friried applied
e sciences

Article

Integrating Task Component Design in Excavator-Truck

Operation Planning: Enhancing Automation Systems through a
Web-Based System

Soohyun Park !, Jeonghwan Kim 2*(, Kiyong Cho * and Jongwon Seo 1'*

check for
updates

Citation: Park, S.; Kim, J.; Cho, K;
Seo, J. Integrating Task Component
Design in Excavator-Truck Operation

Planning: Enhancing Automation

Systems through a Web-Based System.

Appl. Sci. 2024, 14, 6052. https://
doi.org/10.3390/app14146052

Academic Editor: Rui Aratjo

Received: 3 May 2024
Revised: 2 July 2024
Accepted: 9 July 2024
Published: 11 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Civil & Environmental Engineering, Stech E&C Inc., Hanyang University, Seoul 04763,
Republic of Korea; s10230@hanyang.ac.kr

Department of Civil Engineering, Korea National University of Transportation,

Chungju 27469, Republic of Korea

Smart Construction Research Center, Korea Construction Equipment Technology Institute, Gunsan-si 54004,
Republic of Korea; kiyongcho@koceti.re.kr

Correspondence: jeonghwan.kim@ut.ac.kr (J.K.); jseo@hanyang.ac.kr (J.S.)

Abstract: Excavator—truck operations, characterized by their repetitive excavation and loading tasks,
present a prime candidate for automation. While numerous studies have aimed to automate the
earthworks, practical implementations remain scarce. This research introduces a task component
design focused on excavator-truck operation planning to improve the functionality of an earthwork
automation system. To address this, fundamental task primitives necessary for executing excavation
tasks were engineered, and a web-based system was developed to automate the generation of
work plans for both point and trench excavation through algorithmic processes. Additionally,
a JSON-based protocol was introduced to facilitate efficient integration with other subsystems.
Field tests were conducted to validate the effectiveness of the newly developed algorithm and
protocol within the broader context of earthwork automation systems. The results demonstrated
the successful implementation of the task components, confirming their operational viability and
seamless integration into the existing earthwork automation framework.

Keywords: task planning; automated excavator; truck; excavation; web-based system; earthwork
automation system

1. Introduction

Earthworks, a fundamental component of construction endeavors, encompass the
handling of soil through processes such as cutting, filling, and the removal of excess
material [1]. Spanning projects of varying scales, from modest residential constructions to
expansive undertakings like apartment complexes, roads, airports, and bridges, earthworks
lay the groundwork for all subsequent construction activities [2]. This intricate process relies
heavily on construction equipment, notably excavators and dump trucks, which are utilized
to execute these essential operations [3,4]. Given the excavator’s remarkable attributes
of flexibility, durability, and efficiency, it has emerged as indispensable on construction
sites [5,6]. Excavators facilitate efficient soil movement, trench excavation, foundational
work, and slope adjustments, significantly enhancing construction site productivity [7].
Additionally, their versatility is augmented by various attachments, enabling tasks such
as demolition, grading, and the movement of heavy objects. Such adaptability shows the
excavator’s crucial assets in earthmoving projects, playing a pivotal role in optimizing
project efficiency, time, and cost [8,9].

Dump trucks, alongside excavators, hold a significant role in earthworks by transport-
ing materials like silt, gravel, and crushed stone, that were moved by heavy equipment
such as excavators and loaders [10,11]. Their capacity, adaptability to varying terrains,
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and mobility streamline workflows at earthworks sites, reducing time and costs. Dump
trucks are essential for both large-scale civil engineering projects and smaller ventures in
confined spaces. Their diverse sizes and configurations make them adaptable to different
work environments and project requirements [12]. Consequently, the collaboration between
excavators and dump trucks is pivotal in enhancing project efficiency and productivity in
earthmoving [13]. Moreover, this partnership plays a crucial role in logistical planning at job
sites, optimizing work sequences and schedules systematically. By applying principles of
construction engineering and project management, this approach maximizes productivity
and economizes effectively [14].

Traditionally, task planning revolved around minimizing the transportation of earth
materials. However, the advent of new earthwork planning methods leveraging con-
struction automation technology has alleviated constraints on improving efficiency and
productivity that were previously reliant on construction workers” experience and intu-
ition [3,15]. In earthwork sites employing various types of construction equipment, strate-
gic planning becomes imperative to enhance the efficiency and productivity of earthwork
through the integration of automation equipment or technology. Of paramount importance
is the coordinated operation of the two primary earthwork equipment: excavators and
dump trucks.

To address the issue, this study introduces a novel task component design for excavator—
truck operation planning that operates autonomously within earthwork project sites. In
contrast to traditional task planning systems that primarily aim to minimize total travel
distance, this research adopts a more hierarchical programming approach that considers
the operational capabilities of both excavators and dump trucks. By integrating scenar-
ios that reflect the key functions of the excavator and its interaction with dump trucks,
the proposed algorithm significantly enhances practical applicability in real construction
settings. Furthermore, this study incorporates a JavaScript Object Notation (JSON)-type
protocol designed to facilitate efficient integration with other subsystems, ensuring seam-
less communication and coordination within the broader earthwork automation system.
The necessity of field tests for validating this integration is paramount, as they provide
empirical evidence of the system’s effectiveness. These tests confirm that the task compo-
nent design not only meets theoretical expectations but also performs robustly in dynamic,
real-world construction environments.

