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Sammanfattning 

Detta examensarbete ämnar utforska möjliga tillämpningar av taligenkänning i byggutrustning samt 

självstyrande fordon. Framsteg i självstyrande fordonsteknologi visar att fordon som hjullastare 

kommer kunna utföra uppgifter själv, utan operatörer, inom kort framtid. I nuläget krävs ännu 

människor för att interagera med maskinen. Men nya framsteg i röststyrning visar att röstbaserade 

gränssnitt kan tillämpas. Forskningsfrågan i detta arbete är: Till vilken utsträckning kan röststyrning 

ersätta handmanövrerade instrument i ett intelligent självstyrt fordon? En etnografisk forskning ägde 

rum för att identifiera de krav som ett sådant gränssnitt skulle behöva uppfylla. En designprocess ägde 

rum för att utveckla en prototyp för ett sådant system. Prototypen utvärderades genom tester och 

påvisade positiva egenskaper. Den visade sig vara både lätt att lära samt enkel vid användning. 

Teknologin i taligenkänning påvisade dock brister genom dålig prestanda samt låg användarnöjdhet. 

Abstract 

This thesis sets out to explore possible applications of speech recognition in construction equipment 

and autonomous machines. Advancements in autonomous vehicle technology mean that soon, vehicles 

like wheel loaders will be able perform tasks without human operators. Those vehicles still require a 

method of interaction with humans and recent improvements in speech recognition mean that it is 

possible for a natural voice-based interface to be used. The research question of this thesis is the extent 

to which voice control can replace hand-operated controls in an intelligent autonomous machine. 

Interviews and observation sessions took place in order to identify the requirements such a speech 

interface would have to fulfill. Next, a design process took place in order to build a prototype of such 

system, followed by test sessions to evaluate it. The prototype demonstrated positive attributes, with 

great learnability and ease of operation, but speech recognition errors meant low performance, and 

overall user satisfaction. 
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1. Introduction 

Speech recognition is an area that has existed for decades with various applications, both in work and 

personal use case scenarios. Implementations include, e.g., dictation software, voice activated devices 

and virtual assistants. For many years, those solutions however were not widely used, mainly because 

of their low reliability, which meant that operation with conventional input interfaces was faster and 

provided higher success rate in the tasks performed. However, in the last few years, advancements in 

both hardware technology, such as complex microphone arrays, and in software, with advancements in 

artificial intelligence and machine learning, have led to an unprecedented increase in the usability of 

voice operated machines. Smart speakers and smartphones with integrated voice assistants are widely 

used today with high levels of success, thanks to accurate voice recognition and almost human like 

responses and dialogue with the user. 

While voice assistants have made a breakthrough in consumer devices, they are still practically non-

existent in most workplace environments. Productivity and reliability are probably the most important 

factors in these environments, which is why new technologies have rather slow adoption rates and do 

not find their way there until they are mature and proven in the consumer space. Current 

implementations rely on rather primitive technology to perform simple tasks, and more advanced 

systems that take advantage of machine learning, cloud technology and natural language processing 

neither have been applied in such scenarios nor have been developed with professional environments 

in mind. 

Smart vehicles are another area that has recently seen a breakthrough. For the first time, autonomous 

vehicles are considered feasible, with cars that offer a small degree of autonomy being already 

commercially available and fully autonomous vehicles being publicly tested and preparing for 

commercial availability. This means that new ways of interacting with those vehicles need to be 

developed. The users need to be able to give the vehicles instructions where to go, as well as be able to 

control its various systems. Speech recognition and natural language processing present a great 

opportunity, with natural human-like voice interaction being capable of interfacing the user and the 

vehicle. Taking this a step further, the same principle can be applied in professional vehicles, such as 

trucks or construction equipment, which have to perform various tasks with a high degree of 

reliability, efficiency and safety. 

The above bring us to the research question. In many scenarios at present worksites (such as quarries), 

at least two people are required to perform a task, one to operate the machinery and another to 

supervise and give instructions to the operator of the vehicle. Assuming that an autonomous machine 

that does not require an operator exists, the process can take place with only one person supervising 

and instructing the machine to perform various tasks. Traditionally, the supervisor gives oral 

instructions to the operator, and with the autonomous machine, it is a challenge to keep a similar form 

of interaction between the supervisor and the machine. Additionally, the supervisor also needs to be 

able to keep track of various systems that the operator would normally observe and take action upon. 

The intention is to find out if voice control is a feasible option in such an environment. That means 

that tasks have to be performed correctly, in a timely manner and, most importantly, with safety in 

mind. So, to sum this up, the research question is: To what extent can voice control replace traditional 

hand-operated controls in an intelligent autonomous machine in a construction worksite? In order to 

answer this question, the performance, usefulness, ease of use, learnability and user satisfaction of 

such a system have to be evaluated, a task that along with building a proposed solution for such a 

system is going to be undertaken in the context of this thesis. 
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2. Background 

In this chapter, the theoretical concepts and technologies that form the foundation of the project will 

be described in detail. The definitions fall in three main categories, technology, communication and 

working machines. 

2.1. Technology 

In order to build a speech interface, it is important to understand the technologies that need to be used. 

In general, the following components need to be present: a voice recognition and speech synthesis 

system, that is able to take human speech as input and identify the words being spoken by the user and 

produce artificial human speech, and natural language understanding, which gives the system the 

ability to understand the meaning of a user’s language input and process it. These and current 

applications of those technologies are presented in the following paragraphs. 

2.1.1. Voice recognition and synthesis 

Speech recognition and speech synthesis technology have been topics of interest for many decades. In 

his paper where he writes about the historic development of automatic speech recognition (ASR), 

Juang mentions that attempts at introducing speech analysis and synthesis can be traced back to the 

1930s, with the efforts of Homer Dudley of Bell laboratories [1]. This, among other attempts, resulted 

in the creation of early speech synthesizers. Later on, in the 1950s, research by Davis, Biddulph and 

Balashek [2], as well as Olson and Belar [3], aiming towards the creation of automated speech 

recognizers was conducted. In the 1960s, speech recognition technology was capable of recognizing 

small vocabularies (order of 10-100 words) of isolated words based on simple acoustic-phonetic 

properties of speech sounds [1]. In the 1970s, medium size vocabularies (order of 100-1000 words) 

could be recognized, using template-based pattern recognition methods. In the 1980s, statistical 

models became more popular and large vocabularies (1000-unlimited number of words) could be 

recognized. Specifically, a process called the Hidden Markov Model (HMM) (Figure 1) gained 

popularity and remained the main foundation for speech recognition and it is being used even today. 

Another technology that gained popularity in the late 1980s were neural networks, thanks to the advent 

of Parallel Distributed Processing (PDP). The success of statistical methods gathered the attention of 

the US Defense Advanced Research Projects Agency (DARPA), which supported the development of 

a variety of speech recognition systems and led the development of large vocabulary systems and the 

reduction of error rates. In the 1990s great progress was made in the development of software tools for 

research, with most notable the Hidden Markov Model Tool Kit (HTK), a system made available by 

the Cambridge University team [4]. Large vocabulary systems with unconstrained language models 

and constrained task syntax models for continuous speech recognition and understanding could be 

built. More recently, very large vocabulary systems with full semantic models, integrated with text-to-

speech (TTS) synthesis systems have been introduced. On top of that, speech synthesis systems with 

highly natural speech characteristics have been introduced. Machine learning has started being used 

deliberately in order to improve both speech understanding and speech dialogs. [1] 
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Figure 1: An illustration of probabilistic parameters of a HMM. X indicates states, y indicates possible 

observations, a indicates state transition probabilities and b indicates output probabilities. [5] 

Today, while Hidden Markov Models (HMM) combined with artificial networks [6] are still very 

popular in speech recognition systems, a deep learning method called Long Short-Term Memory 

(LSTM) [7] has become popular and has taken over various aspects of speech recognition, thanks to 

big performance improvements compared to previous systems [8].  

In the 2010s, research interest began to rise in so-called “end-to-end” ASR. This means that the 

models jointly learn all the components of the speech recognizer, unlike traditional phonetic-based 

models where there are separate components and training for pronunciation, acoustic and language 

model, thus simplifying the training process. With traditional methods, as an example, a n-gram 

language model, which is required for all HMM-based systems normally takes several gigabytes in 

memory [9], which is the reason than most modern commercial speech recognition systems rely on the 

cloud instead of being deployed to the devices locally. Various attempts of implementing end-to-end 

ASR have been made, with promising results and even moderate commercial success [10], [11]. 

