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Abstract

Recent studies concerning bryophyte canopy structure
applied various modern, computer analysis methods for de-
termining moss layer characteristics drawing on the out-
comes of a previous research on surface of soil. Surface
roughness index (Lr) was hereby used as a monitor of qual-
ity (and condition) of bryophyte canopy.

We explored stereo photogrammetry, a non-contact pas-
sive method of collecting distance information about sur-
faces, as a method to acquire 3D model of bryophyte layer
and thus Lr and compared it with methods already per-
formed by other authors - contact probe, LED scanning and
3D laser scanning.

In contrast to active methods, this method relies on de-
tecting reflected ambient light, therefore, it does not emit
any kind of radiation, which can lead to interference with
moss photosynthetic pigments, nor does it affect the struc-
ture of its layer. This makes it much more suitable for usage
in natural environment.

Other advantage of this method is eminently shorter
measuring time and mobility, 3D surface can be recon-
structed immediately after acquiring the images from two
portable cameras, also, compared to scanners, this method
is not the drawback of being dependent on heavy mechani-
cal device moving the scanned object below the sensor.

The density of acquired surface points is dependent on
the hit rate of stereo matching algorithms – algorithms
searching for the corresponding points in both images. So
far, no fully satisfactory algorithm has been found. These
algorithms are generally not optimized for micro images

and have to be altered to increase their efficiency. sed on
contact probe, LED and laser scanning techniques.

The measuring resolution matches the resolution of LED
scanner, since both are using similar cameras. Final resolu-
tion is not so high as laser scanner, but in addition to other
its advantages, it makes stereo photogrammetry useful tool
for our purposes.

1. Bryophyte Structure

Bryophytes are plants of a rather simple structure, they
lack of roots and conductive tissues of any kind or even
structural molecules that would allow establishment of their
elements such as lignin[6]. The water which is generally
needed for metabolic processes including photosynthesis is
in the case of bryophytes also necessary for reproductive
purposes, for their spermatozoids, particles of sexual repro-
duction, are unable to survive under dry conditions[5]. This
makes them, unlike tracheophytes (vascular plants), poik-
ilohydric – strongly dependent on the water conditions of
their vicinity[21] – which led to several ecological adap-
tations of them. One of the most important adaptations is
forming of a canopy – more or less compact layer of moss
plants, frequently of a same clonal origin, which enables
the plants to share and store water on higher, community
level.

Canopy characteristics differ from species to species,
this led certain authors to divide them to number of distin-
guished categories, so called growth forms[13][18][2]. Par-
ticular growth forms shows correlation with habitat[12], in



case of epiphytic bryophytes they even show species host
specificity to the bark substrate they live on[14] and also,
there is a connection between growth form and life his-
tory of individual moss canopy[8]. The community level
adaptations seems to affect the water balance of the moss
layer the most respectively and eminently participates in
the water loss control in Polytrichum[27], surface structure
of the moss layer has great effect on properties of thick-
ness and conductance of boundary layer – region of still
air near the moss surface, the major impediment to wa-
ter loss[24][22]. Canopy surface characteristics have been
found to be related to carbon content of a cushion-forming
epiphytic moss[31].

Bryophyte species in general have characteristics of ap-
plicable biomonitors and since 1968, when Rühling and
Tyler first used mosses as bioindicators of lead in at-
mosphere, they have been used as both passive and ac-
tive biomonitors of the environment commonly[26][3][10].
However, suitability of growth form of moss and thus struc-
tural properties of the canopy is also known[9], growth form
has been also found to be able to reconstruct post climate
change[11] and recent research implies that growth form
can be even more suitable for bioindicative purposes than
species itself[19].

As we can see from these examples, moss canopy prop-
erties are both in relation with environment of moss layer
(thus important as bioindicator) and with biophysical char-
acteristics of the canopy (thus important as microenviron-
ment). Therefore, further knowledge and establishment of
study methods of bryophyte canopy properties is necessar-
ily needed to determine correlations between canopy struc-
ture and both macro- and micro-environmental factors.

Recent infrequent studies concerning bryophyte canopy
structure applied various modern, computer analysis meth-
ods to determine moss layer characteristics drawing on the
outcomes of a research on surface of soil[7]. Surface rough-
ness index (Lr) has been hereby used as a monitor of quality
and condition of moss layer, other indices, i.e. the scale of
roughness elements (Sr) and the fractal dimension (D) of
the canopy profile have been used and found to be impor-
tant as well[22]. As stated in Rice[23], contact probe, LED
scanner and 3D laser scanner were used and compared in
light of efficiency and serviceability in 27 canopies of dif-
ferent growth forms. However, none of the methods already
assessed have not been found to be convenient for field re-
search, especially due to the immobility of used equipment
and therefore needed dislocation of the surveyed moss ma-
terial into the laboratory. This has great disadvantage in
destroying the original canopy not only due to the transfer
and excision from its environment, but also due to different
much dryer conditions affecting moss surface in laboratory.

