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

Simon Westerberg

Abstract

The process of forest harvesting is highly mechanized intimakistrialized countries,
with felling and processing of trees performed by techniolally advanced forestry ma-
chines. However, the maneuvering of the vehicles througlfidtest as well as the control
of the on-board hydraulic boom crane is currently perfortiedugh continuous manual
operation. This complicates the introduction of furtheré@mental productivity improve-
ments to the machines, as the operator becomes a bottlantwk process. A suggested
solution strategy is to enhance the production capacitynbseasing the level of automa-
tion. At the same time, the working environment for the ofmraan be improved by
a reduced workload, provided that the human-machine ictierais adapted to the new
automated functionality.

The objectives of this thesis are 1) to describe and anahgeurrent logging process
and to locate areas of improvements that can be implememdient machines, and 2)
to investigate future methods and concepts that possiglyirechanges in work methods
as well as in the machine design and technology. The thesigites the development
and integration of several algorithmic methods and the é@mgntation of corresponding
software solutions, adapted to the forestry machine contex

Following data recording and analysis of the current wosks$af machine operators,
trajectory planning and execution for a specific categorfpofarder crane motions has
been identified as an important first step for short term aatmm. Using the method
of path-constrained trajectory planning, automated cranogons were demonstrated to
potentially provide a substantial improvement from mosigerformed by experienced
human operators. An extension of this method was develapadtbmate some selected
motions even for existing sensorless machines. Evaluatiggests that this method is
feasible for a reasonable deviation of initial conditions.

Another important aspect of partial automation is the huimaichine interaction. For
this specific application a simple and intuitive interantinethod for accessing automated
crane motions was suggested, based on head tracking of éhatop A preliminary in-
teraction model derived from user experiments yielded s results for forming the
basis of a target selection method, particularly when caedbiwith some traded con-
trol strategy. Further, a modular software platform waslémgented, integrating several
important components into a framework for designing antintgguture interaction con-
cepts. Specifically, this system was used to investigateaquts of teleoperation and vir-
tual environment feedback. Results from user tests shawidizal information provided
by a virtual environment can be advantageous compared dditrgal video feedback
with regards to both objective and subjective evaluatidieica.



Delautomatisering av skogsmaskiner:
Rorelseplanering, systemintegration och méanniska-maskiinteraktion

Simon Westerberg

Sammanfattning

Skogsavverkningsprocessen ar i hog grad mekaniserad isda ftelustrilander, dar av-
verkning och bearbetning av trad utférs med hjalp av hogiklgiska skogsmaskiner. For
nuvarande sker dock framférandet av dessa fordon, likvélrsandvrerandet av deras hy-
drauliska kranar, genom kontinuerlig manuell styrningttBé&rsvarar ett inkrementellt
inforande av produktivitetsforbattrande atgarder, stiar foraren blir en flaskhals i pro-
cessen. En féreslagen losningsstrategi ar att 6ka praohdikiapaciteten genom att hdja
automationsnivan. Pa samma gang kan arbetsmiljon for tipereforbattras genom min-
skad arbetsbelastning, forutsatt att interaktionen metié@nniska och maskin anpassas
till de nya automatiserade funktionerna.

Malen med denna avhandling &r 1) att beskriva och analyseragvarande avverkn-
ingsprocessen och att lokalisera de omraden av forb&risgm kan genomféras i nu-
varande maskiner, och 2) att undersdka framtida metodekoobept som eventuellt
kraver andringar i saval arbetssétt som i maskinens kdditruoch teknikanvandning.
Avhandlingen beskriver utvecklingen och integreringenflava algoritmiska metoder
samt genomforandet av motsvarande mjukvarulésningagssale till det sammanhang
som skogsmaskinerna befinner sig i.

Efter registrering och analys av maskinfoérarnas nuvaranietsuppgifter har planer-
ingen och utférandet av en viss kategori skotarkranrarétkmtifierats som ett viktigt
forsta steg for automation pa kortare sikt. Anvandning atoghen banbegransad rorelse-
planering (path-constrained trajectory planning) haatvit automatiserade kranrorelser
potentiellt kan ge en véasentlig forbattring jamfort mecdetéer som utfors av erfarna man-
skliga operatdrer. En utvidgning av denna metod har ute¢sKbr att automatisera en
utvald méngd rorelser aven for existerande sensorlosaingaskn utvardering av meto-
den visar att denna metod ar genomforbar vid avvikandeltilstand.

En annan viktig sida av automatiseringen ar manniska-maskéraktion. For att
foraren enkelt ska kunna aktivera de automatiserade kmeeeina presenteras en in-
teraktionsmetod baserad p& avlasning av forarens huwaldedr En preliminar inter-
aktionsmodell harledd fran anvandarexperiment visarridearesultat for att kunna ut-
gora grunden till en metod for att bestdmma kranrorelsantpasdition. Vidare har en
modulér mjukvaruplattform implementerats, dar flera gatkomponenter integreras i ett
ramverk for utformning och testning av framtida interakBkoncept. Detta system har
sarskilt anvands for att undersoka begreppen fjarrstgr(ieleoperation) och aterkop-
pling med hjalp av virtuella miljder. Resultat fran anvandater visar att visuell informa-
tion som tillhandahalls av en virtuell miljé kan vara fordidig jamfort med traditionell
videoaterkoppling med avseende pa bade objektiva ochldivgidbedomningskriterier.
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1 Background and Motivation

Based on a worldwide production of roundwood estimatedairat 3.4 billionm? each
year (Ylitalo, 2012), the forestry industry contributest@% of the global GDP. The
industry has a global workforce of approximately 14 milljpeoplé (2006), more or less
equally divided between wood production, wood processimg) gaper/pulp industries
(FAO, 2011; Renner et al., 2008).

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

As competition and productivity demands increase, teagioal development and
mechanization in forest harvesting and processing arealaonsequences. The amount
of purely manual work has in many places been greatly reddugdg several stages of
automation and in many industrialized countries, largespafrthe processes from trees
to end products are heavily, or even fully, automated.

This section aims to give an introduction to modern foresvésting methods and
the current state of mechanization. It provides examplesoef current technology is
implemented and used, as well as its limitations and ineesifior future improvements.

1This number represents the formally registered workforceth \ai large additional of seasonal, self-
employed or otherwise unreported workers, which have betimaged to at least an additional 30-45 million
people (Renner et al., 2008).



4 1. Background and Motivation

1.1 The logging process

The forest is an important natural resource and wood is useahamaterial for a diversity
of products, ranging from board and paper to fabrics, chalsiand fuel. Regardless of
the end product and manufacture process, the supply chaayslbegins in the forest
with the harvesting, ologging, 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 @eduthe decision
process of selecting which tree to cut and deciding theigliirection.

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

Bucking where the stem is cut into logs (also known as slashing oseragting). The
location of each cut, i.e., the length of each log, is deteealiby a combination
of different parameters, such as tree length, stem diapstdrpossible stem dam-
ages or irregularities. To optimize profit, the cross-auttilecisions are also based
on information about current prices and the demand for @iffelog 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 evenlyagceive further trans-
port, usually by trucks.

A few separate logging methods have emerged, differedtiagethe order in which the
tasks are performed and the location (at the stump or thesid&dwhere the delimbing
and bucking tasks occur.

In whole-tree(WT) logging, all processing occurs after transport to thadrside.
This is currently a common method in, e.g., North and SoutteAca. Incut-to-length
(CTL) logging, or the shortwood system, on the other hanth delimbing and bucking
is performed at the stump, leaving processed logs for tatesjion. This is the dom-
inating logging system in Europe, particularly in the Nardbuntries. A third system
is tree-length(TL) logging, where the delimbing occurs after felling are tstems are
transported to the road-side for bucking and sorting. THeréince between the systems
is summarized in Tablel1.1.

