity sensor or computer
vision system can directly measure the relative pose between the payload and fiducial
features of the target. Possible locations for camera placement are on the building, the
crane, or equipment. If the camera is not attached to the payload or the target, then
it should have a view of both, and this view should not be easily obscured. The view
should also have sufficiently high resolution (either through zoom or near placement),
and because the UCW is very large, this requires the view to continuously follow the
target. Requiring workers to position and/or aim the camera would introduce potential
for poor camera positioning. A downward-facing camera attached to the top of the
crane hoist or spreader can measure the pose of the payload [48, 52] and ground-based
objects [60, 61]. High accuracy measurements can be obtained from a camera attached
to the spreader [61]. In [38] and [4], a sideways-facing camera mounted on a crane
spreader localises itself with respect to artificial markers attached to the target. This
system has a very close view, hence achieving high accuracy. However, the markers
must be in view of the camera, requiring the system to already be near alignment before
the measurement system can function. This could be improved with markerless object

recognition.

In case of low certainty in automated object recognition, the operator can provide
input. For example, the operator can select locations of interest from a camera feed
to provide a region of convergence to the feature detection algorithm [49]. After the
alignment target has been identified, the controller can then perform path planning and
complete the alignment semi-autonomously. This requires abstracting the operator
input into higher level actions and programming the controller to decompose these
into actuator inputs [62]. This separates the operator’s decision from the actions that
are generated by internal feedback-control systems. This separation is beneficial, as
absence of separation creates conflict between the operator and the control system
[63].

The next section investigates the perspectives of industry stakeholders on the utility of,

and barriers to, the potential application of some of these methods and technologies.
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2.4 Perspectives of Industry Stakeholders

Two discussions with industry stakeholders were held on the topic of curtain wall
installation and applicable technologies. The discussion format was one-on-one
interviews between the researcher and the industry stakeholder, with duration of
roughly 1 hour.

The researcher first introduced the discussion topic and scope. The discussion that

followed was separated into two parts.

The first part focused on the curtain wall installation and mid-air alignment methods
that the participant is aware of, where the methods are applied, and why they are or are
not used. Slides were displayed to prompt discussion topics. The first slide displayed
a partially installed UCW (Figure 2.4) and the text “Stages: Design, Plan, Transport,
Align, Secure, Reset, Dismantle”. The second slide displayed the same image, but the
text was changed to “Barriers to entry: required training, upfront cost. Application
specific barriers: wall design, equipment availability, access requirements, planning

effort, speed, no. task repetitions, running cost”.

Figure 2.4: Render of a partially installed UCW. Displayed in the first half of

the interview.

-‘

In the second part of the interview, the researcher introduced all the methods from
Section 2.2, the active rotary crane hook, and the concept of placing cameras on the

crane. Slides without text were used to depict these, as well as a blind lift scenario.
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The discussions in the second part were unstructured, allowing the participant to lead

the discussion based on what they saw in the slides.

2.4.1 Perspectives of an Equipment Manufacturer

In this section, the participant is referred to by the pseudonym P.

Discussion was held with a mechanical engineer who holds a leadership position
at Verton Australia®. Verton's core business is the design, manufacture, and sale of
remote-controlled BTHLDs for rotating crane payloads about the skew axis. These
devices rotate the payload by exerting torque through conservation of angular
momentum with heavy flywheels. Verton were invited for discussion because their
products were identified as potentially applicable to the mechanisation of CWM
installation (Section 2.3).

In the first part of the interview, P identified the CWM installation methods involving
lifting with telescopic handlers, crane lifting with tag lines, crane lifting where the tag
line is released and then later recovered with a shepherd’s crook, and crane lifting with
a counter balanced BTHLD that holds the CWM with suction cups. P also emphasised
that a lifting device should not interfere with how the lifted element engages into its
final position.

P described a method of using a load rotating device as turning the payload into the
wind for the duration of the lift, to reduce swinging, and then turning the payload into
alignment as it nears the installation location. P discussed that the time savings of this
methodology are especially significant on windy coastal sites, where a few minutes

can be saved on each lift.

The key barrier to the adoption of Verton’s devices was described as the disruption
caused to the commonly known logistics processes. The introduction of a new device
disrupts the risk assessment, requires approvals, and requires planning for storage
and charging. P perceived that the leadership are generally not motivated to take on
this additional organisational effort. By contrast, requirement of user training was not
considered to be a significant barrier. Uncertainty of return on investment (ROI) was
considered as a barrier for new usage scenarios only. Requirement of the crane to bear

the extra mass of the BTHLD was not considered to commonly cause any issue.

3https://www.verton.com.au/
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In the second part of the interview, P discussed considerations of moving towards
remote or semi-autonomous operation. The discussion focused on asymmetry of
information and assignment of authority/responsibility. The current methodologies
assign responsibility for payload movement to the dogman, and the crane operator is
responsible to ensure that the crane’s load-moment-capacity is never exceeded. In the
event of conflict, the crane operator has the authority to halt the crane and communicate

that they can not perform the requested action.

P discussed that for some simple and repetitive operations, their product has been
combined with a semi-automated grabber to eliminate the need for a dogman. Lights
and cameras were placed on the BTHLD, and all personnel were cleared from the
area. The crane operator was then given full responsibility and authority over the lift.
However, because CWM installation is more complex, significantly more information
would be required to ensure safety. P perceived the key hazards as collision with
obstacles outside of the camera’s field of view, and limited ability to assure that the
CWM is properly installed before it is released from the crane. Yet, presenting enough

information to the operator would significantly increase the cognitive load.

On the topic of information asymmetry and communication efficiency, P discussed
that hand signalling is very limiting in complex scenarios, and that 2-way radio
communication works better. The researcher then prompted P to discuss the idea of
giving more information to the crane operator (including a sideways camera view),
without shifting authority away from the dogman. To this, P stated:

“There’s no problem with giving [the crane operator] more information. And,
in fact, the sideways view, | think it would be very good, because some
of the footage I've seen from block cameras looking straight down - very
difficult to really orient yourself. ... If you're looking directly down the hoist
rope, trying to understand what angle you're looking at it. And the other
thing is because of the height, very difficult to go to where you are. But if
you had a sideways looking camera, yeah, that that would make a lot of

sense.”
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2.4.2 Perspectives of a TAFE Trainer

In this section, the participant is referred to by the pseudonym T.

Discussion was held with an Australian TAFE teacher who teaches in the field of OH&S
in construction and has worked as a dogman. T was invited for discussion because of
their experience in teaching students who perform high-altitude glazing, and because

their teaching work is relevant to the theme of increasing safety in UCW installation.

In the first part of the interview, T identified the CWM installation methods involving
lifting with telescopic handlers, and crane lifting with tag lines. T was familiar the
stick curtain wall system, but not UCWs. T identified that for the stick system, it is
common to crane lift the panel toward the building while two workers abseil down the
building to meet it. The workers then catch the panel and manipulate it into alignment.
T discussed that tag lines can be very lightweight, allowing them to span multiple
building storeys, and that when there is no fixture on the panel to which a tag line
may be attached, then a hand-pump vacuum cup is sometimes placed on the panel to

provide a fixture.

T discussed that lifting crews commonly receive panels that are damaged or incorrectly
dimensioned, treated, or finished. If the difference is subtle, then the lifting crew may

not realise until mid-Llift, during the alignment stage.

In the second part of the interview, T discussed the continued use of unsafe methods.
For every construction project, the method is chosen through an individualised risk
assessment. The risk assessment involves consultation with experts, workers with
experience, who would typically suggest the same method that they have always used.
T discussed that it is not the job of the lifting crew to be creative. Hence, the continued
use of the conventional procedure is due to the culture of ‘this is how it's always been
done’. To change the procedure would require the leadership or site engineer to be

assertive.

On the topic of asymmetry of information and assignment of authority/responsibility, T
discussed the procedure developed during the risk assessment defines the authority
and responsibility. When a dogman is used, the crane operator must try to follow the
dogman’s instructions exactly (or otherwise halt the crane). They do not have authority
to perform even millimetre adjustments. Thus, T emphasised that good communication

is key to the procedure.
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T further discussed that it is reasonable to delegate information collection and
processing. For example, a second dogman may provide information to the lead
dogman. The responsibilities and chain of authority would need to be carefully defined

in the procedure.

2.4.3 Discussion of Interview Results

Both participants discussed that culture is a key barrier to introducing new CWM
installation procedures. The culture favours repeating the previously known procedure,

with variation only to satisfy the risk assessment of the project.

Regarding the assignment of authority and responsibility, both participants discussed
the assignment may be changed, but that there should not be any overlap. The crane
operator should halt the crane in event of loss of communication or receiving an
instruction that conflicts with their responsibilities. Both participants emphasised
the importance of communication. The restrictive nature of the current modes of

communication was also recognised.

Between the participants, the discussion indicates that a dogman will be required
for any scenario that does not achieve a high level of automation. Monitoring should
include the location of all parts of the crane, panel alignment, and the fit of the panel.
Hence, it was suggested to provide processed information to the dogman as well as

the crane operator.

Based on these results, a successful solution to improve the conventional direct
CWM installation procedure should strengthen the communication between the
crane operator and the dogman while minimally changing the assignment of
authority/responsibility, the chosen method, or the logistics. Hence, the solution would
be to provide technologies that can replace aspects of the current methodologies in
isolation. This allows the workers to still choose the variant that they are familiar
with, while using the provided technologies to enhance their work. Additionally, this

solution should ideally require minimal managerial effort to implement.
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2.5 Summary & Research Directions

A unitised curtain wall is a type of exterior wall for high-rise buildings which is
comprised of prefabricated modules that hang from the side of the building on brackets.
Each CWM consists of both frame and infill panel. CWM assembly and glazing is
completed in a factory. The required on-site operations are to first position and affix
the mounting brackets to the building, and then to align and fasten the prefabricated

modules to the brackets.

This thesis focuses on the tasks of CWM vertical transportation, and CWM alignment
with the attachment location. The methodologies can be classed as direct or staged. In
the direct methodologies, CWMs are lifted directly from the ground to the attachment
location. In the staged methodologies, CWMs are bulk transported from the ground to
the working floor, before being individually lifted and installed.

The staged methodologies can achieve high synergy between the subsystems
(Figure 2.1) if a mobile manipulator is used. However, the access requirements are not

always satisfied. Additionally, staged methodologies are not suitable for large CWMs.

The direct methodologies are more streamlined and can be applied in most scenarios.
However, a key challenge in implementation is to achieve precise control of the CWM'’s
pose during alignment. Prior works introduce additional kinematic constraints to solve
this challenge. However, these solutions are limited in scope of application, or in
addressing only a small part of the installation procedure. Hence, there is still need to

use the conventional direct methodologies.

In the conventional direct methodologies, each CWM is individually crane lifted from
the ground to the installation location. While the CWM is still supported by the crane,
workers at the installation location reach out past the open edge of the building to
take hold of the free-swinging CWM. They then physically manipulate the CWM into
alignment before fastening it to the brackets. The workers risk being struck, crushed,
or falling from a height. In this method, the dogman is responsible for all movement
of the crane borne CWM. The crane operator must follow the dogman’s instructions
exactly, and if they lose communication or receive an instruction that conflicts with
their responsibilities, then they should halt the crane. The alignment task and its key

limitations are depicted in Figure 2.5.
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Figure 2.5: Render of the alignment task in the conventional direct UCW
installation methodology, depicting the key limitations.

Key directions to improve the conventional direct methodologies are:

e To research construction crane dynamics to determine what dynamical models
provide an accurate representation. There are many different models, but it is
not clear which models are most appropriate to use. Use of an accurate model

facilitates precise control and state estimation.

e To develop automated systems to obtain and process localisation information
that is relevant to mid-air alignment, and present this to the dogman and crane
operator. Providing both workers with this information provides a common basis

for forming and interpreting instructions.

e To develop a practical framework for incorporating these advancements and
the relevant technologies identified in Section 2.3 into the conventional direct

methodologies, whilst respecting the considerations identified in Section 2.4.

The perspectives of two industry stakeholders support strengthening the
communication between the crane operator and dogman by providing them with rich
information. The assignment of authority and responsibility may be changed, but
there should not be any overlap. In practice, the culture inhibits changing the chosen
procedure. Therefore, to increase the chance of uptake, any proposed changes should

minimally impact the logistics.

The remainder of this thesis investigates these research directions. Chapter 3 evaluates
the optimal dynamical models that should be used to represent boom tower cranes.
Chapter 4 introduces a markerless computer vision measurement algorithm to measure

the relative pose between a crane borne CWM and its installation location. A practical
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implementation is proposed which incorporates the measurement algorithm to obtain

a localisation, a BTHLD for control, and a system to present the localisation.
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3 Dynamical Model Selection

This chapter embeds a copy of my publication [1], which is distributed under
the Creative Commons CC BY 4.0 license.

Boom tower cranes are commonly used in conventional direct CWM installation to
perform vertical transport, and to support the mass of the CWM during alignment.
Safety and efficiency in this task can be improved with more accurate payload monitoring

and control.

