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Abstract. The volume of georeferenced data that have involved manual digitizing suggests that error 
associated with this process merits a more thorough analysis, especially given recent advances in 
conventional and spatial statistical methodology. Spatial filtering and mixed modeling techniques are used to 
analyze manual digitizing outcomes of an experiment involving Hill’s famous drumlins data of Northern 
Ireland. Findings include: (a) spatial autocorrelation plays an important role, and (b) a random effects term 
accounts for a nontrivial amount of variability. 
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1. Introduction 
Because so much geospatial data has been manually digitized over the years, researchers have studied error 
associated with this digitizing process for several decades, finding, for example, that it can be characterized 
by a bivariate normal distribution (e.g., Chrisman and Yandell, 1988; Griffith 1989). Literature on this topic 
is reviewed in Griffith et al. (2007). Less is known about spatial autocorrelation effects associated with it, as 
well as latent features that can be accounted for by including random effects in its statistical model 
description. Modern statistical theory─both spatial and conventional─now furnishes methodologies to 
explore these additional features, allowing a fuller understanding of manual digitizing error. The purpose of 
this paper is to derive findings utilizing these newer tools to analyze results of four professional geographers 
who digitized the section of Hill’s (1973) map of drumlins reproduced in Upton and Fingleton (1985) and 
made available as a digital file (hereafter referred to as the public file) by Venables and Ripley (1994).  

2. County Downs (Northern Ireland) drumlins data 
The geographic landscape is a 64-kilometer2 square-shaped region of the Upper Ards peninsula. A total of 
234 drumlins are distributed across this region whose locations have been used to illustrate aspects of point 
pattern analysis. Upton and Fingleton (1985) us a 4-by-4 grid of square quadrats to analyze these data, 
whereas Griffith (2003, p. 26) subjects these drumlin locations to a Poisson regression analysis, based upon 
an 11-by-11 grid of square quadrats, both concluding that “there is no evidence of other than a random 
distribution.” Griffith also measures weak positive spatial autocorrelation [Moran Coefficient (MC) = 0.27 
and Geary Ratio (GR) = 0.70] for his tabulation of drumlin counts by quadrat. A map of the drumlins in 
question, over which a Thiessen polygon surface partitioning has been superimposed based upon the average 
digitizing of each point, appears in Figure 1. 
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Fig. 1. The 234 drumlins of an 
arbitrary square subregion of the 
Upper Ards, Ireland, peninsula. Left: 
(a) experimental digitizing results. 
Right: (b) mistakes in the publicly 
available digital file; a solid dot and 
grey colored polygon denote missing 
drumlins, and a solid triangle 
denotes a fictitious, erroneously 
included drumlin. 

Proceedings of the 8th International Symposium on 
Spatial Accuracy Assessment in Natural Resources and Environmental Sciences

Shanghai, P. R. China, June 25-27, 2008, pp. 94-102
 

 



 95

Sets of digitized points where matched with a point-in-polygon procedure. Because a digitizing 
measurement scale is interval in nature, it has an arbitrary origin, allowing each set of digitized points to be 
converted to z-scores without loss of generality. The target identifiers can be selected from any one of the 
sets of replicated points, with a Thiessen polygon surface partitioning being generated using the selected set 
of points. Each of the remaining sets of points can have the target identifiers attached to it simply by 
executing a point-in-polygon procedure using the Thiessen polygon cells. In the case of excessive locational 
error, multiples of the points to be matched will be contained in some of the Thiessen polygon cells, and 
hence duplicate identifiers will be assigned. In turn, some cells will be empty and their identifiers will be 
missing from the final assignment. These mismatches can be sorted out outside of a geographic information 
system (GIS) with some automated distance minimizing algorithm, or even manually within a GIS by 
systematically determining which points should be assigned to each empty Thiessen polygon cell. This 
procedure was executed in ArcView 3.2 using developed extensions (e.g., Zhang and Griffith, 1997). 