1.2 Forestry machines

In the 1950's and 1960's, the logging work in most developedntries was dominated
by the so-called motor-manual system, where the fellinglaggrocessing stages where
performed with chainsaws and manual tools, while horsesaotdrs were used for trans-
port (MacDonald and Clow, 2006). The first commercially sssful off-road vehicles
specialized for logging tasks were machines for tree andrmgsportation introduced
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TASKS PERFORMED
SYSTEM

FELLING SITE ROAD-SIDE

Whole-tree (WT) logging Felling Delimbing,
bucking

Tree-length (TL) logging Felling, Bucking

delimbing
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). Indisteforestry, the trans-
portation task was almost completely mechanized at the &étlseadecade; during the
1960's, the use of horses for log transport decreased frdvh ®0less than 5%. The
success of the specialized transportation vehicles péeday for further development,
and the construction of machines performing other logghsgs followed shortly. At first
each machine specialized in performing a single task, ss¢theamechanical delimber.
In the second half of the 1960's, the first combination maghiwere developed, such
as the processor, which could take care of both the delimaimbbucking steps. The
major mechanization stages took place in the 1970’s. A rdpiegtlopment and sophisti-
cation of earlier innovations ensued and by the end of thadkedorest machines had a
widespread use in several countries, including Swedefaidrand Canada. By 1990, the
logging process in these countries was more or less corpleichanized (Axelsson,
1998; Halme and Vainio, 1998; Nordfjell et al., 2010).

Since the early 1990's, no major change has occurred in theepds and basic
functionality of forestry machines. Currently, two diféet machine systems dominate
the market in the developed forest-intense courttri€or whole-tree logging, &ller-
bunchercuts and fells several trees and places them in pilegrapple skidderdrags
(skids) the full-length trees to the road-side where the@ssing takes place. The cut-
to-length system consists oftarvesterand aforwarder (Figure 1). The harvester has
a knuckle-boom crane with a harvester head at the end, ezpliyfih a chain-saw for
cutting and bucking the tree, delimbing knives for removimgnches, and feed rollers
for grasping the tree prior to felling, as well as for feedihg tree through the processing
unit. The forwarder is normally a six- or eight-wheeled \ahiwith articulated-steering
and a grapple-equipped hydraulic crane for loading the @ogs its cargo space (load
bunk).

The prevalence of the respective systems in a geographdnregn partly be ascribed
to tradition, but is also affected by forest properties,hsas tree size distribution, type

2A number of additional machine systems exist, mainly specidlgestems 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 higheoquctivity in some
situations (Adebayo et al., 2007), the damages on the r@stdand have been shown
to be lower with the CTL system (Limbeck-Lilienau, 2003). Maletailed discussions
about the different methods and their respective advastege be found in Akay et al.
(2004); Pulkki (1997).

Many of the methods and results presented in this thesigatiable to all different
kinds of forestry machines, as well as similar machinedjqadarly other heavy machin-
ery manipulators, e.g., in construction, mining, or cangmsportation. However, due
to its exclusive use in Swedish forestry, the work in thissthenly considers the CTL
(harvester/forwarder) system. Much of the recent resegfforts regarding technological
development of CTL vehicles has been done on the harvestar.h@rvester operation
consists of a series of subtasks performed in rapid sucressdimetimes performed in
parallel with other tasks. According to Burman and L6fgr2@Q7), a harvester operator
performs in average 24 functions and makes 12 decisionsgltiré processing of a single
tree (<1 min). The work performed by a forwarder operatoirlar in that it consists
of a well-structured sequence of repetitive subtasks. Wewedhe number of subtasks
and decisions is smaller and the actions are less timeairitian for the harvester, which
makes the forwarder an easier target for automation, iriqodatt in a shorter term. For
this reason, the forwarder has been used as a starting ploam gdiscussing and exempli-
fying the methods and technologies used for both short-terchlong-term automation
throughout the thesis.
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1.3 Operating a forwarder

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

1. Decisions and planning. This is the mental work that isiiregl in order to plan
and coordinate the other work tasks and to optimize theici@n. On a higher
level, the operator needs to plan the route through the bmdearea, select the
order in which to pick up the logs, and plan for the number sbasnents and their
location. This category also includes lower-level / shertn planning, like how to
orient the timber during a crane motion in order to avoid atlsts.

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

3. Crane manipulation. Grasping, moving and releasing. I3dgs comprises a ma-
jority of the operator’s active work in the machine.

A more detailed description of the sub-tasks involved imfmding 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 speneigdhin consists of
crane manipulation for both harvesters and forwarders (&vet al., 2008; Gellerstedt,
2002). The cranes are hydraulic manipulators with the jposdf the end effector (grap-
ple) determined by four variables (three angles of rotatind one linear displacement
position). Additionally, a rotator controls the horizohtaientation of the grapple. Tra-
ditionally, the hydraulic cylinders associated with eatthese variables are individually
controlled by some motion of one of two analog joysticks. Jaysticks provide electri-
cal signals that command the flow rate of the hydraulic cdsirstem, which is equipped
with an electro-hydraulic valve unit that controls the flavihese valves influence the mo-
tion of the hydraulic actuators, and each link can be movddpandently. The typical
mapping between the joystick and the forwarder crane is shiowigure 1.3.

1.4 Incentives for automation

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

As is commonly the case in industrialization and the adaptibtechnological in-
novations, a major driving force behind the technologioatedlopment in the forestry
sector has been that of potential economic benefits (MadD@mal Clow, 1999). When
it comes to continued development and partial automatidgheofvork process, economic
incentives are still important. The overall objective candenerally described as de-
creasing the cost/output ratio. To this end, two differgugraaches can be taken. Firstly,
one solution could be to increase t@ductivity (output/hour). This will require an in-
creased level of automation, since the production capaéityodern machines is large
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enough to make the operators bottlenecks in the loggingegeogHellstrom et al., 2009).
Semi-automated functions can also reduce the productiaty between beginners and
experienced drivers (Brander et al., 2004; Burman and le@fg2007). Currently, it takes
several years to become fully proficient and the produgtiditference between a skilled
and non-skilled operator can be as much as 25-40% (L6fg#19)2 Secondly, econom-
ical winnings can also be achieved by reducingdperating costgcost/hour). Also in
this case, automation can be beneficial. For instancejesalarrrently makes up 30-40%
of a forwarder’s running costs (Hellstrom et al., 2009), anth more tasks possible to
perform without human intervention, this cost can be redu¢eiel cost is another large
portion of the total cost. Brunberg (2006) reports an avefagl consumption of1.81/h

or, alternativelyp.7 — 1.4 for eachm? of transported timber (Klvac and Skoupy, 2009).
While human operators can learn some heuristic methods delings to adopt an en-
ergy efficient behavior, unlike a computer they lack theigbtb mentally perform the
complex real-time calculations that are required to find jgtineal tradeoff between time
and energy efficiency in terms of minimized operating costs.

There is often a tradeoff between productivity and runniogts. As the productiv-
ity of individual machines in itself is no goal for the indogstit is possible to imagine
a scenario where slightly less productive automated mashivith reduced costs (e.g.
salary and fuel) are cheaper and preferable alternative®te productive, but also more
expensive, traditional fully manually controlled mactine

The working environmenis another relevant topic. The comfort of the operator has
been an important factor in recent machine developmentotitally, the ergonomic sit-
uation in both harvesters and forwarders has been far freal.idrhe high workload in
the upper extremities during long hours of machine openatias been associated with
discomfort and pain in both a short- and long-term perspe¢tstensvik et al., 2008).
In the 1980’s, the one year prevalence of neck or shoulderaiss among operators was
reported to be 50-80% (Attebrant et al., 1997). It has simgaoved, but still presents a
problem. In a study from 2005, the percentage of operatatsatfiten or very often expe-
rienced pain in neck or shoulders was 16.2% and 15.5%, riaeglgqVik, 2005). This is
not only a working environment issue, but also affects thelpctivity negatively, since
drivers experiencing pain will not perform their bedtlental fatiguefrom the required
constant attention to the work tasks, enhanced by highdefeloiseandvibrationsap-
parent in the cabin, results in lower performance duringetidof a work shift (Synwoldt
and Gellerstedt, 2003; Winkel et al., 1998). Further, areemced driver that changes
occupation or retires earlier due to health problems may te&e replaced by an inex-
perienced driver that will need several years to achievengpemable productivity rate.