Method used in this study stereo photogrammetry has
not been assessed for bryophyte canopy study yet, though

it has been used for the purpose of evaluation of surface of
soil[25]. Great advantage of this method, in comparison to
other methods recently used, lies in the ability of collecting
moss surface data in real time and in natural conditions.

2. Former Methods

The most significant research in the field canopy struc-
ture scanning has been conducted by Steven K. Rice, De-
partment of Biological Sciences, Union College, Schenec-
tady, NY 12308, USA. Rice analysed canopy structure
among 35 canopies from 11 moss and liverwort taxa by us-
ing contact probe. These data were analysed using a geo-
statistical technique based on the semivariance statistic to
characterize variation in three structural parameters: rough-
ness height (i.e. average depth of roughness elements, Lr),
average separation distance of roughness elements, and ne-
scale roughness (i.e. surface irregularities within leaves and
branches)[24][23].

Contact probe provided depth measures to the nearest 0.1
mm. All measurements represented the depth of first con-
tact with canopy structure. Depths were sampled on the
area of 5 × 5 cm2 using the 0.5 cm grid and two transects
through the center of the sampling area using 0.1 cm grid.
Structural analysis were based on 223 depth measurements.

In his later research, Rice enhanced the scanning tech-
nique by using the LED and laser scanning techniques[23].
Original method using the surface contact probes is time-
consuming, requires the contact with canopy and is inca-
pable of measuring large surfaces.

Laser scanners were already used to measure soil sur-
face roughness. Rice suited this technique to mea-
sure bryophytes, but also draw attention to the fact that
bryophyte structure may be compromised by the inherent
organization of bryophyte canopies[23]. The higher levels
of canopy structure may obstruct the camera view and cre-
ate gaps in acquired data grid. Rice performed the laser
scanning with a Replica 3D scanner with Reversa 25 op-
tics. This system had an accuracy of 30 µm (measured as
the standard deviation of depth measurements on a smooth
sphere). The scanner was optimized for white surfaces, thus
canopy structure had to be coated with white spray paint.
For each sample, a 5 × 5 cm2 area was scanned at a grid
scale of 0.4 mm. This sampling procedure provided a poten-
tial maximum of 15 876 sample points. During the experi-
ments he obtained data for between 13% and 82% of possi-
ble sample points. All canopies scanned using the laser ap-
proach reached a maximum semivariance value within 2.5
cm[23].

Rice has also developed a portable scanner using LED,
working similar to commercial laser scanner. The LED
scanner was using LS1900 series laser diode to emit a 1 mm
wide light stripe. The intersection between the light stripe



and canopy was detected with a Pixera digital camera, 1.2
megapixels with macro lens F/2.1, f = 5 mm. This instru-
ment had an accuracy of 0.5 mm. Samples were mounted on
mechanical stage allowing displacement in the X-direction.
Sampling area was 6.5 × 5 cm2 with 2 mm grid in the X-
directions, providing maximum of 10 920 potential sam-
pling points. This scanning method provided data for be-
tween 21% and 88% of possible sample points. All scanned
canopies reached the same maximum semivariance as with
the laser approach[23].

3. Bryophyte Canopy Analysis

The former methods are suitable and efficient for mea-
suring structural parameters in laboratory, but generally are
impracticable in the field. Despite the LED scanner is pre-
sented as a portable device, it has high demands for proper
settings and conditions that has to be maintained.

The method described in this paper presents a new ap-
proach using the pair of cameras as the scanning device.
Computer analysis involving 3D reconstruction and soil
roughness compensation is used to calculate the canopy sur-
face roughness. The main goal was to create a device that
can be used in the field, needs a minimum time for settings
and is able to operate in the variety of environments.

Our device is composed of hardware parts – op-
tical system consisting of two cameras and software,
analysing acquired images. The images are acquired from
two IDS Imaging cameras (2240-M-GL, monochromatic,
1280x1024 pixels, 1/2” CCD with lenses PENTAX, f=12
mm, F1.4) firmly mounted in a distance of 32.5 mm be-
tween them (Figure 1). Images has been taken in normal
light, no auxiliary lamp was used.

The optical system has to be calibrated after assembly.
Calibration data obtained from the software calibration pro-
cedure are valid as long as there is no change in construction
or lens settings. The process of surface reconstruction and
roughness calculation is described in the following sections.

4. Bryophyte Canopy 3D Reconstruction

A method and a software system have been developed
to carry out the 3D reconstruction of bryophyte canopy sur-
face. The following main steps leading to reconstruction of
a canopy are performed by particular parts of the system: (i)
calibration of the optical system (i.e., the pair of cameras),
(ii) 3D reconstruction of the bryophyte canopy surface it-
self. In the sequel, the mentioned steps will be described in
more details.