In mid-air alignment operations, all 6 DOF of the payload’s pose must be controlled.
This differs from the more common crane operation to land a payload on the ground,
where roll and heave can reasonably be ignored because the payload rights itself as
it lands, and where manual handling can be used to correct location error, oscillation,
and payload skew. In mid-air alignment, the use of manual handling and tag lines is
less efficient because the payload is difficult to reach. Hence, there is need for precise

6 DOF payload pose monitoring and control.

A dynamical model is the representation of a real-world system to its monitoring
and control systems. Use of an accurate model facilitates precise control and state
estimation. Many different models have been developed; however, it is not clear
which model is most appropriate to use for any given scenario. Therefore, this chapter
determines which dynamical models are most appropriate to use to represent boom

tower cranes for different task requirements.

3.1 Dynamical modelling of boom tower crane rigging

systems: model selection for construction
List of Amendments to [1]

e Equation 6 contains a typographical error, in which ©p, should be “p,
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Abstract

Accurate dynamical models are imperative to the development of accurate monitoring and control systems, which are foun-
dational to safety in construction and infrastructure projects. However, the highly coupled non-linear dynamics of crane
systems requires the application of many simplifying assumptions to the dynamical crane model. To achieve accurate control,
simplifications should yield minimal error in modelled behaviour for maximal reduction in model complexity. However,
limited information is available on the situational suitability of different combinations of simplifications to construction tower
crane models. This paper informs designers of the optimal dynamical models to represent boom tower cranes, with respect
to the crane characteristics and selection criteria. The optimal models are determined though the comparison of ten 2D and
3D dynamical models in representation of three variations of boom tower crane that are commonly deployed on construction
sites. The comparison includes analysis of over 100 simulations and experimentation. The value of the presented optimal
model selection framework is in facilitating systems designers to develop accurate crane monitoring and control systems.

Keywords Boom crane - Construction - Dynamics - Modelling - Tower crane

1 Introduction crane control systems are insufficiently accurate in the task

of payload alignment to the target [2]. Hence, human work-

A dynamical model is the representation of a real-world sys-
tem to its monitoring and control systems. The state estima-
tor predicts the state of the system by evaluating the dynami-
cal model, and the control system is developed to control
the dynamical model. If the dynamical model inaccurately
represents the dynamics of the real-world system, then the
performance of the monitoring and control system is reduced
upon application to the real-world system [1].

Boom tower cranes (Fig. 1) are deployed in construction
operations to lift large and heavy payloads. Current tower
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ers must physically manipulate the suspended payload into
alignment. For steel beam erection [3] and curtain wall
installation [4] this task is near to a fall-from-height hazard.
This methodology is not safe; the most common types of
construction accident include workers falling from a height
[5] or being struck by a crane payload [6]. Safety in con-
struction can be improved with more accurate automated
crane monitoring [7] and control systems [4].

The development of monitoring and control systems for
boom tower cranes is particularly difficult. Many limitations
in current tower crane modelling and control literature were
identified in [8]. Boom tower cranes are under-actuated and
exhibit highly coupled nonlinear dynamics during luffing
and slewing motions [9]. Hence, many approximations and
simplifications are applied during modelling [1]. While sim-
plifications to the dynamical model are a necessity, there is
flexibility for the designer to choose which simplifications
to apply. An optimal set of simplifications should yield mini-
mal error in modelled behaviour for maximal reduction in
model complexity.

The most common lumped parameter models approxi-
mate the system as a single or double pendulum. Control of
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boom head

Fig.1 Boom tower crane with a returning hoist rope (Photos by authors, 2020)

these systems was comprehensively reviewed most recently
in [9]. In the double pendulum model, the hook block and
payload (Fig. 3) are separate point or lumped masses, while
in the single pendulum model they are combined [9]. The
truss structures (tower, boom, jib) of the crane are usually
assumed to be inelastic [10], thus, the position of the boom
head is a function of only the actuator positions. The actua-
tor dynamics and limits are also often ignored [8], thus, the
position of the boom head is effectively assumed to be pre-
cisely position controllable by an independent servomecha-
nism. The hoisting rope is almost always considered straight,
inelastic, and massless [9]. The degrees of freedom (DOF) of
this double pendulum model are sway (hook block swinging
about the top of the hoist with two DOF) and roll (payload
tilting about the hook block with two DOF).

Evaluation of the double pendulum model in 2D found
that the single pendulum model is insufficient when the sway
and roll eigenfrequencies differ [11]. The payload point-
mass assumption neglects the payload orientation. However,
for long or flat payloads, the payload orientation is coupled
with the sway dynamics. This was demonstrated for the 2D
bridge crane [12], 3D bridge crane [13], 3D single pendulum
jib tower crane [14], and the 3D double pendulum jib tower
crane [15].

The approximation of inelastic truss structures neglects
the complex dynamical coupling between the tower, boom,
jib and the active load [10]. The approximation of inelastic
rope neglects the heave vibrational mode (linear oscillation
along the rope axis with one DOF). Consideration of heave
is important in scenarios requiring high positional accuracy
if the payload is heavy and the hoisting rope is long [16].
Transverse vibration in the rope has also been considered,
however this significantly complicates the model, reducing
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the viability of modelling other features [17]. Likewise, con-
sideration of wind force and frictional damping significantly
complicates the model [18], especially where the payload
shape [19] or transverse rope vibration [17] is considered.

Moreover, many rigging configurations of boom tower
crane use multiple hoisting ropes. The sufficiency of the
pendulum model to represent the dynamics of multi-rope
systems is dependent on the specific rigging configuration,
crane design, and operational requirements. For example,
the four-nonparallel-rope rigging systems for gantry con-
tainer cranes exhibit highly complex dynamics dependent
on the hoisting rope angle and elasticity [20]. Conversely,
in the modelling of a four-parallel-rope robotic crane, the
pendulum model simplification is justified and supported
with experimental validation showing high accuracy during
feedback control [21]. Consideration of model complexities
can allow creative control strategies. In [22], a novel two-
rope system utilises the complexities of the model to change
the sway dynamics based on luffing angle, moving the sys-
tem away from resonance. In [23] auxiliary ropes are used to
control external disturbances. In [24], the multi-rope model
complexities are used to estimate the payload mass. In [25],
the stick—slip behaviour of rope over pulleys is modelled
with consideration to the resultant form of the dynamical
equations, however, the work is limited by simplifying the
system geometry. Assumptions to simplify multi-rope geom-
etry [26] and pulley geometry [21] can significantly affect
the modelled skew behaviour (twisting of the hook block
about the hoist rope with one DOF).

Specifically for rotary boom cranes, control research
is mostly focused on operations to transport shipping
containers (container cranes) [9]. However, construction
cranes and container cranes differ in rigging configuration.
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Rotary container cranes typically use multiple separate
hoist ropes, each terminating at the hook block, whereas
construction cranes typically have only a single hoist rope
that passes through sheaves on the hook block before
returning to terminate at the top of the hoist (Fig. 1). This
specific rigging configuration has been modelled in [27],
where numerous vaguely justified simplifying assump-
tions effectively reduced the system to a single-pendulum
model, and in [11], where similar assumptions were used
in the 3D study.

The existing research does not evaluate which simplifica-
tions are appropriate to apply in the modelling of construc-
tion boom tower cranes. Therefore, this paper evaluates the
question “What are the optimal dynamical models to repre-
sent the boom tower cranes that are commonly deployed on
construction sites?”.

Answering this question raises the prerequisite question
of how the established simplified models from literature
relate to these cranes in a geometric sense. For example,
when attempting to apply a pendulum model to a crane
with a returning hoist rope, where on the real crane (Fig. 1)
should be designated as the top of the pendulum? Most
literature does not clearly define this relation [1]. Possible
locations are where the hoist rope leaves the boom head
sheave (although this is variable with the luffing angle and
angle of sway), where the hoist rope returns to terminate, or
somewhere between.

Having a rigorous geometric description dually reveals
the whole family of cranes that share the same optimal
dynamical model. This answers the auxiliary question
“Should a controller that was designed for a particular
crane system be deployed on a similar crane with a differ-
ent rigging configuration?”.

The methods of this research represent the variations
of boom tower crane with either a returning hoist rope or
a non-returning hoist rope rigging configuration (Figs. 1
and 3). The hook block is optionally rotationally joined-to
or separate-from the payload. Five 3D and five correspond-
ing 2D dynamical models are derived in representation of
these cranes. The models rigorously related to the geometry
of the real-world crane and are derived to be comparable to
each other through a common ancestor model.

The dynamical equations are programmatically generated
and simulated to evaluate differences in hook block and pay-
load trajectory, for each model, with respect to variation in
model parameters (e.g. mass values, hoist rope length, boom
length). The trials are made independent from the specifics
of any monitoring or control system by not implementing
any control system. Instead, the inputs are position con-
trolled on pre-defined trajectories. The results are addition-
ally verified through experimentation on a lab-scale model.

Model accuracy is evaluated against complexity. This
reveals which dynamical models are optimal with respect to

the crane and payload characteristics, rigging configuration,
and operational requirements.
The main contributions of this paper are:

¢ A methodology to directly compare a series of crane mod-
els to each other. The methodology considers separating
the comparison from any control or monitoring system,
rigorously establishing commonality between models, and
permitting various rigging configurations of the real-world
crane.

e A programmatic method to derive dynamical equations
from geometric descriptions, while allowing for a holo-
nomic algebraic constraint. The system of differential
algebraic equations (DAESs) is generated by applying the
Euler-Lagrange formulation with Lagrange multipliers and
the decomposition of the rotation matrix derivative. The
DAEs are then reformed into ordinary differential equa-
tions (ODEs) by solving for the Lagrange multiplier. This
reduces numerical error in simulation by six orders of mag-
nitude.

e Precise description of models that represent three varia-
tions of boom tower crane that are commonly deployed on
construction sites. The most complex model accounts for
rope interaction with the pulley sheaves, while the most
simplified model is a single pendulum. Each model is fully
defined in how it relates to the geometry of the real crane.

e A decision tree, Fig. 10, which guides system designers
to choose the optimal dynamical models to represent the
boom tower cranes that are commonly deployed on con-
struction sites. The optimal model is dependent on the
crane and payload characteristics, rigging configuration,
and operational requirements. Understanding these depend-
encies both enables choice of the optimal model during
systems development, and guides application of the devel-
oped system to the whole family of cranes which share the
same optimal model.

Section 2 describes a method to programmatically formu-
late and simulate dynamical models from given geometric
descriptions. Section 3 describes the models being compared.
Section 4 discusses considerations of simulating high-com-
plexity dynamical models. Section 5 compares the models
through scaled simulation and experimentation for common
construction scenarios. A decision tree to choose the optimal
model is presented in Fig. 10. Section 6 concludes the paper
and identifies opportunities for future research.

2 Method of dynamical model formulation
Crane systems can be mathematically represented by sys-

tems of differential equations, where the solution to the
equations describes the motion of the system [9]. The chosen
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crane systems are of high complexity, thus manual formula-
tion of the equations of motion is infeasible.

The equations were generated programmatically with the
MATLAB Symbolic Math Toolbox. The input to the equa-
tion generator was the geometric description of the system.
This was realised through symbolic homogeneous coordi-
nate transformation matrices, symbolic constraint equations,
and specification to distinguish between the symbols that
represent generalised coordinates or constants.

The output of the generator was the system equations, for-
mulated and rearranged for input to the ordinary differential
equation (ODE) solver. Following limitations of MATLAB
to solve the more complex ODEs generated by the 3D mod-
els, the generator was made to cross-generate C++ code
for solving with the SUNDIALS CVODE solver [28]. This
solver was chosen based on the comparison of many ODE
solvers in [29]. The SUNDIALS CVODE is a variable-step,
variable-order (VSVO) explicit ODE solver of orders from
1 to 5 [28]. The solver was configured for solving stiff ODEs
by using the Backward Differentiation Formulas.

To improve performance in both generation and solving,
as much as possible of the equation formulation was delayed
to occur numerically during solving. This required the gener-
ator to output the matrix coefficients of the semi-formulated
system equations. The coefficients could then be evaluated
at runtime, and solving completed through applying linear
algebra on the numeric equations. To perform linear algebra
at runtime in C++, the Armadillo C++ library [30] was
used.

The following subsections describe the model specifica-
tion (geometric description) which is input to the automated
generator and solver; the method of equation generation; and
the verification of the methodology.

2.1 Notation

The notation in this paper writes scalars in non-bold, vec-
tors in bold-lowercase, and matrices in bold-uppercase.
Right-superscripts are used only for powers or the matrix
transpose. Right-subscripts of i or j denote the index to a
parent vector, matrix, or set. Unless specified otherwise,
other right-subscripts and left-scripts are used to distinguish
between variables.

Centred dots above variables denote the single, a, and
double, d, time derivatives. The Euclidean norm is denoted
llall

Square brackets notate matrix concatenation. Where oth-
erwise ambiguous, parentheses notate function arguments.
Hence, a - b contextually represents either scalar multiplica-
tion or dot product. In unambiguous cases, ab is also used to
represent scalar multiplication.

Position vectors are notated as “py to specify the vector
from the origin of frame A pointing to the origin of frame B,

@ Springer

as measured in the coordinates of frame A. The inertial frame
is designated the letter O. Rotation matrices are notated as
new frame : A — A B

o R to satisty “pe = SR - “pc.

2.2 Formulation of geometric description

For each model, the geometric description was formed by
approximating the system as a kinematic linkage and assign-
ing a set of linearly independent generalised coordinates.

q= [qfree] , (1)

qinput

where (g, is the vector of n number of unactuated DOF,
and g, 1s the vector of m number of externally position
controllable DOF, as given by Egs. (2) and (3) respectively.

