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DEM construction based on HASM and related error anaiysis
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Abstract: In former researches, High Accuracy Surface Modelling (HASM) constructed based on the fundamental theory of
surface is more accurate than the classical methods in DEM construction. In order to give HASM a full evaluation, this paper
introduced terrain representation error (Etr), which was calculated by multi-resolution comparative analysis. Terrain representa-
tion model was built, which was regressed against resolution. The total DEM simulation error containing interpolation RMSE,
Etr, etc., is calculated in terms of error propagation theory. Canonical surface and Dong-Zhi-Yuan in Gansu province of China
were selected to validate the efficiency of our methods. The results showed that the method presented in this paper can give a
full evaluation of DEM error. HASM can construct more accurate and higher resolution DEM than the classical methods.
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1 INTRODUCTION

A digital elevation model (DEM) is a digital representation
of terrain elevation as a function of geographic location (Yang
et al., 2007). DEM can be constructed with interpolation meth-
ods. DEMs are known to be fraught with errors of sampling,
measurement and interpolation (Huang, 2000; Tang, 2000).
DEM root mean square error (RMSE) is one of the indexes for
DEM evaluation (Fisher, 1998; Gao, 1998). Terrain representa-
tion error (Etr) is always determined by DEM resolution under
same terrain complexity. So the most important method for
reducing DEM error is to improve the DEM accuracy and
resolution (Gao, 1997).

High accuracy surface modelling (HASM) was constructed
in terms of the fundamental theorem of surfaces (Yue et al.,
2007). Former researches indicated that HASM is more accu-
rate than the classical methods including TIN, IDW, Spline and
Kriging (Yue et al., 2008), but when evaluating the DEM error,
we only considered interpolation RMSE ignoring Etr.

In order to give DEM a comprehensive evaluation, the total
DEM simulation error was presented in this paper, which is
calculated in terms of error propagation theory. Canonical sur-
face and Dong-Zhi-Yuan in Gansu were selected to compara-
tively analyze the total DEM errors of HASM and the classical
methods.
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2 THEORETICAL FORMULATION OF HASM

If a surface is a graph of a function z=flx, y), the Gauss
equation sets can be formulated as,
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The iterative simulation steps are summarized as follows:

D Computing the first and second fundamental coefficients E,
F, G, L, N, as well as coefficients of HASM equations. @ For
n=0, we can get the DEM by solving the HASM equations.

@ The iterative process is repeated until simulation accuracy is
satisfied.

3 ETR COMPUTATION

Fig.1 accounts for the existence of Etr on a 2D profile. The

thick line (XB—C_) represents the true ground surface, while A
and C are two adjacent elevation points ‘free from error. The
elevation discrepancy between the elevation model surface
(A_C ) and the true surface (Ff ) is the Etr. o represents the
slope at A; x is a variable, representing the distance between A
and D. Therefore, Etr (EE ) can be formulated as,
EE:EB—E:xtana—"zAﬂ:“ )

Let first-order derivative of BE equal zero, we can obtain

the location of D, where BE has the biggest value.
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Eq. (3) revealed that at the middle point on AF , it would be
most possible to get the maximum Etr. In terms of this analysis,
the maximum Etr between A and C can be computed with Eq.
).
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where H,, Hp, Hc respectively represent the elevation values at
AB, C.
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Fig. 1 2D profile model describing the Etr

In the 3D DEM, the maximum Etr within a grid can be
expressed as,
_Hyy +H g+ Hgy +Hgp
4

where, H¢ is the elevation value at the center of the grid; A\,
Hyg, Hpy and Hgg, respectively, represent elevation values at

Etr.« = Hc 5

the four comers of the grid.
Assuming the DEM resolution to be 4, a 3x3 kernel window
is employed to calculate the Etr with Eq. (6) (Fig. 2).
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Fig.2 Kernel window used to calculate Etr of DEM

If the kernel window moves through the whole DEM matrix
cell by cell and computes the Etr value of each cell, we can
derive an expected Etr matrix with the resolution of 2h.

