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Sammanfattning 
Skördaroperatörer hanterar stora mängder information vid fällning och aptering. Främst 

genom att titta på omgivningen, träden och aggregatet men också via apteringsskärmen 

framför sig. Head-mounted Displays (HMDs) har varit under utveckling sedan 1960 talet men 

har hittat få tillämpningar utanför det militära flyget trots många studier. 

Detta examensarbete försöker utreda om HMDs och augmented reality (AR) är lämpliga 

tekniker för det mekaniserade skogsbruket genom att svara på frågorna: Är HMDs lämpliga 

för att visa information för skördaroperatörer? Vilken information skall då visas och hur ska 

den visas på bästa sätt? 

En litteraturstudie om HMDs och AR har genomförts och kan läsas fristående. Kvalitativa 

användarstudier har genomförts för att kartlägga skördaroperatörers arbete genom 

observationer och intervjuer. Intervjuer har även gjorts med experter inom närliggande 

områden. Från studierna har tre gränssnitt utvecklats och testats i en skördarsimulator. Idéer 

för AR gränssnitt har även de utformats. 

För aptering är sortiment och trädslag den viktigaste informationen att visas, i motsats till 

dagens gränssnitt där diameter och utmatad längd visas tydligast. Navigation i närheten av 

skördaren är ett problemområde som skulle kunna lösas med hjälp av AR. Operatörer i 

användartester har varit positiva till tekniken. 

Vår slutsats är att HMDs är tillräckligt lovande för fortsatta tester i fält för skördaroperatörer. 

Vikt, ljusstyrka och en design som inte skymmer sikten är de viktigaste faktorerna för en 

HMD för skördarbruk. 

Nyckelord: Operatör, skördare, apteringsdata, augmented reality och head-mounted display.  
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Abstract 
Harvester operators are handling large amounts of information while processing trees. 

Primarily by looking at the close environment, the trees, and the harvesting head, but also 

through the bucking display placed in front of the operator. Head-mounted displays have been 

under development since the 1960s but have yet to find any major applications where they 

excel outside military aircrafts despite numerous tries. 

This master thesis aims at evaluating the usability for head-mounted displays (HMDs) and 

augmented reality (AR) technology within forestry, by answering the research question: Are 

HMDs suited for displaying information in harvesters? What information is suitable to display 

in HMDs and how should it be displayed for best effect? 

A literature review about the current state of the art of HMDs and AR has been compiled 

which can be read independently. Qualitative user studies have been performed to map the 

current interactions of harvester operators by observation and interviews in the field. 

Interviews have been made with subject matter experts in relating fields. The insights 

gathered from the user studies led to three interface designs for bucking which were designed, 

prototyped and tested for usability in a harvester simulator. Ideas for other more immersive 

uses of the HMD were also designed. 

For bucking is assortment and species the most important information for the operators, 

contrary to how it is displayed today, where diameter and fed length is presented as the most 

significant information. Near machine navigation is a problem area which may be solved with 

AR. Operators participating in the test were positive towards the technology after testing. 

Our conclusion is that HMDs shows enough promise and performance to be evaluated further 

by tests in the field. Weight, brightness, and a non-occluding design are the most important 

properties for an HMD for harvesters. 

Keywords: Operator, harvester, bucking data, head-mounted display, and augmented reality.  
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GLOSSARY 

Below are common notations and abbreviations that are used in this master’s thesis. 

 

 

AR – Augmented reality, to add information to the perception of the world. 

Bucking – To cut trees in different lengths to maximize the economic output. 

Delimb – To remove branches from the tree. 

DTW – Depth to Water, map that predicts the ground water level. Used to minimize the soil 

damage when planning roads. 

Element – A part of a graphical user interface (GUI). 

Forwarder – A forestry machine that transports logs from the stand to the road for further 

transport.  

FOV – Field of View. 

Foveal vision – The center of the human eye’s field of view. Correspond to roughly two 

degrees.  

GIS – Geographic Information System. 

GPS – Global Positioning System, satellite positioning system, here used as a common term 

which includes systems such as GPS, Galileo, and GLONASS. 

GUI – Graphic User Interface. 

Harvester – A forestry machine that cuts, fell and bucks trees. 

HDD – Head Down Display, regular display/dashboard where the user must look down to see 

the information.  

Head – The working tool of the harvester, can grip, cut and delimb a tree in one operation. 

HMD/HWD – Head-Mounted/Worn Display, a head mounted screen placed in front of the 

users eyes. 

HUD – Head Up Display, a (non-wearable) display showing information in front of the users 

view. 

NED – Near Eye Display, a screen placed close to the eyes, but with no AR capabilities. 

Smart glasses – Glasses with a screen in front of the user’s eyes and an integrated computer. 

Stand – Delimited area of forest where logging is performed. 

StanForD – Information standard for forestry machines. 

VRD – Virtual Retinal Display, type of HMD that projecting an image directly onto the 

retina. 
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1  INTRODUCTION 

The scope of the project is presented below. 

 

 

1.1 Introduction of subject 

Swedish forestry is forced to develop constantly and increase productivity to stay competitive. 

The work of operators of forestry machines is slowly becoming more automatized, and there 

is an ever-ongoing development of how to make machines more efficient. In the recent years, 

the operator and the operator’s environment have come into more focus, both due to 

legislation and higher demands from the operators.  

Although smart glasses and head-mounted displays have been available for decades, the 

release of Google Glass in 2013 kicked life into the industry, and there has been a small hype 

about smart glasses and wearable electronics. The Gartner hype cycle for emerging 

technologies places augmented reality (AR) and wearable user interfaces past the top of the 

hype peak and suggest the technologies will reach the “plateau of productivity” in five to ten 

years (Gartner, 2014). Even though there have been many attempts, there have not yet been 

any field where the technology has made a break-through outside the military. 

1.2 Problem definition 

Earlier research by Skogforsk (Järrendal & Tinggård Dillikås, 2006; Lundin, Malmberg, & 

Naeslund, 2005) have tested Head-up displays (HUD) as an alternative to an ordinary LCD-

display (see Figure 1) to show data to the driver with promising results.  

 

Figure 1. The operators of harvesters use an LCD display for information presentation. 
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Head-mounted displays (HMDs) for AR have during the recent years due to development in 

electronics become smaller and less expensive, with ever increasing performance, making AR 

a feasible alternative for practical applications. With these factors in mind were the following 

research questions answered: 

 Are HMDs suited for displaying information in forestry machines?  

o What information is suitable to display? 

o How should that information be displayed for best effect? 

The project aimed to clarify the possibilities and the limitations of the HMD technology that 

is available today and to find what seems to be possible in the near future.  

A rather comprehensive state of the art of HMDs and AR has been compiled to give an 

overview of the field. This can be read independently of the rest of the report. The chapter 

ends with how the technology can be implemented in forestry machines. 

1.3 Delimitations 

The study is limited to include primarily AR-glasses or HMDs. Other AR technologies, e.g. 

HUD and other media (such as audio or haptics) were not evaluated as they are not included 

in the scope of HMDs. 

The study was qualitative rather than quantitative as it aimed to find a solution for the 

technology rather than developing a solution for implementation. 

The design proposal is merely a proposal for evaluation purpose. It is not a directly 

implementable solution. Standards and connectivity to other systems have been followed as 

long as it helped testing the technology. 

Only the information processing for harvesters have been included in the scope of the project. 

This have been both due to time constraints and because harvester operators are handling 

more information. Operators of forwarders and planners could possibly benefit from the 

technology as well, but have not been included in this project. 
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2  FORESTRY 

This section presents the context of the project; the Swedish forest industry and the working 

conditions of operators of forestry machines. 

 

 

2.1 Skogforsk 

Skogforsk is the research institute for the Swedish forest industry. It is mainly financed by the 

Swedish state and the forest industry by fixed funding, commissions and a fee on all produced 

lumber products. The research is focused on two areas; forest production; dealing with tree 

breeding and silviculture, and wood supply; researching in how to make the production of 

forest products more effective. The institute is located in Uppsala and has about 100 

employees, most of them researchers (skogforsk.se). 

2.2 Swedish forest industry 

Sweden is one of the world’s largest producers of wood and processed wood (especially pulp 

and paper) (FAO, 2014). More than half of the land area of Sweden is production forest (232 

000 km2). About 50 percent is owned by private owners and about 40 percent of private and 

public corporations. Most of the forest is Norwegian spruce or Scots pine. The annual 

production is about 70 million m3 solid volume under bark (2013), and the value of the felled 

timber was about 28 billion SEK (2012). In 2012, the Swedish wood industry consumed about 

80 million m3 wood, out of which roughly 55 percent were for the pulp and paper industry 

and 40 percent were processed by sawmills. The gross output for the forest industry was 216 

billion SEK and the export was 127 billion SEK in 2011 (about 10 percent of the total export 

of Sweden) (Skogstyrelsen, 2014). In 2013, about 15 000 people were employed in forestry in 

Sweden, out of which about 6 600 were involved in logging (ad lib).  

Trending for Nordic forestry is to further automate the process to cut costs. Another trend is 

that more and more information will become available. It is today more or less theoretically 

possible to track from which tree a specific plank have been cut from and who did it 

(Arlinger, Nordström, & Möller, 2012). Scanning of forest both from ground and from the air 

can produce maps where individual trees can be identified and located with high precision 

(Barth, Holmgren, Wilhelmsson, & Nordström, 2014; Barth et al., 2012; Lindberg, Holmgren, 

Olofsson, & Olsson, 2012; Säynäjoki, Maltamo, & Korhonen, 2008; Vastaranta, 2012; 

Vauhkonen, 2010). Detailed terrain maps can be used for planning and for estimating soil 

humidity (known as depth to water maps, DTW) (Westlund & Andersson, 2015) and to 

optimize how to drive in a stand to minimize driving distance and minimize effects on soil 

and water (G. Friberg, 2014). 
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2.3 Cut-to-length 

The forestry in northern Europe is almost entirely mechanized. A system of harvesters and 

forwarders handles the process of cutting trees and transporting timber, tops and branches to 

landings close to roads. From the landing, the goods are transported to further processing, see 

Figure 2.  

 

Figure 2. A planner decides which object is to be clear cut or thinned and will mark the boundaries, the main 

roads, and areas, as well as which individual trees that are to be kept (1). The harvester fells, delimbs and bucks 

the trees into assortments while making roads for the forwarder (2). The forwarder transports the logs to the road 

where further transport to various industries will follow (3). 

The process used is called cut-to-length, which means the timber is cut to correct length at the 

stump, in opposite to full-tree logging where the logs are transported full length to the road or 

to processing plants (e.g. paper producers and sawmills). The main advantage is a higher 

quality of the harvested trees due to less contamination and wear. 

A planner from the company responsible for the logging will visit the area some months 

before the planned felling or thinning. His/hers responsibility is to mark all areas of interest, 

such as the boundaries of the stand, or objects where to take extra care out of silvicultural or 

cultural interest. This is done with plastic bands and by marking these areas of interest on a 

map, see Figure 3. The planner will also mark the spot for the landing and where to place the 

main road through the area.  
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Figure 3. Markers are used by planners to mark the boundaries of the stand and areas of interest. 

During thinning, some of the trees in an area will be felled before reaching full height to make 

room for other trees. This is to increase the speed of growth rate of the forest. This is usually 

done two times before final felling.  

The final felling is done when the trees are between 60-120 years old. The predominant 

technique is to fell all trees in an area at the same time, but there are other alternatives. A 

harvester will fell, delimb and buck the trees and leave the different products (assortments) in 

separate piles. For each type of tree, there are typically three to five different assortments, 

logs of different diameters and pulpwood. Each assortment has a buyer (e.g. sawmill, pulp 

producer, plywood maker) which will usually be the name of the assortment, e.g. will timber 

going to the sawmill Setra Kastet usually be named Kastet. A computer will calculate the 

optimal yield of each tree by using a model of how the tree looks like, based on the diameter 

at breast height. A forwarder will pick up the assortments and drive them to a road where a 

truck will pick up the logs. Soil scarification will follow the felling before planting of new 

trees. 

Operators are usually educated in high school or during a one-year education. It is estimated it 

takes about five years for operators to reach full capacity (Gellerstedt, 2002). Harvesters and 

forwarders are often coupled in teams, with two operators per machine, working in shifts.  
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2.4 Harvester 

The mechanization of the forest industry has been rising since the late 1930s. From being a 

manual work with different kinds of handheld saws, more and more advanced machines have 

been introduced to improve the efficiency of the process. The first single-grip harvester was 

released in the early 1980s, and the overall design is still the same, see Figure 4.  

 

Figure 4. The harvesting head uses the upper (1) and the lower knives to grip and delimbs the tree. The feeder 

wheels (2) feed the stem, and the measuring wheel (3) measures the fed distance. The saw (4) cuts and crosscuts 

the stem into logs. The head is hanging from a boom that can be moved freely in all directions. The boom is 

either attached to the cabin or mounted in front of it. The cabin is usually rotating so it will face the head all the 

time and also leveled for increased operator comfort. A diesel engine is powering the hydraulic system that 

controls the entire machine. Bands and chains are usually attached to the wheels to increase traction.  

The harvester grips, saws, bucks (cuts the tree into appropriate lengths) and delimbs the tree 

in one operation. The boom is either mounted in front of the cabin or on the cabin. The latter 

will let the operator have better sight but will cause more vibrations to the operator. The 

harvesting head will also come closer to the cabin. Most modern harvesters have leveled 

cabins that auto rotate to follow the boom tip thus making the operator having the head in 

center of the view all the time. 

Several sizes are available where larger machines are used for bigger trees and final felling 

while smaller are used for thinning. The largest suppliers of harvesters and forwarders are 

located in Sweden and Finland with brands like Ponsse, Komatsu Forest, John Deere and 

Rottne. The largest market for cut-to-length is in the Nordic countries. 

2.5 Information processing 

Gellerstedt (2002) as well as Häggström, Englund, and Lindroos (2015) describes the 

workflow of harvester operators in detail. Operators work alone in eight to nine-hour shifts 

(either morning or evening). The work is skill-based, thus taking small cognitive resources 

(Rasmussen, 1983). Each tree takes about 40 seconds to process, so during a work shift an 
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operator handles about 800 trees. The process for each tree can be divided into several steps 

(as seen in Figure 5). 

 

Figure 5. Many of the sub-processes while processing a tree is done in parallel. Figure adapted from Gellerstedt 

(2002) 

The main steps are presented below based on observations in person and in literature: 

Plan the route and driving 

The process is slow due to the slow movement of the machine. The terrain and the distribution 

of trees are the main data used for decision making. GPS data, markers from the planner and 

communication with other operators, are other supports. Poor work from the planner costs 

much time as the operator will become insecure about what to do. This will in many times 

result in that the operator acts after his own judgment, for good or bad. 

The goal is to work fast without damaging the ground. The harvester operator decides the 

roads for the forwarder, so the bearing capacity of the ground is of high importance. Branches 

and tree tops can be used to reinforce the ground. 

Choose trees and position machine 

For thinning it is important to position the machine so all trees that are to be felled can be 

reached from the planned road. The boom should not be used at full length as time will be lost 

in moving the boom between trees. The harvester should be able to fell and buck the tree from 

the same spot. For thinning, the operator must make decisions of which trees to spare and 

which to fell. It is mainly the crown density that decides the spacing of the remaining trees. 

Reverse driving are often used to reposition the machine (Gellerstedt, 2002), which indicates 

positioning is a problem. It may be difficult to see the next machine trail, especially in dense 

woods.   
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Steer out the boom 

When steering the boom, each limb is controlled separately. Some modern machines have 

boom-tip steering, where the position of the head is controlled directly. This is said to be 

easier to learn (Egermark, 2005). There is a problem in knowing the reach of the boom when 

trying to reach trees far away, which may result in extra time when having to reposition the 

machine and boom. 

Position head and fell tree 

When positioning the head onto the stem, the felling direction is decided. The tree must be 

felled so bucking becomes easy, usually perpendicular to or in front of the machine. The tree 

should be felled so no other trees take damage from the falling tree. Larger rocks need to be 

avoided, to avoid breaking the tree. This is usually not a big problem. But when felling near 

electrical wires and buildings the operators must be alert not to fell the tree in the wrong 

direction. Wind direction is of high importance. The operator will look at the crown of the 

tree to see the wind direction. 

In deep snow and when felling trees that are occluded from view, it is easy to saw into rocks, 

which will damage the chain.  

Before cutting the tree, the tree species must be selected by the operator. It is common that the 

operator will fail with this, especially in a stand with one predominant species. 

Root rot, which is common in spruce, must be detected visually by the operator, so the tree 

must be felled so the end of the log is visible. Logs with rot cannot be used for timber or 

higher qualities of pulp.  

For most manufacturers, a symbol is shown on the dashboard when the saw blade is moving. 

From interviews, it seems that the symbol is only used when the blade is stuck.  

Pull, delimb & place limbs 

Skilled operators starts to pull the tree as soon it starts falling to save time and to use the 

momentum of the tree to help with delimbing. Limbs are placed in front of the machine if the 

soil needs reinforcement. Otherwise, the limbs are placed in a pile for the forwarder to pick 

up.  

The head measures the diameter of the tree with the delimbing knives, and the bucking 

computer will calculate what assortment that should be produced based on a model of the tree 

and a price list of the assortments available. The head will feed automatically until the 

calculated length is reached. The operator has the possibility to manually override the 

suggested assortment. This is used when defects are detected, such as damaged or crooked 

stems or rot. The selected assortment, the diameter, length and calculated length of the 

product is shown in the display. Several interviewed operators state they only look at the 

display when insecure what assortment that will be selected by the computer. With time, they 

have learned to see directly at the tree what products will be produced. When processing trees 

that are in between two assortments, there is more usage of the display. 

