
Contents lists available at ScienceDirect

Journal of Hydrology

journal homepage: www.elsevier.com/locate/jhydrol

Research papers

Large wood (LW) 3D accumulation mapping and assessment using structure
from Motion photogrammetry in the laboratory

Gabriel Spreitzera,⁎, Jon Tunnicliffeb, Heide Friedricha

a Department of Civil & Environmental Engineering, University of Auckland, Auckland, New Zealand
b School of Environment, University of Auckland, Auckland, New Zealand

A R T I C L E I N F O

This manuscript was handled by Marco borga,
Editor-in-Chief, with the assistance of
Francesco Comiti, Associate Editor

Keywords:
Large wood (LW) accumulation models
SfM photogrammetry
Estimation of 2.5D and 3D volumes
LW accumulation porosity

A B S T R A C T

A Structure from Motion (SfM) photogrammetry-based methodology for precise mapping of large wood (LW)
accumulations in fluvial systems is presented. The technique may be useful for routine inventory and rapid
volume estimation of complex LW structures that tend to divert or obstruct flow in rivers. Our methodology is
validated by means of laboratory experiments, ranging from elementary to complex arrangements of LW com-
ponents and organic fine material (OFM). Seven experimental setups were used as the basis for (i) manual
approximations of 2.5D and 3D geometric reference volumes, (ii) 2.5D volume models based on mesh geometry,
(iii) a closed (‘watertight’) 3D mesh from an unorganized point cloud and (iv) estimates of porosity. A com-
mercially available SfM photogrammetry software package, Pix4Dmapper, was used for point cloud and sim-
plified mesh generation. In order to obtain more precise volumes, 3D surface models are required. Accordingly,
we generated 3D watertight mesh models of the unorganized point cloud using the screened Poisson Surface
Reconstruction (PSR) technique. The Pix4D volume tool (2.5D) resulted in an overestimation (2.9 to 52.7%) of
the geometric volume (3D), due to the convex hull approximation of the geometry normal to the surface plane.
PSR (3D) resulted in more precise volumes, showing deviations from the geometric volume (3D) in a range of
−15.9 to +10.6%, as the algorithm could capture concavities and involuted surfaces on the accumulation.
Assuming that the difference between 3D and 2.5D volume models represents many of the voids visible within or
on the surface of the deposit, this volume can be used as an estimate of porosity. Our assessment suggests that
image-based SfM methodology is well-suited for further investigations in LW research, due to its time and cost
efficiency in comparison with other conventional surveying techniques. The methodology can be used to gen-
erate high quality point cloud and mesh models of log jam formations; these may be used by river managers and
researchers to quantify accumulation volume and thus gain a better understanding of LW composition and the
influence of wood geometry on hydraulic flow conditions.

1. Introduction

1.1. Large wood (LW) accumulations and assessment

The majority of river-focused research defines large wood (LW) as
wooden pieces with a minimum length of 1 m and a diameter larger
than 0.1 m (Nakamura and Swanson, 1994; Fetherston et al., 1995;
Wyżga and Zawiejska, 2005; Ravazzolo et al., 2015; Martin et al.,
2018), while smaller elements are considered as organic fine material
(OFM). LW plays an important role in moderating sediment transport
and storage (Megahan and Nowlin, 1976; Hornbeck et al., 1993), and
stream channel morphology (Zimmerman et al., 1967; Keller and
Swanson, 1979; Bilby, 1984; Smith et al., 1993; Abbe and Montgomery,
1996), but it also provides habitat for fish and other riverine organisms

(Fausch and Northcote, 1992). Several research projects have focused
on the influence of log structures on channel forms, including stream
banks and bars (Keller and Swanson, 1979; Gippel et al., 1996), as well
as on flow hydraulics (energy losses, changes in roughness and flow
dissipation) (Heede et al., 1972; Gregory et al., 1985; Knauss, 1995;
Anderson et al., 2006). Besides the positive effects of wood in stream
channels, LW accumulations at constricted cross-sections may represent
a hazard to river-spanning infrastructure, agriculture lands, as well as
human populations in adjacent areas (Mazzorana and Fuchs, 2010;
Schmocker and Weitbrecht, 2013; Ruiz-Villanueva et al., 2017; Gasser
et al., 2019).

A fundamental knowledge of geometrical arrangement, volume and
porous space of LW accumulations is essential in order to better un-
derstand the effects on channel hydraulics in presence of log structures.
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Furthermore, quantification of the wood inventory within a river cor-
ridor provides important information on the likelihood of jam devel-
opment, as well as clues to key loading points within the contributing
catchment. The geometry of LW accumulations is a function of the
flows that deposited the wood (Wyżga and Zawiejska, 2005). Material
deposited in the waning stages of a flood may be deposited individually
or as bundles with similar orientation (Abbe and Montgomery, 2003).
More often, an abrupt transition in flow conditions above a constricted
passage will lead to a chaotic accumulation that can be several meters
high (Lassettre and Kondolf, 2012; Rusyda, 2014), and several kilo-
metres in length (Collins et al., 2002; Wohl, 2014). Interstitial space at
the inside of the log formation can be filled by transported OFM, re-
ducing accumulation porosity. Such LW accumulations can act as flow
obstructions (Moos et al., 2018) that affect channel morphology
(Mosley, 1981; Wohl and Scott, 2017). There is considerable scope for
better capture and structural analysis of these jams, if the tools were
available.

A current literature review reveals little progress in wood volume
estimation techniques. Some studies have focused on assessing LW
volumes along channels (Van Wagner, 1968; Uchiogi et al., 1996;
Benda and Sias, 2003; Rigon et al., 2008), and only a small number
have endeavoured to evaluate the volume of existing log jams. Those
that focused on LW accumulation volume applied a parallelepiped ap-
proach (Boivin et al., 2015) or geometric measures of length and dia-
meter as well as number of individual logs, or wood pieces (Cordova
et al., 2006; Brown et al., 2014; Dixon and Sear, 2014; Ruiz-Villanueva
et al., 2016; Tonon et al., 2018) and calculated a volume based on
cylindrical approximations. These methods do not consider any irre-
gularities in shape, and in many cases volume estimates are based on a
line intersection technique introduced by Warren and Olsen (1964),
leading to a rough estimation of LW volume rather than a precise
measurement. Brown et al. (2014) also described the methodology of
water displacement for LW volume estimation, which may be effective
for relatively small quantities of organic material. Although “measuring
of volume is difficult” (Harmon et al., 1986), many researches have un-
derlined the importance of assessing LW volume within a quantitative
assessment framework (Lienkaemper and Swanson, 1987; Gurnell et al.,
2002; Webb and Erskine, 2003; Manners and Doyle, 2008; Dixon and
Sear, 2014; Wohl et al., 2017; Martin et al., 2018).

Characterising the porosity of wood accumulations, in particular,
still represents a major challenge in LW research (Piegay, 1993; Boivin
and Buffin-Bélanger, 2010; Schalko et al., 2018; Scott et al., 2019), as it
is onerous to estimate void space inside the log jam formation. Gaps in
accumulations have important implications for hydraulic flow beha-
viour, such as the development of backwater effects, which are strongly
related to the blocked cross-sectional area, the amount of OFM and
accumulation porosity (Knauss, 1995; Schalko et al., 2016; Gschnitzer
et al., 2017). Thus, improved assessment of void space within accu-
mulations can help in evaluating structural integrity and capacity for
retention of water and sediment.