3. Simple summary results of a location error digitizing experiment 
Statistical results summarizing individual digitizing efforts appear in Table 1, and suggest several interesting 
hypotheses that could be tested in a more comprehensive way. The first concerns the consistency of results 
across coordinates by digitizer: a descriptive statistic calculated for east-west coordinate U is very similar to 
that for the digitizer’s corresponding north-south coordinate V. The second concerns the statistical 
distribution of errors: the marginal distributions are symmetric but not necessarily bell-shaped, and 
deviations in U are uncorrelated with deviations in V (Figure 2). And, the third concerns spatial 
autocorrelation in digitizing errors: significant, and often marked, positive spatial autocorrelation is latent in 
the deviations of U and of V. Furthermore, a scatterplot matrix (Figure 3) reveals that the sets of digitized 
coordinates produced by each professional geographer are very similar.  

Table 1. Statistical summary of experimental digitizing error. 
Statistical measure Co-ordinate Public file Expert #1 Expert #2 Expert #3 Expert #4 

U 47.6 14.8 5.0 5.9 7.4 Mean squared error 
(×10-5) V 32.5 16.1 3.4 3.8 5.1 

U deviation 0.931 
(p<0.01) 

0.985 
(p=0.01) 

0.971 
(p<0.01) 

0.974 
(p<0.01) 

0.970 
(p<0.10) Shapiro-Wilk (S-

W) normality 
diagnostica V deviation 0.979 

(p<0.01) 
0.991 

(p=0.13) 
0.988 

(p=0.05) 
0.992 

(p=0.25) 
0.995 

(p=0.64) 
Linear correlation 
between deviations 

U & V -0.070 
(p=0.29) 

0.058 
(p=0.38) 

-0.009 
(p=0.89) 

0.087 
(p=0.19) 

0.162 
(p=0.35) 

MCb U deviation 0.210 
(z≈ 5.5) 

0.687 
(z≈ 17.7) 

0.213 
(z≈ 5.6) 

0.462 
(z≈ 11.9) 

0.383 
(z≈ 9.9) 

GRc V deviation 0.833 0.236 0.806 0.543 0.625 
a A value of 1 indicates perfect conformity with a normal frequency distribution. 
b The MC is an index of spatial autocorrelation that is very similar to a product moment correlation coefficient. 
c The GR is an index of spatial autocorrelation based upon paired differences; a value of 1 indicates zero spatial 
autocorrelation, a value of 0 indicates perfect positive spatial autocorrelation, and a value of roughly 2 indicates 
perfect negative spatial autocorrelation. 

NOTE: U denotes the east-west coordinate; V denotes the north-south coordinate; p denotes the p value under a null 
hypothesis for a single variable test; z denotes the null hypothesis test statistic z-score. 

 

  
Fig. 2. The bivariate distribution of digitizing errors, by digitizer: an open circle denotes the publically available 

data, a solid red square denotes Digitizer #1, a solid green diamond denotes Digitizer #2, a solid blue triangle 
denotes Digitizer #3, and an orange asterisk denotes Digitizer #4. 
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Fig. 3. Pairwise scatterplots by the four professional geographers of: (left) the 234 digitized points, and (right) the 

deviations from the overall mean for each point. 
 

Each average quadruple of expert digitized points is a spatial mean, with the corresponding combined 
average sum of four squared errors being a squared standard distance (SD); here SD = 0.01 (Griffith and 
Amrhein, 1991). A Moran scatterplot portraying spatial autocorrelation detected in these digitizing errors 
(Figure 4a) suggests a differential degree of difficulty in digitizing points across the map: the lower-left-hand 
diagonal quadrat in Figure 4a groups relatively easy to digitize clusters of points; the central diagonal 
quadrat in Figure 4a groups somewhat harder to digitize clusters of points; and, the upper-right-hand quadrat 
in Figure 4a groups relatively difficult to digitize clusters of points. The global MC accompanying Figure 4a 
is 0.57 (z≈ 14.8); the global GR is 0.35. The easier points to digitize tend to be in the center of the map 
(Figure 4b). A few patches of relatively difficult points to digitize are scattered along the edge of the map. 
 

