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2.0 Theoretical Aspects of Error Measurement in 

 Vegetation Mapping
2.1 Modeling Natural Properties
2.1.1 Homogeneity of Classes

At the most fundamental level, geographical data can be defined as a collection of facts about places.  The atomic unit of spatial data is the tuple <x,y,z>, where x and y define a place, and z is some fact about the place, such as vegetation cover class.  A convenient way to define the difference between spatial and geographical data is to insist that for geographical data, the coordinates (x,y) be defined by some system of measurement on the Earth, latitude/longitude, for example, or in the UTM (Universal Transverse Mercator) coordinate system.

For many types of geographical facts, it is appropriate to conceive of z as a measurement at a point, or infinitely small area.  For example, ground elevation can be measured at a point, as can air temperature, atmospheric pressure, or rainfall.  Although a rain gauge will average rainfall over a finite radius, that radius will be much larger than the positional error in the location of the rain gauge, and will be irrelevant in any likely analysis.

For other types of geographical facts, the definition of the value at a point requires an observation over a significant distance around the point.  Vegetation cover classes, for example, can only be defined over discrete areas that substantially exceed the area covered by any single plant.  The spatial resolution of the vegetation cover class should not be confused with the positional accuracy of the point, or with measures of the size of the study area.  In a typical example, the positional accuracy of the point might be 30 meters using GPS, while the spatial resolution of the vegetation cover class might be 100 meters, implying that it is necessary to observe an area of 100 meters on one side (1 hectare) to determine the cover class recorded at its central point.

When vegetation cover class A is recorded at a point, there is no implication that vegetation is uniformly of class A everywhere within an observational area around the point.  An observational area of 1 hectare classified as Ponderosa pine may include many species besides Ponderosa pine.  The recorded observation merely asserts that Ponderosa pine is sufficiently abundant relative to other species to satisfy the formal classification requirements of the mapping exercise.  It follows that if this form of mapping is to be successful, and if its accuracy is to be assessed on any objective basis, the rules that allow a heterogeneous mix of species to be represented as a single class must be laid down as objectively as possible, and have results that are reasonably replicable from one observer to another.  

In addition to the problems associated with assigning a class to a point, vegetation mapping requires that points of like class be aggregated into polygons.  Here again there is no implication that an observer would assign the same class to every point within the polygon.  Instead, it is generally accepted that the polygon will include areas that are not of the same class, and that such areas are generally more likely to be close to the polygon's mapped edges.  Moreover, the inclusion of any class that is smaller in area than the specified minimum mapping unit (MMU) will be ignored.  The area of the minimum mapping unit will be larger than the spatial resolution of the data, which was defined earlier as the minimum area that must be observed for a point to be assigned to a class.

2.1.2 Distribution of classes

The rules of classification used in a vegetation mapping exercise must be sufficiently precise to allow an observer to determine class at any point by observing some defined area around the point.  The classification rules must result in the assignment of one and only one class to each point, no matter what the proportions of the species present, and it must be possible to apply the rules to both the mapping and to the subsequent accuracy assessment.  In theory, a small number of classes will tend to produce a small number of large polygons, and a large number of classes will tend to produce a large number of small polygons.  In practice, the polygons within any one class tend to vary greatly in size.  The variation tends to exhibit positive skew, with a relatively small number of very large polygons and a large number of small ones; the mean polygon area is generally greater than the median area.  Between classes, it is generally observed that some classes tend to be characterized by small polygons, and some by relatively large polygons.

The number and size of the polygons in each class tend to vary widely, and the accuracy assessment must be conducted accordingly.  If an equal number of samples is taken within each class, the expense of accuracy assessment will be the same whether a class is rare or abundant, and the assessment will be independent of the class's importance to any eventual application.  On the other hand, if the number of samples allocated to each class is proportional to class area, or to the number of polygons in the class, then since a small number of classes are likely to account for a large proportion of the total area, some rare classes may be missed altogether.  In practice, a compromise is often used in which common classes receive more samples than uncommon classes, but not proportionately more.

For example, suppose a mapping exercise has three classes, occupying 70%, 27%, and 3% of the area respectively.  The budget for accuracy assessment is sufficient to allow for 300 sample point observations to be made on the ground.  To permit equally confident statements to be made about the accuracy of each class, 100_samples would be allocated to each class.  On the other hand, to permit equally confident statements to be made about accuracy anywhere on the map, 210, 81, and 9 samples would be allocated to the three classes respectively, leading to relatively unreliable conclusions about the mapping of the third, rare class.  A compromise might be to allocate 150, 100, and 50 samples respectively.

2.1.3 Boundary definition in transition zones

Some vegetation class boundaries are well demarcated on the ground or from the air, and can be mapped precisely and with confidence.  This is true in areas where vegetation is harvested and replanted, subjected to intensive silviculture, or is affected by sharp topographic features like ridges or tree lines.  In other cases boundaries are much less clearly defined, as when, for example, transitions occur in ecotones, or the mixing of species or classes is particularly heterogeneous.  In some cases the transition of an ecotone may be mapped as several classes, particularly when the vegetation classification scheme includes specific mixtures.  In other cases a mapper may simply "eyeball" a medial line.

In a digital environment it is comparatively easy to ask the mapper to capture a measure of boundary uncertainty, or transition zone width, as standard practice, and to insert it into the database as an attribute of each boundary arc.  In practice, however, most mapping still reflects the conventions of the predigital era, and boundary arcs are rarely distinguished in this way.  It would be useful if the NPS Vegetation Mapping Project could experiment with this concept, and conduct trials to evaluate its costs and potential benefits.  The inclusion of such data in the vegetation database might permit the development of (a) improved mapping techniques that would display cartographic representations of transition zones, (b) confidence limits on the areas of classes bounded by transition zones, and (c) improved methods of overlay for vegetation and other data.

2.1.4 Relationship between smallest mapping unit and smallest thematic unit

As noted earlier, a minimum mapping unit (MMU), defined as an area measure, is used as a criterion for vegetation mapping; any polygon smaller than this area (defined as an inclusion) is dissolved and merged with its surrounding polygon.  When an inclusion has more than one neighboring class, rules are required to determine how it should be merged, and such rules should be made explicit.  In principle, an inclusion should be merged with the neighbor of the most similar class.  During the accuracy assessment, the same rules will have to be used to resolve ambiguities that may occur due to location of a sample site within an inclusion.