Finally, any technique for rapidly acquiring consistent volume in-
formation will help to improve wood inventories and budgets of wood
flux from catchments. Wood budgets are commonly used to study the
impacts of forestry (Cave et al., 2017; Phillips et al., 2018) or other
disturbances that affect wood supply to rivers. Drone photogrammetry
is particularly helpful for this application, as the photographs can be
taken from an aerial vantage, at a scale tailored for individual cases and
at a resolution that is well-suited for reach studies (Colomina and
Molina, 2014; Cunliffe et al., 2016; Woodget et al., 2017; Lucia et al.,
2018). Higher altitude (e.g. airplane-based) photogrammetry (Smikrud
and Prakash, 2006) does not provide sufficient detail for precise volu-
metric assessment.

Recent studies applied aerial (Sanhueza et al., 2019) and ground-
based (Spreitzer et al., 2019) Structure from Motion (SfM) photo-
grammetry for volume estimation of larger wood quantities. However,
both studies reported challenges with model resolution and a lack of

standardised protocols. The aim of this paper is to demonstrate a
Structure from Motion (SfM) photogrammetry-based workflow, con-
sidering a suite of meshing algorithms that can produce precise volu-
metric estimates for wood accumulations using point cloud resolutions
in the order of many (102–105) points per square meter, such as
achieved using TLS surveying (Boivin and Buffin-Bélanger, 2010; Tonon
et al., 2014; Grigillo et al., 2015). This is the typical realm of models
acquired from field photography (i.e. from ground level) (Mosbrucker
et al., 2017; Verma and Bourke, 2019) or low-altitude drone acquisition
(Woodget et al., 2017; Acuna and Sosa, 2019), which provides better
time and cost efficiency (Westoby et al., 2012).

1.2. Structure from Motion (SfM) for LW research

SfM photogrammetry has proven to be a powerful technique for
fieldwork, as one can produce highly detailed models with simply a
camera and a few strategically placed orientation and scaling marks.
Westoby et al. (2012) provide a useful summary of the field procedures,
reconstruction algorithms and the SfM workflow. There are a number of
software packages available for point cloud generation, both as open
source - evaluated by Bianco et al. (2018) - as well as commercially
licensed - evaluated by Alidoost and Arefi (2017). The effectiveness of
SfM has been demonstrated for terrestrial mapping in the field
(Javernick et al., 2014; Kraaijenbrink et al., 2016; Smith et al., 2016;
Jugie et al., 2018; Li et al., 2018a; Tunnicliffe et al., 2018), and there
are a number of studies that have successfully demonstrated the ap-
plicability of SfM in the laboratory (Chandler et al., 2000; Curran and
Tan, 2010; Morgan et al., 2016; Wang et al., 2016; Balaguer-Puig et al.,
2017; Seitz et al., 2018). The survey accuracy has been shown to be
similar to other topographic measurement techniques, such as terres-
trial or airborne LiDAR (Mancini et al., 2013; Kaiser et al., 2014; Ružić
et al., 2014; Morgan et al., 2016; Filippelli et al., 2019), although SfM
photogrammetry is generally more efficient considering costs and time
(Peterson et al., 2015). The Trinity River Restoration Program (TRRP,
2018) provides some interesting comparisons of TLS and SfM point
cloud models, where results reveal a higher point cloud density in the
TLS models, whereas SfM provided a more detailed surface structure;
multiple camera viewing angles resulted in more detailed relief on the
wooden elements (Peterson et al., 2015), making this methodology
more suitable for LW research. Surrounding water and non-static ve-
getation may affect the quality of SfM photogrammetry models because
of feature distortion or the loss of tie points during the initial point
cloud processing stage. Some of the studies have used standard smart-
phone cameras for data acquisition and concluded that results reveal
point cloud quality equal to that of TLS (Wróżyński et al., 2017). Be-
sides data acquisition, smartphones may also be of use for point cloud
generation, processing and meshing, using the available hardware re-
sources (Nocerino et al., 2017).

The technique of obtaining volumetric information from multi-view
2D images has been in practice for decades (Martin and Aggarwal,
1983), though the achievable resolution has soared with the advent of
automated point-matching and new bundle adjustment techniques.
Once a point cloud model of an object is generated, its volume can be
computed either in 2.5D, on the basis of a plane with a predefined re-
gion bounded by the convex hull and an elevation grid, or in 3D, where
no such restrictions apply. However, the elevation function becomes
complex for unorganized point cloud models (Remondino, 2003), such
as LW accumulation models. Currently, a common challenge is the
identification and/or classification of landscape elements from detailed,
yet often noisy point cloud data. LW research faces this problem as well,
in particular for branches, rootwads and OFM, while wood logs have a
generally cylindrical form, which presents a consistent geometric form
for meshing and recognition algorithms. Raumonen et al. (2013) and
Hackenberg et al. (2015) exploited the geometric architecture of trees
and developed an approach for clustered point cloud reconstruction of
trees using such cylindrical units.
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In this vein, recent work in related fields have shown successful
reconstruction of individual plants with stem, branches and leaves, both
on a basis of the most relevant neighbour points in SfM photo-
grammetry (Golbach et al., 2015), and TLS data (Hétroy-Wheeler et al.,
2016). A significant advance in these studies was achieved by the
clusterization of leaves and branches that allows for structural assess-
ment and volume estimation (Schneider et al., 2014; Widlowski et al.,
2014). Surface reconstruction for tubular shapes and tree sections is
often based on the Poisson scheme (Morel et al., 2018), which has been
shown to be robust and fairly stable in a number of studies (Kaiser et al.,
2014; Carrivick et al., 2016; Gupta and Shukla, 2017). The accuracy of
plant and tree reconstruction algorithms shows errors in a range of a
few cm to less than one mm for an entire tree model (Hackenberg et al.,
2015; Li et al., 2018b). LW research faces the additional challenge
presented by complex compositional features, e.g. OFM and sediments,
for which high point cloud density becomes essential in order to dis-
tinguish amongst some of these features (Colvard, 1998; Wright et al.,
2000).

A recent study applying SfM photogrammetry to the problem of
aboveground biomass estimation shows how compositional details can
be captured based on a colour scheme (Alonzo et al., 2018). The
method of colour segmentation algorithms for point cloud filtering has
further been applied in geosciences for obtaining volumes and porosity
of soil and sediments (Orru et al., 2016). When filtering a reconstructed
surface model for colours, surface texture may be used for the gen-
eration of roughness models (Bertin et al., 2015; AlRatrout et al., 2018)
and used for porosity estimates (Seitz et al., 2018). Approaches such as
introduced by Raumonen et al. (2013) and Alonzo et al. (2018) can help
to estimate LW accumulation structure and volume, even when sig-
nificant portions of the logs are not captured in the dataset.

1.3. Objectives

Given the requirement for precise, in-situ volume estimation in LW
research, there is high demand for portable and easily deployed sur-
veying tools, such as SfM photogrammetry, that can efficiently capture
the geometry of wooden deposits. To move from the unorganized point
cloud produced by photogrammetric techniques to a volumetric model
requires testing of the available meshing and volume integration al-
gorithms, under controlled conditions. With our work we aim to de-
velop a SfM photogrammetry-based workflow (pipeline) to estimate the
volume of model LW accumulations that can be objectively verified.

Our objectives are:

(i) To generate high quality point cloud models of LW accumulations
under controlled conditions in the laboratory,

(ii) To compute the geometric measures, including volume and por-
osity, of the generated 2.5D and 3D LW accumulation models,

(iii) To evaluate and assess the computed LW volumes generated via
SfM photogrammetry in comparison with easily verifiable accu-
mulation volumes,

(iv) To assess the challenges and opportunities arising from 2.5D vo-
lume estimation, from elevation points that have been projected
vertically onto a reference surface, versus 3D volumes that may be
obtained by detailed meshing of the point cloud.

