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Semi-Automating Forestry Machines:
Motion Planning, System Integration, and Human-Machine Interaction

Simon Westerberg

Abstract
The process of forest harvesting is highly mechanized in most industrialized countries,
with felling and processing of trees performed by technologically advanced forestry ma-
chines. However, the maneuvering of the vehicles through the forest as well as the control
of the on-board hydraulic boom crane is currently performedthrough continuous manual
operation. This complicates the introduction of further incremental productivity improve-
ments to the machines, as the operator becomes a bottleneck in the process. A suggested
solution strategy is to enhance the production capacity by increasing the level of automa-
tion. At the same time, the working environment for the operator can be improved by
a reduced workload, provided that the human-machine interaction is adapted to the new
automated functionality.

The objectives of this thesis are 1) to describe and analyze the current logging process
and to locate areas of improvements that can be implemented in current machines, and 2)
to investigate future methods and concepts that possibly require changes in work methods
as well as in the machine design and technology. The thesis describes the development
and integration of several algorithmic methods and the implementation of corresponding
software solutions, adapted to the forestry machine context.

Following data recording and analysis of the current work tasks of machine operators,
trajectory planning and execution for a specific category offorwarder crane motions has
been identified as an important first step for short term automation. Using the method
of path-constrained trajectory planning, automated cranemotions were demonstrated to
potentially provide a substantial improvement from motions performed by experienced
human operators. An extension of this method was developed to automate some selected
motions even for existing sensorless machines. Evaluationsuggests that this method is
feasible for a reasonable deviation of initial conditions.

Another important aspect of partial automation is the human-machine interaction. For
this specific application a simple and intuitive interaction method for accessing automated
crane motions was suggested, based on head tracking of the operator. A preliminary in-
teraction model derived from user experiments yielded promising results for forming the
basis of a target selection method, particularly when combined with some traded con-
trol strategy. Further, a modular software platform was implemented, integrating several
important components into a framework for designing and testing future interaction con-
cepts. Specifically, this system was used to investigate concepts of teleoperation and vir-
tual environment feedback. Results from user tests show that visual information provided
by a virtual environment can be advantageous compared to traditional video feedback
with regards to both objective and subjective evaluation criteria.



Delautomatisering av skogsmaskiner:
Rörelseplanering, systemintegration och människa-maskin-interaktion

Simon Westerberg

Sammanfattning
Skogsavverkningsprocessen är i hög grad mekaniserad i de flesta industriländer, där av-
verkning och bearbetning av träd utförs med hjälp av högteknologiska skogsmaskiner. För
nuvarande sker dock framförandet av dessa fordon, likväl som manövrerandet av deras hy-
drauliska kranar, genom kontinuerlig manuell styrning. Detta försvårar ett inkrementellt
införande av produktivitetsförbättrande åtgärder, eftersom föraren blir en flaskhals i pro-
cessen. En föreslagen lösningsstrategi är att öka produktionskapaciteten genom att höja
automationsnivån. På samma gång kan arbetsmiljön för operatören förbättras genom min-
skad arbetsbelastning, förutsatt att interaktionen mellan människa och maskin anpassas
till de nya automatiserade funktionerna.

Målen med denna avhandling är 1) att beskriva och analysera den nuvarande avverkn-
ingsprocessen och att lokalisera de områden av förbättringar som kan genomföras i nu-
varande maskiner, och 2) att undersöka framtida metoder ochkoncept som eventuellt
kräver ändringar i såväl arbetssätt som i maskinens konstruktion och teknikanvändning.
Avhandlingen beskriver utvecklingen och integreringen avflera algoritmiska metoder
samt genomförandet av motsvarande mjukvarulösningar, anpassade till det sammanhang
som skogsmaskinerna befinner sig i.

Efter registrering och analys av maskinförarnas nuvarandearbetsuppgifter har planer-
ingen och utförandet av en viss kategori skotarkranrörelser identifierats som ett viktigt
första steg för automation på kortare sikt. Användning av metoden banbegränsad rörelse-
planering (path-constrained trajectory planning) har visat att automatiserade kranrörelser
potentiellt kan ge en väsentlig förbättring jämfört med rörelser som utförs av erfarna män-
skliga operatörer. En utvidgning av denna metod har utvecklats för att automatisera en
utvald mängd rörelser även för existerande sensorlösa maskiner. En utvärdering av meto-
den visar att denna metod är genomförbar vid avvikande initialtillstånd.

En annan viktig sida av automatiseringen är människa-maskin-interaktion. För att
föraren enkelt ska kunna aktivera de automatiserade kranrörelserna presenteras en in-
teraktionsmetod baserad på avläsning av förarens huvudrörelser. En preliminär inter-
aktionsmodell härledd från användarexperiment visar lovande resultat för att kunna ut-
göra grunden till en metod för att bestämma kranrörelsens slutposition. Vidare har en
modulär mjukvaruplattform implementerats, där flera viktiga komponenter integreras i ett
ramverk för utformning och testning av framtida interaktionskoncept. Detta system har
särskilt används för att undersöka begreppen fjärrstyrning (teleoperation) och återkop-
pling med hjälp av virtuella miljöer. Resultat från användartester visar att visuell informa-
tion som tillhandahålls av en virtuell miljö kan vara fördelaktig jämfört med traditionell
videoåterkoppling med avseende på både objektiva och subjektiva bedömningskriterier.
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1 Background and Motivation

Based on a worldwide production of roundwood estimated at around 3.4 billionm3 each
year (Ylitalo, 2012), the forestry industry contributes to1.2% of the global GDP. The
industry has a global workforce of approximately 14 millionpeople1 (2006), more or less
equally divided between wood production, wood processing and paper/pulp industries
(FAO, 2011; Renner et al., 2008).

The forestry sector plays a notably important role in the economy of many coun-
tries with large afforested areas, particularly in northern Europe. Forest industry products
make up a large share of the value of exported goods for countries like Finland (18% of
total exports), Latvia (16%) and Sweden (11%) (Swedish Forest Agency, 2013; Ylitalo,
2012). Some of the most dominant actors on the global forestry market are countries with
long traditions of forest management and utilization, suchas the Scandinavian countries,
Canada, and Russia, who e.g. together contribute to more than half of the global exports of
sawn softwood (2011) (Ylitalo, 2012). In recent decades, the increased establishment of
industrial plantation forests has introduced new actors from additional parts of the world,
especially Asia and South America, and increased the competition on the global market
(Carle et al., 2002). This trend is expected to continue as the demand for forestry products
increases, both due to an overall population increase and increased demand for energy and
materials from renewable resources.

As competition and productivity demands increase, technological development and
mechanization in forest harvesting and processing are natural consequences. The amount
of purely manual work has in many places been greatly reducedduring several stages of
automation and in many industrialized countries, large parts of the processes from trees
to end products are heavily, or even fully, automated.

This section aims to give an introduction to modern forest harvesting methods and
the current state of mechanization. It provides examples ofhow current technology is
implemented and used, as well as its limitations and incentives for future improvements.

1This number represents the formally registered workforce, with a large additional of seasonal, self-
employed or otherwise unreported workers, which have been estimated to at least an additional 30-45 million
people (Renner et al., 2008).
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4 1. Background and Motivation

1.1 The logging process

The forest is an important natural resource and wood is used as raw material for a diversity
of products, ranging from board and paper to fabrics, chemicals and fuel. Regardless of
the end product and manufacture process, the supply chain always begins in the forest
with the harvesting, orlogging, of the trees. The logging task can be divided into four
sub-tasks.

Felling, where the tree is cut and felled to the ground. This task includes the decision
process of selecting which tree to cut and deciding the felling direction.

Delimbing, where the branches and top of the tree are removed from the stem. Tradi-
tionally, only the stem has been utilized, but recently the slash (tops and branches)
has attracted interest for use as bio-fuel, for instance in combined heat and power
plants (Demirbas and Balat, 2006; Viana et al., 2010).

Bucking, where the stem is cut into logs (also known as slashing or cross-cutting). The
location of each cut, i.e., the length of each log, is determined by a combination
of different parameters, such as tree length, stem diameter, and possible stem dam-
ages or irregularities. To optimize profit, the cross-cutting decisions are also based
on information about current prices and the demand for different log dimensions
(Murphy et al., 2004).

Off-road transportation, relocating the wood from the stump in the forest to a specific
location by the road-side, from which the logs will eventually receive further trans-
port, usually by trucks.

A few separate logging methods have emerged, differentiated by the order in which the
tasks are performed and the location (at the stump or the roadside) where the delimbing
and bucking tasks occur.

In whole-tree(WT) logging, all processing occurs after transport to the road-side.
This is currently a common method in, e.g., North and South America. Incut-to-length
(CTL) logging, or the shortwood system, on the other hand, both delimbing and bucking
is performed at the stump, leaving processed logs for transportation. This is the dom-
inating logging system in Europe, particularly in the Nordic countries. A third system
is tree-length(TL) logging, where the delimbing occurs after felling and the stems are
transported to the road-side for bucking and sorting. The difference between the systems
is summarized in Table1.1.