The MMU should also be defined explicitly.  It may be desirable for the MMU to vary by class.  For example, the MMU for a rare class might be smaller than one for a common class.  In addition, it may be difficult to define the MMU for long, thin polygons like riparian zones, where it may be more appropriate to define a minimum width than a minimum area.  However, in no case may the MMU be smaller than the minimum area that must be observed in order to establish class (i.e., smaller than the observational unit or spatial resolution discussed earlier).

The refinement of the classification scheme leads to smaller polygons, as noted earlier.  It may also lead to a reduction in the size of the observational unit, or improve spatial resolution, since it is likely that a more refined classification will be determined through the observation of smaller minimum areas.

2.1.5 Spatial patterning of thematic units

Vegetation maps tend to exhibit certain characteristic patterns.  By definition, polygons must not overlap, and they must exhaust the space they cover, since there must be exactly one class at any point.  The boundary network formed by polygon boundaries generally contains only junctions of three arcs; junctions of four or more are exceedingly rare.  The smallest polygons, those close to the MMU, tend to be circular, whereas larger polygons, particularly those representing riparian zones, are frequently elongated and aligned with surface streams.

For accuracy assessment purposes, it may be desirable to avoid the edges of polygons, which are likely to be transition zones.  In addition, the accuracy with which an observer is able to position a sample point is limited by positional accuracy.  Finally, it is desirable to ensure that the observational unit lies completely within the sampled polygon.  All three of these arguments suggest that accuracy assessment should be conducted away from polygon boundaries, but give different estimates of the appropriate minimum distance.

Finally, some polygons may be so small that it is possible to observe the entire polygon, in which case the issue of avoiding boundaries is moot.  The entire polygon will be observed if the polygon is close to the MMU, particularly if the MMU is smaller for rare classes, and for long thin riparian zones.

2.1.6 Thematic implications of spatial errors

An error occurs in a vegetation map when the class mapped at some location <x,y> is not the same as the class observed at that location in the field.  Of course it is necessary to assume that the processes of mapping and accuracy assessment (i.e., the application of the classification system) are identical, so that a false error is not detected because of some procedural difference.

Two types of errors in spatial data are often distinguished:  thematic errors, that is, errors in the class assigned to a point, and positional errors, or errors in the position of the point.  In vegetation mapping this distinction is often moot, since a disagreement over the class at <x,y> could be interpreted as being due to either error in the point's position, or error in the class at the point.  Where a vegetation boundary is sufficiently well defined, such as where the boundary follows a road, it may be possible to make an independent estimate of positional accuracy and thematic accuracy.  Such situations tend to be rare, however.  For purposes of this discussion, positional accuracy is interpreted in the narrower sense as being a consequence of the accuracy with which a given position can be located in the field, and is therefore independent of the accuracy of vegetation mapping.

2.1.7 Cartographic abstraction

The model of vegetation mapping being discussed here includes several spatial parameters:  the minimum mapping unit area, the observational unit, and the estimated width of each boundary arc.  In addition, the cartographic process imposes smoothness constraints on boundaries that are determined by map scale.

Cartographic abstraction refers to the degree of generalization inherent in a vegetation map, and to various processes by which it can be changed.  For example, if the classification scheme is generalized, a set of rules can be invoked to determine how polygons are merged with neighbors, and these rules are likely to be identical to those used to determine merging for polygons smaller than the MMU.  If the scale of the map is reduced, it may be appropriate to further smooth polygon boundaries, and also to generalize the classification scheme.  If the MMU is enlarged, rules must be invoked to determine which arcs to dissolve and which polygons to merge.

2.1.8 Effects of scale

In addition to the relationships between scale, thematic classification, and boundary smoothness already discussed, the intended mapping scale will have an effect on the MMU and observational unit.  The smallest object normally included on a map is about 0.5 millimeter across at map scale, since smaller objects are difficult to draw and are likely to be seriously mispositioned.  It follows that the MMU should not be less than the area of a square 0.5 millimeter on a side at map scale, and that the observational unit should not be greater than this amount.  With an intended map scale of 1:24,000, this implies that the observational unit should not be less than 12 meters on a side.

2.2 Error Detection

2.2.1 Definitions of error and Accuracy

Vegetation maps are used for a variety of purposes, only some of which may be known at the time the maps are created.  Nevertheless, it is important for the operational definitions of error and accuracy to match the expectations of the user community.  Therefore, an error is defined here as a difference between the vegetation class specified at point <x,y> by the database, and the class observed at that location in the field.  Accuracy is a measure of the absence of such errors (the more frequent the errors, the less the degree of accuracy).  

Unless clearly advised otherwise, the average user will expect a definition of accuracy to apply to the entire database.  For that reason, if the producer of the data believes that the accuracy of the data is significantly lower near polygon boundaries (or elsewhere), that information should be conveyed clearly to the user, who will otherwise assume that the published accuracy statistic applies everywhere.

Therefore, an accuracy assessment procedure in vegetation mapping is concerned by necessity with the detection and measurement of both thematic and positional errors.  A thematic error results if field observation determines that the class at some selected sample point <x,y> is not the same as the database class at that point.  A positional error results if the location of a well‑defined point (x,y) in the database is not the same as its coordinate location in the field.  An accuracy assessment procedure can be performed by comparing a number of sample sites in the spatial data to the equivalent locations in an appropriate source of higher accuracy.  The results of this comparison are then evaluated statistically in order to derive thematic and positional accuracy statements that are applicable to the data as a whole. 

2.2.2 Considerations that Affect the Selection of a Source of Higher Accuracy

The choice of an appropriate source of higher accuracy depends on such factors as data availability, the scale of the data to be assessed, and the compilation methods used in the original data.  In general, a source of higher accuracy should be independent and should be sufficiently more accurate for its errors to be negligible compared to the errors that are to be measured.  In addition, data content and representation in both data sources should be governed by the same decision rules.  For example, if a higher accuracy map were to be used for the assessment of thematic accuracy of a vegetation classification, then the source of higher accuracy should have been classified using the same classification method. 