Measuring the performance of speech recognition is a crucial part of this thesis. The main criteria used 

to evaluate speech recognition systems usually are accuracy and speed. Word Error Rate (WER) and 

Command Success Rate (CSR) are metrics that are often used to evaluate the systems. For the 

purposes of this thesis, CSR is going to be used, because the purpose of the project is to build and 

evaluate a system that essentially understands commands, not dictation (a task were WER would be 

more appropriate). CSR measures the percentage of the commands spoken by the user that have been 

correctly and successfully registered by the speech recognition system. 
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2.1.2. Natural language processing 

An area that is very important to both oral and written interaction with computers and that is a 

fundamental part of contemporary commercially available voice assistants is Natural Language 

Processing (NLP). Natural Language Processing refers to computer systems that attempt to understand 

and/or produce one or more human languages and is a part of computer science and artificial 

intelligence. Developing such a system can be a particularly difficult task, because of the ambiguity of 

language functioning on multiple levels, such as semantic, structural, etc. [12]. Front ends to databases 

have been successful NLP systems. This means these systems can understand questions relevant to the 

content of a database. A system called LUNAR was the first to provide a wide coverage of questions 

in English, even complex quantified database queries, and it demonstrated the ability to retain the 

efficiency of context-free parsing algorithm yet handle context-sensitive aspects found in natural 

language. Developments such as Definite Clause Grammars (DCG) based on the Prolog language have 

further advanced NLP. According to Allen [12], one of the bigger challenges in NLP is the 

development of systems that can engage in extended length natural dialogue, because on top of the 

general challenges found in NLP systems, it requires taking into account dialogue phenomena. An 

NLP system should both recognize the intended goal of the speaker’s command and respond in a 

reasonable manner. Computational speech act models have been developed in the past [13], which, 

while generally successful, are not capable of explaining longer dialogues. However, newer promising 

models have been developed since [14]. Clarification and correction dialogues, topic changes and 

other complexities present particular challenges. 

Computer speech consists of two parts in terms of NLP: generation and speech. Generation (or natural 

language generation) refers to “the production of sentences to describe a given body of knowledge” 

[12], which in itself as a problem consists of two variables, deciding what content needs to be 

communicated and deciding how to realize it in natural language. Usually, this is addressed by 

systems separate to the natural language understanding components because they face different issues 

(reasoning ability of the system versus parsing and semantic interpretation processes). Speech refers to 

the production of language in a spoken, rather than a written form. This is a challenge, in the sense that 

there is uncertainty and ambiguity introduced because of communicative intent and other aspects of 

spoken language, such as intonation and prosody, which in themselves are a source of information. 

2.1.3. State of the art & contemporary applications 

As of 2018, one application of speech recognition and natural language processing with great 

commercial interest are virtual voice assistants. Virtual voice assistants are software applications that 

can perform various tasks for the user, using voice commands as input. One aspect of contemporary 

voice recognition systems and digital voice assistants is that they can be operated in a completely 

hands-free way. According to Apple [15], for the Siri voice assistant in Apple devices, a small voice 

recognizer runs all the time on the device and listens for the trigger phrase (Hey Siri). The trigger 

phrase detector uses a Deep Neural Network (DNN) to convert the acoustic pattern of the user’s voice 

at each instant into a probability distribution over speech sounds. It then uses a temporal integration 

process to compute a confidence score that the phrase the user uttered was indeed the trigger phrase, 

and then the voice assistant activates if the score is high enough. Other voice assistants use a similar 

approach. It is worth mentioning that in some instances, including Apple’s Siri, there is an initial setup 

session in which the user can say the trigger phrase multiple times. This has two purposes, to train the 

assistant to recognize only the specific user’s voice when using the trigger phrase, and to minimize 
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false positives that would lead to the voice assistant accidentally being activated by similar sounding 

phrases. 

While there is research aiming at evaluating and comparing different voice assistants, such as Siri and 

Alexa [16], [17], a standardized and quantified evaluation method has yet to be established. A 

proposed method to predict user satisfaction and evaluate the voice assistants has been published, but 

focuses exclusively on consumer oriented aspects of the assistants, such as the ability to make phone 

calls or schedule calendar events [18]. 

Speech recognition has been used with limited success in cars. Typically, a speech recognition system 

works by pressing a button, which temporarily mutes the audio coming from the vehicle’s stereo and 

gives an audio prompt to the driver that the system is listening. After the prompt, there is a short 

listening window, during which the driver can say a command to the system. Such systems are used in 

order to control various functions of the stereo, such as select radio stations, or make phone calls. 

More recent systems integrate NLP and function in a similar manner as the numerous voice assistants 

that are present in contemporary smartphone devices [19], [20]. 

Voice control refers to the ability to control a device using voice commands. This enables the user to 

operate devices without dials and buttons. This technology has seen many applications in the past, 

both in consumer and professional devices. One area of particular interest is medical devices, 

especially in scenarios where the operator, namely a doctor, is usually required to perform another task 

with their hands. Research in this area has been conducted in order to evaluate the productivity of such 

systems and shows moderate degrees of success [21]–[23]. In the studies conducted, the systems being 

evaluated were usually compared to systems with more conventional manual controls, such as foot 

operated equipment. Such systems in the past had unsatisfactory success rates and alternatives were 

usually preferred [24][25]. Voice control presents a great opportunity when combined with robotics, 

and recent research focuses on solutions such as robotic nurses and operation assistants, which 

incorporate voice control. 

2.2. Communication 

Communication plays a crucial role in systems where speech recognition is applied. Since speech and 

natural language are the most natural forms of interaction, researchers have focused their efforts to 

study and improve speech control and come up with design techniques that take into consideration 

how humans think and act, as well as combine speech recognition with other interaction technologies. 

2.2.1. Speech recognition and voice control 

One of the most popular implementations of speech recognition, as explained above, is voice control. 

A big problem with speech recognition is accuracy, and while perfect, domain-independent speech 

recognition has been described as an unattainable goal, it has been argued that in many applications 

less-than-perfect speech recognition is still useful [26]. While it is accepted that speech recognition is 

a relatively error prone input method, researchers have studied how to minimize and work around 

those errors. Command selection modelling techniques have been suggested, in order to select 

grammars and voice commands that lead to high-confidence, low error speech recognition [27]. Also, 

research has studied the causes of command failures and has suggested that simplified commands, as 

well as changing the way that speech recognition systems behave when recognition errors such as low-

confidence readings take place, can improve the success rate of speech recognition systems [28]. 
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2.2.2. Speech recognition and other input methods 

In order to evaluate, as well as improve speech recognition as an interaction method, it has been 

compared with and augmented by other methods and technologies. Comparisons with written text and 

gesture control have been made [29]–[31] and show that each can be better suited in different 

scenarios, used interchangeably, or simultaneously for redundancy purposes. In other studies, the 

combination of speech recognition with gaze control [32] and sensors that make the system context 

aware [33] has been tested, in order create a system that is more intuitive to use and recognizes speech 

more accurately. 

2.2.3. Human behavior and cognitive factors 

Interfaces involving speech have to take into consideration how humans interact, both with each other 

and with machines. Researchers have therefore made efforts to understand the aspects of human 

behavior and the cognitive factors that can affect that interaction and design interfaces that are more 

efficient and easier to use. It has been discussed that in order to build interfaces with conversational 

competence, we have to understand natural conversation structures between humans [29]. It has been 

observed that conversational interfaces that avoid confirmational subdialogues, are more efficient and 

are perceived by the users as easier to use. The same applies to interfaces that present to the user more 

options per step instead of ones that present simpler options in more steps, [34]. In terms of 

commands, in another study it was observed that users preferred short commands over ones that sound 

more natural but are longer [35]. Finally, when it comes to speech recognition in dictation software, it 

was observed that speech recognition confidence visualization, a feature of speech-to-text software 

that highlights words that may have been transcribed incorrectly (Figure 2), is only useful and 

effective when it consistently and accurately detects speech recognition errors, If not, it improves 

neither the speed nor the accuracy with which users detect errors in the dictated text [36]. 

 

Figure 2: An example of speech recognition confidence visualization. The blue underlining under some 

words indicates low confidence in the transcription (words possibly recognized incorrectly). 
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2.3. Working machines 

The term working machines refers to machines that are used in construction, mining, agriculture and 

forestry, which have replaced traditional hand tools. Such machines can be wheel loaders, excavators, 

articulated haulers etc (Figure 3). Below, various concepts around working machines that are relevant 

to the project will be described. It should be noted that while some of the concepts and terms used 

below may not be widely accepted in the HCI community, they are used by people working in the 

construction equipment industry in order to accurately describe various properties of the machines, as 

well as challenges that are faced when developing and testing working machines. 

 

Figure 3: A wheel loader and an articulated hauler in a quarry environment. 

2.3.1. Machine properties 

The focus of this research is working machines that qualify as construction equipment. In those 

machines, there are a number of properties that are important given their intended task. Those 

properties can vary from machine to machine, and the ones that are most relevant to this project and 

apply to the piece of construction equipment that this thesis mainly focuses on (the wheel loader) are 

the following: 

• Productivity (expressed for example in tons/hour) 

• Controllability (precision, feedback, response) 

• Operability (see definition below) 

 

These properties are crucial in the machinery that is the focus of this research and maintaining them at 

least at the same level as before is a goal when developing a system around them. 

According to Filla, “Operability is the ease with which a system operator can perform the assigned 

mission with a system when that system is functioning as designed” [37, p.2]. One could argue that 

this definition is rather wide and abstract and perhaps there are more widely accepted HCI terms that 
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could be used instead. However, operability is a term that is tailored to working machines and 

measuring aspects that are relevant to their operation specifically. This means that depending on the 

application, it can measure things like physical or cognitive effort, using either quantitative or 

qualitative criteria. While measuring operability usually relies on empirical data, efforts like Filla’s are 

made towards quantifying operability and using more scientific measurement methods than in the past. 