1.2 Forestry machines

In the 1950’s and 1960’s, the logging work in most developed countries was dominated
by the so-called motor-manual system, where the felling andlog processing stages where
performed with chainsaws and manual tools, while horses or tractors were used for trans-
port (MacDonald and Clow, 2006). The first commercially successful off-road vehicles
specialized for logging tasks were machines for tree and logtransportation introduced
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SYSTEM
TASKS PERFORMED

FELLING SITE ROAD-SIDE

Whole-tree (WT) logging Felling Delimbing,
bucking

Tree-length (TL) logging Felling,
delimbing

Bucking

Cut-to-length (CTL)logging Felling,
delimbing,
bucking

-

Table 1.1: Different types of logging systems.

in the late 1950’s and early 1960’s (Andersson, 2004). In Swedish forestry, the trans-
portation task was almost completely mechanized at the end of the decade; during the
1960’s, the use of horses for log transport decreased from 80% to less than 5%. The
success of the specialized transportation vehicles paved the way for further development,
and the construction of machines performing other logging tasks followed shortly. At first
each machine specialized in performing a single task, such as the mechanical delimber.
In the second half of the 1960’s, the first combination machines were developed, such
as the processor, which could take care of both the delimbingand bucking steps. The
major mechanization stages took place in the 1970’s. A rapiddevelopment and sophisti-
cation of earlier innovations ensued and by the end of the decade, forest machines had a
widespread use in several countries, including Sweden, Finland and Canada. By 1990, the
logging process in these countries was more or less completely mechanized (Axelsson,
1998; Halme and Vainio, 1998; Nordfjell et al., 2010).

Since the early 1990’s, no major change has occurred in the concepts and basic
functionality of forestry machines. Currently, two different machine systems dominate
the market in the developed forest-intense countries2. For whole-tree logging, afeller-
bunchercuts and fells several trees and places them in piles. Agrapple skidderdrags
(skids) the full-length trees to the road-side where the processing takes place. The cut-
to-length system consists of aharvesterand aforwarder (Figure 1). The harvester has
a knuckle-boom crane with a harvester head at the end, equipped with a chain-saw for
cutting and bucking the tree, delimbing knives for removingbranches, and feed rollers
for grasping the tree prior to felling, as well as for feedingthe tree through the processing
unit. The forwarder is normally a six- or eight-wheeled vehicle with articulated-steering
and a grapple-equipped hydraulic crane for loading the logsonto its cargo space (load
bunk).

The prevalence of the respective systems in a geographic region can partly be ascribed
to tradition, but is also affected by forest properties, such as tree size distribution, type

2A number of additional machine systems exist, mainly specialized systems for e.g. steep or wet terrain. A
few such systems are described by Rummer (2002).
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Figure 1.1: A Valmet 860 forwarder by Komatsu Forest.

of terrain etc. While the WT system may offer a slightly higher productivity in some
situations (Adebayo et al., 2007), the damages on the residual stand have been shown
to be lower with the CTL system (Limbeck-Lilienau, 2003). More detailed discussions
about the different methods and their respective advantages can be found in Akay et al.
(2004); Pulkki (1997).

Many of the methods and results presented in this thesis are applicable to all different
kinds of forestry machines, as well as similar machines, particularly other heavy machin-
ery manipulators, e.g., in construction, mining, or cargo transportation. However, due
to its exclusive use in Swedish forestry, the work in this thesis only considers the CTL
(harvester/forwarder) system. Much of the recent researchefforts regarding technological
development of CTL vehicles has been done on the harvester. The harvester operation
consists of a series of subtasks performed in rapid succession, sometimes performed in
parallel with other tasks. According to Burman and Löfgren (2007), a harvester operator
performs in average 24 functions and makes 12 decisions during the processing of a single
tree (<1 min). The work performed by a forwarder operator is similar in that it consists
of a well-structured sequence of repetitive subtasks. However, the number of subtasks
and decisions is smaller and the actions are less time-critical than for the harvester, which
makes the forwarder an easier target for automation, in particular in a shorter term. For
this reason, the forwarder has been used as a starting point when discussing and exempli-
fying the methods and technologies used for both short-termand long-term automation
throughout the thesis.
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1.3 Operating a forwarder

While in the cabin, a forwarder operator performs tasks that belong to any of the following
three main categories.

1. Decisions and planning. This is the mental work that is required in order to plan
and coordinate the other work tasks and to optimize their execution. On a higher
level, the operator needs to plan the route through the harvested area, select the
order in which to pick up the logs, and plan for the number of assortments and their
location. This category also includes lower-level / short-term planning, like how to
orient the timber during a crane motion in order to avoid obstacles.

2. Vehicle transportation. Moving the vehicle between the log piles along the trail, as
well as between the forest and the road-side.

3. Crane manipulation. Grasping, moving and releasing logs. This comprises a ma-
jority of the operator’s active work in the machine.

A more detailed description of the sub-tasks involved in forwarding and a schematic de-
scription of the work flow is presented in Figure 1.2.

Studies report that between 80% and 90% of the time spent in the cabin consists of
crane manipulation for both harvesters and forwarders (Dvořák et al., 2008; Gellerstedt,
2002). The cranes are hydraulic manipulators with the position of the end effector (grap-
ple) determined by four variables (three angles of rotationand one linear displacement
position). Additionally, a rotator controls the horizontal orientation of the grapple. Tra-
ditionally, the hydraulic cylinders associated with each of these variables are individually
controlled by some motion of one of two analog joysticks. Thejoysticks provide electri-
cal signals that command the flow rate of the hydraulic control system, which is equipped
with an electro-hydraulic valve unit that controls the flow.These valves influence the mo-
tion of the hydraulic actuators, and each link can be moved independently. The typical
mapping between the joystick and the forwarder crane is shown in Figure 1.3.

1.4 Incentives for automation

Although current forestry vehicles represent a high level of mechanization compared to
just a few decades ago, there still exist a few areas where different levels of automation
could be beneficial and changes in design, implementation orconcepts could improve
different aspects of the logging process.

As is commonly the case in industrialization and the adaption of technological in-
novations, a major driving force behind the technological development in the forestry
sector has been that of potential economic benefits (MacDonald and Clow, 1999). When
it comes to continued development and partial automation ofthe work process, economic
incentives are still important. The overall objective can be generally described as de-
creasing the cost/output ratio. To this end, two different approaches can be taken. Firstly,
one solution could be to increase theproductivity(output/hour). This will require an in-
creased level of automation, since the production capacityof modern machines is large
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Right joystickLeft joystick
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Down
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Figure 1.3: Typical dual joystick control of a forwarder crane.
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enough to make the operators bottlenecks in the logging process (Hellström et al., 2009).
Semi-automated functions can also reduce the productivitygap between beginners and
experienced drivers (Brander et al., 2004; Burman and Löfgren, 2007). Currently, it takes
several years to become fully proficient and the productivity difference between a skilled
and non-skilled operator can be as much as 25-40% (Löfgren, 2009). Secondly, econom-
ical winnings can also be achieved by reducing theoperating costs(cost/hour). Also in
this case, automation can be beneficial. For instance, salaries currently makes up 30-40%
of a forwarder’s running costs (Hellström et al., 2009), andwith more tasks possible to
perform without human intervention, this cost can be reduced. Fuel cost is another large
portion of the total cost. Brunberg (2006) reports an average fuel consumption of11.8 l/h
or, alternatively,0.7− 1.4 l for eachm3 of transported timber (Klvac and Skoupy, 2009).
While human operators can learn some heuristic methods or guidelines to adopt an en-
ergy efficient behavior, unlike a computer they lack the ability to mentally perform the
complex real-time calculations that are required to find an optimal tradeoff between time
and energy efficiency in terms of minimized operating costs.

There is often a tradeoff between productivity and running costs. As the productiv-
ity of individual machines in itself is no goal for the industry, it is possible to imagine
a scenario where slightly less productive automated machines with reduced costs (e.g.
salary and fuel) are cheaper and preferable alternatives tomore productive, but also more
expensive, traditional fully manually controlled machines.

Theworking environmentis another relevant topic. The comfort of the operator has
been an important factor in recent machine development. Historically, the ergonomic sit-
uation in both harvesters and forwarders has been far from ideal. The high workload in
the upper extremities during long hours of machine operation has been associated with
discomfort and pain in both a short- and long-term perspective (Östensvik et al., 2008).
In the 1980’s, the one year prevalence of neck or shoulder disorders among operators was
reported to be 50-80% (Attebrant et al., 1997). It has since improved, but still presents a
problem. In a study from 2005, the percentage of operators that often or very often expe-
rienced pain in neck or shoulders was 16.2% and 15.5%, respectively (Vik, 2005). This is
not only a working environment issue, but also affects the productivity negatively, since
drivers experiencing pain will not perform their best.Mental fatiguefrom the required
constant attention to the work tasks, enhanced by high levels of noiseandvibrationsap-
parent in the cabin, results in lower performance during theend of a work shift (Synwoldt
and Gellerstedt, 2003; Winkel et al., 1998). Further, an experienced driver that changes
occupation or retires earlier due to health problems may need to be replaced by an inex-
perienced driver that will need several years to achieve a comparable productivity rate.

