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ABSTRACT:

Nationwide geospatial databases in general andgtapbic ones in particular are today one of thetmmomimon infrastructure for
mapping and other geo-related tasks. These datbmee designated to establish an adequate, consnaad if possible
homogeneous representation of our natural envirohmdew data acquisition technologies, which presegh accuracies and
resolution levels that were not known until recgnyield rapid and frequent updating of existingiorwide databases. This enables
the generation of a multi-source mosaiced dataltlaae is multi-quality as well, i.e., introducing ned accuracies within its
coverage area. Simultaneous analysis, such asatitey of two or more of these nationwide databagé evidently present multi-
scale spatial inconsistencies. These are a funatfovarious factors, among them the different lsvef accuracy within each
database. Common height integration mechanismsnatll suffice here. This paper presents a frameviforkdealing with the
problems and considerations in utilizing topograpfatabases that are quality derived while trymgitve a solution to the existing
geometric ambiguities. A conceptual new algorithapproach is detailed, which relies on a hieraalhitodeling mechanism that is
designated for extracting the existing varied-sch$erepancies in order to produce a common geiasgetmework. Moreover,
designated quality-derived constraints are implastbrin the process to ensure that accuracy is mexseThis novel approach
proved to be accurate while producing seamlessgrapbic database that retained the level of detadind accuracies presented in
the source databases, as well as local trends arghoiogy.

performed on an existing DTM with new dense andueate
data will result in varied accuracies and LOD withits
coverage area, i.e., loosing the database's horongemature
(Hovenbitzer, 2004; Hrvatin and Perko, 2005). Inche
described as if the nationwide DTM is a mosaicethluse
composed of patches, each acquired by a diffeemfinblogy,
via a different technique and usually on a différpariod of
time. Respectively, each patch presents differentl leof
accuracy, such that an accuracy polygon map fonatienwide
DTM is introduced, as depicted in Figure 1.

1. INTRODUCTION

The emergence of nationwide geospatial databasesésident
progression. These seamless databases, such aspl@ti
layers or varied scale Digital Terrain Models (DTM¥e an
essential requirement for establishing an efficieahd
computerized management of our environment. Thengzson
is that they constitute a unique, constant, uniforgiiable,
seamless and - as much as possible - homogenequsnga
and Geographic Information (GI) infrastructure (iNagl
Research Council, 1990). As such, these databases aser
basis for a wide variety of research and analyapsliilities, as
well as many commercial applications. Many natiamabping

agencies, as well as private companies and pupioaes, are |2
involved today in establishing this type of infrasture (Parry =~ +< =
and Perkins, 2000). Forming a reliable nationwidegpatial
databases is a growing need, mainly in developggns.

DTM databases provide up-to-date and detailed septation
of the topographical variations in the earth's aaf Until
recently, these databases were produced via waditi
technologies and techniques, such as photogranonegans
from aerial and satellite imagery or cartographsarsing of
existing analogue topographic contour maps. As sltea
nationwide DTM would usually show constant level-of
detailing (LOD), resolution and accuracy. Howevéocal
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Figure 1. Scheme of two accuracy polygon maps of tw
nationwide DTMs; accuracy value is depicted in mgete

Utilizing simultaneously several nationwide seamlBIMs for
various mapping and Gl applications requires thistemce of
continuous and contiguous terrain relief models. &ample,
integration is required when these models repredéfarent

successive updates of the DTM might result in dangags

homogeneous structure. Furthermore, new data atiguis
technologies, such as Airborne Laser Scanning (AdySjems
or Interferometric Synthetic Aperture Radar (IfSARyesent
today high accuracies and resolution levels thaewet known
until recently. This intensifies the fact that godating process

zones within a larger region and a continuous natide terrain
relief representation is required. Furthermore, &pplications,
such as line of sight, visibility maps, Orthophpteduction - to
name a few, utilizing models that are discontinuomd

eventually lead to incorrect outcome. Inconsistesnidietween



the databases are a function of various factorgh sas
production techniques, time of data-acquisition,0,Qlatum