In the calibration step, the parameters of the optical sys-
tem are determined, which includes determining the intrin-
sic parameters of both the cameras (focal length, position

Figure 1. The pair of cameras mounted on the
tripod

of the principal point, coefficients of nonlinear distortion of
the lenses) and the extrinsic parameters of the camera pair
(the vector of translations and the vector of rotation angles
between the cameras). For calibrating, the chessboard cal-
ibration pattern is used. The calibration is carried out in
the following four steps: (1) creating and managing the set
of calibration images (pairs of the images of calibration pat-
terns captured by the cameras), (2) processing the images of
calibration patterns (finding the chessboard calibration pat-
tern and the particular calibration points in it), (3) prelimi-
nary estimation of the intrinsic and the extrinsic parameters
of the cameras, (4) final iterative solution of all the cali-
bration parameters. Typically, the calibration is done only
from time to time and not necessarily at the place of mea-
surement.

For solving the tasks that are included in Step 2, we have
developed our own methods that work automatically. For
the initial estimation of the parameters (Step 3), the method
proposed by Zhang[29, 30] was used (similar methods may
now be regarded as classical; they are also mentioned, e.g.,
by Heikilla and Silven[16], Heikilla[15], Bouguet[4] and
others). The final solution of calibration was done by the
minimisation approach. The sum of the squares of the
distances between the theoretical and the real projections
of the calibration points was minimised by the Levenberg-
Marquardt method.

If the optical system has been calibrated, the surface of
the bryophyte canopy may be reconstructed, which is done
in the following four steps: (i) capturing a pair of images
of bryophyte, (ii) correction of geometrical distortion in the
images, (iii) rectification of the images, (iv) stereomatching,
(v) reconstruction of the bryophyte surface.



Distortion correction removes the geometrical distortion
of the camera lenses. The polynomial distortion model with
the polynomial of the sixth degree is used. The distortion
coefficients are determined during the calibration.

Rectification of the images is a computational step in
which both the images that are used for reconstruction are
transformed to the images that would be obtained in the case
that the optical axes of both cameras were parallel. The rec-
tification step makes it easier to solve the subsequent step of
finding the stereo correspondence, which is generally diffi-
cult. The rectification step is needed since it is impossible to
guarantee that optical axes are parallel in reality. We have
developed a rectification algorithm that takes the original
projection matrices of the cameras determined during cali-
bration and computes two new projection matrices of ficti-
tious cameras whose optical axes are parallel and the projec-
tion planes are coplanar. After the rectification, the corre-
sponding points in both images have the same y-coordinate.

The dense stereo matching problem consists of finding
a unique mapping between the points belonging to two im-
ages of the same scene. We say that two points from differ-
ent images correspond one to another if they depict a unique
point of a three-dimensional scene. As a result of finding the
correspondence, so called disparity map is obtained. For
each image point in one image, the disparity map contains
the difference of the x-coordinates of that point and the cor-
responding point in the second image. The situation for
finding the correspondence automatically is quite difficult
in the given context since the structure of bryophyte canopy
is quite irregular and, in a sense, similar to noise. We have
tested several known algorithms for this purpose. The re-
sults of none of them, however, are fully satisfactory for the
purpose of reconstructing the bryophyte canopy. Finally,
we have decided to use the algorithm that was proposed by
Ogale and Aloimonos[20] that gave the best results in our
tests.

Once the disparity map is found, the bryophyte canopy
surface visible in the images may be found quite easily. In
Figure 2, the result of bryophyte canopy 3D surface recon-
struction is shown.

5. Surface Roughness

Surface roughness is a measurement of the small-scale
variations in the height of a physical surface of bryophyte
canopies.

For statistical evaluation of every selected bryophyte, we
fitted all measured z-component values that we obtained
from the 3D reconstruction (4) with a plane[17]. This plane
then represents the mean value of measured z-component.
For this step, we have already a full set of x-, y-, and z-
components from the previous reconstruction process. The
plane is defined by Ax + By + Cz = D, where A, B,

and C denote components of the normal of the plane (
n = (A,B, C)).

The signed distance between a point pi = (xi, yi, zi) and
the plane is di = Axi + Byi + Czi −D. In this case, we
are assuming normalized plane (i.e. A2 + B2 + C2 = 1).