One of the aspects that are most important to operability is the mental/cognitive workload that takes 

place while operating the machines. While this has been a topic of great interest in working machines, 

little to no research has taken place to measure mental/cognitive workload when using speech 

recognition systems, especially in professional environment. Research has been conducted to evaluate 

and compare touch, gesture, and voice control in car infotainment systems [30] and research on how to 

reduce working memory load in spoken dialogue systems has taken place, mainly with focus on 

operation by people with disabilities [34][38]. 

2.3.2. Working cycles 

Filla [39] states that in wheel loaders, different working cycles can take place. From personal 

experience as well as discussions with various people at Volvo, he identifies two important working 

cycles, the short loading cycle and the load & carry cycle. For the purposes of this research, the short 

loading cycle is going to be investigated. This cycle, which is also known as a V-cycle or a Y-cycle 

(Figure 4), is highly representative of the majority of applications and it involves loading some kind of 

granular material on a load receiver, such as an articulated hauler, in a time frame of 25-35 seconds. 

Filla states that this cycle has been established as the main test cycle for operability in wheel loader 

development. 

 

Figure 4: An illustration of a Y-cycle. The wheel loader fills the bucket with material from the pile, 

reverses and then proceeds to empty the load in the container of the articulated hauler. [39] 
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2.3.3. Harmonic working machines 

Because of the lack of a formal, generally agreed definition of the human operator’s difficulty in 

working with a machine, the term operability is being used for working machines. Volvo engineers 

also came up with a term called harmonic wheel loader [39]. The term, which one could argue that it 

can apply to machines other than wheel loaders as well, making them harmonic working machines, is 

used to describe “an ideal machine, possessing a high degree of machine harmony which makes it 

intuitively controllable and able to perform the work task in a straightforward manner without much 

conscious thought or strategy. The lower the degree of machine harmony, the more effort the operator 

has to put in in order to perform the work task and thus the higher the workload.” [39, p.15] 

3. Method 

For the purposes of this project, an action plan has been laid out, with a series of methods being 

implemented at different stages of the research. In order to explore the possibilities and viability of 

speech recognition in a construction environment, it was decided to perform unstructured interviews 

and observation sessions first, in order to understand the processes, needs and culture of the 

environment where the proposed solution would be applied.   

Next, a solution was created, applying User Centered Design (UCD) principles and existing 

technologies. An initial prototype with very simple functionality was built as proof of concept for the 

technologies that would be applied, followed up by a functional Hi-Fi prototype of a voice assistant 

for construction equipment.  

Finally, a usability test was conducted in order to evaluate the functionality of the solution that was 

developed. 

3.1. Identifying needs and defining system requirements 

The first step in the process was to gather all the information needed to build the speech recognition 

solution. To achieve that, it was necessary to understand what action sequences take place in the 

scenario that the solution would be tailored to, the context in which the work process takes place, the 

culture of the worksite (quarry) and, most importantly, the needs and criteria that have to be fulfilled 

for the solution to be successful in its task. In order to do that, unstructured interviews and participant 

observation sessions were conducted. 

3.1.1. Unstructured interviews 

First, unstructured interviews with users and experts on the field were arranged. People were selected 

with the criteria of expertise and availability, which meant that Volvo CE employees with varying 

occupations were selected, since this thesis was undertaken in collaboration with the company. The 

interviews had different focal points according to the expertise of each interviewee, in order to extract 

relevant information from the people that are the most knowledgeable for different aspects of the 

project. Unstructured interviews were considered a relevant approach to start the research, because of 

limited knowledge on the culture of such a setting, especially the types of interaction that take place, 

as well as the scenarios in which a speech recognition solution would be most fitting and beneficial. 

3.1.2. Observation 

After having identified the scenario in which the system would be applied and having gathered as 

much information as possible, participant observation sessions were organized. This way, it was 
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possible to observe the processes that take place and to identify their intricacies and inner workings. 

This is important for two reasons. The first is to have a deeper understanding of the processes and 

observe details that otherwise would not be possible to extract from interviews, because quite often 

machine operators and experts perform various actions subconsciously and through muscle memory, 

something that the participants acknowledged themselves. The second reason has to do with the fact 

that one of the goals was to create an intuitive and natural experience of interacting with a speech 

interface. Participant observation allowed to study the verbal interactions of the operators in great 

detail, something that helped build a system towards that goal. 

In the observation sessions, scenarios were recorded, in which articulated hauler operators would visit 

a quarry and interact with the wheel loader operator on the site in order to order material and load it 

onto their vehicle. Cameras were installed in the cabins of the vehicles, along with microphones 

recording the interaction between the machinery operators. Another camera outside the vehicles was 

recording the overall process. 

Setup and scenario description 

The observation sessions took place in a testing facility in Eskilstuna, used by Volvo Construction 

Equipment. A real world situation would have been preferable, in the sense that it would be possible to 

capture more realistic interactions between operators, but resource and time limitations dictated using 

a simulated environment. The part the facility used consists of an open unpaved area where an amount 

of gravel is collected in a pile and is intended to simulate the setup of a quarry, for wheel loader 

testing purposes. 

The machines used to act the scenario out were a wheel loader and an articulated hauler made by 

Volvo and they were operated by Volvo employees. The participants of the observation sessions were 

selected after consultation with Volvo employees and were considered ideal for the task thanks to their 

ability to operate the equipment, their long practical experience in construction and quarry 

environments, and their deep understanding of the processes that take place there. 

The operators were instructed to perform the task of ordering and loading material, in the same way 

they would in an actual quarry setup. The wheel loader operator played the role of a quarry employee 

that receives and loads orders onto clients' vehicles, and the articulated hauler operator played the role 

of a construction company employee that was sent to order and receive the material needed for 

construction purposes. 

The participants were asked to do repeated sessions of the task, with the following variations: 

• Articulated hauler (AH) operator skill level (amateur and expert), in order to test the need for 

different degrees of assistance required from the wheel loader operator. 

• Different wording in requests and general communication. 

• Different order in requests. 

• Spontaneous unscripted questions and requests thought by the participants, if they desired so 

express them. 

It should be noted that the AH operator skill level was simulated for the inexperienced operator 

scenarios. While someone could assume that this would mean a reenactment of stereotypical behaviors 
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took place, the enactment focused on aspects of environment knowledge and was not based on 

assumptions like novice clumsiness. The differences between amateur and professional operators are 

based on observation and experience  of the participants over the years working in quarry 

environments. 

The instructions were kept to a minimum and the dialogue was left up to the operators, in order to 

observe situations that are as close to real life scenarios as possible. During the session there was no 

intervention from the observer. The sessions were recorded on the equipment described below and the 

video and audio files that resulted were later synchronized for coding and analysis purposes. 

Equipment 

The following equipment was used in order to record the observation sessions: 

• 2x GoPro Hero cameras with suction cup mounts 

• 1x Panasonic digital camera with tripod 

• 2x mobile headsets 

• 2x android mobile phones 

One GoPro camera was attached to the windshield of the wheel loader and the other one was attached 

to the left side window of the articulated hauler. Both cameras were used to record the machine 

operators and their actions during the observation sessions. Alongside the GoPro cameras, mobile 

headsets connected to android phones acted as voice recorders in order to capture the operators' 

spoken interaction. This was necessary because of the high noise levels inside the cabins and poor 

microphone performance of the GoPro cameras. The third digital camera was placed outside the 

vehicles and was used to capture the tasks performed with the machines. 

3.2. Design process 

Having collected all the needed information about the scenario where the solution would be applied, 

the design process was initiated in order to create a functional prototype. In this process, UCD inspired 

methods where used, although the overall process is not strictly UCD. The various UCD elements that 

have been used have been taken from Beyer’s User-centered Agile Methods [40]. 

Before proceeding with designing and creating a functional prototype of the speech interface for the 

quarry setting, a proof of concept prototype was built. This prototype, which is a speech interface that 

allows a robot to interact with a user and take an order for a beverage (such as coffee), acted as an 

early example that was easy to implement and proved that it would be possible to use the software and 

hardware tools that were available and create a speech interface that would understand natural speech 

and register various commands. This process took place in parallel with the interviews and other early 

steps of the design process, since its main purpose was to evaluate the tools to be used and the 

prototype’s functionality was not relevant with construction equipment. 

The tools that were used were the following: 

• Microsoft Visual Studio (Figure 5) 

• Microsoft Bot Framework 
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• Microsoft Language Understanding Intelligent Service (LUIS) 

• Microsoft Azure Cloud Services 

• Microsoft Cortana 

 

The reason Microsoft tools were chosen was that they offered multiple functionalities with tight 

integration with each other, that allowed to easily build and test prototypes. There was no need for 

specialized hardware and the prototypes could be easily tested on any computer running Microsoft 

Windows 10. 

 

Figure 5: The programming environment of Microsoft Visual Studio 2017. 

In order to have voice recognition that works as well as possible, a noise cancelling headset with a 

microphone certified for use with Microsoft Cortana and for use in noisy environments was used. 