If the kemnel window is extended to 55, 7x7, ..., a set of
DEM Etr matrices with the resolutions of 4h, 6h, ..., can be
derived respectively (Fig. 2). The root mean square error
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(RMSE) of the Etr matrices can be calculated with Eq.(7).

i=Row, j=Colum )
Etr;
i=l, j=I

Row X Colum

RMSE = )

where Row, Colum respectively represent the row and column
of Etr matrix.
Therefore, in terms of error propagation theorem, the total

DEM error ( m;, ) can be formulated as,

mD=,/m,2+m§ +m 8)

where m;, mr, ms represent interpolation RMSE, Etr and sam-
pling RMSE respectively. The total DEM error can be regarded
as the first criterion for assessing DEM accuracy.

4 HASM ERROR ANALYSIS

4.1 A numerical test

z=2sin(mx)sin(my)+1, the canonical surface was employed to
comparatively analyze the DEM error, thus the “true” output
value can be pre-determined to avoid uncertainty caused by
uncontrollable data errors. Its computational domain is [0,1]x
[0,1]. The RMSE of Etr matrices with different resolutions were
calculated. The results were shown in Table 1. The regression
model that related the resolution and Etr was generated with
SPSS, which appears to have a non-linear (quadratic) correla-
tion (Fig.3 and Eq.(9)). Variance analysis showed that the curve
through the sampling points completely indicates that the
regression model has a good fitness (F=8541954, P=0).

RMSE =1.52x107° - 0.001 + 2.516h%;R? =1 9

In addition to the newly developed HASM, there are many
other methods of surface modelling, which are widely used in
various GIS applications, including IDW, Spline and Kriging.

Table 1 Terrain representation errors of canonical surface
(h=1/800)

Resolution 24 4h 6h 8r 10h 12k 14k 16k 18k 20h

RMSE/1I0® 1.5 62 139 248 388 559 762 99.7 1263 156.1

RMSE/10-
P
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Fig.3 Etr regression model of canonical surface

These four models were employed to comparatively analyze
DEM errors. In the computational domain, 25 points were used
as the sampling data. All the classical interpolation methods
were performed using the module of 3D analyst in ArcGIS 9.2
with the default parameters. The interpolation RMSE was cal-
culated with Eq.(10). The results were shown in Table 2.

Row Colum )
PIDIRCIEE )

RMSE = {|-=L = : (10)
Row x Colum

where, Row, Colum respectively represent the row and column
of the lattices matrix; sf; ;, f;; represent the simulation

value and true value at the lattice (i, j) respectively.

Table 2 Interpolation RMSE under different methods

Resolution HASM/107* DW Spline Kriging
18 9.72 0.75 0.21 0.37
1716 5.61 0.45 0.29 0.51
1732 3.67 0.53 0.34 0.58
1/64 457 0.57 0.36 0.62

Based on Eq. (8), the total DEM errors were calculated (Ta-
ble 3).

Table 3 Total DEM error under different methods

Resolution HASM/10™ DW Spline Kriging
1/8 392 0.75 0.21 0.37
1/16 98 0.45 0.29 0.51
1732 25 0.53 0.34 0.58
1/64 8 0.57 0.36 0.62

Results indicated that HASM is more obviously affected by
Etr than the classical methods (Table 2 and 3). Although Etr has
little influence on the classical methods, HASM is still more
accurate than the classical methods. When the resolution is 1/64,
the HASM interpolation error is bigger than that of resolution
of 1/32 (Table 2). But when taking the Etr into account (Table
3), the HASM total error becomes smaller with the resolution
increasing (grid cell size becoming smaller), which indicates
that if ignoring the impact of resolution on the terrain represen-
tation, we might obtain wrong conclusions. Considering all
DEMs derived from the classical methods, the total DEM error
increases as the grid cell size decreases. Therefore, under the
same sampling data and any resolution, HASM is more accu-
rate than the classical methods.