SfM photogrammetry is a promising tool for LW research under
controlled conditions in the laboratory, considering its performance
relative to other available mapping techniques. Developing a quanti-
tative framework for analysing LW accumulations will enable more
meaningful and compatible measures of accumulation composition and
volumes, as well as detailed assessment of surface structure, detrital
organic characteristics and other features.

2. Laboratory experiments

For estimates of LW accumulation volumes, based on SfM photo-
grammetry, we used a set of wooden dowel structures, which were
assembled on a smooth surface in the laboratory. The wooden dowels
were of a uniform cylindrical shape, varying in length and diameter.
Altogether seven distinctive accumulation structures (Table 1) were
considered; starting with the most elementary – a single wood dowel –
working up to complex LW accumulations. We also considered OFM as
part of our experimental setup for a small number of experiments. For
the laboratory OFM substrate we used wood chips with a length of up to
65 mm, and bark pieces in a range of 4–32 mm (b-axis). The OFM fills
porous space in between the log skeleton structure, reducing accumu-
lation porosity. The species of the wooden material was Pinus radiata
(New Zealand Pine).

For the first experiment a single wooden dowel - One Dowel – with a
length of 300 mm and 46 mm in diameter was used (Table 1). This
setup appears trivial, however, it represents an essential verification
test for further volume assessment of LW accumulations.

The second structure comprised two wooden dowels - Two Dowels –
both showing equal dimensions (L = 300 mm, D = 46 mm). One of the
dowels was placed on top of the other one, in a perpendicular align-
ment. The distance between the grounded point of the top dowel and
the underlying, centrally-placed dowel was about three quarters of the
top dowel’s length.

Six cylindrical wooden dowels – Six Dowels (dowel pile) – were
used for a further elementary LW accumulation. A triangular bundle
was formed, with three logs at the base, two in the middle and one on

Table 1
The number and dimensions of dowels as well as OFM used to assemble the miniature LW accumulations (Composition), the volume of each individual item (Partial
Volume), and the total accumulation volume (Geometric Volume (3D)). Furthermore, an index of accumulation complexity is provided (Evolution Phase and
Classification).

Accumulation Composition (Piece × L × D) Partial Volume
(·10−3 m3)

Geometric Volume (3D)
(·10−3 m3)

Evolution Phase Manners
and Doyle (2008)

Classification Wallerstein
et al. (1997)

One Dowel 1 × 300 mm × 46 mm 0.50 0.50 Phase I Underflow / Dam Jam
Two Dowels 2 × 300 mm × 46 mm 0.50 1.00 Phase I-II Underflow / Dam Jam
Six Dowels 6 × 400 mm × 32 mm 0.32 1.93 Phase I-II Dam jam
Eight Dowels (high photo count) 2 × 300 mm × 46 mm 0.50 2.93 Phase II Deflector / Bar Head Jam

6 × 400 mm × 32 mm 0.32
Eight Dowels (low photo count) 2 × 300 mm × 46 mm 0.50 2.93 Phase II Deflector / Bar Head Jam

6 × 400 mm × 32 mm 0.32
OFM Accumulation 1 L OFM 1.00 1.00 Phase IV Dam / Deflector Jam
Ten Dowels + OFM 1 × 200 × 10 mm 0.02 1.42 Phase III Dam / Deflector / Bare Head

Jam6 × 267 × 12 mm 0.03
1 × 200 × 18 mm 0.05
1 × 267 × 18 mm 0.07
1 × 267 × 22 mm 0.10
1 L OFM 1.00
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top. In order to maintain the shape and position of the dowel pile tape
was used. The dowels had a length of 400 mm each, with a diameter of
32 mm.

A more complex LW accumulation was set up using eight wooden
dowels - Eight Dowels (high photo count) - that were randomly as-
sembled, forming an accumulation skeleton. The LW accumulation
consisted of a mixture of the previously used dowels, comprising two
dowels with a length of 300 mm and 46 mm in diameter and another six
dowels with lengths of 400 mm and 32 mm in diameter. For this ex-
periment a relatively high number of images (529) was obtained for the
photogrammetric model.

Similar to the previous setup (Eight Dowels – high photo count), the
same eight dowels were used and assembled into another LW accu-
mulation - Eight Dowels (low photo count) - on the laboratory floor. A
relatively low number of images (23) was acquired for the model. The
purpose is to demonstrate the effects of having a low number of images
in comparison to a high number of images for volume estimates.

An accumulation consisting of only OFM - OFM Accumulation - was
formed to resemble a heap, approximately 70 mm in height with a
roughly circular planform diameter of 190 mm. For material prepara-
tion, a measuring cylinder was filled with 1.00 10−3 m3 of wood chips
(< 65 mm) and bark pieces (4 to 32 mm). The glass cylinder was filled
in three layers, with the material gently compacted at each interval,
using fingers. The material in the measuring cylinder and in the accu-
mulation heap showed a similar degree of consolidation.

The most complex LW accumulation considered for our experiments
consisted of ten dowels, varying in length and diameter, and 1 L of
OFM. The LW dowels were mixed up with the OFM and formed into a
complex accumulation structure - Ten Dowels + OFM. Dowel compo-
sition and dimensions can be obtained from Table 1. The total 3D
geometric volume based on the conical shape of the accumulation was
1.42·10−3 m3.

3. Methodology

3.1. Procedure for volumetric estimates

We classified our accumulations into three categories; (i) elemen-
tary accumulations (One Dowel, Two Dowels and Six Dowels), (ii)
complex accumulations (Eight Dowels), and (iii) OFM accumulations as
a further advanced stage of complex accumulations (OFM
Accumulation and Ten Dowels + OFM). The aim of the experiments is
to compare 3D and 2.5D volumes, estimated via SfM photogrammetry
methodology, to the actual 3D (see 3D geometric volume in Table 1)
and 2.5D volumes (see 2.5D geometric volume in Fig. 1), computed via
standard mathematical approximations to resolve the geometric aspects

of the constitutional elements (e.g., cylinders, cones, wedges).
The point cloud model was generated using a commercial SfM

photogrammetry software package, Pix4Dmapper (Pix4D Switzerland,
2018) version 4.1.25, which provides an efficient workflow and offers a
palette of useful tools for point cloud as well as mesh processing. The
volumes of the 2.5D and 3D photogrammetrically-derived meshes were
assessed using freely available, open-source software tools, namely,
MeshLab (Cignoni et al., 2008) version 2016.12 and CloudCompareV2
(2016) version 2.6.3. In CloudCompare the initial unorganised point
cloud model was segmented for further object-oriented processing
stages, including filtering and cleaning of outlier points as well as
meshing. The MeshLab implementation of the screened Poisson Surface
Reconstruction (PSR) (Kazhdan and Hoppe, 2013) was used for
meshing the unorganized point cloud, providing an initial mesh. The
final refinement of the mesh involved closing the grid surface, such that
it was continuous (‘watertight’). For this operation we used the com-
mercial package Autodesk Fusion 360 (2018) version 2.0.5119. Having
established 2.5D and 3D volumes, the porous space inside the LW ac-
cumulations could be estimated as the volumetric difference between
the two models.