In a given set of points pi, i = (1, . . . , n), we need to find
a plane such that the distances between pi and the plane is
minimized. The di may be of positive or negative value, an
appropriate minimization of di is the least squares method,
in which we are finding A, B, C, and D as a minimum of

f(A,B, C, D) =
n∑

i=1

d2
i . (1)

Thereafter we want to solve the following system of lin-
ear equations

∂f

∂A
= 0,

∂f

∂B
= 0,

∂f

∂C
= 0,

∂f

∂D
= 0. (2)

From the equation ∂f
∂D = 0, we obtain D = Axc+Byc+

Czc where

xc =

n∑
i=1

xi

n
, yc =

n∑
i=1

yi

n
, zc =

n∑
i=1

zi

n
. (3)

The above equations show that the best fitting plane
passes through the center of the mass denoted by xc, yc, zc.
By substracting the center of the mass from the each point
and substituting the difference into Equations (2), we obtain
a system of equations (note that the least squares plane will
pass through the origin)

WP = 0, (4)

where P = [A,B, C]T . The system (4) has a trivial solution
A = B = C = 0. To obtain a non-trivial solution, we may
require A2 + B2 + C2 = 1. With such a constraint, it can
be shown that the solution becomes an eigenvalue problem

WE = V E, (5)

where V are the eigenvalues and E the eigenvectors. So-
lution of the Equation (5) produces three eigenvalues and a
3 × 3 matrix of eigenvectors. The three eigenvectors are
orthogonal and define a thee sets of A, B, and C. They
represent the best, intermediate, and the wost planes. By
choosing the smallest eigenvalue and associated eigenvec-
tor, we have the set of A, B, and C that represent the best
fitting plane.

We have implemented two different solvers of plane fit-
ting problem. One that is written in the C language and is
integrated into our measurement software, and the testing
one that is implemented in the GNU Octave language.



Figure 2. Results of 3D reconstruction of canopy surface (Polytrichum formosum)

In order to calculate the surface specific parameters, we
have to minimize the impact of subsoil segmentation. We
have performed a linear regression using the expression
above to interpolate the subsoil surface. Thus we have ob-
tained the plane that represents the average canopy level.
The distances from the reconstructed z-coordinates and the
fitting plane were evaluated statistically.

Canopy structure can be characterized by the surface
characteristics. The most common measure of statistical
dispersion is the standard deviation, measuring how widely
z-values are spread in the sample. Standard deviation[28] is
computed as

σ =

√√√√ n∑
i=1

(zi − µ)2

N
. (6)

Bryophyte canopy structure is also described by Lr pa-
rameter defined by Rice as the square root of twice the max-
imum semivariance[22]. Semivariance is described by

γ̂(h) =
1

2n(h)

n(h)∑
i=1

(z(xi + h)− z(xi))2, (7)

where z is a value at a particular location, h is the distance
between ordered data, and n(h) is the number of paired data
at a distance of h[1].

6. Results and Discussion

The 3D reconstruction performed on the system of our
own construction had an average accuracy of 0.1 mm, mea-
sured on testing images with scale and objects of known
dimensions.

To evaluate the applicability of canopy surface measure-
ments, based on 3D reconstruction, we have analysed ten

image samples of two bryophytes representing the quite dif-
ferent structure – Polytrichum formosum and Atrichum un-
dulatum. We also tried to observe mat-forming moss Hyp-
num cupressiforme but our specimen did not survive un-
der laboratory conditions, this led to the destruction of its
canopy.

Canopy depth were obtained from the area of about
5 × 5 cm (observer interquartile range was Q(z)10 =
−0.0177, Q(z)90 = 0.0142). The scanned area provided
more than 600000 depth points that were used to calculate
surface parameters.

Previously mentioned accuracy is sufficient for char-
acterising the canopy structure considering the average
bryophyte depth of about 20 mm. By comparing the stan-
dard deviation of Polytrichum formosum surface (σ =
0.0109, 95% confidence interval 0.0104–0.0115, n = 5)
and Atrichum undulatum (σ = 0.0125, 95% confidence in-
terval 0.0121–0.0129, n = 5), we have verified the abil-
ity of bryophyte canopy differentiation based on the surface
characteristics.

The basic limit of our approach is the success rate of
dense stereo match algorithm. Finding the corresponding
points automatically is quite difficult, especially in cases
where canopy structure is vague and indifferent. Improper
corresponding points lead to abnormalities and inaccuracy
of reconstructed surface, likewise derived statistical values.

Since this is a preliminary evaluation of the bryophyte
canopy analysis based on 3D surface reconstruction, further
examination has to be made involving the extended range
of bryophyte species and environmental conditions. Addi-
tional surface characteristics will be exploited involving the
comparison of surface roughness published by Rice[23].

While the techniques used in the past were successful
in laboratory environment, the analyser based on 3D im-
age reconstruction may become the real in-field measure-



ment apparatus. It simplifies the research involving surface
roughness and accelerates the calculation. Oncoming re-
search will involve utilization of this method for real-time
observations.
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