Additional issues that could be addressed by automation strategies are operator safety
(e.g. risk of overturning vehicles) and environmental effects (e.g. fuel consumption and
soil damage).



2 Automation and
Teleoperation

Parasuraman (2000) defines automation as “the execution by machine, usually a com-
puter, of a function previously carried out by human.” Automation has for centuries been
a way to increase productivity in production processes. In many traditional industrial
settings, the work process is often almost completely automated. Some examples are
the manufacturing and assembly processes of the automotive, machinery or electronics
industries.

The incentives for automation can concern performance, where easily measurable
quantities, such as precision, speed, or force, are improved. Robots and other kinds of au-
tomation hardware can be stronger, more accurate, and more agile than humans. Robots
are more enduring and reliable, they do not suffer from performance decrease over the
course of a work shift due to fatigue (Stentz et al., 2002). Automation is also introduced
in order to improve the workers’ conditions. By replacing human labor in dangerous or
exhaustive tasks, the human workforce can experience improvements in safety and work-
ing environment and have a reduced workload. Typical application areas include mining
(Larsson, 2011) or operation of underwater vehicles (Bingham et al., 2010). Machines or
robots do not disapprove of tedious or repetitive tasks. Automation of this kind can liber-
ate human resources that are better suited for other tasks involving, e.g., decision making,
programming or design.

Providing an exact definition of what automation includes isdifficult, but Sheridan
and Parasuraman (2005) incorporates the following properties in the term:

1. Mechanized sensing of the environment

2. Automatic processing of data and decision making

3. Mechanical actions on the environment

4. Communication of processed information to the human

Automation rarely causes a complete removal of humans from the work process. Even
when all parts of a process are automated, a human operator usually has the role as a su-
pervising agent. One of the reasons for this is to help resolving the issue of responsibility,
in case an accident would occur.

11
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When introducing automation into a work flow where humans are involved some-
where in the process, considerations need to be taken to the human perspective. It is
important to understand how the human agents are affected bytheir new role in the work
flow. Users of a partly automated system must understand the automated process well
enough to be able to interact with it in a correct, safe and efficient way.

Two partly overlapping research fields concerned with the interplay between humans
and automated machinery arehuman-machine interaction(HMI) and human-computer in-
teraction (HCI). While the two terms sometimes are used synonymously, HCI is more fo-
cused on software-related interaction concepts by addressing “the design, evaluation, and
implementation of human-operated interactive computing systems” (O’Malley, 2007).
HMI, on the other hand, assumes a more general type of machinefor which it regards
interaction with both software and hardware.

Another more specific discipline ishuman-robot interaction(HRI), which is dedicated
to “understanding, designing, and evaluating robotic systems for use by or with humans”
(Goodrich and Schultz, 2007). It differs from HCI and HMI in that it always includes a
physical dimension where a complex dynamic system (robot) is also interacting with the
physical (real-world) environment (Scholtz, 2002). This means that HRI to a further ex-
tent needs to consider the processing (usually in real time)of information and knowledge
about the environment and how to communicate this to the user. HRI also implies some
level of autonomy and cognitive abilities from the system (Fong et al., 2003; Scholtz,
2002). For a more general approach,human-automation interaction(HAI) can be defined
as “the way a human is affected by, controls and receives information from automation
while performing a task” (Sheridan and Parasuraman, 2005).

One important aspect of automation that is considered by these aforementioned disci-
plines is that its introduction often affects the overall system in other ways than intended;
careful considerations need to be taken also to possible downsides of the automation pro-
cess. There exist a number of common issues encountered in automation. One of the
challenges is to create the right amount oftrust in the automated parts of the system.
Lack of trust will make users hesitate to use automated functions, while over-reliance in
the system instead may result in lack of attention to the automated work task and the op-
erator may even fail to prevent otherwise avoidable accidents. For in-depth discussions
on these topics, see Parasuraman and Wickens (2008), Scholtz (2002), and Scholtz et al.
(2004). Taking into account the respective strengths and weaknesses of humans and com-
puters/machines/robots, it is apparent that different parts of the work flow benefit from
different amounts of automation.

Attempts have been made to formalize this idea into a conceptcalledlevels of automa-
tion (LOA), which specifies to what degree a robot can act on its ownaccord (Goodrich
and Schultz, 2007). Different forms of LOA scales have been proposed, one of the ear-
liest and most well-known is the one described by (Sheridan and Verplank, 1978), that
places an automated system on a scale of ten different degrees of automation, ranging
from full manual control to full automation, along which tasks and responsibilities are
being distributed in varying amounts between humans and machines. While this scale
focuses on decision support, similar scales for other task domains have been presented
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(Endsley, 1999; Kaber and Endsley, 2004; Trouvain et al., 2003).
The LOA concept has later been extended into a discussion on another important as-

pect of automation, namely that different parts of a complexsystem can be automated
to different degrees. Parasuraman (Parasuraman, 2000) presents four important subtask
domains that each can have its own level of automation:information acquisition, infor-
mation analysis, decision and action selection, andaction implementation.

The choice of LOA is often a trade-off between different desired characteristics of the
system. A low degree of automation promotes low initial cost, good situational aware-
ness, high reliability, and easier recovery from automation failures, while a high degree
of automation can result in increased performance, improved working environment with
lower workload, as well as a decreased running cost (Kaber and Endsley, 2004).

2.1 Teleoperation and supervisory control

Teleoperation means that a human operator is manipulating the physical world from a
distant location (Kheddar et al., 2002). The performing agent of these manipulations has
traditionally been an articulated robotic arm; however, the concept is also applicable to
remote control of mobile robots or other similar machines (Hannaford, 2000). Much of
the early work in semi-automation originates in work on teleoperated robotic systems.
Limited perception of the remote environment for the operator, as well as communication
delays were common issues in these systems that could be addressed by an increased level
of autonomy.

2.1.1 Classification of teleoperation systems

Teleoperation systems for remote manipulation can be categorized according to the meth-
ods by which they are controlled, i.e., the level of abstraction of the operator’s commands
to the system.

The first teleoperation systems were built around 1950, their task being to aid in nu-
clear activities (Kheddar et al., 2002). Early systems consisted of two similar mechanical
arms: aslavearm located in the working environment, and amasterarm located at a
remote location together with a human operator. The corresponding joints were mechan-
ically connected, such that the slave arm exactly replicated the motion of the master arm
(Figure 2.1(a)). By replacing the mechanical links with electronically controlled motors
and sensors, the control interface can be both physically and conceptually detached from
the mechanical structure of the slave, and the human-machine interface can be reconfig-
ured. Since the control still takes place in the joint space,the method is known asjoint
control (Figure 2.1(b)). This corresponds to the conventional (non-teleoperation) control
method for many current manipulator-equipped heavy machine vehicles, such as excava-
tors, construction cranes, and forestry machines.

In many cases, when controlling a robot arm, the specific joint angles during a mo-
tion are not relevant for the execution of an assigned task, but only a means to realize the
motions of the end effector. Hence, it is natural to considera telerobotic system where
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the operator’s control input is directly correlated to the end effector configuration or mo-
tion. This transfers the complexity of calculating the appropriate link configuration for a
specific end effector position, i.e. finding the solution to the inverse kinematics problem,
to the computer controller. This control method is known asCartesian control(Figure
2.1(c)). For cranes and other similar manipulators, this control method is sometimes
called crane-tip control or boom-tip control, or more generally end-effector control.

In the last category of control input methods, additional motion control functionality
is transferred to the computer. The continuous input signals are replaced with discrete
higher-level commands that specify properties of the desired motion. This communica-
tion can for instance consist of intermediate waypoints or final target positions for the
end effector, which requires an automated planning and execution of the crane motion.
In a scenario where the operator takes a more supervisory role, the communication may
consist of some formalized description of some aims of the task, which requires a higher
level of automation. This control concept (Figure 2.1(d)) is commonly denotedsupervi-
sory control(Sheridan, 1995).

2.1.2 Cooperation modes in semi-automation

In a semi-automated system, some tasks are performed by humans, while some are per-
formed by machines. This corresponds to the mid-range of theLOA scales discussed
above. In an optimal collaboration strategy between the human and the machine, each
agent is assigned tasks that they can proficiently perform, and the focus is on communi-
cation and cooperation in order to optimize the overall performance (Kaber and Endsley,
2004).