2.3 Sources of Error

2.3.1 Sources of Thematic Error

Thematic error can arise for a number of reasons:

 (
Limited ability to locate <x,y> in the field, because of limited positional accuracy.  This is most likely when <x,y> is close to a polygon boundary, in a transition zone, or close to an unmapped inclusion.

(
Misinterpretation of the class at <x,y> by the mapper.  This is most likely when the observed and true classes are easily confused from the air.

(
Location of <x,y> in a transition zone, or in an unmapped inclusion (an inclusion smaller than the MMU).

 (
Incorrect application of classification rules by the mapper.  It is assumed that the accuracy assessment always applies the classification rules correctly, since an incorrect application by the assessor can result in false errors due to procedural differences.

 (
Errors due to distortions introduced by data processing, such as digitizing error and map registration error.
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Inability to sample randomly.  Sampling theory assumes that all locations have an equal probability of being sampled (Stoms et al. 1994).  Although samples may initially be selected randomly, many areas in national parks are remote and not easily accessible to sampling.  Even areas that are accessible may be reachable on foot only, making field checks time consuming and expensive.  Therefore, some samples may be replaced with more accessible sites.  If so, some degree of nonrandomness in the final sample will be unavoidable, and limiting sampling to the more accessible areas may bias the sample, since the distribution of vegetation classes is not random; accessible areas tend to be more heavily influenced by ecotonal variation. 
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Discrepancies in classification due to temporal effects, season, and seasonal variability.  The sampling of vegetation communities is complicated by temporal change, season, and seasonal variability.  Each of these effects can alter the appearance of the vegetation more rapidly than the time frame within which the mapping of the vegetation is likely to occur.  This will impact the results and the interpretation of the accuracy assessment, because the ground reference against which the data are compared is itself subject to variation.  While a discrepancy in vegetation class assignment due to temporal effects is an error within the context of this study, it is not an error due to misclassification on the part of the interpreter, but is simply indicative of the fact that at this point, the database needs to be updated.  Such discrepancies may occur for the following reasons:

· Accuracy assessment sampling is conducted in a different season than the original data collection.  For example, original data were collected in spring (early growing season), and the accuracy assessment was conducted in the fall.

· Accuracy assessment sampling is conducted in the appropriate season, but the current season is abnormal (e.g., an unusually cool spring delays the start of the growing season).

· Some temporal change has occurred that has altered the vegetation cover in the area.  For example, a fire has destroyed some old‑growth forest after the original data were collected, and the area is now covered by a fire‑following community.

2.3.2 Sources of Positional Error

As noted earlier, positional error as a practical matter only has relevance for  well‑defined features, where it is possible to compare locations.  In general,  l, polygon boundaries are not well defined, except where they are known to follow other features.      However, positional accuracy is an important measure in determining the ability of accuracy assessors to locate sample points in the field, and is determined by the method used to locate such points.  Since points must be located respect to the mapped vegetation polygons, it is necessary to know the accuracy of both the sample point location and the polygon boundary location.  In view of the absence of well‑defined points in the latter case, it is assumed that the positional accuracy of polygon boundary locations is roughly the same as that of the points.  For a map of scale 1:24,000 that meets National Map Accuracy Standards (NMAS), this implies a positional accuracy of roughly 0.5 millimeter at map scale, or 12 meters on the ground, assuming a Class 1 product.

Well‑defined points may be located in the field by using several methods:
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Differential GPS (DGPS):  If a base station accurately positioned with respect to the geodetic control network can be used, DGPS will locate a point within approximately 1 meter of its true position with respect to the Earth frame.

 (
Absolute GPS:  Without geodetic control, 90% of GPS locations will fall within 100 meters of their true location.

 (
Location by mapped topographic feature or air photo:  The ability to locate accurate positions from a topographic map or air photo is at best equal to the map accuracy standard, or about 0.5 millimeter at map scale.  In areas lacking in well‑defined features, positional accuracy can deteriorate dramatically, and GPS is recommended.

 (
Location by orthophoto quad or remote sensing image:  It seems likely that increasing use will be made of digital orthophoto quads for field positioning.  These products have a spatial resolution of 1 meter, but their positional control is roughly 6 meters.  Again, this is a best accuracy for well‑defined features, and actual accuracy may be much worse.  Remotely sensed images can be registered to have a positional accuracy of less than 1 pixel, but in the absence of well‑defined features positional accuracy may be much worse.

In addition to the issues connected with field positioning, positional accuracy tends to be corrupted significantly by the various stages in the creation of a digital database.  Except for major blunders, however, these are unlikely to contribute more than the 0.5 millimeter assumed to be the approximate positional error of map products.

3.0 Practical Aspects of Error Measurement in Vegetation Mapping

The successful implementation of an accuracy assessment procedure depends to a large extent on the quality of the higher accuracy source, a clear understanding of the operational constraints that may be encountered in the field, and a statistically valid sampling design.

3.1 Quality of Sources of Higher Accuracy

Potential sources of higher accuracy that might be used include the following:
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Ground checking.  The spatial data are compared to ground truth through field checking.  This is the recommended approach for the NPS/NBS vegetation mapping Project.  Actual field checking is recommended because of the large scale of the data, and because the original mapping relied at least partially on field sampling methods.  

 (
Sources that can substitute for ground checking (especially in inaccessible areas), such as supplementary photography and airborne video (Goodchild et al. 1994).  Multispectral airborne video data are usually acquired by flying transects.  This permits relatively large areas to be observed in a short period of time.  This is a promising (but experimental) approach, especially for the assessment of small‑scale spatial data, such as may be derived from satellite images.  For further discussion, see Section 8.4.2.

 (
Maps or other sources of spatial data that are of higher accuracy.  These would themselves be abstract representations of the data to be assessed, but would be of sufficiently higher accuracy for error to be considered negligible by comparison with the error in the data to be assessed.  These sources are considered inadequate for the assessment of thematic accuracy, because the dynamic nature of vegetation cover will probably render most available higher accuracy spatial data as out of date.  This means that vegetation cover will in all likelihood be different between the spatial data and the source of higher accuracy, simply because of temporal variation.  Furthermore, even if no temporal change has occurred, it would be nearly impossible to find a source of higher accuracy that has been compiled according to the same compilation rules as the data to be tested.  However, these data can be used for the assessment of positional accuracy, because the well‑defined points that are needed for this type of assessment tend to be much more stable over time.