  
Fig. 4. Left (a): Moran scatterplot of standard distances for digitized points by the four professional geographers. 

Middle (b): Map of the Moran scatterplot diagonal pairs. Polygons colored white (with a very faint dot pattern) are 
contained in the lower left hand quadrat of the scatterplot. Polygons shaded in grey are contained in the central 

quadrat of the scatterplot. Polygons shaded in black are contained in the upper right hand quadrat of the scatterplot. 
Right (c): Scatterplot of the digitizing standard distance and the square root of the Thiessen polygon area. 

 

This particular map pattern of degree of digitizing difficulty may well be reflecting some form(s) of 
graphic distortion attributable to, say, photocopying or differential stretching/shrinkage due to the original 
maps being on a paper medium. A weak covariation tendency (r = 0.36) exists between the degree of 
digitizing difficulty and the density of points to digitize (Figure 5); this trend may well indicate that as the 
density of points increases, (subconsciously, perhaps) the care taken to digitize individual points tends to 
improve. 
 

 
Fig. 5. Graduated circle maps for drumlins point digitizing. Left: (a) spatial filter for U. Center left: (b) random effect 

for U. Center right: (a) spatial filter for V. Right (b): random effect for V. 

4. Methodology 
Spatial filtering, a spatial statistical methodology supporting the use of standard statistical techniques, 
utilizes the eigenfunctions of a geographic configuration (i.e., weights) matrix, and facilitates non-normal 
probability model analyses. Mixed modeling, a modern statistical methodology supporting the use of non-
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random samples, allows data to be analyzed that are both correlated and display non-constant variance. It is a 
hybrid of the frequentist and Bayesian approaches. A parameter (often the intercept) is rewritten as a random 
variable for which a prior distribution is to be posited (Bayesian), and then is estimated from data 
(frequentist). 

4.1. Spatial filtering 
Spatial filtering, which offers a way of directly working with conventional rather than spatial statistical 
techniques, furnishes an approach that incorporates spatial structuring into the intercept term that accounts 
for spatial autocorrelation in georeferenced data (Griffith, 2000). This spatial structuring is achieved by 
constructing a spatial filter, a linear combination of a subset of the eigenvectors of a modified geographic 
weights matrix /n)'(/n)'( 11IC11I −− ─where n is the number of locations, I is the n-by-n identity matrix, 
C is an n-by-n geographic weights matrix, 1 is the n-by-1 vector of ones, and ' denotes the matrix transpose 
operation; the subset can be selected with a stepwise regression technique. 

The modified geographic weights matrix from which eigenfunctions are extracted appears in the 
numerator of the MC spatial autocorrelation test statistic. The eigenvectors of this matrix exhibit the 
following properties: when mapped spatially, the first eigenvector, say E1, is the set of real numbers that has 
the largest possible MC value for the spatial arrangement defined by the geographic connectivity matrix C; 
the second eigenvector is the set of real numbers that has the largest achievable MC value by any set that is 
uncorrelated with E1; the third eigenvector is the third such set of values; and so on through En, the set of real 
numbers that has the largest possible negative MC value while being uncorrelated with the preceding (n-1) 
eigenvectors. As such, these eigenvectors furnish distinct map pattern descriptions of latent spatial 
autocorrelation in georeferenced variables, because they are both orthogonal and uncorrelated. Their 
corresponding eigenvalues index the nature and degree of spatial autocorrelation portrayed by each 
eigenvector, because each eigenvalue yields a MC when multiplied by n/1'C1. 

4.2. Mixed models 
A mixed model is the preferred specification for repeated measures and clustered data, and is well suited for 
an analysis of the experimental digitizing data being analyzed here because, on the one hand, location 
observations are the same (e.g., drumlins) across digitizers, while, on the other hand, individual digitizers 
differ. Consequently, there are two sources of variation: variation between digitizers (inter-subject variance) 
and variation within an individual digitizer (intra-subject variance). 