The operator must look for bends and defects of the stem to pulse-open the delimbing knives 

and to adjust the bucking. Defects are difficult to see and are often spotted first when the head 

gets stuck in the defect or have passed it. 
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The harvester head uses a wheel for measuring the fed length that will get stuck sometimes, 

making the head feed another length than desired. This must be observed by the operator by 

comparing the length of the log with the measured length that is shown on the display. 

Crosscutting and placement of logs 

The position of the log must be decided before the stem is cross cut. Each assortment will 

have its own pile for the forwarder to pick up. The harvester head can be used for gripping 

and repositioning logs, but will take extra time. Specific assortments can be set to be 

automatically color marked with spray paint for easy identification. 

Common for all work elements is that visual information is the dominant input, and the high 

speed of the operations makes visually obtaining information problematic (Gellerstedt, 2002). 

An eye-tracking study made by Häggström et al. (2015) indicated that many operators use the 

bucking monitor seldom (mostly during second thinning and final felling). Most of the dwells 

onto the display were registered during the processing of the tree. The study also revealed that 

the use of the monitor is very much personal; large differences in the number of glances onto 

the display were registered.  

2.6 Current display 

Early forestry machines had mechanical counters that measured the fed length of each tree. 

Later, diameter measurement was added, and those two digits were the only support the 

operators had. In modern machines, additional information connected to the bucking 

computer is shown, but the diameter and length are still dominating the display, see Figure 6. 

Tree species, bucked length, assortment and quality are usually also shown as well as the 

forecasted assortment to ease the planning of sorting.  

 

Figure 6. A display from Komatsu with the MaxiXplorer interface. The diameter and length are placed on top, 

with tree species, assortment name and chosen length below. A dynamic stylized log is used to display the 

forecasted assortment. In the bottom of the screen, aggregated production, current operator, object name and 

machine data are visible.  
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Each operator has a profile with personalized settings. The aggregated production is usually 

shown on screen (e.g. accumulated volume, the number of stems and mean stem volume). 

When the saw is moving, all other controls are disabled, and an icon is flashing onto the 

screen showing how far the saw has traveled.  

Machine data, such as fuel level, engine temperature, hydraulic temperature and settings for 

e.g. gear and boom speed is usually shown at the bottom of the screen.  

The PC the runs the bucking software and as well as other applications, mainly GIS software. 

The GIS software can be bundled with the machine, but other software are available as well, 

such as Sveaskog’s P-styr. The main function is a map, where different overlays can be 

drawn, see Figure 7. In the overlays can the boundary of the stand and symbols for where the 

operator should show caution as well as suggested strip roads be shown. Other overlays can 

show aerial photographs or topographic maps. The system is coupled with the StanForD 

standard, which allows processed trees to be added to the map, which is useful for the 

forwarder operator.  

 

Figure 7. In the GIS software, different overlays can be used, here a satellite view together with the track where 

the machine have traveled. Here a picture of Dasa GeoInfo (Dasa AB, 2015). 
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3  HEAD-MOUNTED DISPLAYS AND AUGMENTED 
REALITY 

The state of the art about the current ways of presenting information in glasses is presented 

below.  

 

 

Head-mounted displays have the possibility to present information in a more immersive way 

than ordinary head down displays (HDD). As more and more data is becoming available for 

operators, these methods can be an alternative to present the information in a more intuitive 

way than is possible with current solutions. These ways are included in the term augmented 

reality (AR). 

Augmented reality is often described by three criteria stated by Azuma (1997) who claims 

that AR systems should fulfill the following: 

 Combining real and virtual, by adding a virtual content to a predominantly real 

environment. 

 Interactive in real time 

 Registered in three dimensions by presenting information that is context sensitive, 

depending on the surrounding environment. 

These criteria do not make a distinction in what sensory modality and in what way to augment 

reality. In most cases, as in this project, it is implicit that AR is about visual content. AR can 

be used for other modalities as well, such as sound or pressure. 

AR is placed in the mixed reality spectrum of the virtual continuum, which spans between 

reality and virtual environment (e.g. virtual reality (VR)) (Milgram & Kishino, 1994), see 

Figure 8.  

 

Figure 8. In augmented reality, virtual content is introduced in a predominantly real environment (Milgram & 

Kishino, 1994). 

Military HUDs were developed during the 1950s for information presentation in aircrafts, but 

the first AR display was developed by Sutherland (1968). This was an HMD that could keep 

track of the head movements of the wearer and show vector graphics via a see-through 

display, dependent on the orientation of the head. Researchers at Boeing later coined the term 

augmented reality while working with a system for helping with cable installation in aircraft 

(Carmigniani & Furht, 2011; Caudell & Mizell, 1992). 

3.1 Human visual perception 

As AR systems are used to mix real and virtual visual content, some understanding of the 

human visual-sensory system is needed. When designing displays for head-mounted AR 
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systems, four main areas have been proven to influence the user experience and the 

expectation gap (Livingston, Gabbard, Swan II, Sibley, & Barrow, 2013); visual acuity, color 

perception, text legibility and depth perception.  

Visual acuity describes the ability for an observer to detect and identify details and is 

measured in angular size. The ability is dependent on the size and the contrast of the object. It 

is often tested by the Snellen chart, where block letters are read from a distance of 6 meters. 

Normal vision (1.0) is defined by the ability to resolve details of 1 min of visual arc (1/60 

degree). For healthy young people, the ability is often better (Livingston, Gabbard, et al., 

2013). The total field of view is about 200 degrees horizontally and 130 degrees vertically 

(Cakmakci & Rolland, 2006). Contrast, C is defined by the difference in luminosity between 

the maximum, Lmax, and minimum, Lmin, luminance in an image: 

 max min

max min

L L
C

L L





  (1) 

The higher the contrast, the easier it is to detect small objects. The most comfortable sightline 

is 15 degrees below the horizontal sight-line. The recommended arc for visual information is 

from the horizontal sight-line to 30 degrees below (Bohgard et al., 2008). 

The retina of the eye has three different cones that are sensitive to different ranges of light 

wavelengths; long (red), medium, (green) and short (blue), that overlap. The total visible 

spectrum is spanning between 400 and 700 nm. The eyes are most sensitive to green hues. 

The concentration of cones is most dense in the yellow spot on the retina, where the focus 

point is located and sparser in the periphery. About 7-8 percent of all men and 0.5-1 percent 

of women have defect color vision. The most common defect is to be unable to differentiate 

between green and red hues (Bohgard et al., 2008).  

Depth perception 

The human brain have several methods to perceive depth, called depth cues. These depth cues 

are working in parallel to help getting depth information from two-dimensional images. The 

cues are working together and are redundant, so depth is perceived even when some of them 

are missing, for example can people with one blind eye see depth and it is possible can 

understand a flat painting or picture. 

Convergence is the angle between the central lines of the eyes. This depth cue is only 

effective in short distances. This is because that the angle difference between objects far away 

is too small.  

Accommodation is when the eyes refocus (regulates the power of the lens) to see objects 

clear. As with convergence, this is only effective for small distances.  

The eyes are located with a distance between each other, usually named inter-pupillary 

distance (IPD), which varies between individuals between approximately 50-78 mm 

(Cakmakci & Rolland, 2006). This makes the images perceived slightly different for each eye. 

When the brain synthesizes the two images, the depth of objects can be computed. This effect 

is called binocular disparity. Together with convergence, this cue is binocular, using both eyes 

to acquire depth perception. 

The strongest depth cue is occlusion. When an object is in front of another, it blocks the light 

from the occluded object from reaching our eyes. This gives information of which order 

objects are located but no information about the actual distance to the object. Even if all other 
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depth cues are displayed correctly; if occlusion fails, our depth perception fails (Kalkofen, 

Sandor, White, & Schmalstieg, 2011). 

Motion parallax or motion perspective is how objects appear to move when the viewer moves, 

where close objects show larger movement than objects far away. 

Perspective makes the relative size and height of objects appear larger when closer to the 

viewer. If an object of known size is seen, this can be used to estimate the size of objects 

around it through comparison.  

For objects in the far distance, aerial perspective is used. Since the air is not completely 

translucent (e.g. fog and smog) objects in far distance have less contrast (Livingston, Dey, 

Sandor, & Thomas, 2013). 

3.2 Function 

Visual AR systems have the main function of showing virtual information in the vision of the 

users, and combining it with reality. The characteristic of AR is that it registers the real world 

and shows virtual information dependent on the surroundings (Olwal, 2009). To do so the 

environment must be known in some way, either by scanning or by previous knowledge, such 

as CAD or GIS data, as well as the users relative position to the environment in six degrees of 

freedom. The virtual content must be fitted into the environment and then be displayed in 

real-time (Azuma, 1997). All these steps have been proven difficult to perform as there is a 

need for high fidelity in all steps to provide an experience that will truly augment the reality.  

The expectations of the experience for new users are often above what today's AR systems 

can provide (Livingston, Gabbard, et al., 2013). This is probably due to how easy 

visualization of complex (fictional) AR systems can be made in movies or other media, see 

Figure 9 below.  

 

Figure 9 Jaguar concept of an AR HUD where the AR elements have been added in postproduction (Jaguar Land 

Rover, 2014)  
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3.3 Technologies for visual AR 

There are several ways to present information through AR. Following are the major types. 

HMDs are glasses or visors where the virtual content is shown to the wearer through a first 

person view. HMDs will be explained further in the next section as they are the main scope of 

this project. 

Mobile AR is handheld screens with cameras (often smartphones or tablets) where the view 

through the camera of the device can be augmented. These devices often include sensors such 

as accelerometers, GPS, and compass as well as reasonably capable hardware making them 

suitable for the task (Carmigniani & Furht, 2011). For registration, markers, such as the AR 

Toolkit (Kato & Billinghurst, 1999) or QR-codes are often used to pin virtual content 

(Carmigniani & Furht, 2011; Olwal, 2009). For navigation-applications, GPS data is often 

sufficient (Grasset, Mulloni, Billinghurst, & Schmalstieg, 2011; Hugues, Cieutat, & Guitton, 

2011). 

See-through displays are fixed transparent displays where information is displayed, either 

through mirroring a display (as in most HUD applications) or by using a transparent OLED 

screen. These types of displays often have a fixed viewpoint, thus avoiding the tracking 

problem of the user. 

Spatial AR (SAR) uses projectors to project virtual content directly onto real objects. This has 

the advantage of the user not having to wear any device, and also that multiple users can 

experience the same thing. The equipment makes this type of AR stationary, which have the 

upside that the equipment is rather inexpensive, and standardized components can be used 

(Carmigniani & Furht, 2011). 

3.4 Head-mounted displays 

Head-mounted displays can be done in several ways. The most common ones which are 

commercially available are optical see-through and video see-through HMDs, see Figure 10. 

Not yet fully commercialized are virtual retinal displays (VRD) and head-mounted projection 

displays (HMPD).  

 

Figure 10. Optical see-through HMDs (left) let the user see the world directly while in video see-through HMDs 

(right) the user is watching a video stream. 
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Optical see-through displays consist of optical combiners placed in front of the user’s eyes. 

The combiners reflect the image from a screen onto a partially translucent mirror, a beam 

splitter. The user can, therefore, see through the mirror and see a composite picture of the real 

world and virtual content. The displays are connected to a computer that is connected to 

sensors, tracking the head, and/or the environment and changing the displayed view 

accordingly. An effect of this design is that it can only add light, causing the projected image 

to be faint against light backgrounds. Another effect is that the reflector will reduce the 

incoming light, which makes the world looks darker. Designs where only certain wavelengths 

are reflected have been tested, but that will render the virtual content monochrome (Hua, 

Cheng, Wang, & Liu, 2010).  

Different designs of optical elements have been used to transfer the image from the screen to 

the combiner; an overview can be found in Cakmakci and Rolland (2006). 

A different approach to transfer the image is to use holographic optical elements (HOE)  

(Kasai, Tanijiri, Endo, & Ueda, 2000), (Mukawa et al., 2008). This will make the optical 

element much smaller, making more lightweight HMDs possible. There are other similar 

techniques as the HOE, such as diffraction gratings (Levola, 2007) or reflective waveguide 

(Sarayeddline, Mirza, Benoit, & Hugel, 2014). All these goes under the name of light guiding 

or wave guiding optics. The drawback with this type of design is that it is difficult to mass 

produce (Kress & Starner, 2013). The optical design of the HOE and a more traditional 

combiner can be seen in Figure 11. 

 

Figure 11. The HOE to the left uses internal reflections to transfer the light from the microdisplay (Kasai et al., 

2000) while the more traditional combiner to the right uses a semitransparent mirror (Cakmakci & Rolland, 

2006). 

Video see-through displays (or closed view displays) lets the user look into a display, just like 

a VR headset. The view from the real world is recorded by cameras placed onto the headset. 

The virtual content is then added digitally before being displayed to the user. As an offspring 

of the design, the cameras will be a bit offset from the position of the eyes, making the world 

look a bit different. Normally, the field of view will be limited as well.  
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Virtual retinal displays (or scanned beam display) use a low powered laser projecting the 

image directly onto the retina instead of a screen. A scanner draws the image pixel for pixel 

(or in a pattern). The image from a VRD seems smoother than from an HMD with combiners 

since there is no fixed screen. The movement of the scanner will render the pixels a bit blurry. 

With a VRD it is possible to have the information displayed always in focus, but with the 

drawback that the pupil location of the user must be known (Rolland, Thompson, Urey, & 

Thomas, 2012). Solutions for overcoming this obstacle have been studied by moving the 

optical convergence point to the rotation center of the eye (Takahashi & Hirooka, 2008). 

VRDs can be made with very high luminance. 

Head-mounted projection displays (HMPD) uses a projector that via a semi-transparent mirror 

placed in front of the user’s eyes projects virtual content onto the environment. The surface 

that is to be augmented must be covered in a retro-reflecting material. In that way, each eye 

will only see the content projected from the corresponding projector (Pastoor & Conomis, 

2005), (Hua, Brown, & Zhang, 2011). This has many advantages, for example that 

accommodation and convergence are synced and that it can provide a wide angle 

augmentation. The obvious drawback is that the surroundings must be covered with retro-

reflective material and that the virtual content always will be placed on top of real objects. 

Focus 

AR provides possibilities to show context based information, e.g. a sign close to an object or 

adding three-dimensional content to an environment. This is held back by problems with 

showing the virtual content in focus.  

Most displays are showing the content at a fixed viewing distance, often at a couple of meters 

away or at infinity, decided by the hardware. Depth cues are provided by e.g. binocular 

disparity and perspective but not accommodation a cue important for near distances. In other 

words, the visual impression is that of watching a screen at a fixed distance. This makes the 

cues work against each other, which have been proven to cause eye and cognitive strain (Hua 

et al., 2010; Järvenpää & Pölönen, 2009). Several tries have been done to solve this, for 

example stacked 2D displays at different apparent depths (Rolland, Krueger, & Goon, 2000) 

or displays with variable focal plane, where some can show objects at several depths (Liu, 

Hua, & Cheng, 2010). Accommodation of the viewer’s eyes has been found to be present in 

stereoscopic HMDs showing stereoscopic 3d objects, even though the glasses does not 

support it (Hasegawa, Omori, Watanabe, Fujikake, & Miyao, 2009), which could be coupled 

to eye strain. 

Difference in focus between eyes, faulty alignment between eyes (vertical, horizontal and 

rotational) and convergence/focus mismatch are violations that are not accepted (Melzer, 

2011), the exact ranges can be found in the reference. 

Video see-through will show all content at the same viewing distance, making focus less of a 

problem. However will this make the experience less immersive. The focus point of video 

see-through is decided by the focus of the camera. At short distances, there can be problems 

with convergence, as the direction of the cameras is fixed. 

Optical quality 

There is generally a payoff between resolution and field of view in HMDs (as visualized by 

Kress, Saeedi, and Brac-de-la-Pierriere (2014)). A resolution that would let the eye be the 

limiting factor needs to be 1 arcmin or smaller (Cakmakci & Rolland, 2006). Due to demands 
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for higher field of view, a value of up to 4 arcmin is used (Rolland et al., 2012). The size of 

the microdisplay used is the limiting factor.  

Optical see-through displays lets the user see the surroundings unaltered even though the 

optical combiner may degrade the visual acuity (Livingston, Gabbard, et al., 2013), while the 

quality of video see-through is dependent on the resolution and quality of the camera.  

The contrast in optical see-through displays is often rather poor, as the light of the 

environment decides the background. Average outdoor scene luminance is about 7 000 cd/m2 

and can be up to 40 000 cd/m2 (Cakmakci & Rolland, 2006). Against light backgrounds, such 

as the sky or a sunset, the virtual content may not be visible if the luminance of the display is 

too low. This can be adjusted with how much light the HMD will let through, either by the 

combiner or by adjusting the incoming light (Donval et al., 2014). Another way is to increase 

the brightness of the screen, but since the high intensity of sunlight, this can only be done to a 

certain degree. VRDs generally have more intense light, as they are not dependent on a 

combiner. The luminance needed by the display to be visible (for a certain contrast ratio) 

against a background is dependent on the background luminance, the transparency of the 

optics, and the transparency of the combiner. Eventual visors or glass screens between the 

user and the background will reduce the amount of luminance needed of the display (Melzer, 

2001). Requirements of a minimum luminance for outdoor conditions ranges between about  

5 000-7 000 cd/m2 (Bayer, 2002) to about 22 000 cd/m2 (Rash, Russo, Letowski, & 

Schmeisser, 2009) depending on the combiner translucency.  

Since the human eye only can perceive objects with high resolution at a small angle around 

the focus point, research have been made with a display that only shows high resolution in a 

small area (Rolland & Hua, 2005). Tiled displays, with several displays to achieve high FOV 

with reasonable resolution have been tried and implemented (Brown & Boger, 2008; Rolland 

& Hua, 2005; Rolland et al., 2012). 
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Field of view 

The field of view (FOV) for most displays is below 40 degrees. This is due to problems with 

aberrations for large FOVs and that the size of the HMD becomes an issue. There are some 

HMDs with FOV of about 100 degrees but to the cost of very bulky optics, see Figure 12.  