 (
Existing vegetation plot data could be reserved for the purpose of accuracy assessment if the site location is adequately recorded and if the information about the vegetation in the plot is sufficient to support the target classification system.  The age of the plot data must also be evaluated to determine if it has relevance to current conditions.  This type of data will have to be evaluated on a case‑by‑case basis but could result in considerable cost savings.

3.2 Operational Constraints

3.2.1 Dealing with Accessibility Problems that Affect Randomness of Sampling

A recommended approach for dealing with accessibility problems for ground‑based sampling is to drop and replace inaccessible sample sites according to a fixed set of decision rules.  Sample replacement procedures should be documented as part of the accuracy assessment report.  It is recommended that potentially inaccessible sample sites be anticipated (and replaced) as much as possible prior to the field visit, because this will ensure a greater degree of randomness in the sample than site replacement in the field.  If sample sites are found to be impractical to access during the field visit itself, it is recommended that the site be dropped and that an alternative site be located in the field, if possible.  The alternative site should be in the same mapping polygon.  If no such alternative site is possible, the sample site should be dropped.  A second visit into the field with a completely new alternative site would only be made if the sample size after the first visit is below the minimum sample size required for the analysis.

Since sample site replacement will, to a considerable degree, be dependent on the judgment of the investigator, it will be important to provide some guidelines as to what constitutes an accessible sample site.  Cost and time constraints are expected to play an important part in determining site accessibility.  

If site accessibility for ground‑based sampling is especially limiting, consideration must be given to other sources of higher accuracy, such as airborne videography or observation from a hovering aircraft.  Remote or secondary types of sampling will, of course, lower the confidence in the accuracy of the site evaluation, but this may be an acceptable tradeoff to obtain more and better distributed sampling sites.  Testing of these "remote procedures" should be undertaken at the prototype stage to assess their impact on the confidence in the accuracy assessment.

3.2.2 Dealing with Temporal Effects, Season, and Seasonal Variability

The recommended approach for dealing with the effects of season, seasonal variability, and temporal change is to conduct field visits where these conditions are as similar as possible to the conditions when the original map was compiled.  Since this may not often be feasible, it is recommended to address variations due to these factors through documentation.  Sample sites affected by drastic temporal change should be dropped from the assessment, but site conditions and changes in vegetation class should be documented.

Dealing with season, seasonal variability, and temporal change is discussed in more detail below.


 (
Season.  Sampling for accuracy assessment should be conducted in the same season as the sampling for the vegetation classification.  From an operational point of view this implies that in many situations there will be at least a one‑year delay between original data collection and the accuracy assessment.  


 (
Seasonal variability.  Investigators should be given some liberty in choosing the date of the accuracy assessment, because seasons are subject to considerable variation.  Climatic conditions should correspond closely to those present in the original sampling or have minimal effect on the appearance of the vegetation.  This emphasizes the need for conducting the original vegetation classification as well as the accuracy assessment during a period of relative stability in the appearance and composition of a vegetation community.  It also emphasizes the need to carefully document climatic and environmental conditions during the original classification survey and the accuracy assessment.


 (
Temporal change.  Samples subject to temporal change, like a forest fire, would ideally be dropped from the accuracy assessment itself.  The change should be documented and the area targeted for remapping, since this type of change will probably affect the position of the boundaries of adjacent vegetation communities. 

4.0 Sample Collection for Accuracy Assessment

4.1 Sampling Design

4.1.1 Sampling Design and Data Collection Objectives

The sampling design implemented for accuracy assessment of the NPS/NBS vegetation mapping project should adhere to the scientific principles that govern sampling and statistical analysis and also be practical.  Specifically, the assessment methodology should satisfy the following objectives (Stoms et al. 1994):  

1.
It should be scientifically sound.  As such, the method should be repeatable, and the sampling design should permit the adequate representation of the population about which statistical inferences are to be drawn.  

2.
The methods used should be applicable to all areas that are part of the project.  Although there may be some regional variation in the implementation of the accuracy assessment, these variations should still be based on the same theoretical foundation, such that the results of separate assessments are comparable.

3.
The method should be economically feasible in view of both time and cost constraints.

In addition, regardless of the sampling design employed, the actual method of sample collection in the field used for accuracy assessment, and that used in the field survey to compile the original data should ideally be the same.  In other words, if relevé sampling is utilized to determine the initial vegetation class, relevé sampling should also be used during the accuracy assessment.  If it is not practical for the field and accuracy sampling techniques to be identical, then the potential sources of error that may be introduced should be documented as part of the assessment report.  It is recognized that for many sampling sites, simple observation will be sufficient to verify class membership.  

4.1.2 Sampling Design for Purposes of Classification System Development

The purpose of collecting a sample is to analyze it in order to make inferences about the population the sample represents.  If samples are collected in order to initially classify vegetation, the population about which inferences are to be drawn is the vegetation cover itself.  In other words, the sampling design should permit the investigator to capture the variation in vegetation as it exists in the real world and categorize it according to some defined classification scheme.

In order to sample for vegetation mapping, it will be important to place sample sites in a manner that permits the investigator to determine where changes occur in vegetation cover.  In the NPS/NBS Vegetation Mapping Project, the initial delineation of boundaries will be made by inspecting aerial photos; the delineation will then be refined through field surveys.  The emphasis will be on locating samples in a manner that encompasses the diversity of vegetation that is to be mapped, with some emphasis on determining the location of transition zones, since these will be represented as "hard" polygon boundaries on the map.  There will be comparatively less emphasis on randomization of sample locations, and more emphasis on covering as large an area as possible during the field survey.  Indirectly, the number of samples to be used will be driven by the variability of the vegetation that exists in the area.

4.1.3 Sampling Design for Purposes of Accuracy Assessment

The objectives of collecting samples for the accuracy assessment are somewhat different than those for classification.  Here, the sampling is aimed at drawing inferences about the nature and magnitude of discrepancies between the true properties of a point or area and its representation on the map.  As such, the purpose of collecting samples to assess the accuracy of data generated as part of the NPS/NBS Vegetation Mapping Project is twofold:

1.
To obtain a measure of the probability with which a particular location has been assigned its correct vegetation class (thematic accuracy).