3.2. Image acquisition

Experiments were mostly conducted in a custom-designed black
room in the laboratory, consisting of black walls with good light con-
ditions (4 × 500 W halogen flood lights) from the top and a table in the
centre. A platform (400 × 500 mm) was mounted on the table, sup-
porting a rotating platter with a flat surface. This platform enabled easy
setup for obtaining oblique and nadir images without capturing any
detail beyond the LW assembly (e.g. floor). The only experiment that
was not conducted in the black room – Eight Dowels (low photo count)
– was carried out on a sealed and flat laboratory floor. For scaling
purposes, a number of chequerboards with a raster of 25 mm were
placed around the accumulations.

Image acquisition for our LW volume assessment was carried out
using a standard smartphone device – Huawei Nova 2i – with 16MP
image resolution. Images were captured under controlled light condi-
tions, using default settings for contrast, exposure, saturation and
sharpness. Further camera specifications are listed in Table 2.

3.3. Point cloud and mesh processing in Pix4D

Pix4Dmapper initially computes matching key-points from over-
lapping images, then applies a bundle block adjustment algorithm to
generate a sparse 3D point cloud (Step 1). Based on the residuals from
model fitting, the software iteratively estimates the internal and

Fig. 1. Geometric Volume (2.5D): Geometric primitives for mathematical approximation of the 2.5D Volume for One Dowel (a), Two Dowels (b and c) and Six Dowels
formed into a bundle (d). The fill volumes indicate the area according the applied mathematical equations.
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external camera parameters until the best optimization is achieved
(Pix4Dmapper, 2018). After initial sparse cloud processing, the model is
scaled using ground control reference marks - in our case chequer-
boards around the LW accumulations. At this stage, the orientation of
the point cloud model may also be adjusted by setting orientation
constraints for the x, y and z directions. In order to take the new scaling
and orientation input into account, the reprocessing step has to be
started.

The next step in Pix4Dmapper involves computing the dense point
cloud model and mesh (Step 2). The point cloud density settings are
listed in Table 3, and the processing times required can be found in
Table 4. A maximum number of 1.0·106 faces was selected for the
generation of the Pix4D mesh model, which provides a good balance
between acceptable model detail and tractable computation of volumes
and other analyses. The third processing step (step 3) involves the
generation of a digital surface model (DSM) and the orthomosaic; both
are essential for volume estimates using the volume tool implemented
in Pix4Dmapper (Pix4D Volume Tool 2.5D). The DSM is generated from
nearest-neighbour interpolation of the dense point cloud; the ortho-
mosaic provides detailed RGB information for the resultant DSM
(Pix4Dmapper, 2018).

3.4. Geometric volume (2.5D)

Using an approach analogous to the 2.5D method in the Pix4D vo-
lume tool, we calculate the projected volume for elementary LW ac-
cumulations independently, using geometrical primitives. Based on the
laboratory setup of the LW models for One -, Two - and Six Dowels, we
assessed the volume of the primitives as well as the interstitial space
between the objects and the horizontal reference plane (platter sur-
face). The actual volume of a dowel is provided in Eq. (1); the fill vo-
lumes for various interstitial elements (1–4) are approximated using
Eqs. (2)–(5).

For the first experimental setup, using one dowel, the projected
volume was calculated as demonstrated in Fig. 1a using Eq. (6). The
next accumulation model, comprising two dowels Fig. 1b and c, shows a
projected length of 292 mm for the top dowel, emerging to a height of
69 mm (measured to the bottom edge of the top dowel). The total 2.5D
volume is calculated according to Eq. (7). Another 2.5D calculation for

the Six Dowel accumulation was assessed using Eq. (8). The dowel pile
in Fig. 1d consists of several different void elements; calculations must
account for the various projected volumes, including ledges and pro-
jections. Mathematical approximations in 2.5D resolution are only
practical for elementary LW accumulations with known geometric
measures; the method becomes inadequate as model complexity in-
creases.
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3.5. Pix4D volume tool (2.5D) and PSR meshing (3D)

In the following work, we employ two techniques for 2.5D and 3D
volume estimation. ‘2.5D’ volume consists of a convex hull enclosing
the horizontal extents of the point cloud, projected vertically from
above, much as a sheet fully draped over an object encompasses the
extent of the object and falls vertically to the floor. Thus, an elevation
field (potentially including void space) can be mapped to a 2D raster
grid and volume can be estimated by integrating the gridded height
elements; this approach is commonly used in terrestrial and airborne
surveys to generate volumetric information of, for instance, stockpiles
or landforms above a given reference datum (Lane et al., 2003; Milan
et al., 2007; Eltner et al., 2016). The 2.5D approach, however is not
well-suited to subjects with over-arching structures, hollows, con-
cavities or any surface whose face normals point below the plane of the
horizontal reference surface (Spreitzer et al., 2019).

Pix4Dmapper was used to compute the 2.5D volume, which requires
the specification of a base surface (Fig. 2). We selected multiple points
on the flat surface around the LW accumulation and used the default
settings for base surfaces. Points above (cut volume) and beneath (fill
volume) the reference surface are kept in the computational domain,
however they have separate outputs. In this article we are focusing on
the cut volume. The base surface raster is resolved at the same

Table 2
Camera specifications used for data collection in the laboratory.

Huawei Nova 2i

Model RNE-L22
MP 16 + 2 (secondary rear camera)
Format JPEG image
Sensor type CMOS BSI
Image Resolution (pixels) 4,608 × 3,456
Focal length (mm) 4.00
35 mm focal Length (mm) 27
ISO range 160 to 250
Exposure range (sec) 1/30 to 1/128
F-stop 2.2

Table 3
Pix4D settings for processing of LW accumulations in the laboratory.

Process Parameter Setting

1.Initial Processing Key Image Scale Full
2.Point Cloud and Mesh Point Cloud Densification -Point Density Optimal

Image Scale Multiscale, 1/2 (Half image size, Default)
Settings Medium Resolution (8192x8192)
Mesh Faces 1.0·106

3.DSM, Orthomosaic and Index Resolution 1 × GSD (1 mm/pixel)
Filters Noise: on ; Surface Smoothing: on – Type: Sharp
Raster Generation Method: Inverse Distance Weighting
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resolution as the model ground sampling distance (GSD).
In contrast to the 2.5D approach, the 3D model mesh encloses the

object from all perspectives, and volumes are assessed by integrating
cubes or tetrahedral elements within this enclosed space (Wang et al.,
2018). This is the preferred technique in the present application, since
the aim is assessing the volume of wooden material within a complex
body with many voids. With photogrammetric techniques, the field of
view into the LW accumulations is invariably obscured by interwoven
wooden elements, OFM and sedimentary fill, so our assessment of de-
posit porosity is imperfect even with 3D models, but we think this is an
important improvement over more conventional 2.5 techniques.

The generation of robust 3D meshes of LW accumulation bodies
using PSR was conducted in MeshLab, CloudCompare, and Autodesk
Fusion 360. The variety of software packages applied in our workflow
(Fig. 2), is a function of the many tasks involved in the reconstruction of
LW accumulations; each program features specialized tools for mesh
creation, editing (filtering and cleanup) and construction of a water-
tight hull. As a first step, after importing the point cloud model, the
computation of point normals is required (Mitra and Nguyen, 2003).

This was done using orientation consensus among 12 neighbour points,
with view direction from the top, as this arrangement generally resulted
in the most satisfactory surface reconstruction, with minimal artefacts.
For PSR an octree depth of 12 was chosen, and other parameters were
kept as default. Once the PSR meshing was finished, the resultant grid
was exported to CloudCompare in order to isolate the area of interest –
the accumulation structure – from the surrounding platter topography.
CloudCompare was found to have the best tool for this operation.