A mixed model is a regression model of the form (Demidenko, 2004) 
εZγXβY ++= , (1) 

where Y is the response variable, here X contains the vector 1 as well as a matrix of K eigenvectors extracted 
from /n)'(/n)'( 11IC11I −− , Z is a matrix that relates the observations to random effects (intra-subject 
variance), β  are unknown fixed coefficients, γ  is an unknown random variable that is allowed to vary under 
repeated sampling, and ε  is a vector of residuals (i.e., independent and identically distributed inter-subject 
errors). If the digitizing experiment is replicated, then β  should be the same whereas a different realization 
of γ  would be expected. The random effects term, Z, comprises categorical indicator variables for the five 
digitizers, and reflects the sampling and data collection design of the study. If ε  is set to zero, the expected 
value of Y can be specified for a binomial, Poisson or other generalized linear regression model employing 
an appropriate link function. 

5. Variability across the map: digitized points 
Treating the expert digitizing results as repeated measures, joint patterns across the drumlins map can be 
uncovered with a mixed model specification that includes spatial configuration eigenvectors as fixed effects.  

5.1. Normal probability mixed models 
A linear mixed model coupled with a normal probability model was used to analyze the repeated measures 
digitized points. A normally distributed random intercept was included and spatially structured with 35 
eigenvectors portraying various degrees of positive spatial autocorrelation. Because the correlation between 
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the digitized U and V points is very small (0.178), separate models were estimated for them. The 3 drumlins 
missing from the public file are included as missing data; its superfluous drumlin is deleted. 

The principal source of variation for the digitized points is between points, not within experts: roughly 
94% of the variance is accounted for by spatial autocorrelation across the landscape, with roughly 6% being 
accounted for by within expert variation (Table 2). From a candidate set of 58 eigenvectors (selected such 
that each has MC/MCmax > 0.25, where the maximum MC for the surface partitioning is MCmax = 1.07246), 
the spatial filter for the U axis contains 35 eigenvectors, whereas that for the V axis contains 36 eigenvectors. 
The random error terms were posited to be normal, but show some evidence of deviating from a bell-shaped 
curve [P(S-W) = 0.005 for U, and 0.008 for V; P denotes probability], with near-equal variances (0.245512 
for U; 0.244022 for V). They also lack any conspicuous geographic pattern (Figures 5b, 5d). 
 

Table 2. R2 for the estimated regression equations 
source 0.00039 + SFU 0.00039 + SFU + Z γ̂ -0.00247 + SFV -0.00247 + SFV + Z γ̂
Upton & Fingleton 0.9378 0.9995 0.9410 0.9997 
Expert 1 0.9394 0.9999 0.9402 0.9998 
Expert 2 0.9401 1.0000 0.9399 1.0000 
Expert 3 0.9398 0.9999 0.9399 1.0000 
Expert 4 0.9401 0.9999 0.9400 0.9999 

 

Coefficients for these two spatial filters appear in Table 3. These two filters have 19 eigenvectors in 
common, and a modest correlation of 0.192; the accompanying random effects have a correlation of 0.068 
(Figure 6a). Both spatial filters capture marked positive spatial autocorrelation: MC = 0.956 and GR = 0.067 
for U; and, MC = 0.900 and GR = 0.022 for V. The spatial filters essentially capture the east-west orientation 
of the digitizing axis for U, and the north-south orientation of the digitizing axis for V (Figures 5a, 5c). 
Meanwhile, both random effects capture negligible spatial autocorrelation: MC = 0.024 (zMC = 0.71) and GR 
= 0.849 for U; and, MC = 0.026 (zMC = 0.76) and GR = 0.857 for V. 
 