 

Figure 12. Large field of view HMDs requires complicated optics, making them very bulky. The HMD shown is 

used for simulation for helicopter pilots (Rockwell Collins, 2009). 

How much of the area outside the optical element that is occluded by the HMD is very 

dependent on the individual design. Devices for the consumer market is often more obtrusive 

than e.g. military displays where an undisturbed field of view is more important than a sleek 

design. HMDs with a HOE have the possibility to combine the both qualities (Mukawa et al., 

2008). By experience, it has come to be known that a FOV of 20-32 degrees is a suitable 

minimum requirement for most applications. This lets the display cover the whole foveal 

vision and also cover most of the area that is comfortable to look at without moving the head 

(Rolland et al., 2012). More important in most applications is that the un-augmented area is 

clear and not blocking the sight of the user. In a survey of users of HMDs, done by the 

producer Sensics, the preferred FOV was 100 degrees horizontally and 50 degrees vertically 

(Boger, 2008). Testers of prototypes of Microsoft Hololens have claimed that the limited FOV 

(not yet disclosed) prevented an immersive AR experience (Robertson, 2015). For non-

immersive applications, the FOV could probably be smaller. 

Safety 

There are applications where the vision of the user is important out of safety issues (as in 

forestry). Video see-through displays have the drawback that when malfunctioning, the vision 

is obscured. Optical see-through HMDs let the user retain vision even when not in function.  

There have been concerns about the safety of VRD, as a laser is projected on the retina. The 

effect of the laser can easily be modulated to be so small that no health issue should be 

present (J. R. Lewis, 2004).  
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Display types  

All types of HMDs, except VRDs, are using a microdisplay to draw the virtual image. There 

are several different variants of microdisplays in use. Liquid crystal displays (LCDs) are 

backlit liquid filled cells that are regulated by an electric field. LCDs are more and more 

replaced by OLEDs. OLED are self-illuminating thus do not need an illuminating source, 

which makes them thinner and lighter than technologies that use backlight, e.g. LCDs. The 

drawback is a shorter lifespan (Hua et al., 2010). If high brightness and contrast are important 

factors when choosing display, can liquid crystal on silicon (LCOS) displays be an alternative 

(Rolland & Hua, 2005). They are not backlit as LCDs but reflecting and front lit. This makes 

the architecture more complex.  

The smaller the microdisplay, the more powerful optics is needed to achieve a certain FOV. 

This leads to more optical elements and a bulkier HMD (Rolland & Hua, 2005). Higher 

resolution of the display is not automatically regarded as better if the pixel size is not smaller. 

This is to avoid bulky HMDs (Rolland et al., 2012). 

Architecture/Design 

HMD designs can be either pupil forming or non-pupil forming (Kress & Starner, 2013), see 

Figure 13. Pupil-forming uses an intermediate image to relay the image from the source to the 

eyes; this makes it possible to put the image source away from the front of the head by using 

an optical system that fold around the head. In this way, the display can be placed in a more 

advantageous position in terms of weight and not blocking the view. A non-pupil forming 

system works like a magnifying glass, making the image of the microdisplay appear bigger. 

The main disadvantage is that the display must be located close to the eyes of the wearer 

(Melzer, 2001). 

 

Figure 13. Pupilforming optics (upper image) can easier be wrapped around the head than non-pupil forming 

(lower image) where the display must be placed close to the eyes. Figure adapted from Kress and Starner (2013). 

The eyebox is the two-dimensional envelope that the pupil must lie within to see the virtual 

image. To let the user look around (and let the HMD be able to move a bit) this is preferably 

as big as possible: minimum 8 mm vertically and horizontally, and preferably as big as 15 mm 

(Rolland et al., 2012). 

Monocular systems are only using one screen for one eye to display information. The 

advantage is low weight and a simpler design. Binocular systems have the advantage of 

stereoscopic vision and less potential strain of looking through one display to the cost of a 
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more complex design (Melzer, 2001). US Army helicopter pilot have been using monocular 

HMDs since early 1980s. Studies show that the majority of the pilots report visual complaints, 

such as visual discomfort, blurry vision and headache during and after use. It is unclear if it 

has affected their vision permanently (Rash, 2008).  

The light rays from an HMD will have the same direction as from an object at the distance of 

the virtual screen of the HMD. This means that regular eyeglasses or lenses can be used in 

combination with HMDs as long as the eye relief (distance from eye to the nearest point of the 

HMD) is large enough. A normal recommendation is an eye relief of about 25 mm (Li et al., 

2013), (Rolland & Hua, 2005). For hyperopia (farsightedness), glasses and HMDs are not an 

optimal combination (Kress et al., 2014). 

Perception problems 

As noted previously, to make virtual objects fit with the environment is difficult. Below 

follows a number of problems that have been found to occur with HMDs. 

Occlusion is one of the more difficult problems. Independent on the display type, must the 

position of the user’s eyes and the occluding objects be tracked with enough precision in three 

dimensions. The virtual content must then be adapted so only the non-occluded parts of the 

virtual content are shown. In a video see-through, as long as there is a good model of the 

ambient 3d space, this is pretty straight forward. With optical see-through devices, the dim 

appearance of the virtual content can make the occlusion not convincing, as the real objects 

shine though. There have been tries to overcome this by using a transparent LCD masking the 

parts of the environment that is to be occluded (Kiyokawa, Kurata, & Ohno, 2000). 

If the occluding objects are known, and there are already 3d models of these to use as 

phantom objects, the chance for succeeding with occlusion is higher (Kalkofen et al., 2011). 

Otherwise, depth information from sensors must be used to create phantom objects. 

Since optical see-through displays have a combiner that will mix the projected and the 

surrounding light, colors displayed in such a screen will be affected by the background. As the 

combiner will reduce the light of the background, the colors will change and since our 

perception of colors is context sensitive, this may affect the perception of the virtual colors as 

well (Livingston, Gabbard, et al., 2013). 

User interface 

As information presented in AR optimally will be displayed in three dimensions, there are 

suggestions that it would be suitable to change the way interaction with that information is 

made. Tangible user interfaces (TUI) is one suggestion, where pointers and objects (with 

markers) is used to manipulate data (Billinghurst, Kato, & Myojin, 2009). Gesture-based 

interaction is another suggestion (Valentini, 2013), as used by consumer products Microsoft 

Kinect and Leap Motion, as well as voice commands (Olwal, 2009).  
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3.5 Tracking 

The possibilities (and what defines) AR is the opportunity to present information dependent 

on the surroundings. To do that with an HMD, the position of the head of the wearer must be 

known in relation to the object(s) in the surrounding the device will interact with.  

Head tracking 

To track the head there are three basic strategies; to use internal sensors on the device to 

interpret the surroundings, use external sensors to track the HMD or to use inertial sensors. 

A camera placed on the HMD is often used as an internal sensor. Feature detection is 

supported by easily recognizable features (as an example in  Korah, Wither, Tsai, and Azuma 

(2011)) and markers of different kinds are often used. The known size and orientation of the 

markers gives a rather robust way to track the position of the HMD. A known set of markers 

is the ARToolkit (Kato & Billinghurst, 1999) or QR codes. This method relies on that the 

markers will be visible for the camera. Different set-ups with several cameras or several 

markers have been used to help with tracking occluded markers (Arai & Saito, 2009). 

Markerless tracking mainly uses either corner or blob detectors, where corner detectors are 

more efficient and blob detectors are better in scaling information (Herling & Broll, 2011). 

By putting markers on the HMD and cameras directed towards the head, the position and 

orientation of the HMD can be tracked. A calibrated and secure position of the HMD on the 

user's head is required for this method to be accurate, since there is no connection between the 

tracking of the head and the alignment of the virtual content. An example of this is the Striker 

II fighter pilot helmet from BAE Systems. 

Accelerometers and gyros can be used to decide the movement of the HMD. For deciding 

speed or position, the output from the sensors must be integrated which leads to drift and 

uncertainties. By combining several methods can a more robust tracking be achieved, thus 

overcoming the drawbacks of the each technology. .One successful example is the 

combination of inertial and visual tracking (Atac & Foxlin, 2013; You, Neumann, & Azuma, 

1999).  

A GPS tracker can be used to locate the user, but since the accuracy of a GPS in practice is 

measured in meters, the position can be too coarse for more demanding applications. The 

information is also limited to two-dimensions, making the method dependent on other 

methods for more accurate tracking, e.g. inertial sensors (Azuma, Hoff, Neely III, & Sarfaty, 

1999). Outdoor tracking is generally harder to achieve than indoor tracking since there is less 

control over the environment, and there is usually fewer resources available in terms of 

sensors and computing power. 

Eye tracking 

There are some applications that demand that the position of the pupils to be known, either to 

interact with the interface/surroundings or to adapt the optics. This is usually done by 

directing a camera towards the eye, tracking the movement of the pupil (Kress et al., 2014). 

Motion tracking and track of the surroundings 

It is not only the user that is moving, but also parts of the environment can be dynamic. It can, 

therefore, be of interest to track these objects to pin information or in other way let them 

interact with the virtual content. The methods used are the same as for tracking an HMD, but 
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it is primarily the relationship between the user and the object that is important rather than the 

spatial location.  

Stereo cameras can be used to make a 3d model of the surroundings via image processing. 

Structured light is used in for example Microsoft Kinect for measuring depth. 

Predefined GPS markings can be used to place objects in the surrounding. The accuracy is not 

that high so it is mostly suitable for geographical features or things of larger scale. 

Data handling 

As AR HMDs need to in some way register and analyze the surroundings before displaying 

appropriate material with minimal delay, there is a need for a computer that is able to do so, 

as well as a data connection with appropriate bandwidth. For example will a stereoscopic 

HMD with a resolution of 800x600 at 24-bit color depth at 85 Hz frame rate need a bandwidth 

of nearly 1 Gbps (Kaufmann & Csisinko, 2011). Compression can only be used to a certain 

degree as there is low tolerance for delay. HMDs made for serious AR applications are 

therefore seldom wireless. 

Too much latency (the time difference between head movement and accompanying change of 

display) will affect the user experience in a negative way, an upper limit of 300 ms have been 

stated. Another source using image overlays for rotary aircraft claim that latencies over 150 

ms are unacceptable and under 50 ms are preferred (Link, Kruk, McKay, Jennings, & Craig, 

2002). For immersive high field of view HMDs for fighter pilots where an error rate of 5 

mrad is acceptable, even lower latencies have been required. From 2.5 ms for fast head 

movements (100 degrees per second) and 25 ms for slower head movements (10 degrees per 

second) (Bailey, Arthur III, & Williams, 2004). Arthur et al. (2014) claims that a total system 

latency must be lower than 20 ms for acceptance. High latency have been blamed for motion 

sickness (Rash et al., 2009). 

3.6 GUI design for HMDs 

Interface design should follow the four Gestalt principles: proximity, similarity, continuity, 

and closure. The principles state that user associate elements with each other based on these 

rules. Proximity stands for elements placed close together. Similarity stands for elements of, 

for instance: similar color, shape, and orientation. Continuity indicates that the eyes seek for 

curves formed by the alignment of elements. Closure indicates that the eyes interpret closed 

forms which are not explicitly drawn but formed by empty areas in between elements 

(Bohgard et al., 2008; Tidwell, 2006).  

There are discrepancies in the results of different AR interface usability tests, making it 

difficult to draw any general conclusions. This is probably coupled to the different contexts of 

the tests.  

Billboard 

Billboard is a text drawing style where the text box is colorized in another color than the text, 

see Figure 14. Research has shown that this drawing style have a positive effect on legibility 

in HMD interfaces thus leading to faster response times. Blue billboard with white text has 

been found as the combination with the fastest response time among the RGB-colors for both 

outdoor (Gabbard, J Edward Swan, & Hix, 2006) and indoor (Fiorentino, Debernardis, Uva, 

& Monno, 2013) applications. These results build on tests with different environmental 
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backgrounds and lighting conditions. The contrast between the text and the billboard is of 

higher importance than the contrast against the billboard and the environment (Gabbard & 

Swan, 2008).  

 

Figure 14. Placing a billboard under the text has proven to increase legibility. White text on blue background is 

considered to be one of the best combinations. 

Color 

Color has shown to be the most efficient feature in graphical interfaces for reducing visual 

search time (Gabbard, 2008). When implementing a new interface should the color coding 

from the previous interface be remained since learned habits are hard to forget (Bohgard et al., 

2008). C. Lewis and Rieman (1993) states “a successful system has to merge smoothly into 

the user’s existing world and work.”. Fiorentino et al. (2013) suggests that when color is an 

information carrier in an HMD GUI then the color should be applied to the billboard and 

combined with white text.  

Green is one of the most common colors in military HUD and HMD applications. In outdoor 

tests by Gabbard et al. (2006) and again by Gabbard and Swan (2008) did green text without 

drawing style have significantly shorter mean response times than red text. Red text without 

drawing style can, therefore, be disregarded for use in HMD applications (ad lib). In a similar 

test indoors was green also faster against light backgrounds but slower against dark 

(Fiorentino et al., 2013). When it comes to plain text has white proven to be the color with the 

best legibility (Fiorentino et al., 2013; Gabbard & Swan, 2008). 

Graphical overlays are preferred to be placed in dark areas just below the center of the screen 

in HMDs. Algorithms have been developed that can predict (with a 67 percent accuracy) 

preferable regions where information should be placed (Orlosky, Kiyokawa, & Takemura, 

2014). In an HUD test with car drivers, information placed in an area of about 7 degrees 

around the optical centerline was regarded as annoying (Inuzuka, Osumi, & Shinkai, 1991). 

GUI related research for HUD has also shown that visual information not required for the task 

at hand is perceived as disruptive. Further has clutter of elements in the GUI lead to slower 

response times of lightning of new elements in the HUD. Clutter in the HUD also has shown 

to have a negative effect on detection of objects in the environment. Lowlighting the 

irrelevant information has been tested without significant improvements (Ververs & Wickens, 

1998). Too much information in an HMD overlay may lead to loss of depth perception of the 

overlaid objects according to Livingston et al. (2003) and too few objects overlaid is also not 

good as there is a lack of references. The most effective way, in terms of response time and 

error rate to mark objects, have been found to mark them with wire frame plus fill compared 

to only fill or only wireframe. Further had decreasing opacity and intensity with distance a 

positive effect on response time (ad lib). 

Wickens and Alexander (2009) defines attentional tunneling as “the allocation to a particular 

channel of information[…] for a duration longer that is longer than optimal, given the 

expected cost of neglecting events on the other channels…”. This fact is important to take into 
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consideration when designing a GUI that will be implemented directly in the field of view, 

like in an HMD for instance (Dudfield, Hardiman, & Selcon, 1995). In different tests with 

pilots has mean response time in reacting to environmental events been consistently lower 

while using HUD compared to HDD (Ververs & Wickens, 1998). In simulator test with air 

pilots, the subjects failed in simultaneously attending to information in an HUD and the 

outside world (Foyle, McCann, Sanford, & Schwirzke, 1993). In a test with surgeons was 

endoscopic camera video presented on an external display and AR information was added to 

the video stream. This test had a significant result were only 1 out of 15 subjects succeeded in 

detecting a foreign object (a metal screw), something the authors describes as intentional 

blindness (Dixon et al., 2013).  

Graphic elements 

When a GUI should be used in productivity tasks, it is important that icons are simple and 

schematic and rendered with a minimal number of colors and shades (Cooper, Reimann, 

Cronin, & Noessel, 2014). The information should, if possible, be a stylized representation of 

the variable it represents. Elements should be given distinct designs since similarity might 

lead to confusion and misinterpretation (Bohgard et al., 2008).  

Recommended font size for optical HMDs is different than for normal screens, Renkewitz, 

Kinder, Brandt, and Alexander (2008) recommend a font size of at least 0,5 degrees for 

reliable recognition and a font size above 1-1.5 degrees for fast recognition (below two 

seconds). Sans serif fonts are recommended for presenting text on displays, due to raised 

legibility compared to serifs (Cooper et al., 2014; Tidwell, 2006). 

3.7 Models/manufacturers with performance 

In Appendix A can a table of current HMDs be found. This is a selection to show the most 

common HMDs as well as models that show the diversity in terms of performance (including 

consumer grade as well as military grade HMDs).  

Note that for some HMDs some integrated sensors are listed. Aftermarket sensors can be 

added onto more or less all HMDs, but to a maybe more bulky design. The luminance needed 

is heavily connected to the transparency, as for a less transparent combiner, less luminance is 

needed. A pair of sunshades is often provided with HMDs to change the transparency. 

3.8 Future 

HMDs has been under development since the late 1960s and the problems depicted by 

Sutherland (1968) and also by Azuma (1997) still remains when looking at the topics still 

being researched. Still there has yet to be a “killer application” for AR outside military 

aviation (Livingston, 2013). Registration and projection of information with enough quality 

have still to close the expectation gap to be useful and to be accepted by the users.  

