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ABSTRACT

The measurement of accuracy is one of the most important fea-
tures of data quality. Many statistical and practical criteria have been
set for paper map digitization under various situations and consider-
ations. This article explores the theoretical relationship between sta-
‘tistical and practical accuracy tests, and proposes a framework of
cost-accuracy analysis for choosing appropriate digitization methods.
Eight trials using three digitization methods on two Taiwan zoning maps
with different original qualities were performed to illustrate the differ-
ences between statistical and practical methods. The results showed
that (1) the test for the mean of the errors should be included in the
practical criteria, (2) the error tolerance standard for maps in poor con-
dition can be raised from 0.5mm to 0.3mm, (3) it is sufficient to digi-
tize maps in good condition using the 100dpi-screen method, (4) ap-
propriate digitization methods can be varied according to different map

qualities, accuracy criteria, and budget.

I. INTRODUCTION

To utilize powerful capabilities of spatial que-
ries and analyses in Geographical Information Sys-
tems, a great deal of preliminary work must be done
converting paper maps into digital forms. Since dif-
ferent map digitization processes will introduce vari-
ous degrees of errors, it is necessary to establish some
criteria to ensure the data quality.

Accuracy, which is the degree of conformity
between original maps and digitized maps with a
standard or accepted value, is one of the most impor-
tant aspects of data quality [12, 13]. While the accu-
racy standard of map digitization is commonly stated
in terms of error tolerance € and threshold ratio of
bad products fBin practice [2, 3, 6, 8, 10, 15], it can
also be stated in a statistical way involving mean X
and standard deviation o in a level of significance a
[1, 4, 16]. Although there is a certain relationship
between the practical and statistical measurements,

they are not equivalent and need to be explored fur-
ther. :

Moreover, one has to consider various factors,
including the purposes of the maps, the data quality
of original paper maps, production costs, and bud-
get, when choosing appropriate methods of accuracy
measurement and digitization [14]. In practice,
data authorities usually follow some conventions of
data accuracy requirements. However, it is also
usually found that the measurement methods and
critical criteria need to be fine-tuned to accommo-
date various situations. It will be very helpful for
data authorities to have a scheme for choosing ap-
propriate accuracy standards and digitization meth-
ods.

This article will review current data accuracy
standards, suggest a centripetal method for verifying
data accuracy of zoning map digitization in Taiwan,
and propose a cost-accuracy analysis to help data
authorities formulate their digitization policy.
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The structure of this article is as follows. Sec-
tion 2 will explore the relationship and the difference
between statistical and practical accuracy measure-
ments. Section 3 will introduce the scheme of
cost-accuracy analysis. Section 4 will discuss the cen-
tripetal method for data accuracy measurement, and
introduce an exploratory study involving two map
cases and eight trials. Section 5 will reveal and dis-
cuss the results, and suggest possible new criteria and
digitization policies based on these two cases. Fi-
nally, Section 6 provides be the conclusions from this
study.

II. DATA ACCURACY TESTS

In a digitization process, data accuracy may be
affected by gross, systematic, and random errors[15].
Gross errors are caused by carelessness or inatten-
tion of the observer during digitization. Normally,
some standard procedures are designed to detect gross
errors during or immediately after digitization. Sys-
tematic errors might be caused by instruments and/or
the quality of the original map, while random errors
are mostly associated with the skill of the digitiza-
tion operator.

As mentioned above, systematic and random er-
rors can be identified in a statistical or practical way.
These two approaches are highly related but differ-
ent. However, they can take advantage of valuable
information from each other to establish more con-
crete and consistent criteria. A theoretical explora-
tion is discussed below.

To identify iT there is a systematic error in a digi-
tization process, one may statistically test the mean
of the errors against an expected error to see if there
is a significant difference. Since the expected error
is zero, the null hypothesis and the alternative are
Hy: u=0 and H,: u#0, respectively. By choosing a
level of significance o, the mean of errors of the digi-
tization can be tested. Conventionally, levels of sig-
nificance are set to be 0.01 or 0.05 and are associated
with corresponding critical regions. If the standard-
ized normal value Z calculated from the digitization
falls into the critical region, the null hypothesis will
be rejected and the alternative will be accepted, which
means that the average error of the digitization is
highly significantly (when a=0.01) or significantly
(when a=0.05% different from zero. Otherwise, the
null hypothesis is accepted.

