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Introduction

Accurate measurement of timber stacks
is crucial for the timber industry, especially
for financial transactions and logistical
planning (Purfirst et al. 2023). Recent ad-
vancements in sensor and camera technol-
ogy have led to the development of photo-
optical measurement methods (Berglund
2014, Moskalik et al. 2022). Automated
measurements significantly reduce the
time and effort required (Borz et al. 2022).
These systems typically capture images of
timber stacks and use image-processing al-
gorithms to determine dimensions, vol-
ume, and other relevant parameters (Matz-
ku 2024). The software identifies the outer
boundary of the timber stack in the image,
defining the two-dimensional area of the
stack’s front surface. Advanced algorithms

Accurate volume measurement of stacked timber logs is essential for the tim-
ber industry. Photo-optical Automated Volume Measuring Systems (AVMS) offer
efficient alternatives to manual methods but require verification to ensure re-
liability. This paper presents a simple, reliable, and easily implementable veri-
fication method for AVMS, based on measuring the wood stack front surface
area. The proposed method utilizes reference models, calibrated using trace-
able working standards, to simulate timber log stacks with defined contours.
This involves comparing the AVM’s measured area to the reference model’s
area, enabling the determination of area measurement errors. The study in-
vestigates the selection of reference instruments, proposes a comprehensive
AVMS verification procedure, and evaluates the method’s metrological charac-
teristics. Laboratory tests involving 110 AVMS units revealed a repeatability of
0.46% and a total uncertainty of approximately 1.1%. The method successfully
identified shortcomings in commercially available AVMS, including non-compli-
ance with manufacturer-declared errors and design imperfections related to
camera limitations. The developed method can be used in industry, metrologi-
cal supervision, and scientific research to ensure accurate and reliable mea-
surements of wood stacks and the long-term reliability of AVMS. This study also
highlights the need to further improve photo-optical measurement systems to
increase their reliability and accuracy.
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can provide more accurate and transparent
measurements compared to manual meth-
ods, minimizing the risk of mistakes associ-
ated with manual calculations (Borz & Pro-
to 2022, Xu et al. 2024). Detailed records of
measurements and corresponding stack
images enable the collection of valuable
data for forest management and research
(Cremer et al. 2021, Borz & Proto 2022). De-
spite their advantages, photo-optical sys-
tems still face certain challenges. For ex-
ample, accurately measuring complex
stack shapes can be challenging for some
systems (Tomczak et al. 2024).

Adverse weather conditions such as rain,
snow, or poor lighting can affect image
quality and measurement accuracy (Ber-
endt et al. 2021). Regular inspection of
photo-optical AVMS can help prevent sig-
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nificant measurement errors by enabling
timely maintenance or recalibration. Re-
searchers have evaluated the reliability of
these new methods (Pasztory et al. 2018),
identified factors contributing to measure-
ment deviations (Matzku 2024, Ucar et al.
2024), and compared systems from various
manufacturers (Purfirst et al. 2023). How-
ever, little attention has been given to the
verification procedures for such systems.
Essential elements include: selecting refer-
ence standards and ensuring their trace-
ability; implementing the principle of com-
paring two measuring instruments and as-
sessing key metrological characteristics;
and determining appropriate measure-
ment conditions.

