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In the USA, a subset of permanent forest sample plots within each geo-
graphic region are intensively measured to obtain estimates of tree volume
and products. The detailed field measurements required for this type of sam-
pling are both time consuming and error prone. We are attempting to reduce
both of these factors with the aid of a commercially-available solid-state
matrix camera. This device, along with clinometer angle measurements and
distance, can be used to rapidly capture data of an entire tree stem. Subse-
quent analysis can generate bole heights, diameters, and form measurements.
We have found the diameter measurements taken from digital images to be
nearly equal to caliper measurements on felled trees. We are developing
specifications for both the camera system and data collection protocol. This
includes potential sources of error that may adversely affect diameter meas-
urements, which we enumerate in this paper.
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Inventory and monitoring activities
have become more important in re-
cent years. Forest resources are be-
ing stretched and strained as more re-
source uses are sought for an increas-
ing population of users. Therefore,
knowledge of what resources exist,

where they are located, what their
condition is, and how they change
over time are critical pieces of man-
agement information. To accommo-
date these management needs, inven-
tory information needs to be more
detailed and accurate and must be
collected with maximum efficiency
to extent fixed budget dollars (Peter-
son et al. 1994).



�

��������	
�������������������������� ����������������������������

In the USA, intensive forest in-
ventory plots are used to collect very
detailed information about tree vol-
ume and timber products (Cost
1979). While a single diameter and
a single height measurement may
suffice for most volume estimation,
more intensive forest inventories re-
quire multiple height and diameter
measurements as well as evaluation
of sweep, crook, cull estimation, log
grading, and crown ratio. Conse-
quently, such plots are only measured
at a very low sampling rate relative
to regular forest inventory plots.
However, field conditions (e.g., cli-
mate, insects, terrain) are not condu-
cive to accurate and detailed mea-
surements. Additionally, quality as-
surance and quality control proce-
dures are difficult to monitor and
verify. Accurate measurement sys-
tems are needed that can provide this
same information quickly and with
greater reliability.

Theoretically, the activity of data
collection occurs in two stages: (1)
data acquisition and (2) mensuration.
Traditionally, these two tasks are
conducted simultaneously, for exam-
ple when a diameter tape is place
around a tree. To expedite and im-
prove the data collection process,
however, it is important to disengage
these activities, with the latter being
performed in the office where con-
ditions lend themselves to accurate
and repeatable measurement. This
methodology has been used for years
in photogrammetry and remote sens-
ing, where 2-D images (containing
raw data) are acquired remotely and
laboratory analyses generate the re-
fined data desired (mensuration). We
postulate that the same approach can

used in terrestrial digital imaging to
obtain large amounts of highly ac-
curate data quickly.

Most of the literature about for-
estry applications of terrestrial pho-
tography has focused on obtaining
upper stem diameters and perhaps
tree height (Ashley and Roger 1969,
Crosby et al. 1983, Takahashi 1997).
Expense is suggested as a drawback
to multiple photographs (Grosen-
baugh 1963). Recent advances in the
field of microelectronics, however,
expand the opportunity for terrestrial
photography of trees to digital
imaging. The invention and develop-
ment of charged-coupled devices
(CCDs) allow the capture of light
rays at resolutions almost compa-
rable to film emulsion methods. The
output of the CCDs is an image in
digital format. The advantages are:
(1) expense and time delay for de-
veloping and printing is eliminated,
(2) storage is much more convenient,
(3) image organization can be much
easier, and (4) digital image manipu-
lation allows operations that could
never be accomplished with stand-
ard film technology.

This study compares tree stem di-
ameter measurements obtained using
digital imaging to corresponding
caliper measurements. Benefits of
this approach and potential sources
of measurement errors are enumer-
ated and examined.

� ������
For this study, images were acquired
of the whole face of the stem from
four camera stations, each rotated 90
degrees around the stem (Fig. 1).
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This provided four measurements of
diameter at each height. Typically,
two images per side were obtained
to acquire the entire length of the
stem. Diametrically opposed diam-
eter measurements were later com-
pared to the caliper measurement in
the same plane.
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The camera used was a Kodak1 DC-
120, which is a commercially avail-
able, reasonably priced (< 800 US$),
solid-state matrix camera. An 850 x
984 element charge-coupled device
(CCD) captures incoming light. Each
element is 7.8 x 5.0 microns in di-

mension (Kodak 1997). Filters are
used such that each element only
detects the intensity of a single wave-
length (e.g., red, green, or blue). To
convert the information from
836,400 analog measurements to
3,686,400 digital output values (1280
x 960 (pixels) x 3 (colors)) interpo-
lation is necessary, filling in both the
spectral and spatial gaps. Details of
this procedure are proprietary, which
hinders us from being able to deter-
mine the actual camera resolution.
Virtual pixel size is distance depend-
ent and was determined by measur-
ing objects of known dimension
(Clark et al. 1998).

