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A Segmentation-Based Method to Retrieve Stem
Volume Estimates from 3-D Tree Height Models
Produced by Laser Scanners

Juha Hyypp4, Olavi Kelle, Mikko Lehikoinen, and Mikko Inkinen

Abstract—in the boreal forest zone and in many forest areas, error [1]. The rapid development of computer-related tech-
there exist gaps bgltween the forest crowns. For example, in Fin- niques has enabled the introduction of the powerful process of
land, more than 30% of the first pulse data of laser scanning reflect semi-automated forest inventory based on delineation of single

directly from the ground without any interaction with the canopy. t S | auth h hieved . It
By increasing the number of pulses, it is possible to have samples ree crowns. several authors have achieved promising results

from each individual tree and also from the gaps between the trees. [2]-[5]. The semi-automated inventory is cost effective, and
Basically, this means that several laser pulses can be recorded perit can be used for many purposes, especially when combined
m_2. This allows detailed investigation of forest areas and the cre- with field measurements. However, although semi-automatic
ation of a three-dimensional (3-D) tree height model. Tree height jentory methods have been developed mainly using aerial
model can be calculated from the digital terrain and crown models hot h d video | the obtained h t
both obtained with the laser scanner data. By analyzing the 3-D photographs and vi eo,'mages' (_:" 0 X ained accuracy has no
tree height model by using image vision methods, e.g., Segmentabeen adequate for detailed standwise inventory. Therefore, the
tion, itis possible to locate individual trees, estimate individual tree  search and development for more powerful data sources has
h_eights, crown area, and, by using that data, to derive the stem peen carried out.
diameter, number of stems, basal area, and stem volume. The ad- i e many of the stand attributes are related to the height of
vantage of the method is the capability to measure directly physical th tical filing | th tential sol
dimensions from the trees and use that information to calculate the * € canopy, verlical canopy profiling Is another potential solu-
needed stand attributes. tion to the problem. Hugershoff [6] presented the concept of pro-
This paper demonstrates for the first time that it is possible to ducing stand profiles (cross-sections of forest canopy) as early
accurately estimate standwise forest attributes, especially stem as 1939. He introduced the use of stand profiles for preparing
volume (biomass), using high-pulse-rate laser scanners to provide g5nq aerial volume tables. It was not until in the 1980s when
data, from which individual trees can be detected and characteris- ¢ fi fil tak first with a | d th ith
tics of trees such as height, location, and crown dimensions can pedUtomatc proniles were taken, nrst with a laser an en wi
determined. That information can be applied to provide estimates & radar. Nelsoet al.[7], [8] demonstrated that the elements of
for larger areas (stands). Using the new method, the following the stand profile are linearly related to crown closure and may
standard errors were demonstrated for mean height, basal area pe uysed to assess the tree height, stem volume, and biomass.
and stem volume: 1.8 m (9.9%), 2.0 ®ha (10.2%), and 18.5 4 ; ;
m3/ha (10.5%), respectively. The precision obtained is better than Hyyppa [9] demqnstrated that the rangmg radar is a_ powerful
that in conventional standwise forest inventories. tool for determining the mean and dominant tree height, total
basal area, stem volume, height of the crown base, and classi-
fication of categorical variables of stands such as development
classes, land classes, bog types, and fertility classes. Several pa-
|. INTRODUCTION pers have confirmed the capability of profiling measurementsin
HE PROCESS of traditional field-based forest invento the tree height and stem volume or biomass estimation [7]-[11].

is expensive and time-consuming. but it has been the orré]lllhese earlier studies were based on vertical canopy probing,
P 9, ahd the applied instruments were not capable of measuring any-

gaegﬁflef;:geglsn%accE;?ltgsiatlt:rfgrSs rr;?lilr;]a;ezsfo;lzfltel T)Vee;rzo{sgg but the forest under the flight line. Despite this, better per-
ges, €.g., P ges, {3rmance of the nonscanning profiling radar over aerial pho-

in multisource forest inventory giving rather reliable estimat Sgraphs and imaging spectrometer demonstrated by Hysfopa

for forest attributes in areas of larger than approximately 1 11] suggests a good potential of profiling sensors for forest
ha. Stand attributes at stand level (stands are considereoﬁl \é}éntory 99 g P P 9

homogeneous forest units, typically 1-3 ha in size) have beerh L
. ; . . I ecently, the application of laser scanners to forestry has been
interpreted visually from high-resolution aerial images, an(?