framework - to name a few (Lee and Chu, 1996; Wang) a -

Wade, 2008). This reflects semantically on the espntation
and position of the databases' described enttties, geometric
discrepancies are evident. These discrepanciext affata-
certainty, for example when morphologic comparisochange
detection process is at hand. Though the utiliza@tthses for
the geo-related task are geographically registéved certain
coordinate reference system, i.e., geo-referenttese factors
lead to the presence of global-systematic and J@sadom
errors (Hutchinson and Gallant, 2000). It is evidéhen, that
each nationwide DTM utilized for an analysis taskynpresent
different levels of accuracy, which generally cadlecto an area
produced by a certain technology and/or via a tetézhnique,
quantified via the accuracy polygon maps. As altesot only
does ambiguity exists regarding the heights requfie the
geo-related analysis carried out - but also theesponding
relative accuracies needed to be utilized in thatgss.

Several researches were carried out to solve tumefvork
inconsistencies as well as the data-structure amath-d
uncertainty problems when the task of integratinfjednt
nationwide DTMs is at hand. Still, the majority tiese
researches handle the DTMs data as already gemmeés,
thus dealing only with the height inconsistenciéshe DTMs
and its quality - and not the complete geo-spatiatual inter-
relations that exist between them (Hahn and Sandedzen,
1999; Frederiksen et al., 2004; Podobnikar, 2005).

This paper outlines a novel framework for dealinghwthe
problems and considerations in utilizing seamlegmodgraphic
DTMs that are quality-dependent. A hierarchical elody
mechanism is generated, in which the varied-sdal@epancies

DTM is identified via a novel topographical intergmint

identification mechanism;

Local matching that is based on geometric and

morphologic schema specifications analyses. Thésiged

out while implementing the Iterative Closest Poil€R)
algorithm with designated constraints for nonrigigdfaces
matching. This stage is essential for achievingcipee
reciprocal modeling framework between the two dasels,

i.e., localized transformation quantification;

- Reverse engineering integration schema, which uses the
matching modeling relations evaluated in the logatching
stage and the data that exists in both DTMs, éeabling
data fusing. Obtaining an enhanced and accuratairter
representation is achieved.

Still, the existence of accuracy polygon map foche®TM

requires certain considerations within the propdsiedarchical

mechanism.

2.1 Prelntegration

Data accuracy derives the certainty of a corresttjpming of a
topographical interest point. Consequently, the hoegtimation
of a mutual global registration value of both DTMsough the
Hausdorff distance algorithm takes into account tfactor
through a weighting process on the participating{so

2.2 Local Matching

The registration value extracted in 2.1 gives tleguired
information regarding the 'global’ reciprocal wagireference
frame. Thus, the implementation of an adequate naumous
ICP matching process on homologous correspondirey tiata

are monitored in order to enable a common geodpatidrames divided from the complete mutual coveragea ais

framework that is datum-dependent free. Moreovesjghated
algorithms responsible for acquiring the correctsifion-
derived accuracy from the quality polygons that gineen for
each nationwide DTM are integrated into this hiehasal
modeling mechanism. This is vital in order to presethe
spatially varying quality and trends exist in thtfeslent DTMs,
and hence, as in the case of an integration prpeebseve a
uniform, free of gaps and seamless nationwide DTMis
approach becomes essential in cases where no edraamyl
seamless mapping is available while the integratioh
topographic databases from different sources isiaru

2. ALGORITHM OUTLINE

The hierarchical integration process of two (or e)or
homogenous DTMs where each has a single constantaay
was proposed in the work of Dalyot and DoytshelO@O0 This
research presented a hierarchical modeling andgratien
mechanism that utilizes complete and accuratecsatiferent-
scale data-relations that exist within the DTMs malitoverage
area. The use of these data-relations enabledspremddeling
of the DTMs, i.e., extracting a mutual referencekimg frame
(schema). Thus, the generation of an integratediednand
seamless DTM was achieved. A short review of thestmanism
and its main stages is given here:

feasible. An independent and separate matchinghafi frames
is more effective in monitoring and modeling thedbrandom
incongruities and trends (and consequently prevéotsl
minima solution). The ICP algorithm is based on dimgpup
pairs of counterpart points (from each DTM frameatth
participates in the matching process) that areidensd as the
nearest ones exist. Thus, the estimation of théal rigpdy
transformation that aligns both models 'best' taim¢d. This
'best' transformation is applied to one model while
procedure continues iteratively until convergerscachieved.
ICP matching is accomplished via Least Squares Nmch
(LSM) of a goal function, which measures the sgsia@m of
the Euclidean distanceS between the surfaces, depicted in
Equation 1.