Once the proof of concept prototype was created and verified, the suitability of the available tools (in 

the sense that they provided the ability to build a system with the desired functionality), the series of 

tasks performed by each machinery operator were broken down to specific actions and illustrated in a 

sequence model. This informed the creation of a state machine (explained in a following paragraph) 

later on, which shows the exact steps that take place during the process. The analysis and 

interpretation of the data that was gathered lead to the proposal of a design vision for a speech 

interface, which suggests a high-level concept of the system’s function. Through this process, a clearer 

idea of what the system would do and how it would generally operate was formed. 

The requirements for the system were prioritized using the MoSCoW method developed by Dai 

Clegg[41]. The feature requirements of the system where organized into four categories: 

Must have: the requirements that must be satisfied by the end of the first release 

Should have: the requirements that are important to the project success but could be delivered in a later 

release 
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Could have: the requirements that are nice to have but not crucial and the system could be accepted if 

the functionality is not included 

Won't have: the requirements that are least critical to project success and won't be implemented 

Next, a so-called state machine was created, which shows the exact steps of the interaction that takes 

place between the operator and the system, and the processes that take place in the system during the 

task. This way it was made sure that the task contains all the necessary steps and it is performed in a 

predictable and repeatable way. The state machine acts both as a blueprint for the development of the 

Hi-Fi prototype and as a tool that enables us understand its exact operation and verify if it takes place 

as intended. By looking at the state machine, one can know which processes should take place in the 

operation of the system. 

Finally, a functional prototype with a speech interface was developed, which the purpose of meeting 

all the specifications that were mentioned in the previous steps and would act as a test platform to 

measure usability and implement upon in the future. 

3.3. Prototype evaluation: Usability testing 

Finally, the prototype was evaluated with user testing and interviews. Because of the nature and the 

goals of the research, there was a focus on quantitative evaluation criteria, in order to evaluate 

performance. Qualitative criteria were also present in order to do an initial measurement of usefulness, 

system learnability, ease of use and user satisfaction. A detailed description of the process that was 

planned and took place follows: 

The goals of the test are to evaluate if and to what degree the solution proposed and implemented in 

the Hi-Fi prototype met the design goals of the project, which are the following: 

• A working voice interface that could be used in an autonomous vehicle, intended for use in a 

quarry environment. 

• A speech recognition system with high success rate in recognizing commands. 

• A voice interface that integrates natural language processing instead of fixed predefined 

commands. 

• A voice interface that allows a human truck operator to successfully give an order for material 

to an autonomous wheel loader, requiring no or very little training. 

Four users participated individually in the tests. All of the participants had previous experience with 

construction equipment. Two of the participants however were relatively inexperienced and younger 

in age, while the other two were more seasoned construction equipment users and more familiar with 

processes that traditionally take place in the environments like quarries. 

Before each session, the moderator introduced the session, read the test agreement and the participants 

signed the consent forms. Then he handed the task sheet to the participant and start recording the 

session. After the first task, he gave the instructions on how to use the system optimally for the second 

task. Once the session was complete, the moderator handed out the questionnaires and conducted a 

post-session interview. 

The users were informed about the general functionality and intended purpose of the system. Then 

they were introduced to the hypothetical scenario in which the actions that would take place in the test 

would apply in real life. Next, they were introduced to the equipment used, which from their end 
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consisted from a noise cancelling wireless headset. Once familiar with the setup, they were handed 

with a sheet that described the tasks that they would have to perform. 

The test sessions were untimed because of the linear and streamlined way that the prototype operates.  

The participants were filmed in order to analyze the sessions and the results of the test. Each session 

was split in two tasks, testing two separate cases in each. In the first, the users started using the 

interface without any instructions or explanations over the way it operates. In the second, they were 

instructed how to use the interface in order to take full advantage of its functionality in an efficient 

way. 

The test questions were separated into four categories: usefulness, ease of use, ease of learning and 

satisfaction. Users were asked to answer the questions in a USE test, by rating the degree to which 

they agree to each statement in a scale from 1 to 7. The original USE test was coined up by Lund [42]. 

In this context, a slightly modified version was used, having omitted the questions that are not relevant 

in the system. Additionally, users were asked to write up to three positive and three negative aspects of 

the prototype. The questionnaire can be found in Appendix B. 

3.3.1. Task list 

The task sheet that was given to the participants of the tests is as follows: 

Task 1 

In this session you will perform a task using a speech interface intended for use in construction 

equipment. In this scenario, we are going to simulate a situation where you approach a quarry with an 

articulated hauler and you want to order and load material. In the quarry. there is an autonomous 

wheel loader and you interact with it using the speech interface. For this scenario, the only instruction 

that you will be given of how to use the interface is the trigger phrase, which is “Hey cortana, open 

wheel loader”. 

Task requirements 

In order to complete the task, you need to order material and load it onto your vehicle using the speech 

interface. Please read the instructions for each case before proceeding with testing. You are going to 

test the following cases: 

Case 1 

• Material: 0 4 

• Quantity: 25 tons 

• Material position in bucket: center 

• Additional requirements: ask for payment instructions 

 

Case 2 

• Material: 16 22 

• Quantity: 10 tons 

• Material position in bucket: irrelevant 

• Additional requirements: ask about material wetness and for the order to be saved for next visit 
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Task 2 

For this scenario, you will be explained first how the interface works. The task setting and 

requirements are the same as before 

Case 1 

• Material: sand 

• Quantity: up to you 

• Material position in bucket: front 

• Additional requirements: ask for the material not to be pressed and for the order to be saved for 

next visit 

 

Case 2 

• Material: up to you 

• Quantity: up to you 

• Material position in bucket: up to you 

• Curveball: ask for the material to be pressed after the loading is done 

3.3.2. Task environment and equipment 

The tests were performed in an open office environment at Volvo CE in Eskilstuna in order to be able 

to account for ambient noises and possible distractions that would be present in a real-life use case.  

The users wore a Jabra wireless noise cancelling headset in order to interact with the speech interface. 

The system ran on a Windows 10 laptop, the which was recorded using screen capturing along with 

the user in order to monitor the process with on screen dialogue transcripts (Figure 6). 

 

Figure 6: The test setting. The participant is wearing a headset to interact with the system and the 

moderator can read the transcript of the interaction on the computer display. 
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4. Result 

In this chapter, the results of applying the methods described above will be described in detail. 

4.1. Identifying needs and defining system requirements 

Here the findings of the unstructured interviews and the observation sessions that subsequently took 

place are going to be presented. 

4.1.1. Unstructured interviews 

The interviews were conducted and proved important in defining a list of requirements and priorities. 

Since a quarry is a work environment with heavy machinery in use, productivity, reliability and safety 

are among the top priorities when designing solutions, and the interviews helped pinpoint, to a great 

extent, the exact aspects that contribute towards these goals. 

Interviewee 1: Operability expert 

The interview took place with a Volvo employee who focuses on wheel loaders and operability. In this 

interview, the subject of the project was presented and I asked for insight regarding the factors that 

should be considered when building a speech interface for construction equipment. The interviewee 

mentioned that when designing a system for a machine, such as a wheel loader, it is important to 

minimize the operator's mental workload, because this is a factor that causes fatigue, affects 

productivity and can possibly increase mistakes and the possibility of accidents. He likened the setup 

of a quarry and the decision making in the machine operation to air traffic control, in the sense that 

there are multiple things that the operator has to have under control at the same time and the fact that 

one can find oneself in stressful situations. According to him, mental workload is not constant, but can 

vary depending on the task being performed and the situation the operators find themselves into when 

controlling the machine. 

Another factor that the interviewee brought is trust. The operator needs to be able to trust the machine 

to perform predictably and reliably. He then proceeded to name what makes a system trustworthy, 

naming the following: 

• Transparency, operating in an understandable way 

• Fairness, operating in a way that is reasonable and does not put the user in undesired situations 

• Competence, being able to perform a task with a high degree of success 

• Skill, giving the user the perception of effortlessness and finesse in its operation 

• Performance, being responsive and fast in its operation 

• Dependability, operating reliably and with consistency 

 

Overtrust was mentioned as a cause of system misuse that can lead to accidents. There should be the 

right amount of trust in the machine, otherwise if the system does not perform as intended, trust can 

easily be lost and then very unlikely to be regained and the system fails in its purpose. This is 

considered a crucial factor in automated and intelligent systems. Especially when it comes to 

automation, there are varying degrees that constitute different levels, which indicate the degree that a 

system is automated (from fully manual to fully automated where no user input is required). Since full 

automation has not been achieved, it is important that the operator is aware of the system limitations in 

order to avoid situations where overtrust takes place. 
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Discussing speech interface in a scenario involving a wheel loader, there were some concerns that 

were brought up by the interviewee. The first of them had to do with the use of natural language and 

its ambiguous nature, which could cause uncertainty to the operator. The importance of feedback to 

the user, especially when it comes to confirming that the system has heard a command, was 

emphasized. Another issue that was mentioned is that a quarry can be a noisy environment, which 

means that the system should be able to understand commands under such situations and at the same 

time, the operator should be able to hear what the system says back to the user, as well as their own 

voice when dictating commands. 

Interviewee 2: Quarry expert 

In this interview, the main focus was on selecting a scenario in a quarry, in which a speech interface 

system would be best suited and would be an ideal setting to first implement it and test it. Once that 

scenario was identified, the next step of the interview would be to collect all the important information 

in order to understand the machinery that is being used, the setup, the tasks that take place, the 

communication that currently takes place between operators and identify as many required features as 

possible for the system to be built. 

