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ABSTRACT:

The Geo-intelligence division of Airbus Defence @phce and the German Aerospace Center (DLR) hartreeped to produce the
first fully global, high-accuracy Digital Surfaceddel (DSM) using SAR data from the twin satellinstellation: TerraSAR-X and
TanDEM-X. The DLR is responsible for the processang distribution of the TanDEM-X elevation modet the world’s scientific

community, while Airbus DS is responsible for thenumercial production and distribution of the datader the brand name

WorldDEM™.

For the provision of a consumer-ready product, &érDS undertakes several steps to reduce the effeatiar-specific artifacts in
the WorldDEM data. These artifacts can be dividet itwo categories: terrain and hydrological. AsbDS has developed
proprietary software and processes to detect an@atothese artifacts in the most efficient mani&me processes are fully-
automatic, while others require manual or semi+aatic control by operators.

1. CREATING A CONSUMER-READY WORLDDEM
PRODUCT

1.1 TheTanDEM-X Mission and Wor|dDEM Product

Airbus Defence and Space and the German AerospanteiC
(DLR) have partnered to produce the first trulybglh high-
accuracy Digital Surface Model (DSM) using the
interferometric data from the twin satellite coistéon:
TerraSAR-X and TanDEM-X. The DLR is responsible foe
processing and distribution of the TanDEM-X elesatmodel
to the world’s scientific community, while Airbus D is
responsible for the commercial production and iistron of
the data, under the brand name WorldDEM™,

1.2 Radar Effectsin Processed SAR Elevation Data

The WorldDEM DSM is derived from the phase inforioat
from two Synthetic Aperture Radar (SAR) signals ngsi
interferometric processing of X-band radar signdlse height
information is obtained for any point on the eastburface by
calculating the phase difference received by the teceiving
antennas on the mission’s two satellites (TerraSARY
TanDEM-X). In order to accurately measure surfaegglfits
from space, it is essential that the orbits (ieight from the
ground) of the satellites be precisely measuredduition, the
separation of the two receiving antennas must aés&nown
extremely precisely. Fortunately, the precision tbE two
satellites’ orbits is very well understood, as he tseparation
between them in flight. (DLR 2013)

The TanDEM-X mission recorded height informatiom fhe
whole earth’s surface at least two times. (DLR 0B3more
“challenging” areas (steep, sandy or heavily-fadsireas) up
to four acquisitions were made, in order to imprtheresulting
surface model. These additional acquisitions todkaatage of
different acquisition geometries: either looking the earth’s
surface from another orbital direction, or by die@djusting
the angle of signal acquisition, with referencethie earth’s
surface. These techniques allowed the satellitésde” more
surfaces in challenging terrain and enabled therorgd
acquisition of surfaces that were more likely tdlets radar
waves away from the receiving antennas on thelisagel

The acquisition strategies described above werertaien to
ensure a maximum coverage of the earth’s surfadth &
maximum vertical accuracy. Preliminary results ¢adé that the
strategy appears to have been successful, withnamunin of
areas with no data (voids) and a corresponding higturacy.
(Bachmann 2013) However, it was always anticipaited there
would be certain areas of the earth that wouldimetract well
with X-band radar signals and would therefore sttbje some
invalid and or inaccurate data being collected pno¢essed.
The first surface that is highly susceptible toailiy height
elevations in the DSM is waterbodies. Early-on dginiesearch
on radar signal propagation, it was known that gmeo
surfaces, such as water, can be highly reflectivehiort-band
radar waves (Davies 1954 and Grant, Yaplee 1957)a#lar
later became a tool for mapping with the start @fespread X-
band SAR data collections (SRTM and commercial cainb
radar) it became well understood that the relafivehort
wavelengths (~3cm) of X-band radar are frequerfiected by
water surfaces, away from the receiving antennasr (€t.al.
2007). The almost complete reflection of the rasignals by
water surfaces means that the receiving antennas Ilitie or
no information about the surface heights of waWhen the
SAR data comes to be processed, there is no irerédric
baseline for the processor to set an elevation avater:
therefore the heights calculated for most watefases appear
to be nothing more than random noise in the regudSM. In
areas of more widespread water, the SAR processenssually
designed to detect the lack of signal coherenceagedme that
an area is water. In these larger areas, no sudisation is
calculated and the elevations are simply set usiag'no data”
flag value of -32767m.