Table 3. Spatial filter eigenvector regression coefficients 
Vector U V Vector U V Vector U V Vector U V 
E1 6.972 10.240 E14 1.620 E27 -0.668 E39 1.247
E2 9.161 -5.111 E15 -1.236 E28 0.597 E40 -1.202
E3 -2.161 1.083 E16 -0.741 E29 0.819 E41 -0.549
E4  -1.342 E17 -0.909 E30 -1.050 E42 1.101
E5 0.859 1.657 E19 -1.494 1.513 E31 0.639 E44 -0.462
E6 -4.685 -4.140 E20 -1.405 -2.762 E32 0.479 E45 -0.929 -1.197
E7 0.920 0.729 E21 1.242 E33 -2.195 -0.450 E46 0.833
E8 0.783 -4.057 E22 -1.096 1.870 E34 1.151 -0.831 E48 -0.884 0.532
E9 0.564 2.851 E23 2.368 E35 0.878 E50 0.882
E10 3.879 -0.835 E24 -2.594 E36 1.047 0.550 E52 -0.483
E11 -0.934 1.744 E25 0.594 0.571 E37 0.728 E53 0.624
E12 2.303  E26 -0.647 E38 0.726 E56 -0.578 -0.830
E13 1.492 2.160   E57 -1.392

 

  

Fig. 6. Left (a): Scatterplots for the 
spatial filters (left) and the estimated 
random effects (right). Right (b): 
Scatterplots for the spatial filters 
versus the digitizing coordinate 
axes─U (left) and V (right). 

5.2. Digitizing points variability conclusions 
Here the uncovered spatial filters for digitizing, which display pronounced global patterns, account for 
roughly 94% of the digitizing variability, with almost all of the remaining variability accounted for by a 
normally distributed random effects intercept term. Moreover, a conspicuous positive spatial autocorrelation 
dimension in digitizing is found to be common across the experts that coincides with the geographic 
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distribution of the drumlins; it essentially is replicating the multidimensional nature of the coordinate system 
(Figure 5b). In other words, the overwhelmingly dominant source of variation in a digitizing exercise should 
be the variation in point locations (this variation may well covary to some minor degree with regularities in 
the spacing of the points being digitized), with within digitizer variance being a very modest secondary 
source, one that essentially is equivalent to the residual random error term in equation (1).  

6. Variability across the map: digitizing error 
Random effects are estimated and spatial filters are constructed for the digitizing errors, too. The absolute 
value version of this error mimics well a gamma distribution (Figure 7), which is at odds with Chrisman and 
Yandell (1988). Here the gamma distribution (Table 4) has a shape parameter (α ) between 1 and 2, and a 
scale parameter (β ) between 0 and 0.02, and again the deviance axes tend to display minimal correlation, 
and hence are treated separately. 
 

   

   
Fig. 7. Absolute value of error histograms with fitted gamma distributions superimposed. Top: U-axis (eu). Bottom: 

V-axis (ev). From left to write: (a) public data, (b) Expert 1, (c) Expert 2, (d) Expert 3, and (e) Expert 4. 
 

Table 4. Summary statistics for the fitted gamma distribution. 
eu ev 

source α̂  β̂  P(K-Sa) correlation α̂  β̂  P(K-Sa) 
Upton & Fingleton 1.39873 0.00118 0.069 0.176 (p = 0.01) 1.34616 0.01210 0.010 
Expert 1 1.60939 0.00624 0.008 -0.043 (p = 0.52) 1.45848 0.00720 0.162 
Expert 2 1.29339 0.00424 0.014 0.120 (p = 0.07) 1.73273 0.00301 0.040 
Expert 3 1.12083 0.00531 0.013 -0.020 (p = 0.86) 1,63611 0.00334 0.004 
Expert 4 1.39998 0.00476 > 0.250 -0.030 (p = 0.65) 1.57760 0.00386 0.013 
a K-S denotes the Kolmogorov-Smirnov test statistic used to evaluate a frequency distribution’s goodness-of-fit. 

6.1. Gamma probability mixed models 
Because the sign of an error (i.e., north versus south, and east versus west) is not relevant to the 
understanding of digitizing error, the absolute value of error is analyzed here, and respectively denoted for 
the U and V axes as eu and ev. Consequently, error measures range from 0 to infinity, suggesting the use of a 
probability model that is restricted to non-negative real numbers. The gamma distribution probability model 
is selected here; features of this distribution include this non-negativity restriction as well as the expectation 
that the natural spacing process between drumlins is Poisson distributed. 

