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Applications of Remote and Proximal
Sensing for Improved Precision in Forest
Operations
Abstract
This paper provides an overview of recent developments in remote and proximal sensing
technologies and their basic applicability to various aspects of forest operations. It categorises
these applications according to the technologies used and considers their deployment platform
in terms of their being space-, airborne or terrestrial. For each combination of technology and
application, a brief review of the state-of-the-art has been described from the literature, ranging
from the measurement of forests and single trees, the derivation of landscape scale terrain
models down to micro-topographic soil disturbance modelling, through infrastructure planning, construction and maintenance, to forest accessibility with ground and cable based harvesting systems. The review then goes on to discuss how these technologies and applications
contribute to reducing impacts on forest soils, cultural heritage sites and other areas of special
the use of computer vision on forest machines are discussed. The review concludes that despite
the many promising or demonstrated applications of remotely or proximately sensed data in
forest operations, almost all are still experimental and have a range of issues that need to be
addressed or improved upon before widespread operationalization can take place.

1. Introduction
Technology is revolutionising our access to information about forest resources, landscapes, and individual forest machine performance (Ziesak et al. 2014).
The improved information includes both higher spatial and temporal resolution of data and information,
tion (Holopainen et al. 2014). In an economic sense, the
forest sector is obliged to support developments that
make management processes and operations more efneeds to grasp these newly available technologies and
knowledge in ensuring continual improvement.
formation about an object without making physical
contact with it, but there is an underlying understanding of ranges or technologies implied. During forest
Croat. j. for. eng. 38(2017)2

operations, nearby objects such as trees, stems, rocks,
streams, and gullies also need to be measured from
machine or human borne sensors, the so called proximal sensing (Mulla 2013). Proximal sensing is in the
early stages of a potentially revolutionary change as
cheap and robust sensors and technologies are increasingly applied in the collection, storage, and interpretation of data. Such data can be analysed and applied
instantaneously or fed into Big Data systems that evaluate status and trends at local, regional or national
levels (Lokers et al. 2016). For example, technologies
inherent in smart phones and tablets today include
distance ranging, orientation through inertial measurement units (IMUs) including magnetometers, gyroscopes and accelerometers, as well as Global Navigation Satellite Systems (GNSS’s) and cameras
(Tomaštík et al. 2016). In forestry, smartphone based
sensors and apps have been demonstrated in a variety
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of uses ranging from the measurement of forest stands
or log piles (Vastaranta et al. 2015) to distinguishing
between work elements in cable yarding operations
Light Detection and Ranging (LiDAR), commonly
called airborne laser scanning (ALS), has become the
standard practice for forest inventory in the Nordic
countries (Næsset 2004). Spaceborne Radio Detection
and Ranging (RADAR), ALS and airborne photogrammetry are now widely applied for estimating forest
biomass, and a number of models exist for operational forest inventory (Rahlf et al. 2014, Gobakken et al.
2015). Developments in technology and the resulting
improvements in forest inventories, in combination
enable precision forestry (Holopainen et al. 2014), as
well as improve the control and automation of forest
harvesting systems (Ziesak et al. 2014).
Mechanised systems account for a large and increasing share of timber harvesting, where they simultaneously provide stable platforms for the deployment
of sensors with regard to power supply, protective
housing, temperature regulation, lighting, as well as
data storage, viewing and transmission (Talbot and
Astrup 2014). In this way, forest machines can potentially serve as data collection platforms to help reduce
-

1.1 Sensor deployment and its relevance for
forest operations
The sensor platform refers to the sensor carrier,
which could be a satellite, aeroplane, unmanned aerial vehicle UAV or a ground based vehicle or human.
For example, Liang et al. (2015) distinguish between
platforms for laser scanners as being Airborne Laser
Scanning (ALS), Terrestrial Laser Scanning (TLS), Mobile Laser Scanners (MLS) and Personal Laser Scanning (PLS), while Bauwens et al. (2016) add the concept of Hand-Held Mobile Laser Scanning (HMLS).

area of coverage per deployment, and the spatial and
temporal resolution (Table 1).
Table 1 General characterisation of sensor deployment platform to
(2017))
Sensor deployment
platform