The paper is structured as follows: Section 2 offers an overview of the techniques
relevant to the recognition of earthwork task planning and identifies the research gap. In
Section 3, the proposed methodology, prerequisites for automated excavator task planning,
setting excavator specifications and truck access positioning, JSON task plan protocol, and
task component design are elaborated. Additionally, Section 4 outlines the results and
discussion. Finally, in Section 5, the conclusion, limitations, research contributions, and
future directions are provided.

2. Literature Review

In recent years, there has been an increasing interest in the task planning of construc-
tion equipment. The work plan related to earthmoving equipment can be classified into
two parts. The first part is an object-level task plan. It considers the pieces or parts of the
earthwork site as objects, and the sequence of work on these objects is determined by the
plan. The level of detail encompassed in this type of task plan varies depending on the
specific requirements of the construction management process, with a predominant focus
on large-scale work areas or sections. The detailed work plan here refers to the movement of
soil and equipment within the site, specifically referring to the process of cutting and filling.
The second part is the manipulator-level work plan for the movement of the excavator
bucket when the excavator platform is positioned in a fixed position [16,17]. Earthmoving
equipment work plans are predominantly centered around excavators. Additionally, prior
research on work planning has predominantly focused on excavators and dump trucks.
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There has also been a focus on separately analyzing task plans for excavators and dump
trucks [18-21].

While prior study has delved into automation for automatic excavation and loading op-
erations with stationary excavators, there remains a gap in the exploration of task planning
for automated excavators capable of responding to changes in the external environment.
Although discussions have centered around task planning for automated excavators within
structured environments, there is a notable absence in addressing planning strategies
that accommodate changes in initial work conditions, such as geometric variations, site
boundaries, and entry points. Consequently, this study embarks on the development of an
autonomously operating excavator task planning algorithm that incorporates collaboration
with dump trucks at designated civil engineering sites [22-24]. This study focuses on
developing a task planning strategy for an autonomously operated excavator for a given
civil engineering site. It verifies the similarity by comparing the results of this study with
those determined manually. This paper deals with automatically calculating the excavator’s
task plan considering the dump truck.

Kim et al. [16] proposed the problem that the various technologies have not been
integrated for an automated excavator to be utilized at construction sites. Limited terrain
modeling and updating capabilities have existed, and there are an insufficient number
of studies on the object-level task planning necessary for the control of an automated
excavator at an actual construction site. So, the authors developed a task planning algorithm
to partition the work area and generate the excavator path. This research presents the
excavation task planner devised to incorporate the intelligence of a construction planner
and a skillful operator into the robotic control mechanism of the automated excavation
system; however, this paper is about the development of an algorithm for a module of an
excavation task planner, developed by analyzing the terrain and geometrical structure of the
excavator and the operating characteristics of excavators as well as the heurism and rules
used at the construction site. This study does not reflect constraints such as obstacles, dump
trucks, and temporary roads, because it is about the excavator task plan path at the basic
stage. In the field of civil engineering, earthworks are increasingly performed by automated
construction equipment, as skilled operators for construction equipment are becoming
scarce. This trend amplifies the need for integrating advanced automation to maintain
operational efficacy and mitigate workforce limitations [24]. Thus, construction automation
and information technology are considered the best technical approaches to solving these
challenges, and among the various earthwork equipment used for civil engineering work,
the intelligentization of excavators used for general use has been required first [25,26].

Koo et al. [27] identified the decision factors and importance of excavator movement
through literature surveys, expert surveys, and interviews. The authors presented a model
for the cell division of earthworks sites for generating excavator paths and suggested
a method for determining cell size considering the specifications and safety distance of
excavators. Also, they proposed work methods according to the location of the excavator
platform, determining the final path and presenting the platform location through the
cell network extraction method and network discovery method (considering Traveling
Salesman Problem: TPS [28]). This study presents a methodology for automatically gener-
ating an excavator path based on given design and site information. However, this study
focuses on the path creation of an excavator and has the limitation that it only deals with
the minimum cost distance, natural drainage direction, and continuity of the excavation
direction by considering the operators’ work behavior and does not address dump trucks
and the site.

Previous studies predominantly focused on analyzing the excavation routes of excava-
tors within earthworks and the haul routes of external dump trucks [29,30]. However, the
collaboration between excavators and dump trucks is paramount for efficient loading and
transport operations. Despite this significance, there has been relatively limited study dedi-
cated to task planning for the cooperative interaction between excavators and dump trucks
compared to studies focusing solely on individual task plans for each machine [31-35]. Re-
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cent studies on task plans for automated excavators and dump trucks have revealed certain
shortcomings concerning system integration [23]. These plans often lacked compatibility
with web-based systems, and the dump truck’s location or approach did not always align
with the site’s unique circumstances. Consequently, the complexity of on-site operations
compromised maneuverability for entry and exit, thereby presenting significant challenges
in adapting to such scenarios.

