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ABSTRACT: One of the most important questions that a user of a map produced from a geographic information system
(GIS) can ask is: "How accurate is the map?" Line intersect sampling is used to estimate the length of cover class
boundaries on a map that coincide with the true boundaries of the cover classes on the ground. A ratio of coincident
boundary to total boundary is proposed as one measure of map accuracy.

INTRODUCTION

Two MAJOR TYPES OF MAP ERROR have been identified, at
tribute error and locational error (Chrisman, 1987; Veregin,

1989; Chrisman, 1989). Attribute error (also called thematic or
descriptor error) is the error when a thematic attribute or class
name is incorrect, but the boundaries are correct. Locational
error, which has been variously termed cartographic and po
sitional error, is the error in the position of features such as
points, lines, and grids. In reality, both types of error occur
together, making them difficult to separate (Chrisman, 1989).
Attribute and locational error should be viewed as end points
along a continuum, and together they contribute to the overall
error (Chrisman, 1989).

The conventional method for assessing attribute accuracy is
to take a number of point samples, and check whether the cover
class predicted on the map being tested is the same as the actual
cover class on the ground, usually through the use of an error
or confusion matrix (e.g., Bishop et aI., 1975; Story and Con
galton, 1986). Error matrices may be constructed from raster or
vector maps, though error matrices are used extensively in re
mote sensing. Locational error is sometimes expressed as root
mean square (RMS) error, which is the standard error of the
difference between the true and mapped positions for a number
of ground control points (ASPRS, 1988). Both these methods
require extensive checking of numerous point samples, making
their use extremely time consuming.

An alternative technique for assessing locational error, which
should be more efficient for field checking, is proposed here for
vector maps, though the technique may be generalized to raster
maps. The technique is based on line intersect sampling. Line
intersect sampling has been applied to a number of forestry
related problems including the assessment of logging waste
(Warren and Olsen, 1964), the total length of roads and water
ways (Matern, 1964), and forest fuel sampling (Van Wagner,
1968). Hildebrandt (1975), reported in De Vries (1986), suggests
that line intersect sampling may be used for estimating the total
length of borders between different ecosystems. In this case,
line intersect sampling is used to estimate the total boundary
length around homogeneous areas of forest cover type maps.

For a cover type map generated from aerial photographs or
satellite remotely sensed imagery, the boundary between cover
types on the generated map will either correctly or incorrectly
follow the true boundary. It is proposed that the ratio of cor
rectly located boundaries to total boundary length is a measure
of map accuracy. This ratio is called the "boundary error" and
may be calculated using line intersect sampling theory. In ad
dition, a hypothesis that an estimate of boundary length ob-
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tained by line sampling equals the actual boundary length is
tested.

LINE INTERSECT SAMPLING THEORY

INTRODUCTION

It is assumed that a map showing cover classes (for example
forest type classes or agricultural crop types) has been derived
by conventional aerial photograph interpretation or satellite im
age analysis, and geometrically rectified to a cartographic pro
jection. The cover classes have a fixed, unordered orientation.

Transect lines are randomly placed onto the generated map,
and a count is made of the number of times that the lines in
tersect with the cover class boundaries. From this count, bound
ary length per unit area of map may be estimated.

ERROR BANDS

Experience with forest cover class maps has shown that
boundaries between forest types are located on the map with
some inaccuracy (Skidmore, 1989). When mapping natural for
ests, resource managers frequently delineate groups of trees
which are relatively homogeneous with respect to structural or
floristic characteristics. Such groupings are often called forest
types (Baur, 1965). As the environmental conditions change (for
example, elevation, parent material, climate), the ability of a
species to survive will be increased or decreased and, hence,
the composition of the forest will change (Whittaker, 1967).
Sometimes this change will be quite abrupt, but often it will be
gradual and there may be uncertainty as to where the boundary
between the two types should be placed.

