Improvement of an Oak Canopy Model
Extracted from Digital Photogrammetry

Peng Gong, Xueliang Mei, Gregory S. Biging, and Zuxun Zhang

Abstract

Digital surface models (DSMs) automatically derived with digital
photogrammetric systems are useful in land surface change
monitoring, including forest growth monitoring. However, they
cannot be applied directly to forest canopy change analysis
with high accuracy due to the inevitable deficiencies in existing
commercial digital photogrammetry packages. In a hardwood
rangeland monitoring study, we found that the oak tree and
woodland canopy boundaries were not well determined using
several digital photogrammetry packages available to us. There
was a noticeable discrepancy between the true crown closure
and that determined by subtracting the DSM and the
corresponding DEM that excludes tree heights. In this paper,
we present a correction method for improvement at the
erroneous canopy boundary locations in the DSM using shadow
and boundary information extracted from imagery. The method
is designed for correcting errors for broadleaf tree canopies.
Aerial photographs taken over oak woodland hills were tested.
Using manual photogrammetric measurements as the reference,
we found that most of the points (88.3 percent) on the canopy
boundaries were displaced by greater than 1 meter with a
conventional digital photogrammetric package. After the
proposed algorithims were applied, greater than 98.6 percent
of the points on canopy boundaries were found to be within 1
meter of their reference positions. 78.4 percent of the reference
points had greater than 2 meters elevation errors with the
conventional package while greater than 85.6 percent of those
points were found to be within 2 meters of the reference after
the proposed algorithms were applied.

Introduction

Digital surface models (DSMs) automatically derived using digi-
tal photogrammetry systems have been applied to topographic
mapping (e.g.. Ackerman and Krzystek, 1997), image under-
standing (Weidner and Forstner, 1995), and change monitoring
(Gong et al., 1999a; Gong et al., 1999b; Brown and Arbogast,
1999). Since 1995, we have been developing bsM-based tech-
niques for monitoring changes in California’s oak woodlands
(Gong et al., 1999b). DSMs from two different dates extracted
over the same area were first automatically derived from aerial
photographs using digital photogrammetry systems. Individual
tree growth, loss of trees from mortality or cutting, and regener-
ated trees were then detected by subtracting one DSM from the
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other. Although the approach was promising in forest change
monitoring, we found that bSMs thus derived were not reliable
and were often erroneous at locations where elevation changes
abruptly, e.g., at borders of forest or individual tree canopy.
Thus, it is difficult to obtain reliable results for forest monitoring
before some post-processing is applied to the multidate DSMs.

Based on our analysis, we found that errors in DSMs derived
from digital photogrammetry were primarily from image match-
ing. In image matching, surface smoothness is used as a con-
straint in most of the commercial packages. The purpose of the
smoothness constraint is to reduce abrupt changes and elimi-
nate non-topographic scene components in order to derive
accurate surface elevation. This constraint may not be applica-
ble in image areas where non-topographic components are
desirable. Standing objects such as buildings, oak trees, and
other forest stands cannot be treated as a cohesive unit on a stereo
pair of aerial photographs. The depth (elevation) discontinuities
at the boundaries of forest stands divide the whole underlying
surface into many piecewise patches. Within each individual
patch the surface can be approximately treated as continuously
smooth, i.e., the individual surface patch satisfies the so-called
smoothness constraint. Therefore, the underlying surface
should first be separated in advance. Then the smoothness con-
straint can be applied properly to each individual surface
patch. Furthermore, depth discontinuities may lead to occlu-
sions, which are portions of the ground not seen on one of the
two images. Occlusions lead to “null” matches. The occluded
regions caused by perspective projection during aerial photog-
raphy should be excluded from the matching process. Unfortu-
nately, this is not done in most existing image matching
algorithms because they are designed for topographic mapping
where occlusions usually do not occur. Thus, in the final 3D
surface data, the occluded regions may be derived from false
matches or “blind” interpolation. In our study, the “blind”
interpolation is usually fitting between the ground surface and
tree canopy. This leads to an expansion of forest stands at forest
boundaries. Boundaries of standing objects at occluded areas
are shifted because of smoothing. Therefore, 3D data obtained
over occluded areas are erroneous,

