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Assessment of the quality of digital terrain modelsvith global and local
approaches: a case study using fine spatial resoionh data
from alternative sources

Michal GALLAY

Abstract: This paper assesses absolute accuracy of foureliffeligital terrain models (DTMs) which
were generated from data which acquired by four moedechnologies. The accuracy was measured
as differences between a ground truth DTM and the é&valuated DTMs. A range of methods for
characterizing the data distribution of elevatioesiduals surfaces was applied. The objective is to
promote the use of local and spatial methods ofgighical data analysis.
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Background and motivation

Nowadays, the elevation data can be collected \mriaty of methods including ground surveying
and remote sensing techniques. The latter are &apalzollect the data quicker, on a finer scald an
with a higher degree of accuracy than ever befdigital terrain models can be easily created from
secondary data sources such as topographic magbkeFuore, there is also a wide range of ready-to-
use elevation data available for anyone to purclaaseuse, usually in the form of digital elevation
model (DEM). Depending on the application, the sisare interested in digital terrain (bare earth)
surface models (DTMs) or models which include theage of the vegetation canopy and man-made
structures (digital surface models, DSMs, Bég 1). The Central and Eastern European geography
prefers a digital model of (geo)relief (DMR) insteafda DTM. After Krcho, J. (2001), georelief surfa-
ce is more or less a synonym of terrain and itrsefi@ the surface of lithosphere and pedosphere.

Tab. 1. Specifications of the analysed data sets

Acquisition method, Data Data Spacing Vertical Supplier and copyright

year Type format accuracy

LiDAR 2001 poLirI?ts points =2m 0.25m* | Environment Agency UK
LiDAR, 2001 DT™M grid 2m 0.25m ! | Environment Agency UK
Iznétoerzferometric SAR DTM grid 5m ! m,22.5m Intermap Tech. UK Ltd.
Map digitizing, 1987° | DTM grid 10m 2om, Ordg?;;ﬁ gzg’;éﬁf ©

LR points — points of the last return of a laser pulse, DTM — digital terrain model (bare earth surface), Cl
— contour interval, stated vertical accuracy is a RMSE for: 1 flat land Environment Agency (2008), 2
unobstructed and obstructed flat land, Intermap (2002), 3 GeoPerspectives (2006), 4 with respect to the
contour interval 5 or 10m, respectively, Ordnance Survey (2001), 5 general info on contour line currency
Ordnance Survey (2001).

The quality of a DEM is often specified by the pder only as root mean squared error (RMSE) in
vertical and horizontal direction. The RMSE is distis calculated using more accurate data set of
point measurements of elevation also referred @ ‘gsound truth. RMSE is often the only informa-
tion on the quality which potential users can gefbbe they get the DEM. Additional specificatiorss a
can be seen in Table 1, usually comprise the tifmata collection and spatial resolution. Ideathis
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information applies to a restricted area (a paldictile) but sometimes it is to the whole natiooaVve-
rage. One can call such approach of data charzatien as global, numerical and aspatial. The only
measure of the quality is the value of the RMSE glighdescribing the data distribution. It is not
revealing how the error performs in the terrain elott is an aspatial statistics.

Litosphere and pedosphere - Ahrie-cround surface abjects

with geceelief &2 the surface (veqetation, buldingswalls)

————— Diggtal Surfase Model Digtal Terrain Model or Digtal Mode! of Georeliet

Figure 1. Schematic display of different surface levels ledeby a digital surface model (DSM),

a digital terrain model (DTM). After Krcho, J. (200 DTM represents the interface between the
atmosphere and hydrosphere on one hand, and lithrergpand pedosphere on the other hand. The
interface is termed as the georelief (relief, ténm)a Thus, DTM is often referred to as a digital
model of relief (DMR).

Objective

The objective of the research is quantifying theddlite accuracy of four different DTMs with res-
pect to a ground truth DTM interpolated from LiDABSt return points. Subtracting the ground truth
DTM from the four evaluated DTMs produced residsiaifaces which can be regarded as error fields
with respect to the ground truth LIDAR based DTMeThain objective of the paper is to present the
methods which were used in the quantitative deonpf the residual surfaces and show their weak-
nesses and the strengths. The focus is not tosdigbe quality of the DTMs or the methods of their
data acquisition. If it is done so, it is only wisspect to the etalon as was applied.