A conformity assessment process repre-
sents a commitment to safety, quality, and
fair competition, benefiting manufacturers,
regulators, and consumers (Mjakuskina &
Lapina 2018). It evaluates whether a prod-
uct meets the requirements of relevant le-
gal acts, standards, and technical specifica-
tions (Castka et al. 2023). Conformity as-
sessment is not merely a bureaucratic hur-
dle, as it offers significant advantages for
all parties involved. For manufacturers, it
provides a gateway to legal market access
(Yadav et al. 2023). By demonstrating com-
pliance, manufacturers can avoid fines and
legal disputes, and they gain a competitive
edge through increased customer confi-
dence (Mattarozzi et al. 2023). The assess-
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ment process itself can be a valuable tool,
helping manufacturers identify and rectify
weaknesses in their production processes,
which can lead to greater efficiency and
cost reduction (Friederich & Lazarova-Mol-
nar 2024). Regulatory bodies also benefit,
as conformity assessment helps ensure
that only safe and reliable products reach
consumers. By identifying non-compliant
products, regulators can take action
against manufacturers who disregard regu-
lations. Data gathered through conformity
assessments inform the development and
refinement of future regulations and stan-
dards (Demetzou & Rovilos 2023). Ulti-
mately, conformity assessment provides a
vital layer of assurance that the products
consumers purchase are safe, function as
intended, and meet the advertised quality.
Regular verification (if legally required) or
calibration, along with routine mainte-
nance, is necessary to ensure ongoing mea-
surement accuracy and reliability. Con-
formity assessment procedures are carried
out with traceability to national or interna-
tional measurement standards (ILAC-P14:
09 2020). This means that the system’s
measurements must be compared to refer-
ence values. In practice, the measured di-
mensions are compared to known refer-
ence values to evaluate the system’s accu-
racy. Conformity assessment procedures
for photo-optical systems may use differ-
ent terminology across national legal
frameworks. In some countries, these sys-
tems are classified as legal metrology in-
struments, while in others they are consid-
ered under industrial metrology. In this pa-
per, we refer to the conformity assessment
procedure for these systems (when
treated as objects of legal metrology) as
verification, and we establish traceability
to standards through calibration. The im-
plementation of these procedures remains
essentially similar in all cases (Winter 2012).
The objectives of this work are (i) to as-
sess the key metrological characteristics in
the verification of photo-optical measure-
ment systems; (ii) to propose simple, reli-
able, and implementable solutions for veri-
fying photo-optical systems used to mea-

sure the area of wood stacks, and to inte-
grate them into a common geometric di-
mension traceability framework; this in-
cludes developing a verification methodol-
ogy with a clear sequence of actions, se-
lecting appropriate reference instruments
and calibrating a reference “model”, and
quantitatively assessing the method’s relia-
bility; (iii) to evaluate a series of measuring
instruments, determine the compliance of
photo-optical measurement systems with
their manufacturer-declared metrological
characteristics, and identify shortcomings
related to camera limitations and software
operation.

Methods

Theoretical study

Photo-optical systems capture multiple
images of a timber stack’s front face. Soft-
ware then stitches these images together
to create a complete digital representation
of the stack’s face. The software identifies
the outer boundary of the woodpile in the
image, defining the two-dimensional area
of the stack’s face. These systems employ
various algorithms to estimate the wood-
pile’s volume based on the captured area.

Metrological characteristics of a photo-
optical system

The key metrological characteristics of
these systems are the area measurement
error and the measurement range of the
timber stack’s front surface area. These pa-
rameters are directly related to the mea-
surement process itself. Additional factors
pertain to the algorithms used for volume
calculation. The calculated total volume ac-
counts for both the solid wood and the air
spaces between the logs. A conversion fac-
tor k accounts for the difference between
the volume of the stacked timber and the
solid wood content. The ratio of solid
wood to total stack volume can vary be-
tween ~50% and ~80%, depending on the
type and shape of the wood (Witkowska &
Jodlowski 2019).

The combined standard uncertainty of a
volume estimation using such a system

Tab. 1 - Main elements of the verification procedure for log stack photo-optical sys-

tems.

Conformity assessment  Front surface area

parameters Area measurement

Standards selection

A of logs
range

Identifying suitable reference standards

Construction of log stack templates/models

Calibration of log template area

Main stages of method
implementation

Measurement of the area bounded by the contour of the stack
template with a photo-optical system (selected different

contour areas are measured at different distances

It is assumed that the volume of a stacked log is calculated
according to the formula: V=A - k - L, where k and L are 1