Because of the two shortcomings described above, the final
DSM becomes continuously smooth, and important features
such as depth discontinuities caused by standing objects are not
captured. We need to use boundary information to prevent the
smoothness constraint from being employed at the boundaries
of standing objects such as forest stands and to assist in the detec-
tion of occluded regions. To achieve this goal, a boundary con-
straint and an occlusion constraint should be applied in image
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Figure 1. A portion of a stereopair of aerial photographs acquired over an oak woodland stand in
Lucas Valley, Marin County, California.

matching. In addition, shadows exist when aerial photography
is taken under sunny conditions. The shadow geometry can
also be used as a constraint because shadows of tree canopy rep-
resent areas substantially lower in elevation than the canopy
surface,

Given the above considerations, one option is to develop a
new image matching algorithm that takes those new constraints
into consideration. This takes a considerable amount of time
and resources to accomplish. Mohan et al. (1989) demonstrate
that substantial improvements in the overall performance of the
entire digital photogrammetric procedure can be achieved by
applying some of the constraint information after image match-
ing is done. We decided to take advantage of the existing algo-
rithms (Dhond and Aggrawal, 1989; Heipke, 1996; Mei et al.,
2001) and apply the new constraints through postprocessing.

The objective of this study was to improve the accuracy of a
DsM of an oak woodland stand using a stereo-pair of aerial pho-
tographs. Because the inner portion of an oak tree crown surface
isrelatively smooth, it can be derived with relatively high accu-
racy by using existing commercial software packages. The chal-
lenge was to accurately recover the crown margins near the
outer portions of tree crowns because abrupt elevation changes
at the crown margins lead to large uncertainties in image
matching,

Obtaining the DSM

The DSM can be automatically derived using digital photogram-
metric systems such as Socket Set, Match-T, and VirtuoZo™.
This can be done using a standard digital photogrammetric pro-
cedure. The procedure normally consists of six steps, They are
interior orientation, relative orientation and generation of epi-
polar images, absolute orientation, image matching, and inter-
polation and generation of DSM. Among them, the matching
process is vital to the whole procedure. Although there are two
major categories of image matching algorithms in the litera-
ture—area-based and feature-based—most built-in algorithms
in commercial digital photogrammetric systems are area-based.
For example, VirtuoZo™, the one we used for our study,
employs an area-based image matching algorithm (http://
www.virtuozo.com.au),

An aerial stereo-pair acquired over an oak woodland area
was scanned at a 25-um resolution (Figure 1). It was acquired
over Lucas Valley (38°02'38"W, 122°36'30"N), Marin County,
California, with a nominal scale of 1:12,000. An individual oak
tree on a 23.4° hill slope with a height of approximately 10.3
meters was enlarged (Figure 1), The black-and-white photo-
graphs were taken around 2:30 PM local time (it was estimated
from the sun angle and the geographic location due to the lack of
the time information) in August, 1995. The solar elevation and
azimuth were 55°02'38" and 64°02'38", respectively (deter-
mined from measurements of several points and their shadow
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points). From Figure 1, we can see that three classes may be
found: background dry grasses, shadows, and forest stands
(field visitation indicated that the stands were primarily oak
trees). Shadows are the darkest and the background is white,
while the forest stands appear grey. Our experiments indicated
that methods such as gray-level thresholding worked well in
separating them.

Ground control points (GCPs) were collected using geodetic
quality GPS receivers operated in the differential mode. Abso-
lute orientation was done using GCps. Following a standard
photogrammetric procedure, the initial DSM was generated
with VirtuoZo™. The resolution of the DSM (grid-based) is 1
meter (Figure 2a), tree stands are observable, and the results
seem satisfactory. However, when we checked the initial DSM
(using VirtuoZo's interactive DEM Editing Tool module while
wearing a stereo-goggle), we found that the errors in the DSM
were distributed mainly at the boundaries and their vicinities
of the oak stands. This examination (Figure 2b) indicated that
tree boundaries, especially those at the down-hill side of tree
crowns, were shifted and that the sharp depth discontinuity
was smoothed. As explained earlier, such shifting and smooth-
ing phenomena are caused by the improper implementation of
the smoothness constraint in the matching process and
“blind” interpolation.