After a brief discussion, it was clear that in many scenarios in which automated equipment would be 

used in the future, there would be very little, or even no need for interaction with humans. Instead, the 

scenarios where a speech interface would be useful are the ones that an automated machine performs a 

task that involves another machine that is controlled by a human operator. After further discussion, the 

interviewee suggested that a scenario that would prove a good starting point would be that of an 

automated wheel loader that operates in a quarry, receives orders to load material on trucks and 

articulated haulers that are operated by humans and executes these orders. 

In the following part of the interview, important data about the variables in this scenario was collected. 

First, a wheel loader will have to handle multiple kinds of material and different grades of each 

material. When someone enters the quarry to collect material, they can make an order on the spot, or 

they can simply collect an order that has been made beforehand. Different drivers can enter the quarry, 

from different companies and they can be driving different kinds of vehicles on which the material can 

be loaded. In the ordering process, one can use different units to specify the desired material quantity, 

which can be weight (usually tons), buckets of material, or one can simply ask for the vehicle to be 

filled up. The driver can also specify how the order will be loaded, meaning that they would want the 

material to be positioned mainly in the front, center or back of the container, for different purposes. It 

can be requested that the material should be pressed once it is loaded, so that there is no material loss 

during transportation. Finally, a driver can notify that they will be returning for a repeat order later in 

the same day, perhaps multiple times. 

The last part of the interview focused on the communication that takes place in the quarry setup.  The 

operators of the vehicles usually communicate using walkie-talkies or phones. The operators may use 

the vehicle lights for confirmations or attention, but more often, they use the vehicle horn signal, 

although this is a practice that is being discouraged today, in order to reduce noise pollution. 

Officially, the horn is intended to be used in emergency situations instead of simply signaling another 

driver. In practice, a quick tap of the horn means confirmation, while a long press means emergency 

situation that requires attention. In some occasions, an operator might exit the vehicle and use hand 

gestures and shout in order to communicate something to the other operator. Sometimes, the actions 

the operators take with their vehicles may indicate intent. As an example, an experienced truck driver 



22 

 

might directly drive to a pile of material while giving an order and reverse to get their vehicle in 

position for loading, instead of stopping once they enter the quarry and wait for instructions. 

Interviewee 3: “New machines” expert 

A number of brief interviews took place on separate occasions with the person mainly responsible for 

speech interface research in Volvo, who is investigating new technologies and more specifically what 

Volvo calls New Machines, which includes a wide scope of technologies and visions, like autonomous 

and intelligent construction equipment. In these interviews, there were discussions over the technical 

requirements and general aspects of the project and how it would integrate in autonomous vehicles. 

Another important topic of the discussions had to do with the artificial intelligence aspects of the 

speech interface and its compliance with Volvo's priorities and requirements. Finally, more 

information about the quarry environment and the way machines operate in it was gathered. 

Regarding the technical requirements of the system, the interviewee explained that the system must be 

reliable and predictable in the way it operates. The suggested way to build such a system was a finite-

state machine. In simple terms, that means that the system, during its operation, has to go through a 

number of defined states. The system must enter and exit states in such a way that it is always in one 

state at a time. A state can be a certain task that the system is performing (like filling the bucket in the 

case of an autonomous wheel loader) or an idle state. By using states in such a way, it is ensured that 

the system operation is easy to track and predictable, since it is always within exactly one state. 

Another benefit is that it allows for the system to be modular and easy to work on, especially when 

multiple different people work on it and different systems have to work together at the same time in a 

machine. 

A point that was raised was safety of operation. According to the interviewee, Volvo has a 

commitment to reach a goal of zero accidents involving its construction equipment and this should be 

a focal point of any system built for Volvo construction equipment. In this project, this would have to 

translate in the design of the interface being such that user errors should be avoided, as well as be 

easily corrected when they happen. At the same time, Volvo products should inspire trust, so it was 

explicitly mentioned that there should be a prediction emergency interruptions only for events that 

involve activity alteration or cancellation due to human errors and which affect productivity, leaving 

interruptions that are caused by safety emergencies to other automated systems dedicated to accident 

prevention. In other words, a human operator should not need to manually do an emergency stop for 

safety reasons at any time.  

Another topic that was discussed was artificial intelligence and natural communication. For the 

interviewee, the importance of a speech interface would be to enable for natural communication that 

enables the human operator to feel like they are cooperating with a partner instead of operating 

machinery. He expressed that in his opinion, one of the main obstacles would be to have an interface 

that is convincing, meaning that its responses would not be machine like, and at the same time it 

would not have so-called uncanny valley qualities (meaning that they are in a middle ground between 

machine and human like that users would perceive as unsettling and eerie). At the same time, the 

interface should be such that while having the above qualities, its main focus would be productivity, 

since the purpose of building such an interface would be controlling construction equipment. Such a 

system should present at least similar levels of productivity and success rate as traditional systems 

with displays and buttons. 
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Finally, the interviewee described in detail various processes and elements that come into play during 

a typical wheel loader and articulated hauler loading scenario in a quarry. Most of the points that were 

brought up were already known from a previous interview and were explained into more detail. The 

materials in quarries can be laid out in different ways, depending on the setting and the kind of 

materials the quarry processes. The most common, which was suggested the test scenario involves a 

pile of material from which the wheel loader fills its bucket and unloads to a recipient vehicle that is 

next close to the wheel loader and has reversed with its filling area facing the pile. It is also a 

relatively common practice under cold weather conditions for the filling areas of the recipient vehicles 

to be lined with a material like salt before the desired material is loaded, so that it does not get frozen 

and stuck because of moisture, making it hard to unload afterwards. 

Interview summary 

Once the interviews were concluded, they were analyzed in order to have a better picture of the areas 

there should be greater focus on in the observation sessions and more importantly, set goals and 

priorities for the design process that would follow. 

From the interviews, it was clear that the interface that would be built should inspire trust to the user. 

The operation should be simple, predictable and straightforward. Confirmation of commands and 

actions by the system should be present to reassure the user that the operation takes place in a 

desirable way. At the same time, in order not to create situations where overtrust and consequent 

errors would occur, it should be designed in a way that makes its limitations obvious to the user. A 

system where natural language processing is used may be too abstract if the dialogue is open ended, so 

it would be preferable if there were a number of concrete steps and actions took place and were 

initiated by the system, with the ability for the user to express their responses and commands in natural 

language (instead of rigid predefined commands). The various elements, such as language used by the 

system and the various steps in the process should be simple in order to keep the mental workload of 

the user at low levels. 

When it comes to the functionality of the system, it should be able to handle multiple actions and 

commands, as well as a variety of phrases that are specific to the scenario that it going to be used in. 

The system should also be tailored to the scenario and environment that it is going to be used in (for 

example be able to perform in noisy environments) and be well suited to the workflows that are 

present there and not disrupt them. The above indicate that it would be preferable for the design 

process to be focused on a specific use case, in order for it to perform adequately. 

Finally, it was clear that in the design process, a number of principles and requirements regarding the 

machinery and the brand of Volvo should be taken into account. The system should focus on safety of 

operation, which means that it should be designed in a way that prevents errors. It should also be 

reliable in its operation. Those two points mean that beyond the design process, the main evaluation 

criteria should be mostly quantitative and measure the reliability and success rate of the system (which 

make for the overall performance), and it should be observed how the system handles errors. 

4.1.2. Observation sessions 

After the interviews were concluded, the next step was the observation sessions in the quarry setup 

(Figure 7). 
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After revisiting the sessions and comparing the sessions that were recorded, a number of observations 

were made. All the sessions presented similarities regarding the various processes and interactions, as 

well as the order in which they took place. Sessions that simulated interactions with amateur 

articulated hauler (AH) operators required additional specs in the process, due to their lack of 

experience. At the same time, different sessions with different operators meant that there were 

variations both in the way and the order in which some processes took place. 

The actions that took place in the sessions were, in the order presented, the following: 

1. The AH operator would enter the quarry and make an order or announce that they were 

coming for a repeat order. 

2. Depending on the AH operator's skill, there would be positioning instructions by the WL 

operator and then the vehicles would approach the pile. 

3. The loading process would take place. 

4. Once loading was complete, there would be some brief interaction between the operators and 

the AH would leave the quarry. 

 

The following observations apply universally in all sessions: 

• Every interaction started with a greeting where the AH operator announced their name and the 

company they work for to the WL operator. 

• In every interaction, the greeting was followed by the order announcement, which consisted 

by the material type and grade specification. In no session was the initial order accompanied 

by any other clarifications, such as quantity. 

• Request confirmations were minimal, meaning that the wheel loader (WL) operator would 

proceed to complete a request either without confirmation at all or after a brief reply ("OK"). 

• With the exception of one session, order the order quantity was specified after the loading 

procedure had already started. In the case when it was specified beforehand, the quantity was 

confirmed nevertheless during the loading process. 

• Requests for specific material positioning and flattening the material after it was loaded 

always took place after the loading process started and more specifically either while or right 

after the first bucket full of material was unloaded onto the AH. 

• It was common that the two operators would attempt to talk at the same time, resulting in them 

stopping and one of them attempting to talk again. 