Random errors can be statistically examined by
testing the standard deviation s of the trial against
the expected variance oy. On the other hand, most
data authorities usually state this requirement in a
practical way such that the proportion of error points
exceeding a certain tolerance € should be less than a
threshold ratio 8. Conventionally, the error tolerance

Table 1. Expected Standard Deviations ¢, with
B=10%

Error tolerances on maps

02mm 03mm 04mm 0.5mm

1/1000 maps 0.12158 0.18237 0.24316 0.30395
1/3000 maps 0.36474 0.54711 0.72948 0.91185

threshold ratio
of unacceptable

errors B (%) systematic
erroes X (m)
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Fig. 1. Theoretical relationships among systematic errors, stan-

dard deviation, and threshold ratio of unacceptable errors.

€ is set between 0.2 mm to 0.5 mm on maps, and the
threshold ratio f§is 10% (2, 3, 6, 8, 10]. Thus, a
relationship between the standard deviation s and
practical criteria € and B can be established by the
following formula:

Zﬁ/2=8/0'0 or O'():S/Zﬁ/z (1)

where Zg, is the Z-value corresponding to B/2 in the
standard normal distribution, and the value of error
tolerance € should be in terms of ground distances.
The values of critical standard deviations associated
with different levels of tolerances and different scales,
say 1/1000 and 1/3000, of maps are illustrated in
Table 1. Then, the standard deviation of the errors
can be examined by performing the y* test with the
hypothesis: Hy: 6°=0y%, H,: 0°>0y”.

It is surprising to find that practical criteria
rarely test if the mean of the errors of a digitization
is not statistically different from 0 at a certain level
of significance. This implies that practical tests might
accept a digitization with systematic errors. Fig. |
illustrates some examples. The combinations of sys-
tematic errors and standard deviations below the line
B=10% with error tolerance £=0.5mm on a map of
the scale of 1/1000 are acceptable for practical pur-
poses. The lowest dotted line indicates cases of vari-
ous standard deviations where the systematic error
X =0. It is noted that, for example, the case of
(X =0.02m, s=0.3030) is accepted because the cor-
responding ratio $=9.96% <10%. Since, it is desir-
able to eliminate as many systematic errors as
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possible, practical tests should also include tests of
the mean of errors.

Moreover, conventional criteria of error toler-
ance € and threshold ratio of unacceptable errors 8
could be reviewed based on digitization trials. The
possibly smaller error tolerance & and smaller
threshold ratio 8 hold the following equivalent rela-
tions.

&=sxZp, or 2)
Possibility( x> & and T<-28)=p 3)

It is not difficult to see that better digitization
quality with a smaller standard deviation s is able to
afford a more rigid digitization accuracy requirement
of a smaller error tolerance & and threshold ratio .
Since it is convenient to have =0, Eqgs. (2-3) can be
rewritten as follows.

E=s X Zﬂ/z or (4)
Possibility(¥> & and T<- &)= f8 5)

ITII. COST-ACCURACY ANALYSIS FOR
DIGITIZATION METHOD CHOICE

In addition to accuracy, cost is another impor-
tant consideration when performing map digitization.
A cost-accuracy analysis will be very helpful in
making decisions about choosing an appropriate digi-
tization method, setting up a budget and defining ac-
curacy requirements.

While data authorities expect high data accu-
racy, data producers try to reduce their costs as long
as a certain level of accuracy is satisfied. One might
think that the higher the accuracy, the greater the cost.
However, this is not riecessarily true. It is possible
that higher accuracy can be achieved at a lower cost
due to new, cheaper equipment and choosing an ap-
propriate digitization method.

Figure 2 conceptually illustrates some possible
combinations of costs and accuracy. Combination G
does not meet the minimum accuracy requirement,
and combination E exceeds the budget. Both of them
would be discarded. Combination A would be the
optimal choice since it has the lowest cost and high-
est accuracy. If combination A did not exist, the data
producer would most Jikely choose combination C.
On the other hand, data authorities pursuing higher
data accuracy would try to rise the minimum accu-
racy requirement to somewhere between B and C to
exclude combination C.