Qfree = [CII Qn]T’ (2)

qinput = [qn+1 cee qn+m] ! . (3)

The kinematic linkage was then described with a set of
homogeneous coordinate transformation matrices. To maintain
linear independence for the closed chain linkages, additional
dependent coordinates were temporarily assigned and then
solved for in terms of the independent generalised coordinates
by means of inverse kinematics. The solution was found by
equating the transformation from one node of the closed chain
to another in a clockwise direction, to the transformation in
the anti-clockwise direction. Equating these transformations,
the matrix elements were simultaneously solved to isolate the
dependent coordinates.

The transformations from the centre of mass frames to the
inertial frame were obtained, then decomposed into position
and orientation transformations, ?p;(q) and l.OR(q).

Directly solving all the system constraints proved difficult
for the system models which describe the pulley behaviour.
In this case, one more generalised coordinate than degrees of
freedom was used, accompanied by a holonomic constraint
equation of the form C(q) = 0. The following formulation
allows either zero or one constraint equations, as is sufficient
to describe the system.

2.3 Formulation of system equations

The system equations were obtained through the Euler-
Lagrange formulation with Lagrange multipliers
dol oL oC

+A_ = Qp

.E 1’ s
dtdg; 9g; 0g; fe i @)

where £(q, q) is the Lagrangian, Q,(q, q) is the generalised
force, C(q) is the left-hand side of the constraint equation,
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and A is the Lagrange multiplier. The Lagrangian is formed
as

L=K-V, &)

where the kinetic and potential energies, K and V, are found
through

masses

K= 2 %mi-

i=1

Opi

L l

o
’ + Eth I o, (6)

masses

V=Y -m-g"-%p, )

i=1

where ©p; is the position of the centre of mass frame i, with
respect to the inertial frame. This is obtained from the geo-
metric description. m; is the corresponding mass, and I is the
corresponding moment of inertia tensor, measured in frame
i. g defines the gravity vector in the inertial frame. @, is the
angular velocity of frame i with respect to the inertial frame,
as measured in the coordinates of frame i. It is calculated by
decomposing the angular velocity tensor, Q;, as

o= [0G.2 00,3 021", ®

where Q;(row, column) is the matrix element (row, col-
umn) of Q;, which is obtained from the well-known rotation
matrix derivative [31]

Q=R PR, ©

where lQR is the orientation of frame i, as measured in
the inertial frame. This is obtained from the geometric
description.

The generalised forces are obtained by remapping the

external forces, Fj, with

forces aOP
J

Q=X 5 (10)
J=1 !

where Opj is the position where F; acts.
2.4 Reforming of system equations for solving

Computing the derivatives in (4) and moving all terms to the
same side of the equation results in the form

0="f(q.4.4) + 4 ’f(q).

Of the MATLAB ODE and DAE solvers, only odel5i is
compatible with system equations of the form 0 = f(z, x, X).
However, odel5i is an inefficient and low accuracy solver.
Hence, the system equations resulting from the Euler-
Lagrange formulation were reformed for compatibility with
the higher accuracy solvers.

iell,n (11)

The common methodology is to reform (11) into matrix
equations and isolate . However, due to the constraint, the
resulting equations would still be index-1 DAEs. DAE solvers
are low accuracy and inefficient in general. Hence, we devel-
oped the general solution to reform (11) into a system of ODEs
by algebraically solving the constraint equation.

Starting from (11), for each i, *f; can be decomposed into

n

T 4. §) = Y, My(@) - G+ F(Q, @ Tnpu)- (12)

J=1

Hence, (11) can be reformed into (13) and then rearranged
into (14)

0= M(Q) : qfree + cf(q’ q’ i1input) +4- bf(‘l), (13)

eree =-M" (@ - Cf(q7 q, Qinput)
- A-M (@) - "f(q).

To solve for A, the constraint equation is first double differ-
entiated and then reformed into a matrix equation

(14)

a2
0= 9@
dt?
=((q,4,9)
n (15)
= Y U@ - g+ F(@ @ Ginpu)
j=1
= dfT(q) : qfree + Ef‘(q’ q’ iiinput)'
Substituting (14) into (15) and solving for A gives
ef(q’ qs qinput) - dfT((l) : M_l((I) : Cf(q9 q’ qinput)
A= . (16)

i#"(q) - M~'(q) - f(q)

Substituting (16) into (14) gives the system equations in the
form

qfree = ff(q’ q’ qinput)' (17)

The differential order of the system must be reduced for
solving. The vector of the inputs, u, is defined to comprise
the externally controlled generalised coordinates and their
derivatives (18). The state vector, X, is defined to comprise
the free generalised coordinates and their first order deriva-
tives (19).

qinput

u= qinput > (18)
qinput
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X = [qfree] . (19)

Atree

Appending the order reducing relation (.. = Qe t0 (17)
gives rise to

d [qu] _ [ff(q, q. qinpm)]

— . 20
Ufree Qtree ( )

dt
Substituting the generalised coordinates, x and u, into (20)
results in the nonlinear state equation

X = *f(x, u). QD

To enable the ODE solvers to solve with time varying input,
(21) was aliased with

", x) = #f(x, u(t, x)), (22)

where u(z, x) is the function that calculates u at the solu-
tion time . This function can implement state feedback
control; or open loop control if u(¢, x) = u(¢). To implement
this function alias, a wrapper function with inputs x and 7 is
defined to first evaluate the input vector, and then evaluate
21).

Finally, this results in the time and state dependent state
equation

x = "(t, x). (23)

This form of the system equations is compatible with ODE
solvers, for example the MATLAB ode45 and SUNDIALS
CVODE solvers.

2.5 Algorithm performance and verification

Two tests were conducted to verify the performance and
correct functioning of the dynamical equation generator and
simulator.

All of the applicable matlab ODE and DAE solvers were
tested. The ode23 and ode45 are low-to-medium accuracy
explicit ODE solvers that respectively implement Bogacki
and Shampine’s Runge—Kutta (2,3) pair, and Dormand and
Prince’s Runge—Kutta (4,5) pair [32]. The ode78 and ode89
are high accuracy explicit ODE solvers that respectively
implement Verner’s “most efficient” Runge-Kutta (7,8) pair,
and Verner’s “most robust” Runge—Kutta (8,9) pair [33]. The
odel13 is a variable-step, variable-order (VSVO) Adams-
Bashforth-Moulton explicit ODE solver of orders from 1
to 13 [32]. The odelS5s is a VSVO explicit ODE and semi-
explicit index-1 DAE solver of orders from 1 to 5 [32]. The
ode23t is a variation of ode23 that can solve explicit ODEs
and semi-explicit index-1 DAEs [34]. The odel5i is a VSVO
fully implicit index-1 DAE solver of orders from 1 to 5 [35].
The ode23s, ode23t, and ode23tb solvers were not tested
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because they require that the mass matrix is constant, which
is not generally true for this problem.

The first test modelled a 4-parallel-bar linkage to be
equivalent to the point mass pendulum (Fig. 2). The linkage
was modelled as an open kinematic chain A-B-C combined
with the algebraic constraint equation, to realise (15), as

2
OZZ‘CD:d_

e Ppy+ps +"pc

. 24)

The resultant DAEs were simulated both as DAEs, and then
as reformed into ODEs. The results were compared to the
analytic solution of an unforced point mass pendulum [36].
The simulation duration was 20 s, from initial conditions
with the pendulum almost inverted (6, = 0.97), and with
integration tolerances of 10710,

The second test modelled a 2D triple pendulum, where
the first link was given as a prismatic joint. The constraint
equation realise (15) was given as 0 = [1, where L, was the
displacement of the prismatic joint. The same simulation
conditions were used. The reference ‘true’ solution was
the simulation using 0ode89 with the MATLABs maximum
allowable tolerances.

The results (Table 1) were analysed by the time taken
to form and simulate the equations, and by the root-mean-
square error to the reference solution. The results for the
first test closely follow the analytic solution, near to the
integration tolerances, verifying the correct function of the
dynamical equation generator and simulator. The reformu-
lation reduced the error by six orders of magnitude. The
results for the second test have greater error, as attributed to
the greater complexity of the problem. The reformulation
allowed for solving the system, where the the original system
of DAEs gradually diverged.

3 Dynamical models
Five 3D and five corresponding 2D models were developed

to represent three rotary boom construction tower crane
systems. The models are full complexity (FC), zero-radius

A P D

B G

Fig.2 Kinematic linkage describing the case of equivalence between
a 4-parallel-bar linkage (A-B-C-D-A) and a point mass pendulum (P-
G), where each only hold a single point mass at G
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Table 1 Results of the algorithm performance verification for a 20 s simulation duration with integration tolerances of 10~1°
Equation formulation MATLAB solver 4-Parallel-bar linkage Triple pendulum
Run time (s) RMS error Run time (s) RMS error
Original DAE odel5s 2.5 9E-03 Diverged at 65% solved
ode23t 158 8E-03 Diverged at 49% solved
odel5i Failed to solve Failed to solve
Reformed into ODE ode45 2 9E - 09 5.8 7E - 06
ode23 5.2 3E-08 51 7E - 05
odel13 2.0 2E - 08 39 SE-05
ode78 2.1 3E-09 4.5 1E-05
ode89 2.1 1E-09 4.6 3E-07

The criteria for divergence was when the absolute error in the signal passed 1E — 01. All link lengths were of value 1 m, and all mass values

were 1 kg

boom !
head |
boom B D i
i
A hoist / \
rope
upper part H J E
lower part G F
OK
hook
block 1 L
payload LM
full complexity

zero-radius pulley sheaves

single pendulum

double pendulum

Fig.3 Kinematic linkages describing a boom tower crane with a pulley mounted hook block and rotator. Figure not in Scale

pulley sheaves (ZS), triple pendulum (3P), double pendulum
(2P), and single pendulum (1P), each with a 3D and 2D vari-
ant. The models FC, 3P, and 2P all closely relate to different
crane rigging configurations, whereas the models ZS and 1P
are impossible rigging configurations.

The models are comparable to each other through a com-
mon ancestor, the ‘full complexity’ model, from which the
remaining models were derived (Fig. 3).

All models assume that the hoist rope is inelastic and
massless; the tower and boom are inelastic, transverse vibra-
tion in the rope can be ignored; and wind force and frictional
damping can be ignored. We justify that these assumptions
are required to avoid greatly increasing the complexity of
the model. As discussed in the introduction, relaxing any
of these assumptions significantly inhibits modelling other
features.

3.1 Full complexity model and crane

The full complexity model describes the crane rigging
configuration using a returning hoist rope (Fig. 1). Addi-
tionally, this model includes an active skew rotary hook
block (rotator), per the recommendations of [37] to deploy
rotators on construction cranes for increased safety and
economic efficiency. The kinematic linkage of this model
is shown in Fig. 3. Coordinate frames were attached to this
linkage (Figs. 4 and 5). The orientation of each frame is set
to make solving the inverse kinematics equations simpler.

The location A is the intersection of the luffing and
slewing axes; B is where the hoist rope returns to attach to
the boom; C is the centre of the boom head sheave; and D
is where the hoist rope leaves this sheave. These locations
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1
Zp 26122
yHl yHZ

1
ZGr 2y,

Fig.4 Coordinate frames, generalised coordinates, and dependent
coordinates attached to the full complexity model, Fig. 3. Upper part

Xa1 |G Xy ‘ J Y Xp F‘
YnXp
Yai Yr
KG@» Y Vi
10
L

Yko

Fig.5 Coordinate frames, generalised coordinates, and dependent
coordinates attached to the full complexity model, Fig. 3. Lower part

all lie in the plane that is perpendicular to the luffing axis,
intersecting the slewing axis.

E and H are where the hoist rope leaves the hook block
sheaves. F' and G are the centres of the hook block sheaves.
J, K, and L are in-line, defining the axis in which the skew
actuator rotates. This axis is assumed to be perpendicular to
the line joining F'and G, with J located halfway between F and
G. Thus, the hook block is symmetric.

K is the centre of mass of the hook block. L is the point
where the hook joins to the payload, which is free to tilt with
1 DOF. M is the centre of mass of the payload.

The generalised coordinates are

as defined by Figs. 4 and 5. Note that this definition is over-
determined by 1 DOF. Therefore, the constraint Eq. (28) is
used to ensure that the coordinates are consistent.

0, is the slewing angle; 6, is the luffing angle; and 6, is
the skew actuator angle. 65 is related to the skew of the hook
block. 6, is the angle of payload relative tilt.

The rope leaves each sheave in a direction tangent to the
contacting surface at the point of departure, where the points
of departure vary with 65, 6,, and 65. The tangent relations
are described with £CDE = £DEF = £GHB = 3. This defi-
nition allows the rope to bend out of plane from the sheaves,
at the angles designated 6,, 64, and 0,

The length from D to E is designated L. Ly and L,
vary with hoisting actuation and rolling of the hook block
along the rope. The effective length of the rope, L.,
describes the path length of the rope from partial a turn
before it leaves the boom head sheave, to the end of the
rope at B.