Additional issues that could be addressed by automatiategiies are operator safety
(e.qg. risk of overturning vehicles) and environmental @fge.g. fuel consumption and
soil damage).



2 Automation and
Teleoperation

Parasuraman (2000) defines automation as “the executionashine, usually a com-
puter, of a function previously carried out by human.” Autiion has for centuries been
a way to increase productivity in production processes. amyrtraditional industrial
settings, the work process is often almost completely aatech Some examples are
the manufacturing and assembly processes of the automaotehinery or electronics
industries.

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

Providing an exact definition of what automation includeslificult, but Sheridan
and Parasuraman (2005) incorporates the following prigsart 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 flemwork process. Even
when all parts of a process are automated, a human operaiyulsas the role as a su-
pervising agent. One of the reasons for this is to help rasgphhe issue of responsibility,
in case an accident would occur.

11
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When introducing automation into a work flow where humans avelved some-
where in the process, considerations need to be taken touti@rh perspective. It is
important to understand how the human agents are affectédtebynew role in the work
flow. Users of a partly automated system must understandutoenated process well
enough to be able to interact with it in a correct, safe andiefft way.

Two partly overlapping research fields concerned with therplay between humans
and automated machinery dreman-machine interactigiiMI) and human-computer in-
teraction (HCI). While the two terms sometimes are used symously, HCI is more fo-
cused on software-related interaction concepts by adde'dhe design, evaluation, and
implementation of human-operated interactive computiygtesns” (O’Malley, 2007).
HMI, on the other hand, assumes a more general type of maédirvehich it regards
interaction with both software and hardware.

Another more specific discipline Biman-robot interactio(HRI), which is dedicated
to “understanding, designing, and evaluating roboticesystfor use by or with humans”
(Goodrich and Schultz, 2007). It differs from HCI and HMI imet it always includes a
physical dimension where a complex dynamic system (roba)so interacting with the
physical (real-world) environment (Scholtz, 2002). Thisans that HRI to a further ex-
tent needs to consider the processing (usually in real tofhigformation and knowledge
about the environment and how to communicate this to the &l also implies some
level of autonomy and cognitive abilities from the systeror(§ et al., 2003; Scholtz,
2002). For a more general approabhman-automation interactiofiHAl) can be defined
as “the way a human is affected by, controls and receivesnrdtion from automation
while performing a task” (Sheridan and Parasuraman, 2005).

One important aspect of automation that is considered Isethorementioned disci-
plines is that its introduction often affects the overaliteyn in other ways than intended;
careful considerations need to be taken also to possiblesides of the automation pro-
cess. There exist a number of common issues encounteredomation. One of the
challenges is to create the right amounttiofst in the automated parts of the system.
Lack of trust will make users hesitate to use automated ingt while over-reliance in
the system instead may result in lack of attention to theraated work task and the op-
erator may even fail to prevent otherwise avoidable actgdelRor in-depth discussions
on these topics, see Parasuraman and Wickens (2008), 5¢@02), and Scholtz et al.
(2004). Taking into account the respective strengths arakagsses of humans and com-
puters/machines/robots, it is apparent that differentspair the work flow benefit from
different amounts of automation.

Attempts have been made to formalize this idea into a coruadigdlevels of automa-
tion (LOA), which specifies to what degree a robot can act on its aegord (Goodrich
and Schultz, 2007). Different forms of LOA scales have bempqsed, one of the ear-
liest and most well-known is the one described by (Sheridah\&erplank, 1978), that
places an automated system on a scale of ten different degfemitomation, ranging
from full manual control to full automation, along which kasand responsibilities are
being distributed in varying amounts between humans andimas. While this scale
focuses on decision support, similar scales for other taskaihs have been presented
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(Endsley, 1999; Kaber and Endsley, 2004; Trouvain et ab320

The LOA concept has later been extended into a discussionathex important as-
pect of automation, namely that different parts of a comgstem can be automated
to different degrees. Parasuraman (Parasuraman, 20@ntsefour important subtask
domains that each can have its own level of automatioformation acquisitioninfor-
mation analysisdecision and action selectipandaction implementation

The choice of LOA is often a trade-off between different degicharacteristics of the
system. A low degree of automation promotes low initial cgsiod situational aware-
ness, high reliability, and easier recovery from autormat&lures, while a high degree
of automation can result in increased performance, imgteuerking environment with
lower workload, as well as a decreased running cost (KalskEasley, 2004).

2.1 Teleoperation and supervisory control

Teleoperation means that a human operator is manipuldtimglhysical world from a
distant location (Kheddar et al., 2002). The performingragé these manipulations has
traditionally been an articulated robotic arm; howeveg, toncept is also applicable to
remote control of mobile robots or other similar machinear{riaford, 2000). Much of
the early work in semi-automation originates in work on aplerated robotic systems.
Limited perception of the remote environment for the opatats well as communication
delays were common issues in these systems that could besaddrby an increased level
of autonomy.

2.1.1 Classification of teleoperation systems

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

The first teleoperation systems were built around 1950r thek being to aid in nu-
clear activities (Kheddar et al., 2002). Early systems isbed of two similar mechanical
arms: aslavearm located in the working environment, andnasterarm located at a
remote location together with a human operator. The coordipg joints were mechan-
ically connected, such that the slave arm exactly replittite motion of the master arm
(Figure 2.1(a)). By replacing the mechanical links withctlenically controlled motors
and sensors, the control interface can be both physicatlycanceptually detached from
the mechanical structure of the slave, and the human-madhierface can be reconfig-
ured. Since the control still takes place in the joint sp#lce,method is known ggint
control (Figure 2.1(b)). This corresponds to the conventional {ted@operation) control
method for many current manipulator-equipped heavy machéhicles, such as excava-
tors, construction cranes, and forestry machines.

In many cases, when controlling a robot arm, the specifid jirgles during a mo-
tion are not relevant for the execution of an assigned tagioily a means to realize the
motions of the end effector. Hence, it is natural to consalézlerobotic system where
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the operator’s control input is directly correlated to timel @ffector configuration or mo-
tion. This transfers the complexity of calculating the agpiate link configuration for a
specific end effector position, i.e. finding the solutionhe tnverse kinematics problem,
to the computer controller. This control method is knowrCastesian control(Figure
2.1(c)). For cranes and other similar manipulators, thistrod method is sometimes
called crane-tip control or boom-tip control, or more getigrend-effector control.

In the last category of control input methods, additionatiorocontrol functionality
is transferred to the computer. The continuous input sgyaet replaced with discrete
higher-level commands that specify properties of the ddsinotion. This communica-
tion can for instance consist of intermediate waypoints malftarget positions for the
end effector, which requires an automated planning anduteecof the crane motion.
In a scenario where the operator takes a more supervis@yth@d communication may
consist of some formalized description of some aims of tek, tahich requires a higher
level of automation. This control concept (Figure 2.1(d)tommonly denotedupervi-
sory control(Sheridan, 1995).

2.1.2 Cooperation modes in semi-automation

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

The cooperation in semi-automated systems is usually efividto two categories,
depending on how the division of work is made between the muoperator and the
machine (Sheridan, 1992; Sheridan and Verplank, 1978). fiféieis shared contral
where the actors exercise simultaneous control or auyhovier (different parts of) the
work process. The division of labor between operator antesysould be performed
between the DOFs of the robot, e.g., such that the operatdrade the manipulator arm
on top of a mobile robotic platform that moves autonomouBhe division could also be
between tasks, e.g., the operator performs some task byotlimmg a robotic manipulator
manually, while an automated obstacle avoidance systenrena collision free path.
The second category tsaded contro for which the division of labor is with respect
to time, meaning that the actors work in turns. Here, no astiare being performed
concurrently except for during some transition period.