It is worth noting that cost-accuracy analysis
does not require actual costs of digitization. Ordinal
ranks of costs are sufficient for deciding or choosing

cost minimum
A Eg |accuracy requirement
budget --4--------=-mmmeaee 15 -------
o
AB. ) F i Se
o ¢ |
1 >
: Error tolerance
(lower accuracy)

Fig. 2. Conceptual illustration of cost-accuracy analysis.

an appropriate cost-accuracy combination.
IV. EXPLORATORY STUDY

In 1982, N. R. Chrisman introduced the epsilon
model of cartographic lines to describe positional
accuracy and measurement errors [4]. Since then,
many experiments concerning data accuracy have
been made. Each study had its own concern and par-
ticular approach. Ho [5] and Maffini, Arno and
Bitterlich [11] respectively studied systematic and
random errors where original maps were generated
by CAD. Lay [7], Lin and Chang [9], and Maffini,
Arno and Bitterlich [11] studied the problems of data
accuracy when maps were overlaid. Warner [17] and
Ho [5] studied errors associated with standard tab-
lets. Tsai [14] and Ho [5] were concerned with the
digitization accuracy of contours on topological maps,
while Liu [10] was concerned with the same subject,
but on cadastral maps.

In Taiwan, there is a large number of zoning
maps of urban plans which need to be digitized. To
generate useful guidelines for the practice of zoning
map digitization, some trials were conducted in this
research, based on the framework of accuracy tests
and cost-accuracy analysis mentioned above.

It is noted that many archival zoning maps in
Taiwan lack the recording of absolute coordinates on
the ground; moreover, many topographical objects on
the maps can no longer be found on the ground due
to buildings, roadways, or infrastructure
(re)constructions. Therefore, data authorities might
only be able to assert a certain level of relative accu-
racy against the original zoning map instead of check-
ing the absolute position against the ground truth.

A centripetal approach is taken in this article to
handle issues concerning relative accuracy in the
cases of archival zoning maps in Taiwan. The ap-
proach can be summarized as follows.

First of all, a precise rectangle bounding the
whole map and a centroid are drawn on each original
map whose area corresponds to 400mx600m on the
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Table 2. Criteria for Testing Digitization Accuracy

Map scale Expected The level of Threshold Threshold ratio of
mean of significance for testing deviations (on unacceptable points
the errors the mean ground distance)

1/1000 Ho=0 0=0.01 00=0.30395m B=0.1

1/3000 Ho=0 a=0.01 00=0.91185m B=0.1

Fig. 3. Map of Chi-shang (portion). Circles indicate locations of
test points.

ground. The centroid and the four corners of the rect-
angle serve as control points. These five control
points are digitized. If a systematic error is detected
by checking the relative distances among the control
points on the computer, the digitization equipment
has to be adjusted before further digitization. After
digitization, 40 test points are selected from each
original map. The test points should be evenly scat-
tered on the map. The distances between each test
point and the centroid are measured on the original
map and the computer using CAD software to avoid
unnecessary plotting errors {4]. Digitization errors,
which are the differences between corresponding dis-
tances, are then further calculated. Thus, the epsilon
model can be applied to our exploration. Finally, an
accuracy standard can be applied to determine if the
digitized maps can be accepted.

Generally speaking, the quality of original zon-
ing maps in Taiwan can be roughly classified into two
levels according to their scale. Maps of the scale of
1/3000 being drawn in pencil at least thirty years ago
are in bad condition, while those of 1/1000 are good.
Therefore, two experimental maps, Chi-shang of
1/1000 and Dan-shui of 1/3000, were selected for the
trials. Portions of these two maps are illustrated in
Figs. 3 and 4, respectively.

Recalling that the main purpose is to find out
appropriate standards at a reasonable cost instead of
the standard corresponding to the highest or the av-
erage accuracy as in practice, the data authority

Fig. 4. Map of Dan-shui (portion). Circles indicates locations of
test points.

considers the resulting standards based on the follow-
ing test environment. Components in the test envi-
ronment were (1) workers with at least 3 months’
digitization experience, (2) a drum-based gray-scale
scanner of model LS-3600™, Microtek, which can
process maps of AO size in 300 and 100 dpi, (3) an
image processing and screen digitization software,
CAD Overlay™, Image Systems Technology, Inc., (4)
Tablet digitizer, DrawingBoard III™, Calcomp, of AQ
size with 1200 1pi, and (5) two maps, one in good
condition and one in poor condition.

Three common digitization methods were used
in the exploration: (1) scanning in 300dpi and digi-
tizing on the screen, called '300dpi-screen’ for short,
(2) scanning in 100dpi and digitizing on the screen,
called '100dpi-screen’ for short, (3) digitizing on the
tablet, called 'tablet’ for short.