While previous studies have delved into study on automatically generating exca-
vation work, there is a notable scarcity of studies on task updates to accommodate the
dynamic nature of construction sites. Moreover, the desired task updates by managers or
administrators typically entail partial daily updates, yet previous studies predominantly
offered automatic updates for the entire task, proving to be inefficient. Additionally, there
is a lack of earthwork topography modeling considering the level of automation or task
planning systems that factor in collaboration between excavators and trucks. Establishing
an autonomous excavation task planning system that considers the automated excavator’s
characteristics, environmental factors, and design conditions can support the automatic
task planning of excavators and trucks, even for individuals lacking expertise in earthwork.
This study aims to propose optimal task planning and operation strategies for collaborative
automated excavators and trucks in earthwork projects. The following sections will expli-
cate the step-by-step procedures, utilizing a construction site grading project as a testbed to
substantiate the effectiveness and feasibility of the proposed methodology.

The primary distinction between this paper and previous studies lies in its departure
from proposing a simplistic JSON-type protocol for connecting and integrating with a
comprehensive automation system, and its comprehensive treatment of various work types.
In contrast to prior studies, which predominantly focused on enhancing the automation
functions of individual equipment [36,37], this study developed an integrated system facili-
tating collaboration between automated excavators and dump trucks for each earthwork
type typically involving these machines. This approach significantly broadens the scope of
what the automation system can achieve in terms of managing and executing construction
projects and it enhances the productivity and operational efficiency of the construction site.

3. Methodology

While prior research extensively explored autonomous excavation task planning
systems, practical implementations have remained elusive [23,24]. This study addresses
these gaps by integrating the excavator’s specifications, work environment, and design
constraints into an algorithm that autonomously generates excavation plans for various
construction types. It introduces a web-operable system and protocol designed to automate
earthwork processes, seamlessly integrating with other subsystems using JSON within
the overarching operational framework. This integration empowers even non-experts in
earthworks to autonomously establish operational and work plans for excavators and
dump trucks.

The proposed system employs a hierarchical planning approach that incorporates
both high-level operation planning and task planning, alongside specialized sub-task
planners utilizing task components for precise operational execution. This dual-layered
planning structure has been demonstrated to effectively manage tasks in both simulated
and real-world settings, proving particularly adept in trenching and large-scale material
handling scenarios.

3.1. Prerequisites for Automated Excavator Task Planning

Before implementing automated excavator task planning for collaborative earthworks
with dump trucks, it is crucial to establish a comprehensive operational framework [38].
This study underscores the significance of laying down fundamental environmental settings
as a prerequisite. Such preparatory steps are essential for effectively integrating and
operationalizing automation technologies within the complexities of earthwork tasks.
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<Case 1>

3.1.1. Creating Basic Drawings

In this study, the automated excavator-truck operation planning was initially estab-
lished on a site-wide basis, as illustrated in Figure 1 [23,39]. However, practical on-site
conditions, including the previous day’s construction progress, daily site conditions, and
equipment status, often require adjustments to specific site area work plans. Therefore, it is
essential to meticulously refine these plans based on real-time on-site conditions. Despite
the automation of equipment work plans, operator intervention remains crucial. Detailed
editing of work conditions enables the creation of realistic and practical automated equip-
ment work plans. To meet this need, Computer-Aided Design (CAD)-based basic drawings
(Table 1) must be generated initially for the specific area where the excavator will operate on
a given day. Subsequently, these drawings are uploaded to a web-based system facilitating
automated excavator-dump truck collaboration. The system utilizes these drawings to in-
form its work plan generation algorithm, thereby ensuring the adaptation of the automated
plan to real-time on-site conditions.

Case> | | | | | | {Case 3> [ {Case &>

Figure 1. Entire excavator movement path on earthwork construction sites(Blue—Entrance,
Red—Obstacles, Green—Start cell); Case 1-(a), Case 2-(b), Case 3-(c), Case 4-(d), Case 5-(e), and
its corresponding results generated from the CCPP program (with apostrophe). Disconnected path is
marked as red dot and subsequent working cell is shown with arrow. Adapted with permission from
Ref. [23]. Copyright 2020, copyright Jeonghwan Kim and Jong-wonSeo.

3.1.2. Uploading Drawings to the System and Entering Excavator Specifications

Once the basic drawings are developed, they are extracted in Drawing Exchange
Format (DXF) format and uploaded to the automated excavator-dump truck collaboration
system, as depicted in Figure 2. Upon uploading a task, the system algorithmically gener-
ates a task plan based on the selected work type, as depicted in Figure 3. The available work
types encompass point digging, trench excavation, independent foundation excavation,
and wall foundation excavation.



Appl. Sci. 2024, 14, 6052

6 of 20

Table 1. Drawing protocol.

Type

Drawing Layer Protocol Description

Point excavation

Start (red color)

End (sky-blue color)
Pipeline (yellow color): Width

of area to work on

Trench excavation
(Narrow and deep)

TrenchLine (orange color):
Boundary of area to work on H ﬂ
Workline (black color):

Directions from start to end

Management of construction and drawings

Register

Register drawings

worktype  Slope Excavation v

File

Point excavation
Trench excavation
Independent foundation
it e, e excavation
e e Wall foundation excavation
Slop excavation

Point Grabbing

Register

Figure 2. Management of construction and drawings within the earthwork collaboration system.