Back in MeshLab several filter and reconstruction processes were
applied; (i) selection of edges longer than some optimum threshold
(5·10−3 ± 2.5·10−4) (varies between the mesh models), (ii) selection
of faces by colour (filtering for else than brown colours), (iii) filter for
isolated faces with a diameter larger than some optimum (5–20% of the
world unit) (varies between the mesh models), (iv) close holes (closing
of resulting smaller holes, not resolving the problem of closing the
bottom of the mesh), (v) remove non-manifold edges/faces and zero
area faces. The cleaned PSR mesh model is then exported in OBJ format
for further processing in Autodesk Fusion 360. Autodesk Fusion 360 has
tools for closing the bottom of the mesh with a smooth curved surface
(rather than a plane or bulging protrusion, as often occurs in other
methods) for the final watertight accumulation model. In some cases
other parts of the PSR mesh– especially small sections on the bottom
plane – become isolated while closing the hole. For this reason we fil-
tered the mesh model once more in MeshLab and computed geometric
measures. The output metrics provide information about bounding box
dimensions, surface area and volumetric measures of the modelled LW
accumulation.

3.6. Porosity of LW accumulations

In the present article void volume (Vv) is defined as the difference
between the projected 2.5D volume (V2.5D) and the more refined 3D
volume (V3D) (Eq. (9)). Consequently, the porosity (n) can be de-
termined as the ratio of porous space (Vv) to 2.5D volume (Eq. (10)).
For the OFM accumulations, the corresponding reference volume (3D
geometric volume in Table 1) includes pore space.

= −V V V (m )v 2.5D 3D
3 (9)

=n 100· V
V

(%)v

2.5D (10)

Table 4
Point cloud and mesh specifications for the LW and OFM accumulation models.

Specifications One Dowel Two Dowels Six Dowels Eight Dowels (high photo
count)

Eight Dowels (low photo
count)

OFM Accu-
mulation

Ten Dowels + OFM

Wood Dowels 1 2 6 8 8 0 (OFM) 10

Point Cloud
Images total 77 139 215 529 23 130 263
Images calibrated 75 137 215 517 23 130 262
Images calibrated 97% 98% 100% 97% 100% 100% 99%
Camera optimization 99.99% 100% 99.99% 100% 99.85% 99.76% 99.94%
Number of 3D points 2,89·106 4,61·106 5,82·106 12,69·106 2,22·106 4,64·106 6,78·106

Processing times
1. Initial Processing 0.2 h 1.0 h 1.7 h 2.6 h 0.2 h 0.3 h 1.0 h
2. Point Cloud / Mesh 2.5 h 7.0 h 10.3 h 42.5 h 0.2 h 3.1 h 10.2 h
3. DSM / Orthomosaic 0.1 h 0.1 h 0.1 h 0.6 h 0.3 h 0.1 h 0.2 h

Acc. Mesh Models
Number of faces Pix4D 1.0·106

Number of faces PSR 3.3·106 3.7·106 2.6·106 4.7·106 3.3·106 10.8·106 15.2·106

PSR Box Dimensions
x (m) 0. 319 0.309 0.403 0.562 0.673 0.217 0.423
y (m) 0.099 0.309 0.107 0.424 0.474 0.212 0.287
z (m) 0.057 0.115 0. 127 0.192 0.156 0.084 0.128
PSR Mesh Density

(faces·cm−3)
1,833 337 484 103 66 2,795 978

Fig. 2. Graphical illustration of the workflow for obtaining the 2.5D Pix4D and
3D PSR Volume.
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4. Results

4.1. Point cloud and mesh results

All of our laboratory LW accumulations resulted in high-resolution
point cloud models, with 2.2·106–12.7 106 generated 3D points. The
processing time in Pix4Dmapper for initial tie point processing was
between 10 min, for low image datasets, and 2.6 h for datasets with a
higher number of images. Further point cloud processing times, in-
cluding DSM and orthomosaic generation, ranged from 30 min to 43 h.

Our 2.5D volume models, computed and meshed in Pix4Dmapper,
emerged with 1.0·106 faces, as per description in the methodology
(Section 3.3).

The 3D PSR algorithm generated between 2.6·106 and 15.2·106

faces, depending on the dowel prototype complexity. Meshing the Eight
Dowels (low image) point cloud required two applications of the
meshing process, in order to construct a watertight surface.

Table 4 provides an overview of point cloud and meshing results.
Using PSR, the volumes of elementary LW accumulations were com-
puted (Fig. 3a to f). The PSR operation, for the elementary LW

Fig. 3. 3D models of our miniature LW accumulations. Elementary accumulations are shown from a to f, more complex accumulation structures (g to j) and a mixture
of wood dowels and organic fine material (OFM) (k to n). Mesh generated via PSR (left), and the fully closed 3D body of the corresponding LW accumulation (right).
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accumulations (2.6–3.7·106 faces), only takes a few minutes in
MeshLab. Processing times increase slightly with more complex la-
boratory models (e.g. with OFM, 10.8 and 15.2·106 faces), however, the
maximum time required for PSR was one hour for the Eight Dowels
(high photo count) accumulation model, showing a total of 4.7·106

faces. The final meshes are shown in Fig. 3a ton, with the PSR model on
the left side and the corresponding watertight model on the right side.

4.2. Volumetric results

Results for (i) 3D geometric volume, (ii) 2.5D geometric volume,
(iii) Pix4D volume tool volume (2.5D), and (iv) PSR volume (3D) are
outlined in Table 5 and summarised as a chart in Fig. 5. A selection of
the Pix4D mesh models is shown in Fig. 4, with base surface in green
and computed 2.5D volume in red. The 3D geometric volumes ranged
from 0.50 up to 2.93·10−3 m3, while computed 2.5D Pix4D volumes
ranged between 0.56 and 6.19·10−3 m3. In contrast, the 3D PSR vo-
lumes, displayed in Fig. 3 at the left-hand side, ranged from 0.49 to
3.27·10−3 m3. Some individual OFM pieces are resolved, emphasising
the high level of mesh detail. The 3D PSR models reveal pore space
volumes that are almost identical to the 3D geometric estimates. As
shown in Fig. 3 surface texture is reconstructed using screened PSR.
Accumulation shape and size are kept intact when closing the bottom
hole (Fig. 3 right side models).

For the first experimental setup using one dowel, the results dis-
played in Fig. 5 showed a discrepancy (surplus) of 10.9% between the
volume computed via Pix4D volume tool (2.5D) and the 3D geometric
volume. On the other hand, results from the Pix4D volume tool showed
a minor underestimation (1.2%) relative to the 2.5D geometric volume
approximation. Within the 3D framework, the PSR revealed a slight
underestimation of volume in comparison to estimates based on 3D
geometry. The pore space under the longitudinal edges of the dowel
(‘Fill Volume 1′ in Fig. 1) was calculated to be 12.8%, according Eqs. (9)
and (10).

Results for our second LW accumulation, comprising two identical
wooden dowels, showed an overestimation by 31.9% in 2.5D volume,
computed via algorithms in the Pix4D volume tool, compared to the 3D
geometric volume. As before, almost identical values were achieved for
3D volumes (PSR vs 3D geometric volume), and 2.5D volumes (Pix4D
vs 2.5D geometric volume). For this experiment a porosity of almost
one third of the entire LW accumulation was calculated.

The dowel pile, consisting of six identical wooden dowels, showed
considerable deviations amongst the 2.5D Pix4D volume tool
(2.31·10−3 m3), 3D PSR (2.13·10−3 m3) and geometric volumes
(2.31·10−3 m3 (2.5D); 1.93·10−3 m3 (3D)). Variations of +9.5% for
PSR volume and 16.4% for Pix4D volume tool were determined in
comparison to the 3D geometric volume. Again, the 2.5D Pix4D volume
tool and 2.5D geometric volume approximation showed almost

Table 5
Estimated volume and porosity values for LW accumulation models in the laboratory.