2.
To determine how well a particular location is positioned compared to its true position in the field (positional accuracy).

With these types of objectives, the randomness of the sample sites should be emphasized, and the number of samples sites will be heavily influenced by statistical constraints.  In other words, the main objective will be to collect a sufficient number of samples to permit statistical inferences to be drawn about the data as a whole.

4.2 Sampling Methods

There are a number of methods for drawing samples from a population.  The most common are random, stratified random, systematic, and two‑stage (also cluster or nested) sampling.  Other approaches exist, but they are essentially variations on the four methods listed here.  

The properties of the most common sampling schemes are summarized below (Taylor 1977).

4.2.1 Simple random sampling

Sample sites are selected randomly by choosing random coordinate locations as sample site locations.  In terms of initial site selection, each sample location has an equal probability of being selected; sample site selection is independent in that the selection of one site has no bearing on the selection of another.  However, as noted earlier, final sample sites used may not be completely random, but may have been selected on the basis of accessibility.  Random sampling is probably the most well‑known form of sampling.  Its property of independence of selection is necessary to the scientific validity of many of the statistical procedures applicable to accuracy assessment.

Despite its validity for purposes of statistical analysis, random sampling has disadvantages for classification accuracy assessment in spatial data:
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Abundant classes are over‑represented in the sample.  Since an abundant class covers more area, abundant classes have a higher probability of containing sample sites.  This will have implications regardless of whether an overall or per‑class classification accuracy is required.  If an overall classification accuracy statement is required, the accuracy statement will disproportionately represent the error properties of the abundant class(es).  If a per‑class accuracy assessment is required, simple random sampling will locate a small number of sample sites in the rare classes, reducing confidence in the accuracy of the estimate of the rare class.

(
The samples selected may occasionally be overweighted in terms of extreme values, since all values have an equal probability of being selected.  Therefore, simple random samples tend to be imprecise.


4.2.2 Stratified Random Sampling

Stratified random sampling is a method for overcoming the shortcomings of random sampling, while retaining the advantages of randomness in terms of the statistical validity of the results of the method.  With this approach, the population is stratified into smaller subpopulations from which random samples are drawn.  For an accuracy assessment of vegetation classification, the obvious stratification is by vegetation class.  An appropriate random sample can then be selected for each vegetation class, regardless of its abundance, and the error properties of each class can be modeled separately from one another.  Since stratified samples are more homogeneous than simple random samples, they tend to be more precise.

4.2.3 Systematic Sampling

In systematic sampling, all samples are selected at some type of regular interval.  Operationally speaking, this is probably the simplest and least expensive approach to sampling.  However, site selections are not independent.  Once the initial site has been chosen, the location of all others is predetermined.  In addition to being invalid for many statistical purposes, systematic sampling schemes, even if the number of samples is large, do not always result in samples that reflect the population about which inferences are to be drawn, especially if the population is arranged in some regular pattern.

4.2.4 Two‑Stage Sampling

In two‑stage sampling (also cluster or nested sampling), the population is divided into subpopulations, each of which covers the entire range of expected population properties.  In the case of accuracy assessment, each subpopulation would have to contain the entire variation of errors that are to be expected in the entire population.  Two‑stage sampling is usually inexpensive and can be carried out rapidly.  However, if the subpopulations reflect population properties poorly, inferences drawn from such a sample will be unreliable.  

4.2.5 Recommended Sampling Methods

For thematic accuracy, since the NPS/NBS Vegetation Mapping Project requires a per‑class accuracy statement, the recommended approach is to utilize stratified random sampling, where the strata are vegetation classes.  This approach is also recommended because it is by far the most widely used (and tested) method of sample collection for the thematic accuracy assessment of vegetation classes (Manual of Remote Sensing 1983).  In addition, the requirement for class‑specific accuracy implies a stratified random sampling approach.  For positional accuracy, both simple random sampling and stratified random sampling may be acceptable.  If stratified random sampling is used, it is recommended that sample locations be stratified by area (quadrant), if possible, to ensure that the accuracy estimate is valid over the entire area assessed.

Despite the suitability of stratified random sampling for vegetation classification accuracy assessment, the method has logistical constraints.  In theory, all locations in a specific vegetation class should have an equal probability of being sampled.  However, as noted in Section 2.3.1, some sample sites will almost certainly be so difficult to access that their use as sample sites becomes prohibitively expensive unless checked by a secondary source of higher accuracy.  Since field checking is the recommended method for the accuracy assessment, these sites will almost certainly be lost from the sample and replaced by other, more accessible sites. 

Although stratified random sampling permits class‑specific accuracies to be developed, the derivation of an accuracy for each individual class may be prohibitively expensive, especially if the class is rare, because a statistically adequate number of samples must be collected for each class, regardless of its abundance.  For that reason, a much larger number of samples must be collected than would be necessary for simple random sampling.  To overcome some of these constraints, it is recommended that the importance of rare classes be de‑emphasized during sampling or by pooling classes known to have similar error properties.

4.3 Sample Site Selection

Random site selection has a somewhat different meaning for the assessment of positional and thematic accuracy.  Determining positional accuracy requires selecting well‑defined points that can be located in the spatial data as well as in the source of higher accuracy.  Selecting a random sample of points for positional accuracy assessment therefore implies choosing a random sample among all well‑defined points in the spatial data.  The selection of sample sites for the assessment of thematic accuracy is not restricted by the same constraint:  any coordinate location may be chosen as a sample site as long as the coordinate can be visited in the field.

One special situation that needs to be addressed is the use of photointerpreter training sites as sample sites for thematic accuracy assessment.  Whenever a vegetation classification relies on aerial photographs or other remote sensing data, interpreters select training sites in the imagery.  A training site can be defined as a representative sample site of a specific (vegetation) cover type (Lillesand and Kiefer 1979).  Interpreters then assign areas with the same characteristics as the training site the class represented by the training site.  (The validity of the classification of the training site is often verified in the field before photointerpretation begins.)  The use of training sites as sample sites for thematic accuracy assessment can potentially introduce bias, if the majority of the accuracy assessment sites are also training sites.  Thematic accuracy assessments based on training sites will probably indicate too high an accuracy, since training sites are almost certain to be classified correctly.  For these reasons, the use of training sites as thematic accuracy assessment sample sites should be discouraged.  However, if the selection of sample sites for thematic accuracy assessment is independent of the selection of sample sites for the mapping process, as is recommended for the NPS/NBS Vegetation Mapping Project, the probability that a training site will be selected as an accuracy assessment site is small.  If one is selected as part of the sample, it is unlikely to have undue influence on the accuracy estimate, especially since the aerial extent of the training site is unlikely to correspond exactly to the extent of the sample site.