proven to be time consuming and quite sensitive to systemat %monstrated [12] and a European-wide project (HIGH-SCAN)

0 demonstrate its usefulness for forest inventory at the stand
level has been launched [13]. The laser scanners are capable of
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detect treetops (since the laser beam is typically very narrow) TABLE |

[7], [8]. However, the situation changes when the number of DESCRIPTIVESTATISTICS OF THEFIELD INVENTORY DATA
pulses transmitted by the laser scanner increases. In the bo
forest zone and in many forest areas, there exist gaps betw
the forest crowns. For example in Finland, roughly speakin

Character Mean Height  Basal Area  Volume
Mean Value 18.1'm 19.6m’ha 1762 m’/ha

more than 30% of the first pulse data reflects directly from tr Standard Deviation >6m 8.72nt/ha  97.2m'/ha
ground without any interaction with the canopy. By increasin Minimum Value 45m 053 m'ha 22 m'/ha
the number of pulses, it is possible to have samples from each Maxim Value 24m 32mha 3348 mYha
dividual tree and also from the gaps between the trees. Basically

this means that several laser pulses can be recorder’pdihis 2,

allows a detailed investigation of forest areas and the creation X 27

of 3-D tree height models. As explained above, the tree height }}}} Y \\\\

map can be calculated from the digital terrain and crown models, )j}}j} GPS \\\

both obtained with the laser scanner data. By analyzing the 3-D
tree height model by using image vision methods, it is possible
to locate individual trees, estimate individual tree heights, crown
area and derive using that data stem diameter, number of stems
basal area and stem volume. The advantage of the method is
the capability to measure directly physical dimensions from the
trees and use that information to calculate the needed stand at
tributes.

This paper will demonstrate for the first time that
high-pulse-rate laser scanners are capable to detect single
trees in boreal forest zone, and automatic segmentation
approach can be applied to retrieve important forest character-
istics. The paper will concentrate on how the 3-D tree height
model can be obtained, how the individual tree crowns can be
delineated, and how the stand attributes can be calculated from
the single tree data. The quality of the results will be tested by
statistical analysis.

The work of the study was divided into the following tasks:

1) acquisition of laser data and field inventory data; Fol M ¢ brinciole of | : forest

2) development and calculation of 3-D tree height model® - VeASUTEMENT PNCIPIE OTIASEr scanning over forest areas.
using the laser data; o _ o

3) automatic delineation of individual tree crowns using th€9raphs were taking in parallel with the field inventory and
tree height model; laser campaign. Changes were monitored visually and changed

4) derivation of standwise attributes from the individual tre&t@nds were rejected from further analysis. By the use of stan-

5) verification of the developed method for standwise fore¥Pdated. The descriptive statistics of the stand attributes infor-
inventory. mation used for analysis are shown in Table I.

Reference
station

Il. DATA ACQUISITION C. Laser Scanning

AT : Laser scanning is based on distance measurements and pre-
. Test Site . : .
cise orientation of these measurements between a sensor (the
The boreal test site, Kalkkinen, is located in southern Finlanggsition of which is well known) and a reflecting object (the po-
130 km north of Helsinki. The 2 knx 0.5 km test site (100 ha) sition to be defined). By knowing the sensor position, the dis-
is rather hl”y and situates about 110 m above sea level. wa]ce and the incidence ang|e of each measurement, one can
main tree species are Norway spruce and Scots pine, whergasily calculate the coordinates of the reflecting object. The
the mean stand size is 1.3 ha. scanning mechanism sweeps the laser beam across the flight
line, providing coverage across the flight track. The detailed
measurement principle of laser scanning over forested areas is
Conventional standwise forest inventory was carried out frodepicted in Fig. 1.
August to October 1996, using sample plots and personal exUsing forest inventory, measurement density, incidence
perience. From these data, mean tree height [m], basal aaegle, and capability to obtain the profile information requires
[m?2/ha], and stem volume per ha ffha] were obtained for careful validation. High measurement density is required
each stand basically as means of the sample plot values. In olideorder to be able to detect individual tree crowns. Steep
to monitor the cutting activity and other changes occurring bacidence angle enables to have sufficient number of ground
tween autumns 1996 and 1998 (laser acquisition), aerial plnits. Test flights [14] have shown that at incidence angles