One Dowel Two Dowels Six Dowels Eight Dowels (high photo
count)

Eight Dowels (low photo
count)

OFM Accu-
mulation

Ten Dowels + OFM

Volume
Geometric Volume 3D (m3) 0.50·10−3 1.00·10−3 1.93·10−3 2.93·10−3 2.93·10−3 1.00·10−3 1.42·10−3

Geometric Volume 2.5D
(m3)

0,56·10−3 1,45·10−3 2.31·10−3 – – – –

Pix4D Volume Tool 2.5D
(m3)

0,56·10−3 1,46·10−3 2,31·10−3 6,19·10−3 5,66·10−3 1,03·10−3 2,16·10−3

PSR Volume 3D (m3) 0.49·10−3 0.98·10−3 2.13·10−3 2.95·10−3 3.27·10−3 0.86·10−3 1.46·10−3

Porosity
Porous Space (m3) 0.07·10−3 0.49·10−3 0.18·10−3 3.24·10−3 2.38·10−3 0.17·10−3 0.70·10−3

n (%) 12.8 33.1 7.7 52.3 44.1 16.1 32.2

Fig. 4. Volume estimates from Pix4D volume
tool (2.5D). The base surface is shown in green,
and the modelled volume is displayed in red. The
chequerboards (raster of 25 mm) are used for
point cloud and model scaling. (For interpreta-
tion of the references to colour in this figure le-
gend, the reader is referred to the web version of
this article.)
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identical measures (+0.2%). The volume of porous space in the dowel
pile was calculated to be 0.18 L (7.7%).

More complex LW accumulations consisting of eight dowels,
scanned with a high photo count (529 images), revealed nearly iden-
tical results between 3D PSR volume (2.95·10−3 m3) and 3D geometric
volume (2.93·10−3 m3). The volume obtained using the 2.5D Pix4D
volume tool (6.19·10−3 m3), however showed a 52.7% deviation from
those 3D volumes. This LW accumulation was not amenable to geo-
metric volume calculation, owing to its complexity. The large deviation
between 2.5D and 3D volumetric measures was attributed to a porosity
of 52.3%.

The second LW accumulation also comprised eight dowels, however
the point cloud and mesh were generated from a small image set (23
images); this model showed larger deviations between 3D PSR volume
(3.27·10−3 m3) and 3D geometric volume (2.93·10−3 m3). Yet the value
estimated via the Pix4D volume tool (5.66·10−3 m3) indicated a slightly
lower deviation for the 2.5D volume, consistent with the estimated
porosity (48.2%). The magnitude of these departures is compared in
Fig. 5.

Experiments with the OFM accumulation yielded almost identical
values between 2.5D Pix4D volume estimates (1.03·10−3 m3) and those
obtained from 3D geometric volume (1.00·10−3 m3) estimates. 3D PSR
volume (0.86·10−3 m3), however, revealed a negative departure of
15.9% from these volumes. In combination with ten LW pieces the 3D
PSR volume (1.46·10−3 m3) overestimated the 3D geometric volume
(1.42·10−3 m3) by 3.1%, whereas the 2.5D volume computed with
Pix4D volume tool (2.16·10−3 m3) exceeded this by 34.4%. The re-
sulting porosity accounted for almost one third of the 2.5D volume
(32.2%).

5. Discussion

5.1. Processing of elementary and complex LW accumulations in the
laboratory

Despite the variable number of images, exclusively obtained from a
standard smartphone camera with default settings, for each of the ac-
cumulation models, all of the point cloud models showed a high level of
detail; this is most evident in the more complex models where sticks
and bark are finely resolved. The model point cloud complexity varies
considerably, so does the quantity of generated 3D points. As results
have shown, the total number of model points relates directly to the
number of photos used for the model generation (cf. Fig. 6). This was

found to be consistent with existing literature applying ground-based
SfM photogrammetry in geosciences (Stumpf et al., 2015; Wróżyński
et al., 2017). Furthermore, it has been shown that with a larger degree
of image overlap the number of generated points increases (Morgan
et al., 2016). More complex LW accumulation models thus require a
proportionately higher number of images with generous image overlap
(> 75%), to resolve intersections of structural members, overlapping
and covered areas, as well as void spaces inside the structure. An in-
creased number of images and higher point density can counteract
problems such as outliers, noise, perspective deformations, and poor
reconstruction of sharp edges or similarly textured sections (Scaioni
et al., 2015). These issues may be particularly acute for model subjects
with pronounced surface irregularities, higher proportions of OFM and
variable particle size (Li et al., 2018a).

We found that in terms of surface reconstruction (PSR meshing),
models with OFM have up to four times more computed faces than LW
accumulation skeletons, even with a similar number of images. This is
evident when comparing results for Six Dowels and OFM Accumulation:
despite a slightly lesser number of photos used to build the model, the
OFM Accumulation has far more faces in the resulting mesh. From this
we infer that face count must be strongly related to textural complexity
of the surface. Higher image complexity likely provides more point-
matching opportunities for the software, resulting in a denser overall
point cloud (Maiti and Chakravarty, 2016). In contrast, less feature-rich
subjects (e.g. One Dowel) will tend to have simpler resultant models, as
the PSR algorithm smooths out noise associated effects (Kazhdan et al.,
2006).

If a ceiling is set for the total face count (1.0·106 faces, in our case),
Pix4Dmapper may not be able to satisfy conditions for a clean mesh
within that limit. The resulting, relatively coarse mesh surface struc-
ture, may therefore influence volumetric measures of LW accumula-
tions, showing complex surfaces with only loosely resolved elements
(Giirsoy and Patrikalakis, 1992; Shao et al., 2018), such as protruding
branches, root wad, and entire logs. For one of our PSR mesh models,
Eight Dowels (low photo count), a watertight surface could not be
achieved initially due to this limit on vertices, and a number of artefacts
such as self-intersecting faces were evident. We resolved this issue by
re-meshing the existing PSR mesh with the same initial parameters and
settings as were applied in the first instance for PSR in MeshLab, in
order to achieve a watertight surface covering the entire LW accumu-
lation. The resulting accumulation model (Fig. 3h) shows less detail
than the model that was generated on the basis of a very high photo
count (Fig. 3j).

Fig. 5. Volumetric results for elementary and complex LW accumulations, considering the geometric volumes obtained in 2.5D and 3D, as well as volumes assessed
using Pix4D volume tool (2.5D) and PSR.
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Results also reveal that processing times are proportional to the
number of 3D points used for densified point cloud generation
(Table 4). However, we also found that the relatively long processing
times, which are required for densified point cloud generation using a
high photo count, resulted in better model reconstruction than those
generated on a basis of a low photo count. This means that there are
compromises to be made between processing times, model accuracy
and field labour in the course of image acquisition. The software al-
gorithm requires relatively little operator intervention and can be
scripted, to generate a great number of high resolution, densified point
cloud models. With available options of subsampling and subdividing
the point cloud, in order to better manage large data sets (Zhou and
Chen, 2011; Fan and Atkinson, 2019), the remaining editing and mesh
processing times can be reduced significantly, while maintaining sur-
face details and mesh model quality (Tazir et al., 2016; Chen et al.,
2017). The exact effects of subsampling and meshing of reduced LW
accumulations point cloud models, however require further research to
be better understood.