The principal source of variation for the absolute errors of the digitized points is within digitizer, not 
between points: on average, roughly 10% of the variance of eu and 15% of the variance of ev is accounted for 
by spatial autocorrelation across the landscape, with often 30% being accounted for by within expert 
variation (Table 5). From the candidate set of 58 eigenvectors, the spatial filter for eu contains 12 
eigenvectors, whereas that for ev contains 16 eigenvectors; only 4 eigenvectors are common to these two 
spatial filters. The random error terms were posited to be normal, but show some evidence of deviating from 
a bell-shaped curve [P(S-W) = 0.002 for eu, and 0.001 for ev], respectively with variances of 0.133592 and 
0.054412. 

Coefficients for these two spatial filters appear in Table 6. This pair of filters has a modest correlation of 
0.107; the accompanying pair of random effects terms has a correlation of 0.056. Both spatial filters capture 
at least strong positive spatial autocorrelation: MC = 0.912 and GR = 0.019 for eu; and, MC = 0.735 and GR 
= 0.3159 for ev. These spatial filters essentially portray two spatial correlation tendencies for digitizing errors: 
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(a) along the regional edges, and (2) within the interior (Figures 8a, 8c). Meanwhile, both random effects 
terms capture negligible spatial autocorrelation: MC = -0.099 and GR = 1.146 for eu; and, MC = -0.099 and 
GR = 1.070 for ev (Figures 8b, 8d). 
 

Table 5. R2 for the estimated gamma distribution regression equations. 
source EXP(

ueSF ) EXP(
ueSF + Z γ̂ ) EXP(

VeSF ) EXP(
VeSF + Z γ̂ ) 

Upton & Fingleton 0.095 0.509 0.134 0.285 
Expert 1 0.204 0.248 0.269 0.325 
Expert 2 0.031 0.262 0.351 0.096 
Expert 3 0.088 0.309 0.040 0.092 
Expert 4 0.105 0.336 0.068 0.125 

 
Table 6. Spatial filter eigenvector regression coefficients 

Vector eu ev Vector eu ev Vector eu ev Vector eu ev 
E1 1.505  E8 -1.009 E24 1.047 E40  -0.749
E3 -1.707 -1.322 E11 0.880 -0.777 E25  0.702 E47 0.772 0.807
E4 -1.251  E12 -1.422 E26  -0.893 E49 1.148 0.777
E5  -1.225 E14 1.672 E28  -0.845 E51 1.108 
E6 1.390  E15 1.343 E30 -0.748 E56 0.965 
E7  0.943 E22 -0.730 E36 -1.180 E57  -0.844

 

  

Fig. 8. Graduated circle maps for 
digitizing error. Left: (a) spatial 
filter for eu. Center left: (b) 
random effect for eu. Center 
right: (a) spatial filter for ev. 
Right: (b) random effect for ev. 

6.2. Digitizing error variability conclusions 
Analysis of these absolute values of digitizing error reveals that spatial autocorrelation coupled with a 
random intercept term accounts for about a quarter of the absolute value of error variability across the map, 
with noticeable variability across experts, and with the random effects dominating this description. The 
spatial filters display moderate-to-strong positive spatial autocorrelation, whereas the random intercepts 
display no spatial autocorrelation. The spatial filters highlight regional-local clusters of spatial dependency in 
the digitizing error, with few eigenvectors representing global spatial autocorrelation. One unexpected 
outcome of this analysis is that absolute digitizing error conforms reasonably well to a gamma distribution. 

7. Variability across the map: variance of the digitizing error 
Because repeated measures are required for measuring variability of digitizing error for each drumlin point, a 
random effects term cannot be estimated here; if it were, it simply would be the residual term. Nevertheless, 
spatial filters may be constructed for the standard deviations of the digitizing errors, su and sv, which conform 
well to a gamma distribution for both axes (Figure 9); their respective parameter estimates and diagnostics 
include: 3.7395 and 4.1402 for shape, 0.0033 and 0.0029 for scale, and 0.077 and > 0.05 for P(K-S). As 
before, because of a low correlation between su and sv (r = 0.106), these two can be modeled separately.  
 