The cooperation in semi-automated systems is usually divided into two categories,
depending on how the division of work is made between the human operator and the
machine (Sheridan, 1992; Sheridan and Verplank, 1978). Thefirst is shared control,
where the actors exercise simultaneous control or authority over (different parts of) the
work process. The division of labor between operator and system could be performed
between the DOFs of the robot, e.g., such that the operator controls the manipulator arm
on top of a mobile robotic platform that moves autonomously.The division could also be
between tasks, e.g., the operator performs some task by controlling a robotic manipulator
manually, while an automated obstacle avoidance system ensures a collision free path.
The second category istraded control, for which the division of labor is with respect
to time, meaning that the actors work in turns. Here, no actions are being performed
concurrently except for during some transition period.

2.2 Automation in forestry

Compared to conventional robots, such as the industrial robots commonly utilized for
e.g. manufacturing, processing, or packaging tasks, the development rate of automated
forestry robotic vehicles is much lower. The main limiting factor to the rate at which
automation can be introduced in the field is the properties ofthe machines’ working en-
vironment. While robots in assembly lines know more or less exactly what to expect for
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each task, the forest environment is unstructured and cannot be known in advance. Thus,
in order to achieve the same order of automation, a lot more sensing and information pro-
cessing is required in order to safely and correctly performtasks that require interaction
with the surroundings. Further, the physical conditions are much more demanding than in
e.g. a conventional factory setting. Physical equipment like sensors and electronics need
to endure harsh weather condition with large variations in temperature and humidity. Al-
gorithms for motion control and sensor data analysis need tobe adjusted according to
variations in external parameters, such as varied lightingconditions or changes in friction
due to temperature shifts.

2.2.1 Current trends

The following constitutes a number of current trends in forestry machine technology and
usage, as well as trends in the external environment and society, that are likely to affect
the priorities or directions of future forest machine development.

Sensors One important factor in more advanced automation is sensorsthat provide the
system with feedback about its internal state, as well as sensors that allow the system to
react according to properties or changes in the environment. In the conventional manual
control system (Figure 1.3), it is the operator’s sensory information that allows continuous
adjustments of each joint to achieve accurate crane motions. For an accurate computer-
controlled low-level control of the crane linkage, sensorsthat can measure or estimate the
joint positions will be necessary.

The introduction of such sensors has become commonplace in the commercial pro-
duction of, e.g., excavators or agriculture vehicles (Caterpillar, 2013). Lately, also forestry
crane producers have started to gain interest in including joint position sensors to open up
for more advanced functionality (Cranab AB, 2013).

In order for an autonomous system to be responsive to external stimuli, react to un-
expected events, or plan and act according to external information, additional sensors are
required. Currently, harvesters are equipped with sensor devices that measure e.g. tree
diameter and uses this information to assist the operator indeciding where to buck the
tree for maximized profit. For an in-depth discussion on thistopic, see Marshall (2005).
Contact-free optical versions of these sensors are currently considered (Andersson et al.,
2008; Ärlestig, 2012). Though contact-free, they are stilllocal range sensors with the
detection space in a close proximity to the crane. A more complicated problem is long-
range (several meters) detection, for example the analysisof stem dimensions while the
tree still stands, which is desired for a more accurate log segmentation through correct
selection of bucking points, or for creating local maps of the environment. A number
of attempts to estimate tree trunk diameters from a distancehave been made (Jutila et al.,
2007; Ringdahl et al., 2013). This exemplifies a trend of increased interest in long-range
sensor devices for utilization in forestry. For reconstruction and detection of the nearby
environment, a rapid development of methods has taken place, both for forestry applica-
tions and in other areas. Laser scanners, radars, and other remote sensing devices have
become increasingly powerful, robust and affordable, and are popular for general naviga-
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tion tasks, building local maps and detecting obstacles. For different applications in the
harvesting and logging domains, A number of such applications have been suggested in
the forestry domain (Forsman and Halme, 2005; Kulovesi, 2009; Miettinen et al., 2007;
Öhman et al., 2007; Park et al., 2011; Rossmann et al., 2009).

Crane-tip control The complexity and non-intuitiveness of the current joystick-based
control method is a well-known problem. One solution that has been suggested for a long
time is crane-tip control, or Cartesian control (see Section 2.1.1). Having the operator
specifying the 3D Cartesian coordinates of the crane tip instead of the 4D joint coordinates
would mean less joystick manipulation and a lower workload,as the coordination of the
different joints is automated. It also reduces learning time since control in task space is
more intuitive; a forward motion with the joystick corresponds to an extending (forward)
motion of the crane tip. A number of control methods and working prototypes for crane tip
control have been demonstrated (Heinze, 2008; Löfgren, 2009; Parker et al., 1993; Prorok,
2003) and simulation-based evaluations have been performed with regards to efficiency,
workload, and learning rate (Brander et al., 2004; Egermark, 2005). Commercialization
of this technique has been slow, however John Deere presented a harvester with crane-tip
control in early 2013 (John Deere, 2013a).

Redesigning machines With an increased demand for wood-based products follow in-
centives to introduce mechanized harvesting in previouslyinaccessible forests. This in-
cludes forests where only manual harvesting has been possible due to rugged or steep
terrain, sometimes associated with great risks for the forestry workers.

To meet the new challenges of efficiently and safely traversing more inaccessible
terrain, new machine concepts and designs are considered, such as lighter and smaller
vehicles, or cabin-less and remote controlled vehicles (Milne et al., 2013). Different
types of locomotion are also under consideration to, e.g., achieve better stability in steep
slopes. Walking machines, which have been considered for this purpose since the 1980’s
(Halme and Vainio, 1998) but never reached production, havenow attracted new interest
(SkogsElmia, 2013a). For wet and soft ground, the main problem is to reduce ground
damages, inspiring e.g. the new long-tracked bogie design (Edlund et al., 2013). Tak-
ing into account the continuous rapid development of sensortechnology and automation,
some concepts that have been suggested for future forest operations include machines
that are equipped with several semi-automated boom cranes (Jundén et al., 2013), or for-
warder trailers that can improve transport efficiency for longer distances (Lindroos and
Wästerlund, 2012).

2.2.2 Future scenarios

Many different scenarios can be presented where different levels of automation is used
to improve different aspects of harvesting and logging. Examples of automation features
in the different functional dimensions of automation, using the definitions provided by
Parasuraman (2000) as presented above, are given in Table 2.2.2.
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FUNCTIONAL

DIMENSION

LOW LOA H IGH LOA

Information
acquisition

Use sensors during operation
to obtain raw data for off-line
analysis

Replace raw data with filtered
and processed information.

Ex. Recording crane motions
for performance analysis.

Ex. Converting image data to
3D objects in a virtual
environment.

Information
analysis

Interpolate and make
predictions

Integrate data, combine several
input variables

Ex. During (manual) crane
control, assessing the risk for
collision with known obstacles

Ex. Planning a crane
trajectory that has desired
characteristics according to an
optimal tradeoff between
execution time, energy use,
and mechanical wear.

Decisions and
action selection

Computer suggests a number
of alternatives that the human
can choose from.

The computer makes all
decisions but informs the
human of its actions.

Ex: Presenting a number of
crane trajectories that the user
has the option to select from.

Ex: Automatically selecting an
appropriate crane trajectory.
The user is informed about the
decision and given the
authority to stop the action.

Action
implementation

Some activity from machine
execution, mostly manual
control

Mainly machine execution,
with the exceptional manual
intervention.

Ex: A few selected crane
trajectories can be
automatically executed.

Ex: Most crane manipulation
tasks are automated, while the
user has a supervisory role
and controls the machine
manually in unexpected or
unusual situations.

Table 2.1: Examples of automated functionality for different levels of automation.
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While the list of theoretically feasible automation concepts is extensive, it is possible
to single out a few areas where potential benefits are large, by looking at methods or tech-
nologies that either offer improvements to the current state and associated problem areas
(see Section 1.4) or offer advantages in future forestry according to current trends (Sec-
tion 2.2.1). Paper IV explores some of these future conceptsin more detail by describing
the design and potential use of a semi-automated forestry machine system for different
levels of automation.

Below are some of the topics that are covered in the followingchapters of this thesis,
as well as in the appended papers.

Teleoperation The difference between the current manual joint control andteleoper-
ated joint control is, in many ways, only the physical distance between the operator and
the machine, since all the control input from the operator ismediated through a fully
computerized control system. Short-distance (on-site) teleoperation could rather easily
be performed with current machines by separating the operator’s input device from the
machine and adding a wireless communication signal betweenthe units. A prototype sys-
tem,Besten, has been presented where a cabin-less harvester is remotely controlled from
a forwarder (Bergkvist et al., 2006). While the potential performance of such a system
has been challenged (Lindroos, 2009; Ringdahl et al., 2012), it demonstrates an important
aspect, namely that the relocation of the operator lessens some of the constraint on the
machine design; current machine designs are largely user centered in order to create a
safe and comfortable environment for the operator. A cabin-less forwarder has several
potential benefits, as it can be more lightweight and have greater flexibility in size and
geometry.