T
Lrope =LHB + LGH : (E - 08) + LFG

. @7
+ Ly (5 + 95) + Ly +Lep - (2 — 03).
Change in this length is wholly determined by the input
rotation of the hoist actuator, hence L. is used as a control
input. Since this length is easily measurable with encoders, it
is reasonable to use (27) as the constraint equation. Moving
all terms of (27) to the right-hand side of the equation and

double differentiating gives the constraint in the form of (15)

C = ~Lyope + Lyp = LB + Lipls + Ly — Leply. — (28)

The dependent coordinates, 6g, 8, and Ly, were found in
terms of the independent coordinates with inverse kinemat-
ics methodology. Using the transformation from B to G as
described in terms of the independent coordinates

“pg ==L R"Bpg,. (29)

Splitting (29) into its components
Gl T

P = [Gle GlyB GIZB] , (30)
gives the inverse kinematic solution

2

12, 31

Airce = [‘93 0, 05 66 67 6y, LDE]Ta (25) s+ \/Glx?? + Y _LZGH
0; =2 - arctan rl ) (32)
Xg+ Loy
T
Qinput = [91 0, 0y Lrope] ) (26)
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0y = arcsin <——B>. (33)
'HB

The constants of the crane geometry which must be known
are the lengths Ly, Lge, Lep, Lgps Lygs Ly Leys Ligs Lgr
and the angle ¢,. L;,,, a constant of the payload geometry,
must also be known. Additionally, the masses and moment
of inertia tensors of the hook block (my and I,) and payload
(m,, and I;) must be known.

Thus defines the kinematic linkage of the full complexity
model. Section 2 describes the translation of this description
into the dynamical system equations. In this, the equation cor-
respondence respectively maps (2), (3), and (15), to (25), (26),
and (28). Finally, the transformations from the centre of mass
frames to the inertial frame, 4'pg,, 4'p,,, 21] R, and /A‘/}R, are
obtainable by composition of the transformations from the ori-
gin, A1, through the locations A-B-C-D-E-F-J-K-L-M, to the
centre of mass frames K1 and M (Fig. 4 and Fig. 5).

3.2 Model with zero-radius pulleys

Using the full complexity model as a starting point, the
remaining models were derived by applying geometric
simplifications.

An ideal simplification reduces model complexity without
introducing error in modelled behaviour. From the Euler-
Lagrange formulation, it can be seen that the behaviour of the
system masses is central to the modelled behaviour. Therefore,
simplifications should minimally alter the manifold of achiev-
able configurations of the masses. Given that crane systems
should always be kept near to the equilibrium configuration,
then this requirement should be most strictly imposed near to
equilibrium. This is analogous to linearising a system about
an equilibrium point.

However, the equilibrium configuration varies with the
luffing angle. Hence, all our simplifications are based on the
requirement to not change the equilibrium configuration of
the masses at the luffing angle 8, = %. This angle was chosen
for being near to the middle of the operational range, thereby
providing the most benefit across all angles of operation.

Starting from the full complexity model, the pulley sheave
radii are reduced to zero by means of the simplifications

Lop(new) = Lgp(new) = Ly (new) =0, (34)

Lps(new) = Lgp(old) + Lp;(old) + Ly (old), (35)

and C and D are moved to where D would be when the rope
leaves the main hoist sheave vertically with the luffing angle
0, = %.

This model is not physically viable to implement on
a construction crane as cables are rated with a minimum
allowable cable bending radius to prevent fatigue failure.

3.3 Triple pendulum model and crane

The triple pendulum model is formed by assuming that a
virtual rope joins the locations I and J, where [ is exactly
midway between B and D (Fig. 3). Thus, the kinematic link-
age is the sequence joining A-I-J-K-L-M. I is a three DOF
spherical joint (sway and hook block skew), and J a two
DOF universal joint (roll).

Combined with simplifications to the pulley radius, the
virtual rope model is argued to offer great value in simplifi-
cation for eliminating complexity while minimally impact-
ing the expected position of the mass, by comparison to the
large scale of the crane system [21]. However, it is cautioned
that this small change in payload height is the dominant term
in the restoring force against hook block skew [21].

Starting from the full complexity model, two underlying
assumptions are made in this formulation:

e The position of / does not change.
e The virtual rope is of constant length.

For effective control of the system, these parameters should
be set so that the model matches the true system at equilib-
rium. However, the values change between the equilibria of
different luffing angles and hoist rope lengths. For an overall
close approximation, the equilibrium parameters with the
luffing angle of 8, = % were used to specify the length of
the rope and position of . The hoist rope length was held
constant during experimentation.

This model is additionally representative of a crane with a
single, non-returning, hoist rope, where the size of the hook
block is significant. Hence, bending can occur either at the
join of the hoist to the hook block, or at the join of the hook
block to the payload.

3.4 Double pendulum model and crane

In the double pendulum model, it is assumed that the pay-
load sways with hook block. This represents systems where
the hook block and payload are rigidly joined together, as
is seen on container cranes, where the spreader locks to the
container.

Starting from the triple pendulum model, the only addi-
tional assumption is that 8;; = 0. This definition differs from
the double pendulum model that is common in crane control
literature, in that the hook block mass is not concentrated at
the pivot point J [9]. We consider this to be a more accurate
representation of the system for no increase in complexity,
given that moment of inertia is included in the model.

The common definition of the double pendulum model in
literature assumes that the size of the hook block is negligi-
ble [9]. This allows for use of the double pendulum model
when the hook block and payload are not rigidly joined.
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Mechanically, it is not possible for bending to occur at the
centre of mass of a typically shaped hook block. Hence, the
choice of the pivot point is somewhat arbitrary. If the size
of the hook block is significant, then for this case, the triple
pendulum model may be more appropriate.

3.5 Single pendulum model

In the single pendulum model, it is assumed that the payload
sways with hook block and hoist rope; that I, J, K, L, and
M all remain inline. The separation of the hook block and
payload masses is equivalent to the typical realisation in
which they are lumped together at the total centre of mass.
No construction crane directly relates to the single pendu-
lum model as the join between the hoist rope and hook block
does not sit at the centre of mass of the hook-payload pair.
Hence, the system dynamics can induce bending at this join.

3.6 3D to 2D model simplifications

Each 3D model has a corresponding 2D model. The 3D to
2D simplification enforces

0,0 = % (37)
These are the minimum necessary simplifications required
to reduce the 3D model to 2D. The skew actuator angle is
set to allow relative tilt between the hook block and the
payload (37). An alternative simplification to (37) could be
0,, = 6,, = 0, although, this prevents the relative tilt.

4 Considerations in simulation

MATLAB succeeded in the generation and manipulation of
the equations, even for the high complexity models. How-
ever, it was unable to solve the higher complexity models.
Hence, the coefficients of (13) and (15) were exported to
C++ and solved with SUNDIALS CVODE. To visualise the
size of these equations, a single evaluation of the full com-
plexity system’s system equations calls the trigonometric
function sin() 1.7 million times.

A key technique to reduce numerical error and make gen-
eration and solving feasible was to delay the required matrix
inversion until runtime, where the inversion could be com-
pleted numerically. In MATLAB this was achieved by stor-
ing the partially formed equations in an object and passing a
method to evaluate the equations to the MATLAB’s inbuilt
ODE solver. In C++, this was achieved by exporting the
matrix coefficients of (13) and (15), which were evaluated

@ Springer

for the final formation to be completed numerically with
Armadillo.

Another specific code optimisation was found to be nec-
essary to enable compilation of these large C++ source
files. Without optimisation, the 3D triple pendulum model
took over 3 h to compile. Post optimisation, the same model
compiled in under 1 min. The required optimisation was to
reduce the number of calls to sin() and cos() by substituting
repeated calls with variables evaluated before the body of
the ODE.

All the 2D and 3D simulations completed in less time
than the length of simulation. Hence, real time evaluation
of even the highly complex models is feasible.

In numerically solving differential equations, numerical
error accumulates with each solve step, eventually causing
the solution to diverge. For the crane models, divergence
occurred sooner with the increasing ratio of the smallest
length in the kinematic chain to the largest link length and
increasing model complexity. The closed chain models suf-
fered significantly greater numerical error.

For the closed chain models and the triple pendulum
model, the mass matrix is singular when the moment of
inertia of the hook block is set to zero. Similarly, if other
mass or moment of inertia values are set to zero, the mass
matrix can become singular. Hence, if these values are small,
the ODEs can become very stiff. To solve this problem, the
stiff model can be simplified by setting the related joint in
the kinematic chain as fixed, resulting in a non-stiff model.
For example, where no payload is attached, the angle of the
payload can be set to a constant without reducing the accu-
racy of the solution.

5 Simulated and experimental comparison

Two set of comparisons were conducted. First, a simulated
and experimental comparison of the model trajectories under
slewing and luffing input. Second, over 100 simulated trails
are compared under luffing input, measuring the maximum
angular disturbance for variation in model parameters.

5.1 Model realisations

The model parameters represent a Liebherr 710 HC-L 32/64
crane, described by the manufacturer as a high capacity con-
struction crane (Table 2). This crane is capable of multiple
rigging configurations, where the rope either terminates
at the hook block (the triple pendulum model), or passes
through sheaves on the hook block and returns to terminate
at the boom (the full complexity model). The hook block
was replaced with an active skew rotary hook block, as dis-
cussed in Sect. 3 to increase safety in crane operations.
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Two payloads were tested, representing a 1000 kg glass
curtain wall module, and a 9000 kg prefabricated concrete
wall module. Hence, this crane and payload system is rep-
resentative of dangerous construction crane operations
which have need for greater monitoring and control accu-
racy. Optionally, the payloads may be mechanically orienta-
tion locked to the hook block. In total, this results in three
experimental rigging configurations (full complexity, triple
pendulum, double pendulum), each with a choice from two
payloads (curtain wall module, prefabricated concrete wall
module).

All the experiments and simulations were scaled down
by a length factor of 25. Dimensional analysis relates
the mass and time scaling factors as mass : length® and
time : v/length. Hence, time scaled 5 times faster and mass
was reduced by a factor of 15625. This was verified by com-
paring that a full-scale simulation and a scaled simulation
produce identical scaled results. The following figures and
equations use the experimental scale.

The experimental setup used a Universal Robots URS5
robot to emulate the movement of the crane boom, with the
end effector holding the head of the boom from which the
hook block was hung (Fig. 6). The accuracy of this setup to
represent a full-scale crane was limited by imperfect rep-
lication of the flexural and torsional rigidity of the crane’s
structure [38].

The robot was servo controlled to smoothly follow the
input trajectories. The motion of the system was captured
with 0.1 mm accuracy by a Vicon Bonita motion capture
system. The motion capture software Tracker 3 directly
returns the global position and orientation of each rigid body
in the system, as determined by directly resolving the loca-
tion of markers attached to the body.

URS robot
(crane boom)

motion capture marker

Comparison requires the model parameters, inputs, and
configurations to be in some way equivalent between every
model. Hence, across all models, we required that the cen-
tres of mass have the same initial and equilibrium locations
with zero-velocity initial conditions. These requirements
were satisfied by initialising every model in static equilib-
rium. For any other initial configuration, the requirements
are non-trivial to satisfy due to the geometric differences of
the closed kinematic chain models to the pendulum models.

From these initial conditions, motion was induced by
actuating the inputs, (26), within the operational limits of
a Liebherr 710 HC-L 32/64 crane. The trajectories of the
inputs were pre-defined. This enables comparison between
the dynamic responses of each model in a way that is inde-
pendent of any control system. From preliminary tests,
inputs that induced the most variation in trajectory between
models were chosen. Hence, the reported results show where
the models behave most differently from each other.

The trajectory comparison trials used input to induce
oscillation with gradually increasing amplitude, up to the
amplitude limit of the experimental workspace. This is real-
ised as

Tt . (2rmt
0,(t) = %sm(?), t € [0,15], (38)
= E T (o (B2 -
0,(1) = 7 + 120(005( 05 > 1), t € [0, 15], (39)
0,0() = % t € [0, 15]. (40)

For the 2D trials, the slew and skew inputs were instead held
at their initial values.

Fig.6 a Experimental setup. Hook and payload variations for b full complexity, ¢ triple pendulum, and d double pendulum. The double pendu-
lum model uses a bracket to lock the hook block and payload together, while on the other models the hinge is free to rotate
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Table 2 Values of system

Value in experimental scale

Trajectory comparison

Varying parameters

constants and initial conditions Parameter Unit

used in the trajectory

comparison trials, and base

values used in the trials with g m/s?

varying system parameters My ke
my, (glass) kg
my, (concrete) kg
Iy, kg:m
I,, (glass) kgm
I,, (concrete) kg'm
b rad
L,p m
Lgc m
Lcp m
Lgr m
Lig m
Loy m
Lyg(t) m
Ly m
Lk m
Ly m
L,y (glass) m
L; s (concrete) m
0,(1) rad
0,(1) rad
0;(t=0) rad
0,(t=0) rad
05(t=0) rad
0s(t =0) rad
0,(t=0) rad
05(1) rad
0y(1) rad
0,0() rad
0,,t=0) rad
Lpp(t=0) m

9.8 9.8

409 x 1073 409 x 1072

71 x 1073 Not applicable

586 x 1073 586 x 1073
diag(422,560,719) x 1076 diag(422,560,719) x 1076
diag(58,129, 184) x 107° Not applicable

diag(681, 768, 1443) x 1076
0

diag(681, 768, 1443) x 1076

r

1.108 1.108

40x 1073 40x 1073
22 x 1073 22x 1073
9.5%x 1073 9.5x 1073
45x% 1073 43%x 1073
9.5%x 1073 9.5x 1073
31) 31
22.5%x 1073 21.5%x 1073
36.6 x 1073 36.6 x 1073
83.4x 1073 83.4x 1073
57 % 1073 Not applicable
73 x 1073 73 x 1073
(38) 0

(39) (4D

_E 0

0 0

0 0

0 0

0 0

(32) (32)

(33) (33)

(40) :

0 0

0.6 0.6

The values given by equations are variable with time, and should be continuously evaluated during solving

For the trails with varying system parameters, the input was
a smooth upward luffing motion, realised with a cubic spline.
The crane was then held still to continue to capture the oscilla-
tions after the luffing finished. The trial ended after the largest
amplitude oscillation was captured.