Coverage

Spatial
resolution

Temporal
resolution

Global/National

Low

Medium to
high

Regional

Medium

Low

Local

High

High

Site

Ultra high

High

(Ziesak et al. 2014). When it comes to applications in
system ruggedness, compatibility, simplicity and robustness in terms of measurement accuracy and reliability. However, many sensors and technologies in
the early stages of development are already being efet al. 2013, Visser et al. 2014).
ent remote and proximal sensing technologies are being employed with respect to forest operations and
how these are relevant for improving operational or
most applicable remote sensing technologies for forest
operations and their basic functionality, while a more
found in e.g. Fardusi et al. (2017) or Holopainen et al.
(2014). The existing literature is reviewed and discussed
in terms of relevant research for terrain assessment applications, infrastructure planning and monitoring, and

Furthermore, there are two main areas within
which remote sensing technologies can be discussed:
those relating to the operating environment
those relating to forest operations themselves.
The operating environment determines the selection and use of machine systems, while the second

the avoidance or measurement of biological and environmental impacts. The paper concludes with a brief
summary and outlook for the future.

data capture during the actual operations.
Remote sensing technologies such as ALS, satellite
and aerial photography, and satellite based radar en-
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able large contiguous forest areas to be mapped in a
uniform way (Rahlf et al. 2014), forming a basis for the

piles, or the use of ATVs or UGVs for stand and treelevel measurement and inventory (Öhman et al. 2008,

of using ALS forest and terrain data in harvest planning is discussed by Akay et al. (2009) and Heinimann
and Breschan (2012), both of whom emphasize the

head itself is used as a sensor platform to measure tree
sizes, and Kauhanen (2008) improved this functionality with image based data.

(DEMs) that have become available. These high resolution elevation models, with one or more point references per m2, have revolutionised the basis for evaluating harvest system accessibility and performance
analysis, enabling the use of high precision methods.
The proximal measurement of the forest operations
environment (trees and terrain) commonly utilises LiDAR and/or photogrammetry, but the platforms used
generally considerably higher due to the close proximity. Ground-based measurement provides vertical information on the stem that is not possible to obtain
from the air. Examples of the use of terrestrial laser
scanning (TLS) in doing pre-harvest tree and stand
level assortment bucking have been demonstrated by
e.g. Ducey et al. (2013) and Kankare et al. (2014). The
stem proportions derived from TLS have been shown
to correspond well with stem measurements obtained
information on stand-level assortments is useful in
estimating the stumpage value of a stand and can be
sourced in matching orders with harvest schedules in
precision wood supply (Bergdahl et al. 2003).
Terrestrial platforms include the deployment of
stationary sensors, sensors on manned or unmanned
ground-based vehicles (UGVs), or on humans (Lauterbach et al. 2015, Bauwens et al. 2016, Rönnholm et
terms of costs, payloads, energy sources, and resolution. The forest canopy poses a considerable challenge
for terrestrial forest mapping (Blum et al. 2016).
Ground-level surveying in forests with the use of
GNSS is limited due to signal occlusion caused by
dense crowns (Wing and Eklund 2007). This occlusion
results in multipath error and discrete »jumps« in position estimates, making high accuracy positioning
system (DGPS) (Naesset and Jonmeister 2002, Sawaguchi et al. 2003).
Imaging sensors can be deployed on ground platforms either on vehicles intended for data capturing
example is the sScale system from Dralle AS (Dralle
and Tarp-Johansen 2010), which is an imaging system
that can be mounted on a vehicle to measure timber
Croat. j. for. eng. 38(2017)2

When properly calibrated, harvesting heads accurately measure diameter at 10 cm intervals along the
entire stem length, and, with hundreds of millions of
trees being harvested with CTL technology annually,
harvesting heads represent a central data collection
hub. Immediate uses of such data include local estimations of growth, and yield data at sub-stand level and
matically geo-referenced at the resolution achieved by
the harvester GNSS. An area of great potential that
matching single-tree data from ALS with that of the
harvester head, as discussed by Lindroos et al. (2015)
and Hauglin et al. (2017). Currently, certain harvester
brands provide an estimate of the harvester head position relative to the base machine, calculated from hydraulic cylinder extension measurements and crane
geometry. Improvements in absolute single-tree precision are, therefore, fully dependent on the accuracy of
the GNSS data on the base machine. While this could
be resolved with DGPS systems, the practical interim
solution is likely to lie in the statistical segmentation
immediate vicinity (Holmgren et al. 2012).