Westerberg et al. (2008) presents a virtual environment system used to teleoperate
a laboratory forwarder crane. In Paper IV, this system is used to evaluate a number of
different interface methods for visual feedback during teleoperation.

Automated crane motions As mentioned in Section 1.4, the manual crane control is a
bottleneck when reaching for an increasingly efficient machine usage. Automated crane
motions would be a solution that also could improve the working conditions for the oper-
ator.

Chapter 4 describes a method for planning trajectories thatcan be efficiently imple-
mented and autonomously executed. The procedure is extended in Papers I and II. For
further discussions on this topic, see also Mettin et al. (2009a) and Morales et al. (2010).

Task-adapted human-machine interfaces Forestry machine producers have strong in-
centives to continuously improve the user interfaces and interaction methods of the current
and future generations of machines, in order to improve the work situation for the opera-
tors as well as the overall efficiency, and thereby create a selling point for the particular
machine producer. New or adapted methods will also be neededfor the changes in roles
and tasks that operators of future forestry machines will experience.

The suggestion of a new method for selecting target points for crane motions, intended
to be used in conjunction with automated motions, is presented in Paper III. This method
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is based on tracking the head orientation of machine operators in order to estimate the
direction of their focus of attention. In addition, Paper IVinvestigates the use of virtual
environments as means of presenting important informationto the users, both combined
with different levels of automation and for providing high-quality visual or multi-modal
feedback during teleoperation.



3 Analysis of Human-Operated
Crane Work

One important part of the design of automated systems and human-machine / human-robot
interaction is to define and to analyze the current work process in order 1) to understand
which domains and subtasks are best automated, 2) to identify potential issues that may
arise from automation, and 3) to appropriately integrate the automation into the organiza-
tional structure. This section introduces such analysis for forwarder operation.

3.1 Recording the data

The analysis process starts with the recording of data. A forwarder (Valmet 830 by Ko-
matsu Forest) was equipped with rapid prototyping hardware. A number of sensors were
attached to the hardware unit in order to record the following measurements:

• Crane joint position encoders forq1, q2, q3, q4,

• Hydraulic pressure, from which torque can be estimated.

• Control input from operator for all crane functionality (input corresponding to crane
link velocitiesq̇1, q̇2, q̇3, q̇4, rotator velocity, and grapple action) through the record-
ing of analogue joystick signals,

• Head orientation of the operator, using an Xsens MTi inertial measurement unit
(IMU), registering head orientation using integration of gyro signal (Xsens, 2014),

• External-view HD video recordings.

3.2 Distribution of work

From the recorded data, time intervals have been located that correspond to the individual
subtasks, or states, of the general work sequence presentedin the state diagram of Fig-
ure 1.2. To speed up and structure the classification, an automatic processing procedure
was set up, based on the fact that properties of the sensor data are characteristic for each

21
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state. Experimentally found cut-off values were used both for individual data signals (e.g.
slewing velocity, grapple input signal) or combinations ofmultiple signals (e.g. crane tip
velocity). These values were manually verified through animated 3D visualization of the
data, as well as playback of corresponding video recordings. The video recordings were
also used to analyze the states related to vehicle transportation. A sample segment of the
categorized data is shown in Figure 3.1. Since there is no wayto identify the temporal
location of the cognitive tasks, some states have been grouped together. Time distribution
between the states is listed in Table 3.1. It should be noted that the distribution partly
depends on the properties of the harvested areas, such as distance to unloading site, tree
density and homogeneity (number of assortments), as well ason how log piles are orga-
nized by the harvester operator (see Väätäinen et al. (2006)). However it should give a
rough estimate of the work distribution for general forwarder operation.

3.3 Typical crane motions

The workspace of the forwarder crane is large, and allows fora large diversity of crane
motions. In practice, however, the actual variety of motions performed during normal
operation is limited by, e.g.,

• the uniformity of the tasks with similar start and end positions for the end effector,

• specific “control patterns” that the drivers are taught during training,

• the properties of the motor learning process that consolidates similar actions for
similar tasks,

• desired characteristics of the motions, such as speed, accuracy, and force,

• undesired characteristics that ought to be reduced or avoided, such as oscillations,
collisions, or mechanical stress.

Examples of crane motions can be found in Figure 3.3, which shows the position of the
crane tip during a work session of 15 minutes from the recorded human-operated data.
As can be seen, the majority of the end positions are confined to relatively small areas at
each side of the load bunk. Further, many of the geometrical paths to these points paths
are similar in appearance. This is advantageous in the case of an off-line motion planning
process, which hence can be customized to produce a smaller number of highly optimized
motions, as opposed to a large number of motions that covers the entire workspace.

3.4 Link usage statistics

The manual coordination of the different joints requires a high degree of joystick activ-
ity. Figure 3.3 shows activity patterns of the joystick commands that correspond to the
individual joint variables. A large part of the complexity of the current input method is
generated by the coordination between the different links.The number of joints moved
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(c) Joystick signal for grapple

Figure 3.1: Recorded data signals, segmented by the different states from the state diagram (Fig-
ure 1.2).
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States n tseq(s) ttot(%)

Transportation 26.8

Lo
ad

cy
cl

e

S1 Move vehicle to loading area 7 162.4 15.0

S2-S5 Move vehicle to appropriate location 91 8.9 11.8

Crane manipulation 53.2

S6 Move grapple to logs 212 4.72 9.0

S7 Grasp logs 212 4.9 16.4

S8 Move logs to load bunk 212 7.5 15.7

S9 Release logs 212 4.9 12.1

Transportation 4.7

U
nl

oa
d

cy
cl

e

S10 Move vehicle to unloading area 7 47.6 4.4

S11-14 Move vehicle to appropriate location 5 13.7 0.3

Crane manipulation 15.3

S15 Grasp logs 64 3.8 3.5

S16 Move logs to pile 64 7.1 4.4

S17 Release logs 64 4.3 3.8

S18 Move grapple to load bunk 64 4.9 3.7

Table 3.1: Time distribution between different states (subtasks) in the recorded forwarder work (see
Figure 1.2).n = number of occurrences of the state during the recorded time period;tseq= median
time consumption for each sequence of the task;ttot= total time consumption for each state.
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Figure 3.2: Typical motions of the end effector in the Cartesian 3D space. Recorded during 15
minutes of regular forwarder work.

simultaneously is shown in Figure 3.4 for two of the recordedusers. It should be noted
that this result is based on the entire work cycle, includingthe transportation states, which
according to Table 3.1 make up approximately 31.5% of the total cabin time. During the
crane manipulation stages, the operators spend more than 55% of the time controlling
three or more of the six variables simultaneously.
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Figure 3.3: Visualization of joystick activity. Use of the different crane joints during two minutes
of forwarding operation (blue=active, white=inactive), operator A.
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Figure 3.4: Simultaneous manipulation of crane joints for two operators (A and B). The different
experience of the operators (2 and 10 years) is reflected by the amount of simultaneous usage of the
different joints.
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According to the work distribution analysis in Section 3.2,the majority of the forwarder
operating time is spent on crane manipulation. It is therefore likely that any substantial
gains in a semi-automated forwarder scenario require automated execution of a set of
crane motions. This section gives an introduction to a motion planning method that can
be successfully applied to the forwarder crane to constructtime efficient motions that
comply to the kinematic and dynamic constraints of the manipulator.

4.1 Definitions

In this thesis the following definitions are used:

Configuration A configuration of a manipulator is a complete specification of the location
of every point of the manipulator (Spong et al., 2006). The set of all possible
configurations is known as theconfiguration space.

Generalized coordinatesThe generalized coordinates, or configuration variables, are a
set of independent variables that define the configuration ofa system. For a manip-
ulator, such as the forwarder crane, the generalized coordinates consist of the joint
variablesqi, i = 1, 2, ..., n, wheren determines the number of degrees of freedom
(DOF) of the system. The generalized coordinates of the forwarder crane are shown
in Figure 1.3, Section 1.3.

Path A spatial description of the motion of a system. It can be described as a geometric
curve through either the configuration space or the operational (Cartesian) space.

Phase spaceThe phase space, or state space, of a dynamic system is the space of all
possible values attainable by the configuration variables and their derivatives. A
point (q1, q̇1, q2, q̇2..., qn, q̇n) in the phase space represents a unique state of the
system. The phase space of a one-DOF system is called aphase planeand has
dimension two.

Trajectory A trajectory is the time evolution of the state variables of adynamic system
along a path and can be represented as a path (curve) through the phase space
of the system. For a manipulator, each point along the trajectory is (directly or

27
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indirectly, depending on the representation) associated with positions, orientations,
and velocities for each link.