The distinct requirements for the selection of sites for thematic and positional accuracy assessments imply that a separate set of sample sites must be selected for each type of assessment.  Selection criteria in terms of positional and thematic accuracy assessment are further explained in Sections 4.3.2 and 4.3.3 below.

4.3.1 Sample Site Location in the Field

An important operational issue is the type of method the field checkers will use to identify the location of sample sites.  The type of method to be used depends on cost and on the accuracy with which sample sites need to be positioned.  In general, the more accurate methods will also be the more expensive ones.  The accuracy requirements for the NPS/NBS Vegetation Mapping Project (addressed in Section 7.0) almost certainly require one of the higher‑precision GPS solutions, particularly for the determination of positional accuracy.  The accuracy with which sample sites must be identified for thematic accuracy assessment may be more relaxed.  However, since sample site location requires navigating to preselected sites, users must have access to a method that permits them to correct their position in the field.  The issues associated with the use of GPS for sample site selection are further discussed in Section 7.1.

The method recommended for the NPS/NBS Vegetation Mapping Project are real‑time DGPS (which permits sample sites to be located within 2 to 3 meters), and DGPS (which is accurate to 100 meters without post‑processing, 1 meter with post‑processing).  If real‑time DGPS is not possible (because of communications problems or for other reasons), field investigators will need to use interpretive judgment and collateral data to locate the sample site as closely as possible in the field.  This implies that coordinate locations different from those originally selected are permissible, as long as they are within the error radius of uncorrected DGPS data.  

4.3.2 Sampling for Thematic Accuracy Assessment

Three issues must be considered when sampling vegetation for classification accuracy assessment:

1.
How to deal with ecotonal variation and transition zones

2.
The size of the sampling unit to use once the sample site is selected

3.
The treatment of classes based on their abundance

First, as noted in Section 2.1.5, vegetation data will be classified into nonoverlapping polygons with smooth boundaries that imply a fixed line along which there will be a distinct change from one vegetation class to another.  In reality, these delineations are actually transition zones (ecotones) of varying (but real) width, and the change from one vegetation class to the next will be anything but clear.  

Regardless of the sampling scheme employed, a given sample location may be located in a transition zone, although its classification in the spatial data implies a clear class membership.  Depending on the positional accuracy of the data and how well the sample location can actually be identified in the field, there may be further difficulties in comparing a field sample site to its representation in the spatial data for purposes of accuracy assessment.

There are two ways to deal with ecotonal zones in a sampling design (both encourage sampling away from polygon boundaries):

[image: image6.wmf]
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 (
Sample away from ecotonal variation by using an arbitrary definition of


 the width of the transition zone.  In other words, select a stratified random sample of points, but restrict the selection of sample points to areas away from the polygon boundary by a fixed distance, deemed to be the "transition zone."  This will bias the sample, since class membership away from the transition zone is more pronounced, thereby increasing the chance of agreement between the class assignment in the database and the class assignment made during the accuracy assessment.

 (
Select sample locations regardless of ecotonal variation.  However, place sample locations sufficiently far from polygon boundaries to account for positional errors that are either inherent in the data or are due to the inability to identify the sample site in the field.  At a minimum, select sample sites sufficiently far from the polygon boundary to completely contain the sampling unit.  This approach is less arbitrary than the first, since it uses a decision rule based on a real source of error in the data.

The second method is preferred, since the results derived are more indicative of the real ambiguity that exists when class membership is assigned to a particular vegetation polygon.  

The second issue to consider is the size and shape of the area to be sampled, once the sample location has been determined.  The MMU is currently defined as an area of 0.5 hectare, and the basic recommendation is to sample a circular area equivalent to the MMU.  However, the best approach will probably be to give field investigators considerable freedom in defining the size and shape of a particular sampling area once they reach the sampling site, although guidelines can be provided for both variables.  This flexibility is necessary because both the size and the shape of the sample area will depend to some extent on the properties of the vegetation class.  Therefore, the recommended approach is to give the investigator a summary of recommended procedures, but to permit him or her to make some decisions based on field conditions as to the following:
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Sampling area.  Ultimately, MMUs may be class specific.  If this is the case, the sampling unit should be equivalent to the MMU for that class.  Sampling an area of at least the MMU will control to some extent for unwanted effects, such as unmapped inclusions.

 (
Sampling area shape.  A permitted modification of the recommendation may be to define the sample site as linear and to use a linear rather than an aerial measure (e.g., sample an area at least 40 meters in diameter in one direction), especially for communities expected to occur mainly as elongated polygons (e.g., riparian zones).

 (
Although a circular MMU is considered optimal, it is recognized that this may be impractical in the field, especially in wooded areas.  Investigators will, therefore, be permitted to use an alternate shape where necessary, provided the choice of shape is properly documented.

The third issue considers the sample sizes for each vegetation class or strata.  Ideally, all classes would be sampled equally.  However, depending on the characteristics and abundance of classes in a particular area and the resources available for sampling, it may be necessary to allocate fewer sample points to rare classes or those more easily identified and mapped.  Further discussion is provided in Section 4.4.2.

4.3.3 Sampling for Positional Accuracy Assessment

Positional accuracy assessment depends on the availability of well‑defined points that can be established in the field as well as in the data to be assessed.  Examples of such well‑defined points are road intersections, benchmarks, or the corners of buildings (National Park Service 1993).  For the results of the positional accuracy tests to be representative of the entire product area, sample sites should be distributed throughout the area of the product being tested.  This recommendation is in keeping with the recommendation of the ASPRS standard (Merchant 1987), which is for test points to be selected in all quadrants of the product.