during verification

Evaluation of the error of the template/model area and its
comparison with the permissible error of AVMS: 6A <8Agermissible
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consists of three components: (i) uncer-
tainty in the front surface area of the logs
(the surface perpendicular to the log
length); (ii) uncertainty in the length of the
stacked logs; and (iii) uncertainty in the
conversion factor. The standard uncer-
tainty of the front surface area is equal to
U(A) = £ 84/V3, where # §, is the maximum
permissible area error of the system as de-
clared by the manufacturer. Different
wood species vary in shape, bark thickness,
and straightness, all of which influence
stacking characteristics. For instance,
crooked logs create more air gaps than
straight logs. Methods for determining the
conversion factor k include using published
data or tables of typical k values for differ-
ent wood types and conditions (StateNews
2003), as well as employing image analysis
techniques (in some advanced systems) to
estimate the fill factor by analyzing the
gaps between logs. The uncertainty associ-
ated with the conversion factor k is critical
to accurate volume estimation of stacked
timber (Tomczak et al. 2024). The standard
uncertainty of k can be derived from its
maximum error and can be calculated as
u(k) = = 8i/V3. If the error of the conversion
factor &y = + 0.05 and the conversion factor
ranges from 0.5 to 0.8, then the standard
uncertainty of the conversion factor is
equal to 4%-10%, depending on the type and
shape of the wood. Typically, the accepted
log length in practice is slightly greater
than the average log length, with an extra
allowance of 5-10 cm added (StateNews
2003). In this analysis, we assume there is
no uncertainty in the length measurement,
taking its uncertainty as zero (u(l) = o).

The relative error of volume estimation
with the photo-optical system is calculated
using k=v3 for a rectangular distribution ac-
cording to (eqn. 1):

8(V)=y6%+0? Q

Based on the above considerations, the
relative volume estimation error for a
photo-optical system can range roughly
from 3% to 10%, depending on the type and
shape of the wood (Gajjar 2017, Matzku
2024, Tomczak et al. 2024, Xu et al. 2024). If
the volume calculation algorithm does not
use the conversion factor k, the volume es-
timation error depends only on the area
measurement error.

Main elements of the verification
procedure

As mentioned earlier, the final result cal-
culated by photo-optical systems is a vol-
ume, obtained as the product of the mea-
sured area, the conversion factor, and the
log length. For verification purposes, this
volume can be effectively equated to the
measured area by setting k =1 and L = 1.
These two factors are set to unity because
they are not directly measured by the sys-
tem but rather are predefined (by agree-
ment or by image analysis results). There-
fore, verification focuses on measuring the
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stack’s end-face area as determined by the
instrument. This same area is also mea-
sured using reference instruments, and the
measurement error is calculated and com-
pared to the manufacturer’s permissible
error specification.

Reference models with geometric dimen-
sions near the instrument’s specified mini-
mum and maximum measurable areas are
tested to cover the full measurement
range of the photo-optical system. The sys-
tem is considered compliant when the area
measurement errors at both the minimum
and maximum test areas remain within the
acceptable error limits. Taking all of this
into account, the main elements of the ver-
ification procedure are summarized in Tab.
1.

Key considerations for reference
instrument selection

When selecting a reference instrument
for verification, several key factors must be
considered to ensure accurate and reliable
measurements. First, the reference instru-
ment should be traceable to national or in-
ternational standards and must have a
valid calibration certificate from an accred-
ited laboratory. Second, to minimize the
impact of the reference instrument’s un-
certainty on the overall measurement un-
certainty, the reference instrument’s un-
certainty should be at least three times
smaller than the uncertainty (or maximum
error) of the instrument being tested
(OIML-G-19 2017). Thus, during the selec-
tion process, the standard’s calibration un-
certainty is directly compared to the
photo-optical system’s permissible error.

The reference model’s area is calculated
from measured lengths, so directly com-
paring the uncertainty of a length-measur-
ing standard (e.g., a laser distance meter)
to the permissible area error of the AVMS
is not straightforward. We therefore relate
the reference instrument’s calibration un-
certainty to the uncertainties in the mea-
sured lengths that define the area. Appen-
dix 1 (Supplementary material) details the
theoretical derivation of the calibration cri-
teria for standards, based on the relation-
ship between length measurement uncer-
tainty and the permissible area error for
rectangular log stack models. For log stack
AVMS, the relative error of the total log
pile area 8, is typically determined (Cremer
et al. 2021, Tomczak et al. 2024).

The calibration technique utilizes two pri-
mary categories of measuring instruments.
Aruler, tape measure, or laser meter is em-
ployed to measure the edges of the log
stack model. The length of the reference
measure Lz must be greater than or equal
to the largest side of the model contour L.
Furthermore, the expanded uncertainty
U(Lg) of these measuring instruments must
be less than or equal to the value deter-
mined by the following (eqn. 2):

0 Apermissible -a-b (2)

U (L)< ——kermissitle —__
(Le) 100%-3-(a+b)
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15 20 25 30
A, m?