The introduction of the NED Google Glass in 2012 made AR popular, even though it have 

been criticized for using old technology and repeating old mistakes (Ackerman, 2012), as well 

as promising more than it could deliver (Ackerman, 2013). Google is temporarily out of the 

consumer HMD market but have promised to return in some form (Google, 2015b). The 

company will still support the device for enterprises. 
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At the moment there are a couple of projects directed at the consumer market trying to make 

products out of the research and one-off prototypes that has been made during the last years; 

Microsoft Hololens, Magic Leap and Meta. Only Meta have released specifications of the 

glasses (https://www.getameta.com/), For the Magic Leap, patent applications (Abovitz, 

Schowengerdt, & Watson, 2015) and patent and company acquisitions tells about what the 

future will bring (Hollister, 2014). All the projects are trying to use high-resolution displays 

coupled with compact optics to make a sleek HMD. In the MagicLeap case, a light field 

projector is used, attempting to solve the convergence-accommodation problem (Markoff, 

2014). The projector is consisting of an oscillating optical fiber, making it possible to move 

some hardware off the head (Hollister, 2014). Another common factor is that they are using a 

combination of several techniques for tracking the position of the user and scanning the 

environment. Depth cameras in combination with regular cameras and six degrees of freedom 

inertial sensors seem to be the common solution for registration (Simonite, 2014). The 

hardware have been available for a while; the problem lies in making software that can in a 

robust and fast way handle the information given by the sensors. Using transparent screens to 

block out parts of the environment for occlusion is another technique that may be used 

(Hollister, 2014). A problem with the immersive type of AR is that when the field of view is 

restricted, the illusion gets disturbed. Early prototypes of Microsoft Hololens have been 

criticized for the low FOV (reported to be around 35-40 degrees horizontally) by media 

(Metz, 2015). 

Google Tango (https://www.google.com/atap/projecttango/) is a project where they use 

prototype tablets and mobile phones to map the environment, which is needed for realistic AR 

implementation. The depth of objects is necessary for occlusion as well as projecting 

information on the top of objects or near them. 

Some of the technical advances that probably will be commercialized in the near future are 

multifocal displays and free-form optics (Rolland & Cakmakci, 2009). Freeform optical 

surfaces have been possible during the last years due to development in manufacturing (e.g. 

diamond turning) and have the opportunity to make lighter HMDs with larger FOV as a 

system of lenses can be combined to one. Multifocal displays can help making real three-

dimensional vision possible, solving the conflict between convergence and accommodation 

that is typical for today’s displays.  

Innovega is using another approach to build their glasses. A contact lens combined with a pair 

of glasses is to provide a larger field of view, by placing some of the optics in the contact lens 

(http://innovega-inc.com/new-architecture.php). 

Social acceptance 

Padzensky (2015) points out that the trend of AR is that it is “an on-demand experience rather 

than an always-on utility”. Devices will be used when they have a purpose and will be put 

aside when not. The social acceptance of an always-on device was demonstrated clearly with 

the Google glass and the controversy of “glassholes”, users that made the environment feel 

unease due to the fact that they were potentially always filmed. The wearers of Google Glass 

have also felt at uneasy of the attention the device brings. For industrial or professional 

applications, this is less of a problem.  

Alternatives to HMDs 

Advances in transparent large screens (as shown by Hsu et al. (2014)) or transparent OLEDs 

(Görrn et al., 2006) can make what Olwal (2009) describes as unobtrusive AR a viable option 
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to HMDs. The opportunity to use the windscreen as a display will make HMDs unnecessary 

for applications where the viewer is more or less stationary, so the size of the screen is not a 

problem, such as vehicles.  

Optea and Skogforsk have developed an HUD that depending on what functions to implement 

can be an alternative to an HMD (Arboix, 2015). An HUD is placed at, or in the vicinity of 

the windshield of a vehicle. For an HUD to have the same field of view as an HMD, the size 

must be considerably larger. For a flat combiner, the size of the reflected screen must also 

grow in size making a large FOV HUD obtrusive. Both for placement of the projector/screen 

and for luminance, the angle of the combiner are of importance. A smaller angle will yield 

higher luminance.  

Displaying information onto the environment directly via a projector is another viable option 

for unobtrusive AR (Marner et al., 2011). For good legibility, the surfaces should be of such 

kind that the projected content is clearly visible. For regular projectors this can be a problem, 

as well as that for a dynamic environment, the focus of the projector must be changed 

continuously. A laser scanner may be an alternative. 

3.9 Current implementations of AR 

Despite the fact that the technological field of augmented reality has existed since the late 

sixties, the number of successful implementations that could be found is limited. According to 

Prochazka and Koubek (2011) is AR “almost exclusively used in high budget solutions with a 

special hardware”. Head-mounted displays in the helmets for air fighter and helicopter pilots 

within the military are one of few successful implementations with a wide spread that could 

be found. However, research for possible implementations has been ongoing during the last 

decades. Medical, manufacturing, logistics and repair/maintenance are the fields where the 

most of the research has been focused to find ways to implement the technology. Many of the 

research results have turned out positive with reports of higher efficiency with the AR-system.  

Schwerdtfeger and Klinker (2008) conducted an order picking test where the subjects were 

guided by AR visualizations. Four different styles of visualizations were tested; rectangular 

frame around the correct box, three-dimensional compass arrow pointing in the direction of 

the right box, a tunnel of rectangular frames between the HMD and the box, a tunnel of 

circular frames between the HMD and the box. Both tunnels were constructed by aligning 

frames along a Bezier curve between the box and the HMD. The results showed that tunnel 

visualizations were preferable for coarse navigation and frames for fine navigation. Ubimax is 

one out of ten of Googles certified partners, which has been authorized by Google to develop 

and deliver enterprise solutions using Google glasses (Google, 2015a). Ubimax has designed 

and released five solutions using NED to present information in the user's FOV. Their order 

picking system xpick and/or the manufacturing assistance system xmake has been 

implemented or piloted at DHL, WS Kunststoff-Service, BMW, Hochschule, Rila, Daimler 

and GC Gruppe (Ubimax, 2014). Tang, Owen, Biocca, and Mou (2003) conducted a test on 

how different media for instructions affect the performance of assembly tasks. The media 

channels tested were instructions on printed manuals, computer aided instructions (CAI) on 

LCD screen, CAI in an HMD, and AR in an HMD. Results showed that AR in HMD lead to 

significant lower error rate. However, no results were found for differences on assembly time. 

Together with Meta is Ubimax developing an order picking system of a higher degree of AR 

(M. Friberg, 2015). 

Santana-Fernández, Gómez-Gil, and del-Pozo-San-Cirilo (2010) developed an AR system to 

support farmers in tasks which not leaves any visual marks in the soil, such as fertilizing or 
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spraying. The hardware in the setup was a video camera mounted on the upper edge of the 

windshield of the tractor and a GPS receiver for environment tracking, a video see-through 

HMD system (which include a 3-degree of freedom digital compass), and a laptop. The 

system was divided into three modules: positioning, video, and application. Position and 

video data were sent to the application module where it was combined with superimposed 

graphics and then sent to the glasses showing the driver streamed video from his/hers point of 

view combined with graphic information. The system was supposed to help the driver to 

receive information about which areas that had been treated, through graphic information. 

Due to the nature of the task, it was concluded that the system did not need to have a perfect 

projection of information. The test was made on flat land and it might be necessary to have a 

virtual model of the terrain if the system should be used in non-flat areas. 

Mann et al. (2012) describe a high dynamic range (HDR) image composition method which 

they implemented as a real-time video stream in welding helmets. The HDR output becomes a 

seeing aid for welding workers as it converts the brightness in the image by lightening up dark 

parts and darkens bright areas around the welding arc. 

For medical implementation of AR has research been done where CT scans has been 

presented as graphical overlays over the corresponding body parts in HMDs (Cleary & Peters, 

2010; Van Krevelen & Poelman, 2010) Also direct volume renderings (DVR) of magnetic 

resonance (MR) images of organs has been presented as graphical overlays in HMDs. In 

research tests, this has led to a significant improvement of the perception of spatial 

relationship in the anatomical context, compared to watching 2D simulations (Abhari et al., 

2013). 

3.10 Further reading 

A rather complete overview of topics regarding HMDs based on military use is edited by 

Rash et al. (2009), which also includes a section about recommendations for HMD design. 

Designs of optical combiners can be found in Cakmakci and Rolland (2006) and Kress and 

Starner (2013). Legibility and design of HMD interfaces can be found in the doctoral thesis of 

Gabbard (2008). 

3.11 AR in forestry 

The working conditions in harvesters will affect how glasses can be implemented. Below 

follows some topics that are specific for this implementation that is worth considering before 

choosing hardware. 

The more or less fixed position of the operator in the cabin (a limited head box) means that 

head-tracking is easier to perform. Cabin mounted sensors can be used, either by markers on 

the head (as used by BAE Systems with their Striker helmet) or with machine vision directly 

(e.g. Microsoft Kinect). Another alternative is to use markers placed in the cabin used 

together with a head-mounted camera. This will make it easier to use already existing glasses, 

but will cause other problems, such as higher weight of the HMD and probably inferior 

tracking.  

The fixed position is an advantage when it comes to processing power. The onboard computer 

can offer much higher computing power than a wearable device, especially if the glasses are 

connected with a cable, even though a wireless solution is probably preferred by the wearer.  
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The fixed position inside a cabin also means that sensors can be attached to the machine, 

instead of to the HMD, making added and more powerful instruments feasible. This will make 

the tracking of the head more important since the position of the instrument in relation to the 

head is crucial for well-placed overlays. Examples of instruments that can be fitted to the 

harvester are GPS, laser scanner, compass, etcetera.  

The environment from the operator’s point of view is partially predictable; the harvester will 

always be the same. 3d-models of the harvester are available and can be used for masking or 

placement of context sensitive information. The angle of joints are already available by 

onboard sensors or could easily be attached to know the position of e.g. the boom and the 

harvesting head (Assarsson & Johansson, 2015). 

Since harvesters operate outdoors, all year round, at all hours, the surroundings can be very 

dynamic. Outdoors light conditions can vary heavily, from plain sunlight to night or overcast 

winter days under the canopy. Low light is generally no problem; the only problem that can 

occur is that the interface could blind the user, where the obvious solution is dimming the 

brightness of the HMD. Many of the HMDs available today have too weak output to be 

visible in sunlight. Using combiners that will reflect or dim the incoming light will help. 

Photo-chromatic or replaceable lenses are some examples. VRD displays are not affected by 

this by the same extent. 

Introducing machine vision will be problematic as the environment is very unpredictable. 

Both light conditions and non-regular surroundings will make e.g. tree identification or 

diameter measurements difficult. Edge detection is not the major problem; it is choosing 

which edge corresponds with which tree that is hard. However may laser scanning from the 

harvester be possible, at least for positioning trees with a rather high accuracy (Öhman et al., 

2008). 

The movement of the machine is rather slow, which is positive for tracking. However will 

vibrations from the handling of the machine be a problem since the tracking will have 

problems reacting fast enough. Interviews with a fighter jet pilot have indicated that 

vibrations will not be disturbing. However, an HMD must accommodate vibration, as out of 

phase oscillation between the wearer and the HMD will result in blurred image (2-20 Hz) 

(Nicholson, 2011). If the HMD should be used for sighting, whole body vibration will disrupt 

aiming and head-tracking (Harding, Rash, & Lang, 2010). 

The HMD should be as unobtrusive as possible as the operator primary relies on visual 

information for decision making. Waveguide optics generally has a design that will obscure 

the view outside the combiner as little as possible. 

Operators work more or less non-stop during eight to nine-hour shifts. Even though they are 

seated and relatively fixed, the weight of the glasses should not be too high, and the contact 

point with the head should be as large as possible to minimize strain. The weight distribution 

should be located as near the mass center of the head as possible. The glasses should also be 

adjustable; the HMD should be adjustable for fitting an IPD between about 5.6 cm (5th 

percentile female) to 7.1 cm (95th percentile male) (Rash et al., 2009) to fit most wearers. 

The viewing distance to the harvester head, where the operator most of the time looks, is 

roughly five to six meters. The accommodation of the eye stops at about six meters, so the 

viewing distance for the image plane of the HMD should be placed at this distance or infinity. 

This will also lead to less strain for the eyes (Pheasant, 2003) 
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4  METHOD 

The theory and execution of the methods used in the project are presented. 

 

 

4.1 Literature studies 

Literature about forestry and HMDs has been searched for both broadly by using Google, 

Google Scholar and KTH Primo and more focused via e.g. the databases of SPIE, Skogforsk 

and Metla. Search terms have included Augmented reality, AR, head-worn displays, helmet 

worn display, head-mounted display, helmet mounted displays, HMD, smart glasses, 

implementations, interface, forestry, harvester, pilot, driver, vuzix, warehouse, industry, 

excavator & military in combinations or alone.  

4.2 User studies 

Since augmented reality (AR) has only found a few successful applications yet, a human-

centered approach was assessed most appropriate for this project. Most AR projects 

(including this) are technology pushed; hence making it essential to put the user’s needs in 

focus to gain usable results.  

A combination of several methods was used to gain not only explicit or observable 

knowledge, but also tacit and latent needs of the user group, see Figure 15. These studies 

included mobile ethnography, interviews, observations, generative user studies and data 

analyze and are described in detail below. 

 

Figure 15. To gain knowledge at different depths, different methods are suitable. Model after Visser, Stappers, 

Van der Lugt, and Sanders (2005). 

Mobile ethnography/Cultural probes 

Mobile ethnography is an ethnographic method from the field of service design. The normal 

procedure is that the subject uses a mobile phone to document given tasks with photos and 

sends these to the researcher, who is not present at the same location (Stickdorn, Schneider, & 

Andrews, 2011). 
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The method was chosen to give an early insight into the operators’ work situation. The 

operators were asked via SMS once per day to take a picture with their mobile phones and 

write something about a daily work related situation. The task was about their work. Twelve 

operators were participating in the study. The method was used to easier empathize with the 

operators and to serve as inspiration for further research. Another approach of using the 

method is for inspiration only, by using more provocative tasks (Gaver, Dunne, & Pacenti, 

1999). These so-called cultural probes were not used in this project. 

In addition, the method served as a sensitizer for the interviews, making the operators reflect 

about their current situation. 

Interviews 

Interviews were performed to gather insights from users, stakeholders, and subject matter 

experts.  

Five locations were visited for interviews and observations during March and April: Ramnäs, 

Hägernäs, Kolsva, Öfalla and Laxå, all located in the middle of the region Svealand. Seven 

male operators were interviewed, six of them from Sveaskog and one from a contractor 

mostly working for Stora Enso. The operators had been working as harvester operators 

between 10 to 35 years (median 15 years). The interviews lasted between two and three hours 

and was conducted in a semi-structured way. The interviews started with general information 

about their history as forestry workers and were focusing more on their actual work and how 

they handled the machine later on. Parts of the interviews was conducted while the 

interviewees were operating the harvester, so they could show and explain certain procedures 

or their rationale for decisions (Cooper et al., 2014). Examples of questions asked can be 

found in Appendix B. 

Subject matter experts and stakeholders within forestry, AR and forestry machines were also 

interviewed to get firsthand information. In forestry, researchers in human-machine 

interaction as well as planners at forestry companies were interviewed. Engineers at Komatsu 

Forest, a leading forest machine producer, were asked about the technical possibilities of 

today’s machines. Interviews were made with a fighter jet pilot and a researcher from Umeå 

University, Eva Mårell Olsson to gain knowledge about the experience of using smart glasses 

and head up displays. 

Empathic design/Observation 

Empathic design is a method that uses observations to get insights which are hard to find with 

traditional types of research. By using observations instead of asking questions the method 

aims at getting a deeper understanding in; what prompts users to use the product, how the 

product interacts with the user’s normal environment, if users change the product to serve 

their own purposes, what intangible attributes the product have, and which are the 

unarticulated user needs. The method is divided into five steps; observation, capturing data, 

reflection and analysis, brainstorming for solutions, and prototyping (Leonard & Rayport, 

1997). 

By observation, either in person or by camera, the use of the existing information interface 

and the work pattern of the operators was analyzed. Five operators were observed when 

working with harvesting, for about 2 to 3 hours each. The observers were inside the cabin 

together with the operator. The observations were recorded both by video and by taking notes.  
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Generative user studies 

The interviewed operators were presented a printed stylized image of the view out of a 

harvester cabin, see Figure 16. They were then asked to, with a pen, draw which information 

whey ideally wanted to be presented, and where in their visual field they wanted it placed.  

 

Figure 16. Printed drawings of the visual field of an operator were used for co-design. 

Analyzing user data 

The analysis of the data from interviews was made as inspiration and immersion, but also to 

find larger schemes. The DIKW (Data, Information, Knowledge, Wisdom) model (Ackoff 

(1989) in Sanders and Stappers (2012)) can be used to describe the process in making the data 

tangible and to see the bigger picture, see Figure 17.  

 

Figure 17. By analysis can data from a phenomenon be taken to higher levels, figure adapted from Sanders and 

Stappers (2012) 
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An “on the wall analysis” (Sanders & Stappers, 2012) was performed. Transcripts and notes 

from observations and interviews were printed, with one sentence/topic per line. All printed 

material was read, and selected quotes that were found to be interesting were cut out. All cut-

out quotes were grouped and sorted by topic, such as planning, cutting or operator mindset, 

and put on the wall. Patterns from the quotes and groups were condensed into statements from 

the operator perspective, such as “I use the interface so seldom, that I do not know how it 

looks”, and “audio books make the time go by faster”. The statements were once again 

grouped to see the overall themes, see Figure 18.  

 

Figure 18. Statements were sorted by categories and summarized to a group of reformulated statements. 

The idea of grouping and sorting the quotes and interpretations is to move upward in the 

DIKW-model and to increase the possibilities to see the bigger problems and radical 

solutions.  

4.3 Prototyping and testing 

From the identified problem areas, interface solutions were generated. As no clear guidelines 

on how to design HMD or HUD interfaces were found, general guidelines for interface design 

and legibility were utilized, e.g. the Gestalt principles.  

The ideas were separated into two categories depending on the ability to test them in the 

simulator, see paragraph below. Three interfaces were designed for testing in the simulator. 
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Simulator 

Three of the concepts generated were tested in Skogforsk’s simulator in Uppsala, see Figure 

19. The simulator from Oryx Simulations AB consists of three back projected screens (2 m x 

1.5 m) placed around a fixed chair with controls and monitor from a Komatsu 911 harvester. 