The following differences where observed between sessions with an amateur AH operator and an 

experienced AH operator: 

• Inexperienced AH operators would require instructions about vehicle positioning and would 

wait for the WL operator to give them instructions, take the lead and let them follow, while 
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experienced AH operators would drive right away to the pile of the material first and reverse 

to get in position for loading while the WL operator are filling their bucket. 

• Inexperienced AH operators would ask for instructions beyond the loading process itself, such 

as where to weigh the material and where they should go to pay. The WL operator would 

provide them with the needed information. 

• The WL operator would inform the amateur AH operator that they would press the horn while 

they were reversing to notify them when they are in the right position. In the experienced AH 

operator scenarios, the WL operator would not inform about such an action and they would 

press the horn for the AH operator to stop in case they started reversing further than they 

should. 

• Amateur AH operators would either announce or be asked by the WL operator if they are new 

to the quarry, which would lead to a request for instructions (or offer from the WL operator). 

• Experienced AH operators demonstrated familiarity with the WL operator, engaged in small 

talk while the loading process was taking place and presented a more casual way of interaction 

with each other. 

The following observations present unique variations between sessions. 

• The AH operators would make requests with variations in the language used. For example, 

one would ask for the material to be loaded in a certain way either in the form of a question 

("Can you put it more to the front?"), or in the form of a request ("…and put it in the front"). 

• AH operators would often make additional comments to explain their requests ("Can you 

flatten it on the top? I dropped some material on my way back last time"). 

• While the order of the actions that took place was the same in every session, the order in 

which the various requests and clarifications in the ordering process took place could vary. 

For example, an amateur AH operator could ask for payment instruction before the loading 

process, or after loading was done. 

• In some cases, AH operators would tell the WL operator that would revisit for a refill. When 

they did that, they specified the number of refills they would need, and they would sometimes 

ask if that is OK, in order to see if a material would be available, or if the quarry would be 

open at the time they would come back. 

• When AH preordered material for following visits, orders could vary, from simple ("I will 

come back for the same three more times") to more complicated where, for example, they 

would specify that they would come back for the same material once again and then twice for 

a different material. 

• One question that came up often in the sessions from AH operators was about the moisture of 

the material. According to the dialogue that followed the question, this would be an important 

factor for the suitability of the material, since material that is too wet would freeze, especially 

when travelling for a long distance on the hauler. In one session an AH operator mentioned 

that wet material would not be accepted from the construction site. All dialogue about 

moisture took place after the loading process had already started. 
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• In one session the WL operator flattened the material after loading without asking the AH 

first. 

 

Figure 7: Observation sessions: The movements and interactions of the operators were observed and used 

to aid the design process. 
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4.2. Design and implementation 

With the exception of the proof of concept prototype, whose creation took place in parallel with the 

interviews, the design and implementation of the system took place after the interviews and 

observation were concluded and was based on the findings of those processes. 

4.2.1. Proof of Concept Prototype 

The prototype built in this stage simulates the functionality of a coffee robot. It provides a speech 

interface over which a user can order a beverage of their liking using natural language and the 

machine would understand the order regardless the wording used. The interface understands not only 

the type of beverage the user orders (coffee, tea, etc.) but also the extras that one would want in their 

drink (such as sugar or milk). 

This prototype was not thoroughly evaluated. However, in the brief tests that took place, it proved to 

work as intended and understand speech reliably enough to proceed to building the Hi-Fi prototype 

using the same tools and setup. 

4.2.2. Sequence model 

Three main types of tasks were identified. The first one is material ordering. It is worth noting that in 

the observations this task was often carried out partially in the beginning and partially simultaneously 

while other tasks were taking place later in the process. The second task is vehicle positioning. The 

third and final task is the loading of the material on the recipient vehicle. 

1. Ordering 

• Intent: Order the desired material in the correct grade and the desired quantity. 

• Trigger: The AH has entered the quarry and communication has been established 

between AH and WL operators. 

• Steps: 

a. AH operator says the material and grade that they want. In case this is a repeat 

order, they can announce that they want the same as before. 

b. AH says the desired quantity of material. 

2. Vehicle positioning 

• Intent: Position the recipient vehicle close to the material in such a way that it can be 

loaded. 

• Trigger: Desired material type and grade have been specified. 

• Steps: 

a. WL operator instructs AH operator on how to position their vehicle if they are 

amateur. Otherwise, AH operator proceeds to position their vehicle. 

b. AH approaches the material. 

c. Once AH is close to the material, it makes a 180 degree turn. 

d. AH reverses towards the material. 

e. AH stops when it is in the right position. 

3. Material loading 

• Intent: Fill the recipient vehicle with the desired material. 

• Trigger: Recipient vehicle is in position for loading. 
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• Steps: 

a. WL unloads one bucket full of material. 

b. In case there is a preference regarding the position of the material on the loading 

area, it is communicated. 

c. Material loading continues. 

d. In case it is needed or desired by the AH operator, the material is pressed on the 

top. 

4.2.3. Visioning 

The goal of the project was to implement a speech interface system tailored for construction 

equipment use and to evaluate its suitability for the setting that it is intended to be used in. Based on 

the research that was performed, I came up with a vision of a system that would be used in a quarry 

environment, involving an autonomous wheel loader and a human operated articulated hauler, for the 

task of ordering and loading material on the articulated hauler. 

In this vision, there was the assumption that an autonomous wheel loader exists and it is capable of 

navigating in a quarry, as well as perform tasks like loading, moving and unloading material using its 

bucket. Such a wheel loader would have various sensors in order to perform these tasks, as well as 

have spatial awareness and can identify the position of other vehicles in the area. This functionality is 

important for it to be able to collaborate with the AH operator, however it is not within the scope of 

this thesis and for the purposes of this project it is assumed to work regardless the details of its 

operation. 

The WL mentioned above is considered to be a connected vehicle and has the ability to exchange data 

with other vehicles that are in the area. The same would apply to the AH that is operated by a human 

in the scenario, and those two vehicles would be able to exchange various kinds of data. More 

specifically, The AH would be able to transmit identification data, so that the WL can find out the 

company to which it belongs to, the exact type of vehicle it is and the identity of the driver. This 

information would be used in order to automatically load presets and preferences, like a possible 

default order preference, or the need for positioning instructions depending on the operator’s skill. 

The two vehicles would also communicate in order to transmit and receive audio. This would enable 

the speech interface to work. The AH operator would wear a headset with a microphone, through 

which they can issue voice commands and hear the instructions and replies from the system. The way 

the system would work would be similar to an intelligent voice assistant, like the ones that are 

integrated in smartphones and smart speakers (Siri, Alexa, etc.). The communication would rely on a 

conversational interface, through which there can be an interaction between the AH operator and WL 

in order to complete the task of receiving material from the quarry. The operator must be able to order 

the material, make requests about specific details of the order and the material loading and should be 

able to get help in the form of instructions when needed. 

A point that was addressed was the levels of productivity, controllability and operability that the 

system would aim for. Since the main purpose of such a system is to assist automation and reduce 

costs of operation, it would be satisfactory for it to achieve levels of those parameters similar to the 

ones achieves in existing setups, where operation of wheel loaders takes place manually by human 

operators. Even if such a system presented no improvements in terms of usability, its overall benefits 

would be enough to make a case for it. 
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4.2.4. MoSCoW analysis, state machine and Hi-Fi Prototype 

Based on the requirements collected in the interviews and considering the limited time in which the 

project should be completed, a MoSCoW analysis was performed, with the following results: 

Must have: 

• Take an order for a material 

• Give instructions for vehicle positioning 

Should have: 

• Process more than one material and multiple material grades 

• Identify vehicle and driver 

Could have: 

• Process default preferences and save order templates 

Won’t have: 

• Edit order and loading preferences while loading 

• Execute tasks in different order (ability to jump back and forth between states) 

Having a set of specifications for the system, a state machine was created in order to specify the exact 

steps the system goes through in order to complete the task. Figure 8 shows the main states of the 

system. The state machine in its entirety can be found in Appendix A. 
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Handshake

Ordering

Optional Requests

Loading

Release

Start

End

Optional Requests

Positioning

 

Figure 8: An overview of the state machine 

Once the proof of concept prototype was ready and up and running, I proceeded to build a Hi-Fi 

prototype, which would then be evaluated. The prototype was built with the same tools that were 

mentioned before for the proof of concept prototype and it is a speech interface implementation of the 

state machine that was illustrated above. 
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4.3. Usability testing 

Usability testing sessions took place as planned. In the following paragraphs, the data that was 

collected is explained in detail. 

4.3.1. Quantitative data 

Each of the participants performed a total of four tasks. Out of the four tasks, the third one invariably 

failed to be completed by all participants, because of the system’s inability to recognize a key 

command specific to this task. The overall task completion rate was 38% with 23.8% of the tasks 

completed without any errors. 

When measuring the success rate of individual commands, the initial trigger phrase presented a very 

high failure rate of 51.2%, due to the speech recognition system not picking it up correctly (“open 

weather/wheeler” instead of “open wheel loader”). Another point of failure proved to be the material 

type identification, with a success rate of 40.7%. The success rate of the commands used can be seen 

in Figures 9 and 10: 

 

 

Figure 9: The success rate of the users’ commands in the test sessions. The trigger phrase and material 

selection proved to be the most problematic areas.  
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Figure 10: Overall task success rate. In many cases, the system’s inability to recognize correctly the 

requested material resulted into complete operation failure. 