2.2 Automation in forestry

Compared to conventional robots, such as the industriadtsobommonly utilized for
e.g. manufacturing, processing, or packaging tasks, thelalgment rate of automated
forestry robotic vehicles is much lower. The main limitinacfor to the rate at which
automation can be introduced in the field is the propertigh@imachines’ working en-
vironment. While robots in assembly lines know more or lessctyx what to expect for
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each task, the forest environment is unstructured and tdenknown in advance. Thus,
in order to achieve the same order of automation, a lot marsiisg and information pro-
cessing is required in order to safely and correctly perftasks that require interaction
with the surroundings. Further, the physical conditioresrauch more demanding than in
e.g. a conventional factory setting. Physical equipméetdiensors and electronics need
to endure harsh weather condition with large variationemgerature and humidity. Al-
gorithms for motion control and sensor data analysis nedzbtadjusted according to
variations in external parameters, such as varied lighdorglitions or changes in friction
due to temperature shifts.

2.2.1 Current trends

The following constitutes a number of current trends in $tmemachine technology and
usage, as well as trends in the external environment andtgpttiat are likely to affect
the priorities or directions of future forest machine depehent.

Sensors One important factor in more advanced automation is setisatprovide the
system with feedback about its internal state, as well asassrihat allow the system to
react according to properties or changes in the environnierthe conventional manual
control system (Figure 1.3), itis the operator’s sensdigrimation that allows continuous
adjustments of each joint to achieve accurate crane motieoisan accurate computer-
controlled low-level control of the crane linkage, senghet can measure or estimate the
joint positions will be necessary.

The introduction of such sensors has become commonpla¢e iodmmercial pro-
duction of, e.g., excavators or agriculture vehicles (Gdllar, 2013). Lately, also forestry
crane producers have started to gain interest in includimg position sensors to open up
for more advanced functionality (Cranab AB, 2013).

In order for an autonomous system to be responsive to extstinauli, react to un-
expected events, or plan and act according to externalition, additional sensors are
required. Currently, harvesters are equipped with sensgices that measure e.g. tree
diameter and uses this information to assist the operatdedaiding where to buck the
tree for maximized profit. For an in-depth discussion on thgsc, see Marshall (2005).
Contact-free optical versions of these sensors are clyremsidered (Andersson et al.,
2008; Arlestig, 2012). Though contact-free, they are &iithal range sensors with the
detection space in a close proximity to the crane. A more dicatpd problem is long-
range (several meters) detection, for example the analystem dimensions while the
tree still stands, which is desired for a more accurate lggnemtation through correct
selection of bucking points, or for creating local maps @& émvironment. A number
of attempts to estimate tree trunk diameters from a distaage been made (Jutila et al.,
2007; Ringdahl et al., 2013). This exemplifies a trend oféased interest in long-range
sensor devices for utilization in forestry. For recondiinrcand detection of the nearby
environment, a rapid development of methods has taken et for forestry applica-
tions and in other areas. Laser scanners, radars, and etheta sensing devices have
become increasingly powerful, robust and affordable, aagapular for general naviga-
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tion tasks, building local maps and detecting obstacles.dfferent applications in the
harvesting and logging domains, A number of such applioatitave been suggested in
the forestry domain (Forsman and Halme, 2005; Kulovesi9280ettinen et al., 2007;
Ohman et al., 2007; Park et al., 2011; Rossmann et al., 2009).

Crane-tip control ~ The complexity and non-intuitiveness of the current jastiased
control method is a well-known problem. One solution tha been suggested for a long
time is crane-tip control, or Cartesian control (see Secfid.l). Having the operator
specifying the 3D Cartesian coordinates of the crane tiggatsof the 4D joint coordinates
would mean less joystick manipulation and a lower worklaeslthe coordination of the
different joints is automated. It also reduces learningetsince control in task space is
more intuitive; a forward motion with the joystick corresputs to an extending (forward)
motion of the crane tip. A number of control methods and waglrototypes for crane tip
control have been demonstrated (Heinze, 2008; Léfgrer);Z0drker et al., 1993; Prorok,
2003) and simulation-based evaluations have been pertbwith regards to efficiency,
workload, and learning rate (Brander et al., 2004; Egerni20R5). Commercialization
of this technique has been slow, however John Deere presamiarvester 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 previourglgcessible forests. This in-
cludes forests where only manual harvesting has been p@shik to rugged or steep
terrain, sometimes associated with great risks for thesforavorkers.

To meet the new challenges of efficiently and safely tramgrsnore inaccessible
terrain, new machine concepts and designs are considereld,as lighter and smaller
vehicles, or cabin-less and remote controlled vehicledn@et al., 2013). Different
types of locomotion are also under consideration to, eafpieae better stability in steep
slopes. Walking machines, which have been consideredifopthipose since the 1980's
(Halme and Vainio, 1998) but never reached production, naveattracted new interest
(SkogsElmia, 2013a). For wet and soft ground, the main prakk to reduce ground
damages, inspiring e.g. the new long-tracked bogie de&giufd et al., 2013). Tak-
ing into account the continuous rapid development of setesbmology and automation,
some concepts that have been suggested for future foresttigms include machines
that are equipped with several semi-automated boom crdoedén et al., 2013), or for-
warder trailers that can improve transport efficiency farder distances (Lindroos and
Wasterlund, 2012).

2.2.2 Future scenarios

Many different scenarios can be presented where diffeexaid of automation is used
to improve different aspects of harvesting and logging.ripi@s of automation features
in the different functional dimensions of automation, gsthe definitions provided by
Parasuraman (2000) as presented above, are given in Tal#fe 2.
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FUNCTIONAL Low LOA HicH LOA

DIMENSION

Information Use sensors during operation Replace raw data with filtered

acquisition to obtain raw data for off-line  and processed information.
analysis
Ex. Recording crane motions Ex. Converting image data to
for performance analysis. 3D objects in a virtual

environment.
Information Interpolate and make Integrate data, combine several
analysis predictions input variables

Decisions and
action selection

Action
implementation

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

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

Ex: Presenting a number of

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

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

Ex: Automatically selecting an

crane trajectories that the user appropriate crane trajectory.

has the option to select from.

Some activity from machine
execution, mostly manual
control

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

The user is informed about the
decision and given the
authority to stop the action.

Mainly machine execution,
with the exceptional manual
intervention.

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 conseiptextensive, it is possible
to single out a few areas where potential benefits are laygeoling at methods or tech-
nologies that either offer improvements to the currenesaaid associated problem areas
(see Section 1.4) or offer advantages in future forestrgmiieg to current trends (Sec-
tion 2.2.1). Paper IV explores some of these future condaptsre detail by describing
the design and potential use of a semi-automated forestochima system for different
levels of automation.

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

Teleoperation The difference between the current manual joint control thebper-
ated joint control is, in many ways, only the physical disebetween the operator and
the machine, since all the control input from the operatamegliated through a fully
computerized control system. Short-distance (on-sitepperation could rather easily
be performed with current machines by separating the omesahput device from the
machine and adding a wireless communication signal bettyeemnits. A prototype sys-
tem,Bestenhas been presented where a cabin-less harvester is rgrootétolled from
a forwarder (Bergkvist et al., 2006). While the potentialfpenance of such a system
has been challenged (Lindroos, 2009; Ringdahl et al., 2@Id®monstrates an important
aspect, namely that the relocation of the operator lesseng ®f the constraint on the
machine design; current machine designs are largely useereel in order to create a
safe and comfortable environment for the operator. A c#dss-forwarder has several
potential benefits, as it can be more lightweight and havatgrdlexibility in size and
geometry.

Westerberg et al. (2008) presents a virtual environmertesysised to teleoperate
a laboratory forwarder crane. In Paper |V, this system igluseevaluate a number of
different interface methods for visual feedback duringagleration.