The horizontal view is 200 degrees, and the pixel density is 3.3 arcmin/pixel at 60 Hz. It is a 

real-time simulator that uses real dimensions, weights, inertia, friction and other dynamic 

properties of harvesters (Löfgren & Olsson, 2006).  

 

Figure 19. The simulator can model both a harvester and a forwarder. 

Some technical limitations such as no head tracking, no wind, and no machine errors have 

limited the number of concepts and the complexity of the concepts tested in the simulator.  

The advantage of testing in a simulator compared to testing in a real harvester is that the 

studies are more controlled. The same scenario can be studied several times, which means that 

fewer participants are needed to gain the same statistical results for quantitative studies 

(Löfgren & Olsson, 2006). The work procedure between real life and simulator have been 

found similar for harvester operators (Ovaskainen, 2005). 

The restraints are that the scenarios are less detailed and less immersive as there is no haptic 

feedback or movement, reducing the inputs for the operator. The lack of three-dimensional 

vision restricts the depth cues, making steering and operating the boom more difficult. Since 

the trees are fictive, the quality of the felling and the bucking becomes superficial, thus 

making the operator less inclined to do his/her best. As the world is projected on a flat screen, 

several depth cues are lost, making distance perception and size approximation less precise. 
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Glasses 

A pair of Vuzix Star 1200XLD was acquired by Skogforsk for user testing, see Figure 20. The 

glasses are non-pupil forming and can show stereoscopic 3D content. A pair of WVGA 

screens (852 x 480 pixels) is placed on top of the combiners. The viewing distance is fixed at 

three meters, and the viewing angle is about 35 degrees diagonally. A camera and a six 

degrees of freedom inertial tracker are attached to the HMD. These can be used for head 

tracking or tracking of the environment. More detailed specifications, as well as comparison 

with other HMDs on the market, can be seen in Appendix A.  

 

Figure 20. The protective lenses and the camera of Vuzix Star 1200XLD were removed to decrease weight and 

to improve the peripheral vision. The combiners are adjustable sideways horizontally and can be tilted up and 

down. 

The glasses were connected to the simulator via an HDMI cable through the Oryx simulation 

software. Since the simulator did support neither camera nor inertial sensors, these were 

removed. The protective lenses were also removed as the peripheral view was obstructed by 

the lenses. The result of this was a lighter pair of glasses, a positive effect as the original 

design was rather uncomfortable as the center of gravity was placed too far forward and the 

pressure on the nose was too high.  

The luminance in the glasses is a merely 440 cd/m2, which is too low to be used in daylight. 

When looking at the screens of the simulator, the luminance was in most cases sufficient but 

was never considered as too bright.  
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There is a polarizing filter inside the glasses to maximize the luminance (Travers, 2008) 

which interfere with the screens of the simulator, making the screens appear green through the 

glasses. When all testing was done was a filter to remove the effect obtained from Vuzix, see 

Figure 21. The frames surrounding the combiners occlude the peripheral vision, giving the 

wearer a tunnel effect and can make the wearer feel nauseous.  

 

Figure 21. Polarization interference between the projector and the glasses makes the view through the combiner 

monochromatic green. A quarter wave retarder solves the issue. 

A pair of Epson Moverio BT200 was borrowed from KTH Visualization Studio (VIC) to gain 

a wider firsthand experience of different HMDs, see Figure 22.  

 

Figure 22. The wave guiding optics of the Epson Moverio glasses allow a more open design which occludes the 

environment less than the Vuzix-glasses. 
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Compared to the Vuzix glasses are the luminance higher and the peripheral vision better, even 

though the FOV of the screen is smaller. The main difference is the lack of frames 

surrounding the optical combiner, see Figure 23. The simulator software did not support the 

Android operating system installed in the Epson glasses, hence only mock-ups of interfaces 

were tested. 

 

Figure 23. The lower FOV (the rectangles) and better peripheral vision of the Epson Moverio BT200 (left) 

compared to the Vuzix Star 1200XLD (right). 

Prototyping 

Three interfaces were designed for evaluation. The interfaces were built by using Oryx 

Simulations own software, which is a WYSIWYG editor, with an embedded JavaScript editor 

for logic operations. The interfaces were continuously tested in the simulator for readability 

and functionality.  

The concepts that were not suitable for testing in the simulator were visualized in both 

pictures and video. 

Qualitative usability studies 

Formative user tests are well suited for product development as it is a quick and qualitative 

way to get insights of users. When conducted early in a development process there is still time 

for making changes to a design. Summative tests are often used at more refined products to 

either disaster check or to find improvements prior a redesign (Cooper et al., 2014). 

Usability tests are by nature tests of first-time use, which is a problem when designing for 

long time expert use. Caution must, therefore, be taken when evaluating reactions from the 

test subjects.  

Cooper et al. (2014) lists a few things to consider when making formative tests: 

 Use participants from the target population. 

 Test early in the development process. 

 Perform explicit tasks while thinking out load. 

 Focus on behaviors and their rationale. 

 Debrief after the session. 
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The subjects were introduced to a pair of Epson Moverio BT-200 before the usability test 

started. The technology of HMDs and augmented reality was briefly explained while the 

subjects had the opportunity to swipe through a set of pictures of generic interface designs. 

The pictures were collected from the top results from an image search in the search engine 

Google with the phrase interface. A short semi-structured interview followed about the 

subject of what preconceptions the subject had and what potential the technology could have 

in the forestry industry. 

All the subjects had previous experience with the harvester simulator, but they were given a 

couple of minutes to brush up their skills. After the warm up, the interface tests started. 

Perceived sickness, fatigue in the eyes, discomfort in the eyes, fatigue in neck/shoulders, and 

pain in neck/shoulders were rated by the subjects on Borgs CR-10 scale before starting. The 

scale is developed for objective assessment of  perceived intensity and could be used to 

compare intensity between subjects (Bohgard et al., 2008). After every session in the 

simulator, the subject was again asked to estimate the same conditions using the Borg CR-10 

scale.  

The interface was presented to the subject before testing it. The subject was asked to, just by 

looking at the elements, describe the meaning of each element. If the subject was wrong, the 

moderator would describe the meaning of the element. Before starting the test in the 

simulator, it was ensured that the subject understood the interface. The HDD was turned off 

during the test. Based on the moderators’ own experiences with the simulator and the glasses, 

the subjects were told that it was acceptable to abort the test if feeling nauseous.  

The test was made on a simulator track with hilled terrain with a mixed forest of birch, spruce 

and pine in varying dimensions. The subjects were first instructed to fell and buck three trees 

while using the interface in the glasses as aid. Afterward the subject was instructed to use the 

thinking aloud method.  

The idea of the method is that the subject speaks out everything it thinks while performing the 

task. The role of the moderator is to encourage the subject to keep talking and provide help 

when needed, but avoiding asking questions (C. Lewis & Rieman, 1993). Questions during 

the test might disrupt the subject in performing the task (Tidwell, 2006). Furthermore, asking 

questions could force the subject to come up with answers even if they do not have any basis 

for them and there is also a risk that the results get shaped by the moderators preconceptions 

(C. Lewis & Rieman, 1993). By expressing their thoughts immediately the dependency of the 

subject’s memory is reduced. Also, the method is useful for tracing interface problems in an 

early stage with a small amount of resources and subjects (Holzinger, 2005). The subjects 

continued to fell trees for 10-15 minutes while using the thinking aloud method. After the test, 

a semi-structured interview was conducted with questions about the interface and usability of 

it. Holzinger (2005) states that it is easy to identify subjective user preferences, satisfaction, 

and possible anxieties through interviews in user testing. However, further on he states that 

the method should not be used in isolation and that thinking aloud is a suitable complement. 

The setup described above was used for all three interfaces.  

Some of the concepts generated in the project were not implemented in the simulator due to 

technical complexity which required a vast amount of time to make them work. These were 

instead presented verbally together with example pictures of how they might look like from a 

user perspective. The concepts were evaluated through an unstructured interview. 

The test ended with a semi-structured interview. The aim of this interview was to get the 

subjects’ opinion about the usability of the type of technology, how they perceived the 

technique at the current state, and overall thoughts about the interfaces. 
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According to results from a study by Nielsen (1994) approximately 80 percent of the 

problems in an interface can be found with five subjects. Above that amount, the number of 

new problems found with more subjects decreases. Nielsen recommends 4 ± 1 subjects, with 

the chosen number determined by; the skills and experience of the experimenter, the number 

of design iterations, and the impact of the use of the system. 

The test was conducted with four subjects. Two of them operators in a Komatsu 901 harvester 

used for thinning with between 15-20 years’ experience of operating harvesters. One of the 

other subjects was an employee at Skogforsk but had worked as an operator for five years 

fifteen years ago. The last subject had twelve years’ experience of operating different types of 

forestry machines, including harvesters, forwarders, and processors. He is currently a machine 

instructor for harvester and forwarder operators. 
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5  CURRENT INTERACTIONS 

The results from the user studies of the operators are summarized here. The statements are 

the authors’ own based on the interviews and observations described in Chapter 4 Method.  

 

 

Operators, see Figure 24, rank the freedom of their work high. The possibility to freely decide 

when and how to work is highly appreciated. Any attempts to decrease this freedom, such as 

time studies and personalized production reports are frowned upon. The recent possibilities of 

detailed data analysis that e.g. StanForD introduced makes the operators feel observed and 

stressed. The control of the production is blunt: one production goal used for steering the 

operators is the average stem diameter, something out of their control. The average diameter 

is decided by the size of the trees in the stand, something that are a result of time and how the 

thinning was executed decades earlier. 

 

Figure 24. Operators appreciate the freedom to plan their own work high. 

They do not see their work as qualified and would like to make their work more varied, by for 

example combine it with planning. A good day is one where the time passes fast and when 

there are as few problems as possible. The terrain should offer a moderate challenge, and the 

trees should be large and of good quality. Audiobooks and phone calls are common ways to 

make the time go by faster.  
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The work is very repetitive and overlearned (e.g. most operators could not differentiate which 

dial was displaying diameter and which was displaying fed length on the display when asked). 

Culture 

The work of a harvester operator is very dependent on that of the planner (as the forwarder is 

dependent on the harvester), so when the planner is doing a sloppy work, it costs a lot of time 

for the harvester operator. The planning of a stand is often done months in advance, so the 

operators and the planners never meet (organized meetings between operators and planners 

are under implementation in several locations). There are cases where there are disputes 

within a team, where the operators of harvesters and forwarders disagree. The operators sit by 

themselves and seldom meet any colleagues. It happens that they hold grudges over minor 

problems, instead of calling the person responsible, they instead call their boss and deliver the 

critique to him instead. 

Maybe as a result of the fact that almost all operators are men and work much of the time 

alone, the culture is a bit masculine. If there are accidents or if mistakes are made, operators 

will not report it since they will be bullied about it later (in certain teams you have to buy 

everyone cake if you tip the machine over or need help to get unstuck). You do not want to 

appear unskilled in front of another operator. As you work alone, you mostly learn by 

mistakes. Most mistakes cost quite some time, such as selecting wrong assortment and have to 

re-sort and re-mark a log or choosing the wrong spot for felling.  

Laws and regulations give operators a lot of freedom when it comes to how to operate in soil 

and around trees. The definition of sustainable forestry may differ between the public, 

environmentalists and the forestry industry. 

Navigation 

Navigation at a stand is not problematic on a larger scale. However, micro navigation can be 

difficult out of several reasons. The markers used by planners and GPS maps are the two 

supports that an operator uses. Even though it is possible to have the map visible while 

bucking, most operators work with the GPS map “tabbed out”, thus having to use the screen 

by mouse/keyboard to access it. Most orientation is therefore done by markers, so it is 

important that they are clearly visible. Markings that are spread too far are difficult to see, and 

the direction to the next marking can be hard to read. 

It can be rather difficult to know the orientation and the position of the machine. In the GPS 

software (P-styr) used by Sveaskog, the direction of the machine is not shown. In a rotating 

cabin, the problem gets bigger. 

The reach of the boom is difficult to estimate. Operators often have to reposition the machine 

after trying to reach trees outside of the reach of the boom; this wastes time and is frustrating. 

Hilly terrain is often regarded as more fun to drive in, but when the trees can’t be felled and 

bucked at the same position due to the terrain; it takes a lot of extra time. 

  



 51 

 

Felling and bucking 

The diameter and length digits on the display are mostly used to assure that the automatic 

bucking is working. The diameter measurement is used mostly for confirming that the limits 

of each assortment seems correct. The bucked length in combination with the assortment is 

used to know what assortment and what length the machine will make. The length 

measurement is used in combination with looking directly at the stem to see how far the tree 

has been fed. If there is something wrong with the length measurement (there is a small wheel 

following the stem when feeding, this can get stuck if branches or other objects get in contact 

with it), the operator will notice by comparing the bucked length and what the operator sees 

through the window.  

Many of the problems found are connected to the vision of the operators. The head and the 

stem must be visible all the time as they are constantly being looked at by the operator. 

When arriving at a new object, it will take a few hours before learning how the price list is 

compiled and the characteristics of the assortments, making the operator use the display more 

frequently. After a while will the operators learn how the different assortments look like, thus 

not having to look at the display. It is in the borderland between assortments that the display 

is used most.  

If there is no sound from the bucking computer signaling that the head is ready to cross-cut 

the stem or when there is no haptic feedback from the harvester head, the display is consulted 

to see if there is something wrong with the measurement. 

When the saw is stuck in a tree or when felling where the head is occluded, the “saw out” 

symbol is used. It is quite common to only tap the saw button when making the first cut, 

instead of using the automatic saw. If timing the push perfectly, the cutting is a little bit faster 

than using the automatic function. This is since the automatic saw travels a little bit further, 

taking some extra time. In the case when the timing is incorrect an additional cut must be 

made. This causes the process to take even more time. The use of the manual saw button is 

also to partially cut the tree, and get a sense of which direction the tree will fall before making 

the full cut. 

Felling close to power lines and buildings can be tricky as there is an insecurity of where the 

tree will fall (even though no one admitted the problem, all observed operators had trees 

falling in unwanted directions).  

Defects, such as hooked trees are often not detected until it is too late. It is difficult seeing rot 

in spruce; you have to look at the cut to detect it. Forgetting to change species is easy, 

especially in stands when there is one predominant species.  
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The current display is mostly just glanced at, so the legibility must be good. In sunlight, the 

display is almost unreadable, see Figure 25. Neither sunglasses nor shutters have proven to 

work in a satisfactory way. The position of the sun will force the operator to work with the 

sun in his back. When there is fresh snow, it is almost impossible to work because of the snow 

smoke, blocking the view. 

 

Figure 25. In direct sunlight or when operating with the sun in your eyes, the display is very difficult to see due 

to glare. 

The major malfunctioning of a machine is hydraulic hoses breaking. The breaks are quite easy 

to repair, but hard to find. 
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6  INTERFACE DESIGN  

Different concepts were developed from the results of the user studies. The concepts were 

divided into two groups: bucking information (that could be tested in the simulator) and more 

“advanced concepts” needing more hardware support to function.  

 

 

6.1 Bucking information 

All three interface designs that were tested were designed to include the following 

information; the information is listed in order of importance. 

 Current assortment. 

 Chosen three species. 

 Fed length. 

 Bucked length. 

 Current diameter. 

 Saw activated. 

The information above was chosen as needed for processing the tree in an effective way and 

is displayed on all current bucking displays.  

The location of the elements, duration of their visibility, color, opacity, and spacing of the 

elements were varied in the designs. The purpose was to test a variety of styles to get 

indications of the most suitable way to present the information. The aim of the study was not 

to optimize one design. Rather were indications wanted since the test was made in an 

explorative phase of the usability of the technology in forestry and not as a part of product 

development. 

All concepts share some basic fundamentals. Since vision is the primary information source, 

the center of the screen have been kept clean from information (Inuzuka et al., 1991). 

Information should be conveyed in several ways to be redundant and easy to distinguish 

(Ware, 2010). All graphical elements are used to either carry information or to improve 

legibility, as recommended by Knöös and Wihlborg (2010). 

The design should support the operator and put her/him in control. The system should be 

responsive to what the operator is doing, not forcing her/him to take action. 

More detailed figures of the concepts are found in Appendix C. 
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Concept 1 - Static 

The foundation of the first concept, as seen in Figure 26, is a static bar which is placed at the 

top of the screen of the HMD. As the bar stretches from side to side of the screen, the top or 

the bottom are the most obvious placements to choose from to avoid occluding environmental 

information. The top was preferred with the simulator in consideration. When placed in the 

lower part of the screen, the shadow of the harvesting head was occluded. This affected the 

depth perception while driving the simulator, making trees (even more) difficult to grip. 

 

Figure 26. Information from left to right: diameter, length, bucked length, assortment, assortment forecast and in 

the bottom right: tree species. 

The assortment was ranked as the most important information in the interface and was 

therefore chosen to be placed centrally in the bar, see Figure 26. It is represented with white 

text on colored billboard. The color of the billboard is connected to the current tree species, 

where each species has its own color. Species information is also found at the bottom right 

corner of the screen. The combination of text and color had the intention to use color as the 

main carrier of information with text for redundancy and for initial learning. The forecast of 

the next assortment was placed to the right in the bar next to the current species for 

chronological order. It is represented by white text without billboard, but with an arrowed 

shaped outline pointing to the left towards the current assortment. The outline has the same 

color as the billboard and has a faded right side, thus folding in from the edge of the screen. 

The design of the assortment forecast was made vaguer than the current assortment as the 

information is less important and also just a prediction. 

The measurements are placed on the left side of the bar. From left to right: current diameter, 

feed length, and bucked length. The diameter is represented by white text without background 

placed inside a circular frame in the species dependent color. A ring was chosen because of 

both its symbolic connection to diameter but also to the mapping with the crosscut of the log. 