ST l=min (1)

Monitoring errors [) is achieved by minimizing the goal
function, i.e., extracting the best possible cqoeslence
between the frames. The geometric goal functiaefined by a
spatial transformation model between the DTM fragnaesl is
described by a general 6-parameter 3D similaritgdformation
model, depicted in Equation 2.

- Preintegration, i.e. global rough registration, whereas
choosing a common schema (framework) of both DT$/s i
carried out (thus solving the datum ambiguitiessexi

X t X
between both DTMs). This is achieved while impletiren _ tx R
the Hausdorff distance algorithm that registerss set Y| =Yy |ty 2
selective unique homologous features (objects)texis z| |t z],

both DTMs' skeletal structure. The skeletal streetf each



where, [x, y, z]'; denote the target DTMty, t, t] ™ denote the

3D translation vectorR denote the 3D orthogonal rotation

matrix, and,[x, Y, z]Tg denote the source DTMNR is a function
of the three rotation anglés, ¢, «].

It is important to remember that the rotation magme is in
respect to the center of mass of each frame. Thug, z]'° and

%y, z}go, which denote the center of mass for each couaterp

frame, are subtracted from the original coordinabegore
transformation is carried out.

In order to perform Least Squares estimation, lireearization,
Equation 2 is expanded using the Taylor seriesyto€h only
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whereh; to h, are calculated from the height of local DEM grid

the linear terms are retained“tand higher orders are omitted). cell corners:Z; to Z, (h=2Z;-Zy, h,=Z,-Zy, hs=Z3-Z,, h,=h,-h;-

Consequently, each observation formula is related tmear
combination of the 6-parameters, which basically \ariables
of a deterministic unknown (Besl and McKay, 1992hisT
model is written as a matrix notation in Equation 3

—e=A x|

©)

where, A is the design matrix (derivatives of the 6 unknow

parameters)x is the unknown 6-parameter vecfolt,, dt, dt,

do, do, dK}T, and, | is the discrepancy vector that is the

Euclidean distance between the corresponding DEMsents,
i.e., frames data pointfXx, y, z) - g(X, Y, 2)

The Least Squares solution gives as the generalzaass-
Markov model the unbiased minimum variance estiomafor
the parameters, as depicted in Equation 4.

x=(AT-P.A)".(AT-P1)

v=A-x-I (4)
T
agzivn_Puv)

hs); D denotes the database's grid resolutipandf denotes the
source and target database€;, (Y%, Z%) denotes the paired-up
nearest neighbor ig; and, &, ¥, z) denotes the transformed
point from dataseft

Here, the assumption that each coupled-up poinevary
observation equation within the matching process la
different accuracy. This can be depicted as if ezmimterpart
point ‘falls’ within certain polygon in the accuygmlygon map
associated with the nationwide DTM. Thus, the aacyr

r]polygon maps of both DTMs are taken into considenat

during the ICP implementation. Instead of givingteasw ()

in the design matrix4) of size ( by 6) the same weight (where
ien), a different weight is given to each row, whichderived
from the accuracy polygons each of the points failsFor
example: if pointa from DTM f (a&f) falls in a polygon with
accuracy value ofAcc_1 and its corresponding counterpart
point b from DTM g (beg) falls in a polygon with accuracy
value of Acc_2 then their relative weight in the matching
process for that frame is derived by these accuvatyes, as
depicted in Equation 6Acc_Odenotes the accuracy of a unit-
magnitude weight). The more accurate the polygofsrisaller

value of Acg), the higher the weight value is. Hence, more

accurate coupled-up points will have higher inficeeron the
ICP process, producing a more reliable solution

characterizes correctly the given data and itsigualhus, a
weight matrixP (p;) can be added to the linear approximation

where, x denotes the solution vector of the 6-parameter§jepICtEd earlier in Equation 4.
transformation, v denotes the residuals vector of surface

observations,s,> denotes the variance factam, denotes the

number of observations, and) denotes the number of

(unknown) transformation parameters in the model,u=6.
Due to the fact that both nationwide DTMs are dbtusnrigid
bodies, several aspects are to be considered:

- Nationwide DTMs represent different data-structures
namely LOD and resolution - implying that the esiste of
homologous points for the ICP process is not abllicit;

- Nationwide DTMs that were acquired on different @im
(epochs) will surely represent different surfacpography
and morphology (either natural or artificial acties);

- Data and measurement errors can reflect on theigosi
certainty of points in relatively large scale.

To ensure convergence of the ICP process as wédl assure

that the nearest neighbor search criteria is aeliesorrectly

and fast between two homologous local frames, thesenetric
constraints are implemented in the ICP process lnedt in

Equations 5. These constraints verify that each tloé

counterpart paired-up point is the closest onetgxas well as

having the same relative topography surroundings Wworth

noting that these constraints are suitable for-gpace. Though
not very common, Triangulated Irregular Network NI
structure of topographic databases does exist (ynainareas
acquired by ALS technology). With slight modifiaatis, these
equations can fit TIN characteristics as well.

Acc_0

Weight =
ot \/(Acc_1)2+(Acc_2)2

(6)

Each matching set includes 6-parameters transfamatodel

that best describes the relative spatial geometithe mutual

homologous frames that were matched. Since thisegsoyields
better localized registration definition, it ensairenatching
continuity on the entire area (as opposed to magctiie entire
data in a single matching process). These regmtraiets can
be described as elements stored in 2D matrix: satks stored
in the cell that corresponds spatially to the hagaks frames
it belongs to. This data structure contributeshmffectiveness
of the integration process.

2.3 Integration

Integration is achieved via a "reverse engineerimgthanism
that utilizes the quantified correspondence betwten two
nationwide DTMs. This spatial correspondence isesged by
the sets of transformation, or registration paransetwhich are
stored in a 'registration matrix', where the valuegach cell
express the modeling between two matched framéseverse
engineering" mechanism implies that each height the

that



integrated DTM s calculated independently and mdigas to
the other values. For each position in the integtddTM a

weighted height average is calculated based oncdieplete
spatial relations between the DTMs (stored in thadrix) and

their corresponding heights. The integrated DTM dam

depicted as if it exists in the space between e source
DTMs. Thus, a two-way transformation from all nodpknar

position) of the integrated DTM to each of the seubTMs

while utilizing the spatial relations is implemetit@ecause two
heights are obtained via the process (two soutbesyeight of
each of the two heights is derived from the comesing

accuracy polygon it falls in, thus a weighted agerarocess is
carried out. (For further reading the reader igkirreferred to
Dalyot and Doytsher, 2008).

2.4 Smoothed Polygon Map Establishment

Each DTM presents internal varying accuracies n@laith

existing accuracy differences among the DTMs.  Stilie

integrated DTM has to present seamless terraiefreéigardless
of abrupt accuracy changes derived from the polggdhis is
obtained via the establishment of a new "smootheturacy
map that is based on the data exists in the scaccaracy
polygon map. The "smoothed" map presents gradualracies
change by implementing a buffer-like process arowadh
source accuracy polygon. A schematic descriptiontto

concept is depicted in Figure 2; where there exist#tinuous
values transition from accuracy polygof (turquoise) to
accuracy polygom (yellow) along a buffer distance bf

- Polygon A _--

Polygon B

Figure 2. Schematic description of smoothing cohagadual
change from polygoA (turquoise) to polygoB (yellow). Bold
line denotes the original conjoint border of twdygons

This algorithm is based mainly on the polygons'otogy and

their planar layout within the accuracy polygon mabe input

of this algorithm is composed of polygon sets asdeneach
map, and their corresponding accuracy. An auton@icess
generates the following additional information:

- Polylines composing each polygon and their corredpmg
start and end point coordinates;

- Start and end points index, where:

0 denotes point positioned on a map corner;

1 denotes point positioned on the east/west mags|im

2 denotes point positioned on the north/south rimaipst

3 denotes an inner point connecting two lines;

4 denotes an inner point connecting three lines;

- The width of the buffer size vertical to two polyg®
conjoint line; this value is derived by the diffece
magnitude of accuracy values of two adjacent paiggo

It is obvious that in the general case a pointaamect lines

- and not merely three (as index 4 indicates)l, $tiactically

this case is rare where an accuracy polygon map l&nd, so

the common topologic cases are considered hers.algorithm
suggests the computation of a new accuracy polygam based
on the topology and accuracies presented. New pof/gre

generated via the smoothing process; each holdduagtig

changing accuracy values. More specifically, theocpss
generates new trapeze and triangle shaped polygocis,as the
example depicted in Figure 3. An accuracy map oitesg four

polygons connected by two pointsl(and22) is transformed
into a new accuracy map presenting two new triangled five
new trapezes (along with the four 'reduced’ origimdygons).

Figure 3. Schematic representation of new smoadicedracy

polygon map. Bold lines depict original polylinesistied lines

depict computed polylines (whereas the bold one®esed in
the new generated accuracy map)

Due to the fact that many possible topologies €gistl the size
limit of this paper), only the most complicated aselescribed.
Consider pointl1 (indexed 4) connected to three other points:
22, 33, and44 (depicted in Figure 3). For each connecting line
two accuracies exist: along the left and right sideec_L and
Acc_R correspondingly. For each connecting line thenaths
are calculated, as well as the azimuth values fpomt 11 to
points 20, 30, and 40, which are calculated using the buffer
distance (in case the buffer size is a constantevdibr all
polygons, these points lie on the angles' bisegtassdepicted

in Figure 4. Consequently, poin0, 30, and 40 can be
computed via geometric and trigonometric functiariizing
azimuths values, the known points' coordinates, thedgiven
buffer distanceD. A triangle is formed by these new points,
where the accuracies corresponding to each of thesss is
also known.

Figure 4. Formation of a triangle shaped new paty@odex 4)
storing gradual accuracy values

With this, for each point within the formed triarghe accuracy
calculation that corresponds to point with positiaiue ofP
(depicted in Figure 4) is feasible. LlRthave planar coordinates
of (Xp,¥p), thus utilizing triangular coordinates can be
implemented, as depicted in Equation 7. Similarcpss is
carried out for the trapeze shaped polygons: idst#fausing
triangular coordinates the utilization of lineaartsition along
the buffer direction between polylines edges islamgnted.
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Acc_P = Acc_20-t,, + Acc_30-t,, + Acc_40-t,,

3. EXPERIMENTAL RESULTS

The proposed quality-dependent hierarchical meshanivas
tested on several DTM databases; two of them apectael in
Figure 5. One was generated via satellite photogretnic
means (top), while the other was produced based
vectorization of 1:100,000 contour maps (bottomgteDof both
databases was acquired on different times, whettedmver the
same area that is approximately 100 sq km.

Figure 5. Two DTM databases generated via different
observation technologies and on different times

Several experiments evaluating the proposed coneepe

carried out, of which two are presented here. Oa fihst

experiment two synthetic generalized accuracy polygiaps
were produced, which showed abrupt accuracy chaages
large values differences - depicted in Figure @s Experiment
is aiming to validate that inner morphology is ntained and
no discontinuities exist while "moving" between gidioring

accuracy polygons; accuracies chosen enabled einjplgathis.

The outcome of implementing the proposed conceptan
integrated DTM topography that is continuous with data
holes - depicted in Figure 7. Moreover, inspectitiee

representation closely clearly shows that the easteea is
basically a copy of the topography that existshia £' source
DTM (as can be seen by the underlying contour Jinésch are
nearly the same). This is due to the fact thatiwithis area the
accuracies values are 5m from one map and 30mtfrerather.
This translates to weighted heights average magmitf 1:36.