Table 2 illustrates the criteria of statistical
tests corresponding to the practical accuracy standard.
The ratio of unacceptable error points exceeding
0.5 mm on maps should be less than 10% out of
40 tested points, for digitizing zoning maps in
Taiwan.

In addition to measuring, calculating, and test-
ing the means and standard deviations of the errors,
the F-test was also employed to see how the original
map quality affected the quality of the digitization,
and to verify if various methods of map digitization
showed any significant difference in the quality of
the digitization on a specific map.
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Table 3. Results of Statistical Tests

Map  Digitization Mean Standard Z-value  Test for Test for Possibly
name methods (X) deviation (s) mean variance smaller error
tolerance (&)
Chi- 300dpi -0.035 0.1984 1.1130 Pass Pass 0.3
shang screen 100dpi(l) 0.1332 0.2157 3.9044 Fail -- --
100dpi(2) -0.0118 0.2200 0.3384 Pass Pass 0.3
tablet 0.0540 0.1842 1.8526 Pass Pass 0.3
Dan- 300dpi 0.050 0.5088 0.6161 Pass Pass 0.3
shui screen 100dpi(l) -0.6183 1.5329 2.5510 Pass Fail --
100dpi(2) -0.1371 1.0908 -0.7951 Pass Fail --
tablet 0.1245 0.7142 1.1028 Pass Pass 0.4
Table 4. F-test between Digitization Methods
300dpi 100dpi(1) 100dpi(2) Tablet
300dpi -- 1.18 1.23 1.16
100dpi(l) 9.08 -- 1.04 1.37
100dpi(2) 4.60 1.97 -- 1.43
Tablet 1.97 461 2.33 --

"F01(39,39)=2.1; F(05(39,39)=1.7. A number falls in critical regions, if it is greater than the corresponding F

value.

"*The upper-right triangular portion shows the case of Chi-shang, while the lower-left is Dan-shui.

V. RESULTS
1. Statistical Tests

The means X , standard deviations s, Z-values,
results of the statistic tests, and the possibly smaller
error tolerance &, where =$=0.1 in Egs. (4-5), of
the trials upon two maps are shown in Table 3. Please
note that the method of scanning in 100 dpi of both
maps is performed twice due to failure to pass the
tests. These two results are denoted as 100dpi(1) and
(2), respectively. .

The comparisons of the variances 0> between
different methods by the F-test are shown in Table 4,
where the upper-right triangular corner is the case of
Chi-shang, while the opposite lower-left corner is
Dan-shui.

In the case of Chi-shang, both the 300dpi-screen
and tablet trials passed the mean test at the 0.01 level
of significance and the variance test at the error tol-
erance 0.5mm on the maps. However, the first
100dpi-screen trial failed the mean test due to a large
Z-value in the critical region, which implies a sys-
tematic error. After rechecking the process, the sec-
ond 100dpi-screen trial passed the mean and variance
tests. It is noted that there is no difference in the
digitization performances of the first and second
100dpi-screen trials according to the corresponding

low f-value (1.04) in Table 4.

Moreover, the second 100dpi-screen trial had a
smaller mean value (—.0118) than that of the 300dpi-
screen trial, but it had the same possible error toler-
ance (£=0.3) as that of the 300dpi-screen trial. This
experience shows that it is not necessary to use higher
resolution scanning to get better data accuracy. High
data accuracy can be achieved by the 100dpi-screen
method without spending unnecessary memory and
processing time necessary for the 300dpi-screen
method.

In the case of Dan-shui, both tablet and 300dpi-
screen trials passed the mean and variance tests. As
to the two screen trials, both of them passed the mean
tests but failed the variance tests. This experience
suggests that the100-dpi screen method is not suit-
able for digitizing maps of poor quality.

Table 4 also reveals the influence of the origi-
nal map quality upon the digitization process. The
values in the upper-right triangular portion are smaller
than the critical F value. This means that the perfor-
mances of different methods are able to maintain the
same quality level when maps of good quality, such
as Chi-shang, are digitized. On the other hand, most
values in the lower-left corner fall in the critical re-
gion. This implies that it is very difficult to maintain
the same quality of performance, when maps of poor
quality, such as Dan-shui, are digitized.
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Table 5. Results of Practical Tests