3.2. Setting Excavator Specifications and Truck Access Positioning

Once the drawing is uploaded based on the designated work type, detailed spec-
ifications of the automated excavator and corresponding working conditions must be
provided to ensure seamless coordination with the dump truck. This step allows oper-
ators to adjust equipment specifications and working conditions in detail according to
on-site requirements.

This study primarily focuses on automating the collaborative work between exca-
vators and trucks, necessitating an understanding of their interaction. In environments
where multiple excavators and dump trucks collaborate, establishing route planning poses
a challenge, particularly ensuring easy access between the excavator and the dump truck.
Existing studies and algorithms often prioritize truck accessibility to address this chal-
lenge [23]. At construction sites, the precise loading position of the truck is typically
determined based on signals from the excavator, such as horn or guidance signals. As
a common interaction, when the excavator lifts soil in the bucket, the truck adjusts its
position relative to the excavator and the boom. However, complexities arise in complex
earthwork sites due to various variables such as soil type and weather conditions, making
it challenging to determine the optimal loading position. To simplify this aspect, this study
assumes a large-scale earthwork site without obstacles. Users are then prompted to input
the truck’s approach location based on entrance information, considering the size of the
excavator being used. Since the truck is not automated, users can select the most suitable
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location for it to access and park next to the automated excavator, providing flexibility
to adapt to field conditions. The system allows users to modify parameters such as the
length of the boom arm bucket and dump truck specifications within a specified angle
range (—90° to 90°) through the editing function. This customizable feature enhances user
control and adaptability to varying work conditions. Detailed descriptions of each task
condition editing function are provided in Figure 4 and Table 2.

€ > cC cos.smartys.kr *

Earthwork Collaboration System KOCETI Test = &Y A Tk koceti [® Logout

. — ~Y gl
Task Library Eed f+ | 9 4'@'@ &l
0O Loading @ Dumping 1= - X ’* \ LL)
i

Equipment Movement
N(X) 371375.793 yaN
E(Y) 159269.159

Direction Forward N |
® Mo
N(X) 371385.527

E(Y) 159272.950
Direction Forward

-

N(X) 371385.617
E(Y) 15027205
Direction Forward

-

N(X)  371385.707

E(Y) 159271.150

Direction Forward

N(X) 371367.500
E(Y) 159262.000
Direction Forward

2o g

N 371367.500 . -
E(Y)  159266.000
Direction Backward

3
ik TRER . N

pitch roll yaw Latitude Longitude Height Em. Code s s Goal Head
workorder J b &114 O -0:726 ° 278.427° 35.5{93386 126.5483544 _ 4.86m

Figure 3. Full screen of the earthwork collaboration system.

Edit Task Condition

Pipeline Width (m) , (1 )

2

Start(X) 159264 Start(Y) 713724 Stant(d) 25

End(X) 150273 End(Y) 371372.4 End(2) 4

Loading Area Width (m) 1 (3)
Loading Area Length (m) 3 (4)
Bucket Width (m) O
Maximum Excavation Length (m) o (6)
Minimum Excavation Length (m) s (7)
Effective Excavation Depth (m) 1.5 (8)
Effective Excavation Length Ratio (m) 1 (9)
fmimees o (10
Allowable Overlap Length (m) 03 (1 1)

. (Excavation Section & Next Excavation Section)
Angular Spacing of Excavators
in the Excavation Section 8 (12)

Relative Angle of Excavator's -90
Front and Dump Truck POsition  (see the excavator's front as x-axis)

s

Distance between Excavator
14

and Dump Truck Location (m)
Relative Angle of Excavator's 0 (1 5)
Forward Direction and Dump (See the excavator's front as x-axis)
Truck's Own Position
[register | cancel |

56m -lim 06m -10.9° 543° 123.5°

Figure 4. Setting and modifying task conditions within the earthwork collaboration system.
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Table 2. Description of task condition editing function.

Task Condition Description
N
w4 e
s
) (M 0
Total width of the pipeline -
Bucket
width
N
v 45' : End
@)
Start point: First position of the task o 4
End point: Last position of the task Start
N
wde @Width|[]
s
(4)Length
), (4)
Loading/dumping area size X
=)
EA
©)
Bucket width (size)
(5) Bucket width
N
w4 e
: —

(6) Maximum length to extend the arm from
the excavator’s position

(7) Minimum length to extend the arm from
the excavator’s position

Excavator
° position

(@)

C
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Table 2. Cont.

