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Introduction
This paper describes characterisation and segmentation techniques for assessing the size and shape of forest stands and the forest canopy, using digital photogrammetric methods for creating the input Digital Elevation Models (DEMs) and ortho-photographs.  The techniques are applicable at different scales, and can be used to identify the pattern of wind damage and variability in selected stand characteristics. The latter has important implications for understanding the causation of observed windthrow, and for representing stand characteristics within mechanistic wind risk models. The use of these measures is demonstrated using a dataset for a forest area in Wales, Britain.

A digital terrain model of the underlying topography has been derived from historical aerial photography, using digital photogrammetric techniques. The same approach has been used to derive estimates of canopy height at three dates through the growth of the forest (1975, 1992 and 1995). Combining the different surfaces provides a model of changes in canopy height through time. Estimates of the quality of the derived height information were obtained by comparison with a sample of ground observations of tree height.
The paper describes and discusses the issues associated with the collection, processing and use of DEM and ortho-photographic data. The discussion is based upon the results of tests conducted into the comparison of DEMs derived for different dates and scales of photography, with a cross-comparison of eight different resolutions of DEM and ortho-photograph. The following issues are considered: spatial variability in DEM accuracy and its implications for mosaicing DEMs, variability in ortho-photograph accuracy, consistency of DEM data between dates of photographs, processing time, disk space and configuration. 

Background

The role of aerial photography in topographic mapping, forest inventory and monitoring is well established and the advantages and disadvantages are largely understood (Howard, 1991). To date, paper prints of photographs or ortho-photographs has been the main medium of use.  However, the use of digital representations of photographs has become common in commercial mapping, survey and publishing concerns; they have recognised the potential of low cost PC-based multimedia systems for the development of new products. Most recently there has been substantial investment in dedicated digital photogrammetric workstations and softcopy photogrammetric implementations to permit production work over large areas (Skalet et al., 1992; Light, 1993).

The use of digital photographic materials in forestry research or management is still at an early stage, but some work has been undertaken by the United Kingdom Forest Commission (Selmes pers comm) and a number of Agencies in the United States (Carmean, 1995; Skalet et al., 1992; Goebel and Price, 1993; Tudor and Sugarbaker, 1993; Tilley, 1994). There are few examples of the use of the techniques to derive surfaces of forest canopies or stands (Dralle, 1997, Miller et al., 1994; Nakashizuka et al, 1995), although a number of man-made, structures have been studied (Graff and Usery, 1993). Similarly there has been little work on the incorporation of such data into general schemes for mapping, measurement and monitoring in forest management (Gagnon et al., 1992). This paper discusses the issues, limitations, and potential for use of this technique by reference to an example
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Table 1. Details of the photography used in the study.

Methods

The four sets of aerial photography were scanned at 800 dpi, providing a ground resolutions of between 0.25m and 0.5m. The scanning resolution was selected on the basis of previous work (Miller et al.,1994), on recommended resolutions for scanning and on the required output of DEM and ortho-photographic data. The digital photogrammetric software used was the Erdas Imagine OrthoMAX product.(Erdas, 1995), mounted on Sun Sparc stations 4/20 and 10/20. Details of the photography and its processing are given in Table 1.
Ground control was added using a MIDAS II Global Positioning System (GPS) in differential mode for 8 tie points, 12 control points and 11 check points and traditional land survey techniques. Tree height was measured in September 1990 using conventional forest survey in basal area plots at approximately 100m intervals; location of these plots was established using the GPS at a later date.

Blocks of photogrammetric models were constructed for each date of photography. DEMs and ortho-photographs were derived for each stereo pair and outputs were mosaiced to produce a DEM and ortho-photograph for each date. The derivation of the DEMs was undertaken at 1, 2, 5, 10, 20, 50, 100 and 200 m resolutions and the ortho-photographs were also output at each of these resolutions, using each of the DEM resolutions in turn as inputs. The size of the 1 x 1 m DEM for the entire area was approximately 95Mb.

The data processing for two models for each year was timed and the measures conducted on two different processors and with the data housed remotely and locally.  This provides a basis for assessing the impact of hardware and software configurations on the derivation of DEM and ortho-photographic data at different resolutions. 

Tests were also carried out to compare the characteristics of the canopy and 3D model of the forest for different resolutions of source data and over differing zones of influence. The forest stand was analyzed at each resolution to produce the variance in tree height and the variance in canopy surface, which were subsequently used to produce three principal outputs: 

1. A comparison of the difference between the local variation in tree height compared to that of the forest canopy. 

3. A basis for segmenting the canopy into patches for a study of their topological structure compared to that of the topography and soils. 

Results

The absolute accuracy of the DEMs was assessed using the ground survey data, within and outwith the forest canopy. Overall results showed a RMS in height of 0.5 m in areas outside the forest and 1.5 m for the forest canopy, although this varied according to tree height, spacing, management and underlying topographic conditions. The results were compared to those that would have been obtained using the nationally available DEM data at 1:10 000 and 1:50 000 scales from Ordnance Survey to assess the implications of using one of those DEMs as inputs to the derivation of tree height. The distribution of the accuracy was studied in two ways: 

1. The distribution of the error in the control of the photogrammetric model was derived from the results of the triangulation, providing an indication of the magnitude and direction of the error, presented as a raster image. This was used as an initial report on the quality of the processing to aid in the selection of additional control points.

2. The relative and absolute accuracy of the DEM between adjacent models was compared with respect to the underlying terrain and land cover features. This illustrated differences in the height of a feature, as measured on two, overlapping, stereo models and one output was an indication of the spatial distribution  of the quality of estimates of tree height. The lowest quality was those areas furthest from the principal points of the photographs, where the spacing of the trees was widest, which occurs when there has been line thinning of the forest stand.

The processing time required for single models, irrespective of the source processor, only exceeds one hour at output resolutions of 5 x 5 m and higher. The consequences of a remotely located dataset, compared to a locally located dataset, on the overall processing time, for a 1 x 1 m output DEM (1750 x 1200 in size) is an increase from 9 hours to 16 hours. The implications for even a relatively small area, comprising four stereo models, for a single date of photography is significant for the management of the computing resource. 

The ortho-photograph derived for the pre-planting date (1957) was used as a basis for interpreting features, such as drainage patterns, for use in comparison with the outputs of measures of variability across the canopy. Variability in the canopy was derived in a directional sense to assess its homogeneity with respect to different wind directions. The calculation was undertaken at the resolution of the DEM cell for 1, 2 and 5 m resolutions and shows where the canopy is most ‘disturbed’. 

Conclusions

The application of digital photogrammetric techniques for the derivation of ortho-photography and DEMs will be determined by the actual, or perceived, benefits obtainable over the costs associated with their implementation. The results of this work provide a basis for assessing some of the benefits and the costs involved.

Such techniques may be most useful where monitoring is required over areas so large that observations on individual trees are not practical. Digital photogrammetry may provide better estimates of the spatial character of a forest stand and its variability than the currently used numerical models. Interpretation of such variability may lead to revised classification of the forest into stands that reflect current conditions rather than those mapped in pre-planted surveys; for example, where growth is restricted due to localised shallow soils or peat which was not readily identifiable before planting. It may also provide an important input to methods for assessing the probability of wind damage to forestry.
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