B. Field Inventory
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of more than 10 off-nadir, the amount of shadowed areas TABLE I
heavily increases, i.e., the number of measured ground hits ~ TOPOSYS-1 LASER SCANNER PERFORMANCEPARAMETERS
decreases and gaps in the digital elevation model (DEM) occ

. . . .. Parameter Performance(s)
more frequently. The profiling capability of previous proﬂllngS
sensors is limited in laser scanners to few modes. Typical
t_)oth the first and the Iast_ pglse are included, referring to tig_ - frequency 630 iz
first and last echoes of distributed targets, such as the fore¢g; 4 o view
The first pulse should record more of thg treetops and last puUy .- irement density 8...10 per m’ at 400 m
will detect more of the ground level hits. The TopoSys las The number of shots per scan 128 parallel shots (one of which is the

ensor Pulse-modulated, TopoSys-1

Laser pulse frequency 83 000 Hz

+ 7.1 degrees

scanner was selected for the study due to its high measurern reference)
density and steep incidence angle. The performance of 1Swath width at 400 m 100 m
TopoSys-1 laser is depicted in Table II. Position accuracy X,Y<1.0m
The laser scanner campaign was carried out on SeptemElevation accuracy (WGS84) Z<0.15m
2-3, 1998. The TopoSys-1 laser scanner was installed in ' Laser classification Class 1 by EN 60825 (eye-safe)

local aircraft. Three DGPS receivers were employed to record
the carrying platform position: one on board the aircraft, ar'{d

two ground reference GPS stations (the first as basic recelv'eorn and using the knowledge of nearby pixels. Diverging points

the second for backup). The 2-km-0.5-km test site was in- cah be detected by gradient method and thresholding. The min-

. ) L imum surface was further used for the DTM generation. Since
tensively flown from the altitude of 400 m, resulting in mea- S o
; . many trees were still visible in the minimum surface, ar 8

surement density equivalent of about ten measurementsyer m". ) . . ) _
rr‘%fﬂtel’ removing the existing crown hits was designed mainly

_Due to_ overlapping \.Nith parallel flight swaths, the measuremelooking for the minimum values. That surface was then used to
intensity exceeded in many places 20 pulses pefite survey lassify the original data into ground hitg;) and crown hits

altitude was half of that in normal use in order to guarantee thié . _ .
S ﬁg If the pixel value of the minimum surface deviated less
number of pulses needed to separate individual trees. Due to

. . . : an a certain threshold (0.5 m or 1 m) from the filtered min-
survey altitude applied, the swath width was approximately 1 . . .
. imum surface, the pixel was assumed as the ground hit. Using
m. Both the first and last pulse modes were used.

the ground hits, other values in the surface were interpolated
using Delaunay triangulation. The interpolation did not change
I1l. CALCULATION OF TREE HEIGHT MAP the values of these ground hits.

The new surface was then to be used as a new reference (sub-

The datawas calibrated with the calibration flight from €rosgg yting filtered minimum surface) and new classification could

tracks over the Kalkkinen area. The systematic errors occurigd jone The jteration can be continued, until the new classifi-

in the transformation were (;orrepted using ground control pointStion does not alter enough number of ground hits. Typically
of summer cottages, road junctions, and the base map. three to four iteration steps are needed at maxim.

The laser scanner survey provided a cloud of pointsythe The final DTHM was calculated as the difference between the

data and classifying the points to terrain and vegetation poinfis, jes would be likely to further improve the results obtained in
it was possible to produce a digital terrain model (DTM) anghig naner. No iteration was done in order to produce the DTM
digital vegetation model (DVM). When only the top of the, hTim. As a threshold value, 1 m offset was applied for

vegetation is included in the model, it can be called a digita|ssification and linear fitting method together with the De-
crown model (DCM). The difference between the DCM angjIunay triangulation.

DTM models is called in this study a digital tree height model £ 5 shows a perspective view of the obtained digital tree
(DTHM), a 3-D representation of the tree heights within thﬁeight model in a small sample area.
target forest area.