0,(1) = % " %(_26)3 +3(%>2>’ rel0.2] . @D

707
g re@.5)

@ Springer

5.2 Trajectory comparison

Comparison of the simulated and experimental results
for 2D motion is Fig. 7. The comparison uses the inertial
frame A1, formed by the triad (xAl Vai ZAI) in Fig. 4. The
general shape of motion agrees. The larger amplitude in
simulation is attributed to the simulator omitting frictional
forces and air resistance. This provides strong evidence to
the correct functioning of the simulator.

Comparison of 3D experimental and simulated trials for
different models and rigging configurations is Fig. 8. All
experimental models are plotted. The omitted simulated
models diverged during solving for reasons discussed in
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Sect. 4. Similarly to in Fig. 7, the simulated results have
greater amplitude.

All the pendulum models closely follow the same trajec-
tory in both simulation and experiment, while behaviour of
the full complexity model differs more significantly from
the pendulum models. This same pattern occurred for both
payloads and inputs.

The input prevalently excited the first vibrational mode,
which explains the strong similarity between the results of
the pendulum models. For this case, the single pendulum
model achieves a very accurate and low complexity repre-
sentation of the single-hoist-rope system. However, for less
smooth inputs which excite other vibrational modes, the
similarity between the configurations is expected to reduce.
This is tested as follows.

5.3 Comparison with varying system parameters

Figure 9 compares the maximum angular disturbance from
an upward luffing input for differing system parameters.

Across all combinations of system parameters, all models
show similar behaviour. The angle of the payload shows the
most variation between the models, particularly for lighter
payloads.

In general, the single pendulum model exhibits the small-
est hook block and payload angles. This is because these
angels are bound to the angle of the hoist. The great length

of the hoist results in a very large moment of inertia about
the pivot. The other models can rotate the hook block and
payload more freely.

Likewise, the double pendulum model exhibits smaller
payload angels than the triple pendulum and pulley models.
Mechanically locking the payload and hook block together
increases the moment of inertia of the combined mass, atten-
uating any disturbance that is applied to either component.
This is most evident when the payload is much lighter than
the hook block, where the large payload oscillations exhib-
ited by the higher complexity models are attenuated.

The triple pendulum and zero radius pulley sheave mod-
els exhibit almost identical behaviour. This similarity can
be likened to the similarity between a 4-parallel-bar-linkage
and a pendulum because the ropes of the pulley model are
close to parallel, as is typical of the rigging on construction
cranes. It is important to note that the system with signifi-
cantly nonparallel ropes has already been shown to behave
significantly differently from the pendulum model in [22].

The full complexity model is most similar to the triple
pendulum and zero radius pulley sheave models, as is most
evident when the payload is lightweight.

5.4 Optimal rigging choice and model choice

In choosing the physical rigging configuration, mechani-
cally locking the hook block and payload together has the

‘fexperiment --- simulation‘

x (m)

time (s)

time (s)

Fig.7 Trajectory of the prefabricated concrete wall module relative to the inertial frame A1. Comparison of the simulated triple pendulum
model to the experimental triple pendulum. The positions K and M coincide with the masses of the hook block and payload respectively
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Fig.8 Trajectory of the prefabricated curtain wall module, relative to with the masses of the hook block and payload respectively. The pen-

the inertial frame Al. As simulated (sim) or experimentally measured dulum plots closely occlude each other. The boxes on the plots cor-
(exp). Models: 1P (single pendulum), 2P (double pendulum), 3P (tri- respond to the limits of the zoomed view
ple pendulum), FC (full complexity). The positions K and M coincide
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Fig.9 Simulated maximum angular disturbance for various system parameters, compared between each dynamical model. In each plot, only one
parameter is varied, while holding the other values constant as per Table 2

desirable effect of reducing payload swing, particularly In choosing which model should represent a given physi-
where the payload is lightweight. This knowledge can then  cal system, we present Fig. 10, a decision tree to choose the
be used by designers to make the system easier to control. optimal model for different requirements. The design of this
Additionally, this design is highly compatible with the  decision tree is discussed as follows.

implementation of a robotic hook block which can assist in For each leaf of the decision tree, the optimisation fol-
payload alignment to the target. lowed the methodology:
@ Springer
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start

crane has a single non-returning rope

o] or ropes are parallel

yes
A 4
energy losses in the
system can be ignored

——no—

I
yes
\ 4
payload orientation is important |—n0 —

yes
A 4
payload skew (twist) orientation
is important

T
no

— yes

hook block and payload are
mechanically rigidly locked together

r no—L yes

payload and
hook block have
roughly equal mass
(within szctor of 2)

no

double
pendulum
model

triple
pendulum
model

single
pendulum
model

case is

out of scope

Fig. 10 Decision tree for choosing the optimal model for different
requirements

1. The results are interpreted to classify each model’s abil-
ity to describe system information (payload skew or roll
orientation), and classify the compatibility of the geo-
metric features of each model to each variation of real-
world crane (parallelism of the hoist ropes, joint between
the hook block and payload).

2. Using the model classifications, models that do not sat-
isfy the categorical requirements of the decision tree
leaf are discarded. For example, the single pendulum
model inadequately describes payload roll, hence, it is
discarded for the applications where payload roll is con-
sidered important.

3. Of the remaining models, the least complex model is
optimal. The order of most-to-least complex model is
full complexity, zero-radius pulley sheaves, triple pen-
dulum, double pendulum, and single pendulum.

Following, we discuss the model classifications and deci-
sion tree requirements.

Pendulum models have previously been shown to be
inappropriate for application to non-parallel-rope sys-
tems [22]. Many variations of non-parallel-rope rigging

configurations exist. Hence, choice of the specific closed
kinematic chain model is out of scope.

Next, the combined impact of all model simplifications
should be considered. Figure 8 demonstrates a case where
the magnitude of error in the location of the centre of mass
from choosing a pendulum model over a higher complexity
model is comparable to the error from omitting frictional
forces. The approximation of this system as a pendulum
system could hence be considered appropriate in the same
circumstances that justify omitting friction from the model.
However, for a more accurate representation of the system
that includes frictional forces, the impact of representing the
system with a pendulum model should be carefully tested for
the exact system parameters.

Omitting frictional losses is common practice, for exam-
ple in closed-loop control systems design, which requires
very low model complexity [1]. In this case, the simplifica-
tion is acceptable. Thus, controllers designed for low-fric-
tion parallel-rope systems and pendulum systems should be
interchangeable without significant impact on performance.

In contrast, a state estimator may make use of the higher
accuracy of a closed kinematic chain model to improve
estimation accuracy, or to estimate otherwise unobservable
parameters [24]. The choice of model is then dependent on
the specific problem requirements.

Furthermore, consider what information is required
from the model. If only the location of the centre of mass
is important, then large error in the payload angle may be
acceptable for the case where the length of the hoist is much
greater than the length of the payload. Hence, a double or
single pendulum model may be sufficient.

Finally, it should be considered that, for the higher-com-
plexity models, the mass matrix can become singular in spe-
cial loading cases, inhibiting solving of the system equa-
tions. Furthermore, the equations can become very stiff for
other combinations of system parameters which may realisti-
cally be expected to be encountered during crane operation.
For example, when no payload is attached, the model should
fix the angle of the payload as a constant.

6 Conclusions and future work

The current practice for construction crane operations is
not safe and can be improved with more accurate payload
monitoring and control. Crane control systems development
requires the application of many simplifying assumptions to
the dynamical crane model. The optimal dynamical model
should achieve maximal reduction in model complexity, with
minimal error in modelled behaviour, while satisfying the
application requirements.

For the first time, this research presents the decision
tree Fig. 10 which guides systems designers to choose the
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optimal dynamical model, and guides the application of
these systems to the family of cranes which share the same
optimal dynamical model. The models represent three vari-
ations of boom tower crane that are commonly deployed
on construction sites. We also present a methodology to
rigorously evaluate crane models through their relation to
the real-world crane, and a complete programmatic method
to reform the constrained dynamical equations to reduce
numerical error in simulation by six orders of magnitude.

The modelling methodology ignored frictional damp-
ing, assumed inelasticity and weightlessness of the hoist
rope, and assumed infinite stiffness of the tower and boom.
Simultaneous inclusion of all these complexities in a single
model results in the model becoming too complex to feasibly
solve. The trajectory comparison shows the impact of these
assumptions on the simulated trajectory. As a result, this
work considers some modelling cases to be out of scope
of Fig. 10. Future work is recommended to systematically
review the literature that addresses these cases in detail. Fur-
ther expansion of the investigation to more types of crane is
also recommended.

In the derivation of the pendulum models, a virtual rope is
assumed to replace the complex pulley system. This requires
choosing a single nominal luffing angle where the locations
of the masses match the real locations at equilibrium. At
other luffing angles there is a constant offset error, which is
very small by comparison to the large scale of the crane sys-
tem. Hence, the error has minimal effect on sway dynamics,
irrespective of the choice of nominal luffing angle. However,
for use in systems to estimate the location of the payload, it
should be recognised that the resultant length of the hoist
rope has a small offset error that is dependent on the luffing
angle.

In future work, we will apply these results to the develop-
ment of a robotic crane end effector for assembling prefab-
ricated modules on high-rise buildings. Understanding the
effects of rigging configuration on system dynamics enables
choice of the optimal rigging configuration. Understanding
the family of cranes with similar dynamics enables targeting
the system to the whole family of cranes instead of just one
crane. Furthermore, the situations in which operation of the
device will be safe can be identified. Finally, the percep-
tion, monitoring, and control systems onboard the device
can deploy the optimal dynamical model to achieve optimal
performance.
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3.2 Outlook

The outcomes of this work imply several practical directions towards the mechanisation

and automation of CWM mid-air alignment.

The work finds that “simultaneous inclusion of [pulley geometry, wind, frictional
damping, and elasticity of the hoist rope, tower, and boom] in a single model results in
the model becoming too complex to feasibly solve”, yet the impact of each complexity
on the simulated trajectory is not negligible if sub-meter accuracy is desired. Towards
the objective of eliminating the requirement for manual handling, this result indicates
that crane control systems alone can not feasibly satisfy the requirements. Towards
the objective of precise payload localisation, the result indicates that evaluation of the

model alone is not sufficient. Hence, additional mechanisms are required.

Whilst optimal model choice is not sufficient by itself, it can still contribute to increased
precision. Additionally, the decision tree (Figure 10) reveals that the triple pendulum
dynamics of the system can be reduced to double pendulum dynamics through changes
to the physical system. For mid-air alignment with a BTHLD, mechanically locking the
CWM, BTHLD, and crane hook together is sufficient to achieve this. Thus, the system

would become easier to precisely control.

The next chapter applies these results to develop a localisation strategy and practical

implementation.

3.2.0 | Dynamical Model Selection Page 43



4 Crane Payload Localisation Relative
to the Side Face of a Building

This chapter embeds a copy of my publication [2], which is distributed under
the Creative Commons CC BY 4.0 license.

Chapter 3 finds that additional mechanisms are required to precisely localise a crane
borne CWM. Chapter 2 suggests that a proximity sensor or computer vision system
can directly measure the relative pose between the payload and fiducial features of the
target. Therefore, this chapter introduces a markerless computer vision measurement
algorithm to complete this task.

Also introduced, is a practical framework to implement the algorithm in conventional
direct CWM installation. The framework incorporates the relevant technologies and

considerations identified in Section 2.

4.1 Crane Payload Localisation for Curtain Wall
Installation: A Markerless Computer Vision

Approach
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Crane Payload Localisation for Curtain Wall Installation: A Markerless
Computer Vision Approach

Abstract

Automated measurement of the relative pose between a crane borne curtain wall module and its
installation location on the side face of a high-rise building can be applied to increase the safety and
efficiency of crane operations though informing the action required to achieve alignment. However,
the detection and measurement tasks are challenging because the construction site is large, un-
structured, and highly dynamic. This article introduces a markerless computer vision measurement
algorithm and a practical implementation, which uses a forward-facing infrared camera attached to
the crane spreader. The algorithm self-verifies the measurement against known information so that
it can fail safely instead of returning a malformed measurement. The algorithm is experimentally
validated in challenging lighting conditions. The window frame segmentation achieved Fjz = 0.59.
Overall, the algorithm returned 71% successful and 0 malformed measurements.

Keywords: Crane, Construction, Computer Vision, Monocular Vision, Facade Segmentation,
Curtain Wall

1. Introduction

Measurement of the relative pose between a crane borne curtain wall module (CWM) and its
installation location on the side face of a high-rise building has never before been successfully
automated. The strong glare of the sun off the building’s glass wall defeats most markerless
proximity sensing techniques [1, 2]. In this article, we use the near infrared properties of the
thermally insulative coating on the glass to facilitate the measurement task.