Datasets and methodology

All four datasets used were ready-to-use commeEZTalls covering an area of a mountainous re-
gion of the Lake District, Cumbridig. 2). The site is approximately 1500 by 1500 metresxtent.

The DTMs were generated from primary data colledtgdirborne remote sensing using light detec-
tion and ranging (LIDAR), interferometric synthetiperture radar (INSAR), photogrammtery and by
digitizing contour lines which are a secondary dAththe data sets are proprietary DTMs provided a
a fine resolution grids (a point every 2 — 10 mjl dhey were projected in the OSGB36 coordinate
system using Ordnance Datum Newlyn. The specifioatican be found ifiable 1and the visualisa-
tions as shaded maps areFigure 3 The paper is not-attempting to evaluate the DTi¥s,reader is
advised that any conclusion drawn should be regavdth respect to the DTM as a product of the
provider and not to the original method of dataasitjon.

Despite terrain being sampled at different spatiales, the DTMs were regarded as representing a
similar spatial scale. To keep the comparison asistent as possible, all the DTMs were re-sampled
to the same spatial resolution of 5 metres. Theagtgof data currency and land-cover at the time of
the data collection are neglected. However, thasavdth the presence of trees, buildings stoneswall
or roads were masked in each DTM and they weréghtded in the analysis to avoid statistical bias.

Raw LiDAR points were also available for this reshaaad were used to produce a ground truth
DEM. This data come from the same survey missiothasdata from which the LIDAR DTM was
created. The vertical accuracy of the points onlélad is expected to be less than 25 centimeEes (
vironment Agency, 2008). The recorded values repriethe last returns of a laser pulse. In cases whe
re the laser light penetrated down to the grounesé elevations should be the most accurate samples
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of the ground surface amongst the DTMs analysedilé/Nhere are limitations to this assumption,
the last return points were used as a ground inuthis study.
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Fig. 2. Topographic map of the Great Langdale Valley atBrungeon Ghyll, Cumbria, England.

A DTM was interpolated from the points (ca. 2 ma@pg) with inverse distance weighting and the
cell-size of 5 metres to match the resolution of tlesampled DTMs (see Rees, W. G., 2000).
The reason of the interpolation of the relativednse field of LIDAR points was to estimate the eleva
tion exactly on locations of the observed valueschvhivere the centres of grid cells of the resampled
DTMs. The quality of the interpolated DTM was asseswith respect to total station heights on
a small section of the study area and also by tbssevalidation errors. Due to the different foadis
the paper this issue is not discussed further.OR& was used as the ground trufbMTg7) and was
subtracted from the folTMs (5 x 5 m) Residualgyr = DMT — DMTgy). Thus, the difference surfa-
ces of the same spatial resolution were gener&igd 7). All the data were analysed and visualized in
R (R Development Core Team, 2008) and QGIS with the @R&IS plug-in. Details on the calcula-
tion of Moran’s | can be found in Lloyd (2007), Bidet al. (2008) and manualssgfdepR package.

Results

At first, it is characterized by simple summarytistics (Tab. 9. They provide a fast and easy to
comprehend idea of the properties of the DTMs srrblowever, it is a very general and perhaps mis-
leading picture. Let us take a look at the RMSEen# would decide only upon them, which is sti# th
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only measure of error given to the user, one wowldchoose the LIDAR DTM. Instead, we would go
for the INSAR or the photogrammetric DTM which shdaser RMSEs.

Additional statistics which describe the shapehef distribution (quantiles, skewness, kurtosis) re-
veal that the errors of the LIDAR DTM are more cartcated around zero than for the DTM based on
contour lines. Thus, more knowledge about the slofiplee distribution of errors is more useful than
a single statistic. A boxplot iRigure 4is a graphical display of the most important disttion quanti-
les (quartiles, median, etc.). A histogram in $aene figure visualises the shape of the data llistri
tion. The two displays combined provide an easyfiderstand image of the datasets which is difficult
to grasp from the global numerical expressionstt@nother hand, measures of skewness, kurtosis, or
normality quantify the shape of the distribution.

Tab. 2. Summary statistics of the masked elevation resglugaces in metres.