The placement at the outer part of the screen together with the transparent background (which 

makes the legibility worse compared to text on a billboard) is chosen due to the low priority 

of the information. The feed length is in the same style as the assortment, white text on 

colored billboard. Bucked length is represented by white text. Feed length was ranked as the 
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most important information and is, therefore, the only measurement with billboard to make it 

attract the eye the most.  

The placement of measurements and of assortment and species is, beyond the explanations 

above, based on the functions of the joysticks in the simulator. The left-hand joystick controls 

functions connected to measurements while tree species and assortment selection are 

controlled on the right-hand side. This is made to get a natural physical mapping between the 

information and the controls.  

All text in the interface are in lowercase letters since studies have indicated its raised legibility 

over uppercase letters (Bigelow & Matteson, 2011). Assortment and feed length were given 

larger font size compared to the rest to enhance differentiation.  

The information is static in that way that it is always available and will not change until new 

data is presented. The intention of the interface was to test the usability of moving 

information from the HDD to the HMD and present it in a similar manner.  

Concept 2 - Semi dynamic 

In the second concept, a more dynamic approach of presenting the information was tested. 

The spacing of the elements was increased. The assortment was given a bigger area compared 

to concept one, see Figure 27. 

 

Figure 27. All assortments in the second interface have their own position, so that information is conveyed in 

three ways, through words, color and position. In the upper left corner diameter, feed length, and bucked length 

is displayed. In the upper right corner is the species located and below, the assortments. 

Measurements are presented in a similar way as in concept one, see above. The change is that 

the circular frame of the current diameter was removed. Instead, the diameter is placed on the 

same billboard as the feed length. Under the diameter text, a partly circular shape is cut out 

from the billboard. The change aims in making the same connection as before but in a 

graphically more subtle way. Bucked length is placed under the feed length instead of beside 

it to clear space in the middle of the screen. 
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The chosen species is indicated in the upper right corner with white text and a colored square 

beside it in a species specific color. Below, on the right side of the screen, is an area for 

assortment information located. The placement of the assortments stretches from the species 

information down to the bottom of the screen. The assortment is symbolized with white text 

and a colored open rectangle. Each species is given an individual color and location. In this 

way the assortment is presented in a redundant way with text, color, and placement. The 

placement is chosen to give a natural mapping to the placement of the assortment buttons on 

the joystick. The layout was intended to facilitate interpretation of tree species and assortment 

by placement, color and size using only peripheral vision.  

The concept works semi dynamically by lighting elements only when they are needed. When 

driving all information is switched off. Species information is displayed when the tree is 

grasped. The text is switched off when the feeding is started since the results from the user 

research indicated that the species is chosen in connection with the felling. However, the color 

indication is still present in case of insecurity of the chosen species. Saw activated is 

symbolized in the same way as in concept one, a red circle at the diameter placement. Fed 

length and bucked length is only displayed while feeding and diameter is only displayed when 

close to the switch between two assortments (this was not implemented in the interface in the 

simulator though). When the head is tilted up, the screen is cleared from information, as it is 

not needed and will only occlude the operator’s sight. The different states of the interface can 

be found in Appendix C. 

Concept 3 - Dynamic 

Concept 3 uses symbols for tree species and assortment and puts the elements close together. 

The layout consists of three parts; a tree symbol, an assortment symbol, and the 

measurements, see Figure 28. 

 

Figure 28. Symbols are used instead of words for tree species and assortment. From left to right: tree species, 

assortment, feed length (top) bucked length (below) and diameter. 
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The idea of the assortment symbol was to represent a stylized stem in standing position with 

exaggerated proportions for a clearer distinction between different assortments. The stylized 

stem is split into three or four pieces, which are colorized one at a time depending on the 

current assortment. The choice of placement of the assortment is supposed to be connected to 

the placement on the real stem. The assortment with the largest diameter should be 

represented by the bottom part of the symbol while the assortment with the narrowest 

diameter should be represented by the top et cetera. Pulpwood is symbolized by a cross, 

except for spruce pulp which is symbolized by a smaller version of its species symbol, this 

because pulp from spruce could be sorted as both spruce pulp and softwood pulp. The 

intention of the design of the symbols has been large differentiation for easy recognition. This 

has had priority over first-time recognition, even though this has been taken into consideration 

as well. 

The tree symbols are further developments of the symbols developed during a previous HUD 

study at Skogforsk (Järrendal & Tinggård Dillikås, 2006). The redesigned symbols are 

stylized versions of the ones with the highest rating in their user test (ad lib). The symbol is 

placed on a square background in a color that is specific for each species. The color is 

intended to be the main carrier of information, making it possible to detect chosen species 

using the peripheral vision. 

The dimension holder is a stylized log. The length measurement is displayed along the length 

of the log, and the diameter is displayed in the cut. This is to get a natural connection between 

the measurements and the log and also to get a separation between the numbers. When the 

saw is activated, the cut of the log turns red. A variant of the concept was made where the 

background of the log is filled with color as the real log is being fed. When the fed length has 

reached the bucked length, the whole rectangle is filled. This was a try to make the 

comparison between the fed length and the bucked length faster. In the usability tests, both 

variants were tested. 

The information in concept three is presented in the most dynamic way of the three concepts. 

The idea is that the information holder should be placed on the same side as the direction of 

the feeding of the stem; this to minimize the distance between the tree and the GUI. In this 

way the need of glancing diagonally between the interface and the stem was eliminated (this 

was not implemented in the simulator, only explained during the tests). Information about the 

tree species is only visible between gripping and the start of feeding. However, the species-

specific color is visible on the holder after feeding has started. Measurement and assortment 

are visible as long as the bucking is done and is switched off when the head is tilted up.  
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6.2 Navigation 

If moving the bucking information to an HMD, the GPS/GIS software can be displayed all the 

time in the HDD. As mentioned in chapter 5 Current interactions, micro navigation is a 

problem. A minimap (as commonly used in video games and in-car navigation systems) can 

be a low-tech solution either to be displayed in the HMD or in the HDD, see Figure 29.  

 

Figure 29 The position and orientation of the machine are shown onto a minimap. Yellow circles represent trees, 

and the large circle represents the range of the boom; this is intended to help with positioning. Boundaries and 

messages from the planner GIS data near the machine will be shown, giving extra redundancy to plastic markers 

placed in the terrain (photo in the background for illustration purposes only). 

As driving and navigation is not as fast paced as the felling and bucking are, a HDD solution 

may not be that disadvantageous compared to an HMD variant, as the speed and accessibility 

is not that important.  

The orientation of the different parts of the harvester should be marked the center of the map. 

The orientation of the map should either be classic, with north pointing up or as commonly 

used in in-car navigation systems or first person games, where the view orientation is pointing 

up. For the harvester, this means that the head should be up on the display all the time. This 

will make it easier to transfer relative positions on the map to reality and vice versa. A north 

up approach will make comparisons to a map easier.  

If used in the HMD, there is no need for it to be displayed all the time. The critical moment is 

when moving the harvester, so it should only be lit when the accelerator is pushed, or by 

pressing some other button. Since accelerators usually have a dead zone before the motor start 

revving, a light push could be the trigger for the information to show up, without moving the 

machine. In this way, the map can be accessible even when not moving.  

With high-quality GPS and laser tree data, individual tree positions can be added as an 

overlay to the map. When a tree is felled, the marker for the tree should be removed, keeping 

the overlay up-to-date.  
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Needed for this concept to work is the orientation and position of each part of the machine. As 

long as the position and orientation are known by compass or GPS for one part of the 

machine, the position of each joint should make all other parts known. Specific tree locations 

from laser scans that are accurate enough for identifying tree positions will also be needed. 

An AR solution to the same problem would be to display the range of the boom as a circle on 

the ground, see Figure 30. All trees inside the circle are reachable. To help with depth 

perception for real objects compared to virtual content, the position of the head is projected 

down to the same plane as the circle.  

Another way of displaying the information could be showing directly on the stems of the 

trees, which are in reach, either with numbers indicating the distance to the tree or with color 

markings on top of the stems. 

 

Figure 30. To be able to display a circle on the ground, a rather complete 3d model of the surroundings must be 

known to help with occlusion and terrain. 

This solution demands more advanced technologies to work; a head tracker for recording the 

head movements as well as more precise position of trees (i.e. mobile instead of airborne laser 

scanning) and the machine for occluding the projected circle, thus placing it in the 

environment and grounding it. It would probably be enough to scan in a circle around the 

vehicle, and then assume that identified trees grow vertically, and use that information for 

blocking information for occlusion. If the ground is not flat, just projecting a circle will render 

an image that is hard to read. With laser scanning, a ground model can be built for projecting 

the overlay upon so that the circle can follow the ground. 
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Depth to water (DTW) maps are currently being implemented for support when choosing how 

to drive to minimize soil and water damage. These maps can be projected onto the ground via 

AR glasses, facilitating the mapping between a 2d map and the real environment, see Figure 

31. 

 

Figure 31. When displaying information directly on the ground there is a risk that the information will be 

experienced as more accurate than the data used. Blurring the edges can convey a sense of insecurity of the 

accuracy. 

The problem with showing this kind of information in the HMD is the fidelity of the 

information. It can be possible to display information in a way so it is interpreted as more 

accurate than the underlying data. The map should be a support in making decisions, not a 

map showing no-go zones. The overlay should, therefore, be ambiguous to reflect this 

uncertainty in the data. A heat map is by nature a bit fuzzy and would be suitable. The DTW 

maps used is already in this format making conversion easier. 

Projecting DTW maps onto existing terrain will have the same technical problems as the 

range indicator concept presented above.  
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There are ongoing projects in making routing in a stand with the help of data analysis to make 

the roads shorter and to avoid wet soil. Another use is in thinning where it can be difficult 

estimating where the parallel road is located. These roads could be projected either in a GIS 

software or directly on the ground, see Figure 32. 

 

Figure 32. Proposed routing for roads would ease the planning in especially thinning. 

For making an AR overlay of the information are the following technologies needed: head 

tracking, a GPS signal with high accuracy, and a 3d map of the area where the machine is 

operating. 3d scanning of trees for occlusion would help, but is probably not necessary in the 

same way. 
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6.3 Rot  

Root rot in spruce makes the tree unsuitable for timber and high-quality pulp. Therefore must 

the felling cut of all spruces be checked for rot, which have led to that all spruces have to be 

felled away from the machine so that the operator can see the cut. Rot can spread from any 

defect in the tree making it hard to detect. A rot camera, taking a picture of the cut or a 

scanner that would scan the tree while feeding would help the operator detect the problems 

and sort out the inferior logs as illustrated in Figure 33. With continuous scanning, the 

bucking computer would be able to do the sorting itself and just notify the operator of that a 

certain log is defect.  

 

Figure 33. A way to detect rot without having to see the cut would both increase the quality of the produced 

wood and give the operator more freedom in how to fell and buck the tree.  

A wide angle camera with a flash placed on the bottom of the saw box could maybe be able to 

take pictures for identifying rot. The problem is the same as optical solutions for diameter 

measurement is facing: lots of debris from the delimbing and sawdust. 3d scanners for trees 

are used at sawmills for analyzing logs, if the size would be small enough it could be fitted 

onto the harvester head.  
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6.4 Push messages 

Error messages for engine and machine faults can easily be displayed in the glasses for 

alerting the driver quickly, as seen in Figure 34. The messages should have different priority, 

so that non critical errors can be accepted and that the work can move on without having a 

disturbing sign in the face. Critical errors should stay in view to prompt the operator to take 

action, for example low hydraulic pressure, or high engine temperature.  

 

Figure 34. Push messages could display both machine data, such as warnings, and personal communication. 

A low-tech solution to guide the operator around e.g. the boundaries of the stand could be a 

push message that would pop up when approaching an area where the operator needs to be 

careful, giving information about what is approaching. 

Push messages for personal communication such as telephone and text messages (and social 

media) can be shown when messages are received.  
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7  USABILITY TEST OF CONCEPTS 

The results from the qualitative usability test made of the concepts presented in the previous 

chapter are presented here. 

 

 

7.1 Pre-test interviews 

When asked about their initial thoughts about using HMDs in forestry and in harvesters, the 

response was positive. However, the two subjects working as professional harvester operators 

said it was a bit hard to interpret the usability before testing it, but thought the technology 

seemed interesting. The other subjects said it probably would facilitate the harvesting to have 

the bucking data in the field of view. Further on, one of them stated that he was sure that it 

areas exists where this technology would be usable in the forestry. He did mention though that 

“there could be a risk that it is disturbing to have information that you only need 3percent of 

the time, always displayed in your field of view”. 

7.2 Concept 1 - Static 

The subjects had no problems in interpreting the intended meaning for most of the elements of 

the GUI of concept 1, see Figure 35.  

 

Figure 35. Concept 1 was easy to understand and work with, but the placement of the information was seen as 

too far away from the center. The picture does not represent the relative size between the simulator image and 

the interface, as it was perceived while driving as the camera did not fit into the eyebox of the HMD. 

The assortment forecast was a source of confusion though. An alternative interpretation of the 

element was that it indicated an alternative assortment for the current log, if the diameter 
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would fall below the limit of the current assortment. After explanation these subjects said the 

intended meaning seemed logical. Subjects with experience from thinning stated that it is 

probably not useful to receive a forecast for the next log for their work task. The element was 

not active in the simulator test (see the static white text saying “Next assortment” in Figure 

35).  

The placement of bucked length and fed length close together was seen as positive, as it aided 

in comparing the two. However, these also spawned comments saying that they were placed 

too far away and that they were difficult to read. The central position of the assortment was 

seen as positive, the assortment was seen as more important than the diameter and fed length. 

Color coding of the information bar due to the current species was interpreted as positive 

among the subjects as it eliminated the need for reading the information.  

The subjects reported that they were not accustomed to looking up for information, as the 

HDD for the bucking data normally is located at the bottom of the windscreen. Further on the 

information was seen to be placed too far away from the center of the screen. This was 

reported to decrease the possibly added value of using an HMD since the need for moving the 

eyes to read the bucking data would still remain. Therefore, all subjects reported that they 

would like to move the elements closer to the center of the field of view. All but one wanted 

to move it closer to the upper side of the center. The last one would like to move it closer to 

the center as well but below the head and the stem.  

The fact the GUI was static was perceived different among the subjects. One of them stated 

that it would be preferable that only the data needed at the moment was displayed. Further, he 

reasoned that if the information is available at all times it might not be as intuitive for the eye 

to seek for the information compared to if it is displayed only at certain moments. The other 

subjects thought it was normal that the information was visible all the time. Comments that 

were expressed were “the data is used during such a large part of the working time that it 

might be more disturbing if it is switched on and off”, “I do not think it was disturbing that 

the information was visible at all times and that it will not be disturbing to have it like this 

during a whole workday”, and “if it is not available at all times it maybe takes some hundreds 

of a second to light it up”. None of the subjects thought that the interface occluded their view 

in a disturbing way.  
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7.3 Concept 2 – Semi-dynamic 

The subjects not working professionally as operators perceived concept 2 (as seen in Figure 

36) as better than concept number one. They reported that it was nice that the information 

only was available when it was needed. One subject mentioned that this made the FOV feel 

less obstructed and that it gave a cleaner look. Distinct positions of the element were 

perceived as positive. However, the elements should preferably be moved further towards the 

center. One of the subjects stated “It does not need to be large distances to be distinct 

positions. I believe that even small differences would be easy to interpret”. The individual 

placement of assortment elements was believed to be the most useful for interpreting which 

assortment that was chosen if the GUI would be used for a while. Color was mentioned as the 

second strongest carrier of the assortment information while the text probably would be seen 

as least important after a while. One subject mentioned “information on the sides has a 

clearer connection to how the eyes are moving while bucking the tree compared to placing it 

at the top or bottom.”. Further, it was stated that it probably was enough showing the 

measurements while feeding the log. 

 

Figure 36. Concept 2 as seen through one of the combiners. The text above the length/diameter holder is a part of 

the scenario played in the simulator and no part of the interface. 

In strong contrast to the results above, both of the professional operators discarded concept 

two. They were hesitant about switching information on and off, and both thought this could 

be disturbing in the long run. The length of the time the information was visible was deemed 

as sufficient, except for the measurement, which in the concept turns off immediately when 

feeding stops. It was suggested that the information should be shown an extra one or two 

seconds after feeding stopped. One of the subjects mentioned that the change of assortment 

was registered with the peripheral vision, and then the foveal vision was used to read it. The 

same subject mentioned that it would probably be possible to use only the peripheral vision 

for interpreting the current assortment. However, he stated that it still would be preferred to 

use the same location for all assortments. The other subject had not registered that the 

assortments had different location during the test and agreed that all assortments should use 

the same location. The color coding was not found useful as they only had read the text. 



 68 

 

Distances between different assortments were perceived as too large. It was mentioned that 

this led to increased movement of the eyes and insecurity about where to look for specific 

information. They also found concept 1 more intuitive to use compared to concept 2.  

7.4 Concept 3 - Dynamic 

Concept 3 was ranked overall as the best concept. Three of the subjects ranked it as the best 

while the fourth subject ranked it tied with the first concept. All subjects found it difficult to 

interpret the intended meaning of the elements in the GUI (Figure 37), except for the 

measurements. For example was the pulp icon interpreted as wasted wood and spruce pulp 

(assortment) was interpreted as spruce (species). The assortment symbol was somewhat 

interpreted as intended. However, all subjects thought that the logic behind the symbolization 

seemed reasonable. The symbols were generally preferred over the text in the earlier concepts. 

They were perceived as easier to read, even though initially they were not completely easy to 

understand. Further, the symbols were mentioned to make the GUI more pleasant to the eyes 

and nicer to work with. It was however commented that some contractors often change 

assortments between stands and that certain forest owners could have many assortments for 

each species. It might, therefore, be needed to either be able to switch to or complement the 

symbols with text. It was mentioned that the symbols might mostly be useful in company 

forest where the number of assortments usually are low. One subject said that he would like to 

use text instead of symbols for all cases. The others thought that symbols would be the 

primary alternative when possible. One was doubtful about the usability of the symbols when 

presented to them, but perceived them as good after the test.  