A unitised curtain wall is a type of exterior wall for high-rise buildings, which is comprised
of prefabricated modules that hang from the building floor slabs. To install the curtain wall,
first, mounting brackets are positioned and affixed to the floor slabs [3]. Then the modules are
individually aligned and fastened to the brackets.

In the direct CWM installation methodology [4] (Fig. 1), each CWM is individually crane lifted
from the ground below the installation location, up towards the installation location. While the
CWM is still supported by the crane, workers at the installation location take hold of the CWM
and physically manipulate it into alignment before fastening it to the brackets [3, 5, 6]. The CWM
is then detached from the crane, and the process is repeated. This methodology has high risk of
‘struck by’, ‘crushed between’, and ‘fall from height’ injury to the workers who must physically

Abbreviations: balanced accuracy (BA), below-the-hook-lifting-device (BTHLD), building information mod-
elling (BIM), curtain wall module (CWM), inertial measurement unit (IMU), light detection and ranging (LiDAR),
Matthews correlation coefficient (MCC), near infrared (NIR)
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Figure 1: The Direct CWM installation process. Location 1 is crane operator, 2 is the top of the hoist, 3 is the CWM
pickup location on the ground, 4 is the crane payload, and 5 is the installation location. a) Two human workers
receiving a CWM. b) Depiction of a blind lift scenario. ¢) Near view of the installation location. d) View from the
top of the hoist.

manipulate the CWM into alignment [4]. These are among the most common types of construction
accidents [7, 8].

The crane operator does not always have visibility of the crane payload or installation location.
Fig. 1b depicts line-of-sight arrows for a blind lift scenario where the building obscures the line
of sight of the operator. A common solution to provide the operator with vision is with the
video feed from a downward facing camera located at top of the hoist [9]. However, Fig. 1d
illustrates that this solution is insufficient for the task of CWM installation. This view provides
insufficient depth perception for a mid-air alignment operation [9]. In general, the crane operator
must rely on a human worker (known as the ‘dogman’) for direction by means of arm signals, whistle
signals, and radio communication [10]. However, this methodology is unsafe, as it is susceptible to
communication error or delay [4].

Two safety critical measurement tasks in the CWM installation procedure are to, in real-time,
monitor the distance between the CWM and the side face of the building, and to measure the
relative displacement between the CWM and the target aligned pose. The quality of this informa-
tion is safety critical; delay or error could cost a worker’s life. Safety in this task can be improved
with an automated system to directly inform the crane operator of the these measurements [4, 11].
Therefore, this article introduces a novel automated system for this purpose.

Automated measurement of the relative pose between the crane payload and installation loca-
tion is a non-trivial task. A common strategy to achieve this measurement is to individually find
the locations of the crane payload and the installation location, with respect to a global coordinate
frame. Then, the required measurement can be obtained as the difference between these locations.
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The measurement of the installation location in the global coordinate frame is often defined by
Building Information Modelling (BIM) [12, 13]. However, sole reliance on BIM data risks inaccurate
measurement due to deviance of the real building from the plan, and misalignment of the model to
the real building [13]. Additionally, the state of the art in global crane-payload-pose-measurement
achieves error on the order of metres [14, 15, 16, 17], and most systems do not consider payload
orientation [18, 19].

To circumvent the limitations of global localisation, a proximity sensor or computer vision
system attached to the crane payload can directly measure the relative pose between the payload
and the target. Of the vision systems used in crane operations, many depend on artificial markers
[20, 21, 22, 23, 24, 25, 26], or colour contrast [14, 27, 28, 29] to locate the target. However,
curtain walls are generally architectural; permanent changes to the visual design are not acceptable.
Temporary markers could be used, but the additional required work for marker removal is not
desirable. In another approach, sonar beacons are integrated into the facade at 3m intervals [30],
however, requirement of hundreds of beacons increases cost and complexity. [31] projects structured
light onto the facade to perform inspection, however, outdoor environments or glass facades are
not considered. Solar radiation can interfere with structured light sensing. [32] uses an RGB-D
camera to detect the window frame, however, outdoor environments are not considered.

Object recognition on a construction site without markers or beacons is challenging because
construction sites are large, unstructured, and highly dynamic environments [1]. Additionally,
curtain walls are mostly glass, which is difficult to detect by proximity sensing [2, 33, 34, 35, 36].
Active proximity sensors (e.g. structured light, LIDAR) struggle to detect glass at large viewing
angles due to the high specular reflectivity of the surface [36]. Sensor fusion of LiDAR with a
polarization camera or sonar can be used to infer the class of detection from the missing information
of each sensor [33, 35]. However, the cost of LiDAR is prohibitive. Polarising filters are commonly
applied to reduce glare in outdoor images. However, when the sun is directly behind the camera
which is aimed at perpendicular to the wall, the solar reflection off the wall would not be polarised,
hence, the filter would be ineffective [33]. Stereo reconstruction is challenging in the presence of
specular reflections and transparency [2]. Visible-spectrum cameras can not see glass due to its
transparency. In the domain of machine learning, [37] performs bounding box detection and activity
recognition of the crane borne CWM, assuming view from CCTV feed. YOLO-based methods
are common [38]. Many machine learning works attempt facade segmentation [39, 40, 41, 42].
However, the training datasets include few curtain walls, are viewed from a large distance, are of
fully constructed buildings, and do not include harsh lighting conditions. While machine learning
methods are comparable to human coded logic, the dataset creation is cost prohibitive.

The glass used in CWM construction uses thermally insulative or low-emissivity (low-E) coat-
ings to increase the energy efficiency of the building [43]. However, these coatings also change the vi-
sual properties of the glass according to the relation transmittance+reflectance+absorptance = 1
[43]. In the near infrared (NIR) band, low-E glass reduces transmittance in favour of increasing re-
flectance, while insulative glass reduces transmittance in favour of increasing absorptance [43]. Any
absorbed light is re-emitted, per conservation of energy. In this article, we use the NIR properties
of CWNMs to facilitate the measurement task.

This article introduces a novel system to measure the relative pose between the crane payload
and installation location. Markerless computer vision is applied with a forward-facing infrared
camera attached to the crane spreader bar. The boundaries of the previously-installed CWMs are
identified by exploiting the properties of aluminium and architectural glass as viewed in infrared.
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The measurement is then derived from the correspondence between the detected boundary and the
known dimensions of the CWM. The system is designed to be cost effective and practical to im-
plement at scale by requiring very little change to existing components, equipment, or procedures.
We additionally ensure that the camera is never poorly positioned, and its view is never occluded.

Experimental validation uses a dataset designed to include the most challenging lighting con-
ditions. Strong glare from the sun reflecting off the curtain wall is present in the images taken just
before sunset. The dataset includes motion capture measurements for every image. The camera
calibration data is also included. The value of including the camera calibration with the dataset
is that the calibration is required for many computer vision operations (perspective-undistortion,
extrinsics estimation, aspect ratio estimation). The calibration is necessary to recreate our results.
The value of including the motion capture is that it may be used to verify extrinsics estimation.
This was used to validate our results. We did not find any public datasets in the domain of fa-
cade detection or glass detection that include this information. We release this dataset under the
Creative Commons CC BY 4.0 license at [44].

The key contributions of this article are:

e The development of a methodology to measure the pose of a crane borne CWM, as relative to
its installation location on the side face of a high-rise building. To the best of our knowledge,
this has never before been successfully automated.

e The development of a computer vision algorithm to segment the frame of a glass facade in the
presence of strong glare. The state-of-the-art do not consider these harsh lighting conditions.

e The development of a dataset of joint image and motion capture data, depicting a partially
constructed curtain wall from the perspective of the crane hook, and measuring the relative
pose of the camera with respect to the installation location.

The key findings of this article are that:

e The thermally insulative and low-E coatings on architectural glass can benefit the computer
vision systems which use NIR cameras.

e The robustness of glass facade segmentation systems can be significantly improved by veri-
fying the result against the known panel dimensions, with minimal setup effort to input the
dimensions into the system.

e The developed segmentation algorithm resulted in 3 times more successful measurements
than the state-of-the-art glass segmentation algorithms [45, 46].

Directions for future work are suggested to incorporate the algorithm into a system that retains
information between frames. Data fusion with an IMU may also improve estimation accuracy. The
algorithm may be extended to function with non-rectangular or non-glass CWMs. The broader
implications of this work are to use in the localisation of a crane hook relative to the side face of
the building, which may benefit blind lift operations. Inspection drones may also use the algorithm
to localise.

Section 2 introduces the measurement algorithm. Section 3 validates the performance of the
algorithm as applied to the dataset. Section 4 introduces a practical implementation of the al-
gorithm and discusses the design considerations and expected benefits. Section 5 concludes the
article and discusses future work.
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Figure 2: Coordinate frames and dimensions related to the measurement problem. a) front view. b) side view.

2. Measurement Algorithm

The measurement procedure requires a NIR camera to be attached to either the crane hook-
block, spreader, or payload, and for it to point towards the side face of the building. The mea-
surement algorithm uses an image from this camera to measure the relative pose between the
crane borne CWM and its installation location on the side face of the building. Pseudocode of the
measurement algorithm is Algorithm A.1.

Additionally to the image, the algorithm requires the camera intrinsic parameters and distortion
coefficients. These can be determined by camera calibration. Also required, are the dimensions of
the curtain wall, H, W, and H¢, defined by Fig. 2. While not all of these parameters are required
to perform the measurement [47], we use them to increase the robustness of the algorithm. The
additional required setup effort is small because these parameters are mostly constant for a given
curtain wall and camera.

In the first stage of the algorithm (Lines 2-3), the image is undistorted and then downsampled.
Downsampling is used to improve speed of the operations to follow.

To then detect the CWM boundaries (Lines 4-6), the thermal radiative properties of the CWM
are considered. For low-E glass, the NIR reflectivity is high, and the reflections are specular. Hence,
to a NIR camera, low-E glass appears dark for most angles of the sun, and dark with glare when the
sun is viewed in the reflection. By contrast, the aluminium frame produces more diffuse reflections.
Hence, it appears bright for a greater range of viewing angles. Fig. 3a shows the appearance of
the curtain wall for when the sun is behind the camera. In this image, the pixels capturing the
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Figure 3: Stages of processing an image with the algorithm.

frame are saturated by the intense sunlight. The light also bleeds beyond the boundary of the
aluminium, blurring the edge.

This blurring of the edge by the intense lighting conditions reduces the effectiveness of tra-
ditional edge detection techniques. This effect can be somewhat reduced by tuning the camera
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sensitivity or exposure time. However, we found in preliminary testing that tuning alone can-
not fully remove the bleed. With consideration that lighting conditions can change suddenly, we
concluded that a robust algorithm design should function with suboptimal tuning.

Therefore, instead of applying edge detection, we use the saturation of the image to our ad-
vantage. The saturated segments of the image have low local entropy. Hence, we apply an entropy
filter to the image to segment the window frame from the image (Fig. 3b). Thresholding is applied
to the resulting image, followed by morphological skeletonization (Fig. 3c). Because the bleed
obscures the edge between adjacent CWMs, both frames appear in a single low entropy blob.
Skeletonization produces a line following the centre of the blob, which is also the boundary line
dividing the CWMs. At any spots of intense glare over the aluminium, the bleed is symmetric.
Hence, the centreline is still the CWM boundary.

The CWM boundary lines are then extracted from the skeleton image by the local maxima of
its Radon transform (Lines 7-8). Thresholding by value is applied to filter out noise from glare on
the glass. The noise is characterised by low peak values in the radon transform due to short jagged
lines in the skeleton image. The thresholding is realised by selecting only the peaks with a value
at least half that of the maximum value. Then, further thresholding to suppress noise selects only
the strongest peak in each peak’s neighbourhood (Fig. 3d).

From the resulting lines, the two most vertical lines, and the two most horizontal lines are
chosen (Lines 9-10). As it would be too dangerous to allow the crane payload to tilt by a large
angle, the vertical lines can be reliably assumed to correspond to vertical CWM boundaries, and
horizontal lines to the horizontal CWM boundaries. Assuming perfect fitting of lines to the CWM
boundaries, the quadrilateral formed by the chosen lines bounds a single CWM because the per-
spective projection of a set of parallel lines produces a fan shape. Hence, two lines that are next
to each other are closer in gradient than two lines separated by another line. In the cases where
the lines were poorly fit to the CWM boundaries, this assumption may not hold true. Such cases
are rectified in the operations to follow.

The chosen four lines are intersected to find the pixel coordinates of the CWMs corners (Fig. 3e).
The coordinates are then upscaled to correspond to the full size image instead of the downsampled
image (Lines 11-13).

To verify that the coordinates correspond to the corners bounding a single CWM, the aspect
ratio of the perspective-undeformed rectangle is found according to the methodology described
in [47]. The calculated aspect ratio is then compared to the true aspect ratio of the CWM. In
the case of large error, the aspect ratios of other likely detection scenarios are tested. Common
false detection scenarios include the bounding multiple adjacent CWMs, or extending past the top
of the CWM to the concrete floor slab. The edge face of the concrete slab also has low entropy
(Fig. 3b), hence it is sometimes used as an edge line by the algorithm. If no scenario is matched,
the algorithm halts and returns an error.

Other halt conditions are triggered in Lines 9-10 if not enough peaks remain after thresholding.
In this way, the algorithm was designed to be conservative in labelling success, so that the system
may fail safely instead of returning a malformed measurement. If the algorithm were to return a
malformed measurement, this could result in the crane operator taking an unsafe action.

