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ABSTRACT 

With the increased demand on fuel efficiency and 
productivity of the different construction equipment 
types, the connection of the equipment’s sub 
systems, the connection between the different on site 
machines and the connection to the site management 
gets more and more important. By analyzing the 
different systems and the underlying requirements, 
several optimization possibilities arise with the 
connection of the different data sources. It will be 
shown that the connection of the different system on 
machine level as well as the connection between 
machines will have a big impact on performance and 
efficiency of the systems and subsequently of the 
machine itself. 

INTRODUCTION 

Looking at the increasing number of sensors and 
information source at the different types of 
construction machinery as well as the increasing data 
sources on a typical worksite the analyzing 
possibilities has not been as big as they are today. By 
using the growing calculation and processing 
capabilities of the standard vehicle ECU’s (Electronic 
Control Unit) the data is used to continuously optimize 
the machines subsystems towards the predefined 
target functions. Traditionally, the generated sensor 
information was used in the machines subsystems as 
input for control loops as well as information source 
for the operator. There is still a big value to use this 
information to optimize the machines systems and 
performance but with the increased possibility to 
share the data with connected off-board system 
makes each single machine to a data mine itself.  

The different levels of connectivity and automation 
require a different handling and transmission of the 
system, machine and process data. The SAE 
Standard J3016 defines levels to describe and 
distinguish the stage of automation [1]. The defined 
levels are shown in Figure 1. Levels for automation 
are defined for on-road vehicles but also can be 

applied to off-road vehicles and construction 
equipment in the same manner. 

 

Figure 1 Table of levels of driving automation for 
on-road vehicles [1] 

In close conjunction with the automation also the 
connectivity of the systems and vehicles will increase 
and therefore can be clustered into the same 
numeration as well. While the level of automation is 
increasing also the requirements on the 
communication and connection between the vehicle 
components and systems are increasing. This is 
driven by the safety features but also by the need to 
exchange system data on a higher level to enable 
sophisticated control and optimization. 

Different communication technologies are used for 
the different levels of automation. Low level 
automation of vehicles systems still relying on analog 
data transmission as well as CAN communication on 
a basic system layer. On machine level, these 
communication technologies are not sufficient to 
support further machine and vehicle automation. The 
trend towards advanced communication technologies 
in the commercial vehicle domain is recognizable. 
CAN FD as well as on-board Ethernet communication 
could be possible solutions.   
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CONNECTIVITY AND AUTOMATION 

From a system perspective a split into three main 
levels can be done as well. This very simplified 
differentiation is very useful during the development 
process of the diverse stages of automation for 
construction equipment.  

System automation  

Looking to the machine as a working system of 
different interacting components and subsystems, the 
connection is the backbone of the whole system and 
crucial to perform the given work task as well as the 
necessary basic machine functions. During the 
machine operation, data is generated to control the 
components and subsequently the machine or 
vehicle in total. The low level communication and 
automation, or the component control, is the very first 
step into the automation of complex functions and 
tasks. With the connection of the different data 
sources as well as the basic machine and vehicle 
parameters, additional information can be generated 
and utilized as input to control loops. In [2] such a 
principle is explained for the force and motion 
controller of an excavator arm.  

 

FIGURE 2 Simplified physical structure model of the 
plant and loop controller [2] 

The basic principle in Figure 2 can be applied to 
many subsystems and components in a similar way. 
Key for the application of such control structures is 
the availability of reliable state information and data 
provided by suitable measuring devices. The 
connection between the different system components 
has to be permanent and stable. To be able to control 
the respective function in an efficient and safe 
manner, the data stream e.g. from the measuring 
devices toward the control system has to be ensured 
during the whole operation time. A failure in the 
communication will directly lead to a failure of the 
whole system.  

The main purpose of the system automation in 
today’s machinery is the reduction of the mental 
operator workload and the increase of efficiency of 
the working system. Due to that, the requirements on 
the subsystem and the automation of the same are 
different to a full autonomous solution. The described 
low level system can be used to create operator 
assistant functions as well as automated functions for 
the machine actuation. The so called high level 
control will still be done by the human operator. This 
fact needs to be included into the development of the 
automated systems and functions. It is required that 
interfaces and the connectivity be tailored towards the 
smooth and efficient interaction with the human 
operator.  

In theory it can be assumed that the summation of all 
different assistant systems, automated functions and 
semi-autonomous features will result into a fully 
autonomous machine. Due to the fact that all these 
systems have been designed to collaborate with a 
human operator, the theoretical assumption is not 
totally valid. The underlying requirement for these 
developments is the availability of a human operator. 
Therefor the system automation will not necessarily 
lead to a full autonomous machine.  