4.2 Forward and inverse kinematics

The configuration of the crane (up to, but not including, the end effector) is represented by
a four-dimensional vectorq = [q1, q2, q3, q4]T , see Figure 1.3. The end effector position
p = [px, py, pz]T described in the operational spaceR3 can be derived fromq using basic
trigonometric functions, resulting in the forward kinematics function

p = ffk(q) (4.1)

The details and parameters of the crane kinematics specifiedusing the Denavit-Hartenberg
convention can be found in Paper I.

A manipulator is called kinematically redundant when the number of its DOFs is
larger than what is necessary to execute a given task (Siciliano et al., 2009). For the
task of positioning the crane tip (the end of the telescopic boom), the forwarder crane is
a kinematically redundant manipulator. The redundancy, illustrated by the difference in
dimensionality between the configuration space (S3 × R) and operational space (R3), is
added to provide the manipulator with a higher degree of dexterity and kinematic flexibil-
ity.

The motion planning objective for a robotic manipulator is to appropriately place the
end effector in a state, or series of states, such that it can be used to perform the intended
task. The transformation from the operational space to the configuration space, i.e., from
a desired target positionp⋆ to a target configurationq⋆ is known as the inverse kinematics
problem, with an associated transformation function

q⋆ = fik(p⋆) (4.2)

For a redundant manipulator this is an underdetermined problem with an infinite number
of solutions. In the general case, individual solutions canbe found by iterative methods,
such as cyclic coordinate descent (Kenwright, 2012; Wang and Chen, 1991), damped
least squares methods (Wampler, 1986) or other local optimization methods, or methods
derived within the field of artificial intelligence, such as artificial neural networks (Köker
et al., 2004) or genetic algorithms (Nearchou, 1998).

If the positions or orientations of some of the individual links are relevant for the
specific task, this will impose restrictions on the set of desired solutions. In cases where
no or few such restrictions exist, such as for the forestry machine crane1, the additional

1More careful positioning of the individual links can be necessary or desired in some specific cases, mainly
to avoid obstacles, specifically obstacles of a certain height positioned along a direct line between the crane
base and the target position. However, due to the nature of the crane shape/structure (mainly positioned in or
close to a vertical plane) and the nature of the most common obstacles (tall and vertically standing trees), it is
uncommon to encounter situations where one link configurationhits an obstacle whereas others do not.
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parameter can be used in the motion planning process to produce a target configuration
(as well as configurations along the path) that gives some desired characteristics to the
motion.

By taking the derivative of (4.1), we get

ṗ = Jq̇ (4.3)

whereJ = ∂ffk/∂q is the Jacobian matrix. One common approach is to use the (Moore-
Penrose) pseudo-inverseJ+ as a basis for finding appropriate joint motions according to
the relation

q̇⋆ = J+ṗ⋆ = (JTJ)−1JT ṗ⋆ (4.4)

In its basic form, the pseudo-inverse method minimizes the norm of individual link veloc-
ities. Extensions can be made to specify different secondary optimization criteria, such
as joint torque minimization (Hollerbach and Suh, 1987) or obstacle avoidance (Baillieul,
1986). Westerberg et al. (2008) consider the pseudo-inverse method for the motion plan-
ning and control of a forwarder crane, selecting the solution that minimizeṡqTP (q, ċ)−1q̇,
where P is selected to be a positive definite weight matrix that combines a description of
the desired contribution of the movement of each link with the reduction of velocities near
the joint limits.

Such Jacobian-based solutions are local, i.e., they resultin locally optimized mo-
tions with incremental movement from the current manipulator state (Beiner, 1997). This
means, for instance, that global characteristics for the motion reaching the target position
are not necessarily optimized. Further, such motions are not guaranteed to stay within the
physical limits of the machine, e.g., constraints on joint velocities may be violated.

4.3 Limitations and constraints

Every dynamic system has physical limitations that limit the values of its configuration
variables and their derivatives. For the forwarder crane, one example is the physical
restrictions that introduce minimum and maximum limits to each joint. Another example
is the limitations on joint velocities induced by the maximal oil flow rate of the hydraulic
system. These limits have been experimentally identified byfollowing the procedure
explained in Paper II.

A system can also be limited, or constrained, in the relationbetween variables. A
constraint is a general description of a limitation that canbe described as a (possibly
time-independent) function of the system state. If the constraint can be expressed as a
functionψ of the generalized coordinates (and possibly time), i.e.,

ψ(q, t) = 0, (4.5)

the constraint is calledholonomic(Choset et al., 2005). A classical example of holonomic
constraints is when two rigid bodies are physically connected in one point, i.e. coordinates
of the particular points are the same. The constraint does not limit the values of the state
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variables, but defines a relation between them. Each linearly independent holonomic
constraint of the form (4.5) effectively reduces the dimensionality of the configuration
space by one, i.e., it “removes” one degree of freedom from the system.

Constraints that instead can be formulated in a form

ψ(q, q̇, t) = 0 (4.6)

that can not be integrated to (4.5) are said to benon-holonomic. Note that a constraint ex-
pressed as a function of generalized velocities (derivatives of the generalized coordinates)
is not necessarily non-holonomic. For instance, the constraint q̇1 = q̇2 can be integrated
to the holonomic form asq1 − q2 + C = 0.

For hydraulically powered cranes velocity constraints arise naturally from the max-
imum flow rate through the hydraulic system and are the main limiting factors in the
implementation of time efficient crane motions. Acceleration constraints, on the other
hand, are related to the maximum forces and torques that can be produced by the hy-
draulic actuators. These constraints are configuration dependent and an identification of
the constraints would require a system model with accurately identified parameters for
both friction and internal hydraulic dynamics. Such a modelis difficult to acquire, as for
instance temperature changes will produce large variations in friction parameters. Tuned
controllers are instead used to validate the realizabilityof the desired input-output pair
{q∗(t), u∗(t)}.

4.4 Path-constrained trajectory planning

The problem of manipulator trajectory planning often involves finding a motion that lets
the manipulator solve a specific task, or perform a motion between two given end points,
in a way that is not only feasible but also optimal according to some performance criteria,
which in general is a very complex problem.

One way to approach this problem is to solve each subtask separately, i.e., to first
find a reasonable path and subsequently apply a procedure to assign configurations and
velocities along this path to create a trajectory with the desired performance. This is
known as thedecoupled approachor path-constrained trajectory planning(Bobrow et al.,
1985b; Pfeiffer and Johanni, 1987; Shin and McKay, 1985).

To explain this method, let us first consider the non-redundant and non-singular case,
where the generalized coordinates can be uniquely derived from the position of the boom
tip.

4.4.1 Non-redundant manipulators

Assume that a path is given as a functionp(θ) = [x (θ) , y (θ) , z (θ)]
T of a parametrizing

variableθ ∈ [θ0, θf ] that defines the position along the path2. For a non-redundant sys-
tem, the inverse kinematics function (4.2) is uniquely defined from the inverse of (4.1),

2Any path that is provided in a different form representation, such as the unit circle in the(x, y) plane
described in the implicit form,x2 + y2 = 1, should first be transformed to this format. In the case of the circle,
the variable can be selected as the angle from the positivex-axis, such thatp(θ) = [cos (θ) , sin(θ), 0]T .
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so the configurationq at any position along the path can be described in terms of the
parametrizing variable as

q = Φ(θ) = fik(p(θ)), (4.7)

provided the path is free from singular points. This path representation means that the
full state(q, q̇) of the system is now defined by the positionθ and velocityθ̇ along the
path. A trajectory can be obtained by specifyingθ as a function of time, providing a time
evolution of the generalized coordinates asq(t) = Φ(θ(t)).

We will assume thatθ(t) is monotonic since the intervals between repeated values
of θ can be removed without changing the path. Also, without lossof generality, let us
assume thaṫθ > 0, i.e.θ(t) is monotonically increasing.

In order to select a feasible trajectory that conforms to thevelocity constraints of the
system, individual joint velocity constraints can be projected to the(θ, θ̇) phase plane.
The joint velocities can be derived from the parametrized joint function in (4.7) as

q̇ = Φ′(θ)θ̇. (4.8)

Introducing the velocity constraintṡqi,min and q̇i,max as the minimum and maximum
velocities for link i, the contribution from the individual link to the constraints on the
velocity along the path can be described by

θ̇i,max = max

(

q̇i,max

φ′i(θ)
,
q̇i,min

φ′i(θ)

)

, (4.9)

whereφi is thei’th element of the vector functionΦ. A feasible trajectory must at each
point conform to all of these constraints, i.e., the composite velocity constraint function
becomes

θ̇max = min
i
(θ̇i,max). (4.10)

The velocity constraints can be visualized in the phase plane, see Figure 4.1. A trajectory
is designed by shaping a functionf(θ) in the phase plane below the constraint function
(4.10). The time evolutionθ(t) along the path is then found as the solution to the initial
value problem

θ̇ = f(θ), θ(0) = θ0. (4.11)

The execution timeT for the trajectory is given by

T =

θf
∫

θ0

dθ

f(θ)
. (4.12)

The joint synchronization function (4.7) along the path, together with the time evolution of
the parametrizing variable (4.11) gives the time evolutionof the generalized coordinates
as
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Figure 4.1: Velocity constraints in the phase space(θ, θ̇) for a 3DOF system. The dashed lines
represent the positive constraints for each individual link. The shaded area is the region in which
one or more of the constraints is violated. A time efficient trajectory is designed by shaping a
functionθ̇ = f(θ) close to the boundary of the shaded area.

q(t) = Φ(θ(t)). (4.13)

The choice off(θ) depends on the performance criteria. A common optimization
criterion is the minimum execution time. In this case, the optimal result is achieved with
a trajectory function that approaches the velocity constraints without violating them.