5.2. Point normals

The orientation of point normals is particularly important for ele-
mentary accumulations, given that there are fewer and larger faces
available to represent the model topology. Reconstructing the contours
of occluded and obscured elements is a troublesome problem in com-
putational geometry (Hoppe et al., 1992; Mitra and Nguyen, 2003;

Demarsin et al., 2007), as other results from the PSR process highlight
(Fuhrmann and Goesele, 2011; Lobos and Rojas-Moraleda, 2013; Wolff
et al., 2016; Sheng et al., 2018). As can be seen in Fig. 3h, i and j, a
convex hull is generated at the bottom (occluded) side of individual LW
pieces, which is a common effect when working with PSR, due to the
inconsistent off-surface constraints (Mostegel and Rumpler, 2012;
Berger et al., 2017; Guerrero et al., 2018). Ideally, all of the surface
normals of each dowel would be neatly directed outward from the
central axis. Fixing this problem is very time- and memory-consuming,
and prone to producing unreliable data and failed convergence of mesh
generation routines. The parameters contributing to the challenge are
various (Vosselman et al., 2004), such as orientation of the cylinder axis
or the detection of a circle in a plane (Kimme et al., 1975), describing
the accumulation of randomly assorted cylindrical objects. This is an
indication of present challenges when it comes to point cloud and
meshing algorithms (Nurunnabi et al., 2017). The meshing software
typically makes some bulk assumptions about normal direction (e.g.
averaging amongst neighbouring normals, smooth iterations, or flip
normal with respect to upward-pointing geometry or radial expansion
starting from the centre) (Cignoni et al., 2008; CloudCompareV2,
2016), which, in the case of complex scenes, still can result in complete
failure of point normal estimation and the process of generating a
watertight mesh. In the case of a large number of point normals facing
incorrectly, the entire dowel may not be considered for surface re-
construction (volume estimates), rather, it will get lost as a consequence
of errors during the mesh closing procedure (Fig. 7).

It is desirable that the numerous details of LW accumulations, in
shape and structure, be kept throughout each processing step in order
to not affect volumetric assessment and calculation of accumulation
porosity. Difficulties arising with unorganised point clouds and im-
perfections in point normal estimation and surface reconstruction need
to be addressed. Future algorithms have to be robust to unoriented
point normals and inaccuracies (Berger et al., 2014). We overcame
meshing challenges by experimenting with the number of neighbours
(up to 300 points) for complex LW accumulations, which resulted in a
suitable, however not perfect, point normal computation for surface
reconstruction and volume computation.

5.3. Volumetric computations

We have demonstrated that 2.5D computations using the Pix4D
volume tool perform as expected – the models are consistent with our
geometric estimations of the 2.5D models, all within a range of ±
1.2% volume deviation (Table 5). Overall, the 2.5D model from pho-
togrammetry, such as also applied in the field (Spreitzer et al., 2019), is
more convenient to develop than a watertight 3D mesh, which requires
several software packages, as well as advanced skills in point cloud and
mesh editing. Thus, from the perspective of rapid assessment of LW

Fig. 6. Number of 3D points and faces used for constructing the LW accumulation models.

Fig. 7. Closing the bottom hole failed due to incorrect point normal computa-
tions, as an example for the Eight Dowels (high photo count) LW accumulation.
The position of a missing dowel (not reconstructed in the PSR model) is deli-
neated in red. (For interpretation of the references to colour in this figure le-
gend, the reader is referred to the web version of this article.)
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volume, it may be reasonable to accept errors inherent in this approx-
imation, and quantify 2.5D volume by using a standalone SfM photo-
grammetry software kit, such as Pix4Dmapper. Yet, there is a variety of
SfM photogrammetry toolboxes available, freely (Astre, 2015;
VisualSFM, 2018) or commercially, such as Agisoft LLC Russia (2018)
and Autodesk ReCap (2019).

If more precision is needed, particularly when dealing with sig-
nificant deposit complexity showing overarching structures, void spaces
and protruding elements, it may be worth the additional effort to de-
velop a fully 3D-resolved model, such as suggested in this study. In our
experience, the PSR meshing algorithm followed by a mesh closing
procedure provided the best surface reconstruction and volume esti-
mates, as has also been demonstrated in the course of previously con-
ducted studies (Kaiser et al., 2014; Carrivick et al., 2016; Gupta and
Shukla, 2017). Considering the employment of the presented 3D SfM
photogrammetry approach for field applications, special attention must
be paid at a stage of closing the bottom of the mesh, which requires a
basal surface that matches field conditions with a similar shape such as
applied for the 2.5D Pix4D approach.

Relative to the 3D geometric models, the 3D PSR volumes are
overestimated by a maximum of 10.6% for elementary and complex LW
accumulations, all showing accumulation skeletons. In the case of large
amounts of OFM filling some of the void spaces inside the accumulation
skeletons, as demonstrated with experiments using OFM accumulations
in Fig. 3k to n, negative discrepancies of up to 15.9% were found (3D
PSR mesh resulted in lower values). This underestimation is likely re-
lated to the complex surface structure of the organic material. The di-
gital mesh surface conforms more closely to the fibrous mass than could
be captured during measurement using a glass measurement cylinder,
when 1 L of OFM was prepared (c.f. OFM Accumulation and Ten
Dowels + OFM in Section 2). While void spaces between glass cylinder
wall and the OFM have been accounted for in the 3D geometric model,
the 3D PSR mesh analysis did not capture such ‘boundary void spaces’,
resulting in the slight negative aberration from the reference volume.

Another important factor is the number of images used for the
photogrammetric model: a higher photo count typically resulted in
greater detail and accuracy (Dikovski et al., 2014; Micheletti et al.,
2015). The models that were based on a lower photo count led to
blocky reconstruction and less refined joints between dowels. Further-
more, with a lack of oblique imagery, the meshing process fails at the
reconstruction of occluded areas in the model (Mosbrucker et al.,
2017). In places where multiple dowels intersect and overlap, PSR
(usually very robust to noise (Wolff et al., 2016)) struggles with the

identification of individual dowels. There are problems with filtering
residual noise from point cloud generation (Williams et al., 2018), and
the algorithm fails to accurately reconstruct dowel intersections. These
circumstances provide reason to expect significant distortions in 3D
volume, for models developed from a low photo count, because of
sparse or over-inflated (due to the generation of a randomly shaped
artefacts) reconstruction in the centre of the dowel accumulation.

In the case of Eight Dowels (low photo count) the 3D PSR mesh
volume exceeded the 3D geometric volume by 10.6% (compare Fig. 5),
whereas the PSR volume considering the Eight Dowels (high photo
count) accumulation model revealed 0.9% volumetric difference, re-
lative to the 3D geometric model. This scenario addresses once more the
importance of obtaining a high-quality dataset, consisting of an abun-
dant number of images, both oblique and nadir oriented, but also
providing sufficient image overlap, both vertically and horizontally
around the LW accumulation, as previous studies have confirmed
(Dikovski et al., 2014; Micheletti et al., 2015). In order to provide op-
timum definition of compositional details and surface structure of the
LW accumulation, we strongly recommend acquisition of additional
images of the accumulation, with attention to voids and ledges, to
better resolve contact points of major structural items.

Finally, closure of the mesh bottom can result in distorted surface
reconstruction if the edges of the LW accumulation mesh model are not
properly cleaned, as described in Section 3.5. The closed bottom sur-
faces of some LW accumulation models are shown in Fig. 8. Convex
artefacts (bubbles) are generated when outlying mesh elements are
encountered below the LW accumulation model. Ideally the resultant
bottom surface is flat and shows sharp edges connecting to the existing
LW accumulation model, as demonstrated in Fig. 8, rather than bulged
corners that distort the actual accumulation volume. Cleaning the mesh
model is therefore essential and enables the computation of realistic LW
volumes from the 3D models.