Inaccurate boundaries may also be due to map lines having
a finite thickness and, hence, an inherent "width" that varies
with the scale of the map. Similarly, a remotely sensed image
will have boundary pixels that are a mixture of cover types,
with the frequency of mixed pixels increasing as the pixel size
becomes larger relative to the size of the ground features. Map
boundary errors may also oc(!ur due to the photogrammetric
and cartographic techniques used. Different interpreters will
delineate boundaries slightly differently on aerial photographs
in response to their qualitative interpretation of pattern, tone,
texture, shape, and association (Wilson et aI., 1960). Transcrib
ing forest type boundaries from aerial photographs to a carto
graphically correct map base will also involve operator error. If
map lines are digitized for input into a geographical information
system (GIS), further operator error may be introduced (Bur
rough, 1986; Goodchild, 1978). A boundary may also be erro
neous due to a cartographer smoothing a curve in order to
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NUMBER OF SAMPLES

The estimated number of line samples (n) required to meet a
prespecified precision can be calculated (from De Vries, 1986)
as

x = estimated boundary length of polygons per unit area,
L = total length of the transect line(s), and
m = the number of intersections of the transect line(s)

with the polygon boundaries.

The estimated variance of the boundary length of polygons per
unit area of the map is

varX = (;f m (2)

improve the aesthetics of a map. As Chrisman (1984) pointed
out, "slick graphic presentation ... may obscure variations in
our knowledge."

Chrisman (1989) emphasized that cartographers are sensitive
about the term "error," because in cartography the term implies
a. blunder. However, he notes that a blunder is usually identi
fied ~nd corrected, while the positional and thematic errors being
consIdered here are more akin to statistical errors which occur
due to random fluctuations during the process of information
extraction and data processing.

Other errors may be associated with the physical medium
used to "store" the map (e.g., paper stretch and distortion) and
computer rounding of real numbers (Burrough, 1986).

Thus, there is inherent uncertainty surrounding the physical
depiction of map boundaries. Blakemore (1984) used the con
cept of epsilon distance developed by Perkal (1966) to describe
the uncertainty associated with a map line. Blakemore (1984)
suggested a point can have five states in the vicinity of a pol
ygon line, i.e., definitely in, possibly in, ambiguous (i.e., on
!he-line), possibly out, and definitely out (Figure 1a). However,
Instead of the five states, only three states were used in this
study, i.e., definitely in, ambiguous (i.e., on-the-line), and def
initely out. The on-the-line class was a merged class containing
th~ p.ossibly in, on-the-line, and possibly. out class (Figure 1b).
ThIS IS reasonable as the possibly in, on-the-line, and possibly
out categories are all ambiguous categories, with uncertainty as
to the actual name which should be used to represent these
categories.

CALCULATION OF THE BOUNDARY LENGTH AND VARIANCE

The boundary length of polygons per unit area of the map
can be estimated using the following formula (De Vries, 1986):
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METHODS

A map of cover types generated from aerial photograph inter
pretatior: or imag: processing of remotely sensed data may be
geo~et~c.ally reCtified to a cartographically correct projection.
A SImplified example of such generated boundaries is shown
in Figure 2 for a hypothetical forest type map. (Note that the
map has been reduced, so that the measurements recorded be
~ow cannot be directly measured from the map.) The error band
IS represented as a thick line of constant width, and describes
the uncertainty associated with a line on a map.

The error band represents the error introduced by a number
of factors, ~uch as geometric rectification, map compilation, and
ecotone WIdth. The total error variance may be calculated from
the weighted arithmetic average of the variances for the con
tributing error sources (Neter and Wasserman, 1974), where the
~rror is the ?istance measured from the true boundary to the
Incorrect pOint. A random sampling design may be used to
calculate the variance contributed by the error sources, with the
random samples being placed along the true boundary.

For the purpose of example, let the error variance be 169 m2

(Fi~r~ 2), or a standard deviation of 13 m. According to the
EmpIrIcal Rule (Mendenhall and Reinmuth, 1978), it is possible
to conclude that that the epsilon distance would be ± 26 m

(b)

FIG. 1. (a) Error zones as defined by Blakemore (1984). (b) Error zones
used In this study.

(1)
• 7T'mx=

2L

where

and E is the prespecified allowable error fraction. The number
of sample lines (n) that satisfies Equation 3 is found iteratively
such that (De Vries, 1986)

where the coefficient of variation is

CV(X> = (V;X)

n (cV
E
(X))2

(t~'~isJ2 =

(3)

(4)

(5)
FIG. 2. Forest type map.

------------------------
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(6)

about the true boundary line, with a 95 percent confidence level.
Thus, if the generated line is within ± 26 m of the true line,
we are 95 percent confident that the line is correctly mapped.
An alternative approach would be to specify the epsilon dis
tance as the maximum error that will be tolerated for a given
scale (e.g., no point should be more than 12.5 m from its true
point at a scale of 1:25,000.