With the detection classified by what it bounds (Lines 14-22), the dimensions of the bounding
box in the world coordinate frame are calculated Line 23). The origin of the world coordinate
frame is placed at the bottom-left corner of the CWM because for all detection cases, this is a
CWM corner. By necessity of the curtain wall being installed row by row, from the bottom floor
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to the top floor, the exposed concrete will always be above the CWM, hence, in a false detection,
it will always form the top edge.

The 3D pose of the camera is then estimated by correspondence of the detected corners in
the image with the corners of the bounding box in the world coordinate frame (Line 24). The
MATLAB extrinsics and OpenCV solvePnP functions can compute this estimation.

The estimated pose is the transformation between the coordinate frames Fy.n and Feamera, as
measured with respect to Fyan (Fig. 2). We represent this with the homogeneous transformation
matrix , VT,

The coordinate frame Fpayioad is the bottom-left corner of the crane borne CWM (Fig. 2). The

If:ﬁf;&“T is determined by the camera placement. Combining this with the measured value

carr?ll results in payl"ngT, the relative alignment between the wall and the payload.

value of

wallm __ wall camera
payloadT - cameraT " payload (1)
Alignment is achieved when payfg:gT becomes the identity matrix.

3. Experimental Validation

The algorithm was validated against a specifically created dataset of 140 images. The dataset
includes challenging lighting conditions, with strong glare from the sun reflecting off the partially
constructed wall. Motion capture measurements were taken for every image, to verify the mea-
surement results against. This dataset was created because no relevant existing dataset includes
these challenging lighting conditions or captures the scene in infrared.

3.1. Dataset Creation

The dataset was created with a 1 : 25 scale model (Fig. 4), with dimensions H = 153mm,
W = 103mm, and Ho = 129mm (Fig. 2). The model CWMs were comprised of plain float glass
in a mill-finish aluminium frame. The side of the glass that faces the building interior was coated
with vinyl to emulate a low-E coating. The low-E coating is usually applied on the interior side of
the outermost glass pane. Hence, double/triple glazing has minimal effect on the visual properties
and was not required for the model. The concrete of the building was modelled with grey painted
wood. The paint was found to be more reflective than actual concrete, hence, the algorithm is
proved to be more robust for its capability in functioning with this additional challenge.

The camera and crane hook-block were only seen in reflections; hence, their appearance was
not as strictly constrained. The hook-block was 3D printed plastic, and the hoist rope was twine.
A Basler ace acA2040-55uc camera with a 6mm fixed focal length lens was used to take the images,
from which only the red channel was used, because red is closest to infrared. We justify that
this produces a close approximation of an NIR image with the visual comparison Fig. B.7. We
note that the red and NIR photos in Fig. B.7 are only similar because our experimental model
was intensionally prepared so that when observed by the red channel of an RGB camera, it looks
similar to a real facade as observed by an NIR camera. In a real-world scenario with low-E coated
glass, the red light would transmit, while the NIR light would reflect. The camera focus was set
to the median operating distance.

An OptiTrack motion capture system of four FLEX 13 cameras was used to locate 19mm
markers attached to the hook-block and the curtain wall. The motion capture system is an active
proximity sensing system; it projects an NIR light on the scene and looks for the reflection of this
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motion capture marker

Figure 4: The data collection setup.

light off the markers. Hence, the challenging lighting conditions also reduce the performance of
the motion capture. The ground was covered with black EVA foam mats to absorb the NIR light
from the cameras and the sun. The area around the markers was also covered with black eva
foam. With this, the OptiTrack system self-reported its precision as between 0.2mm and 10mm
per object, varying with the severity of the lighting conditions. The majority of captured images
were discarded due to momentary failure of the motion capture at the time when the image was
taken. This further emphasises the failure of active proximity sensing in these conditions.

The camera calibration was performed indoors, before data collection, by motion capturing the
system whilst showing a motion-captured checkerboard pattern to the camera. The camera intrinsic
and extrinsic parameters were obtained for these images through the MATLAB Camera Calibrator.
The transformation If:;ﬁf;gT was determined through the composition of the measurements from
the image coordinate frame, to the checkerboard, to the checkerboard motion capture frame, to
the camera motion capture frame, to the payload bottom-left corner. These measurements were
performed respectively with the extrinsic data, calipers, motion capture, and calipers. This resulted
in one measurement of payload L for each image in the calibration dataset.

Each measurement of ;:)ﬁl;;gT was decomposed into a (x;, y;, z;) translation and a ¢; quaternion
rotation. The mean translation was then calculated as (mean(z;), mean(y;), mean(z;)) and the
standard deviation was calculated likewise. The mean rotation was calculated with the MATLAB
Sensor Fusion and Tracking Toolbox function meanrot(), which implements the algorithm [48].
The standard deviation of the rotation was calculated as

n
n—1 Z diSt<Qmeana %’)2 (2)
=1

where n is the number of measurements of HCET and the function dist() computes the

angular distance between the quaternions. While there are multiple interpretations for the mean
and standard deviation for a rotation, calculation by angular distance provides a single value
result that is independent of any coordinate system. Therefore, the interpretation of the result is
unambiguous.

The calibrated value of ;;‘;ﬁf;gT for use in data collection was constructed from the mean
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translation and rotation. The standard deviations of the translation and rotation were 1.4mm and
0.3° respectively. In classifying the sources of error in the verification data, the calibration error is
a constant offset for the entire dataset, and the motion capture measurement error is distributed.
In data collection, the camera pose, ., WI'T, was varied between 180mm to 400mm in distance
and up to 55° in angular distance. The locations of the previously installed CWMs were also
varied. As each photo was taken, the motion captured pose paylvgglc{T was recorded. Thus, the
motion captured measurement can be compared to the measurement by the algorithm.

3.2. Validation Results
The overall measurement accuracy of the algorithm is presented in Table 1 as the difference
between the algorithm’s measurement and the motion capture measurement.

wal T (error) = payfgggT (algorithm) - paylvgng_l(motion capture) (3)

For each successful measurement, (3) was calculated and decomposed into a translation and a
quaternion rotation. The means and standard deviations (Table 1) were then computed with the
same methodology as used in the calibration. The magnitude of the measurement error is compa-
rable to the accuracy of the verification data. The error in the measurement was approximately
normally distributed across the dataset. Fig. B.8 is a visualisation of these results.

Table 1: Average measurement error over all 99 successful measurements. (xn,Yyn,2n) are defined by Fig. 2. 04 is
the rotational misalignment as a quaternion angular distance.

Measurement error

Measurement Unit Mean Standard deviation
Tn mm 5.2 8.6

Un mm 3.5 3.0

Zn mm -6.5 9.1

04 degrees 1.6° 2.9°

From the dataset of 140 images, 99 resulted in a successful measurement. For all 41 cases of
boundary detection failure, the algorithm successfully detected that it was unable to perform the
measurement and halted with the error Line 22. The algorithm did not return any malformed
measurements. This validates the function of the algorithm to fail safely.

The MATLAB implementation of the algorithm computed each measurement in an average of
0.1 seconds on the researcher’s computer (Intel Xeon E3-1231 v3 CPU, DDR3 RAM). It is therefore
expected that a C++ implementation could solve the measurement sufficiently fast for real-time
use.

The sources of error in the measurement are deduced by inspecting the accuracy of the CWM
boundary detection, as presented in Fig. 5. The effectiveness of the entropy filter is evident in
that the only reflection to remain after filtering was the direct reflection of the sun, and due to the
circularity of this reflection, no reflection was falsely detected as a boundary.

The outer face of the concrete is seen in the entropy image and was sometimes falsely detected
as a boundary. This false detection is the main source of error in the boundary detection. However,
the error case was always successfully classified by the aspect ratio check (Lines 14-22), hence, the
algorithm still successfully deduced the correct measurement. Additionally, the entropy of the
experimental model concrete is not true to the entropy of real concrete, hence, the false detection
is not expected to occur in a real application.
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Figure 5: Stages of processing. First row: input image. Second row: entropy filtered. Third row: skeleton image
overlaid on the input image. Fourth row: strong lines from the Radon transform overlaid on the input image.

original image ground truth this study GDNet TransLab

Figure 6: Comparison of the binary images produced by the methodology in this study, by GDNet [45], and by
TransLab [46]. The ideal result should mask only the window frame, as depicted in the ground truth.

3.8. Segmentation Performance

The methodology to compute the binary image (Lines 4-5) was compared to the most recent
machine learning approaches to glass detection. The dataset was input to the pre-trained models
of GDNet [45], and TransLab [46], which directly output binary images that classify the glass in
images. Thus, the inverse of the output binary image classifies the union of window frame with
other non-glass objects. By contrast, the methodology in this study aims to only detect the frame.
Hence, for an image that mostly contains glass and frame, the results should be similar. Fig. 6
shows a typical result of each segmentation method.
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The methods were also compared through the well-known image segmentation metrics that
relate to the confusion matrix. We labelled the ground truth for 60 randomly selected images to
create a sub-dataset against which the automatic methods could be compared.

First, we define Nyyq as the number of pixels in a binary image. Then, we define Np, Ny,
and Npp respectively as the number of pixels that are part of the window frame, not part of the
frame, and detected to be part of the frame. Finally, we define TP, TN, FP, and F'N respectively
as the number of pixels that are correctly detected to be part of the frame, correctly detected to
be not part of the frame, incorrectly detected to be part of the frame, and incorrectly detected to
be not part of the frame.

The Prevalence = Np/Nyotq 0f the sub-dataset has a mean value of 0.14. This means that only
14% pixels are part of the frame. This skew in the data is considered because the most common
metrics of Intersection over Union foU = %, precision = TP/Npp, recall = TP/Np,

1+4+32). ision- 1 . . .
and Fz = ( ;f pzi reion e are all invariant to the value of TN. Thus, these metrics are not

symmetric under the inversion of perspective from a glass detection problem to a frame detection
problem, as was applied to the GDNet and TransLab results.
Metrics that are invariant under inversion of perspective are Balanced Accuracy BA = - (T—]; =+

2
%), and Matthews Correlation Coefficient (MCC) [49]

MCC — TP-TN — FP-FN n
- J(TP+FP)-(TP+FN)-(TN+FP)-(TN + FN)

With consideration to how the binary image is used, we still consider the non-symmetric metrics
to be important, in that it is preferable to miss a detection than to obtain a false detection. A
missed detection results in failure to calculate a pose, whereas a false detection may result in an
incorrect calculation of pose. The former does not yield any information, whereas the latter could
result in an unsafe action being taken. Hence, for Fj, we use % = 0.3, which weighs precision
more important than recall. This is the same value used by [45].

Table 2 specifies mean value of each metric. Our method achieves highest results in IoU,
precision, Fg, and MCC. The recall of our method is low due to being tuned to be conservative
in labelling a pixel as part of the frame, whereas GDNet achieves high recall with low precision
due to excessive labelling of pixels near the frame boundary to be part of the frame, as seen in
Fig. 6. This behaviour may be related to the inversion of perspective. GDNet is actually being
conservative in labelling a pixel as being glass, if that pixel is near the boundary.

The output binary images from GDNet and TransLab were also connected to the remainder of
the algorithm (Lines 6-25). From the 140 input images, using GDNet returned 34 measurements,
and using TransLab returned 33 measurements. Of these measurements, respectively 7, and 16
measurements were malformed. By contrast, the segmentation methodology of this study produced
99 successful and 0 malformed measurements. This shows the susceptibility of the algorithm to
unsafe behaviour when the frame detection precision is low.

4. Discussion

Sources of uncertainty in the measurement include random error proportional to the resolution
of the camera and it’s distance from the wall. Another uncertainty is characteristic of the orienta-
tion of the camera and the sun, and occurs when the side face of the frame is in view and not in
a shadow; in which case, the detected centreline is slightly offset. A source of larger errors is false
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Table 2: Performance of the CWM frame segmentation methodology, as compared to the segmentation masks
produced by GDNet and TransLab. Averaged over the 60 image sub-dataset.

IoU  Precision Recall Fpg BA MCC

This study 0.44 0.61 0.68 0.59 0.80 0.56
GDNet! 0.39 0.42 091 046 0.83 0.51
TransLab? 0.27 0.36 0.64 0.37 0.70 0.33

! GDNet is introduced in [45].
2 TransLab is introduced in [46].

detections, however, this generally effects the slope of the centreline and the detected aspect ratio
of the boundary. Hence, these error cases are detected by the algorithm.

The algorithm is designed to be conservative in labelling a measurement as successful to reduce
the risk of accident due a false detection. Verification of the detection scenario through the expected
aspect ratio was found to be critical in this. Before the check was implemented, there was a large
error spike in the results distribution where the algorithm tried to use a non-CWM-boundary line
as a CWM-boundary line. Using the check both completely eliminated this error case and enabled
obtaining a good measurement from the bad detection.

Another cause of unsuccessful measurement occurred when the image did not contain an entire
CWM. The algorithm requires seeing all four boundaries of a CWM; hence, the scenario was left
unmeasured in lieu of potentially obtaining a false measurement. For the system to function, the
camera should be far enough from the wall that an entire CWM can be viewed in one image-frame.
This is dependent on the camera. For example, a camera with a wide-angle lens (100° field of view)
can operate up to 1.5m away from a 3.5m tall CWM.

When the measurement system is not in operational range, dead reckoning with an IMU may
be used to localise with respect to the most recent measurement. Dead reckoning is appropri-
ate because it is only needed for a short duration, in which the effect of error accumulation is
insignificant.