Extraction of Shadow Patches and Stand Boundaries in the
Original Images

Shadows occur not only near boundaries of tree crowns, but
also within crown surfaces and near cliffs. We can use shadow
information to correct errors in the DSM. The algorithm will be

Elevation

Crown

Down hill slope direction

Figure 2. An initial digital surface model (Dsm) derived from
the stereopair using an existing digital photogrammetric
system. (a) The initial DsM. (b) A profile along the down slope
direction. The vertical dash-lines are the boundary of the
tree and the dash-curve is the ground. The profile shows
that the curve is smoothed and includes errors near the
boundary of the tree.
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Figure 3. Shadow and shade of a tree canopy. (a) Shadow
and its components. (b) The extracted shadow patches.

discussed in the shadow boundary correction section. Shad-
ows can be extracted through image thresholding (Mei, 1996;
Shao, 1993). Assuming that shadows are the darkest in the
images, image thresholding is suitable for extracting shadows
cast by oaktrees and stands. In this paper, we treated a shadow
patch as one consisting of shade and shadow (Figure 3a). They
were extracted through image thresholding (Figure 3b).

Because tree leaves on oak tree crowns are dense and the
canopy surface is relatively smooth, the gray-level values of
the oak crowns do not vary a lot from one location to the other
on the image (Figure 4). Both oak stands and individual trees
can be extracted using image thresholding or classification
approaches. The boundary of each oak stand (or tree) can be
extracted using a boundary tracking technique. In our study
those boundaries were considered as the lines that separate the
oak segments from the shadow and background. The bound-
aries should be closed. Within those individually closed
boundaries, the surfaces were considered to be continuously
smooth (some approximations are made because the crown
surfaces of oak trees in the real world are not strictly continu-
ously smooth). Thus, the errors within the crown interiors
were not corrected.

Obtaining 3D Coordinates

The 3D coordinates of those extracted features were calculated
based on the image rectification approach. We used ray-tracing
(Zhang and Zhang, 1996). The algorithm works following the
principle of imaging geometry, Rays are extended from points
on canopy boundaries in the original image through the photo-
graphic center until the DSM is intersected. Those intersected
points are the modeled canopy boundary points. The algorithm
tries to find those intersection points on the DSM. Once they are
found, their 3D positions become the initial 3D coordinates, The
algorithm can then be iterated to refine the 3D coordinates of
the crown boundaries.

Correcting Errors on the Stand Boundaries

The two conjugate boundaries, one from the left image and one
from the right image of the stereo pair, should be coincident in
the 3D world but, because of matching errors, one boundary
point may be matched to a non-boundary point in the other
image. Therefore, the 3D coordinates of the two conjugate
boundaries usually do not coincide with each other (Figure
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Figure 4. Crown boundaries are extracted through image
thresholding. (a) The histogram of the photograph. (b) The
extracted stand boundaries based on a threshold deter-
mined through histogram analysis.

Figure 5. Tree boundary discrepancy correction, (a) White
line from the left image and gray line from the right image
and they are orthorectified in the 3D coordinate system. The
discrepancy shows that matching errors occur at stand
boundaries. (b) Results after correction.

5a). In order to correct for the discrepancies between the two
conjugate boundaries, every point pertinent to the conjugate
boundaries is re-matched. The matching is performed in 3D
space, not in the image space. In the matching process, the epi-
polar geometry is used as a constraint to simplify the search for
corresponding boundary points. The correct match should be
the two points having the minimum distance in the epipolar
direction. This matching criterion is chosen because bound-
aries are very sparse, and it is almost impossible to generate
many candidate matches within the search range. The auto-
matically derived DSM provides a good approximation and
greatly reduces the search range. In our experiments we found
that the discrepancy ranged from 0 to 5 meters, i.e., the maxi-
mum search range was *5 pixels in the one-meter DSM,

In the 3D matching, most of the boundary points can be
matched except a small portion (usually less than 10 percent in
our experiments) that has been incorrectly segmented as
boundaries. Therefore, those unmatched points are considered
as artifacts and are removed from the boundary points. Through
the 3D matching step, those portions of wrongly matched
boundary points (i.e., with no match in the conventional image
matching) are assigned matches. As a result, every point on a
boundary gains a match. By back-projecting those matches into
the image space, we can obtain their parallax measurements.
Based on the parallax measurements and the orientations, the
three-dimensional coordinates of those boundaries can be
computed. It is at this stage that the coordinates of boundary
points are corrected both horizontally and vertically (Figure
5b).