DTM origin Cells Min Max | 1.Qrt [ 3.Qrt | IQR ME | SDE | MAE | RMSE
LIDAR 81873 | -236 | 630 | 02 | 04 | 06 | 1.1 | 66 | 28 6.7
INSAR 81875 | 277 | 388 | -12 | 05 | 16 | -01 | 37 | 18 3.7

Photogrammetry | g1 g75 | -32.9 | 298 | -1.3 | 09 | 22 | -04 | 27 | 17 2.7
Contour based 81875 | -33.1 | 19.4 | 20 | 1.3 | 33 | -04 | 30 | 22 3.0

Cells — number of grid cells, Min — minimum error, Max — maximum error, 1.Qrt — lower quartile, 3.Qrt —
upper quartile, IQR — inter-quartile range, ME — mean error, MAE — mean absolute error, SDE — Stan-
dard deviation of error, RMSE — root mean squared error.

Ground truth DTM LiDAR DTM INSAR DTM

Interpolated from LiDAR points © Environment Agency © Intermap
© Environment Agency

Topographic map of
this area is in Fig. 2.

— Photogrammetric DTM Contour based DTM
0 500m © GeoPerspectives © Crown Copyright

Fig. 3. Shaded relief maps of the datasets used. Greatdaeyalley at the Dungeon Ghyll, Cum-
bria, England.
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The most complex idea about the distribution of éh@rs in space is provided by displaying the
error field in the form of a mag-{g. 5). It brings an important, geographical aspech® data asses-
sment if one can assign a location to a data aereaton. Visualising the surface of the elevation
residuals shows that the errors are spatially autelated and not random. Its magnitude is higber f
the LIDAR DTM residuals as there are larger patabfesimilar values across the region as oppose to
e.g .the photogrammetric DTM residuals.
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Fig. 4. Histogram of the elevation residuals of each aredy®TM. The histogram curves do not
extent up to the extremes of the distributions.

Spatial autocorrelation can be described by Morbfsoyd, C. D., 2007). Although it is a global
statistics it parametrizes the spatial behaviouheferrors. After Moran, P. A. P. (1950), valuesér
than -2 or greater than +2 infers significant spdadutocorrelation at p=0.9Fhe values for all the
analysed residual surfaces (0.84 — 0.96) suggesk w®sitive spatial autocorrelatiorFig. 5).
The greater the value of Morar’ss stronger is the autocorrelation of data. Suehegal information
enables to model the uncertainty of elevation memsents (errors) in more realistic fashion as st ju
the RMSE values are available (Wechsler, S. P.,IK@&] N., 2006, Hunter, G. J., Goodchild, M. F.,
1997). Knowing that a particular autocorrelationntgasurement error can be expected given the data
acquisition method a potential user of a DTM carranaccurately quantify the uncertainty in any
application of the DTM in use.

It is possible to calculate Moranfsvalues locally in a moving window and get an idédts local
variation. The maps of local Moranls(l;) in Figure 6 show thel; values are close to zero in some

areas whereas higher than 10 to 120 in othersnAgs geographical approach enables to describe th
spatial pattern of errors quantitatively.
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Fig. 5. Mapsof elevation residuals of each analysed DTM witlpees to the etalon, ‘ground truth’
DTM based on last return LIDAR point measuremeFte. above ground surface features are exclu-
ded from the calculation and masked with the whitewo
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Fig. 6. Maps of local Moran’s | of each masked elevatiosideals surface and its global Moran’s |
value. Local Moran’s | for (a) LIDAR DTM, (b) INSARIM, (c) Photogrammetric DTM, (d) Contour
DTM. Values have no units, masked regions arednkol
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A visual comparison of the spatial pattern of thevation residuals and the spatial pattern ofithe
implies there is a relationship between the redsdaadl;. A scatter plot of locdl, against the absolute
value of elevation residuals reveals a logarithmiationship between the residuals dndFig. 7).
Solely based on a visual inspection of the scatiegeneral, the larger measurement errors aréadipat
more autocorrelated than the small residual valMese advanced techniques such as ordinary least
squares regression or geographically weighted ssgne could be used to further analyse the relation
ship of the two variables.

LiDAR DTM elevation residuals vs. Local Moran's | INSAR DTM elevation residuals vs. Local Moran's |
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Fig. 7. Scatter plots of absolute values of elevationdsis against local Moran’s | values.