In the office, images were trans-
ferred to a computer and converted
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to TIFF files. This step “explodes”
them to their final output image size
and makes them compatible with
many software packages. Image
Tool, a digital image processing
package developed in the Depart-
ment of Dental Diagnostic Science
at the University of Texas Health
Science Center, San Antonio, Texas,
was used to obtain the image meas-
urements for this study. The images
were indexed and their ID numbers
and ancillary data (side ID, distance
to the base of the tree, and angle of
inclination) were recorded in a
spreadsheet.

�	� ����������������

Images were acquired and data was
collected on four hardwood stems on
Middle Mountain in the Monon-
gahela National Forest, West Virginia
USA. Species consisted of black
cherry (Prunus serotina), red maple
(Acer rubrum), and sugar maple
(Acer saccharum), though species
was not a criterion for selection.

Preceding image acquisition, four
faces were marked on the stem us-
ing spray paint. This was done in or-
der to ensure proper orientation when
true diameter measurements were
collected after felling. Diameter
measurements were obtained from
the felled stem using metal tree
calipers and height measurements
were determined using a steel tape.
For trees with merchantable heights
of less than 15.2 m, diameters were
measured at breast height (1.4 m) and
then every 1.2 m up the stem start-
ing at 2.4 m and continuing until a
diameter measurement of less that
10.2 cm was reached, or until the end

of the central stem. For trees taller
than 15.2 m, diameter was measured
at breast height, every 1.2 m from
2.4 to 6 m, then every 3 m until the
central stem ended or reached a di-
ameter of less than 10.2 cm. For each
height, two caliper measurements
were taken perpendicular to image
directions 1 & 2 and 3 & 4 (Fig. 1).

The angle of inclination of the
camera was determined by using a
Sunnto clinometer placed on the
camera body. A digital inclinometer,
if built into the camera, would allow
the angle to be recorded into the im-
age’s header file. This angle is es-
sential to derive accurate measure-
ments from oblique imagery.

We manually set the focus at one
point on the stem in order to reduce
the chance that a closer object would
interfere with the auto-focus of the
camera. In addition, if the tree was
more than a few feet away the focus
was assumed to be at infinity.

We had heuristically determined
that, within limits, the exposure time
did not greatly affect diameter mea-
surement results. For this reason, we
opted to go with the auto exposure
setting on the camera to determine
our shutter speeds. By using auto-ex-
posure, we obtained relatively con-
sistent image intensity regardless of
ambient lighting (cloudy vs. sun-
light) or background light (sky vs.
forest). Aperture and shutter speeds
are automatically stored by the cam-
era in the images’ header files. The
DC-120 also has a picture quality
setting, which compresses the images
to varying degrees. We selected qual-
ity setting 2 out of the possible 4, with
4 being no compression and 1 being
the greatest degree of compression.
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Reduced resolution in forest condi-
tions of low contrast was the main
drawback at the lower picture qual-
ity settings.
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In total, 190 diameter measurements
were taken from 32 images (4 trees,
4 sides, 2 images/side). These mea-
surements ranged from approxi-
mately 10–38 cm at distances rang-
ing from 6-21 m with camera incli-
nation angles from 3 to 63 degrees.
The average error of these individual
measurements from the caliper mea-
surements was 1.76 mm, ranging
from –67.9 mm to 74.4 mm. In a pre-
vious report (Clark et al. 1998), an
average error of 9.7 mm was re-

ported. This earlier value did not cor-
rect for pixel overlap. Because one
pixel on each side of the tree is often
counted even though the true tree di-
ameter does not extend the full width
of each pixel, an extra pixel’s width
is included in the diameter estimate,
on average. By subtracting one pixel
width for the average overlap, the av-
erage error is reduced substantially.

Fifty-four diameters representing
the assumed circular cross-section
were calculated and compared be-
tween camera and caliper measure-
ments. Diametrically opposed cam-
era diameters were arithmetically av-
eraged. Then, a geometric average
was calculated for each pair of
caliper measurements and each pair
of camera measurements at each
height. In some cases, four camera
images were unavailable because of
obscured visibility. On average, the
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camera measurements were 3.4 mm
larger than the caliper measurements,
with 39 of the 54 measurements
within 13 mm of the mean (Fig. 2).
As noted above, this bias is much
smaller than previously reported due
to pixel-overlap correction. Errors
increase, however, as stem height
increases due to the larger, virtual
pixel size that results from greater
camera-to-datum distance.

The percent bias, calculated by
dividing the difference between the
camera and the caliper means by the
caliper mean (e.g., Garrett et al.
1997) was only 0.8 percent. The per-
cent inaccuracy, calculated as the
square root of the average of the sum
of squared percentage differences of
the estimated diameters, was 6.9 per-

cent. This result compares well with
the percent inaccuracies of other
dendrometers reported in Garrett et
al. (1997), which range from 5 to 11
percent.