Correcting Errors in a Shadow Boundary

A point that casts a shadow and its corresponding shadow
point on the ground should lie on a line in the sun light direc-
tion (Figure 6). Denote (X;, Y}, Z,) as the 3D coordinates of the
point that casts a shadow on the ground with (X,, Y,, Z,) as its
3D shadow coordinates. The sun direction is defined by three
cosine elements a, b, and c. The following equations hold:

Figure 6. Examples of shadow geometry violations. The dark
points are violations of Equation 1 and the white points are
violations of the inequality Equation 3.
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[Xr - Xg} = [Yr - Yg] = [Zr _ Zg]

a b c

= constant (1)

wherea # 0, b # 0, ¢ # 0, (except noon, dawn, and evening). If
the time of the day when the photographs were taken is known,
the three elements can be determined with the following
equations:

a = cos(Az) - cos(El + )
b = sin(Az) - cos(El + =) (2)
c = sin (El + =)

Note that the unit vector's direction is from the sun to the
ground. El is the solar elevation angle and Az is the azimuth
angle (Campbell, 1981; Bonhomme, 1993).

Thus,

cos(El) = sin(8) - sin(A) + cos(8) « cos(A) - cos(H)
and
cos(Az) = —cos(d) - sin(H)/cos(E])

where & is the solar declination, A is the geographic latitude,
and H is the hour angle. The solar declination is a function of
day of the year: i.e.,

sin(8) = 0.39785 - sin(278.9709 - 0.9856 - |
+ 1.9163 - 5in(356.6153 + 0.9856 - J))

where [is the Julian day.

Boundaries of shadows are divided into two parts: crown
points and their cast shadow points, and they should have a
one-one correspondence. Using Equation 1, the crown points
and their ground counterparts can be identified. Those points
missing the one-one correspondence are considered as errors,
Through this checking, we can correct for some errors of shad-
ows caused by gray-level thresholding. Shadow points are re-
matched using image area correlation and new elevation val-
ues are assigned to them.

Correcting Errors within the Shadowed Patches
Shadowed points should be below the corresponding sun-light
ray, i.e., the following inequality equation holds:

Zy < Z, (3)

where Z, is the elevation of the shadow point and Z, is the eleva-
tion of the corresponding point on the crown in the sun-light
direction. Those points violating the above relation are dis-
carded and their elevation values are replaced through
interpolation.

Correcting Errors in the Occluded Regions
Although occluded regions can be detected using ray-tracing
analysis, the computation costs are high because we also need
tree height information and slope information for the adjacent
ground. However, tree heights are not available at this stage. In
order not to fall into an endless loop and to make sure that all
the occluded regions are detected, we simply generated a
buffer of a certain width around stand boundaries (the cor-
rected boundaries). The buffer zones are initially considered as
occluded regions with their width being the widest possible
width of occluded regions in the test area.

Tree crown coverage and its surrounding buffers are
assigned as “no data.” Thus, we gained a new DSM with holes
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Figure 7. Correction of occluded regions. (a) White donut is
the buffer treated as occluded. (b) White region is consid-
ered as “no data” and their elevation values assigned
through interpolation. (c) The interpolated results.

of “no data” (Figure 7). Those “no data” holes are filled with
data using data points surrounding those holes. The interpola-
tion is done through polynomial fitting. A new DSM that
excludes tree heights is generated.