Discussion and conclusions

The range of methods employed in the charactevizaif the properties of the errors has shown
that measures which parameterized the data setlfylaiffer a very general idea about the data istr
bution. Statistics as numbers give insufficienbimfation and hide important behaviour of the data i
space. Analysis of a geographical type of dataireguocal approaches such as locally calculated
errors, statistics (Moran’s 1) or to conduct a gepdically weighted regression. Once the local para
meters are calculated, it is more appropriate $pldy them graphically in the form of histogram or
map. The information gain of a particular approagiplied in this study with respect to the spatial,
graphical or numerical aspect is shownFigure 8 The schematic graph can be argued but surely
summary statistics reveal less about the data pssepto a histogram or geographical display of
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the data in the form of map. On the other hands difficult to get a general picture about theadat
values from the map itself. Thus, one can recommesel global summary statistics and numerical
methods together with their graphical visualisatibhe greatest exploratory power is achieved if the
methods as are facing each other along the hosakamts in Figure 8 are used together. Also, one
should be careful when using local statistics saeMoran’s |, semivariogram or geographically weig-
hted regression as the definition of ‘what is lo¢al. the extent of neighbourhood is critical withis
kind of data characterization. There is a plettarextbooks dealing with global and local methofis
spatial data analysis and the reader is advis&iviand, R., S. et al. (2008) or Lloyd, C. D. (2007).
Methods of ground surveying error analysis areusised in Bitterer, L. (2006).
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Fig 8: A general information gain of the applied approesiof data characterization.
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Hodnotenie metdd kvality digitdlnych modelov terénuglobalnymi a lokalnymi postupmi:
prikladova Stadia s pouzitim Udajov s vysokym rozBenim z alternativnych zdrojov

Michal GALLAY

Zhrnutie: Hlavnym ciéom prispevku je poukézaa nedostattnu vypovednd hodnotu globalnych
numerickych nepriestorovych metéd, akymi su glab&tatistické parametre (minimum, maximu,
priemer, kvartily, stredna kvadraticka chyba), iaharakterizuju Gdajovy subor ako celok. V pripade
geografickych Udajov majucich priestorovy aspektjeinoduché opisné Statistiky nepasiéce,
respektive treba ich pouZpolu s vizualizaciou dat aspdormou histogramu. Optimalnym prostried-
kom vyjadrujacim kvalitu (vlastnosti) geografickyimtiajov je vSak mapa a lokalne Statistické ukazova-
tele, ktoré analyzuju aj ich priestorov&aiy (Moranovo |, semivariogram, geograficky vazesgre-
sia). Prispevok sa zaobera pristupmi hodnoteniditigvatyroch réznych typov digitalnych modelov
terénu (DTM). DTM pokryvaji identické Gzemie z iad@reat Langdale v Lake District v Anglicku
a predstavuji vine dostupné data. Problém je predstaveny na prékkthlyzy pfa rezidui nadmor-
skej vySky (zvySkovych povrchov), ktoré boli ziskadiitanim etalénového DTM od hodnotenych
DTM na principe mapovej algebry. Etalénovy DTM feglvoreny v rozliSeni 5 metrov interpolaciou
hodnét nadmorskych vySok z bodov posledného othiserového impulzu. Specifikacie pouzitych dat
moZzno najgv Table 1. Pre dely analyzy boli aj hodnotené DTM prevzorkovanéaiiSenia 5 met-
rov. Osobitogou tohto vyskumu je pouZitie hustého a relativresmpeho vyskového bodovéhd’go
etalébnovych merani predstavujiceho vySkovy modelivelizky priebehu realneho terénu. Tak bolo
mozné analyzovaskuta’nU’ priestorovl autokorelaciu chyb merania aj jegfah ku metéde zberu
primarnych dat. Hoci elektronicka tachymetria aletiéerencialne globalne navigaé systémy umoz-
7iuji ziska presnejsie Gdaje,/Bka zberu pre ekvivaletne husté vyskové bodovéappie visie Gze-
mia je niekdkonasobne vysSia a okrem toho je potrebné uvazayvaristupnos terénu. Zamerom
prispevku vSak nie je hodnotenie kvality jednatlivipTM, ale metédy analyzy zvySkovych povrchov
aich lokalny resp. globéalny aspekt. Z tohttadiska sa im venuji napriklad Bivand, R. S. et al.
(2008), Lloyd, C. D. (2007) alebo Bitterer, L. (2006
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