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Abstract 
This paper introduces a 3D model-based tree interpreter, a 
semi-automatic method for tree measurement from high- 
resolution aerial images. It emphasizes the extraction of the 
3D geometric information such as tree location, tree height, 
crown depth (or crown height), crown radius, and surface 
curvature. First, trees are modeled as 3 0  hemi-ellipsoids with 
the following parameters: tree-top coordinates, trunk base 
height, crown depth, crown radius, and crown surface 
curvature. This model-based approach turns a tree 
interpretation task into a problem of optimal tree model 
determination. Multi-angular images are used to determine the 
optimal tree model for each tree. Tree tops in each image of 
a stereo pair are identified interactively with the epipolar 
constraint, and the 30 geometry of trees can be determined 
automatically. With such a semi-automatic scheme, efficiency 
and reliability of 3~ tree measurements are achieved by taking 
advantages of both the operator's interpretation skills and the 
machine's computation. This paper mainly deals with 
conifers. The method was tested with a closed conifer stand 
on 2:2,400-scale photographs. An overall accuracy of 94 
percent and 90 percent was obtained for tree height and crown 
radius measurements, respectively. 

Introduction 
Satellite remote sensing is a major tool for monitoring forest 
land over a large region (Sader, 1988; Sedykh, 1995), while 
field-based inventory with the assistance of aerial photography 
is dominant in forest data collection (Brandtberg, 1997). Forest 
photointerpretation in the past, however, focused on small- to 
medium-scale photos, and aerial photographic applications 
are largely stand-based. One major use of aerial photographs in 
forestry is to classify forest stands into land types (Aldrich, 
1953), forest types (Sandor, 1955), and classes of stand volume 
(Aldrich and Norick, 1969). 

Photointerpretation is a procedure involving the viewing 
and examination of stereopairs of aerial photographs by an 
interpreter with various optical instruments such as stereo- 
scopes or stereoplotters. For forest inventory, the interpreter 
traces forest stand boundaries on the photos and determines the 
properties of the stand. In the digital era, a necessary follow-up 
step is to digitize the interpreted map into a computer to be 
managed in a geographic information system (GIS). On-screen 
digitization is an alternative to the hardcopy approach. Com- 
pared to the "hardcopy" approach, the "on-screen" approach 
has the following advantages: first, the images can be clearly 
viewed through image zooming and enhancement; second, 

and more importantly, the boundaries are already in digital 
forms so that no subsequent digitization is necessary. 

Individual trees are only visible on large-scale aerial pho- 
tographs. However, large-scale aerial photographs have not 
been widely used in forest inventory. The Canadian Forest 
Management Institute conducted several tests in the 1970s to 
evaluate the potential of large-scale photographs in deriving 
forest parameters for individual trees (Aldred and Kippen, 1967; 
Brun, 1972; Aldred and Sayn-Wittgenstein, 1972; Bonnor, 
1977; Aldred and Lowe, 1978; Sayn-Wittgenstein, 1978; Sayn- 
Wittgenstein et al., 1978). The photographs contained a great 
amount of detail with the scales ranging fiom 1:800 to 1:4000, 
and the methods used were manual photointerpretation. 

With the increasing availability of large-scale photographs 
and high-resolution imagery, a new round of research on com- 
puter-based photointerpretation of trees was recently initiated 
[Gougeon, 1992; Gougeon, 1995; Pollock, 1996; Larsen, 1997; 
Gong et al., 1999; Gong et al., 2000). The key procedure here 
would be tracing crown boundaries for individual trees. This 
is a labor-intensive and time-consuming task. Some additional 
problems are foreseeable. The relief displacement caused by 
crown morphology becomes a serious disturbing factor when 
the photo scale is large because of the perspective nature of 
photographs. This may cause incompatibility between the 
interpreted map and other orthographic data in a GIS. The 
interpretation results can be very different when photographs 
are taken from different directions of the same area. 

The above interpretation approach can be considered as a 
two-dimensional photointerpretation technique, which some- 
times involves only monocular photos, and treats trees in a 
photo as 2D flat objects. With 2D photointerpretation tech- 
niques, we may get reliable information on species and number 
of trees, but not for parameters related to tree geometry such as 
crown size, crown closure, and tree locations, because the 3D 
morphology of trees is ignored. The perspective projection and 
crown morphology play a crucial role in tree interpretation. For 
tree interpretation on large-scale photographs, it is desirable to 
interpret trees from multi-angular photos based on 3D 
measurements. 