1.2 Infrastructure planning, construction and
monitoring
Airborne LiDAR provides high-resolution ground
terrain models that represent a considerable improvement on which to base estimations on something so
detailed and costly as road planning, construction and
maintenance. To this end, Aruga et al. (2005a) developed a forest road design programme based on a LiDAR digital elevation model (DEM) that could optimize the horizontal and vertical alignment of a road
segment through the minimisation of construction and
maintenance costs, using a tabu-search heuristic. Expanding on that, both Akay and Sessions (2005) and
Aruga et al. (2005b) show how the addition of a modimportant connotations both for environmental impact and for road maintenance, provide additional
depth to the potential areas of application of the method. Contreras et al. (2012) demonstrate a model using
a high resolution LiDAR derived DEM (1 m) to calcu-
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ical roads. The detailed DEM made it possible to use
a higher number of cross sections in the evaluation

ously of prime importance, although this is a dynam-

2–21%, as compared with conventional planning.

There are also examples of higher resolution proximal road surface and road geometry modelling. Sven-

Several applications of airborne LiDAR data in the
monitoring and evaluation of existing forest roads
have been demonstrated. Craven and Wing (2014)
tions on the accuracy of estimation of road geometry
based on LiDAR data, and showed mean vertical error
of 0.28 m and horizontal error of 1.21 m, when considered against existing road centrelines. Road slopes
were estimated to within 1% and error in horizontal
curve radii was estimated with an absolute error of
3.17 m. The follow up work by Beck et al. (2015) used
varying intensity values and return densities in classifying roads and demonstrated a high level of accuracy in doing so. In other applications, LiDAR has
been used in detecting, monitoring or extracting the
geometry of existing roads to evaluate whether they
(2010) extracted alignment and gradient data from a
mountain forest road, showing deviations of 1.5 m in
position, 0.5% in slope and 0.2% in terms of length
proach applied by Azizi et al. (2014) resulted in more
in providing detailed road geometry, providing essenHowever, Krogstad and Scheiss (2004) list pitfalls of a
blind adoption of these models including inconsistent
data returns depending on canopy density and a resultant data smoothing that can provide a false basis
for road design, as well as subsurface issues not reBeyond planning, construction and the retrieval of
road geometry data, monitoring forest road conditions
includes gathering information on their surface condition, the condition of the drainage system, the existence of vegetation, and seasonal damage. Existing
roads represent partially open areas, which typically
results in higher resolution LiDAR ground returns
than under the forest canopy, which is the most common case for road planning. In their work on road
resolutions ranging from 0.1 m to 2.0 m on the ability
to correctly assess various parameters. Even at the
in 66% of the cases, while ditches were correctly clasexistence and condition of proper drainage is obvi-
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based system with LiDAR scanners, IMU and GPS, in
extracting surface roughness and road geometry from
a 320 km long stretch of mixed road classes. The derived information was used to predict fuel consumption and derive preferred routes during timber hauling (Svenson and Fjeld 2016). At a slightly lower
a UAV and photogrammetry in assessing the condition of the wearing course of a forest road. Experiences gained in that study led the authors to recommend the use of mobile terrestrial systems as
preferential for this type of work.

1.3 Machine access planning and layout
Machine access planning is largely about supporting decisions on which harvesting system to deploy
and how best to go about doing that. Procedures for
ground based harvesting and their potential for exthan for cable harvesting, but both work toward max-