In practice, this may not always be implementable, since well‑defined features tend to be sparse in national parks.  Even when available, these points tend to be clustered.  The recommended approach is to locate a sufficient number of points in each quadrant of the area to be assessed, whenever possible.  Candidate points may well be selected from sources such as USGS 7 1/2' quads, aerial photographs, or orthophotos.  It is recommended to use natural features where possible, as opposed to photogrammetric targets; using photogrammetric targets for positional accuracy assessment would be similar to using training sites for thematic accuracy assessment.  If the distribution of test points does not represent the entire area, an accuracy estimate should be computed in the usual manner, but should be reported with a statement regarding the aerial extent for which the estimate is valid.

4.4 Determining Sample Size

4.4.1 Determining Acceptable Levels of Error and Confidence

The appropriate number of sample sites to use for an accuracy assessment depends on the level of error that is permissible in the data, and on the level of confidence one wishes to have in the estimate.  Other factors that may come into play are time and cost constraints in conducting the accuracy assessment.  The question of sample size (i.e., sample number) has been addressed in many research papers.  Since thematic accuracy assessment deals with statistical inferences regarding proportions, the sample size problem is usually resolved using the binomial distribution (e.g., van Genderen and Lock 1977, Aronoff 1985, Ginevan 1979, Goodchild et al. 1994), and this is the approach that will be taken here.  The sample size required for a given confidence level and a given acceptable error in the sample can be calculated directly from the binomial distributions as follows (Goodchild et al. 1994):
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where p is the required accuracy of the data (80% in the case of the NPS/NBS Vegetation Mapping Project), q is (1 ‑ p) or 20%, E is the allowable error, and zα is drawn from the normal curve for the given level of significance α.  Note that this formula ignores the finite population corrective.  This is satisfactory for most applications and is recommended here, since population size will, in most cases, not be known.  If population size is known, it can be corrected as follows (Snedecor and Cochran 1967):
where n' is the adjusted sample size, n the original sample size, and N the size of the population.

Assuming an acceptable level of error of 0.1, a significance level of 0.10 (90% confidence level), and a required accuracy of 80%, the minimum number of samples is:
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The variation of sample size with level of confidence and level of acceptable error is illustrated in Table 1 (derived from Goodchild et al. 1994).

Table 1: Relationship between Sample Size, Confidence Intervals1, and Acceptable Error

	Level of 

acceptable error
	α = 0.10

(90% confidence)
	α = 0.05

(95% confidence)
	α = 0.01

(99% confidence)

	
	Number of samples

	
 0.01
	
2,704
	
4,330
	
8,656

	0.02
	
676
	
1,082
	
2,164

	0.03
	
300
	
481
	
962

	0.04
	
169
	
271
	
541

	0.05
	
108
	
173
	
346

	0.07
	
55
	
88
	
176

	0.10
	
27
	
43
	
87

	0.15
	
12
	
19
	
38

	0.20
	
7
	
11
	
22

	0.25
	
4
	
7
	
14


1
Confidence intervals are defined in Section 5.4.
In general, required sample size decreases as the level of confidence required in the estimate decreases and the level of acceptable error in the sample increases.  The highest number of samples is required in studies in which investigators need to be able to state the degree of similarity between two quantities (here the required and the estimated accuracy) with a high level of confidence.

What are acceptable levels of error for map accuracy assessment, and with what level of confidence should investigators be able to state it?  Cost and time constraints and the nature of vegetation mapping greatly influence the answer to these questions.  A per‑class accuracy assessment implies an acceptable level of confidence and error for each individual class.  If a given park contains 100 classes, a confidence level of 90% and an acceptable level of error of 10% for each class implies an overall sample size of 2,700 (27 sample points times 100 samples).  This number is probably prohibitively large for an accuracy assessment based on field checking, even for a large park.  At the same time, the per‑class accuracy estimates derived are not very precise.  However, the level of confidence in an overall accuracy assessment based on this sample size would be very high: approximately 99% with a sampling error of approximately 0.02.

Given that vegetation mapping is necessarily interpretive, it is recommended that relaxed requirements be used in terms of acceptable levels of error as well as confidence levels in the estimate.  Otherwise, regardless how carefully the mapping process is carried out, it is unlikely that accuracy requirements will be met.  Using a sample size that ensures a confidence level of 90% with an acceptable sample error of 10% therefore seems reasonable.

4.4.2 Sampling of Rare and Abundant Classes

Given the high cost of ground sampling, some decisions must be made if rare classes are to be sampled as frequently as abundant classes.  It is anticipated that in most cases, a few abundant classes will cover most of the area in a park.  The remainder of the park area will be occupied by a considerable number of rare classes.  Therefore, if all classes are sampled to the same precision, most accuracy assessment costs will be incurred by rare classes.  In reality, sampling all rare classes to the same level of precision as the abundant ones will probably far exceed the budget available for accuracy assessment.  It is therefore recommended that some weighting factor be applied that allocates a larger number of samples to the abundant classes.  Two approaches that may be taken toward the weighting are as follows:

1.
Sample size can be made proportional to the abundance and frequency of the class.  With this approach, the rarest classes would probably never be sampled.  This is unacceptable, since it is desirable to be able to associate at least a point accuracy estimate with each class.

2.
Maximum and minimum sample sizes can be established, taking into account statistical as well as cost constraints and probable class abundance and frequency.

If the second approach is taken, it is recommended that 30 samples be specified as the maximum sample size for abundant classes, and that 5 samples be specified as the sample size for the rarest classes.  Any class too rare for 5 sample sites to be selected should be observed in its entirety.  Since a number of classes are intermediate in abundance between abundant and rare, five scenarios are based on class abundance and frequency have been defined:

Scenario A:
The class is abundant.  It covers more than 50 hectares of the total area and consists of at least 30 polygons.  In this case, the recommended sample size is 30.

Scenario B:
The class is relatively abundant.  It covers more than 50 hectares of the total area but consists of fewer than 30 polygons.  In this case, the recommended sample size is 20.  The rationale for reducing the sample size for this type of class is that sample sites are more difficult to find because of the lower frequency of the class.

Scenario C:
The class is relatively rare.  It covers less than 50 hectares of the total area but consists of more than 30 polygons.  In this case, the recommended sample size is 20.  The rationale for reducing the sample size is that the class occupies a small area.  At the same time, however, the class consists of a considerable number of distinct polygons that are possibly widely distributed.  The number of samples therefore remains relatively high because of the high frequency of the class.