Quantitative tree interpretation from aerial photographs is 
hardly possible for conventional interpretation on hardcopy 
photographs, and difficult even with stereoplotters. Computer- 
assisted approaches seem to be the only possible solution. 
Computer-based 3D aerial photointerpretation is currently ded- 
icated to man-made objects (e.g., roads and buildings). 
Although efforts have been made to conduct automatic recon- 
struction of man-made objects (Kim and Muller, 1996; Larnrni, 
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1997; Kim and Muller, 1998), it is still an unresolved issue 
(Gruen and Li, 1997), and operator-assisted semi-automatic 
approaches are emerging as the dominant trend (Agouris, 
1997). Sahar and Krupnik (1999) extracted building outlines 
from bi-ocular images with a semiautomatic approach. Build- 
ings are detected interactively, and 3D building outlines are 
extracted automatically. Gruen (1998) developed a system 
called TOBAGO (Topology Builder for the Automated Genera- 
tion of Objects from 3D Point Clouds) to generate 3D models of 
buildings. TOBAGO is also a semi-automatic system, where the 
operator measures in the stereo mode, with an analytical plotter 
or a digital photogrammetric station, unstructured point 
clouds of building roofs. Buildings are then reconstructed by an 
automated procedure fitting 3D generic models of roofs to the 
point clouds. In concept, semi-automatic building reconstruc- 
tion algorithms contain two steps: first, to interactively iden- 
tify building features, e.g., building corners and edges, and then 
to automatically construct building models. 

Tree interpretation is more challenging than building 
reconstruction because trees are semi-transparent 3D natural 
objects with large variations in appearance; there are few defi- 
nite features of trees; and occlusions caused by trees are com- 
mon in an image of forests. The purpose of this paper is to 
develop a low-cost computer-based interactive system to facili- 
tate efficient 3D interpretation of trees. Such a system can work 
on any computer with no special hardware requirement so that 
it can be easily adapted to any application system. 

Design of a 3D Model-Based Tree Interpreter 
The following tree parameters are usually recorded in ground- 
based forest inventories: tree species, tree height, diameter at 
breast height (DBH), crown radii, and crown depth. Because tree 
trunks are normally invisible from aerial views, DBH cannot be 
measured directly from aerial photos but is obtained from other 
parameters (Biging eta]., 1995). A 3D tree interpreter should 
provide the following crown-related parameters: tree height, 
crown radius, crown depth, and higher order crown surface 
descriptions such as surface curvature. 

It is possible to implement 3D interpretation in an efficient 
way. Because trees are 3D objects with both vertical and horizon- 
tal dimensions, we developed a model-based approach. We 
first use a 3D geometric tree model to describe a tree. Thus, we 
turn the tree interpretation task into an optimal tree model 
determination problem. We determine the optimal model by 
superimposing the model-synthesized tree outline on top of the 
images, and adjusting the tree model parameters until the best 
match of the outline on the images is reached. The parameters 
of the optimal model, which best describes a tree, are the meas- 
urements of the tree. The tree model parameters are determined 
in the object space; therefore, the tedious boundary-tracing 
task on the images can be avoided. 

3D Geometric Tree Model 
We adopted geometric models in tree modeling for their sim- 
plicity in parameterization. Horn proposed the following 
equation as a general model for the two-dimensional vertical 
profile of a crown envelope (Horn, 1971): i.e., (zCclchcc) 
+ (yc"lcrcc) = 1, where ch and cr are the vertical and horizontal 
dimensions of a crown, respectively, and cc is a positive 
adjusting coefficient for crown curvature. When cc = 1, the 
curve is a straight line, cc < 1 indicates an increasingly 
upwards concave curve, while cc > 1 represents an increas- 
ingly downwards concave curve. Pollock extended Horn's for- 
mula into three dimensions, and modeled a crown envelope 
with ageneralized ellipsoid: i.e., (z""lchCc) + ((2 + y2)cc'2)l~rcc 
= 1 (Pollock, 1996). For the purpose of applying the crown 
model to 3D crown surface reconstruction, Sheng et al. (2001) 
extended it to a tree model by adding the tree-top location and 
trunk base height. As illustrated in Figure la, this tree model is 

tree top (Xt, Yt, 2) Aerial photo 

crown helght (rh) 

apex curve 

(a) (b) 