USE questionnaire 

After the tests, the users were asked to fill out a USE questionnaire, in which they had to express how 

much they agreed with a number of statements in a scale from 1 to 7. Figure 11 shows the results In 

Appendix B more detailed results can be found (Figure 13) along with the questionnaire questions. 

 

 

Figure 11: Question score by area. Low success rates meant lower than average scores in many questions. 

4.3.2. Qualitative data 

The participants were asked in the questionnaires to name three positive and three negative aspects of 

the prototype and in addition to that, they engaged in a discussion about their session and the system in 

a post-test interview. The users praised the prototype for its simple operation, the command 
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confirmations, and general audio feedback that helped them build trust. Other points of praise were the 

well laid out dialogue progression, its effectiveness when it works as intended and its overall potential 

to control an autonomous machine in an intuitive way. However, the prototype was early and as shown 

in the quantitative data presents major success rate issues, mainly because of its inability to recognize 

speech correctly in numerous occasions, something that reflected in the negative points that were 

brought up. The users stated that the system was buggy, rather slow, and unable to understand the 

trigger phrase and materials in multiple occasions, as well as to recognize commands properly when 

the user speaks with an accent.  

In the interviews, the users further elaborated on their experience with the system. One issue that was 

brought up was the desire for an optional tutorial from the system, especially in order to know what 

materials are available for order in case the user requests it. Another user mentioned that it is 

important to have the ability to edit or cancel an operation, a feature that was missing from the initial 

prototype that was tested. All users mentioned the need for the system to have a more robust speech 

recognition system, which would lead to a more reliable operation. Users also felt that the learning 

curve for the system was negligible. 

One user mentioned that there can be a different perspective when it comes to judging such a system 

depending on what it gets compared with. Currently, truck drivers interact with human wheel loader 

operators and a system like the one tested would inevitably feel inferior, because it would be slower, 

less intelligent and less fun to interact with when compared to a living human. However, if judged as 

an interface to an autonomous machine and compared to alternatives like touch displays and button 

operated systems, it would be seen as a more pleasant system to use, thanks to the natural interaction 

using speech. 

Notably, one user, who presented the highest success rate when using the system, mentioned that 

during the test he carefully selected the wording of his commands in order to make sure that the 

system understands correctly, because of previous experience with phone voice assistants. Another 

point worth bringing up is that while one user mentioned that they would prefer if the system could 

handle simultaneous specification of material type and quantity in a single command while ordering, 

another said that they preferred the system as it was, with separate queries and confirmations for 

material type and quantity. 

5. Analysis 

With the testing being concluded, the results were analyzed, in order to measure the degree to which 

the interface that was built succeeded in its goal and help answer the research question. 

5.1. Speech recognition issues 

The one area of the system that all users face serious issues with is speech recognition. In multiple 

occasions, the system failed to understand the users’ commands. A breakdown of the most important 

problem areas in the testing follows: 

5.1.1. Problem 1: The trigger phrase 

In order to get the system started, the users needed to say the phrase "Hey Cortana, open wheel 

loader". As it turned out, the system repeatedly failed to understand the phrase correctly, requiring 

multiple efforts from the users in order to start the test (Figure 12). This initial failure of the system 
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frustrated and even confused the users and gave them the impression that the system is buggy and 

unreliable. One participant, after multiple failed attempts jokingly said "OK, I will go to another 

quarry then". While the issue affects an element that most likely would no be part of a real life system, 

since it would most likely be triggered automatically when a driver approaches, it nevertheless 

affected the perception of the system from the users. Upon closer inspection, the trigger phrase usually 

failed because "wheel loader" was understood as "wheeler" or some other word by the system, which 

means that the selection of a different phrase or word that is less likely to be confused with another 

one by the speech recognition would solve the problem. 

 

Figure 12: An example of failed trigger phrase recognition, where the system registers “wheeler” instead 

of “wheel loader” 

5.1.2. Problem 2: Material recognition 

The second and perhaps the biggest problem users came across was the inability of the speech 

recognition system to correctly register the material the users ordered. The materials are coded, usually 

using a two number combination to define grade (0-2, 0-4, 16-22 etc.). This is a particularly 

problematic area for two reasons. The first has to do with the fact that users can say their material of 

choice in different ways (for example someone can say "zero four", "zero to four", "zero point four", 

"zero comma four" or "from zero to four"), which means that the system has to be trained to accept 

multiple utterances of the same material. While this was done, various potential utterances were still 

missing and were not recognized, while in other cases they were registered in the system but misheard 

and not recognized. In order to eliminate that problem, further work has to be performed, in order to 

train the system to understand all the possible utterances of each material, as well as to evaluate its 

ability to register them correctly in the users’ commands. Otherwise, the users have to be instructed to 

say the material names in a specific way, which however would mean that there would be some degree 

of training required. 

The second reason that material recognition was problematic, which could apply to the trigger phrase 

recognition as well is the use of language that is specific to the quarry environment. "I would like eight 
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eleven" is a phrase that might be very common in a quarry, but not so anywhere else. This is a 

problem, because the speech recognition engine is not trained for that specific use but for language 

that does not involve codes and is more common in real world conversations. Even if each word in a 

command is understood correctly initially by the system, the fact that the complete sentence does not 

make sense according to its assessment means that it will potentially try to replace some words with 

ones that sound similar and for a more logical sentence, but change the meaning of the command 

completely. "Sand please" was always registered as "Send please", even if the initial transcription of 

the command had the word "sand" correctly recognized. The above issue makes it apparent that a 

different speech recognition engine, or at least one that is trained for quarry environments is needed. 

5.1.3. Problem 3: Multiple commands in the same sentence 

A problem that was observed with a user was the inability of the system to handle multiple commands 

in a single utterance. In the situation that was faced, the system only registered correctly one of the 

two commands and gave the user feedback over it, but ignored the second one. Given that limitation, it 

is important that the system encourages "one action at a time" commands and that the user is aware of 

the limitation. 

5.1.4. Problem 4:  Functionality unknown to the user 

All users mentioned that they were not aware of the system’s functions. While they were given a sheet 

of tasks, they admitted that other than the tasks that they were required to perform, they were unsure of 

what the system can and cannot do. This means that in a real life scenario, they might come across 

situations where they would want an action performed, which is not embedded and understood by the 

system. In order to avoid the uncertainty, it would be beneficial that both the users are instructed 

beforehand about the system’s functions and that the system can inform the user what it can do on 

demand. 

5.1.5. Problem 5:  Accent handling 

Another issue with speech recognition that came up during testing was accent handling. The tests were 

conducted in English and none of the users were native English speakers. It was observed that users 

with noticeable foreign accents came across more speech recognition errors. The system can default 

on US or UK English accents, but there is no prediction for generic/foreign accent English. It needs to 

be investigated to what degree a system that can handle accents and adapts to the user can have higher 

speech recognition success rates. 

5.1.6. Problem 6: Flexibility and error handling 

In various occasions users observed that the system lacked flexibility, in two different ways. The first 

had to do with the way the interaction takes place, which is rather linear and requires the user to take a 

number of steps in a specific order. This was not perceived as negative by the users, that even 

appreciated the consistency in operation thanks to that. The second however, had to do with the fact 

that the system does not offer the user a way to correct mistakes. Indeed, if a command was wrongly 

registered (for example, the wrong material is selected), the system currently does not offer a way to 

correct the mistake. This is important in order to ensure safety of operation as well as high 

productivity and the inability to correct mistakes can be considered as a major usability issue, 

especially in a work environment that involves heavy machinery. Mistakes can vary in nature and can 

derive from the system not functioning as intended (as in this case, where the errors derived from 
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issues with speech recognition), as well as human errors. This issue should be addressed in a next 

iteration of the prototype in order for the system to be considered acceptable for real world usage. 

5.2. System strengths 

Despite its drawbacks, many of which derive from the fact that this was a very early prototype that 

was tested, the prototype presented a number of merits. The system promises the ability to process 

natural language. Indeed, a number of commands where successfully registered with the users using 

different utterances, having pauses in their speech and not having to think about a specific way to say 

a command phrase. This both made the interaction more natural and made it easier for the users to say 

commands. Another strong point of the prototype was the design of the overall interaction, with clear 

and straightforward dialogues taking place and easy to understand language. The interaction is linear, 

which makes it easy to understand, fast to learn and predictable in its operation. The users considered 

the system easy to learn and to use and their main gripes had to do mostly with technical issues 

(namely speech recognition errors) and not with the design of the interface. 

One interesting point that contradicts the claims of a previous publication mentioned in the 

background section is the response of the users to the dialogue design; According to Wolters et al. 

[34], users would normally prefer longer dialogues with more options and fewer questions, as well as 

no conformational dialogues. In the tests however, users enjoyed the sequence of simple questions 

about material selection and loading options, as well as the confirmations given by the system about 

the selected option. This finding can probably be attributed to the nature of the task that they system is 

used in. In a construction environment, mistakes and errors can be the cause of serious issues in the 

workflow and even accidents, which is why workers want confirmation tasks before they take place. 