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

Chapter 4 describes a method for planning trajectoriescdmatoe efficiently imple-
mented and autonomously executed. The procedure is extémdapers | and Il. For
further discussions on this topic, see also Mettin et al0g2) and Morales et al. (2010).

Task-adapted human-machine interfaces Forestry machine producers have strong in-
centives to continuously improve the user interfaces ataalation methods of the current
and future generations of machines, in order to improve the\situation for the opera-
tors as well as the overall efficiency, and thereby creatdliag@oint for the particular
machine producer. New or adapted methods will also be nefedélde changes in roles
and tasks that operators of future forestry machines wikeence.

The suggestion of a new method for selecting target pointsréme motions, intended
to be used in conjunction with automated motions, is preskim Paper Ill. This method
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is based on tracking the head orientation of machine opwratcorder to estimate the
direction of their focus of attention. In addition, PaperitWestigates the use of virtual
environments as means of presenting important informatiadghe users, both combined
with different levels of automation and for providing higiality visual or multi-modal
feedback during teleoperation.



3 Analysis of Human-Operated
Crane Work

One important part of the design of automated systems andimmachine / human-robot
interaction is to define and to analyze the current work ede order 1) to understand
which domains and subtasks are best automated, 2) to iggatiéntial issues that may
arise from automation, and 3) to appropriately integragedtitomation into the organiza-
tional structure. This section introduces such analysiédiavarder operation.

3.1 Recording the data

The analysis process starts with the recording of data. ¥doiter (Valmet 830 by Ko-
matsu Forest) was equipped with rapid prototyping hardwaneumber of sensors were
attached to the hardware unit in order to record the follgwireasurements:

e Crane joint position encoders for, g2, g3, q4,
e Hydraulic pressure, from which torque can be estimated.

e Control input from operator for all crane functionality it corresponding to crane
link velocitiesqy, ¢z, ¢s3, ¢4, rotator velocity, and grapple action) through the record-
ing of analogue joystick signals,

e Head orientation of the operator, using an Xsens MTi inkertiaasurement unit
(IMU), registering head orientation using integration gf@signal (Xsens, 2014),

e External-view HD video recordings.

3.2 Distribution of work

From the recorded data, time intervals have been locatéddh@spond to the individual
subtasks, or states, of the general work sequence predaritesl state diagram of Fig-
ure 1.2. To speed up and structure the classification, amreatito processing procedure
was set up, based on the fact that properties of the sensoadatharacteristic for each

21
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state. Experimentally found cut-off values were used betlirfdividual data signals (e.g.
slewing velocity, grapple input signal) or combinationswfltiple signals (e.g. crane tip
velocity). These values were manually verified through atéd 3D visualization of the
data, as well as playback of corresponding video recordifie video recordings were
also used to analyze the states related to vehicle tramgiport A sample segment of the
categorized data is shown in Figure 3.1. Since there is notwéentify the temporal
location of the cognitive tasks, some states have been gdaiggether. Time distribution
between the states is listed in Table 3.1. It should be ndtedthe distribution partly
depends on the properties of the harvested areas, sucht@scdiso unloading site, tree
density and homogeneity (hnumber of assortments), as welh &®w log piles are orga-
nized by the harvester operator (see Vaatainen et al. (ROB@wever it should give a
rough estimate of the work distribution for general fornardperation.

3.3 Typical crane motions

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

o the uniformity of the tasks with similar start and end pasit for the end effector,
e specific “control patterns” that the drivers are taught lgitraining,

e the properties of the motor learning process that congekdsimilar actions for
similar tasks,

o desired characteristics of the motions, such as speed;aaycand force,

e undesired characteristics that ought to be reduced or edpglich as oscillations,
collisions, or mechanical stress.

Examples of crane motions can be found in Figure 3.3, whichvstthe position of the
crane tip during a work session of 15 minutes from the reabfuenan-operated data.
As can be seen, the majority of the end positions are confmeeldtively small areas at
each side of the load bunk. Further, many of the geometriidigto these points paths
are similar in appearance. This is advantageous in the ¢aseadf-line motion planning
process, which hence can be customized to produce a smathdyar of highly optimized
motions, as opposed to a large number of motions that caversritire workspace.

3.4 Link usage statistics

The manual coordination of the different joints requiredghldegree of joystick activ-
ity. Figure 3.3 shows activity patterns of the joystick coamds that correspond to the
individual joint variables. A large part of the complexitythe current input method is
generated by the coordination between the different lidfkse number of joints moved
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3.4. Link usage statistics
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Figure 3.1: Recorded data signals, segmented by the different states from the stasdiig-

ure 1.2).
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States N lseq(S)  trot(%0)
Transportation 26.8 ‘
S1 Move vehicle to loading area 7 1624 15.0‘
S2-S5  Move vehicle to appropriate location 91 8.9 11.% §
Crane manipulation 53.2 ‘ -c.:
S6 Move grapple to logs 212 4.72 9.0 ‘ 3
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 ‘
S10 Move vehicle to unloading area 7 47.6 4.4‘
S11-14 Move vehicle to appropriate location 5 13.7 O.% §
Crane manipulation 15.3 ‘ é
S15 Grasp logs 64 3.8 35 ‘ 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 recordedritemaork (see
Figure 1.2).n = number of occurrences of the state during the recorded time petiogh median
time consumption for each sequence of the tasks total time consumption for each state.
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Figure 3.2: Typical motions of the end effector in the Cartesian 3D space. Recordéydl5
minutes of regular forwarder work.

simultaneously is shown in Figure 3.4 for two of the recordsdrs. It should be noted
that this result is based on the entire work cycle, includiegtransportation states, which
according to Table 3.1 make up approximately 31.5% of the trztbin time. During the
crane manipulation stages, the operators spend more tBanobshe 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 twautem
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). Tferaht
experience of the operators (2 and 10 years) is reflected by the arobsimultaneous usage of the
different joints.



4 Motion Planning

According to the work distribution analysis in Section 3% majority of the forwarder
operating time is spent on crane manipulation. It is theeefikely that any substantial
gains in a semi-automated forwarder scenario require atemmexecution of a set of
crane motions. This section gives an introduction to a nmopilanning method that can
be successfully applied to the forwarder crane to constio efficient motions that
comply to the kinematic and dynamic constraints of the malaipr.

4.1 Definitions

In this thesis the following definitions are used:

Configuration A configuration of a manipulator is a complete specificatibtihe location
of every point of the manipulator (Spong et al., 2006). Thedeall possible
configurations is known as tleanfiguration space

Generalized coordinate3he generalized coordinates, or configuration variables,aa
set of independent variables that define the configuratiensystem. For a manip-
ulator, such as the forwarder crane, the generalized auatel consist of the joint
variablesy;, i = 1,2, ..., n, wheren determines the number of degrees of freedom
(DOF) of the system. The generalized coordinates of thedoter crane are shown
in Figure 1.3, Section 1.3.

Path A spatial description of the motion of a system. It can be dbed as a geometric
curve through either the configuration space or the operalti®Cartesian) space.

Phase spaceThe phase space, or state space, of a dynamic system is tte cipall
possible values attainable by the configuration variabtestheir derivatives. A
point (¢1, g1, 42, G2---, gn, gn) in the phase space represents a unique state of the
system. The phase space of a one-DOF system is calpgthse planeand has
dimension two.

Trajectory A trajectory is the time evolution of the state variables afymamic system
along a path and can be represented as a path (curve) throegthase space
of the system. For a manipulator, each point along the ti@jgdés (directly or

27
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indirectly, depending on the representation) associatddpesitions, orientations,
and velocities for each link.

4.2 Forward and inverse kinematics

The configuration of the crane (up to, but not including, the effector) is represented by
a four-dimensional vectar = [q¢1, g2, g3, g4]r, See Figure 1.3. The end effector position
p = [pa, Py, p-]r described in the operational spaké can be derived from using basic
trigonometric functions, resulting in the forward kinematfunction

= fri(q) (4.1)

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

A manipulator is called kinematically redundant when thenber of its DOFs is
larger than what is necessary to execute a given task éioilet al., 2009). For the
task of positioning the crane tip (the end of the telescopiont), the forwarder crane is
a kinematically redundant manipulator. The redundanhystilated by the difference in
dimensionality between the configuration spage ¢ R) and operational spacé&t), is
added to provide the manipulator with a higher degree ofatéytand kinematic flexibil-
ity.