Figure 1. Illustration of a tree model and tree silhouette on 
a photograph. (a) A 30 geometric tree model consists of 
three location parameters (Xt ,  Yt, Zt), and four parameters 
of tree dimension: truck base height (bh), crown depth (or 
crown height, ch), crown radius (cr), and crown surface curva- 
ture (cc). (b) The silhouette of a tree on a photograph is 
the apex curve and the marginal circle of the tree projected 
on the photograph. 

described by three location parameters: i.e., ground coordi- 
nates of the tree top (Xt, Yt, Zt); and four parameters on tree 
dimensions: i.e., trunk base height (bh), crown depth (ch), 
crown radius (cr), and an adjusting coefficient for crown curva- 
ture (cc). Once these seven parameters are known, the tree 
model is fixed and the ground coordinates (X, Y,  Z) of any 
point on the crown surface can be modeled by 

(Z + ch - Zt)"" + ((X - Xt)' + (Y - Yt)2)cc'2 
chcc 

= 1 
cr CC 

where Zt - ch I Z 5 Zt. 
When tree height is known, as discussed below, trunk base 

height is dependent on crown depth. Crown depth, crown 
radius, and crown curvature are the three fundamental parame- 
ters to tree morphology. These three parameters form a 3D 
object space of a tree. We only include fundamental parameters 
in our model in order to make the model concise and the opti- 
mal tree model determination simple. Although the shapes of 
trees in the natural environment are too diverse to be described 
using such a simple model, we make the simplifying assump- 
tions that trees are symmetric and are not leaning. These 
assumptions hold for most conifer trees in natural stands. 

These dimensional parameters are related to each other, 
and this relationship varies among different species. For exam- 
ple, discrepancies can be found between conifers and hard- 
woods. The tree dimension configuration used in this paper for 
conifers and hardwoods is listed in Table 1. For conifers, crown 

TABLE 1. TYPICAL PARAMETER SETTINGS FOR TREE MEASUREMENT 

Parameters Conifer Hardwood 

Crown radius (m) 

Crown curvature 

Crown depthltree height 
Crown radiuslcrown depth 

Crown depth (m) Typical 
Min 
Max 

Typical 
Min 
Max 

Typical 
Min 
Max 
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Photo model generation for stereo pairs 

Measuring the tree-base elevation 

Tree-top identification on 

the primary stereo pair 

1 
Calculation of 3D tree-top coordinates 

Det-on of the optimal tree model 

Model validation by superimposing 

the model-synthesized tree outline 

on top of the images 

Figure 2. 3~ tree measurement scheme. 

depth ranges from 15 m to 40 m, while crown radius is between 
3 m and 8 m, and curvature is between 1.0 and 1.8. A typical 
setting for the ratio of crown depth to tree height is 0.85, and 
the ratio of crown radius to crown depth is set to 0.2. 

Photo Model 
Multi-angular imagery is needed for 3D interpretation of trees. 
The top of a conifer usually is not quite recognizable on a pho- 
tograph when it is viewed directly from above. Off-nadir views 
are more informative to tree tops, while the nadir view is infor- 
mative to crown closure due to fewer occlusions. Therefore, 
three images, i.e., one nadir view and two off-nadir views, are 
necessary to determine an optimal tree model. Because tree 
interpretation is implemented in the object space, photo-orien- 
tation parameters need to be known to transfer photo coordi- 
nates and ground coordinates back and forth. Orientation 
parameters of each image can be determined through photo- 
grammetric orientation procedures. The three images (labeled 
as #2, #1, and #O for the left, middle, and right images in this 
paper, respectively) resampled to the epipolar geometry form 
three stereo pairs. The pair formed by the two off-nadir images 
(i.e., images #2 and #0) is used as the primary pair in tree inter- 
pretation discussed here. 

3~ Tree Interpretation Scheme 
Three-dimensional tree interpretation can be done with a com- 
puter at various levels of automation: interactively, semi-auto- 
matically, and fully automatically. The degree of possible 
automation depends on image quality and the complexity of a 
forest such as stand density, stand structures, tree forms, and 
contrast between trees and their background. 