4.2 Real-world example

Dong-Zhi-Yuan experimental station was selected for this
study. It was located in Gansu province of China with area of
2260km”. The geographic coordinates of its central point are
107.88°E and 36.03°N. One of the topographic maps was util-
ized in this study to derive DEMs. The topographic map with
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scale 1 : 5000 has a 25m-vertical-interval between each con-

tour line. Its elevations vary from 1 195m to 1 530m. The
scanned topographic map was enlarged three times in order to
enhance the digitization accuracy. Contours were traced using
the module of Editor in ArcGIS 9.2. After that, the elevations
were sampled from the contours using data management tools.
The elevations were interpolated with resolution of 5 m. RMSE
of Etr matrices with different analysis resolutions were calcu-
lated. The results were shown in Table 4. The regression model
that related the resolution and Etr was generated with SPSS
(Fig. 4 and Eq.(11)), which appears to have linear correlation.
Variance analysis shows that the curve through the sampling
points completely indicates that the regression model has a
good fitness ( F =44713.618, P=0).

RMSE =0.134h +1.738, R* =1 (11)

Table 4 Terrain representation error of Dong-Zhi-Yuan/m

Resolution 10 20 30 40 50. 60 70 8 90 100

RMSE 300 450 581 7.10 840 9.70 11.05 1242 13.8 15.15

15.0 1

12.5 4

10.0 1

RMSE /m

7.5 1

5.0 1

25

T T L] T L
0 20 40 60 80 100
him

Fig. 4 Etr regression model of Dong-Zhi-Yuan

The interpolation accuracy of terrain representation was
evaluated against RMSE at 30% randomly selected elevations
as check points (Table 5). Assuming the DEM sampling error to
be zero, the corresponding total DEM error was calculated with
Eq.(8) (Table 6).

Table 5 indicated that when the resolution is 20m, HASM
has a bigger interpolation accuracy loss, which might be caused
by the location differences between the sampling points and the
corresponding central points of lattices of the simulated sur-
faces. When taking Etr into account, the total DEM error of

Table 5 Interpolation RMSE under different methods in
Dong-Zhi-Yuan/m

Resolution HASM IDW Spline Kriging
30 9.33 13.72 13.05 13.96
20 9.60 11.79 10.41 12.64
10 8.86 1114 9.69 12.28
5 8.79 10.80 9.18 12.15

Table 6 Total DEM error under different methods in
Dong-Zhi-Yuan/m

Resolution HASM IDW Spline Kriging
30 10.97 14.88 14.26 15.10
20 10.56 12.59 11.30 13.39
10 9.40 11.56 10.16 12.67
5 9.11 11.06 9.49 12.39

HASM decreases with the resolution increasing (Table 6). So
only taking interpolation error as the criterion for assessing
DEM accuracy, we might not give HASM a comprehensive
evaluation. Under any resolution, HASM is more accurate than
the classical methods. HASM may be an alternative for DEM
construction.

5 CONCLUSIONS

In order to give DEM a full evaluation, Etr was presented
and regression model that relates Etr and DEM resolution was
generated with SPSS. Total DEM simulation error was calcu-
lated in terms of error propagation theory. We selected the ca-
nonical surface and Dong-Zhi-Yuan to analyze the total DEM
simulation error of HASM and the classical methods including
IDW, Spline and Kriging. Numerical test and real-world exam-
ple showed that when taking Etr into account, we can give
HASM a full evaluation. HASM is more accurate than the clas-
sical methods, which can be considered as an alternative for
DEM construction.