 

Fig. 9. Left (a): empirical cumulative frequency 
distribution across locations for the standard 
deviations su (blue) and sv (red) superimposed on a 
gamma distribution. Middle (b) and Right (c): 
respectively, fitted gamma distribution superimposed 
on the frequency distribution of su., and of sv. 

7.1. Gamma probability generalized linear models 
The non-negativity of the standard deviation of point digitizing repeated measures deviations suggests the 
use of a continuous random variable probability model that is restricted to non-negative real numbers. The 
gamma distribution probability model is selected here, and is implemented with a log-link function. 
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Variation in the standard deviation of point digitizings across the map displays a pronounced level of 
spatial autocorrelation in both the U and the V axis directions, accounting for roughly a quarter of the 
geographic variability in both su and sv (Table 7). From the candidate set of 58 eigenvectors previously 
mentioned, the spatial filter for su contains 15 eigenvectors, whereas that for the sv contains 17 eigenvectors; 
only 5 eigenvectors are common to these two spatial filters. In both cases, the spatial autocorrelation 
component accounts for about a quarter of the geographic variability of the standard error across the map. 
 

Table 7. Spatial filter eigenvector results from the gamma regression. 
su sv su sv su sv Vect

or b se b se 
Vect
or b se b se 

Vect
or b se b se 

E1 1.72 0.44  E13 0.74 0.41 E39 0.87 0.44 
E3 -1.72 0.44 -1.49 0.41 E14 1.81 0.42 E40   -0.90 0.41
E4 -1.16 0.44  E15 1.52 0.41 E47 0.81 0.45 0.85 0.41
E5   -1.04 0.41 E22 -0.74 0.41 E49 1.19 0.44 0.78 0.41
E6 1.29 0.44  E24 1.17 0.43   E51 1.11 0.44 
E7   0.77 0.41 E28 -0.81 0.44 -0.90 0.41 E54   -0.79 0.41
E8 -1.14 0.44  E30 -0.84 0.44 E56 0.98 0.44 
E11 1.22 0.43 -0.94 0.40 E34 -1.03 0.42 E57   -0.77 0.42
E12   -1.51 0.41 E36 -1.09 0.41 scale 5.30 0.48 6.08 0.55

 pseudo-R2 0.232 0.274 
Note: b denotes the estimated gamma regression coefficient, and se denotes its standard error. 

 

The spatial filter geographic distributions (Figure 10) reveal that the clustering of digitizing variance 
tends to be in the peripheral parts of the map, a result consistent with the digitizing errors findings. 
 

  

Fig. 10. Graduated circle maps for 
digitizing error. Left: (a) spatial 
filter for su. Right: (b) spatial filter 
for sv. 

7.2. Digitizing error variance variability conclusions 
Because of its small size, the experiment can furnish only a glimpse of the description for digitizing 
variability by points across the studied map. Nevertheless, analysis of these standard deviations of digitizing 
error reveals that they closely mimic a gamma distribution and that spatial autocorrelation accounts for a 
nontrivial amount of their geographic variability across the map. The spatial filters display moderate-to-
strong positive spatial autocorrelation (respectively, MC = 0.764 and GR = 0.285, and MC = 0.732 and GR = 
0.318). The spatial filters highlight the near uncorrelatedness of these two measures of dispersion, and 
comprise the full range of spatial autocorrelation components (i.e., global, regional and local). 

8. Implications 
One serendipitous finding is that the evaluated public file contains considerable corruption (errors of 
omission and commission, and locational imprecision) that should not be overlooked by researchers using it.  

Meanwhile, spatial filtering coupled with random effects models furnish new insights into point 
digitizing error. On the one hand, although digitizing error along the horizontal and vertical dimensions 
appears to be uncorrelated, its marginal distributions appear to be gamma rather than normally distributed. 
On the other hand, although the principal source of variability appears to be across digitizers, 
heteroscedasticity appears to be minimal, with its spatial structuring revealing spatial dependence in both 
digitizing error and its variance being strongly related to edge effects.  
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