1.3.1 Ground based harvesting
Ground based harvesting is typically carried out
with a cut-to-length (CTL) system (harvester and forwarder) or tree-length system (feller-buncher/skidbe laid out is determined to a large degree by topography and soil bearing capacity. Examples of the use
of LiDAR derived elevation models in doing this ining extraction trails for a forwarder while restricting
the degrees of pitch and roll through a cost penalty,
of slope on the productivity of a self-levelling processor. Sterenczak and Moskalik (2015) optimise a forest
skid trail network through a novel combination of tree
segmentation and terrain analysis, where the trees
loads, while the gaps were used as potential nodes in
the trail network. The model presented by Contreras
et al. (2016) extends on these concepts, and includes
the evaluation of a soil recovery cost in determining
trail layout. However, despite the high resolution of
LiDAR based terrain models as compared with their
predecessors, and the detailed micro-slope maps they
Croat. j. for. eng. 38(2017)2
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timates of surface unevenness. Surface unevenness
remains one of the most critical factors determining
accessibility and productivity of ground based harvesting systems and is currently more easily measurable in a post-harvest context.
Proximal scanning also shows strong potential in
providing decision support during operations, for example in rapid detection of stand density and tree positions, assisting with thinning tree selection (Brunner
and Gizachew 2014), allowing for data to be collected
on individual tree selection by harvester operators
(Brunner and Fredriksson 2012), or modelling which
tree the operator might select beforehand (Fredriksson
2010). An overview of how remote sensing data can be
used in improving the productivity of mechanised
harvesting systems is provided by Alam et al. (2012).

1.3.2 Cable based harvesting
Planning of cable yarding corridor layout must
maximise the utilisation of each machine setup while
considering the suitability of load paths. Before the
advent of LiDAR derived terrain models, desktop
planning risked missing critical terrain points as it was
not possible to discern the actual terrain form between
contour lines, making it necessary to perform manual
needed to make an »a priori«
sure, as only a smaller sample of the site could be covered practically. Detailed LiDAR derived terrain models (1 pt.m-2) now allow for complete analysis of
harvesting sites to be made. Examples of such use have
been demonstrated by Søvde et al. (2015), who search
for the optimal location of landings, and Dupire et al.
(2015), who use LiDAR DTMs to predict the load path
in a given corridor.
However, terrain alone does not determine the optimal layout of the cable corridor, as the location of
suitable end trees (tail spars) and intermediate support
from LiDAR data has been shown to be both possible
and Breschan (2012) describe how LiDAR can be used
in gaining volume estimates for each planned cable
corridor, a process which could ultimately feed back
into the cable layout algorithms presented by (Dupire
et al. 2015 and Søvde et al. 2015).
For both ground-based and cable harvesting, the
determined from LiDAR data (Risbøl et al. 2014), and
one related task is the detection and assessing of potential landings in terms of area, shape, and surface
Croat. j. for. eng. 38(2017)2
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evenness (Søvde 2015). This makes it possible to estimate their proximity to forest roads, and their suitability in terms of wetness and other potentially detrimental factors.

1.4 Avoiding or measuring soil disturbance
of LiDAR derived terrain models has been in facilitating the mapping of areas of anticipated high moisture
and, therewith, potentially high susceptibility to soil
damage by vehicles. The topographic wetness index
phy on hydrological processes on the basis of slope
and upstream contributing area, and can be best visuic Depth-To-Water (DTW) algorithms on the other
hand basically indicate the anticipated vertical distance between ground water or open water surfaces at
any given point in the surrounding terrain. Both have
shown to be robust in delineating soil, vegetation and
drainage type (Murphy et al. 2011) and are increasingly used in applications of high relevance to forest
operations, such as assessing accessibility and the risk
2008). Ågren et al. (2014) found that both provided
useful soil wetness predictors but that TWI delineations are sensitive to scale and landscape variations,
while DTW produces a resolution-consistent wet-area
delineation. Campbell et al. (2013) evaluated the use
of DTW in predicting rut depth on a high resolution
DEM and found good consistency although this has
lenges remain in determining the scale of analysis,
ogy and handling seasonal conditions (Ågren et al.
ample, Niemi et al. (2017) achieved soil damage prediction accuracies of over 85% when including an
existing soil map in their wetness index calculations.
These indices constitute a considerable improvement
to forest management data, especially when combined
with mathematical programming based decision support systems such as BeST Way in showing the optimal
layout of main access trails, as shown by Westlund et
al. (2015). In a further step, Pohjankukka et al. (2016)
demonstrate the use of machine learning in avoiding
points is used in training a model in estimating bearing capacity in other parts of the stand. This study
represents the early phases of what is likely to become
a rapidly growing application of the autonomous utilisation of remote and proximally sourced data in for-
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est machines. The notion of machines sharing such
information for a given site has already been put forward by Ala-Ilomäki et al. (2012).
warding has been shown to be feasible with photo-