Fig. 1- Dependence of the expanded uncertainty of length reference standards on the

measured area.

where 8Apermissivie i the relative permissible
error of AVMS, and a and b are the lengths
of the sides of the rectangular model (Fig.
1), expressed in meters.

Log stack templates, or models, serve as
reference standards for verifying the
AVMS. The reference area of the model
contour Aneg ranges from 2 to 20 m2 The
expanded uncertainty of the model area
U(Amos) must be less than or equal to one-
third of the relative permissible error of
AVMS: U(Amod) < OApermissbie | 3. The uncer-
tainties and errors are given in either abso-
lute or relative terms, aligning with the
technical specifications provided by photo-
optical system manufacturers. When se-
lecting standards according to the afore-
mentioned criteria, it is crucial to verify
that the target error ratio is achieved after
calibrating the model’s contour area. This
area is calibrated during the AVMS verifica-
tion process.

Proposed method for photo-optical
system verification

This section outlines the process for veri-
fying AVMS used to measure the volume of
timber log stacks. The operating principle
of an AVMS relies on a combination of im-
age analysis and mathematical calculation.
Because the system’s software analyzes an
image to determine the area within a de-
fined contour, verification compares the
measured area of that contour with a cor-
responding reference value.

A specially constructed reference model

provides the reference value by simulating
a timber log stack with a known contour
area. The area of this model can be accu-
rately measured using manual length mea-
surement instruments. The model must be
calibrated under the same environmental
conditions as the AVMS under test.

For accurate measurements, the model
should be mounted on a flat, vertical plane
parallel to the plane of the AVMS’s imaging
system. The reference models should rep-
resent different points across the device’s
measurement range in terms of log stack
area. To ensure and assess reproducibility,
the model areas are measured at various
distances from the device. We propose us-
ing two reference models with distinct con-
tour shapes. Their areas should be close to
the minimum and maximum area limits
that the device under test can measure.
For example, as illustrated in Fig. 2, one
model could have an area of approximately
4-8 m? and the other around 10-14 m?, rep-
resenting different stack shapes at the low
and high ends of the instrument’s range.

Measurement of the area bounded by the
contour of the model with a reference
measuring instrument

The edges of the constructed rectangular
or polygonal models must be identified as
shown in Fig. 2. These edges are high-
lighted and designated as q, b, ¢, d, and f.
The lengths of the edges L,, Ly, L, Lg, and L
are measured using a reference instrument
(e.g., a tape or laser distance meter).

X
X
X,

X Fig. 2 - Examples

of formed rec-
tangular and
polygonal mod-
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Fig. 3 - Establishing the ref-
erence perimeter using
laser levels.

Lengths are recorded in meters to three
decimal places. Each edge is measured five
times, and the average length is calculated
according to the following formula (egn.
3):

5
Lx:ég(in-'-As) (3)
where L, is the average edge length in me-
ters, x is an index denoting the edge g, b, c,
d, or f of the model’s contour, i is an index
representing the measurement number, i =
1, ..., 5; and A, is the calibration error of the
reference measuring instrument, obtained
from its calibration certificate.

The areas of the models are calculated us-
ing the following equations (eqgn. 4, eqn.

5):
A.=T. I, (4)
A Lf-(Ld+%) )

poly ™

The area uncertainty was calculated in ac-
cordance with the ISO/OIML principles of
uncertainty propagation. The total stan-
dard measurement uncertainty for each
model contour edge length is calculated as
detailed in Appendix 2 (Supplementary ma-
terial). The expanded uncertainty of each
model’s area is then obtained using the fol-
lowing equation (eqgn. 6):
— 2UC(A,-) (6)

A.

U(A;) -100%

J

where j is an index denoting the shape of
the model, either rectangular or polygonal.

The expanded uncertainties of the areas
bounded by the contours of the formed
models must meet the criteria U(A;) < 8Ape-.
missible/ 3, Where A pemissivie is the relative max-
imum permissible error of the AVMS. If this
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condition is not met for a given model, the
model’s contour needs to be adjusted (e.g.,
use a smaller or simpler shape) and the un-
certainty recalculated. The model contours
should be refined until the expanded un-
certainty of their area measurements
meets the specified criterion.