The tree interpretation task consists of tree-top detection, 
crown delineation, crown geometric reconstruction, and spe- 
cies identification. Existing computer-based tree-top location 
methods (Larsen, 1997) work under specific circumstances 
while tree delineation methods (Gougeon, 1995; Pollock, 1996) 
are automated versions of 2D interpretation with a monocular 
photo. They are not able to cope with complicated forest 

1 

scenes. The difficulties of fully automatic techniques include 
the lack of definite image features of trees, problems of tree-top nee-Top Identification 
identification and tree dimension determination, occlusions, nee-top identification is a challenge to automation. in tree- 
and performance with image complexity. base elevation determination, the operator identifies the con- 

Because automatic methods for tree interpretation are not jugate points ofa  tree top on the bi-ocular images, and the sys- 
readily available, practical systems are desirable. We adopt a tem ,dculates its 3D coordinates. 
semi-automatic approach to 3D tree interpretation, which effi- 
ciently combines the advantages of both operators and com- nee Model ~ ~ i t i ~ l i ~ ~ t i ~ ~  
puters to ~roduce reliable 3D tree information. With such a nee height canbe determined by subtracting the tree-base ele- 
system, we can increase the efficiency of manual interpreta- vation from the z of the tree top. once the tree 
tion as well as the reliability of automatic reconstruction of height is fixed, three parameters need to be determined: crown 
tree models. depth, crownradius, and surface curvature. Applying the typi- 

The 3D tree-interpretation procedure includes the determi- cal parameter settings of tree morp~o~ogy in ~ ~ b l ~  1, we can 
nation of the elevation of the tree base, the measurement of the have a rough estimation of tree shape, which serves as the ini- 
coordinates (Xt, Yt, ~ t )  of a tree top, the initialization of a tree tial tree model. For example, suppose the top of a conifer tree is 
model with typical settings, the determination of the optimal measured (xt = 4366.86 m, yt = 4056.79 m, and z t  = 50.90 m) 
tree model, and the validation of the tree model (Figure 2). The ,d the tree base is at an elevation of 25.18 m, then the tree 
tree-top is picked up interactively on bi-ocular images. The height is calculated as 25.72 m. other tree can be 
validation is achieved by superimposing the synthesized tree determined from the conifer column in ~ ~ b l ~  ch = 21-86 m, 
outline on the images with photo-orientation parameters. cr = 4.37 m, and cc = 1.2. These are the parameters of the ini- 

tial model. 
Ti-ee-Base Elevation Determination 
To determine the coordinates of any point in the object space, n e e  Silhouette COmp~fatiOn 
its image coordinates in the two images (the left and the right) Overlaying the outline of the synthesized tree on top of the 
of a stereo pair need to be measured. After the operator inter- images helps to determine the optimal tree model. Gagnon et 
actively picks up the conjugate points of a tree base on the left al. (1993) used circles superimposed on tree tops to measure 
and right images of the primary pair, the system calculates the conifer crown radius. Theoretically, this only works for trees 
elevation of the tree base. A tree-base elevation may be shared around the nadir point of a photograph. The photographic 
among neighboring trees. Usually there is no need to measure geometry and the 3D crown shape play crucial roles in 
the tree-base elevation for each individual tree. determining the appearance of a tree on a photo. As the position 
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of a conifer tree becomes farther away from the nadir point of 
the photograph, the top of the tree radiates away from it. As a 
result, a tree appears circular around the nadir point, and trian- 
gular or conic away from it. 

The outline of a tree on a photograph is the silhouette of the 
3D tree. A silhouette is the intersection curve of the tree surface 
and the surface constructed by the view rays. We separate the 
silhouette curve into two parts: the horizontally marginal cir- 
cle and the vertical apex curve (Figure lb). The marginal circle 
is easy to determine, but not the apex curve. It has to be deter- 
mined through surface intersection. 

The calculation of the intersection curve of two surfaces is 
a challenging task in computer graphics and mathematics 
(Ding and Davies, 1987; Takamura and Higuchiuchi, 1993). The 
curve is determined by the solution of non-linear equations, 
unless the two surfaces are planes. In our case, an analytical 
solution is impossible for the intersection of a generalized 
ellipsoid and another non-linear surface. By replacing the per- 
spective view-rays with parallel ones, we simplify the non-lin- 
ear surface intersection problem to that of a generalized 
ellipsoid and a plane. The solved curve is a reasonable approx- 
imation to the real silhouette curve because the camera, com- 
pared with tree dimension, is far from the tree. With the photo- 
orientation parameters, we can then project the silhouette 
curve to any of the images using the photogrammetric collin- 
ear equations. 