Task Condition Description
(a) Current original
ground height
Start(x) 159255 Start(Y) 371369.4 Start(2) 4
End(X) 159260 End(Y) 371369.4 End(2) 4
! Effective Excavation Depth (m) 15 (b)
Edit task location © = @-(b)
. . o) = (a)-
(8) Effective excavation depth e
Calculate the design level using the effective NOO | 3713680 EM) 1sepss | ZED) 4 DesignLevel 5
excavation depth . ]
i secondPoint
N(X) 371369.9 E(Y) 159255 Z(21) 4 DesignLevel 25
i thirdPoint
N(X) 3713680  E(Y) 150250 2(&1) 4 DesignLevel ;g
i fourthPoint
NX) ' 371360.0  E() 150250 2AED) 4 DesignLevel ;g
pa cone

(9) Effective excavation length ratio
Adjust the length using the effective
excavation length ratio if the actual

maximum excavation length is not achieved.

B3
Py

=

& & ’

Setting: 0.5 Setting: 1 Setting: 2

(10) Effective Rotation Angle

(Excavator Body)
Setting: 60 Setting: 120
N
wl e
S
(11) Allowable Overlap Length
Setting: : 1 Setting: : 0 Setting: : -1
An overlap of 1m No overlap An overlap of -1m
N
w4 e
S
(12) Angular Spacing of Excavators in the
Excavation Section
Setting: 5 Setting: 8 Setting: : 15

The larger the setting value, the wider the gap becomes.
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Table 2. Cont.

Task Condition Description
N
(13) Relative Angle of the Excavator’s W Z!' £ = Y ol
Front and Dump Truck Position Y - C
(See the excavator’s front as x-axis) C i/ A
Adjust the position of the dump truck M =
through the front direction of the excavator
and the relative angle of the dump position Setting: -90 Setting: 45 Setting: 90
w4 e —
: EN - -
(14) Distance between Excavator and Dump =
Truck Location i/
Setting: 1 Setting: 5

(15) Relative Angle of the Excavator’s
Forward Direction and Dump Truck’s Own
Position (See the excavator’s front as x-axis)

g "
8 2

\ = 4

WL

Setting: -45 Setting: 0 Setting: 45

3.3. JSON-Task Plan Protocol

The results of the task planning for excavators and dump trucks comprise an exca-
vation plan that specifies the locations and depths of the excavation sites, and a plan for
the dump sites for loading or unloading (Figure 5). These are integrated into a cohesive
task planning unit utilizing JSON format, transmitted via WebSocket, and organized by
indexing. The task sequence involves multiple excavation and dump site plans laid out
in a continuous cycle (move — excavate — move — excavate), with each component
registered in the worklist as a distinct JSON-formatted task. In this schema, movements
are classified under ‘move’, consisting of coordinates, while operational tasks are grouped
under ‘working’, detailed with dump locations and a coordinate array. Each location is
delineated by the task sequence index ‘idx” and consists of four points (Table 3). A JSON
file is delivered to the automated excavator and works according to the contents contained
in the file. Additionally, the task plan is designed to enable on-site personnel to adapt it
according to varying construction site conditions.

Table 3. Task plan result in JSON format.

Category Description
Timestam “2023-12-20 16:47:14”
P Task start time
“workorder”
e Task
Worklist Individual works performed as part of the task plan are included, each of which represents a movement or

operation for excavation and dumping
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Table 3. Cont.

Category Description
“idx: 0”7, “idx: 17, “idx: 2"
Sequential index of the task
“type”: “move”—Moving excavator from one location to another
Move “direction:0 (forward)”, “direction:1 (reverse)
“direction”: Indicate with specific indicators such as ‘0" or ‘1’, which may mean forward, reverse.
“N, E, Z”: Coordinates where the movement ends (north, east, altitude) or important waypoints along the route.
“DumpLocation” and “DumpArea”: Mark as null as dump is not performed while moving
“idx: 07, “idx: 17, “idx: 2”
Sequential index of the task
“type”: “working”—It is related to excavation or loading/dumping activities
“DumpLocation”: Specific coordinates to dump
“DumpArea”: Polygonal area where dumping/loading is possible, provided by four points defining the corners
of the dump area.
Working - “firstPoint, secondPoint, thirdPoint, fourthPoint: Accessible dumping/loading area corner coordinates

- designLevel: Dumping altitude
“location”: An array that defines detailed geometric data for the work area.
GeomCode: A code that defines a type or category of work or geographic characteristic.
“firstPoint, secondPoint, thirdPoint, fourthPoint”: A specific point or corner of the work area

- “mid12Point, mid34Point”: A midpoint or a particular point of calculation that is important for defining a
working shape or navigating equipment

V) @ farneork colsbonton symem o |

€ > 0 A cos.smartys.

~ | W Earthwork Collaboration System ar

Edit dump area

CEEORNC I (A

cos.smartys.kr/Hc
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| e
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0/9 .‘

N(X) 371367.500

E(Y) 159262.000

Direction  Forward
W nNx)  371367.500
E(Y) 159266.000
Direction Backward

Able to change work(task)
order

U/ Point excavation v
wing
Move

@ Equipment Movement

NCX) 371367.500  E(Y) 159262.000

Aceessible Dump Truck Area @
NG 371362300 E(Y) _139262.000
Task Location

workorder

Figure 5. Task plan according to protocol.