Application of the proposed method

For the verification procedure of the log
stack AVMS, a simulated log stack tem-
plate (reference model) was constructed
and used (Fig. 3). This model was cali-
brated under the same environmental con-
ditions as the AVMS and constructed on a
smooth, vertical plane. Laser levels en-
sured accurate alignment of the model’s
edges. For rectangular reference models,
two horizontal and one vertical laser level
were used, providing leveling accuracy of
about 1 mm to #1.5 mm per 10 m in both
horizontal and vertical directions.

For the initial system test, area measure-
ments were performed at a randomly cho-
sen distance from the photographed
plane. This verified the system’s ability to
account for varying distances. The system
must correctly recognize the captured im-
age as the outline of a pile of logs. To verify
the AVMS ability to calculate volume, we
set the corresponding values of log length
L and the density factor k. For each combi-
nation of L and k, the expected volume Vis
calculated using the formulaV=A-k- L.

A photograph of an actual log stack was
projected onto the same vertical plane as
the reference model to activate the mea-
surement system’s edge-detection algo-
rithm (i.e., to ensure the system “sees” a
realistic log arrangement within the refer-
ence contour). A reference outline was
then established using three laser levels.

Fig. 4 - The reference
points for the rectangular
and polygonal area.

Two laser levels defined a large outer rec-
tangle: the intersection of their vertical and
horizontal laser lines was aligned with the
predetermined reference corner points
(lower-left and upper-right) of the desired
outline, as shown in Fig. 3a. This created
the perimeter of the outer rectangular ref-
erence area. The third laser level created
an internal horizontal reference line. Its
vertical and horizontal beams were aligned
approximately with the midpoint of the
projected log stack’s top horizontal edge,
at roughly 25%-40% of the total height from
the bottom of the projection (Fig. 3b).

The required geometric dimensions of
the reference outline were then measured
using a laser distance meter, using the in-
tersections of the laser lines as reference
points. From these measurements, the ar-
eas of both the rectangular and polygonal
reference shapes were calculated. Fig. 4a
shows the reference points for the rectan-
gular area, and Fig. 4b shows the reference
points for the polygonal area.

The areas of the reference model con-
tours were also measured using a refer-
ence laser distance meter with 1 mm reso-
lution, a systematic calibration error of
-0.03 mm, and an expanded uncertainty of
0.8 mm. During the measurement of each
contour edge, the readings were corrected
by subtracting the reference instrument’s
calibration error, applying the -(-0.03 mm)
= +0.03 mm correction where appropriate.
The pile width (m), pile height (m), and to-
tal area (m?) as determined by the AVMS
were recorded on a tablet computer (see
Fig. 5 for an example of the recorded re-
sults display).

Two operators carried out the tests on
separate batches of AVMS devices. The
first batch contained 48 photo-optical sys-
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tems, and the second batch contained 62,
for a total of 110 devices tested. The de-
vices under test are photo-optical volume
measurement systems for timber log
stacks, each employing at least two stereo-
cameras. According to the manufacturer,
the device measures the cross-sectional
area of a log stack by detecting its contour
(using an algorithm). Then it calculates the
volume based on the log length and a fill-
ing (density) coefficient. The manufacturer-
declared metrological specification is an
area measurement error of +3%. The device
has certain operating limitations, including
a valid working distance from the stack
(min. 3 m, max. 8 m), a minimum ambient
light requirement (> 2 lux), and a tolerance
for camera alignment (the camera’s image
plane must be within +5° of parallel to the
log stack end-face or truck trailer).

For all verification measurements, the
AVMS was set to its “Contour” operating
mode, with the log length L = 1 m and the
stack density coefficient k = 1 (100%). The
system allows the detected pile contour to
be adjusted via user-selected boundary
points (Fig. 4). The captured image of the
model with the outlined contour, along
with any manual contour adjustments, was
saved in the measurement results report
for each test.