Additionally, an autonomous system with a speech interface presents a drastic and unprecedented 

change in the worksite, which means that at least initially, until such setups become commonplace, it 

is more important for the system to be trustworthy to the users than to have enjoyable dialogues. A 

confirmation of commands before executing actions reinforces the user’s confidence in the system. 

5.3. General observations 

During the testing sessions, a number of observations were made, which may not have translated to 

actual issues, but should be further investigated, especially when considering the fact that there was a 

rather small test sample. First, the system relies on time windows during which the user can utter a 

command. While this did not occur during testing, it is possible that the user might miss that window, 

which means that they would have to manually re-enable the "listening mode" of the system. The 

system should have an always listening mode, which was not implemented because of technical 

limitations. Such a feature would require additional testing to evaluate possible false positives and 

unintended commands being registered. 

A question that was raised by the participants after the sessions had to do with how the actual interface 

would be triggered. As it was mentioned before, in the prototype the user has to use a trigger phrase in 

order to initialize the interaction, which however is used because of the platform that it was tested on. 

Different solutions could be used, like a trigger phrase, as in the prototype, a button being pressed to 

start the interaction, or the interaction automatically starting when the driver approaches the site, using 

sensors. These solutions would have to be evaluated individually in the future. 

Finally, there is the question of having visual aids and secondary forms of input or relying purely on 

audio. In the testing procedure, users were offered exclusively a headset, while the moderator had 
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access to a display that showed transcripts of the dialogue that took place. A display could be used by 

the user in order to have additional feedback, especially in loud environments or in case the user 

would not hear something the machine said. A display could also be used to provide other visual aids, 

such as show a list of functions and options that the user could select from, which would also address 

the issue of the functionality of the system being unknown to the user. A setup with a display should 

be tested in the future and be directly compared with an audio only setup. 

6. Discussion 

It is important to acknowledge a few shortcomings in the method and the process that was chosen. 

First, the project was a rather big undertaking to be executed by one person over a short period of five 

months, especially given the fact that it was starting from a clean sheet and was not an iteration over 

an existing solution. It included research about the speech recognition technology state of the art, 

performing unstructured interviews, observation sessions, building a prototype and testing it. Because 

of the above, various aspects of the project were executed in a relatively rushed and brief manner. This 

mainly meant that the prototype tested had many rough edges, the test sample was small and there was 

no time for a reiteration. A more polished prototype would mean that some speech recognition issues 

and some interface issues like the lack of a tutorial/help dialogue, which were encountered by the 

users in the tests would not have occurred and it would also have justified more thorough testing. 

When it comes to the observation sessions it might have been better if they took place in real life 

situations and not pre-planned simulations in a controlled environment. Finally, testing in a more 

realistic environment could have provided better insight on how the system behaves when it is used 

where it is intended. 

Future work would mainly involve implementing a better speech recognition system. This could be 

done by either exploring the possibility to train the Microsoft speech recognition system currently used 

to better understand the commands used in the context of a quarry, or using a different speech 

recognition solution, either currently available or custom made for this purpose. Speech recognition 

aside, it would be worth implementing the features that were considered but were not included in the 

prototype, because of time limitations. Finally, we would suggest that the evaluation of such a system 

would be more thorough. That would mean a higher number of participants, more elaborate testing 

methods, ideally in real life environments and more scenarios. The usability testing in this project was 

limited because the prototype was at a very early stage and using expensive resources provided by 

Volvo to test it was considered wasteful and would probably offer little additional value at this stage. 

7. Conclusions 

The research question that this thesis set out to answer was the extent to which voice control can be a 

suitable replacement for hand-controls in an autonomous machine in a construction environment based 

on performance, usefulness, ease of use, learnability and user satisfaction. The results and analysis 

performed indicate that the prototype that was developed is far from ready to be used in a real-world 

environment. The main reason for that is its low performance in command recognition. Such errors 

can make the system frustrating to use, error prone and unpredictable. In addition to that, in its current 

form the system does not allow for error correction, although it is able to provide feedback so that the 

user can identify problematic situations and terminate the process. The above mean a low overall 

success rate in the system’s use, which results in a low usefulness rating by the users. 
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However, it is worth considering that this was a very early prototype that was tested, with many rough 

edges, very little optimization and many unimplemented features. Having that in mind, the system had 

many positive traits, like simplicity of operation, exceptional learnability and intuitiveness thanks to 

the ability to use natural language. The dialogues were designed carefully in order to minimize mental 

workload and users indeed praised them, giving them clear instructions and steps that were easy to 

understand and to follow. Given the fact that the shortcomings of the project can be traced to its early 

development state and one problematic element (speech recognition system), in the author’s opinion, 

the project is worth developing further, in order to eliminate its shortcomings and expand its 

possibilities. 

Overall, the project provided a solid initial exploration of a voice control system in construction 

equipment. While in its current form in the project it does not fulfill the criteria for real life use, it 

shows great potential for further development, with the possibility of being a viable alternative to 

manual controls and use in autonomous machines. 
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9. Appendix A: State machine diagram 

L1: Main states 

Handshake

Ordering

Optional Requests

Loading

Release

Start

End

Optional Requests

Positioning
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L2: Handshake 

Enter

Identify Driver

Identify Truck

Exit
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L2: Ordering 

Enter

Is there a 
default order 
preference?

Yes

Ask if default order 
preference is 

desired

Is default order 
preference 

desired?

No

Take order

No

Default order selected

Exit
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L2: Positioning 

Enter

Is the driver a 
rookie or a pro?

Exit

Pro
Rookie

Give driver 
instructions to 

position their truck

Is the truck in 
the correct 
position?

No

Yes

Signal that driver is 
in place

Wait for driver to 
position their truck

Prompt driver to 
position their truck
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L2: Optional Requests 
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L2: Loading 
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Exit
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L2: Release 

Enter

Terminate 
interaction

Exit

Say Goodbye to 
driver

 

L3: Identify Driver 
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L3: Identify Truck 
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L3: Take Order 

Enter

Ask driver what 
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Await for driver 
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Register material
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Await for driver 
answer

Register quantity

Announce selected 
material
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quantity
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10. Appendix B : USE questionnaire 

Please rate your agreement with these statements. 

• Try to respond to all the items. 
• For items that are not applicable, use: NA 

  

USEFULNESS   1 2 3 4 5 6 7   NA 

1. It helps me be more effective.  strongly 

disagree 
       strongly 

agree 
 

2. It helps me be more productive.  strongly 

disagree 
       strongly 

agree 
 

3. It is useful.  strongly 

disagree 
       strongly 

agree 
 

4. It makes the things I want to accomplish easier 

to get done.  

strongly 

disagree 
       strongly 

agree 
 

5. It saves me time when I use it.  strongly 

disagree 
       strongly 

agree 
 

6. It meets my needs.  strongly 

disagree 
       strongly 

agree 
 

7. It does everything I would expect it to do.  strongly 

disagree 
       strongly 

agree 
 

EASE OF USE   1 2 3 4 5 6 7   NA 

8. It is easy to use.  strongly 

disagree 
       strongly 

agree 
 

9. It is simple to use.  strongly 

disagree 
       strongly 

agree 
 

10. It is user friendly.  strongly 

disagree 
       strongly 

agree 
 

11. It requires the fewest steps possible to 

accomplish what I want to do with it.  

strongly 

disagree 
       strongly 

agree 
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12. It is flexible.  strongly 

disagree 
       strongly 

agree 
 

13. Using it is effortless.  strongly 

disagree 
       strongly 

agree 
 

14. I can use it without written instructions.  strongly 

disagree 
       strongly 

agree 
 

15. I don't notice any inconsistencies as I use it.  strongly 

disagree 
       strongly 

agree 
 

16. Both occasional and regular users would like it.  strongly 

disagree 
       strongly 

agree 
 

17. I can recover from mistakes quickly and easily.  strongly 

disagree 
       strongly 

agree 
 

18. I can use it successfully every time.  strongly 

disagree 
       strongly 

agree 
 

EASE OF LEARNING   1 2 3 4 5 6 7   NA 

19. I learned to use it quickly.  strongly 

disagree 
       strongly 

agree 
 

20. I easily remember how to use it.  strongly 

disagree 
       strongly 

agree 
 

21. It is easy to learn to use it.  strongly 

disagree 
       strongly 

agree 
 

22. I quickly became skillful with it.  strongly 

disagree 
       strongly 

agree 
 

SATISFACTION   1 2 3 4 5 6 7   NA 

23. I am satisfied with it.  strongly 

disagree 
       strongly 

agree 
 

24. It is fun to use.  strongly 

disagree 
       strongly 

agree 
 

25. It works the way I want it to work.  strongly 

disagree 
       strongly 

agree 
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26. I feel I need to have it.  strongly 

disagree 
       strongly 

agree 
 

27. It is pleasant to use.  strongly 

disagree 
       strongly 

agree 
 

      1 2 3 4 5 6 7   NA 

List the most negative aspect(s): 

1.  
2.  
3.  

List the most positive aspect(s): 

1.  
2.  
3.  

 

 

Figure 13: Average question score in the USE test For all the sessions. 
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