There may exist several ways of producing the DTHM, but
the developed procedure is given here. First, the cloud o)
and z coordinates is transformed into a grid. When individual The aim of the segmentation process was to delineate indi-
tree crowns are assessed, a requested resolution is about 5@ig@! tree crowns. Typically, trees can be found by looking at
requiring about ten laser-based Samp|es pér'fhe gr|d was the local maxims in the laser-derived tree helght model. The
calculated by simply selecting the laser hits related to cert&i@mplete segmentation applied consisted basically of the fol-
(z, v) pair. A simple but efficient mechanism to start the DCMowing stages:
and DTM conversions is to select the maximum and minimum 1) prefiltering;

z values within each pixels(, %) corresponding to maximum  2) seed point extraction;

and minimum surfaces. The maximum surface represents ratheB) seeded region growing.

well treetops and ground when there is no tree cover above th&he tree height model derived from the laser scanner was pre-
ground. When there are holes (no data) or there are divergfiigred using the low-pass (diffusion) filtering. The optimal dif-
points, the value for these points can be obtained by interpofasion scale value corresponds to the situation where all local

IV. SEGMENTATION PROCESS
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Fig. 2. Perspective view of laser-derived tree height model. The pseudo-col
are also used to indicate height, red representing tallest trees and blue the lov

intensity fluctuations due to noise are suppressed and all t
branches are merged to a region having a single maxim. Ad
cent tree crowns should not be merged yet. A simple convolutiuni

with a 3 x 3 filter Fig. 3. Seed points (local maxims) calculated form prefiltered digital image.
121 . R
5. Select the neighbor pixel(Z', 5'):from the set
242 {G-1, j), G, j—1), G, j+1), (i+1, j)}. If there are
121]/16 no more neighbors left, go Btep 8
6. If (I, jy>th) and
was used. (dist ((#', j/),GravityCenter (k))<max j dist
The significant local maxims having values greater than the ({(; ;) :L;; —, GravityCenter (k))), add pixel (', 5)
seed thresholth.Seed were selected as seed points Fig. 3. to the queueQ and mark the labelLy j=L;;. Here
A local maxim was a point:( j), where diffused image has  GravityCenter (k) is the gravity center of all pixels that are
values greater than any of its eight neighbors committed labelk at current iteration step. As tree crowns
. . . o . are typically circular, the too elongated region is typically
(t=1,7-1), (=17, (-1 5+1), not an individual tree crown. To avoid such a phenomena,
(6, J+1), (G j+1), (i+1,5-1), the last condition was introduced.
(i+1,5), (i+1,j+1). 7. GotoStep S

8. If the pixel(z, 7) has no more uncommitted neighbors, re-
The delineation of individual tree crowns was modeled by move the pixelz, 7) from the Active Boundary Queud.

means of an image labeling process. At the beginning, the o8ly Go toStep 4
pixels with known label were the seed points, each of them
having a unique label: the index of the seed point. Other pixely,q segmentation process itself is a semi-automated ap-
labels were uncommitted (marked as unknown), and the S&%ach in which the user controls the paramet@rsScale,
mentation was an iterative process of committing the labels, i'ﬁz'Seed, thMin, thStep) and sets them for each individual
marking pixels after the corresponding seed point. The ar§gg.q; stands. The parameters values depend on the quality

of the same label correspond in our model to individual treg 1a image (e.g., image brightness, resolution and texture

crowns. _ _ features) and they were found by trial and error.
The details of the segmentation algorithm were as follows. Scale parametemSecale controls the number of convolu-
tion filtering iterations. Without any filtering, the amount of tree
Algorithm 3.1 crowns is typically too high. Too much filtering causes oversize
1. Select seed pointSl...Sm. for the tree crowns. Too high or lowhSeed causes failure to
2. Initialize the Active Boundary Queu®, containing all seed recognize the correct number of individual trees. This parameter
points. Initialize label mafd.;;=k, if pixel (i, 7) is a seed may easily be controlled visually during the process. The wrong

point with indexk. Otherwise seL;;=0. setting ofthMin causes errors in estimated area of individual
3. Decrease the thresholth=th—thStep. If the minimum tree crowns. In order to control the shape of segmented indi-
thresholdthMin have reached, then stop. vidual tree crowns, paramet&kStep was introduced. Higher

4. Take a next pixe{z, ) from queueR. If this is the end of values ofthStep make the algorithm faster, but it may distort
the queue, go t&tep 3 the shape of trees.
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£l The stem volume (fiha) of single tree is obtained by
Laasasenaho’s formulas [17], in which volume is estimated
using stem diametef and height of the tres.
'—g B. Standwise Attributes
'r 5 % Standwise estimates were defined by calculating single
: = tree attributes within the specified area. Standwise volime
E [m3/ha], basal are® A [m?/ha], and mean heighff [m] were
expressed as
! V=>" uSs (5)
@
Fig. 4. Original laser-based tree height model and corresponding results: _ )
crown segments and localization of treetops. Pseudo-colors are used to indicate BA= Z 9i5 (6)
T

tree height from red (tallest) to blue (lowest).