Dee Parameter Adjustment 
By overlaying the silhouette curve on the images, the operator 
can tell if the tree location and the dimensional parameters are 
acceptable. The operator can obtain appropriate parameters of 
the tree interactively by adjusting these parameters in the object 
space to make the silhouette match the tree edge on the images. 
It is also possible to determine these shape parameters automati- 
cally through the following steps: (I) specify a certain adjusting 
tolerance to each of these parameters, i.e., Ach, Acr, Accto ch, 
cr, and cc; (2) construct tree models in the object space within 
the range of [ch - Ach, ch + Ach] for ch, [cr - Acr, cr + Acr] for 
cr, and [cc - Acc, cc + Acc] for cc; (3) project the silhouette 
curve of each tree model to the image spaces; and (4) compute 
an edge indicator on the images around the projected silhouette 
curve. The tree model with the maximum edge indicator is 
selected as the optimal tree model. More than one image can be 
used in edge indicator computing, and the nadir-view image 
should always be included because this image is more informa- 
tive regarding the horizontal parameters of a-tree because trees 
are often partially occluded in off-nadir images. 

Implementation and the User Interface 
The 3D tree interpreter was developed in MATLAB@ (Mathworks 
Inc., Version 5.2). As shown in Figure 3, the graphic user inter- 
face (GUI) of the interpreter consists of two major parts: the 
image windows and the control panel. 

Three overlapping images form three stereo pairs. The 
three images are displayed in three separate image windows. 
The operator can read pixel value and coordinates, and zoom 
and roam the images through the mouse control. The three 
image windows are designed to display a stereo pair and the 
third image. The first window displays the left image in the 
pair, and the second displays the right one. These are the two 
active windows, where photogrammetric measurements of 
trees are taken. One of them is the primary image window and 
the other is the slave window. When making measurements 
from the stereo pair, the y coordinate in the slave image has to 
be identical to that in the primary image to keep the epipolar 
constraint. The third image window is for tree model validation 
by overlaying the tree silhouette curve on the corresponding 
tree. 

The control panel is the core of the 3D tree interpreter. It is 
placed at the right hand side of the image windows. Its func- 
tions are organized into four groups: the Tree Info frame, the 3D 
Display frame, the Control frame, and the File frame. 

Tree Info Frame 
All tree model parameters are displayed in this frame, and are 
adjustable. The operator can specify the tree type as either 
conifer or hardwood. If the tree type is selected as conifer, all 
the parameters are set to typical conifer values. The operator 
can also sample the tree-base elevation in this frame. Many but- 
tons in the Control frame collaborate with this frame and update 
its parameters. 

30 Display Frame 
With the tree parameters in the Tree Info frame, the operator can 
visualize the model-synthesized tree from the viewpoint of 
each photo to help in interpreting the tree. The 3D plot can be 
displayed - .  using a wire-frame model or a Lambertian shading 
model. 

Control Frame 
The Control frame consists of many buttons for different 
functions. 

The Primary Pair list: The operator can select one of the three 
stereo pairs in this list as the primary stereo pair. The primary 
pair by default is the one formed by the two off-nadir images 
and this pair is treated as the working image pair. Images #2, 
#0, and #1 are displayed in windows 1, 2, and 3, respectively, 
but the operator can switch it to other pairs. 
The Primary Image list switches the primary image between the 
two active images. 
The Zooming button enables image zooming and roaming 
activities. 
The Darken (B-), Brighten (B+), De-contrast (C-) and Contrast 
(C+) buttons enhance the images through linear enhancement. 
The Place-treetop button activates the mouse button for pick- 
ing the conjugate tree-top points in the left and right images. 
The Take-treetop button calculates the 3D coordinates of the 
tree top, and updates the tree-top coordinate editboxes in the 
Tree Info frame. The system computes the tree height, and sets 
the tree dimension editboxes and scrollers. 
The Place-tree button calculates the silhouette curve of the 
tree model, and projects the silhouette over the top of all the 
three images. If the tree silhouette does not outline the tree in 
the images, the operator can drag the silhouette curve with the 
mouse to the appropriate location, then click the Update-tree- 
top button to update the tree-top coordinates in the Tree Info 
frame. If the tree outline is not of the right size, the operator 
can adiust the three parameters of tree dimension in the Tree 
Info frame, then and re-project the new silhouette curve 
with new configurations by clicking the Place-tree button 
again. 
The Take-tree button: Once the tree outline fits the tree in the 
images, the optimal tree model has been determined. The opera- 
tor can take the tree parameters and add this tree to the tree list 
in the File frame by clicking the Take-tree button. 
The Auto-model button automatically determines the optimal 
tree model by computing and comparing the edge indicator of 
the images around the synthesized tree outlines of all the possi- 
ble tree models. Collaborating with this button, three radio 
buttons choose the images to be used in the edge indicator 
computation. 

nle Frame 
The File frame maintains a tree list and is responsible for file 
input and output. 