To evaluate the errors of each device un-
der test, the area enclosed by the contour
detected by the AVMS was compared to
the corresponding area measured by the
reference method. Measurements with the
device under test were performed for both
reference model shapes at two distances:
approximately 3.3 m and approximately 7.1
m from the model’s vertical plane. Two
measurements were taken in each case for
each distance and model shape. The calcu-
lated relative deviation of the area for each
model at different distances is equal to:
5Asystem =100 - (Asystem - Amodel) /Asystem; where
Aqystem is the area value measured by the
AVMS, and A.qe is the reference area value
of the model contour calculated by eqgn. 4
and eqn. 5. The relative deviation 8Aem Of
each measurement must not exceed the
permissible error declared 8Apemissivie bY the
manufacturer.

Results and discussion

The verification process consists of two
main parts: (i) calibrating (measuring) the
simulated reference model’s area; (ii) com-
paring the device-under-test’s results to
the reference measurements. Before ex-
amining device performance, we also con-
sider the calibration results for the refer-
ence model areas. Tab. 2 presents the mea-
sured areas of the reference model con-
tours and their uncertainties.

Our results show that conventional work-
ing standards with a scale division of about
1 mm can be effectively used to measure a
simulated reference model’s dimensions.
When using such common measuring
tools, it was not necessary to apply any ad-
ditional correction factors from the refer-

iForest 19: 352-358
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Result 2024-10-23 12-26-16
Storage: DEFAULT

Type: Uncategorized

Tree species: Alder

Volume: 11.396m?
Gross: 11.396 stere
Pile width:@ 4.473m
Pile height:@ 2.548m
Total area: 11.396m?
Log length: 1m

Pile density: 1

Fig. 5 - Display of the recorded results on the tablet.

Tab. 2 - Summary of uncertainty budget for contour area measurement with a work-
ing standard. (o0): standard uncertainty; (o.): combined standard uncertainty; (W):
sensitivity coefficient; (o-W): component of the combined standard uncertainty, eval-

uated for its contribution.

Sources of Value o oc W (m) oW (m?)

uncertainty (m) (m) (m) Arect Avoly Arect Avoly

Calibration of a -0.00003 0.00041 - - - - -

standard (A + Us)

Resolution (4A;) 0.001 0.00041 - - - - -

Contour a 2.612 0.00032 0.00059 4.3776 - 0.00258 -

edge b 43776  0.0006 0.00078 2.612 - 0.00204 -

measure-

ments ¢ 2.0626 0.00075 0.0009 - 2.1888 - 0.00197
d 0.5494 0.00051 0.00072 - 4.3776 - 0.00315
f 4.3776  0.0006 0.00078 - 1.5807 - 0.00123

Standard combined uncertainties for measuring areas : Uc(Arect) = 0.00330 m?, uc(Apoy) =

0.00247 m?

The areas bounded by the contours of the models: Arect_mod = 11.434 M2, Apoy_mos= 6.920 m?
The expanded uncertainty of the bounded area: U(Aret)= 0.058 %, U(Apoy)= 0.071 %

ence instrument’s calibration certificate to
the raw measurements, as the small sys-
tematic error of the standard was negligi-
ble at this scale. The correlation between
opposite edge measurements of the rec-
tangular models was insignificant, so co-
variance terms between edges could be
neglected in the uncertainty evaluation for
area calibration.

For each AVMS device under test (from
both batches), the relative area deviation &
was calculated for both reference models
at both test distances. Fig. 6 summarizes
the combined results for all 110 tests. Out
of 110 photo-optical systems, 12% (13 sys-
tems) did not meet the manufacturer’s de-
clared +3% permissible error for area mea-
surement. Overall, the results are approxi-
mately normally distributed, indicating that
the measurement errors are predominantly
random, with no strong systematic bias
across devices. However, the distribution
of area deviations for the first batch of de-
vices is skewed toward negative values, in-
dicating that those systems tended to un-
derestimate the area. In contrast, the dis-

tribution for the second batch is skewed
toward positive values, indicating that
those devices tended to overestimate the
area. We suspect these between-batch bi-
ases stem from slight differences in camera
alignment or calibration among the de-
vices, especially noticeable when photo-
graphs were taken from farther away.