Z higi

Fig. 4 depicts an example of the segmentation results for de- H = ) @)
rived tree height model. > i
@
V. STAND ATTRIBUTES ESTIMATION S is constant converting the values to value per hectare. The

The calculations of the stand characteristic estimates formaean height was calculated as Lorey’s mean height (weighted
the basal area of each tree).

single stand is based on the measurement of the location, ttl)ge
height, and tree crown areas of each single tree. From that in- VI E oN METHO
formation, all other stand characteristics are derived. - EVALUATION METHOD

The aforementioned methods (Sections IlI-V) were imple-

A. Individual Tree Parameters mented. As an input to the segmentation procedure, a 0.5-m
The location of the tree crown was determined by the cent&solution tree height model was created using the TopoSys-1
or maximum location of each tree segment. laser scanner data obtained during the Finnish campaign. The
The height of the treé is the maximum value of the tree Parameters of the segmentation algorithm were fixed before the
height model within that segment processing of the test, and the same parameters were applied
for all stands selected. Therefore, the method was applied in an

h = max(h;) (1) automatic manner. For the demonstration test, 15 stands were

selected.

whereh; are individual tree heights of digital tree height model In order to evaluate the accuracy of the segmentation-based
within the corresponding segment area. single tree estimation methods applied to standwise forest in-

The crown diameter can be calculated using the segmentethtory, mean squared error (MSE) was calculated
crown aread information as follows:

n

MSE =) (e —e2)?/(n—1) (8)

(2) i=1
) . ~ where
In the boreal forgst zone, there exists a high _correllat|on be-...  result obtained with the described laser-based method
tween the crown diameters and the breast height diandeter for standi:

for tree species such &inus sylvestris, Picea abies, Betula .,.  corresponding field measured value;
pubescensandBetula pendulavhen stratification into height , number of stands.

classes is made [15], [16]. Since no reliable tree species classjiice accuracy of the conventional forest inventory affects on
fication was carried out using either laser scanner data or aefj@d evaluation, the accuracy of conventional inventory was as-
images, an average model relating stem diameter and crownglissed [11] and the errors due to inaccuracy of the field inven-
ameter was formed. Since the height correlates strongly Wihy were removed from the MSEs. The systematic error of con-
stem diameter and height can be assessed accurately with a Igsfifional field inventory was obtained by assuming that there is
scanner, the following regression formula was derived: no bias in intensive field checking which were carried out to de-
termine the accuracy of field inventory. The corrected root MSE
d=oal+fBh+y ®3) (RMSE) was divided into two parts: systematic ere@nd stan-

dard error of the estimateas derived from

n

where coefficients, /3, andy can be calibrated using local field
inventory data.
The basal area of the single tree*(m) g is r= Z (eri —e2i)/(n — 1) ©)

=1

w
9=7 d?. 4) s = VRMSE? — 2. (10)
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VII. RESULTS AND DISCUSSION TABLE Il
SUMMARY OF THE TEST RESULTS

Table 11l summarizes the results obtained for 15 stands. TI
mean tree height was obtained with 1.8 m standard error (cc
ventional field inventory 1.7 m). The overestimation can be e
plained by the fact that a laser scanner is able to detect only
trees that can be seen above (neglecting the small trees). Si
the height of each tree in dominant storey can be assessed v
1-m accuracy [18], the standard error 1.8 m is most likely due-
errors in field inventory (since the tree height is the most diffi-

cult attribute to be measured accurately in the forests by humgtneath remain invisible. The advantages of the laser data are
measurements) that were not taking properly into account whgyat the tree height can be determined from the image, which
calculating the corrected mean squared error and errors du@éfps in correcting false segmentation. In the future, a proba-
nonoptimal selection of segmentation parameters. bility check for each crown segment size will be applied using
The obtained standard error for the basal area suggesis true height.
a rather good capability to find individual tree crowns by The obtained precision implies that the parameters of seg-
the segmentation procedure. The obtained accuracy suggeséditation algorithm can be easily determined, but the problem
a better performance than using conventional forest invefsystematic error must be corrected, e.g., by field data. Similar
tory. However, a large systematic overestimation is due #gorithms are applied using aerial photos, but in such applica-
the undersegmentation. The applied parameters were eithi@fs, the parameters are fixed for each stand. In our approach,
nonoptimal or the segmentation-based algorithm should bignilar parameters were used in all stands, whether young or
redesigned to overcome this problem. Especially small stanglature.
were overestimated, but this is mainly due to that fact that
the same parameters in segmentation procedure were applied VIIl. CONCLUSION
to all stands. Since the segmentation procedure is originally, . L
developed for aerial photos and adapted for laser-based tre igh-pulse-rate laser scanners are able to provide informa-
height models, the segmentation procedure may not fuﬁ n at tree level and able o prowdg accurate 3-D tree h_elght
exploit the capability of 3-D tree height models. A better reasd aps to be used for forest inventories at stand level, which is