Map  Digitization Number of error points Practical test*  Statistical test
name methods > 05-04 04-03 0.3-0.2 (p) for variance
0.5mm mm mm mm and g**
Chi- 300dpi 1 1 3 7 Pass (0.4) Pass (0.3)
shang screen 100dpi(1) 2 3 4 8 Pass (0.5) Fail
100dpi(2) 1 0 2 5 Pass (0.3) Pass (0.3)
tablet 1 0 1 7 Pass (0.3) Pass (0.3)
Dan- 300dpi 0 2 3 2 Pass (0.4) Pass (0.3)
shui screen 100dpi(1) 8 4 2 8 Fail Fail
100dpi(2) 1 1 2 6 Pass (0.4) Fail
tablet 0 0 3 7 Pass (0.3) Pass (0.4)
* £=0.5mm on the map; achievable accuracy threshold p is reported in parentheses.
** From Table 3.
cost cost
300dpi|_
100dpi ] ® ® 300dpi ®
Tablet] _. Tablet .
018 019 02 021 022 023 0 0.2 0.4 0.6 0.8
standard deviation standal‘d deVlahOn

Fig. 5. Cost-accuracy analysis of Chi-shang digitization.

2. Practical Tests

It is interesting to compare the results of accu-
racy tests based on statistical and practical criteria.
As mentioned above, the practical criterion in Tai-
wan for accepting a digitized zonal map is that the
proportion of error points exceeding 0.5 mm on maps
should be less than 10% out of 40 tested points. Table
5 shows the numbers of tested points exceeding
0.5mm at intervals of 0.Ilmm between 0.5mm and
0.2 mm on the map. If the point count exceeding
0.5mm is more than 4, which is the 10% of 40 points,
the result of the trial will be rejected. If a trial is
accepted according to the practical criterion, an
achievable accuracy threshold p is also reported.
Achievable accuracy threshold p is the.smallest error
tolerance where the total number of points beyond p
is equal to or less than 4. Table S also includes the
statistical test results from Table 3 for comparing each
other.

It is noted that trials of Chi-shang 100dpi-
screen(1l) and Dan-shui 100dpi-screen(2) passed the
tests based on practical criteria but failed the statisti-
cal tests. Additionally, the digitization accuracy re-
ported by the statistical tests had better scores than
those of the practical tests except the trial of the

Fig. 6. Cost-accuracy analysis of Dan-shui digitization.

Dan-shui tablet. These two observations reflect the
fact that the statistical test gives a more complete con-
sideration of mean and variance, and gives a sound
evaluation of data accuracy.

3. Cost-Accuracy Analysis

Figures 5 and 6 plot diagrams of cost-accuracy
analyses of Chi-shang and Dan-shui, respectively.
The X-axis indicates the degree of accuracy in terms
of standard deviations, while the Y-axis indicates the
relative costs of three digitization methods. In the
case of digitizing zoning maps, the tablet method is
relatively cheaper than 100- and 300-dpi scanning-
and-screen-editing methods. Each dot in the diagrams
represents a digitization method.

In the case of Chi-shang, there is an optimal
combination that corresponds to the tablet method.
On the other hand, the case of Dan-shui is different.
While the 300dpi-screen method has better data ac-
curacy, the tablet method has a lower cost. In this
situation, the data authority has two choices: accept-
able results at a lower cost or set up a more rigid ac-
curacy requirement within an affordable budget. The
final decision will be made according to further con-
siderations on other factors.
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VI. CONCLUSIONS

The measurement of accuracy is one of the most
important features of data quality. Under the condi-
tions of employing operators with more than 3 months
experience, using a common digitization instrument,
applying the centripetal method, and testing two rep-
resentative maps in statistical and practical ways, this
research found that: (1) the test for the mean of the
errors should be included in the practical criteria to
detect and reduce systematic errors, (2) the error tol-
erance standard for digitizing zoning maps in poor
condition such as the case of Dan-shui could be raised
from 0.5mm to 0.3mm at a reasonable cost, (3) it is
sufficient for original maps in good condition to have
high data accuracy using the 100dpi-screen method
without spending unnecessary memory and process-
ing time that are needed in the 300dpi-screen method,
(4) cost-accuracy analysis can help to make digitiza-
tion policies for different situations of original map
quality, digitization methods, accuracy requirements,
and budget considerations.

NOMENCLATURE

the null hypothesis

the alternative hypothesis

the standard deviation of sample errors
mean of errors

the standardized normal value

level of significance

threshold ratio of poor products in practice
possibly smaller threshold ratio

error tolerance

possibly smaller error tolerance

expected error

achievable accuracy threshold

standard deviation of errors in population
the expected variance of errors in population
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