Machine automation 

The next higher step in the automation of vehicles 
and machines is to take a comprehensive view on the 
whole system. This will reveal that a vehicle or 
machine consists of many, sometimes independent, 
systems and functions. A high level control system or 
control layer is required to plan and coordinate the 
work task of the autonomous machine. This system is 
the replacement for the human operator and takes 
care of the high level control and command structure. 
Schmidt [3] showed this by creating a high level 
control system for a trajectory planning module of an 
autonomous excavator.  

 

Figure 3 The Main execution steps during an 
excavation cycle [3]  

The low level component control layer is carrying out 
the commands form the planning module constantly. 
In parallel several other task are needed to be carried 
out. To ensure a safe working, a safety module needs 
to continuously monitor the environment to be able to 
detect objects and to calculate possible collisions for 
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the planed trajectories. It can be assumed that the 
result of the different modules inherit each other to 
secure a safe and stable operation of the autonomous 
machine. One possible solution to create a functional 
control network has been published by Proetzsch [4]. 
The feasibility of the approach has been shown 
during several applications [3], [5] on different 
platform but remains still as a research approach for 
full vehicle automation. 

For the automation a suitable communication 
backbone is required to be able to run critical 
functions in a stable and efficient way. Due to the fact, 
that the human operator will not be the last control 
layer on the machine the interconnection between the 
subsystems and functions needs to be ensured. Base 
on the setup of the control system, the connection 
and communication will differ from the lower level 
connection. The high level planning system does not 
necessarily require a continuous data stream form 
and to the connected low level components. A simple 
state feedback could be sufficient to plan the following 
step. To ensure a safe and robust operation a certain 
redundancy or fault detection is required. In parallel 
the safety system could require a continuous 
information flow from the perception sensors as well 
as from the low level control layer to evaluate 
potential risk and critical situations. 

This different requirements needs to be included into 
the system design. Hence the connectivity of the 
autonomous system will differ from the traditional low 
level control approach. It can be assumed that the 
increased demand on data bandwidth for safety 
calculations will exceed the capabilities of the current 
on-board communication networks used in 
construction equipment and today. Several 
approaches and solutions are known to solve these 
challenges. A more suitable communication protocol 
like vehicle based Ethernet can be established to 
meet the requirements of the safety systems. The 
stability and robustness of such systems needs to be 
optimized for the described usage. In contrast to that, 
distributed systems could be another solution to 
address safety features while reducing the need for 
full raw data transmission. Embedded systems could 
preprocess or process data where it is generated and 
transmit the results based on priority scheduling.  

All automated systems have in common that a 
powerful and stable communication layer is essential 
for the system performance. The ongoing connection 
of the information source on a machine or vehicle also 
opens up for new possibilities in the machine / vehicle 
state detection. The information sources as a whole 
contain useful, unmeasurable data about the state 
and condition of the system. By using adequate 
algorithms and models, like the hidden Markov 
model, this information can be used to extract useful 
process data. 

Process automation 

The described automation layers only included one 
machine executing a specific work task. Typical 
construction equipment machinery will have to 
collaborate with other equipment types / infrastructure 
or humans on site. The generation of collision- free 
trajectories has been shown in [6] for a fleet of 
quadrocopters. It is stated, that the overall approach 
is applicable to other autonomous machines as well. 
The paper is presenting that the collaboration of the 
machines is controlled by an high level system 
gathering all machine / vehicle and environmental 
information. The Information subsequently will be 
used to generate collision free trajectories which will 
be commanded to each single interacting machine 
while the low level control remains as vehicle / 
machine responsibility. The communication between 
the machines and the high level control layer is crucial 
for the operation of the whole system.  

In case of loading and hauling machines, the level of 
interaction needs to be investigated further. Vehicle 
to vehicle (V2V) communication and vehicle to 
infrastructure (V2I) communication will add additional 
layers for task planning and data distribution. In 
comparison to the approach shown in [6] different 
configurations has to be considered: 

1.) Interaction between autonomous systems 
and humans 

2.) Interaction between autonomous system and 
manually operated equipment 

3.) Interaction between autonomous systems 
and the infrastructure 

4.) Interaction between autonomous systems 

Figure 4 shows in principle the work tasks in the 
industry segment “Quarry and Aggregates”. It is 
obvious that the collaboration and interaction of the 
different types of machinery is crucial for the site 
production process. The overview can also be utilized 
to cluster the different tasks according to the stated 
configuration to develop appropriate semi-
autonomous or autonomous solutions.  