3.4. Task Component Design

i firstPoint

o) W | 150525 |2

371367
i secondPoint
NX) 371368 EM  yse2525 2 35
 thirdPoint

N 371367 EY) | ys02575 2 3.5

# fourthPoint

NO) 371368 B gsepsrs 2

Edit task location

i firstPoint
N 371362 B 159260.5
i secondPoint

N 371363 E(Y) 150260.5
# thirdPoint

NX) | 371362 EM  150263.5
i fourthPoint

N(X) | 371363 E(Y)  150263.5

Designtevel 3 50000000
Designtevel 3 50000000
Designlevel

2.50000000

DesignLevel 5 50000000

Register Cancel

3.5

[ register Cancel

This study focuses on several specific tasks performed by excavators, such as point
excavation and trench excavation, which constitute a significant portion of excavator
operations and entail direct collaboration (loading) with trucks, as well as preparatory
work linked with subsequent tasks. When designing task components for different work
types, integrating common functions within algorithms has proven highly effective. These
functions facilitate code reuse, conserving development, and maintenance time, enhancing
code modularity, improving readability, and reducing dependencies between different
code segments. Utilizing verified, reusable functions diminishes the chances of errors and
bolsters the system'’s reliability. Moreover, optimizing specific functions can enhance the
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performance of all algorithms that incorporate them. In cases where function modification is
necessary, updating only the specific function simplifies maintenance and avoids extensive
code revisions.

Therefore, the judicious utilization of shared functions is indispensable for optimizing
code efficiency and orchestrating algorithms adeptly. This strategy finds resonance in
crafting algorithms for tasks such as point and trench excavation, where exactitude and
effectiveness reign supreme [40,41]. Among the arsenal of functions commonly employed
in constructing task plan generation algorithms, discerning choices play a pivotal role, as
delineated in Table 4.

Table 4. Common functions in task plan algorithms.

Class Type Description

Move the excavator to a specific location (including direction information).
Func MoveTo: . * .

Deliver area information to be dumped /loaded from the current excavator location.

- —
’ ~ "
Func CalculateDumpingArea: ( - ]
N\ - .

Communicate the area information that can be excavated when the upper part of the
excavator is moved by angle from the current excavator position.

Func CalculateBucketSquare:

Deliver rotational angle information for excavator.
\
[ 1] A
\
Func SwingAngles: \

/

/
Ny

Deliver detailed (local) excavation task information.

Func DigAt:
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Table 4. Cont.

Class Type

Description

Pipeline area of width in point or independent foundation excavation.

[ 1]

Func CalculateDiggingLineArea:

== | |

Find the intersection polygon of two polygons.

Y,

Func Calculatelntersection:

Func

GenerateExcavatorMovePoints:

Create location information to move at regular intervals (width) along the pipe/slope

YA

3.4.1. Point Excavation

Point excavation represents the fundamental form of excavation, where the excavator
is stationed at a fixed point to excavate a designated area. The algorithm commences by
initializing an empty list named ‘diggingInfo’ to store the outcomes of excavation activities.
Initially, the excavator is positioned at the predetermined starting location, facilitating the
initiation of the digging process. Utilizing the ‘dumpingAreaHint’, the algorithm computes
the optimal area for depositing excavated material, ensuring disposal sites are chosen based
on accessibility and efficiency. The process then iterates through potential swing angles
available to the excavator, identified via the ‘excavator.SwingAngles()’ function. This step
is pivotal for evaluating the effective range of the excavation operation. For each angle,
the area impacted by the excavator’s bucket, termed ‘bucketSquare’, is calculated. The
algorithm determines the intersection of ‘bucketSquare’ with the ‘targetArea’ to pinpoint
precise locations for excavation, ensuring that digging activity remains confined within
designated boundaries. The excavator executes digging at these intersections, accounting
for specific soil properties. Each result of the digging operation, along with dumping area
information, is appended to the ‘diggingInfo’ list. Upon processing all swing angles and
documenting corresponding digging information, the algorithm concludes by returning
‘diggingInfo’. This dataset furnishes a comprehensive record of excavation activities,
encompassing locations and volumes of displaced soil, crucial for subsequent operational
analysis and planning. The algorithm pseudo-code encapsulating these steps is provided
below (Figure 6).
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Input:
Start

excavator — an excavator instance with information

soil — information about soil property for digging

point — position where the excavator locates when digging Excavator
dumpingAreaHint — hint information for calculating dumping area
Input: DiggingInfo

Update:Digginglnfo

targetArea —area where the excavator digs

Output:

diggingInfo— works that the excavator digs actually
diggingInfo =[]

* excavator.MoveTo(point)

* dumpingArealnfo = excavator.CalculateDumpingArea(dumpingAreaHint)

For angle in excavator.SwingAngles() :

bucketSquare = excavator.CalculateBucketSquare(angle)

intersection = Calculatelntersection(bucketSquare, targetArea

diggingInfo <= { // ADD

works = excavator.DigAt(intersection, soil),

dumpingArealnfo

}

Return digginginfo Output Digging

(a) (b)

Figure 6. (a) Pseudocode for point excavation; (b) flowchart of trench excavation.