The motion planning objective for a robotic manipulatordsppropriately place the
end effector in a state, or series of states, such that it earséd to perform the intended
task. The transformation from the operational space todnéguration space, i.e., from
a desired target positign,. to a target configuration, is known as the inverse kinematics
problem, with an associated transformation function

@ = fir(ps) (4.2)

For a redundant manipulator this is an underdeterminedgmolvith an infinite number
of solutions. In the general case, individual solutions lsariound by iterative methods,
such as cyclic coordinate descent (Kenwright, 2012; Wardy @nen, 1991), damped
least squares methods (Wampler, 1986) or other local amitinn methods, or methods
derived within the field of artificial intelligence, such asificial neural networks (Koker
et al., 2004) or genetic algorithms (Nearchou, 1998).

If the positions or orientations of some of the individualké are relevant for the
specific task, this will impose restrictions on the set ofigessolutions. In cases where
no or few such restrictions exist, such as for the forestrghire crang, the additional

IMore careful positioning of the individual links can be nesary or desired in some specific cases, mainly
to avoid obstacles, specifically obstacles of a certainhtgigsitioned along a direct line between the crane
base and the target position. However, due to the natureeafrine shape/structure (mainly positioned in or
close to a vertical plane) and the nature of the most commonaéestéall and vertically standing trees), it is
uncommon to encounter situations where one link configurdiitsran obstacle whereas others do not.
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parameter can be used in the motion planning process to geatarget configuration
(as well as configurations along the path) that gives somieediesharacteristics to the
motion.

By taking the derivative of (4.1), we get

p=Jq (4.3)

whereJ = 0f/0q is the Jacobian matrix. One common approach is to use ther@voo
Penrose) pseudo-inverge as a basis for finding appropriate joint motions according to
the relation

G = JTpe = (JTI) LT P, (4.4)

In its basic form, the pseudo-inverse method minimizes trewrof individual link veloc-
ities. Extensions can be made to specify different secgnaoatimization criteria, such
as joint torque minimization (Hollerbach and Suh, 1987)lstacle avoidance (Balillieul,
1986). Westerberg et al. (2008) consider the pseudo-ievaethod for the motion plan-
ning and control of a forwarder crane, selecting the safutiat minimizesj” P(q, ¢) =14,
where P is selected to be a positive definite weight matrikdbenbines a description of
the desired contribution of the movement of each link withitaduction of velocities near
the joint limits.

Such Jacobian-based solutions are local, i.e., they résldically optimized mo-
tions with incremental movement from the current maniparlatate (Beiner, 1997). This
means, for instance, that global characteristics for thean@eaching the target position
are not necessarily optimized. Further, such motions arguranteed to stay within the
physical limits of the machine, e.g., constraints on joglbeities may be violated.

4.3 Limitations and constraints

Every dynamic system has physical limitations that limé tralues of its configuration
variables and their derivatives. For the forwarder cram® example is the physical
restrictions that introduce minimum and maximum limits &zle joint. Another example
is the limitations on joint velocities induced by the maxiroéflow rate of the hydraulic
system. These limits have been experimentally identifiedotlpwing the procedure
explained in Paper II.

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

¥(g.t) =0, (4.5)

the constraint is callebolonomic(Choset et al., 2005). A classical example of holonomic
constraints is when two rigid bodies are physically cone@ad one point, i.e. coordinates
of the particular points are the same. The constraint doekmib the values of the state
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variables, but defines a relation between them. Each lpaéadependent holonomic
constraint of the form (4.5) effectively reduces the dimenality of the configuration
space by one, i.e., it “removes” one degree of freedom frarsiistem.

Constraints that instead can be formulated in a form

¥(q,q,t) =0 (4.6)
that can not be integrated to (4.5) are said tmbe-holonomic Note that a constraint ex-
pressed as a function of generalized velocities (derigatdf the generalized coordinates)
is not necessarily non-holonomic. For instance, the camityf, = ¢» can be integrated
to the holonomic form ag; — ¢2 + C = 0.

For hydraulically powered cranes velocity constraintseanaturally from the max-
imum flow rate through the hydraulic system and are the maiitifig factors in the
implementation of time efficient crane motions. Accelemattonstraints, on the other
hand, are related to the maximum forces and torques that €grdaluced by the hy-
draulic actuators. These constraints are configuratioemtint and an identification of
the constraints would require a system model with accyratigintified parameters for
both friction and internal hydraulic dynamics. Such a masgifficult to acquire, as for
instance temperature changes will produce large varigiiofriction parameters. Tuned
controllers are instead used to validate the realizabilftthe desired input-output pair

{g:(t), us(t)}.

4.4 Path-constrained trajectory planning

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

One way to approach this problem is to solve each subtaskeatepa i.e., to first
find a reasonable path and subsequently apply a procedussigmaconfigurations and
velocities along this path to create a trajectory with theirdel performance. This is
known as thelecoupled approacbr path-constrained trajectory plannir@obrow et al.,
1985b; Pfeiffer and Johanni, 1987; Shin and McKay, 1985).

To explain this method, let us first consider the non-redohdad non-singular case,
where the generalized coordinates can be uniquely denmeed the position of the boom

tip.

4.4.1 Non-redundant manipulators

Assume that a path is given as a functigdd) = [z (8) ,y (), z (9)]" of a parametrizing
variabled € [0y, 6] that defines the position along the patiFor a non-redundant sys-
tem, the inverse kinematics function (4.2) is uniquely dedifrom the inverse of (4.1),

2Any path that is provided in a different form representatisuch as the unit circle in ther,y) plane
described in the implicit formg2 4 42 = 1, should first be transformed to this format. In the case of treegi
the variable can be selected as the angle from the positiuds, such thap(0) = [cos (6) ,sin(6),0]”.



4.4. Path-constrained trajectory planning 31

so the configuratiory at any position along the path can be described in terms of the
parametrizing variable as

q=®(0) = fi(p(0)), 4.7)

provided the path is free from singular points. This pathr@epntation means that the
full state (¢, ¢) of the system is now defined by the positiérand velocityd along the
path. A trajectory can be obtained by specifythgs a function of time, providing a time
evolution of the generalized coordinates;@s = ®(6(t)).

We will assume thaf(¢) is monotonic since the intervals between repeated values
of § can be removed without changing the path. Also, without tdfsgenerality, let us
assume thad > 0, i.e.#(t) is monotonically increasing.

In order to select a feasible trajectory that conforms tovilecity constraints of the
system, individual joint velocity constraints can be potgel to the(d, §) phase plane.
The joint velocities can be derived from the parametrizéut function in (4.7) as

G=d'(0)6. (4.8)

Introducing the velocity constraintg i, andg; mq, as the minimum and maximum
velocities for linki, the contribution from the individual link to the constriron the
velocity along the path can be described by

2 qz max qi.min
9- — ma. z - y 4.9

e = (s S ) “9)
whereg; is thei'th element of the vector functio®. A feasible trajectory must at each
point conform to all of these constraints, i.e., the comigogelocity constraint function
becomes

Omazr = min(b; maz)- (4.10)

The velocity constraints can be visualized in the phasespleee Figure 4.1. A trajectory
is designed by shaping a functigiff) in the phase plane below the constraint function
(4.10). The time evolutiod(¢) along the path is then found as the solution to the initial
value problem

0= f(6), 0(0) = 6. (4.11)
The execution tim@&’ for the trajectory is given by

0r
de
= | —. 412
7(6) @12
0o
The joint synchronization function (4.7) along the patlggtiner with the time evolution of
the parametrizing variable (4.11) gives the time evolutibthe generalized coordinates

as
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Figure 4.1: Velocity constraints in the phase spa@ ) for a 3DOF system. The dashed lines
represent the positive constraints for each individual link. The shaded iarthe region in which
one or more of the constraints is violated. A time efficient trajectory is dedidny shaping a
functiond = f(6) close to the boundary of the shaded area.

q(t) = @(6(t))- (4.13)

The choice off(¢) depends on the performance criteria. A common optimization
criterion is the minimum execution time. In this case, théropl result is achieved with
a trajectory function that approaches the velocity coissavithout violating them.