 

Figure 37. Concept 3 was experienced as the interface that was most pleasurable to work with. Symbols were 

preferred before text. 

The order of the elements when reading the information from the center of the screen out to 

the side (species, assortment, feed length, bucked length, and diameter) was interpreted as 

chronological. When the feeding starts, the species symbol is turned off and the color coding 

continued in the remaining elements. All subjects thought this was useful in the same way as 
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for the previous concepts. All subjects valued that the GUI presented all the information in a 

limited area but in the same time giving each element a distinct location. All subjects stated 

that the GUI would have benefitted in being moved closer to the center of the screen in both 

horizontal and vertical direction. The subject who wanted the information bar placed low for 

concept 1 stated that the ideal placement for the information would be beneath the log.  

The placement of information dependent on which side the bucking was carried out was not 

implemented in the simulator successfully. Therefore, this was only presented to the subjects, 

who perceived the idea as good. The main motivation for this was that the information would 

come closer to the head, and the need for diagonal movement with the eyes would be 

eliminated. Some of the subjects mentioned the usefulness of side dependent information 

before this idea was presented to them, and one said that he only bucked trees on the left side 

since the GUI was placed there.  

The dynamic progress bar for feeding length was only tested with the professional operators. 

They found the animation neither useful nor disturbing. They preferred it to be static over 

dynamic. However, these subjects stated that they seldom experience problems with the 

measurement, something which was reported by operators working with final felling during 

the user studies. The intended movement was presented to the other subjects verbally. They 

perceived it to be positive since they mostly had an interest in knowing that the measurement 

was done correctly.  

7.5  Advanced concepts 

All of the advanced concepts received positive response among all subjects. 

The idea of displaying DTW-maps was conceived positively by the Skogforsk employees. 

They meant that it would be easier to plan good roads. One problem was that the information 

may be received as more precise than it actually is, so that operators will start to take risks. 

One idea that spawned was that it would maybe be enough with a warning that the machine 

was entering an area with wet soil, and that the more detailed map was accessed on the 

regular screen. The important thing with the map would be to know where to go and where 

the ground needs to be reinforced. It would be important to test out how far ahead the system 

should warn about the wet area. The system may indicate the upcoming wet area both far 

ahead to give the ability to adjust the road but also when being close, as a reminder. 

The minimap was perceived as a good idea, as it can be difficult for inexperienced drivers to 

know where the machine will go when pressing the accelerator, especially in modern 

machines where the cabin is rotating. Also either push messages or graphical overlays at 

locations near markers, for example along the stand boundaries or areas with consideration or 

cultural preservation, were discussed. The subjects seemed to not get the feeling for how it 

would be to use this tool, even though they understood the idea. However, it was mentioned 

that it could be useful since the physical markers tend to disappear or decay when there is a 

long time between planning and harvesting.  

The idea of a real-time video stream where the operator could share his view was discussed 

and gained mostly positive remarks, and the subjects thought it could be helpful. It was 

indicated that an extra communication tool in contact between planners and operator could be 

helpful since it gained comments like: “good as a first step for planners to take their 

responsibility”. Anxiety arose that it could be used for surveillance purpose to keep track of 

the operators. Suggestions came up that the same type of technology could be used to in 
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contact with mechanics. Some operators use mobile phones today to get the same 

functionality. 

A range indicator would save time and help with planning and positioning, as many operators 

will try to reach trees even when uncertain. A ring showing the reach was discussed to be 

better than just markings directly on the trees. The extra information the ring would 

communicate could be useful for knowing more exactly how to position the machine to reach 

as many trees as possible. However, graphical markings on the trees would also be useful if 

more technical advanced concepts would be hard to implement. The concept was perceived to 

be extra helpful for inexperienced operators. 

The idea of a rot camera/scanner was hailed. This would save much time and money. To 

know if it is rot in the tree is the most important. Knowing exactly how much rot and exactly 

where it is located would be of good use to get more out of each tree but not critical.  

An indicator projecting the felling direction of the tree to support felling close to power lines, 

roads, and buildings was discussed. The idea got a lukewarm response as there was no 

perceived need for it. Some subjects mentioned that only giving a warning like “Do not fell 

the tree to the right” when there was an obstacle on the right-hand side of the harvester would 

be very useful. It would be good to have this function activated in the whole area where extra 

attention was needed to emphasize it, since a mistake could have large negative effects. 
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7.6 General remarks 

After the tests were all subjects positive towards using this type of technology within forestry. 

However, the Vuzix HMD used during the test was doomed as unsatisfactory due to low 

brightness, heavy weight, and obscuring combiners. All subjects wanted the GUI to be moved 

more towards the center, indicating that the screen size is more than big enough. The Epson 

Moverio was perceived as of higher quality, and a more productized solution compared to the 

Vuzix Star 1200XLD. The major benefits were reported to be better focus, significantly lower 

distraction of the visual field, and higher image quality. However, the Epson Moverio was 

also deemed to be too heavy and too uncomfortable to be used during a full workday.  

The design of the Vuzix glasses blocked much of the view according to all subjects, as seen in 

Figure 38. The frame of the combiner had a screening effect. The bottom of the frame was 

reported as disturbing since as it was obscuring when trying to switch between looking 

through and under the combiner. The depth perception was quite bad for most of the subjects, 

if it was the glasses or the simulator that was the cause of this is left unsaid. The subjects 

repeatedly grabbed the air in front of the trees when trying to grip the trees with the head. 

 

Figure 38. The frames of the combiner of the Vuzix glasses block the view significantly. The green hue through 

the combiners was not seen as a hinder for working, but made it more difficult to switch from looking through 

the combiners and to the side of them. 

It was perceived as difficult to see a crisp image in the glasses while using them in the 

simulator, the image was either blurry or seen double. For some of the subjects this made it 

difficult to read while other reported that this mostly was annoying. The image quality was 
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better than the subjects expected prior to the test, but not good enough. According to the 

subjects does the technology seem to be close to mature enough to be used within forestry, but 

not the Vuzix HMD. 

One of the subjects reported that a cord might be a big problem if HMDs are to be used in 

forestry. It was argued that you move the upper body more in reality than when using the 

simulator. Therefore, wireless data transfer was reported to be needed. However, other 

subjects thought that it is possible to come up with a solution where a cord could be used. 

Among all subjects was a robust solution for data transfer ranked as more important than 

unrestrained mobility. A non-stable solution was said to be discarded in favor of the current 

solution, the HDD. 

The polarization effect was noted by all subjects. Two subjects reported that they were not 

affected by the polarization, one was somewhat affected, and the last perceived the 

polarization effect as very disturbing.  

Head tracking and having the interface locked to the harvester head would be interesting to 

test, according to the subjects. All believe that this might be good, but none of them sees it as 

necessary for implementation. If using head tracking, stability would be important, so that the 

information do not move around too much. Some subjects were interested in testing a concept 

where elements were located in the center of the FOV. 

Blue, red, and cyan were perceived as the colors for billboards which gave the best legibility. 

Magenta was perceived as worse, and green was rated as the worst due to the polarization 

effect by all subjects except one, who found the green to be pretty good.  

The symbol for saw activated (a red circle in the placeholder for dimension) received different 

response. All subjects registered the lightning of the symbol with their peripheral vision from 

time to time. Though, they mentioned that it was not registered at all times. None of them 

actively looked for the symbol. One expressed that he preferred a symbol of a stylized version 

of a saw, like the one used today. None of the subjects was missing an indicator showing the 

progress of the saw. 

Subjects had a bit different view on how they used the measurements. Two subjects evaluated 

it from a thinning point of view. One of them said that when he perceived a log to be timber, 

he first estimated what he thought should be the bucking length. After that he checked if that 

length corresponded to the bucked length, and then adjusted the module if needed. In contrast 

to this did the other subject only look down on the bucked length after the head had fed the 

log further than his interpretation of the correct length. The two other subjects looked at it 

from a final felling perspective. Their interest in measurements was mostly concentrated on 

being able to check that the measurement was correct. They indicated that seeing the 

dimensions change in a way corresponding to the feeding of the log was the most fundamental 

part of having access to it. 

None of the subjects reported that they missed any information needed for the bucking in any 

of the interfaces. 

Fatigue in the eyes was the factor that showed the highest difference in the Borg CR10 scale 

evaluations. The two professional operators overall reported higher differences between the 

start and the end of the test. The two subjects that reported higher values was also sitting in 

the simulator for a longer time per session, 17-23 minutes per test compared to 10-15 minutes 

per test for the others. The fatigue seemed to increase with the number of tests done. 
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8  DISCUSSION AND CONCLUSIONS 

The results, the design of the GUI, hardware, and the method are discussed. The main 

conclusions of the project follow the discussion. 

 

 

8.1 Discussion 

HMDs have had problems in finding areas where the technology will make a difference. 

Many times are the tried implementations too ambitious and will try to make too much. The 

working conditions for harvester operators have some characteristics that make HMDs 

suitable.  

The operators are more or less fixed in one position inside their cabins. Therefore, more 

powerful hardware can be used, such as computers and sensors. The fixed position and the 

slow movement will also make tracking easier.  

The operators are in constant need of information. Bucking data must be used for almost 

every tree. The data presented must also be processed by the operator while looking at the 

terrain and the harvesting head. Not needing to refocus between the HDD and the head will 

make the work easier, especially for visually impaired operators. Higher demands of precision 

in the forestry will make navigation even more important. There is an increasing flow of data 

from both the machine and from e.g. scanning of forest that needs to be visualized to be 

comprehensible for the operator.  

The application does not have to go full AR to be suitable for the task. Different stages of 

augmentation can provide the operators with support. This facilitates implementation as it can 

be done gradually. If finding an HMD with enough luminance and low weight, 

implementation could be near. 

Method 

All studies in this project have been qualitative. When doing qualitative user research, it is 

important to have diversity among the subjects to get a wide opinion and to gather as many 

comments and insights as possible. All subjects in both the user study and in the usability test 

have been too similar to achieve this. The operator in the study with least experience had been 

working for ten years, hence can be considered an expert. We had discussions about how to 

make the target group more diverse, like including students. However, we never got around to 

it due to doubts about the added value. The demography of the group was also rather uniform. 

It may reflect the demography of operators in Sweden well, but their opinions and their 

backgrounds were all similar. More effort should have been put to address this issue, from all 

parts involved: primarily us but also Sveaskog and Skogforsk.  

Most of the interviews and observations were of operators primarily working with 

clearcutting. The design of the GUIs reflects that. Some of the operators involved in the 

usability test were working in thinning, and it was apparent that some of their opinions were 

because of that. Having final felling operators for the usability tests would have evaluated the 

concepts from a different standpoint, and the differences would have been interesting to hear. 
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Differences noted were the use of feeding information and assortments due to a different 

focus. Navigation is maybe a topic that also would yield different opinions.  

Two methods used for the user studies had never been used by us; generative user research 

and mobile ethnography. Due to delays and insecurity of how and when we would get access 

to operators, the methods were not implemented in the same way as planned. More effort 

should have been allocated to plan this better, by example testing the method before using 

them live. The generative method failed as it was difficult making the operators tell what they 

would place on a fictive interface after hearing them say they did not use the current display. 

Most operators did not understand how an HMD would look like and how it would be 

experienced, which is understandable. If using the same task for the method, the technology 

would have been to be visualized in some other way.  

The mobile ethnography study worked reasonably well. The answering rates were high and 

exceeded our expectations. The method of the study should have been explained better to the 

subjects before as many stopped sending pictures and only sent text messages. Some of the 

subjects indicated that sometimes a problem had already occurred that day when the question 

came and that they then did not answer the question. Some of the operators said afterward that 

they felt it better to respond to questions directly compared to in writing down answers. The 

purpose should have been made clearer for getting answers with more substance. However, 

many of the drivers seem to have seen it as something fun.  

The problem with usability tests is trying to evaluate a design that should be used daily for 

thousands of hours in a few minutes. The test is in practice a first-time use, and the results 

should, therefore, be taken with a pinch of salt. A first-time test will naturally focus on 

legibility and how easy it is to identify different elements. For long time use, factors like 

occlusion, comfort and differentiation between objects will probably be more important. The 

subjects based some of their answers in the test on their current experience rather than trying 

to picture how it would feel in reality. A common quote was “I can get used to this”, as the 

subjects looked for what was feasible rather than what was optimal. 

The limitations of the simulator and our ability to use the editor for the simulator affected the 

design of the GUIs. The editor is made for use by Oryx Simulations employees and thus not 

user-friendly for external users. Some parts of the designs were therefore not developed nor 

tested. For example, the dynamic placement of concept 3 depending on the feeding direction 

and the projected assortment in concept 1. The concepts were made less detailed than planned 

as the implementation onto the simulator took more time than expected.  

The simulator did also affect how the design was made. Only elements were added to the 

interfaces that we knew we could get working in the simulator. Indicators that were excluded 

were among others compass, showing assortment limits and feed-wheel slip. As mentioned in 

chapter 6 Interface design were elements placed at the top of the screen despite 

recommendations of having information low in the visual field (e.g. Bohgard et al. (2008)). 

This was made due to the fact that the depth perception in the simulator is dependent on 

seeing the shadow of the harvesting head.  

The green hue in the Vuzix HMD as of the polarization was a problem as it made the 

experience of using the glasses different. The effect made the view through the combiners 

vary much from looking below it, which made the experience of the HMDs worse than it 

could have been. The tunnel effect that was experienced was probably enhanced by the hue. 

The subjects said it did not hinder the way they operated the machine, but that it felt strange. 

The limited vision of the combiner design together with the hue made the view with the HMD 

very uncomfortable, in such a way that it could probably be hard to imagine how a better 
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design would feel like. Fortunately, we could use the Epson Moverio HMD to give another 

view of how an HMD could be like.  

During testing with both the Vuzix and the Epson HMDs, problems with the stereoscopic 

vision occurred. The double vision of the displayed picture made it take a couple of seconds 

to switch between seeing clear in the glasses and looking at the real world. The problem was 

enhanced in the simulator as the screens of the simulator are nearer than the perceived 

distance of the worn display (1 meter compared to about 3 meters). When we were testing to 

show images in only one of the combiners, no problems with binocular disparity or 

convergence were experienced. No eye-strain was experienced either, even though the one-

eye setup was only tested for short times. When testing a pair of Google Glass and 

interviewing Eva Mårell-Olsson (who has used Google Glass for research and personal use 

for several years) did a monocular design make a good impression. Therefore, it could be 

interesting to evaluate a monocular design for further use. For non-immersive AR this would 

probably work well, and studies have shown that there is no big difference in performance of 

a monocular compared to a binocular design (Schega et al., 2014). In a real application in a 

harvester, it may not be a problem due to the longer distance to the object, as the 

accommodation/convergence will be closer between real and virtual objects. 

Interface Design 

When looking at previous tries to implement augmented reality and interfaces made, we 

believe that many have attempted to take their concepts too far. The possibilities of the 

technology make it easy to let your imagination roam and try to make too much. This will 

many times look cool and interesting, and it is easy to understand why it becomes tempting to 

conceptualize at this level. In the search for the ultimate user-friendly experience, it is easy to 

stare blind at eventual possibilities instead of actually develop concepts that resemble closer 

to something that actually could work. The ease of video editing trumps making feasible 

concepts and learn what is possible to do. To be able to actualize these prototypes, extensive 

programming, multiple sensors, bulky optics etcetera is needed. We believe that many are 

intrigued by the technology and starts with this technology first approach instead of having it 

as a possible solution for problems (just like this project). Several persons we have talked to 

have said something like: “There must be applications for this type of technology; you’ll just 

need some fantasy”.  

One of the problems is the fact that this is a technology push. In the only application where it 

is widely used, military aircraft, the technology was invented to meet a need (improved 

combat awareness and faster targeting of air-to-air missiles). Today companies and 

researchers are trying to implement this technology, without seeing if it will solve more 

problems than it will cause. With this approach, there is a risk in attempting to implement too 

much at the same time, instead of letting serve one, or just a few needs.  

There is a challenge in keeping a balance between designing the interface for how you want 

the operators to work compared to make the interface facilitate them in the way they actually 

work. Ideally the GUI should empower the operators and make them feel in control and at the 

same time guide and help them in becoming better operators.  

There are few studies on how long-term use of HMDs will affect a user. For a static interface, 

there is a risk that the same information will be projected onto the same place on the retina for 

eight or nine hours will produce after images. A more dynamic GUI can avoid this, by either 

moving the information around or by switching off elements. By only displaying information 

in one screen at the time and alternate between the screens, the same effect can be reached. 
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The risk for attention tunneling or target fascination needs to be considered when designing 

the GUI. Even if the operators state that they want put the information closer to the middle, 

there must be an awareness of the risks of doing this. 

For most operators it seems that the measurement of diameter and length is not used when 

bucking. The only use is to be an extra control that the automatic measuring and bucking 

system works. Finding other methods to notify the operator of failure in measuring the log 

could be interesting. Some bucking systems have an alert when there is a difference in how 

long the feeder wheels have traveled compared to the measurements wheel. This alert should 

make the length measurement redundant. How the current diameter is related to the 

assortments can also be shown in other ways. 

The scope of this project has been visual information. Some information can be resourced to 

other senses, i.e. hearing. The multiple resource theory by Wickens states that one can handle 

more input when using different media (Francis & Rash, 2010), using sound can help in 

information processing (and is used in some of the current harvester interfaces). 

Results from usability test 

Using a cable for data and power supply for the glasses was said to be an okay solution. One 

subject mentioned that when driving a real harvester, you move around more compared to 

when driving the simulator. A cable could hence be perceived as more annoying when used in 

reality. A smart solution for guiding the cable (or a light cable) may then be considered for 

implementation. A wireless solution could also be an answer if the amount of data is low. 