4.4.2 Redundant manipulators

For a manipulator with a degree of redundancyk, much of the procedure is similar as
for the non-redundant case. However, a number of additionalsteps are required to find
appropriate parametrized joint configuration functions, corresponding to (4.7)n. The gen-
eral procedure for defining such a function involves explicitly specifyingk of the variables
along the path. For the 4-DOF forwarder crane,k = 1, which means that one of the joints
is defined as the redundant variable. Throughout this thesis, the evolution of the tele-
scopic boom,q4, is selected and thus explicitly defined as a function of the parametrizing
variable, such that

q4 := φ4(θ). (4.14)



4.4. Path-constrained trajectory planning 33

The corresponding functions for the other three joints can now be derived from the kine-
matics equations as





φ1(θ)
φ2(θ)
φ3(θ)



 = ψ(p(θ), φ4(θ)). (4.15)

Consequently, the equation

q = Φ(θ) =

[

ψ (p (θ) , φ4 (θ))
φ4(θ)

]

(4.16)

gives the complete parametrized configuration function in the form (4.7), after which
the rest of the procedure (4.8)-(4.13) can be followed to give the trajectory as the time
evolution of the joint variables.

The choice of the functionφ4(θ) is an important step in the motion planning process
for the redundant manipulator, as it affects the set of possible trajectories. While this
method always can generate the global time-optimal trajectory along a given path for a
non-redundant system, the time efficiency for a redundant system is dependent on the se-
lection ofφ4(θ). Preferably, this function is created as the result from an optimization
procedure using the desired performance measure as the optimization criterion. As an
example, a time-efficient motion can be designed by representing the function as a Bézier
polynomial and search for the polynomial coefficients that maximize the permitted ve-
locity θ̇max along the path, i.e., produces a trajectory with the minimalexecution time
according to (4.12).
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5 Human-Machine Interaction

One advantage of computer-controlled crane motions is thatthe usage distribution among
the links can be designed to, e.g., increase performance in terms of execution time or
energy efficiency, or to reduce mechanical wear. Once such motions have been designed
and implemented, the next step is to construct an efficient interaction method that allows
the operator to take advantage of the automated functionality.

5.1 Interacting with pre-planned trajectories

When utilizing an off-line motion planning procedure as described in Section 4.4, the
semi-automated system will have access to a library of pre-planned crane trajectories.
Before the autonomous execution can take place, however, anappropriate trajectory must
be selected. Unless the system by the means of sensing technology can make itself aware
of the environment, some input is required that can convey the operator’s intentions. Each
interaction method used for this purpose falls into one of the following two categories.

5.1.1 Trajectory selection methods

The first category consists of methods that present the user with a small fixed set of trajec-
tories. From the available set, the operator will make an assessment of which trajectory
is most appropriate for the specific task and select it accordingly. Once the trajectory
is selected through some user interface, what remains of theautomated process is the
straight-forward execution of the crane motion, since all of the decision authority has
been retained by the operator. The challenges would insteadbe to decide the appropriate
number and locations of the pre-defined target points in order to cover an essential part of
the workspace while still being manageable for the operator, who is required to recall and
distinguish between the available trajectories.

5.1.2 Target point selection methods

Methods in the second category instead allow the user to define the desired target position
(e.g. the position of the logs) freely within the workspace of the crane and let the system
select the appropriate trajectory. The main advantage of such a method is that it has no
inherent limitations in the number of trajectories that canbe made available and executed;

35
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the operator is only concerned with target positions, whilethe connection between the
target point and the trajectory to be executed is performed by the computer. Thus, the
resulting error between the end of the trajectory and the true target point can be reduced.
This will help to reduce the amount of manual work required toreach the desired position,
as well as potentially increase the performance. As an additional advantage, intelligent
motion selection strategies can be used to minimize errors since the system knows more
about the intentions of the user. An example of such a strategy is described in Section 5.4.

5.2 Interaction methods for selecting target positions

An interaction method from the trajectory selection category requires each trajectory to
be readily available for the operator and to be assigned a unique, discrete input command.
The corresponding user interface will provide this commandwhen triggered by a specific
event, such as the press of a button or a joystick motion. The number of such action-to-
trajectory connections that can successfully be remembered and recalled by the user with-
out additional effort is limited. Apart from tangible user interfaces, where the operator
interacts with physical objects, the input can also be be mediated through other modali-
ties, such as voice commands. While the environment is not optimal for this method due
to considerable levels of background noise in the cabin, a competent speech recognition
algorithm could still be trained to recognize and distinguish between a small number of
commands, as long as they are selected with this in mind and the commands are not too
similar in the relevant characteristics used by the algorithm. Still, such methods may be
better suited for other non-spatial and non-ordered commands used to describe separate
functionality such as “grasp”, “open”, and “park”.

For target position selection methods, the conditions are different. The input data is
no longer discrete or limited, but continuous and three-dimensional. While e.g. voice
commands can be constructed to select an item from a short list of commands, there is
no intuitive way of using them to represent the 3D information required to specify an
arbitrary target position. In this situation, some desiredcharacteristics of a user input
method for selecting target positions for a semi-automatedsystem would be

• intuitive, for easier learning and less mental workload,

• accurate, i.e., have a small average deviation from the intended target position to
minimize unnecessary error correction and reduce the amount of manual work,

• adapted to the work in the actual environment that the machine operates in,

• providing access to the most relevant parts of the workspace,

• designed with considerations to ergonomic effects,

• comfortable for continuous use,

• requiring little effort to activate,

• fast, to not considerably delay the execution of the motion,
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• well integrated with manual control, i.e., the operator must be able to quickly re-
sume manual control to perform the next subtask,

• subjectively preferred by the users compared to manual control.

One method that has the potential to satisfy many of these criteria is gaze tracking. It is
highly intuitive and requires no additional effort by the user, who in any case must look
at the target position before selecting it. A successful communication of this information
to the computer system would be a therefore be a useful, intuitive and efficient method of
selecting a target point. Paper III explores the possibility of estimating the gaze direction
through head tracking, which is a simpler and cheaper solution than eye tracking. Initial
user tests show that a simple linear model of the head-to-gaze estimation function, care-
fully calibrated according to the individual operator, canbe enough to give a reasonable
and useful estimation of the gaze direction. Further, it presents an analysis of recorded
data from field tests that show that the results likely can be transferred to the forestry
machine setting.

5.3 Selecting the optimal trajectory

The library of pre-planned crane motions will provide access to a number of trajectories
from a set of predefined crane configurationsC to a set of target pointsP . Assuming that
a trajectory is specified by a time-dependent function

q(t) = [q1(t), q2(t), q3(t), q4(t)]T,

0 ≤ t ≤ T
(5.1)

for the configuration variables(q1, q2, q3, q4), the motion library would then consist of a
set of trajectories

Q = {q(t) | q(0) ∈ C, ffk (q (T )) ∈ P} , (5.2)

whereffk represents the forward kinematics of the crane.
Any target position selection method will, as input to the computer system, provide

an estimationpest of the true (as intended by the operator) target positionptrue.
Let P̂ be the set of target points that are within the acceptable distanceL1 from the

estimated target positionpest according to some distance functiond1, i.e.

P̂ = {p ∈ P | d1(p, pest) ≤ L1} . (5.3)

In the simplest case,d1 would correspond to the Cartesian distance between the points,
d1(p, pest) = ||p− pest||.

Further, letĈ be the set of crane configurations that are within the acceptance limit
L2 from the current configurationqc, according to some other distance functiond2, i.e.

Ĉ = {c ∈ C | d2(c, qc) ≤ L2} . (5.4)

One possible choice for the distance function would bed2(c, qc) = ||W (c− qc)||, where
W is a weight matrix that relates the deviation in initial conditions for each link to its
contribution to the overall accuracy of the trajectory.
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From the set of acceptable trajectories

Q̂ =
{

q(t) ∈ Q | q(0) ∈ Ĉ, ffk(q(T )) ∈ P̂
}

, (5.5)

the trajectorŷq with the highest utility value according to some evaluationfunctionE will
be selected and executed,

q̂ = argmax
q(t)∈Q̂

E(q(t)). (5.6)

Using a library of motions allows for complex time-consuming off-line optimization pro-
cedures to find trajectories with high utility. The functionE can e.g. be related to com-
pletion time, energy efficiency, or a combination thereof.