The Tree list contains all the measured trees with their parame- 
ters. The operator can browse the trees, and select any tree of 
interest from the list for further examination. The selected tree 
will be highlighted in red on the image windows. 
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Figure 3. User interface of the 3D tree Inrerprerer. The user interface consists of two parts: three image windows and the 
control panel. 

a Tile S;I\.(:-file l~u t ton  saves tlie trrr: list anti  the p;ira~netc!rs to listed i l l  Table 2. The 2-0 pair 6vas used as the primar!~ pair for 
a trr:t: data file. tree-to11 idclltificatioil because trec-tops are more recog~lizable 
The Ol)en-filt: button reatis tree l?;~ranlnltYs limm an ?xistin:: illeSe off-nadir view illlagRs alld larger base lillct helps in 
tree (lala filv. and  ~irojects Iht, trtTc: silhouellos on  top ol'all tht: Dreciscl ~~eterlllillatioll of coordinates, ~ 1 ) ~  t011-Vie~2, inlaCc 
i l~iagwvil icl tr~\~s.  (image # I )  was ~ l l a i ~ l l y  nsc:d for tree crown size determination 

a The Quit button prtr~llpls tht: ol)c!r;rlor to sa\,c 111(' inlt7rl)rclation 
~ P S L ~ I ~ S .  [:lt:alls thr: \\.orkill: on\irr~n~ncxnt. ;~n t i  qrrit (lie and validation. 

Interpretation of a Redwood Stand 
The stutly site is a closc?d redx\~ood stantl at t l ~ t ?  Bcrkt?lcy cam- 
I I L I S O ~  the University of (:alifo~.nia [122.31jo1V, 37.fi2"N) ~zrith 
nearl\z 100 percellt canop!/ coXrt?rage. Color at!riul ~ ~ h o t o g r a p h s  
were acquired on  23 MH!J 1994 under clear sky co~ltlit ions. The 
scale \vas 1:2,400. The camcra focal Icngth  as 152.888 111111. 

Most of the stanrl is vis i l~le  on the three o\.erlapl)i~lg photo- 
graphs. These photos were sc:an~lcd a1 250 111'1 (dots per inch) ,  
resulti~lg in a pixel resolution of approximately 24 cm 011 the 
g round  Tho station location allti (:amera atlitutle t ~ f  the three 
photos \\'ere solved for through orientation procotlurcs. 'T-llc 
tllrcc photos form three stcreo pairs: the 2-0 pair, the 2-1 pair. 
and  the 1-0 pair. 'The: photo motiel of tho tllrt?e stereo pairs is 

TABLE 2. PHOTO MODELS OF  T H E  STEREO PAIRS 

Lcll 1rn:lgo Righl 11n;lgc: 

Stt,rc:o S ta t io~i  Orifint;~tion Station O r i e ~ l t i ~ t i o ~ ~  
p, ,111. ' Locatitr~l (111) (degrc[!) Lo(~ati011 (111) [(iegree) 
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(4 
Figure 4. The interpretation procedure. (a) The tree-top picking step. (b) The tree model initialization step. (c) Superimposing 
the initial tree model (gray circles and cones at the central portions of the images) on top of the images. (d) Optimal model 
determination (gray circles and cones at the centers of images). (e) A 30 display of a model-synthesized tree. 