The western area is generated basically by an gingrgrocess
derived by the corresponding accuracy polygons liaae the
same weight magnitude in the process.

BotomDTVM| == [fopDTM |
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Figure 6. Generalized accuracy polygon maps; acgwalue is
depicted in meters

Figure 7. Integrated DTM generated in the firstezkpent

For the second experiment real accuracy polygonsnap
utilized, describing realistic nationwide DTMs acaties
ranging between 5 - 25m, depicted in Figure 1 (iedp relates
to the top DTM, while the right map to the bottorfiNg).

Figure 8 (left) depicts contour representation lté ficcuracy
values of the left accuracy polygon map after theppsed
smoothing process, where two triangles and fivpelzas were
generated. It is clear that there are no visibleuscy
discontinuities - accuracy transition is constantl mooth -
thus presenting a qualitative and reliable smogthinocess.
Figure 8 (right) depicts contour representationthe weight
values used in the reverse-engineering integrapi@cess in
respect to one source DTM heights. These values iato
account both smoothed accuracy polygon maps geukrat
resulting in a continuities weighing. The contoepresentation
resembles the geometry and topology of both acgyvatygon
maps (from Figure 1), resembling a superpositiohath maps,
with no contour discontinuities or abrupt value rfes.
Consequently, the generated DTM, which is depiateBigure
9, shows continuous and uniform topography whikesprving
inner and mutual morphology - as well as localdsen

Figure 8. Contour representation of smoothed acgyralygon
map generated (left); Contour representation ofithight
values used in the integration process (right)

Emphasizing the reliability of the proposed mechamia DTM
was generated that is the outcome of the stragtard height
averaging integration mechanism - depicted in Egl®. The



height averaging integration mechanism, which zesi the
source accuracy maps, shows abrupt topography ebaad
discontinuities (denoted by dashed circles); a$ metphology
that is not natural in respect to those presemethé source
DTMs. The proposed hierarchical concept, on therottand,
shows continuous topography and morphology pretervaAs
the proposed hierarchical concept takes into cenaiibn the
complete multi-scale geospatial inter-relationsg tveraging
process ignores theme and relates to the heights al

&m,
&,
0,

Figure 9. Integrated DTM generated in the secomeement

o4,
e,
£y
0,
=

Figure 10. Integrated DTM generated by the comneight
averaging integration mechanism

4. CONCLUSIONS

The importance of establishing and maintaining amatide

DTM databases was discussed. Different data adtipmisi
technologies, as well as DTM generation techniqaesl

algorithms, derive its inner accuracy, as well tasLiOD and
resolution - to name a few. These factors influenuatual

geometric ambiguities that exist among DTMs représg the

same coverage area. A straight-forward integrati@thanism
can not answer the multi-scale spatial inconsisésrand multi-
accuracies issues that might exist in order to yceda
qualitative solution.

Novel approach is introduced that ensures the pragens of
all existing mutual local correlations and intelatens between
the DTMs - instead of coercing a singular globat.ofhis aims
at retaining all topologic and morphologic intelat@ns.

Moreover, the varied accuracies exist in nationwidl€Ms

within their coverage area - depicted as an acgupatygon

maps - are taken into consideration. Utilizing thrutual

accuracies in the process is important to ensuceréinuous
terrain relief representation despite the existen€eabrupt

accuracy changes - within a DTM and between DTMs was
proved in the experiments that were carried ouie Térrain

relief representation of the integrated DTM is iedf and

continuous; it preserves inner geometric charastiesi and

topologic relations (morphology); it introduces maaccurate
modeling results of the terrain than any of theiodl surfaces
individually by selecting the significant data ooft the two
available sources; thus, preventing representatigtortions.
Moreover, it is important to note that this apptoatas no
dependency on the source DTMs resolution, dendijym,
format and data structure. It presents a step thivdegrating
wide coverage terrain relief data from diverse eesrand
accuracies into a single and coherent DTM, thubletgthe
creation of a seamless and homogenous nationwidé. DT
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