The following subsection proposes a practical implementation of the algorithm which considers
these conditions.

4.1. A Practical Implementation of the Measurement System

The proposed implementation places the camera on a below-the-hook-lifting-device (BTHLD);
a device that attaches between the crane hook and the CWM. Use of spreader bars, a type of
BTHLD, is already common in CWM installation. A BTHLD can be fit to any crane, and the
connection/disconnection procedure is fast and simple. Therefore, this makes the system versatile
and compatible with existing cranes. By placing the camera on the BTHLD, the camera never
needs manual repositioning, the view is never occluded, and the camera is sufficiently close to the
building to image it in high resolution.

The proposed BTHLD has three main features. Firstly, it acts as a spreader bar; the ends of
the CWM are attached to the ends of the bar. This functions both to bear bending stress, and
to ensure that the relative pose between the CWM and the bar remains fixed. The second feature
is the measurement camera attached to the bar. Because the relative pose between the bar and
CWM is fixed, the value of pca&‘yr?cfggT is static and can be derived from its design. Hence, the device
only needs to be calibrated once during manufacturing, and can then be operated with few setup
requirements.
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The camera is fixed to the bar with orientation facing towards the building with respect to the
CWNMs aligned pose. Hence, the wall is in view of the camera when the skew orientation (angle of
rotation of the payload about the hoist rope) is aligned. Therefore, the third feature of the BTHLD
is to ensure that the skew orientation is always aligned; the BTHLD implements an active rotary
crane hook (also known as a ‘Rotator’ or ‘Power Swivel’ [20, 50, 51, 52, 53, 54]). If the CWM is
roughly oriented by the workers on the ground at the moment when the CWM is attached to the
device, then the measurement algorithm can be used to measure the skew error. This measurement
can then be used by the rotator to actively maintain alignment throughout the whole lift operation.
Thus, less manipulation work is required, improving both the safety and speed of the operation
[20, 54, 55].

The proposed CWM installation procedure to use this device follows:

1. The device is attached to the crane instead of a conventional spreader bar.

2. A CWM is attached to the device at the ground level, and roughly rotated to face towards
the building.

3. The rotator and measurement system are activated to automatically align skew orientation
of the CWM to the face of the building and maintain the alignment.

4. The CWM is vertically transported by the crane while held a few metres away from the
building.

5. When the CWM is at the target « and y coordinates (Fig. 2), as indicated by the measurement
system, it is gently moved towards the building.

6. When within reach, the workers at the installation location take hold of the CWM, manipulate
it into alignment, fix it to the attachment brackets, and then release the CWM from the
device.

The final step for workers to manually manipulate the CWM into alignment is still required
because cranes are unable to apply forces required to push the CWMs together. The benefits of
the new method to these workers are improved safety and speed.

The system increases worker safety: In the conventional method the workers must lean out
over the edge of the building to manipulate the orientation while the large rotational inertia of the
CWM makes their task challenging. The method which uses a rotator improves safety by enabling
the the pre-alignment of the payload to the installation location mid-lift; thereby reducing the need
for the workers to lean out from the building to take hold of the CWM [20, 54, 55]. The method
which we propose further increases safety by measuring the alignment, so that the rotator may be
driven more accurately and/or autonomously. Enabling pre-alignment also increases the speed of
the operation because the adjustments are performed simultaneously to the vertical transportation,
instead of after [54, 55].

Safety is additionally increased due to the measurement system providing the crane operator
with precise information of the pose of the payload and side face of the building. In the conventional
method, the crane operator may be entirely dependent on signalling by the dogman, which is
imprecise and susceptible to communication delay [4]. The methodology to place a downward-
facing camera at the top of the hoist provides vision to the crane operator, however, the view angle
is sharp and distant [9] (Fig. 1d). The method which we propose automatically obtains a precise
numeric measurement, which can be communicated to the crane operator.

The measurements should be presented to the crane operator in a clear, intuitive way. The
following subsection discusses how the measurement may be presented to the operator.
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4.2. Presentation of the measurement to the crane operator

The measurement (1) should be decomposed into information that is directly actionable by
the crane operator, without need for further interpretation. The control of the payload position is
separate from the control of twist orientation, and swing orientation is not directly controllable.
Hence, the measurement is decomposed into the set of position, twist, and swing.

The z component of the position is the distance between the payload and the building, which
should be monitored to prevent collision. The z and y components describe the alignment of the
payload with the grid of previously installed CWMs. A potentially useful representation of the y
measurement is the vertical distance of the payload from alignment with the nearest row of CWMs.

H H
o modH<y i 2) .- (5)

This equation finds the residue after rounding to the nearest multiple of H. The modulo
operation is analogous to the residue after rounding down, while the addition and subtraction of
% converts this to the residue from the nearest multiple, with a signed result. Likewise, the =
measurement can be represented as the horizontal distance, along the plane of the wall, from the

nearest column of CWNMs.

2

The orientation can be interpreted through a swing-twist decomposition. The swing-twist
decomposition is described by [56, 57]. Given a twist axis, it finds a pair of rotations to first swing
towards the twist axis, and then to twist about it, or vice versa. Using the vertical axis as the
twist axis, the twist angle describes the skew orientation misalignment, for which the rotator can
be used to correct. The swing angle describes the sway angle of the payload, which is applicable
to the crane anti-sway control system. The sway angle should be monitored to prevent collision
between the payload and the building.

Each of z,, Yn, zn, swing, and twist, are labelled in Fig. 2. For simplicity, we define z, = z.
However, an alternative representation for z, could be as the minimum distance between the CWM
and the building. This is more directly related to the margin of safety from collision, in case the
swing or twist is large.

The measurement may additionally be converted into a homography, which can be applied to
the original image to produce a stabilised view for the crane operator. This concept is explored in
[21]. In this usage scenario, our measurement system would replace the marker-based system used
in [21].

Ty = modw<x + W) - g (6)

5. Conclusions and Future Work

Measurement of the relative pose between a crane borne CWM and its installation location on
the side face of a high-rise building has never before been successfully automated. The large size
and unstructured nature of the workspace, combined with the imprecision of construction cranes
makes precise global localisation challenging. The strong glare of the sun off the glass wall defeats
most markerless proximity sensing techniques. This article introduces an algorithm and a practical
implementation of a system to perform this measurement, as well as a dataset to validate the
performance in the most challenging lighting conditions.
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Markerless computer vision is applied with a forward-facing infrared camera attached to the
crane spreader bar. The boundaries of the previously installed CWMs are identified by exploiting
the properties of aluminium and architectural glass as viewed in infrared. The known aspect ratio
of the CWMs is used to validate the detection. Correspondence between the detected boundary
and the known CWM dimensions then results in the measurement.

This algorithm is experimentally validated to function in the presence of strong glare from the
sun reflecting off the CWM, and when the sun is directly viewed in the reflection off the glass. For
the cases where the algorithm failed to perform a measurement, it successfully recognised this and
raised an error instead of returning malformed measurements. The algorithm was designed to fail
safely, an important feature in the safety critical task of CWM installation.

In future work, the algorithm and implementation should be trialled at full scale on a con-
struction site. A possible extension to the algorithm may be to fuse the measurements from the
algorithm with IMU data to improve pose estimation accuracy. This may also be used to produce
an initial pose estimate to feed into the algorithm, against which the boundary detection may be
verified (e.g. if the image is preprocessed with a homography, then the detected boundary lines
should be near-vertical / near-horizontal).

We also recommend that glass detection algorithms for outdoor use should be evaluated in
high-glare lighting conditions. Use of the known CWM aspect ratio to verify measurements is
recommended for CWM segmentation systems, as it was found to be an effective method to filter
out malformed detections.

Appendix A. The Algorithm

Pseudocode of the measurement algorithm described in Section 2 is Algorithm A.1.
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Algorithm A.1: Algorithm to measure the relative pose between a camera and a partially
constructed curtain wall.

1

o N O ok wWoN

©

10

11
12
13

14
15
16
17
18
19
20
21
22

23

24

25

Type Definitions

Image : 2D array of values

Lines : set of (slope, intercept, value) triads per the definition of the Radon transform
iPoints : set of pixel indices to values in an instance of Image

wPoints: set of coordinates as measured in Fy

Pose : position and orientation of Fiamera, as measured in Fyan

Function Measure
Input
C : Camera calibration (intrinsic parameters and distortion coefficients)
I : [Image] An image taken by the camera
W : [Float] CWM width in world units
H : [Float] CWM height in world units
H¢: [Float] Height from top of CWM to the floor slab above it, in world units
end

Use C' to undistort [

Downsample the result

Calculate the entropy local to each pixel

Threshold the entropy array into a binary image
Perform morphological skeletonization on the result
Calculate the Radon transform of the result

Find the of local maxima of the Radon transform

Lines L, < Find the 2 most vertical maxima
Lines L; < Find the 2 most horizontal maxima

Find the 4 coordinates that intersect the lines L, with the lines L,
Upscale the resulting coordinates to reverse the downsampling
iPoints P; < Sort the result into {bottom-left, top-left, bottom-right, top-right}

Float AR + Calculate the aspect ratio of the undeformed rectangle
if AR~W/H
| Float Hr + H
else if AR~ W/H¢
| Float Hy « He
else if AR~ W/(H + Hc¢)
| Float Hp «+ (H + Hc)
else
‘ return The camera pose can not be determined
end
wPoints P, < {(0,0,0), (0,—Hg,0), (W,0,0), (W,—Hg,0)}

Pose P, <+ Use C to estimate the camera pose, P,, such that P; corresponds to P,

return P. , The camera pose estimate, as measured in Fyan
end
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Appendix B. Supplementary Results

Fig. B.7 depicts the experimental setup as viewed by the red chanel of the camera used in the
experiments, as compared to a true NIR camera. The reflections in the NIR image are sharper
than in the red image, otherwise, the images are very similar. We use this comparison to justify
that the experimental procedure produced a close approximation of an NIR image.

Fig. B.8 presents a visualisation of the results Table 1.

Figure B.7: Comparison of the experimental model as viewed by the red channel of an RGB camera (left), and by a
NIR camera (right), with equivalent exposure settings.
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Figure B.8: Visualisation of the experimental results using the coordinate systems in Fig. 2. The large axis at
0,0, 0) is the installation location according to the motion capture. The camera symbols are the camera locations.
The small axes are the measurements of the installation location.
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4.2 Outlook

The outcomes of this work are directly applicable to the CWM mid-air alignment task.
The proposed implementation follows the outcomes of Chapter 3, circumventing the
limitations of global crane payload localisation by directly measuring the relative pose.
The use of a BTHLD follows the recommendations in Chapter 2, and the crane borne
CWM can be locked to the BTHLD as recommended in Chapter 3.
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5 Conclusions and Outlook

Building with unitised curtain walls affords strict quality control and facilitates the
integration of high precision and complex features into the building envelope. However,
the on-site installation task to align CWMs to the outer face of the building is difficult.
The conventional direct methodologies require workers to reach outwards past the
open edge of the building to take hold of the free-swinging crane-borne CWM, so that
they can manipulate it into alignment. The workers risk being struck, crushed, or falling
from a height.

The safety and efficiency of this procedure can be improved with a system to align
the crane borne CWM before workers have to physically interact with it. However,
the location and orientation of the crane payload is difficult to monitor and control.
Improved crane payload localisation is required to make mechanised and automated

mid-air alignment viable.

This thesis contributes to developing the core processes and technologies that are
required to make automated localisation of the crane borne CWM viable. The key

contributions are:

¢ |dentification of the barriers and opportunities to increasing the level of automation
in CWM installation. The opportunities include using a BTHLD for control,
using a hook-mounted camera for sensing, and strengthening the communication
between the crane operator and dogman by providing them with rich localisation

information.

e A guideline for system designers to choose the optimal dynamical models to
represent the boom tower cranes that are commonly deployed on construction

sites. Use of an accurate model facilitates precise control and state estimation.

e An algorithm and methodology to measure the pose of a crane borne CWM, as
relative to its installation location on the side face of a high-rise building. This
localisation may be used by automated alignment systems, or presented to the

crane operator and dogman.

e A practical framework for incorporating these advancements into the conventional
direct CWM installation methodologies.
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The outcomes of this work are directly applicable to the CWM mid-air alignment task:

e In Chapter 3, it is found that crane control systems alone can not feasibly achieve
the required precision in payload localisation and control, that manual handling
might be eliminated. It is also found that the system dynamics can be simplified
through mechanically locking the CWM, BTHLD, and crane hook together. Thus,

the system would become easier to precisely control.

e In Chapter 4, the algorithm makes use of the thermally insulative properties
of CWM coatings to robustly localise the crane borne CWM to its installation
location. The proposed implementation then follows the prior outcomes to ensure
practicality and likelihood of adoption.

Future work is recommended to further develop, trial, and commercialise the proposed

devices and user interfaces. Specific directions for future work are:

e To systematically review and compare the rotary boom crane dynamical models
that include complex geometry, wind, frictional damping, and elasticity of the

hoist rope, tower, and boom.
e To expand the investigation in Chapter 3 to more types of crane.

e To extend the algorithm (Chapter 4) with IMU data and use inter-frame
correspondence to improve the pose estimation accuracy.

e To develop userinterfaces to communicate the results of the algorithm (Chapter 4)

to the crane operator and dogman.
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