Correcting Errors Near the Edges on Crowns

Even though some portions of crown near the crown edges are
visible both in the left image and in the right image, elevation
values at those positions change abruptly, leading to large
matching uncertainties. A correction procedure similar to that
for occluded regions was applied. Those portions of crowns
near the edges are masked out using a distance threshold (Fig-
ure 8). Then elevation values are interpolated through inverse
distance weighting. Data points used for interpolation are both
from the corrected boundary and from the inner parts of the
crown. A new DSM can be derived through a logic overlay of the
DsM, excluding tree heights and the corrected crown DsSM. Ele-
vation values in those places with tree stands in the DsM
excluding tree heights are replaced by elevation values of the
corrected crown DSM,

Results and Discussions

Ideally, each of the above correction steps should be done
simultaneously. However, this is impossible. When we correct
for the errors in shadow boundaries, some already corrected
crown boundaries may include errors again. Thus, the correc-
tion should be made iteratively. Because of image segmentation
errors by thresholding, two physically conjugate boundaries
may not be correctly extracted from the image. Thus, the tech-
niques used for extraction of shadow patches and oak stand
boundaries are critical to correct for the mis-matches.

In order to assess the effect of the correction, stand bound-
aries and a DSM were interactively collected using VirtuoZo™
digitial photogrammetric software. We compared the results
after correction and those before correction using the manually

C

Figure 8. Correction of the crown DSM near the edge. (a)
Crown pixels near the boundary marked black. (b) Data in
the black region are replaced through interpolation. (c)
Results of interpolation.
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Figure 9. Comparison of the DSMs obtained with different
methods. (a) The bsM manually measured through inter-
active editing as the reference. (b) The difference between
the reference DSM and the initial DsM automatically derived
before correction. (c) The difference between the reference
DSM and the corrected DSM.

collected data as reference (Figure 9a). This can be compared
with the DsM directly obtained from digital photogrammetry
without postprocessing (Figure 9b), and the DsM after all cor-
rections. Clearly, the postprocessing approach improved the
results. We found that 88.3 percent points on the crown bound-
aries before correction had greater than 1 meter horizontal
errors. After error correction greater than 98.6 percent points on
the crown boundaries had less than 1 m horizontal errors.
Therefore, after the correction the crown boundaries were bet-
ter located. We also found that 78.4 percent points on crown
boundaries before correction had greater than 2 meters eleva-
tion errors and after correction greater than 85.6 percent points
on crown boundaries were within 2 meters of the reference.

We also observed that the crown closure derived through
subtraction of a DSM and a DEM (without forest stands) before
correction was 165.4 square meters and after correction it
became 133.6 square meters. The reference crown closure was
121.5 square meters. Therefore, through correction, the accu-
racy of crown closure has been greatly improved. In order to
determine the significance of different error sources, we gener-
ated three DSMs, each of which has one error source corrected.
They were (A) corrected shadow related errors, (B) corrected
errors in occluded regions, and (C) corrected errors for the near
edge portions of crowns and in the occluded region. The crown
closures derived from A, B, and C were 162.7,117.9, and 136.1
square meters, respectively. From these results, the correction
for occluded regions and near crown edges are the most influ-
ential in improving crown closure estimation. It seems that our
procedure for correcting shadow effects is less effective. Be-
cause the effect of shadow is dependent on sun angles, our
shadow correction method may work well when shadows are
more severe in a photograph. For the photograph used in this
study, the shadow patches are sparse and correction is limited
only at the boundaries of shadow patches. Nevertheless,
shadow related information has been useful in other ways such
as for the determination of object heights (Shao, 1993). Accu-
rate tree height will in turn improve occlusion analysis and thus
will indirectly contribute to crown closure estimation.

In summary, our approach is essentially a correction
method applied to an initial DSM derived from a stereo pair by
an existing digital photogrammetry package. It consisted of
three steps: (1) boundaries of oak stands and shadows are
extracted from the original images; (2) the 3D coordinates of
those boundaries are calculated by projecting those boundaries
with the DSM, and, (3) violations of the shadow geometry, occlu-
sion, and boundary constraints are detected and corrected in the
DSM. The benefit of the corrections lies in the fact that bound-
aries of oak stands in the initial DSM become more accurately
located and the final DSM becomes more accurate. Although
this study has been carried out at an oak stand, similar
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improvements can be expected with other broadleaf forest
types. Results of this study indicate that errors caused by viola-
tions of the shadow geometry and occlusion constraints can be
corrected. The proposed method is feasible and the algorithms
are efficient because the new constraints need only be applied
to a small portion of the DSM, i.e., at the stand boundaries and
their vicinities.
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