5.4 Minimizing the effects of input error

The selection method described by (5.6) will provide the optimal result for trajectories
whereffk(q(T )) = ptrue, i.e. where the trajectory end points are identical to the intended
target position. In more realistic conditions, limitations on the number of motions in the
library as well as inaccuracies in the position estimation will introduce a discrepancy
between these values. In this case, an ideal utility function should instead evaluate the
entire motion in its context, i.e.,

q̂ = argmax
q(t)∈Q̂

E(q(t), qc, pest), (5.7)

whereqc is the current configuration of the crane. The variablesqc andpest are used
as arguments to the function since in order to evaluate the entire motion, including the
transition period from the initial configurationqc to a point on the planned path, as well
as from the end of the trajectory toptrue. The transition periods may include elements of
manual control with properties that cannot be known in advance, but can be approximated.

When the target point is specified through a user interface, some error between the
intended target pointptrue and the estimated target pointpest will occur. This general
property can be regarded as a result from the limited time allocated for communicating
the target position to the system, a limitation that will make most user interfaces prone
to errors, even if the magnitude of the error will differ. An additional part of the error is
introduced as a result from the discrepancy betweenffk(q̂(T )) ∈ P andpest. The size
of this error will depend on the size of theP , as well as on the spatial distribution of its
points.

For any specific end point, there is an infinite number of possible trajectories and it
is possible, partly because of the redundant design of the manipulator, to find trajectories
that pass through different regions of the configuration space but still share the same
desired characteristics, e.g., have similar completion time. At a first glance, each of them
may seem an equally good choice. However, this assumes that the trajectories are fully
executed with no manual intervention, as can be the case ifptrue = pest. In reality, we can
assume that the input specification method is imperfect and that generallyptrue 6= pest
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holds. This inequality means that the operator likely will overtake the control task before
the end point of the trajectory is reached, and (after a transition period of shared control)
the operator will manually guide the end effector toptrue.

For any semi-autonomous system, it is important to rememberthat the overall per-
formance of a task will be related to the added effects from the automated and manual
parts. For a traded control system (see Section 2.1.2), the performance effects come from
a combination of the automatic execution until the transition point; the transition period;
and the manual control period. In order to select the correcttrajectory, it is necessary
to find the trajectory with the highest likelihood of having the best overall performance
according to this definition. In other words, even if a numberof trajectories are equally
efficient in terms of reachingpest, the same is not necessarily true for reachingptrue.

Figure 5.1 illustrates this concept by showing the impact onthe overall performance
from selecting one of two possible trajectories to the same end pointpest. For each mo-
tion, the required amount of manual work will be correlated to the distance from the
trajectory to the desired end pointptrue. Starting from the main objectives of simulta-
neously increasing performance and improving the working conditions, it is desired to
minimize the amount of manual control while maintaining high efficiency. Even though
traveled distance of the end effector does not translate directly to manual control time, it
is apparent that a correlation exists, and that this distance is a relevant factor in the choice
of trajectory.

The “optimal” choice of trajectory thus depends on the true location of the desired
end pointptrue. This variable is unknown and can therefore not be used explicitly as
a criterion/aspect of the trajectory selection process. However, it is possible to take a
probabilistic approach by using known statistical properties of the input error as well as
an estimation of the cost associated with different parts ofthe error distribution.

5.5 Human-machine collaboration

As mentioned in the previous section, compatibility between HMI methods for manual
control and the execution of automated trajectories, as well as efficient transitions between
instances of automated and manual control, are important for the overall efficiency of a
semi-automated system.

The specific details regarding the implementation of human-machine collaboration
and traded control methods are in turn largely based on the implementation details of the
execution and control aspects of the automated motions, as well as on the specific HMI
methods used for the respective tasks. The following properties, however, are important to
consider when designing and implementing a traded control method for this application:

• The transition must be soft. Abrupt changes in the velocity size or direction, either
for individual links or their effects on the end effector, may result in linkage oscil-
lations and a hard-to-control swinging of the passive end effector. It may also have
a negative influence on the durability of the machine.

• From the previous point follows that the transition must be gradual. The operator
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Figure 5.1: Planned (solid red lines) and executed (dashed black lines) trajectories using traded
control. Given the estimated target pointfE and two trajectoriesm1 andm2 ending at this point
(taking different routes, but otherwise equivalent), the adequacy of each trajectory depends on the
true fixation pointf . If f = p1, m1 gives the shortest path with least manual work, while iff = p2,
m2 should be the preferred choice.
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cannot be expected to resume a trajectory with the exact samelink velocities that
are used by the computer controller at the instance of transition.

• Following the transition period, the operator should be able to resume the normal
control method (i.e. joystick control) immediately, whichimplies that the joysticks
are used during the transition period. There should be no “additional transition
period” between the transition period and the following period of manual control.

• The transition should be time efficient. Some time loss may beacceptable since it
can be compensated for by faster autonomous motions compared to manual control.
But the productivity of the overall semi-autonomous systemshould not be less than
for a conventional system.

• The transition period should be as short as possible in orderto increase the resting
time for the operator.

• The computer should not “fight” against the input from the operator in order to fol-
low a planned trajectory. Instead, if the operator wants to deviate from the executed
trajectory, the system should comply with the proposed changes while gradually
submitting the control authority to the operator.

• On the other hand, control efforts should not add up to something that breaks the
physical constraints in joint positions, velocities or accelerations.

• The transition should occur on the user’s initiative, and must be possible anywhere
along the motion, not only at the end. The main reason for thisis safety, e.g., in case
an obstacle must be avoided, but also to allow a possible change in the intentions
of the user.
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6 Summary of Papers

Paper I: Analysis of human-operated motions and trajec-
tory replanning for kinematically redundant manipulators

This paper describes the method of decoupled motion planning applied to the forwarder
crane. In the first step of the planning algorithm, the geometric description of the desired
motion is based on crane motions recorded during manual forwarding work by a human
operator. New trajectories are replanned along the path by selecting new optimized joint
profiles, as well as by efficiently selecting a timing function that shapes the trajectory
close to the velocity constraints of the crane.

Main contributions: Extraction and analysis of individual crane motions performed
by human operators. Implementation of a motion planning algorithm that replicates the
manual work optimized for time efficiency, as well as an optimization algorithm that si-
multaneously searches for time-efficient paths and velocity profiles. Comparison between
manual and automated motions, demonstrating that the full potential of the machine is not
used during manual crane work.

Paper II: Increasing the level of automation in the forestry
logging process with crane trajectory planning and control

This article outlines the construction of the hardware and software framework used for
implementing the motion planning and control methods for the forestry cranes, as well
as gives a short description of some control-theory specificaspects of the system. It ex-
pands the trajectory planning method from Paper I to a sensor-less scenario for enabling
shorter-term commercialization and introduction of the proposed algorithmic solution into
currently available machines. A trajectory modification method is described where tra-
jectories are adapted to provide a more consistent and accurate result when executed in
open-loop control mode.

Main contributions: The description of a trajectory modification method where tra-
jectories are adapted to provide a more consistent and accurate result when executed in
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open-loop control mode. Experimental tests that examine the performance in various
conditions, such as the invariability to load and reasonably deviating initial conditions.

Paper III: Modeling head orientation for applications in
manipulator control

The motion planning methods presented in Papers I and II provide the means for planning
time efficient crane trajectories that can be used to automatically control the crane to some
target position. In a semi-automated scenario where the operator acts as the sensory input
for external information (such as the structure and properties of the local environment),
the operator needs to communicate his/her intentions to thesystem in order to initiate
an appropriate trajectory for the given task. This paper suggests and describes a head
tracking-based interaction method where an estimate of theoperator’s gaze direction is
used to direct the crane to the desired target point.

Main contributions: The design and execution of a user experiment intended to eval-
uate the feasibility of such an interaction method and to create a simple head-to-gaze
model that can be tested in a real-world context. Validationof the model by a comparison
to recorded head tracking data from regular forwarder operation.

Paper IV: Virtual environment-based teleoperation of
forestry machines: Designing future interaction methods

This paper gives a detailed description of the system designand integration processes in
the development of a virtual environment-based interaction and teleoperation platform.
Three different future scenarios are presented, representing different levels of automation
(LOAs), see Figure 6.1. Each scenario provides its own requirements for the system de-
sign, and the aim is to create a common platform to construct interaction methods that
aid the operator across the range of LOAs. Further, the feasibility and possible advan-
tages of VE-based human-machine interaction is examined both for on-site and off-site
teleoperation.

Main contributions: A formalization of the system design and integration using a
scenario-based requirement analysis. Initial user-test experiments comparing different
feedback methods using a number of both objective and subjective evaluation criteria.
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Figure 6.1: Comparison of automation levels between the three presented scenarios.
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