Scenario D:
The class is rare.  It has more than 5 but fewer than 30 polygons and covers less than 50 hectares of the area.  In this case, the recommended number of samples is 5.  The rationale for reducing the sample size is that the class consists of small polygons and the frequency of the polygons is low.  Specifying more than 5 sample sites will therefore probably result in multiple sample sites within the same (small) polygon.  Collecting 5 sample sites will allow an accuracy estimate to be computed, although it will not be very precise.

Scenario E:
The class is very rare.  It has fewer than 5 polygons and occupies less than 50_hectares of the total area.  In this case, it is recommended that the existence of the class be confirmed by a visit to each sample site.  The rationale for the recommendation is that with fewer than 5 sample sites (assuming 1 site per polygon), no estimate of level of confidence can be established for the sample (the existence of the class can only be confirmed through field checking).  

The recommendations above take into account both the statistical and operational aspects of sampling.  Since the numerical values associated with each scenario above are somewhat arbitrary, the percentages and frequencies that should be associated with the definitions of "abundant" classes or "rare" classes should be tested in the field.  It is quite possible that these percentages will have to be regionally adjusted.

If sample size is based on the abundance of a class, it follows that the accuracy estimate associated with rare classes cannot be stated with the same level of confidence as that associated with more abundant classes.  For example, with a sample size of 5, the level of error in the estimate is closer to 25% at a 90% confidence level, as opposed to 10% with a sample size of 27.  This will have implications for our ability to accept a given point estimate as meeting accuracy requirements.  Whether or not a given accuracy estimate is accepted as meeting requirements depends on the width of the confidence interval associated with the point estimate and the outcome of a hypothesis test that determines if a given point estimate is equivalent to or exceeds requirements.  The computation of the confidence intervals and statistics associated with hypothesis tests are discussed in Sections 5.3 and 5.4.

4.5 Data Collection Methods

Accuracy assessment for thematic data may be point or polygon based.  With a point‑based approach, the aim of the accuracy assessment is to verify the classification of a particular location on the Earth's surface.  This assessment can be conducted quite independently from any (arbitrary) boundaries the mapper may have used to delineate vegetation boundaries in the spatial data.  Typically, this type of assessment requires the random selection of a number of coordinates.  Field investigators then visit the site and observe a prespecified area around the site to determine its classification.  

With a polygon‑based approach, on the other hand, the aim of the accuracy assessment is to randomly select a number of polygons, each of which will then be sampled to determine whether the polygon as a whole has been correctly classified.  In most cases, point‑based approaches permit the observation of a "point area" in its entirety (i.e., without further subsampling to determine its identity).  Polygon‑based approaches, on the other hand, are for the most part too large to be observed in their entirety.  To field‑check the classification of an entire polygon therefore requires utilizing some sort of sampling technique, such as plot or transect sampling.  (Note that point‑based approaches may also require sampling; however, if the size of the point is chosen to correspond to some unit, such as the MMU for a given class, the need for sampling can be minimized.)

Plot sampling involves randomly placing a number of plots of fixed (manageable) size within a polygon.  The size of the plots will vary according to the community type.  Common guidelines are 25 m2 for bushes and shrubs and 100 m2 to 1600 m2 for forest trees.  Another approach is to choose the average stand size (relevé) as the plot size, where average stand size is defined as an area of sufficient size to contain a representative species distribution for a given community.  Vegetation data are collected for each plot.  The information about the plots is then summarized, and the original classification rules are used to make a decision about whether or not the polygon has been correctly classified.

Since plot sampling is very time consuming, an alternative method, transect sampling, can be used.  With this approach, one or several transects are oriented within the polygon.  A number of samples are then placed along the transect(s), usually utilizing a random starting point and a fixed sampling interval.  Vegetation data are collected at each sample point along the transect (usually within a fixed width).  As in plot sampling, the information collected for each point is then summarized, and the original classification rules are used to make a determination as to whether the polygon is correctly classified.

As has already been implied in Section 4.1.3, the recommendation for the NPS/NBS Vegetation Mapping Project is to choose a point‑based approach.  

A point‑based approach as opposed to a polygon‑based approach is preferable for accuracy assessment from both a user perspective and from the perspective of data collection strategy.

A point‑based approach is preferable from a user perspective because although data representation may be in the form of polygons, many data uses involve raster data.  (For the NPS/NBS Vegetation Mapping Project, an example would be to overlay the polygon data with satellite imagery to conduct some sort of change analysis.)  If rasterized, a point‑based accuracy assessment is inherently more meaningful to the user than one based on the original mapping polygons.  Also, users tend to have implicit "point‑based" views of the meaning of an accuracy estimate.  As such, accuracy figures tend to be interpreted as the probability of encountering that class when visiting a particular spot on the Earth's surface, not when visiting a particular area.

A point‑based approach is preferable from the perspective of data collection because it is difficult to draw inferences about polygons as a whole, based on plot or transect collection methods, without essentially sampling at the same resolution as for the original classification.  In the case of plots, such a scheme would almost certainly be prohibitively expensive.  The use of transects, although more cost‑effective, is problematic, because it will be impossible to position the transect in a way that ensures its representing the polygon as a whole.  This is so because different polygons have different levels of homogeneity even if they belong to the same class (Goodchild et al. 1994).  Since a transect represents only a very small area of a polygon, it may not be a very good representation of the entire polygon.  Therefore, a substantial level of doubt is inherent in assigning a class to a polygon on the basis of the results of transect sampling.  

Assuming the use of the point‑based approach, the minimum area of observation around the selected point should be at least equal to the minimum mapping unit (MMU) of 0.5 hectares.  This assures that small inclusions of nonrepresentative vegetation do not unduly influence the classification of an area.  This does assume that the MMU of 0.5 hectares is sufficiently large to contain a full sample stand, where a full sample stand meets the following requirements (Mueller‑Dombois and Ellenberg 1974):


1.
All species belonging to the plant community are present within the sampling area.

2. The habitat should be uniform within the stand.


3.
The plant cover should be as homogeneous as possible.

It is possible that some classes of vegetation will require an MMU greater than 0.5 hectares to satisfy the above requirements.  As a practical matter, this can be addressed in the identification keys that will need to be developed to guide both the field reconnaisance and accuracy assessment teams.  See discussion in Section 5 of Field Sampling Methodology.
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