4.4.2 Redundant manipulators

For a manipulator with a degree of redundarmgymuch of the procedure is similar as
for the non-redundant case. However, a number of additistegls are required to find
appropriate parametrized joint configuration functiomsresponding to (4.7)n. The gen-
eral procedure for defining such a function involves exlicipecifyingk of the variables
along the path. For the 4-DOF forwarder crahes 1, which means that one of the joints
is defined as the redundant variable. Throughout this th#sésevolution of the tele-
scopic boomgy, is selected and thus explicitly defined as a function of drametrizing
variable, such that
qa := ¢4(0). (4.14)
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The corresponding functions for the other three joints aam be derived from the kine-
matics equations as

$1(0)
[ $2(0) ] = (p(0), ¢4(0)). (4.15)
¢3(0)

Consequently, the equation

q= CI)(@) _ |: Y (p (Zi(g;‘l (9)) (4.16)

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

The choice of the functiom,(6) is an important step in the motion planning process
for the redundant manipulator, as it affects the set of piesdiajectories. While this
method always can generate the global time-optimal trajgclong a given path for a
non-redundant system, the time efficiency for a redundastesyis dependent on the se-
lection of ¢4(#). Preferably, this function is created as the result from pinozation
procedure using the desired performance measure as thmaizgiton criterion. As an
example, a time-efficient motion can be designed by reptieggtine function as a Bézier
polynomial and search for the polynomial coefficients thaiximize the permitted ve-
locity 6,,,. along the path, i.e., produces a trajectory with the miniexacution time
according to (4.12).
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5 Human-Machine Interaction

One advantage of computer-controlled crane motions idtleaisage distribution among
the links can be designed to, e.g., increase performancerimstof execution time or

energy efficiency, or to reduce mechanical wear. Once sudionsohave been designed
and implemented, the next step is to construct an efficiegatantion method that allows
the operator to take advantage of the automated functtgnali

5.1 Interacting with pre-planned trajectories

When utilizing an off-line motion planning procedure as diwd in Section 4.4, the
semi-automated system will have access to a library of fmenged crane trajectories.
Before the autonomous execution can take place, howevap@mopriate trajectory must
be selected. Unless the system by the means of sensing teghican make itself aware
of the environment, some input is required that can conveyfierator’s intentions. Each
interaction method used for this purpose falls into one effthlowing two categories.

5.1.1 Trajectory selection methods

The first category consists of methods that present the ueawmall fixed set of trajec-

tories. From the available set, the operator will make aessseent of which trajectory
is most appropriate for the specific task and select it agegll Once the trajectory

is selected through some user interface, what remains cfut@mated process is the
straight-forward execution of the crane motion, since &lthe decision authority has

been retained by the operator. The challenges would ingteaol decide the appropriate
number and locations of the pre-defined target points inrdodeover an essential part of
the workspace while still being manageable for the operatoo 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 toadifndesired target position
(e.g. the position of the logs) freely within the workspatéhe crane and let the system
select the appropriate trajectory. The main advantageaf aunethod is that it has no
inherent limitations in the number of trajectories that banmade available and executed;

35
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the operator is only concerned with target positions, wihike connection between the
target point and the trajectory to be executed is performethé computer. Thus, the
resulting error between the end of the trajectory and theetiitget point can be reduced.
This will help to reduce the amount of manual work requirecktach the desired position,
as well as potentially increase the performance. As aniadditadvantage, intelligent
motion selection strategies can be used to minimize eriocg she system knows more
about the intentions of the user. An example of such a styasatpscribed in Section 5.4.

5.2 Interaction methods for selecting target positions

An interaction method from the trajectory selection catggequires each trajectory to
be readily available for the operator and to be assignedcuandiscrete input command.
The corresponding user interface will provide this commahén triggered by a specific
event, such as the press of a button or a joystick motion. Tingber of such action-to-
trajectory connections that can successfully be remerdtzare recalled by the user with-
out additional effort is limited. Apart from tangible usetérfaces, where the operator
interacts with physical objects, the input can also be beiated through other modali-
ties, such as voice commands. While the environment is n@napfor this method due
to considerable levels of background noise in the cabinnapebent speech recognition
algorithm could still be trained to recognize and distirsfiubetween a small number of
commands, as long as they are selected with this in mind ahddimmands are not too
similar in the relevant characteristics used by the algorit Still, such methods may be
better suited for other non-spatial and non-ordered condsased to describe separate
functionality such as “grasp”, “open”, and “park”.

For target position selection methods, the conditions dferent. The input data is
no longer discrete or limited, but continuous and threeedisional. While e.g. voice
commands can be constructed to select an item from a shiodf lcommands, there is
no intuitive way of using them to represent the 3D informatiequired to specify an
arbitrary target position. In this situation, some desichdracteristics of a user input
method for selecting target positions for a semi-automsystem would be

o intuitive, for easier learning and less mental workload,

e accurate, i.e., have a small average deviation from thediete target position to
minimize unnecessary error correction and reduce the anodumanual work,

¢ adapted to the work in the actual environment that the maabjerates in,
e providing access to the most relevant parts of the workspace

e designed with considerations to ergonomic effects,

e comfortable for continuous use,

e requiring little effort to activate,

o fast, to not considerably delay the execution of the motion,
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¢ well integrated with manual control, i.e., the operator tragsable to quickly re-
sume manual control to perform the next subtask,

e subjectively preferred by the users compared to manuataont

One method that has the potential to satisfy many of theserieris gaze tracking. It is
highly intuitive and requires no additional effort by thesyswho in any case must look
at the target position before selecting it. A successfulmamication of this information
to the computer system would be a therefore be a usefultii@uind efficient method of
selecting a target point. Paper Il explores the possjbiftestimating the gaze direction
through head tracking, which is a simpler and cheaper swoidtian eye tracking. Initial
user tests show that a simple linear model of the head-te-gstimation function, care-
fully calibrated according to the individual operator, d@enough to give a reasonable
and useful estimation of the gaze direction. Further, ispnés an analysis of recorded
data from field tests that show that the results likely canrhesferred to the forestry
machine setting.

5.3 Selecting the optimal trajectory

The library of pre-planned crane motions will provide ascesa number of trajectories
from a set of predefined crane configuratianto a set of target point®. Assuming that
a trajectory is specified by a time-dependent function

q(t) = [q1(t), g2(t), g3(t), qa(t)]r.

51
0<t<T ®-1)

for the configuration variable@y , ¢, g3, g4), the motion library would then consist of a
set of trajectories
Q=1{a(t)[q(0) € C, fs1 (a(T)) € P}, (5.2)

wherefy;, represents the forward kinematics of the crane.

Any target position selection method will, as input to thenpoiter system, provide
an estimatiom.; of the true (as intended by the operator) target posjion. .

Let P be the set of target points that are within the acceptabtanie L, from the
estimated target positign.;; according to some distance functiadp i.e.

P={pe€P|di(p,pest) < L1}. (5.3)

In the simplest casel; would correspond to the Cartesian distance between théspoin
dl(papest) = HpA_ pest”'

Further, letC be the set of crane configurations that are within the acneptimit
Lo from the current configuratiof., according to some other distance functibni.e.