Some subjects seemed to rank a solution with high stability over more hi-tech solutions. In 

other words, the subjects intend that it does not might be worth it to reach ultimate 

augmentation and wireless connection if it is made on the costs of lower quality. 

A topic that was mentioned by several subjects was the need to make personal adjustments to 

the GUI. In the same way as each operator has their own settings for buttons and controls, 

personal settings for the interface would probably be a good idea. Each operator has different 

viewing patterns and uses the display in different ways. One example is if the GUI should be 

showed all the time or only when processing the tree, as seen in the difference between 

concept 1 and 2 or 3. Some operators may find comfort in knowing exactly where the 

information is, while others benefit from only having information when it is really needed. 

The position of elements is another example. Since the display is positioned in relation to the 

head instead of to the eyes, the most comfortable head angle will be different between 

individuals. A possibility to move and scale elements would be easy to implement and would 

enhance the usability. Full customization would probably not be needed, so the core GUI 

could thus be predefined. Adjustments for color blindness could be facilitated in the same 

way. 

The symbols used for assortments were not fully understood by the subjects in the usability 

test. For long time use would probably any clearly distinguishable symbols do, as the number 

of assortments per tree species is so few that the operators would learn to identify them. When 

learning new assortments (like when moving to a new stand), a logic structure would be of 

importance. The symbols used in concept 3 uses the semantics of a tree. Some adjustments of 

the symbols used would be advisable. The symbol for pulp (a cross) should probably be used 

for rejected wood. For pulp a diamond shape could be suitable, in Appendix C a proposed 

redesign of concept 3 is found where these changes have been made.  

For the first and second concept, the placement of elements was chosen so that it would be 

mapped to the physical buttons of the joystick (e.g. the buttons for choosing assortment is 
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placed on the right joystick, so the assortment was therefore showed on the right side of the 

screen). The layout of button placement and functions is not standardized between 

manufacturers and between operators, making the realization of such a concept difficult. 

The results of the assessment with the Borg CR10 scale indicate that the HMD may cause eye 

fatigue. The combination of glasses and simulator are probably making it worse. The 

restricted visual field of the Vuzix HMD and the green hue are possible causes of the fatigue. 

The issue should be taken into consideration if taking the project further. 

Hardware and implementation 

As this project has focused on making interfaces that can be tested in the simulator at 

Skogforsk, implementation of the developed concepts (or similar) should be rather easy. As 

the interface uses the same information and that the HMD basically is just a screen, doing 

further tests in a real environment should be rather straight on. The Vuzix glasses tested have 

not sufficient brightness to be able to work in an outdoor environment. If used for bucking 

information, the screen is more than large enough. Since FOV and luminance are negatively 

coupled, a smaller FOV will yield higher brightness. A positive detail with the Vuzix is the 

HDMI connection, making them easy to connect, as there is no embedded software. A first 

step could thus be to duplicate the current GUI of the bucking computer to test the basic 

functionality. The Komatsu MaxiXplorer GUI has a black background which turns 

transparent in the glasses and is therefore well suitable.  

The fact that the harvester already has a PC today is a large advantage to set up an augmented 

reality solution. Not having to use an integrated computer will save weight and the more 

powerful hardware in an external computer will make real-time tracking faster. 

Many concepts and ideas presented are medium-independent, meaning that they are in some 

degree technology independent. AR solutions can be solved in several ways, e.g. can the 

range of the boom be projected in an HUD, in a pair of glasses, or directly on the ground via a 

projector. The fundamental ideas can be used on the current HDD as well, such as focus more 

on the assortment and tree species rather than the measurements. 

The hype around wearable computing and AR will hopefully render products that are easy to 

implement. There is maybe no need for own development of HMDs with integrated sensors or 

own software for tracking. It could be worth to wait for the technology to mature and for 

consumer electronics to lower the prices and the threshold to implementation. 

The form factor of glasses gives some advantages over other displays such as HUD or HDD. 

Sun glare is not a problem in the same way. The issue with HMDs and light background can 

partly be solved by adding tinted glass/shades, in sunlight this could be a positive thing (even 

though many operators, when asked, said that they did not like working with sunglasses). 

Photochromatic lenses may be the solution to this. For some models, prescription lenses could 

be fitted, making the problem of having to fit a pair of regular glasses under the HMD 

obsolete.  

The prisms and other optical elements in the glasses will produce some reflections when in 

sunlight. This would be irritating for the operator. When asked about direct sunlight, many 

operators said that they did not use sunglasses or sun curtains due to reflections. The 

difference in luminance from the environment will differ greatly dependent on the orientation 

and position of the machine. In a rotating cabin there are few operators that use sunglasses as 

it becomes too dark when constantly switching between working in the sunlight and the 

shade. 
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Making the more advanced concepts work can be difficult. They are dependent on basically 

two things: robust head tracking and detailed data of the surroundings. Head tracking should 

be solved technically, but we have found few videos depicting it working well. Detailed GIS 

data should be available soon, positioning the operator with high enough precision to make 

occlusion work may be difficult though. 

8.2 Conclusions 

A literature review of the current state of HMDs and AR has been conducted within the scope 

of this master’s thesis. Further on, has field studies including observations and interviews with 

harvester operators been performed, to interpret the current status and problems in the near 

environment and handling of bucking data. Three concepts of GUIs has been designed and 

implemented in a Vuzix Star 1200XLD HMD for testing in a harvester simulator at 

Skogforsk, Uppsala. 

The conclusions are based upon results from the field studies, the qualitative user tests, and 

our personal user experiences from using the hardware and testing the interfaces.  

We believe that there may be HMDs currently available on the market, which are suitable for 

implementation. This is based on our experience from using the Vuzix Star 1200XLD and the 

Epson Moverio BT200 and comparing their technical specifications with other HMDs, as 

presented in Appendix A. Firsthand experience is needed to be able make a utterly statement. 

We do think the HMD technology is promising enough to test further. Below are some points 

of interest for further development within the area. 

Operators 

The main insights from the user study are: 

 Keep the operators feel free, support instead of control. 

 Micro navigation is a problem for planning and driving. Extra support in the near 

vicinity of the machine would facilitate the operator in handling. 

 There are communication issues between operators and planners and in between 

operators. 

 During processing of the tree is the display mostly used for control of the 

automatic bucking. 

Interface design 

When designing a harvester bucking data GUI for HMDs, the following is useful to know: 

 The context of where the GUI should be used (simulator or in a real harvester) 

affects the design. 

 Elements could be placed towards to the center of the GUI. 

 Gathering of GUI elements is preferred. 

 Font size has to be adjusted according to context and hardware.  

 Elements should be adjustable in size and placement. 

 White text on colored background is preferred for good legibility. 

 Symbols are preferred over text. However, for some groups of operators there 

should be support for using text for assortments as well, as their assortments vary 

much between stands.  
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 Color coding facilitates interpretation of current species.  

 Switching on and of GUI elements is useful if it is done at the right time.  

 Bucking information: Assortment and species is the most important information. 

The predicted assortment is helpful in planning. The symbol for saw activated is 

useful when the head is occluded. Measurements of length and diameter are 

mostly used as a control that the automatic bucking is working as intended during 

final felling. Bucked length is important for the ability to evaluate if the set length 

is possible on the current stem. Also, the bucked length is used when comparing 

the fed log ready for the cut. 

 Ability to apply personal settings of placement, size, and color of elements are 

advisable.  

HMD 

The most important issues when choosing hardware are: 

 The HMD needs to have high luminosity to be usable outside. The transparency 

will affect how high luminance that is needed so this has to be tested for the actual 

product. 

 Low weight and good peripheral vision are required for high comfort. A weight 

below about 70 grams is probably a good starting point. 

There is probably HMDs on the market that is suitable for the task; this has to be tested before 

acquirement.  
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9  RECOMMENDATIONS AND FUTURE WORK 

Recommendations for future research and for eventual implementation. 

 

 

9.1 Recommendations for future work 

If used only for displaying bucking data, there is only a need for a display output on the 

bucking compatible with the HMD. If the onboard computer has an HDMI output can the 

Vuzix Star 1200XLD used in this project, be used for rough tests in the field. The low 

brightness level could be solved by using the tinted lens covers which come with the HMD 

and by operating in low-light conditions. Implementations of functions presented as advanced 

concepts in this report are dependent on more technology than just the HMD. Extra equipment 

like cameras, sensors, trackers, scanners et cetera are needed to display AR via an HMD. 

Our recommendations are therefore to conduct field tests focusing on displaying bucking data. 

First, a short test should be carried out for finding practical issues and a suitable HMD for 

further tests. Further on, we recommend conducting longtime tests with operators. Operators 

participating in the test should use HMDs for a couple of days instead of the HDD to provide 

results on how compatible the technology is for harvesting. For raised reliability of the test 

results should an HMD with a more suitable performance for the conditions in the harvester, 

see 9.2 Hardware recommendations, than the Vuzix Star 1200XLD, be used. The research 

should be aimed at identifying: 

 How forest as background influences the legibility in HMD GUI. 

 How the HMD GUI influences the ocular inspection conducted by the operator. 

 How the operators perceives working with HMDs, in other words evaluating the 

user experience. 

 If problematic reflections caused by the environmental light occurs in HMDs 

while using them in a harvester. 

 How accommodation is affected by the viewing distance of the virtual screen in 

the HMD. 

 If monocular display of the GUI dependent on which side bucking is performed 

has a lower impact on both double vision and eyestrain and fatigue in the eyes.  

 If there will be any problems with eye fatigue due to longtime use. 

If HMDs proves to be viable to use for displaying bucking data, this could be a good 

foundation for further studies in how to implement AR solutions. Even if some of the 

advanced concepts presented in this report are possible to implement with the technology 

available today, it probably cannot be done within a reasonable budget compared to the added 

value it would bring.  

Further on it is recommended to conduct the research in collaboration with forestry machine 

manufacturers or control system developers for easier implementation. If displaying a GUI 

with only bucking data, the HMD would work just as the HDD in the harvester today. The 

concepts in this project do not present any new information in the display, rather a condensed 

version of the HDD. The programming should thus be rather simple as all data is available.  
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Further research in the simulator could be conducted for evaluating the added value of head 

tracking, both for the bucking data GUI and for advanced concepts. The recommended aim of 

the study is to identify: 

 How robust and stable the tracking solution needs to be. 

 Which tracking technologies that are suitable. 

 Which solutions that would benefit from head-tracking. 

9.2 Hardware recommendations 

From our experience we would recommend an HMD with the follow characteristics for 

further studies: 

 As high luminance as possible. This is coupled with the transparency of the combiner. 

 Photochromatic or automatically tinted lenses. Added shades could also be an option. 

 Light guiding optics or VRD. 

 The resolution has not been an issue, but a resolution of about 2 arcmin/pixel should 

be enough. 

 Lightweight. 

 As low obstruction of the view as possible. 

 A minimum field of view of 25-30 degrees. 

Monocular or binocular should be tested before acquirement.  

If the HMD should have support for head-tracking: 

 Integrated inertial sensors for head tracking is a plus but can be added for research 

purposes. 

 Internal camera for head-tracking or markers for use with an external camera. 
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APPENDIX A – CURRENT HMDS 

A selection of current commercially available HMDs for consumer, industrial and military 

applications. A more complete list of HMDs (without specifications) is available at 

http://augmera.com/?p=504 
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APPENDIX B – INTERVIEW QUESTIONS 

Examples of questions used when interviewing operators for user studies. This set was used 

as a starting point for the interviews. 

 

 

 Name? 

 Age? 

 What machine are you operating? 

 How many years have you been working as an operator? 

 How many years have you operated this harvester? 

 What education do you have? 

 What do you appreciate most with your job? 

 What do you appreciate the least with your job? 

 How do you start your shift? 

 How do you end it? 

 How does the hand over look like? 

 Describe an ordinary day? 

 Mention something that is seldom occurring 

 What does a good day look like? 

 What makes a bad day? 

 Show and describe your working process. 

 Have your way of working changed over time? 

 What wastes your time? 

 What moments and details annoy you? 

 What functions of the display do you use the most? 

 What works well (about the display)? 

 What is not working well (about the display)? 

 Which shortcut do you take? 

 What part of your job do you enjoy the most? 

 What part of your job do you enjoy the least? 

 What made you become a harvester operator? 

 Is the job like you imagined it? 

 What is the difference between when you started and now? 

 What was most difficult to learn? 

 How long did it take to learn how to be a good operator? 
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APPENDIX C – CONCEPT DESIGNS 

This Appendix presents the three concepts designed for this project. The concepts were 

implemented in an HMD, a pair of Vuzix Star 1200XLD in a simulator at Skogforsk, Uppsala 

for usability testing. Last is a proposition of a GUI based on the tests presented. 

 

 

Concept 1 – Static 

In the following figures is the design of concept 1 presented.  

 

The dimensions of elements and their placements in the GUI for concept 1, as it was implemented in the 

simulator. The cyan colored boxes correspond to the size of the fonts in the GUI. From left in the picture: 

diameter, fed length, bucked length, assortment, forecasted assortment, and in bottom right corner species (which 

also is indicated by the color on the information bar).  
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The GUI in concept 1 while driving the harvester and spruce is set as the current species. The information bar is 

visible at all times. 

 

When changing current species to spruce the color changes. The red circle indicates that the saw is active. 

 

GUI in concept 1 when feeding has started after felling. The assortment is set to coarse timber by the bucking 

computer. 
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The assortment is set to normal timber by the bucking computer. The forecast of the next log is narrow timber.  
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Concept 2 – Semi dynamic 

In the following figures is the design of concept 2 presented.  

 

The dimensions of elements and their placements in the GUI for concept 2, as it were implemented in the 

simulator. The cyan colored boxes correspond to the size of the fonts in the GUI. From left in the picture: 

diameter, fed length, bucked length, species. Species are indicated by the red color above. Before feeding has 

started is this complemented with text, see below. The assortments are given distinct positions on the right-hand 

side, from the placement of Quality 1 in the picture down to the bottom of the screen.  
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GUI in concept 2 while driving the harvester 

 

GUI in concept 2 when grabbing a three and pine is the set species. 

 

GUI in concept 2 when changing set species to spruce and activating the saw, as indicated by the red circle. 
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GUI in concept 2 when feeding has started after felling. The assortment is set to coarse timber by the bucking 

computer. Measurements are switched on and text indicating species are switched off, when feeding is activated.  

 

The assortment is set to normal timber by the bucking computer. Measurements are switched off when the saw is 

activated. 

 

The assortment is set to narrow timber by the bucking computer. 
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The assortment is set to spruce pulp by the bucking computer.  
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Concept 3 – Dynamic 

In the following figures is the design of concept 3 presented.  

 

The dimensions of elements and their placements in the GUI for concept 3, as it were implemented in the 

simulator. The magenta colored boxes correspond to the size of the fonts in the GUI. From left in the picture: 

diameter, feed length, bucked length, assortment, and species. 

 

 

Symbols for tree species. From left spruce, pine, and birch. The colors are the ones used in the simulator. 
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From left; symbol for timber assortments, spruce pulp, and pulp. The assortment symbol and the pulp symbol 

were colored in the species specific color. 

 

No information is displayed in concept 3 while driving the harvester. 

 

GUI in concept 3 when grabbing a three and pine is the set species. 
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GUI in concept 3 when changing set species to spruce and activating the saw, indicated by the red circle. 

 

GUI in concept 3 when feeding has started after felling. The assortment is set to coarse timber by the bucking 

computer. Measurements are switched on and text indicating species are switched off, when feeding is activated.  

 

The assortment is set to normal timber by the bucking computer. The saw is activated. 
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The assortment is set to narrow timber by the bucking computer. 

 

The assortment is set to spruce pulp by the bucking computer. 
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Final design proposal 

Below is the final design proposal presented. The design is based on literature review, results 

from field studies with harvester operators, test results from simulator tests with HMDs 

conducted with harvester operators, and from own experience. The interface design is 

proposed as a foundation for further research in GUI design for HMD interfaces within 

forestry. The designs are not presented as a final solution ready for implementation. 

 

Symbols for tree species. From left spruce, pine, birch, and other leaved trees. The colors are just examples, 

since this not has been investigated in depth. 

 

Symbols for timber assortments. The bottom symbol represents the assortment with the coarsest diameter, while 

the top symbol represents the assortment with the narrowest diameter. From the results in this project, it seems 

like four levels plus the pulp symbols (see below) are enough for the majority of the stands. The symbol could 

easy be changed by reducing or adding number of levels. It is advisable to add a text element to the GUI also for 

assortment presentation in stands where only symbols are not sufficient. The horizontal line will have the species 

specific color.  

 

Symbols for pulp, spruce pulp, and rejected wood. The pulp symbol is colored in the color coding from the tree 

species.  

 

A GUI element placeholder made for display of measurements. The placeholder to the left is presented as it is 

intended to look while feeding. The color of the animated feeding is the same as the species color, but in a lower 

opacity. The text for bucked length (450) has higher opacity than feed length, to highlight it. When the saw is 

activated is the circle filled with red color, and the feeding animation is switched off. Diameter is only displayed 

when close to the limit of the current assortment. 
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No information should be displayed while driving the harvester. 

 

The GUI when grabbing a three and pine is the set species. 

 

Changing species to spruce and activating the saw, as indicated by the red circle. 
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GUI when feeding has started after felling. The assortment is set to coarse timber. When feeding is activated are 

measurements are switched on and the element indicating species is switched off. An animation of the billboard 

behind the measurements visualizes the feeding of the log. 

 

The assortment is set to normal timber. The diameter is displayed when close to the assortment limit 

 

The assortment is set to fixed timber dimension (Kubb in Swedish.) by the bucking computer. Saw is activated. 



 113 

 

 

The assortment is set to narrow timber by the bucking computer. Saw is activated. 

 

The assortment is set to spruce pulp by the bucking computer. Saw is activated. 

 