3.4.2. Trench Excavation

To initialize data collection on excavation activities, an empty list named ‘diggingInfo
is prepared. The algorithm (Figure 7) commences by iterating over each line in the pro-
vided lines, delineating the paths necessitating trench excavation. For every line, the area
earmarked for excavation, designated as ‘lineArea’, is computed based on the line and its
specified width. Subsequently, the algorithm generates a sequence of movement points for
the excavator along the line, termed ‘stepPoints’, which outline the sequential positions the
excavator will traverse during the trench digging process.

7

Input:
excavator — an excavator instance with information
soil — information about soil property for digging
lines — the digging line connected
dumpingAreaHint — hint information for calculating dumping area
width — width of the digging line

Output:
diggingInfo — works that the excavator digs actually

digginglnfo =[]

For line in lines:
lineArea = CalculateDigginglLineArea(line, width)

stepPoints = ints(line)

For point in stepPoints:

excavator.MoveTo(point)

dumpingArealnfo = excavator.Calcul: i i i {int)
For angle in excavator.SwingAngles() :
bucketSquare = excavator.CalculateBucketSquare(angle)

intersection = C icketSquare, lineArea)

digginglnfo <= { // ADD

Update:Digginginfo

works = excavator, DigAt(intersection, soil),

dumpingArealnfo
}

Return diggingInfo

(a) (b)

Digging

Figure 7. (a) Pseudocode for trench excavation; (b) flowchart of trench excavation.
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As the excavator maneuvers through these points, it precisely navigates to each desig-
nated position. With precision, it calculates the ideal dumping area for excavated material
based on the provided ‘dumpingAreaHint’, ensuring efficient soil disposal. Next, the algo-
rithm meticulously analyzes the excavator’s swing angles using ‘excavator.SwingAngles()’
to determine the optimal excavation range for every movement point. For each swing angle,
the algorithm meticulously computes the area impacted by the excavator’s bucket, referred
to as ‘bucketSquare’. This calculation precisely determines the specific segments of the
trench requiring soil removal within the ‘lineArea’. With keen precision, the excavator then
executes digging at these identified intersections, considering the nuanced properties of
the soil. Subsequently, the results of these strategic operations, along with comprehensive
dumping area specifications, are seamlessly integrated into the ‘diggingInfo” dataset.

After processing all lines, movement points, and swing angles, the algorithm gracefully
concludes its execution by delivering the invaluable ‘diggingInfo” dataset. This repository
encapsulates a wealth of intricate details regarding every trench excavation activity, metic-
ulously documenting the precise locations and volumes of displaced soil. Such granular
data serve as a cornerstone for subsequent project management and planning endeavors,
empowering informed decision-making and strategic execution.

3.5. Challenges of Developed Method

Firstly, the system presented in this study is dependent on CAD design. The system
requires a certain amount of manual input for the initial design phase. While automa-
tion assists execution, significant human intervention is still required during the early
design stages. Secondly, there is the issue of boundary setting. Site boundaries must be
manually specified, highlighting the system’s limitations in autonomously adapting to
new environments without preset parameters. Thirdly, manual input is needed in task
operations. Specific task sequences involving dump trucks still require manual adjustments.
Designating loading zones and ensuring proper alignment between excavators and trucks
fall under this category. Fourthly, operational inefficiency is another limitation. The case
study revealed that occasional manual intervention is necessary, which can lead to potential
delays. Additionally, the system lacks the capability for dynamic adjustment based on
real-time feedback, making it challenging to maintain a continuous workflow. Construction
planning personnel must assess the usability and areas for improvement of this system.
This will help establish empirical validation standards for what to measure and verify
through the task planning system and provide a clear direction for future research and
development efforts. So, in future work, practical validation will be conducted with results
and more data support. These limitations indicate areas for system improvement and
provide clear directions for future research and development efforts. They contribute to
the achievement of a fully autonomous excavation process. Addressing these issues can
significantly enhance the system’s efficiency, adaptability, and applicability across various
construction scenarios.

4. Results and Discussion

In the study, task components of excavators and algorithms were specifically designed
for different types of excavator and dump truck earthwork operations. They were imple-
mented within a web-based evaluation program. This program was integrated with an
automated control system to validate its applicability in real-world scenarios. An earthwork
site was selected as the testing environment for evaluating the developed system. The
experiments were conducted across three separate sessions: in August, September, and
November of 2023 (Figure 8).

Utilizing CAD software, a task plan was devised for each testing phase, with a par-
ticular focus on tasks like point and trench excavation, typical in large-scale earthwork
endeavors. These designs were then exported in JSON format, serving as the standardized
data interchange format to seamlessly convey information to the integrated control system
and subsequently to the excavator’s control system. The results vividly illustrate the precise
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execution of excavation tasks in accordance with predefined parameters of location and
depth, meticulously outlined in the work plans. This study’s findings underscore the
efficacy of developed algorithms and the seamless integration capabilities of the system in
faithfully replicating planned tasks within a controlled test environment.

Figure 8. Experiments overview.