C ={ceC|dylc,q) < Ly}. (5.4)

One possible choice for the distance function wouldibg, ¢.) = ||W (¢ — ¢.)||, where
W is a weight matrix that relates the deviation in initial cgrmhs for each link to its
contribution to the overall accuracy of the trajectory.
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From the set of acceptable trajectories

Q= {at) € Q| q(0) € C, frula(T) € P} (5.5)

the trajectoryj with the highest utility value according to some evaluafiamction £ will
be selected and executed,
G = argmax E(q(t)). (5.6)
a(t)eQ
Using a library of motions allows for complex time-consumuff-line optimization pro-
cedures to find trajectories with high utility. The functidhcan 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 tharoal result for trajectories
wheref;;(¢(T)) = pirue, i-€. Where the trajectory end points are identical to therided
target position. In more realistic conditions, limitatsoon the number of motions in the
library as well as inaccuracies in the position estimatiath wtroduce a discrepancy
between these values. In this case, an ideal utility funcsioould instead evaluate the
entire motion in its context, i.e.,

qg= argm?{x E(Q(t)a QCapest)7 (57)
q(t)eQ
wheregq, is the current configuration of the crane. The variakblesndp.s; are used
as arguments to the function since in order to evaluate ttieeenotion, including the
transition period from the initial configuratian to a point on the planned path, as well
as from the end of the trajectory t9.,... The transition periods may include elements of
manual control with properties that cannot be known in adeahut can be approximated.

When the target point is specified through a user interfaceeserror between the
intended target point;,.,. and the estimated target point,; will occur. This general
property can be regarded as a result from the limited tinecated for communicating
the target position to the system, a limitation that will makost user interfaces prone
to errors, even if the magnitude of the error will differ. Additional part of the error is
introduced as a result from the discrepancy betwgeriG(T)) € P andp.s,. The size
of this error will depend on the size of th& as well as on the spatial distribution of its
points.

For any specific end point, there is an infinite number of gmdedrajectories and it
is possible, partly because of the redundant design of thépmlator, to find trajectories
that pass through different regions of the configuratiorcegaut still share the same
desired characteristics, e.g., have similar completime tiAt a first glance, each of them
may seem an equally good choice. However, this assumedhthatajectories are fully
executed with no manual intervention, as can be the cagg,if = p..:. In reality, we can
assume that the input specification method is imperfect badgenerallyp;,.,c 7# Pest
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holds. This inequality means that the operator likely wiltdake the control task before
the end point of the trajectory is reached, and (after a itiangeriod of shared control)
the operator will manually guide the end effectoptp,..

For any semi-autonomous system, it is important to remertttzrthe overall per-
formance of a task will be related to the added effects froenathtomated and manual
parts. For a traded control system (see Section 2.1.2) g@tfiermance effects come from
a combination of the automatic execution until the traosifpoint; the transition period;
and the manual control period. In order to select the cotregctory, it is necessary
to find the trajectory with the highest likelihood of havirtgetbest overall performance
according to this definition. In other words, even if a numbktrajectories are equally
efficient in terms of reaching.,;, the same is not necessarily true for reachipg..

Figure 5.1 illustrates this concept by showing the impacth@noverall performance
from selecting one of two possible trajectories to the santepmintp..;. For each mo-
tion, the required amount of manual work will be correlatedtie distance from the
trajectory to the desired end poipt.... Starting from the main objectives of simulta-
neously increasing performance and improving the workioigd@ions, it is desired to
minimize the amount of manual control while maintaininghgfficiency. Even though
traveled distance of the end effector does not translageitijrto manual control time, it
is apparent that a correlation exists, and that this disténa relevant factor in the choice
of trajectory.

The “optimal” choice of trajectory thus depends on the tmeation of the desired
end pointp,,..... This variable is unknown and can therefore not be used attplas
a criterion/aspect of the trajectory selection processweéver, it is possible to take a
probabilistic approach by using known statistical projesrof the input error as well as
an estimation of the cost associated with different parte@frror distribution.

5.5 Human-machine collaboration

As mentioned in the previous section, compatibility betwétM| methods for manual
control and the execution of automated trajectories, akas@fficient transitions between
instances of automated and manual control, are importarhéoverall efficiency of a
semi-automated system.

The specific details regarding the implementation of hummachine collaboration
and traded control methods are in turn largely based on theimentation details of the
execution and control aspects of the automated motionsglisasvon the specific HMI
methods used for the respective tasks. The following ptagsgihowever, are important to
consider when designing and implementing a traded contethad for this application:

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

e From the previous point follows that the transition must bedgal. The operator
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Figure 5.1: Planned (solid red lines) and executed (dashed black lines) trajectosieg traded
control. Given the estimated target poifit and two trajectoriesn; andms ending at this point
(taking different routes, but otherwise equivalent), the adequacyatf #ajectory depends on the
true fixation pointf. If f = p1, m1 gives the shortest path with least manual work, whilg i p-,

mz should be the preferred choice.
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cannot be expected to resume a trajectory with the exact Bakneelocities that
are used by the computer controller at the instance of tiansi

Following the transition period, the operator should beablresume the normal
control method (i.e. joystick control) immediately, whiichplies that the joysticks
are used during the transition period. There should be nditiadal transition
period” between the transition period and the followingipeiof manual control.

The transition should be time efficient. Some time loss magdzeptable since it
can be compensated for by faster autonomous motions codhjpamganual control.
But the productivity of the overall semi-autonomous syssfiould not be less than
for a conventional system.

The transition period should be as short as possible in dodecrease the resting
time for the operator.

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

On the other hand, control efforts should not add up to somgtinat breaks the
physical constraints in joint positions, velocities orelecations.

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

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

This paper describes the method of decoupled motion plgrapplied to the forwarder

crane. In the first step of the planning algorithm, the geoimdescription of the desired

motion is based on crane motions recorded during manuabfoling work by a human

operator. New trajectories are replanned along the pathelegting new optimized joint

profiles, as well as by efficiently selecting a timing funatithat shapes the trajectory
close to the velocity constraints of the crane.

Main contributions:  Extraction and analysis of individual crane motions perfed
by human operators. Implementation of a motion planningritlyn that replicates the
manual work optimized for time efficiency, as well as an ojation algorithm that si-
multaneously searches for time-efficient paths and velgeifiles. Comparison between
manual and automated motions, demonstrating that thedtéhtial 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 asftivére framework used for
implementing the motion planning and control methods fer fibrestry cranes, as well
as gives a short description of some control-theory speasiiects of the system. It ex-
pands the trajectory planning method from Paper | to a sdaserscenario for enabling
shorter-term commercialization and introduction of thegmsed algorithmic solution into
currently available machines. A trajectory modificationthog is described where tra-
jectories are adapted to provide a more consistent and aecigsult when executed in
open-loop control mode.

Main contributions: The description of a trajectory modification method wheee tr
jectories are adapted to provide a more consistent and aecigsult when executed in
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open-loop control mode. Experimental tests that examieeptirformance in various
conditions, such as the invariability to load and reasondbliating initial conditions.

Paper lll: Modeling head orientation for applications in
manipulator control

The motion planning methods presented in Papers | and ligdlkie means for planning
time efficient crane trajectories that can be used to auioatlgtcontrol the crane to some
target position. In a semi-automated scenario where theatpeacts as the sensory input
for external information (such as the structure and praggedf the local environment),
the operator needs to communicate his/her intentions t@ykeem in order to initiate
an appropriate trajectory for the given task. This papegests and describes a head
tracking-based interaction method where an estimate obpleeator'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 te eva
uate the feasibility of such an interaction method and t@tera simple head-to-gaze
model that can be tested in a real-world context. Validatithe model by a comparison
to recorded head tracking data from regular forwarder djpera

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

This paper gives a detailed description of the system desigrintegration processes in
the development of a virtual environment-based interactind teleoperation platform.
Three different future scenarios are presented, repiiegeatitferent levels of automation

(LOAS), see Figure 6.1. Each scenario provides its own reqents for the system de-
sign, and the aim is to create a common platform to constnietaction methods that
aid the operator across the range of LOAs. Further, theld#ifisiand possible advan-

tages of VE-based human-machine interaction is examinddfbo on-site and off-site

teleoperation.

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