for overestimation was that no teaching material was appli '_monstrated in this paper _for the f|_rst t|me._ By using the tree
ﬁgﬁﬁght and crown boundary information obtained with the laser

The regression-based model converting crown diameter to s anner for each individual tree, the stem volume and basal area
diameter was formed by using individual tree measureme S ' . .
r each tree were calculated and the standwise estimates for

in Eastern Finland. In the Kalkkinen test site, trees are muc m volume per ha. basal area per ha. and mean heiaht were
thinner than in Eastern Finland as compared to the trees of e%'ved P ' P ' 9

same height. The regression models should be recalculated orat . .
9 g sing the new method, the following standard errors were

least calibrated for different geographical areas. OvereStimatiggmonstrated for mean heiaht. basal area. and stem volume: 1.8
will drop dramatically by correcting these two error sources. gnt, ' T

0 0, 0, -
The estimates for the stem volume summarize the prefi]-(g'g/o)’ 2.0 ri/ha (10.2%), and 18.5 ha (10.5%), respec

; . . lr\{ely. The precision obtained is better than that in conventional
ously discussed results, since the parameters affecting the ”; . . .
. shandwse forest inventories.
stem volume are the basal area and mean height. The results,
however, suggest a huge capability for operational forest in-
ventories giving more accurate results than using conventional
forest inventory, which is 15-20%. The correction of the The authors would like to thank the European Commission
overestimation in height and basal area measurements shdafdthe HIGH-SCAN project (IV FWP/CEO), from which
actually result in an underestimation of stem volume since ritie data was obtained. The optimal synergy of airborne laser
all of the trees are visible in laser image, and therefore tsganner and very-high resolution satellite data is studied in the
proposed method should actually provide underestimation fdtGH-SCAN.
stem volume. That underestimation should be corrected by
introducing the diameter distributions of typical forests within REFERENCES
the target area. Smaller trees not visible should be corrected by} p. Antiila, “Analyyttisells stereoplotterilla ilmakuvilta tulkittujen
adding corresponding tree information from these distributions. ~ puukohtaisten tunnusten tarkkuus (On the accuracy of treewise at-
h d hod i ful iallv i if tributes obtained by analytical stereopoloer and aerial images),” M.Sc.

The propose ’ met_o IS usetul especially In mature conit=  thesis, Faculty of Forestry, Univ. Joensuu, Joensuu, Finland, 1998.
erous stands. Difficulties are expected especially in dense partg] J. Uuttera, A. Haara, T. Tokola, and M. Maltamo, “Determination of the
(young stands) or in groups of deciduous trees, where single spatial distribution of trees from digital aerial photographi. Ecol.

be id ified. In d h . Manag, vol. 110, pp. 275-282, 1998.
trees CannOt_ e identified. In dense parts, the crpwn areals USLfB] T. Brandtberg and F. Walter, “Automated delineation of individual tree
ally underestimated, because trees grow partly interlocked, and  crowns in high spatial resolution aerial images by multiple-scale anal-
in such cases, the segmented areas should be corrected, for ex- Ysis.”Mach. Vis. Applicat.vol. 11, pp. 64-73, 1998.
. . . . . 4] K. Dralle and M. Rudemo, “Stem number estimation by kernel

ample, with the calibration model. It is also obvious that only

' smoothing in aerial photosCan. J. For. Res.vol. 26, pp. 1228-1236,
crowns in the top layer can be detected and the smaller trees un- 1996.

Data Source/Error Mean height  Basal Area  Volume
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Laser scanner/Standard error-% 9.9 % 102 % 105%

Laser scanner/Systematic error +09m +3.9m¥ha  +48.3 m’/ha
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