In the study, representations of point and trench excavation tasks are provided in
accompanying figures (Table 5 (al), (a2)), where excavation sectors are represented by
an array of yellow boxes, and the designated loading positions for the dump truck are
indicated by a blue box. These graphical representations assist in providing a clear visual
distinction between the different types of excavation tasks. Additionally, the empirical
outcomes, as demonstrated in Table 5 (b1), (b2), show that the actual outputs for each
task are consistent in both shape and size, confirming the precision and reliability of the
excavation process as executed per the task plan (Table 5 (c1), (c2)). This unwavering
consistency underscores the efficacy of the methodologies deployed in achieving precise
excavation specifications.

The experimental outcomes of this study should be considered within the context of its
specific limitations, particularly the selection of a simplified earthwork site for testing. This
environment lacked common real-world complexities such as obstructions or varied topog-
raphy, which are typical in standard construction sites. This simplification might restrict
the applicability of the findings, as the actual performance of these excavation techniques
in conventional settings has not been examined. While using a simplified site can help in
systematically assessing system capabilities and making initial evaluations, it does not fully
replicate the diverse challenges present in normal earthwork operations, which could lead
to a gap between anticipated and actual performance in varied operational contexts.

Moreover, the system’s dependence on manually inputted designs for site boundaries
and specific excavation areas introduces a significant element of human intervention. This
requirement for manual data input of CAD designs could hinder the system’s flexibility
and scalability, as each change in project scope or site layout necessitates new inputs and
assessments. Although the demonstrated precision of task execution is impressive, the
overall effectiveness of these operations heavily relies on the accuracy of the initial design
inputs. Mistakes or inaccuracies during this stage can cause errors in the final excavation,
leading to cost overruns in earthwork. The integration of dump truck operations within this
system also shows a limitation in automation scope, particularly in the manual specification
of loading areas. This aspect suggests partial automation where critical elements like the
dynamic positioning of dump trucks still require manual intervention, which could lead
to operational inefficiencies in practice. Optimizing the coordination between excavators
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and dump trucks without human input remains an essential development goal. Enhancing
this aspect of the system could significantly improve operational continuity and efficiency,
particularly in fluid and changing construction environments.

Table 5. Results of the experiment (point and trench excavation).

Type Description
[ ]
Point excavation
(al) (b1) (c1)
Algorithm simulation Algorithm implementation The actual results of
on the web automated excavator operate
Trench excavation (Narrow ‘
and deep)
(a2)
Algorithm simulation Algorithm implementation The actual results of

on the web automated excavator operate

Despite efficiently replicating planned tasks in controlled environments, the system’s
true worth in actual earthwork projects hinges on its performance under unpredictable
real-world conditions. Future research should encompass a spectrum of environmen-
tal settings to comprehensively assess the system’s prowess and operational constraints.
Moreover, advancing automation in task planning and dynamic adjustment capabilities
is crucial for reducing manual dependencies and enhancing responsiveness to real-time
environmental shifts. These advancements are pivotal for transitioning from controlled
experimental validations to practical, deployable systems equipped to tackle the intricacies
of large-scale earthwork operations. Its adaptive nature, dynamically responding to shifting
site dynamics and real-time data inputs, signifies a departure from static methodologies,
ushering in a new era of agile problem-solving in construction operations. Moreover, the
implementation of such automated systems heralds a paradigm shift, reducing the reliance
on manual oversight and ushering in a future where labor and resources are optimized
to their fullest potential. Beyond the realms of excavation and hauling, this technology
holds the promise of reshaping various facets of the construction industry, offering novel
solutions and unprecedented efficiencies through real-time, automated task planning.

5. Conclusions

This study has successfully demonstrated the application of task component design in
excavator—truck operation planning using web-based systems. The developed algorithm
improves the earthwork construction equipment operation ability considering the dynamic
nature of the construction sites. It improves coordination between excavators and dump
trucks, improving the productivity and operation of earthwork in construction projects.
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The study develops a task planning algorithm that uses a web-operable system and
protocol that autonomously generates excavation plans for various construction types. By
integrating excavator specifications, work environment details, and design constraints into
an algorithm, the system can efficiently manage and execute construction projects. The
developed system utilizes a JSON-based protocol that integrates with sub-systems and it
allows construction managers and stakeholders to establish operational and work plans for
excavators and dump trucks even if they do not have any knowledge of excavation planning.
It employs a hierarchical planning approach that includes high-level operation planning
and task planning, alongside specialized sub-task planners. The system demonstrates
effectiveness in managing tasks in both simulated and real-world settings. This research
enhances the productivity and operational efficiency of earthwork construction projects by
improving the coordination between excavators and dump trucks.

Further research could explore integrating additional types of construction machinery
into this automated system to provide a comprehensive solution for site management.
Studies could also assess the long-term impacts of such automation on project timelines
and overall construction costs and its adaptability to different types of construction envi-
ronments. Challenges such as varying site conditions and machine malfunctions need to
be addressed to ensure reliability and effectiveness. To ensure reliability and effectiveness,
the algorithm needs to be further refined to handle unexpected environmental variables
and machine malfunctions. By pushing the boundaries of construction technology, this
research contributes to the evolving field of construction automation. It promises a future
where such technologies are commonplace, thereby enhancing operational efficiency and
sustainability in construction projects.
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