We use here a tree as a tangible example to illustrate the tree top on the two active images (crosses in Figure 4a) can 
proposed 3D tree interpretation scheme. This redwood tree is then be determined. Finally, the operator can click on the 
labeled as Tree #1. It was measured in the field with a height of Take-treetop button to calculate the ground coordinates, esti- 
27.74 m and a crown radius of 4.92 m. First, the operator roams mate tree height, determine the initial tree model, and update 
to center the image windows at this tree, zooms, and then the tree info frame (Figure 4b). The initial tree model is as fol- 
enhances the images to display the tree as clearly as possible. lows: (Xt, Yt, Zt) = (4366.86 m, 4056.79 m, 50.90 m), tree 
The tree-base elevation is 25.18 m measured on the image. The height = 25.72 m, ch = 21.89 m, cr = 4.38 m, and cc = 1.2. SO 
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far, the operator does not know if it is the optimal tree model 
for this tree. The Place-tree button can be clicked to overlay 
the synthesized tree outline on top of each image (Figure 412). 
Now the operator can tell that this is not the optimal model 
because the outline does not match the tree edges on the 
images. Using the Auto-model tool and after necessary 
adjustments, the operator makes the tree outline fit the tree 
edge on the images (Figure 4d), and the optimal model is (Xt, 
Yt, Zt) = (4366.86 m, 4056.79 m, 50.90 m), tree height = 25.72 
m, ch = 23.39 m, cr = 4.92 m, and cc = 1.1. The 3D plot from 
the viewpoint of the third image is shown in Figure 4e. The 
similarity between this 3D plot and the tree in the third image 
can be readily observed. 

Sixty-two trees in this stand were measured using the 
same procedure. Figure 5 shows the top-view image overlaid 
with measured tree outlines. A visual inspection shows that 
the outlines in general match the image well. We also did a 
quantitative assessment of the photo measurements using 
ground measurements. 

Field measurements were collected in October, 1999. Tree 
height, DBH, base height, and crown radii from four perpendic- 
ular directions were measured for 41 trees using clinometers 
and tapes. Three of the 41 trees measured were out of the area 
covered by these three images. Therefore, 38 trees were used 
for accuracy assessment. The interpreted tree parameters and 
the ground measurements are listed in Table 3 for comparison. 

We compared the interpreted crown radius with the aver- 
age of the four ground-based radius readings. The overall 
accuracy is estimated as 91 percent, and the mean absolute 
error is 0.37 m. Eighty-two percent of the trees have errors 

Figure 5. Interpreted tree outlines on top of the topview 
image. 

smaller than 0.5 m, and the crown radius interpretation is 85 
percent accurate for 84 percent of the trees. We can see from 
Table 3 that the crown radius of irregular trees tends to be over- 
estimated. This error is caused by the symmetric crown shape 
assumption used in our method. Additional parameters 
should be added to the tree model in the future to make it 
asymmetry-compliant. 

For tree height, the mean absolute error of tree height is 1.8 
m, and the overall accuracy is estimated as 94 percent. The 
tree height error of 82 percent of the trees is less than 3 m, and 
84 percent of the trees have a height estimation accuracy of 
better than 90 percent. The worst case in the 38 trees is Tree #2, 
whose height was overestimated by 6.8 m, equivalent to 24 
percent of the ground-measured tree height. Though examined 
carefully, this tree top was not quite clear on the images. 

Gagnon et al. (1993) reported that a high accuracy was 
achieved on tree height measurements for conifer plantation 
plots using softcopy photogrammetry. They claimed an accu- 
racy of 48 cm could be reached using images scanned from 
1:1,100-scale color photographs at 300 DPI when the tree-top 
coordinates are read as precisely as 0.3 pixel. 

Theoretically, the object elevation h can be calculated 
from disparity using Equation 2: i.e., 

where His the camera height, B is the baseline, f is the camera 
focal length, and d is the disparity reading from the photos. 
Because the disparity reading is error-prone, the derived target 
height is subject to error. Take the derivative of d from Equation 
2: i.e., 

The uncertainty in h due to error in disparity reading is 

The parameters of the primary stereo pair used in this 
paper are B = 404 m, H = 402 m, and f = 152.888 mm. For a 
tree top whose elevation is 50 m (the elevation of most tree tops 
in the redwood stand is around 50 m), i.e., h = 50 m, we can see 
that a one-pixel error in disparity reading may cause an error of 
only 0.2 m in tree-top elevation measurement with the photo 
co&guration of the primary pair. Taking tree-base eleiation 
measurement error into consideration, an accuracy of 0.4 m in 
tree height measurement is guaranteed if the disparity reading 
error is within one pixel. However, our overall accuracy of tree 
height measurement is about 1.8 m, which is much greater than 
the theoretical estimates. This can be explained by the fact that 
measurement accuracy is determined not only by the precision 
in disparity reading, but also by other factors such as image 
quality and stand complexity. n e e  tops of a difficult stand are 
not very distinct on images of poor quality. Although we can 
read the disparity at sub-pixel precision, we may still get a poor 
tree height measurement because we may not pick up the right 
pixels for the tree top. 