To evaluate the overall reliability of the
verification method, we assessed not only
individual device errors but also the meth-
od’s repeatability and reproducibility. The
standard deviation of repeated area mea-
surements (reflecting short-term repeata-
bility) varied with area size and camera dis-
tance. For reference model areas between
about 6 m? and 12 m?, the standard devia-
tion of the AVMS’s area readings ranged
from roughly 0.2% to 0.3%. The method’s re-
producibility, evaluated by varying condi-
tions such as distance and operator and ex-
amining variation in results, was approxi-
mately 0.46%.

The overall uncertainty of the verification
method includes the uncertainty in deter-
mining the reference model’s area, the
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(a) Rectangular model, distance 3,3 m
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Fig. 6 - Summarized results of area evaluation errors for all samples of both batches (a and b): relative area error on the x-axis, num-

ber of samples on the y-axis.

method’s repeatability, and its reproduci-
bility. Taking all these components into ac-
count, the total expanded uncertainty of
the verification method is approximately
1.1%. The relative expanded uncertainty can
be expressed by the following (eqn. 7):
U(Ameth):2 ufnod+ufepeat+ufeprod (7)
where Uneq is the standard uncertainty of
contour area measurement with a working
standard, Urepeat is the uncertainty due to re-
peatability based on a calculation of a stan-
dard deviation of area measurement ob-
tained from multiple measurements, and
Ureprod IS the standard deviation of multiple
repeatability test results where the condi-
tions of measurement have been changed.
To calculate the overall uncertainty, we
used the maximum observed values of
these components as a conservative esti-
mate.

This verification method reliably ensures
the performance of photo-optical systems
when manufacturers declare an allowable
area error of 3% or greater for timber stack
end-face measurements. This holds true
provided that a 1:3 uncertainty ratio be-
tween the reference standard and the de-
vice under test is maintained during refer-
ence instrument selection (Tomczak et al.
2024).

Conclusions

This study presents the key aspects of
conformity assessment procedures for
photo-optical volume measurement sys-
tems used for log stacks. It describes a
practical methodology, validated under
laboratory conditions, applied to AVMS in
the context of metrological supervision
(verification). The proposed procedure en-
sures that AVMS comply with legal require-
ments by guaranteeing traceability to inter-
nationally recognized units.

A simple, reliable, and easy-to-implement
verification method for photo-optical
AVMS for measuring the area of wood
stacks has been developed and tested. The
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method is based on reference models
whose areas are measured using working
standards with fine scale divisions (0.5-1
mm). The procedure covers various as-
pects of AVMS verification, including identi-
fying key performance characteristics, se-
lecting suitable reference instruments, sim-
ulating and calibrating reference models,
evaluating measurement characteristics,
and processing the results.

We comprehensively evaluated the me-
trological performance of the method. Its
reproducibility is high (on the order of <1%),
and the total uncertainty is about 1.1% (rela-
tive, expanded). Using this method, we
identified several shortcomings in current
commercially available AVMS, including in-
stances of non-compliance with the manu-
facturers’ declared error specifications and
some design limitations, particularly re-
lated to camera alignment and imaging.
Nonetheless, the verification method al-
lows us to test and confirm the accuracy of
existing AVMS (with manufacturer-de-
clared area errors of 3% or more).

The findings of this study are relevant to
developing new standards and guidelines
in this field. International organizations
such as ISO and IEC continue to develop
standards to meet the needs of emerging
technologies.  Harmonizing  standards
across regions reduces duplication of ef-
fort and facilitates global trade by ensuring
products are evaluated using consistent
criteria.

Overall, the proposed verification tech-
nique is a valuable tool for ensuring the ac-
curacy and reliability of AVMS in the timber
industry. Its application can improve mea-
surement accuracy, help detect potential
problems in AVMS, and contribute to more
efficient and fair timber trade. Future re-
search and development should focus on
further mitigating camera-related limita-
tions and improving image-processing al-
gorithms in photo-optical measurement
systems to enhance AVMS accuracy and re-
liability. It is worth noting that this verifica-
tion method enables performance testing

in laboratory conditions rather than in the
field, significantly reducing the economic
burden on AVMS operators and contribut-
ing to environmental goals, e.g., by avoid-
ing unnecessary travel or machine opera-
tion, thereby reducing emissions.
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