A map showing the true forest type boundaries overlaid onto
the generated map is detailed as Figure 3.

LINE SAMPLING

It is necessary first to estimate the number of transect lines
and the length of transect lines required to estimate parameters
at prespecified 95 percent confidence intervals.

It can be shown (see Appendix for details) that

A A 1
CV(X) = vm

Now let E = 0.1 and n = 9. Therefore,

tg·975 = 2.306

and, from Equation 5,

CV(X> = 0.13

Substituting into Equation 6, m = 59. Thus, one needs to
obtain approximately 6.5 intersections per transect, over the
nine transects, to ensure the estimate of boundary length per
unit area is within 95 percent confidence intervals.

A pilot transect line of length 12.5 cm was chosen as this
length appeared on average to intersect approximately six times
with the cover type polygon boundaries on Figure 3. The tran
sect lines were located on the map (Figure 3) by randomly gen
erating the eastings and northings of the starting point, and
randomly generating the compass direction of the transect. Nine
transect lines (n = 9, L = 112.5) were randomly located on the
map in this manner (Figure 3).

The points of intersection of the true map boundary lines with
the transect lines were identified. If the true map boundary falls
within the error bands of the generated map at the intersection
with the transect, then the true and generated map lines coin
cide (point [1] on Figure 3). If the true map line falls outside
the error bands, the true and generated map boundaries do not
coincide (point [2] on Figure 3).

The total number of intersections (m) of the line transect with
the map boundaries was used to calculate the total length of

Lc~end

___ . pilot study transeCl line
'" generated rorest type boundaries
--": true forest type boundaries
.>«~~: incorrcctly mapped strata

FIG. 3. True location of forest types overlaid onto
the generated map.

boundaries per unit area of map. The number of intersections
where the true map boundary lay within the generated error
bands was also counted and notated as 'r'. For the nine transect
lines, the number of intersections with the generated map
boundaries was 43 (m=43). There were 28 points at which the
true map boundary and generated error bounds also coincided
(r=28).

The number of intersections (m = 43) is less than the required
number (m = 59) to ensure the estimate of boundary length
per unit area is within 95 percent confidence intervals. This
occurred because only five intersections per transect line were
being recorded, rather than the required 6.5 intersections per
transect, due to the estimated transect line length (12.5 cm)
being too short. It was decided to add another two transect
lines (again of constant length 12.5 cm) to increase the sample
to n = 11 and L = 137.5 cm. From Equation 5, the coefficient
of variation becomes 0.149, and from Equation 6, m = 45. The
required intersections per transect line is then 4.l.

For the 11 transect lines, the number of intersections with the
generated map boundaries was 52 (m = 52). There were 34
points at which the true map boundary and generated error
bounds also coincided (r = 34).

From these counts, the estimated total density (length per
unit area) of generated boundary lines (Xm), and the estimated
density of boundary lines where the generated map boundary
coincided with the true map boundaries (X,) were calculated.
The variance of X, and Xm was also estimated.

Xm = 0.594 cm cm- 2

X, = 0.388 cm cm- 2

A measure of map accuracy is the ratio of X r to Xm, Le.,

XI = {Xr -;- Xm x 100} = 65.4 percent

This ratio is interpreted below.

ACTUAL BOUNDARY LENGTHS AND AREAS

The length of boundaries on the generated map (Figure 2)
and the length of coincident boundaries between the generated
map and the true map (Figure 3) were directly measured using
a digital planimeter.

The results were as follows:
Area of map = 260.0 cm2

Length of true map boundary = 160.0 cm
Therefore, Xm • = 0.615 cm cm- 2

Length where maps are coincident = 102.6
Therefore, Xr• = 0.394 cm cm- 2•

Thus, XI' = Xr • -;- Xm • = 64.1 percent.

On inspection, the actual densities compare very favorably
with the sampling results. A research hypothesis was tested:
whether there is a significant difference between the true and
estimated density of boundaries, Le.,

Ho: Xm = Xm •

Ha: Xm i= Xm •

and

Ho:Xr = Xr•

Ha: Xr i= X r·

The confidence interval test was used, Le., reject Ho and con
clude there is a significant difference between the true and es
timated length of boundaries if Xm • and X,. occur outside the
confidence intervals defined by

X Sm
m ± ta(2 vn
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and

and

where
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generated by the aerial photograph interpreter are overlaid onto
the transects (Figure 4b). Finally, the epsilon error bands may
be plotted around the forest type boundaries generated by the
interpreter (Figure 4c). A count is made of the total number of
intersections of the line transect with the (true) type changes
recorded along the transects (m), as well as the number of in
tersections where the generated map boundary lay within the
error bands (r).