Interpretation efficiency also depends on many factors 
such as image quality, stand complexity, tree-top recognizabil- 
ity, and the operator's proficiency. For the redwood stand in 
this paper, a normal operator with our algorithm can interpret 
approximately 200 trees per day. The interpretation speed is 
expected to double for forest stands that are easier to interpret. 
This is much more efficient than field survey. It took two crew 
members four hours to measure the 41 trees in the field. This is 
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TABLE 3, ~NTERPRETATION RESULT VALIDATION WITH GROUND MEASUREMENTS 

Interpretation results Field measurements (m) Comparison 
Tree 
ID Species X (m] Y (m] Z (m] CH(m] CR(m] CC Zbase(m1 Height Rl* R3 R5 R7 AH(m]+ AH%X AR(m) AR% 

redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
redwood 
P. Mntry 
redwood 
redwood 
redwood 
redwood 

oak 
oak 

*R1, R3, R5, and R7 are the ground crown radius readings from four perpendicular directions.The average of the four readings is used as the 
true value to evaluate the crown radius measured from the photos. 
+AH is the difference between the photo-measured and the ground-measured tree heights. Similarly, AR is defined for crown radius. 
'AH% is the ratio of H to the ground tree height in percentage. Similarly, AR% is defined for crown radius. 
$The mean absolute error of tree height [or crown radius) is defined as the average of the absolute value of AH (or AR). The overall accuracy of 
tree height (or crown radius) is defined as 100 - averaged AH (or AR]. 

I Figure 6. A snapshot of the 3~ view. I 

a stand with flat topography. The tree interpreter is also more 
productive than stereoplotters. Kovats (1997) discussed the 
efficiency of using a stereoplotter to measure tree height from 
large-scale aerial photographs. Having the tree-base elevation 
predetermined, and with the assistance of ground stem maps, 
an operator can measure more than 300 trees per day. There, 
the operator made only one measurement for each tree, the 
coordinates of the tree top. In this effort, stereoplotters are only 
used to measure tree height, while our method outputs a wide 
range of tree measurements in an efficient way. 

The interpretation results were imported into ArcView GIS. 
We developed a script to take the interpreted tree measure- 
ments and visualize the tree models with the ArcView 3D Ana- 
lyst Extension. The 3D view looks quite realistic. A snapshot of 
the 3D view is illustrated in Figure 6. 

Conclusions 
We report preliminary results for model-based aerial photoin- 
terpretation of trees in this paper. A low-cost model-based 3D 
tree interpreter software system was developed. It can be easily 
transplanted to any system because no special hardware is 
required. 
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This interpreter system can produce many important tree 
measurements such as location, height, crown depth, crown 
radius, and crown surface curvature of trees. The outputs of the 
tree interpreter system are free of perspective distortion, and 
can be imported to a GIs to produce tree maps. 

The 3D interpreter system works in an interactive manner 
but model matching and measurement are done automatically. 
Such a system combines a manual interpreter's reliability and 
the efficiency of a computer system. This integration is neces- 
sary and practical for tree interpretation in natural stands 
where automatic approaches usually fail. 

Rather than directly tracing crown boundaries, our method 
synthesizes tree outlines from tree models and superimposes 
them on top of the images for model validation. In the 3D inter- 
preter system design, we made use of image display tech- 
niques, triangular images and the epipolar constraint, and a 
user-friendly interface. All these improve the reliability and 
efficiency in tree interpretation. With this tree interpreter, an 
operator can measure approximately 200 trees in one day for 
quite complicated stands. 

The accuracy of the measurements depends more on stand 
complexity, image quality, and the identifiability of tree tops 
on the images, rather than on how precise the operator can read 
the coordinates. As a consequence, the accuracy is expected to 
be higher for even-aged plantation plots, and lower for dense 
natural stands. For the closed redwood stand used in this 
paper, we have obtained acceptable tree measurements with an 
overall accuracy of 94 percent and 90 percent for tree height 
and crown radius, respectively. We expect to achieve better 
results at  a higher interpretation speed for easier stands. The 
results also show that there is room for improving the perfor- 
mance of this approach by upgrading the tree model to a more 
sophisticated one. 

In addition to measurements of tree parameters, these 
measurements can serve as initial conditions for further 
research such as tree pattern analysis, crown surface recon- 
struction, and orthographical tree image generation. 
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