We can plot camera-estimated di-
ameters versus caliper-measured di-
ameters (Fig. 3). From these data, we
estimated a regression line to predict
caliper-derived tree diameters from
camera-estimated diameters. If we
assume no bias, i.e. force the regres-
sion line through the origin, then we
find that the coefficient of the inde-
pendent variable is very close to
unity. In fact, a 95 % confidence in-
terval for this coefficient just in-
cludes 1. Therefore, our camera di-
ameters agree very closely with
caliper diameters.
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The above camera measurements do
not account for tree lean. As Fig. 4
shows, tree lean can often be quite a
significant source of error. It is par-
ticularly noticeable in the smaller di-
ameter measurements of Fig. 3. In
theory, lean errors partially offset if
images are captured in opposite di-
rections using the same datum plane.
Tree lean causes one height to be
overestimated and the other height
to be underestimated. These mis-es-
timations, however, do not cancel
each other exactly. Still, by using a
perpendicular photo to locate identi-
cal stem heights on opposing photos
it should be possible to reduce the
error considerably.

Measurement errors from digital
images can occur in several other
ways. For example, in Fig. 5 an en-
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larged portion of a digital image
shows how tree edges can be diffi-
cult to determine under varying back-
ground contrast. When the image
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background is sky, tree boundaries
are clear. When the background in-
cludes forest, stem delineation is
more subjective. Because each pixel
can represent 10–20 mm (depending
on camera distance), single pixel er-
rors become significant.

As noted above, virtual pixel size
– and consequently, error – increases
as one measures diameters farther up
the stem. Smaller diameters, which
occur higher in the tree, are affected
greatest. This results in a much
higher percentage error for these
measurements. This increased error
percentage is offset somewhat by the
fact that this portion of the tree has
much lower timber product volume
and value, so errors are less signifi-
cant from a volume and value per-
spective.

Any optical measurement system
is going to be hampered by visibility
in the forest setting. Along with con-
trast, light intensity and obscuring
objects (e.g. foliage and other stems)
contribute to measurement errors.
Various image processing operations
can adjust for lighting intensity, how-
ever, improving object clarity in the
image. While not all possible diam-
eter measurements may be available
on an image due to obscured stem
boundaries, careful examination of
an image often leads to discovery of
nearby diameters that can be meas-
ured instead.

There are a number of important
benefits to this type of data collec-
tion system. First, accuracy is as
good or better than any optical
dendrometers available. Second, ter-
restrial imaging requires much less
time to collect hundreds of times
more data, i.e., each image contains

a large number of diameter and
height measurements. Third, tree
images are acquired at one point in
time, but measurements can be made
many times for multiple purposes.
Fourth, quality assurance can be sim-
pler because fewer field operations
are required. Fifth, re-measurement
from a single image provides for very
reliable quality control procedures.
Finally, while this report does not
address other stem characteristics,
such as sweep and crook, it is obvi-
ous that camera images can easily
capture these grading parameters.

The use of digital imagery and
image processing software as a
multi-measurement dendrometer of-
fers many advantages over existing
optical instruments, while providing
accuracy that is equivalent to, or bet-
ter than, traditional methods.

����������
Ashley, M.D. & Roger, R.E. 1969. Tree

heights and upper stem diameters.
Photogrammetric Engineering
35(6): 136–146.

Clark, N., Wynne, R.H., Schmoldt, D.L.,
Araman, P.A., & Winn, M.F. 1998.
Use of a non-metric digital camera
for tree stem evaluation. Proceed-
ings of the 1998 ASPRS/RT Annual
Meeting (Compact Disc). American
Society of Photogrammetry and
Remote Sensing, Bethesda MD.

Cost, N.D. 1979. Multiresource Inven-
tories – A Technique for Measuring
Volumes in Standing Trees. USDA
Forest Service Res. Pap. SE-196,
Southern Research Station,
Asheville NC.

Crosby, P., Barrett, J.P., & Bocko R.
1983. Photo estimates of upper stem
diameters. Journal of Forestry 81:
795–797.



	

��������	
�������������������������� ����������������������������

Garrett, S., Kempf, J.J., & Copstead,
R.L. 1997. Instruments for measur-
ing stem diameters. USDA Forest
Service, Technology Development
Program 9724 1801–SDTDC.

Grosenbaugh, L.R. 1963. Optical den-
drometers for out-of-reach diam-
eters: A conspectus and some new
theory. Forest Science Monograph
#4. Society of American Foresters.

KODAK. 1997. http://www.kodak.com/
daiHome/faqs/FAQ-1518.shtml#g2.

Peterson, D.L., Schmoldt, D.L., &
Silsbee, D.G. 1994. A case study of
resource management planning with
multiple objectives and projects. En-
vironmental Management 18: 729–
742.

$�(�������� )	�� *������ +	�� *���������� ,	�
-�������$	��.�$�(���������	��//0	�
�����
�������������������������������������
�������������	� 1����*����������������
2��������2�����"3��4/	��5�������+���(
6�����	�$��������������������������
�����������������������	�,����������
������������7	*	�!��	����
�������������
������	

http://www.kodak.com/daiHome/faqs/FAQ-1518.shtml#g2