While the requirement on the connectivity stays the 
same for the different configurations, the execution 
and data representation needs to be adjusted. 
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 Industry Segment Quarry and Aggregates [7]

OPTIMIZATION POTENTIALS 

A big driver for the vehicle automation is the possible 
gain in efficiency and productivity that could be 
achieved in some specific applications. Automated 
construction equipment like wheel loaders and 
articulated dump truck will be utilized in niche 
applications with defined boundaries and 
requirements. Such an application could be the 
material loading and transport within a quarry.  

To verify the potential efficiency increase for semi- 
autonomous and autonomous operation of 
construction machinery several investigations can be 
utilized.  

In [8] the deviation in the efficiency and productivity 
among a group of operators has been investigated 
and analyzed. It has been shown that the assisted 
work could improve the efficiency and productivity of 
the operators while using function and vehicle 
automation. Depending on the skill level of the 
operator the efficiency gain could be up to 150% in a 
typical application. Taking all measured operators 
into account, a fuel efficiency gain between 20% and 
40% can be observed for specific applications. The 
measurements and assumptions by B. Frank only 
consider the usage of a wheel loader corresponding 
to SAE J3016 level 1 and level 2 automation. 
Comprehensive investigations for higher levels of 
automation have to be performed to verify the 
efficiency and productivity increase. It can be 

assumed, that semiautonomous and autonomous 
machines will result in a more stable efficiency in a 
specific application due to better controllability and 
the high level planning possibilities.  

Similar assumptions, both for assisted and 
autonomous operation, can be made for other 
equipment types as well. 

Connecting the interacting machines and vehicles on 
a typical quarry will lead to an increased efficiency 
and productivity on site. Basic analyses of the overall 
benefits of such a connection have been made by 
Rylander. Applying the lean production thinking on a 
construction site or quarry, different types of waste 
have been determined [9]. Some types of waste 
could be eliminated by simple communication 
between the different machines and vehicles. A basic 
set of transmitted date like GPS, heading and 
machine type could be utilized by a site management 
system optimize traffic and material flow. The 
increase in fleet efficiency at this stage is independent 
from autonomous features and can only be achieved 
by proper connection of all on site vehicles and 
machines. Connecting the different information 
sources to one database could be beneficial to plan 
the material flow, machine usage and subsequently 
the cost and income in advance.  

Adding semi-autonomous and autonomous vehicles 
and systems offers further optimization potential. 
Having the possibility to control the material flow as a 
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multidimensional function with respect to machine 
properties, order income, material stock, 
environmental conditions, traffic, etc. the site 
production could be optimized while maintaining a 
high efficiency of the utilized machinery. In this case 
the site control level will govern the target function 
which will subsequently affect all other control layers 
down to the single machine component. The driving 
strategy of a hauling vehicle, for example, could be 
optimized depending on the requested production 
and the “global” efficiency target of the site. 
Subsequently the shift strategy of the gearbox could 
be optimized to meet the “local” target function of the 
vehicle. This can be achieved by means of 
sophisticated data exchange and process 
optimization across different control layers. 

CONCLUSION 

The application of operator assistant function, semi–
autonomous and autonomous machines will lead to 
an increase of efficiency for specific work tasks. The 
underlying technologies for controlling the functions 
as well as the connection of the components, systems 
and machines needs to be optimized towards the 
utilization in the commercial vehicle domain. With 
respect to reliability and safety some of the presented 
approaches are still in the research phase but 
showing promising results justifying further 
investigation. 

While fully autonomous construction equipment will 
be a niche product for well-defined applications in 
confined areas, automated systems and semi-
autonomous features can be applied in a wider range 
of applications. The recognizable trend in the 
automotive and truck industry towards operator 
support through smart features will expand to the 
construction machinery as well. Already automated 
subsystems like gear shift; cruise control etc. will be 
connected to intelligent functions to further increase 
efficiency and productivity as well as the comfort of 
the operator.  

The research on fully autonomous machines will 
generate valuable results for the development of 
integrated and expandable operator assistant 
functions. Coincidently the requirements on the 
connectivity will increase based on the necessarily of 
safety features which require a certain amount of 
reliable data as basis for the risk calculation. State-of-
the-art technologies like CAN Bus communication will 
not be sufficient to support higher system and 
machine automation. Distributed systems could be a 
solution for an additional safety layer for autonomous 
features.  
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ABBREVIATIONS 

ECU Electronic Control Unit 

V2V  Vehicle to Vehicle communication 

V2I Vehicle to Infrastructure communication 
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