HASM has a huge computation cost because it must use an
equation set for simulating each lattice of a surface. An adap-
tive simulation approach with grid selection strategies is highly
significant for HASM, which is a very desirable feature for an
accurate analysis and an efficient simulation (Berger, 1989;
Jessee et al., 1998). Adaptive method for HASM concentrates
computational effort where it is most needed, which may re-
duce much simulation cost and volume storage than global
simulation (Martin, 1998; Ekevid et al., 2004).
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1/64 4.57 0.57 0.36 0.62

TRT HASM, SRBHEE Ew(F 2), B
BEEN 1/64 B, HASM HEHEFEZE KT 1732, B
FRHRME, Eu /), H4%E, HASMES R
A 1/64 BF ) DEM HiR2/NF 4 BEE R 1/32(3 3),
b, n3RZ 8 Etr ¥ DEM iR 25 R AR,

H—BahER 3 AR, HENBIHRENER,
HASM i) DEM HHiR = B 87 A8/, W48 MG 18 B
¥k IDW 7E4r B 5 1/16 Bt DEM HiR 2RS4 FRAESE,
YR REY, XERW, EHRAREREREGT,
HASM BAEGM kAt B EREE MY BRHN
DEM,

42 EERABRXHR
ELHRATHREATHXMTER, 4T

'E107°39' — 108°05', N35°28'— 35°40, & m Mk

2778km?%, FHHFIK 1300—1400m, A 13 i AN
2R AR O BA, 2055 R S5k, —
BB 150—200m, K/PEBEBEBEY 61%,
T o5 B 57%. A CEIEK 8 1: 5000 #TE
B, FEER 25m, FFACNBIELE RS %

¥ 5m § DEM, HFH 048115 B, B ER
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Wk 4. B 4 BR Er B RMBETHAER
MM XER, BILHHER:

RMSE =0.134h+1.738 (R* =1) (7
Vel GRERT, FEMTEY: F=44713.618, P=0,
PAEBRERTF,

ATHHEBEEPRE, RITEIEE 70%%0E
YERE M EERARR 2334 DEM, F 30% 545 1E
AR AT XRAE . & EERNA RS 5
# DEM fEHPIRE N 5, EAEERHIREMNR]

BT, B#ELAK(6)iTE R DEM FiREINE 6,

MFE S AT, BESHEM 30m 53 5m 8,
HASM (AR ZE M KRR, Mg miEE T
EREERRE-AHRE, BENAEEEEHRR
/NF HASM, %8 Etr B, H03R 6 Bi7R, BEE ML
PRMILE, HASM 4 LA DEM iR £ 2 TRAE,
H/NFEGEMEE R . B, WRAR%R Er WXt
HASM A f /Y DEM iR Z #1717t 3 S HEH; HASM
VARG R 884 BUE S 4 1) DEM,

®4 EERMHERZRE/mM

SR 10 20 30 40 50 60 70 80 90 100
RMSE 3.00 4.50 5.81 7.10 8.40 9.70 11.05 12.42 13.8 15.15
50 YL B BRI, ARSIk A L Eu M
SHETAHRPFE, BESHRHA, Eo Xt
125 HASM 4K DEM ¥ EEmB K, MR RER
£ 100 T, HASM BAEGM A EHEREEENE >R
u # DEM, ZEXELUREE MBEABX, HASM # 4t
2 79 THIE AR T DEM BB TR,
50 T HASM & Z X 54~ Pl U8 32— Ml 53
IR, iHERE K(Yue %, 2007; BRfEE%, 2008),
23 ——r ] 3 57 Y T A T LR B A K A T B 2
T LR BE, NTAR B RS, R

B4 HEIR Er B R EL L&

x5 BEWHZFEIA DEM HEFRIRE/m

GBE HASM IDW Spline Kriging
30 9.33 13.72 13.05 13.96
20 9.60 11.79 10.41 12.64
10 8.86 11.14 9.69 12.28
5 8.79 10.80 9.18 12.15

®6 EBEMIRMEAZEHEEM DEM FiRE/m

g & HASM IDW Spline Kriging
30 10.97 14.88 14.26 15.10
20 10.56 12.59 11.30 13.39
10 9.40 11,56 10.16 12.67
5 9.11 11.06 9.49 12.39
5 4

2% 3 1 7 AR M T R SR 3t X PR R B AT
R, RAZEHERERENE R, AREO 25

B HASM i3 & & F (Berger %, 1991; Martin &
Colella, 2000), HEEM T —HHTIERMERE
BENHERNERENEER,
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