Given the limited GNSS coverage available under tree
canopies, other localization approaches such as Simultaneous Localization and Mapping (SLAM), which

however, there remain a number of challenges to using

concepts have been demonstrated on forest machines

original soil surface needs to be estimated and interpolated from the adjacent margin, which may not always be accurate. Also, photogrammetry generates a
surface model and not a terrain model, which can result in problems in distinguishing between e.g. a brash
mat, surface water, and the real soil surface.

1.5 Improving information on key cultural and
biological features in avoiding damage
A central part of planning and executing forest operations lies in avoiding change or damage to cultural
remnants, special habitats, or the transgression of
property borders. Remote sensing and especially airgeographic information on the key features of importance in forest operations planning and execution. LiDAR has been used in the detection of cultural heritage sites (Risbøl et al. 2014). The use of LiDAR has
also shown to have some success in habitat characterization (Vierling et al. 2008, Sverdrup-Thygeson et al.
2016), where, with improvements in predictability, the
segmentation and the delineation of boundaries indicome a mainstream part of harvest planning. By providing such polygons on high resolution DEMs,
methods can be developed to calculate the operations
cost taking regard of special biotopes (Søvde et al.
2014), in providing forest managers and society at
be based.

1.6 Autonomous machines, machine navigation
and vision
The use of autonomous or remotely operated machines has gained a solid foothold in applications from
agriculture to open-cast mining (Mousazadeh 2013).
Forestry brings a special set of challenges, most notably a complex operating environment with poor GNSS
coverage, and operation in an environment that is
open to the public, and therefore subject to demanding
sons for pursuing the development of autonomous
machines, not least the social (isolated work environment) and economic (one operator can control multi-
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surroundings, while simultaneously mapping its sur-

radars and stereo-cameras, are essential in providing
navigational support for autonomous machines. In a
step toward fully autonomous forwarding, Ringdahl
et al. (2011) were able to demonstrate accurate path
tracking in repeating a route already traversed, alnent. With regard to application of machine vision and
demonstrated the use of cameras, an accelerometer,
IMU and GNSS unit in identifying work phases in a
cable logging operation, Lideskog and Karlberg (2016)

in determining the tilt angle of a forest machine, based
on the assumption that tree stems it was imaging were
vertically orientated.

2. Conclusions
This review presented a range of current applicatheir relevance to forest operations. Forest inventory
is now routinely carried out with LiDAR in an operaplanning and implementation of forest operations. A
was that, while many papers demonstrate new methods or applications for utilising remotely and proximally sensed data, these methods were not necessarily mature or used in an optimal combination, and
there remains a series of challenges to realising almost
all the applications discussed. In the same light, the
review shows that the potential for making improvements and operationalizing some of the developed
be a focus of forest operations research in the years to
come.
The development of remote and proximal sensing
inconceivable amount of data. Especially the machinemounted sensors that unceasingly collect vast amounts
of data will provide the forest operations researcher
with a large and continually increasing basis from
Croat. j. for. eng. 38(2017)2
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which to extract useful information. These data can,
with the application of sensible analytical approaches,
as well as operations monitoring and evaluation.
At the same time, these possibilities will challenge
the forest operations researcher with demands on exceptional skills related to data analysis. The approach
one of gathering data to one of how to use the vast
operations researcher of the future will, in addition, be
to sensors and connectivity of such sensors, described
as the internet-of-things. Also, together with remotely
and proximally measured big-data come special demands with regards to ethics and data security. Detailed forest and personal information related to land
owners, managers, forest contractors, machine operators, forest workers and researchers will be instantaneously accessible via the internet, and protocols for
continuous modernisation.
Finally, it is anticipated that procedures for incorporating remotely sensed cultural heritage, environmental, and biological data will be continually developed as they become a central part of harvesting
planning in the future.
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