Achieving a closed mesh is essential for 3D volume estimations, and
we have yet to find a satisfactory open-source software solution for this
operation. Alternatively, we were able to accomplish this rapidly, with
few artefacts, in Autodesk Fusion 360.

5.4. LW accumulation porosity

LW accumulation porosity (n) is defined as the ratio of void volume
to bulk volume (Pagliara and Carnacina, 2010). For porosity estimates
of our LW accumulation models in the laboratory, we applied the 2.5D
volume results from the Pix4D volume tool as the bulk volume, and the

Fig. 8. Reconstructed watertight 3D PSR mesh models of our miniature LW accumulations. For Two Dowels (a), Six Dowels formed into a pile (b), Eight Dowels (low
photo count) (c) and Ten Dowels + OFM (d).
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3D PSR volume as solid volume, according to Eqs. (9) and (10). Results
for accumulation porosity vary in a range of 7.7–52.3% (Table 5). The
accuracy of this technique is limited by the scale of investigation; with
larger accumulations, it becomes increasingly difficult to capture in-
terior interstices and evaluate an aspect ratio (e.g. length, diameter) as
well as the packing matrix of structural elements and OFM. However, it
provides a good approximation and would be useful for first-order as-
sessment of porosity characteristics across a population of LW deposits,
both in the field as well as in the laboratory. Our porosity estimation
approach has great potential for field applications and the improvement
of recent SfM photogrammetry studies (Sanhueza et al., 2019; Spreitzer
et al., 2019), as there are no visual estimates or manual calculations
involved (such as a parallelepiped approach (Boivin et al., 2015; Livers
et al., 2015; Scott et al., 2019), and the introduced 3D approach is a
major advance for the development of semi-automated and automated
methods, which allow for accurate LW accumulation volume and por-
osity assessment. The porosity results correspond to expected values,
ranging from 30 to 50% (Dixon, 2016).

Additional information provided by SfM photogrammetry; e.g.,
colour information (Orru et al., 2016), can significantly contribute to
resolving accumulation structure and jam porosity. The CANUPO
plugin in CloudCompareV2 (2016) can be leveraged for automated
identification and classification of point values, which works similar to
classifiers for land cover mapping (Waske and Braun, 2009; Rodriguez-
Galiano et al., 2012), and objects within a scene (Yousefhussien et al.,
2018). Furthermore, previously developed reconstruction algorithms of
tree and plant parts (Raumonen et al., 2013; Hackenberg et al., 2015),
may be particularly helpful for skeletonisation of LW accumulations,
based on progressive simplification of the geometry of structural
members (Yrttimaa et al., 2019). Jacobson et al. (2013) developed a
robust method, which uses surface texture to reconstruct a tree ske-
leton. This will be of major importance for future applications dealing
with aspect ratios (packing matrix) (Zhang et al., 2006), roughness
parameters (e.g. sediment and flow retention) (Bocchiola et al., 2002;
Pagliara and Carnacina, 2010), obtained via SfM photogrammetry
(Bretar et al., 2013; Verma and Bourke, 2019). This paths the way for
using LW accumulations, showing most realistic features, in computer
aided 2D (Ruiz-Villanueva et al., 2014; Costabile and Macchione, 2015;
Ventres-Pake et al., 2019) and 3D (Smith et al., 2011; Allen and Smith,
2012; Lai, 2016) modelling.

6. Conclusions and outlook

Here we have demonstrated that both detailed ‘2.5D’ volume sur-
faces and ‘3D’ volumetric meshes can be generated in order to assess the
volume of a scaled LW accumulation in a laboratory setting. As drone-
or ground-based photogrammetric techniques are becoming increas-
ingly popular to quantify and model LW formations in river systems, it
is important to understand the potential and limitations of the tech-
nology. While SfM photogrammetry on small and accessible wooden
accumulations can be easily applied by means of exclusively ground-
based datasets, a combination of low altitude aerial flights (e.g. drone)
and ground-based mapping (where accessible) is suggested to better
resolve 3D models of larger and more complex LW accumulations in the
field. Therefore, a better understanding of merged datasets is required.
Solutions to the essential problem of rendering volumetric models of
constitutional elements within LW accumulations from unorganized
point clouds remain elusive, yet we have shown how critical advances
can be exploited.

The comparison of simple models from the Pix4D volume tool
(2.5D) and the PSR (3D) algorithm in MeshLab – relative to geome-
trically determined benchmarks - revealed that the 3D approach using
PSR provided the most accurate results for LW accumulation assess-
ment. The 2.5D models consistently overestimated the volume, by an
average of 28.2%; the 3D models deviated by 6.3% (absolute) on
average, with a mix of over- and under-estimation. Overestimation of

accumulation volumes was expected from 2.5D models, as they include
interstitial space within the accumulation. We found that for an accu-
rate generation of a 3D mesh model, a higher number of oblique and
nadir images is required, than for conventional 2.5D mesh models.
Occluded geometry in the models introduced the problem of mesh
closure; software algorithms must estimate this closure in sparse re-
gions of the point cloud, often resulting in strong distortions of the
resultant volume model.

Using the difference between the 2.5D and 3D volumes as a measure
of deposit void space, the introduced methodology provides a con-
sistent and objective measure for assessing void space in the field. Our
results showed void proportions of 7.7 to 52.3%; these measurements
showed good consistency with the results based on consideration of
geometric primitive models of void space.

We successfully computed high quality 3D models of miniature LW
structures along with OFM, in a controlled laboratory environment, and
extracted precise accumulation volumes for the first time. Our results
demonstrated the capability of this SfM methodology, which provides
major advances for LW accumulation assessment in the field as well as
in the laboratory. This may be of further fundamental importance for
prototype accumulation models (2D, 2.5D and 3D) in hydraulic en-
gineering using numerical modelling. For instance, mesh generation
techniques will be useful for the estimation of obstructed cross-sectional
area of LW accumulations and surface roughness, which affect hy-
draulic flow behaviour and backwater effects, respectively.

Some challenges arise for future work, including (i) properly re-
solving intersecting elements, especially in the accumulation centre, (ii)
mesh closure processes, without losing important surface details, and
(iii) assessing the effects of point sub-sampling on model quality, in
order to deploy SfM photogrammetry as an effective surveying tool.
Thus, progress in point cloud processing, editing and meshing algo-
rithms is imperative, in order to generate more reliable and robust
models. The workflow should be able to counter problems with ren-
dering mesh (e.g. noise reduction, correct point normal estimation),
resolving surface texture (e.g. mesh closing, recognition of void spaces)
and mitigating environmental noise (e.g. shades, reflections, water
surfaces), using standard camera devices such as smartphones or action
cameras.

This workflow will contribute to a better understanding of LW ac-
cumulations in fluvial environments by providing parameters for ac-
cumulation volume and porosity, which are known to affect channel
hydraulics and bedload processes. Such indicators can facilitate hy-
draulic studies and help to better assess LW accumulations in rivers.
Apart from volume and porosity estimates, our method can provide
significant information about constitutional materials of the accumu-
lation, surface structure (roughness elements), log alignment and geo-
metries, which are all crucial parameters for studying formation pro-
cesses of LW accumulations. This understanding will allow for the
identification of critical ‘key-logs’, which are responsible for jam in-
itiation, computation of the resulting hydraulic discharge behaviour,
and estimation of the effects on channel morphology in the presence of
LW accumulations.
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