In the design of the sampling strategy, there is a trade off
between having a few relatively long transects, or many rela
tively shorter transects. If a small number of transects are cho
sen, then the total number of intersections (m) required is higher
than if many transects are sampled (for example, replacing n =
9 with n = 11 for the example cited in this paper results in "m"
decreasing from 59 to 45). The final decision on the balance
between" n" and"m" will be determined by factors such as the
access, ease of locating transect starting points, and the suita
bility of the area for surveying long transects by compass and
chain.

Uncertainty in the boundary position occurs at the transition
zone between forest cover types. If there are erroneous forest
types occurring as patches within otherwise homogeneous pol
ygons, then the line intersect sampling method would reflect a
lower boundary accuracy.

The advantage of the line intersect sampling technique is that
it is fast, cheap, and simple compared with sampling numerous
points. A major disadvantage with the line intersect method
compared with point sampling is that it does not assess the
accuracy of area estimates. For example, a forester may wish to
calculate the accuracy of the area of forest types or timber vol
umes from a map.

Line transect sampling offers the possibility of yielding a higher
precision estimate of map accuracy for a given cost, as it is
usually cheaper and simpler to traverse lines using a compass
bearing and chain during ground truth operations, than to iden
tify numerous point sample locations in the field. The technique
would be particularly suitable where the edges between differ
ent forest types, soil types, or ecosystems are of interest. Ex
amples of potential applications include wildlife habitat modeling
and checking the accuracy of aerial photograph interpretation.
However, it should again be emphasized that line intersect sam
pling is but one method of estimating map accuracy, and the
appropriate statistic (or statistics) should be chosen for the ac
curacy assessment task being considered.
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FIG. 4. Field implementation of the line intersect sampling technique.

DISCUSSION

The true boundary densities were not significantly different
from the boundary densities estimated using line intersect sam
pling, with d = 0.05. The estimated boundary accuracy (65.4
percent) was very close to the true boundary error (64.1 per
cent).

Mapping accuracy expressed as boundary ~ccuracy is a c~n

servative measure of map accuracy, because 1t measures com
cident boundary length, and not the area of the map tha~ is
correctly classified. In other words, the boundary accuracy 1S a
lower map accuracy estimate compared with an area accuracy
statement, and would therefore give an increased probability
that the map would not have an acceptable mapping accuracy.

The technique has been evaluated in the field, using the fol
lowing method. The start of each transect was ide~t~fie~ using
aerial photographs (note that perhaps a global pos1tionmg sat
ellite receiver may be used). A chain and compass was used to
measure the transect length and direction; the position of the
"true" type change, as well as the position of the uncertain
ecotone areas, were noted along the transect. In the office, the
epsilon distance may be calculated, based on the ecotone dis
tances and processes such as geometric rectification and map
compilation. The transects are plotted with the position of. the
"true" type change indicated (Figure 4a). The forest type lines

X, = 0.388 ± 2.228 (0.067 + 3.317) = 0.388 ± 0.045.

As Xm , = 0.615 and X"~ = 0.394, we conclude that the estimated
boundary density is not significantly different from the true
boundary density at d = 0.05.

Two strata were recognized on Figure 3, that is, "correctly
mapped" and "incorrectly mapped." The area of both strata
were measured with a digital planimeter. The total area of the
map was 260.00 cm2, and the area that was incorrectly mapped
was 19.17 cm2• The areal map accuracy was therefore 92.7 per
cent.

where

". ".. I'>:i"
5 = - vr = v 34 = 0.067

I 2L 2 x 137.5

5,
X, ± t W2 vn

5 =.!.. vm = ". V52 = 0.082
'" 2L 2 x 137.5

Thus, at (x' = 0.05, n = 11:

X", = 0.594 ± 2.228 (0.082+ 3.317) = 0.594 ± 0.055

----------------------------------------------
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APPENDIX

Derivation of the formula linking coefficient of variation with
"m" is as follows:

A lImx=-
2L

var X = (~rm
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