While there are clearly difficulties with X-bandda SAR data
over water, it should be clear that this is not insoluble
problem. While the elevations calculated over thefage of
water are not accurate, the elevations calculatethe surfaces
immediately adjacent to water (shorelines) areatt toherent,
accurate and consistent. This means that whileletion of
the water in a lake might not be correct in theOJBRI-X data,
the elevation of the shoreline of the lake can $mumed to be
correct, within the relative accuracy of the oviepabduct. This
important distinction between incoherent water aotherent
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shorelines shall become clearer later, when tligrimation can
be used to edit the elevations of water in the WEM data.
During SAR processing, surfaces other than water be
subject to the same signal reflection challengesatsr. These
include large areas of sand (deserts, beachegndrgalt lakes,
continuous areas of flat and smooth rock and finaé and
snow (fields and or ice-sheets). In the processaDEM-X
data, many of these surfaces can exhibit some ef
characteristics of water, such as extreme noiséoandids in
the resulting DSM, due to radar signal reflectiés noted
above, the TanDEM-X mission planners worked hard
overcome the limitations posed by these smoothasasf by
customizing the acquisition process, where thesgufes are
widespread. However, the fact remains that somehete
smooth features will not be accurately represeritecthe
resulting TanDEM-X surface model.

A third type of elevation error occurs when the SpRcessor
has sufficient data to calculate the elevation cuerarea, but
the uncertainty of the interferometric principle ane that the
processor generates a consistent surface, whichrdiiehave a
correct elevation. This problem can occur whenptoeessor is
unable to accurately calculate the number of heaffsets from
the reference surface. This can lead to areas Wepmgsented
as either too high, or too low in the resulting DSilands,
particularly in lakes and rivers, are most sustéptio this
problem.

Very steep areas can also provide a challengeetddhDEM-X
SAR processor. Steep slopes that face directly tinéoradar
during acquisition are generally well-portrayed the DSM.
However, steep slopes that faced away from theisitign (and
were not acquired from a different angle in a Hert
acquisition) may be poorly represented in the DSkls occurs
as the SAR processor is unable to calculate anraecsurface,
because the elevations change so rapidly in a dfstance. It is
possible for some of these steep areas to be ctehyplmid in
the resulting DSM.

A final challenge that occurs in the TanDEM-X DSk& aoids.
During the course of more than three years of aitipis, care
was taken to acquire every square kilometer of @heth’s
surface. The reality is that due to any number pérational
factors, some areas of the earth’s surface wererraaquired.
These areas are portrayed as void in the resuliiBig and set
to the null value of -32,787m, so that they can dasily
identified.

1.3 Examplesof Radar Effectsin TanDEM-X Data

Shown below are some examples of X-band radar tefféftat
are apparent in the TanDEM-X data before editingpiglied. In
all images, the vertical exaggeration of the shaeédf images
is 1x.

Figure 1: Characteristic roughness of the unedieddDEM
DSM over a lake

Germany, ISRSE36-19-2

Figure 2: Elevation spikes on a steep mountainesiop

1.4 Bespoke Production Software for the Production of
WorldDEM Products

Airbus Defence and Space Geo-intelligence divigioovides
WorldDEM data to clients in three forms: WorldDEM
WorldDEM and WorldDEM DTM. WorldDEM,. is the
unedited version of the WorldDEM. WorldDEM DTM is
subject to additional processing, which removetaserfeatures
such as buildings and vegetation, to leave theaélans of the
terrain in the model: however, these two additiqgralducts are
beyond the scope of this paper.

The WorldDEM product is subject to terrain correntiand
hydrological editing, to provide clients with theost reasonable
compromise of data quality, availability and prite.order to
produce WorldDEM over large areas of the globeyumiper of
terrain and hydrological editing processes wereeliged by
Airbus DS. In the initial stages, these processeeweveloped
using commercial mapping and GIS software. Howeitevas
always envisioned that the data volumes to be mediwould
exceed the reasonable capacities of commercialvaadt So
Airbus DS Geo entered into a cooperation with a gamy that
has significant experience with three-dimensionalief
portrayal and data manipulation, in order to predacsoftware
package to efficiently edit large volumes of Worleld data.
The resulting software package, calledmes, is designed to
automate as much of the terrain and hydrologicéingdas
possible, while still leaving the flexibility of moan interaction
with the data, when the automatic processes t@raide the
intended results. The Demes editing software wooks a
standard PC workstation, and allows productionf stafview,
interact with and edit data directly. Demes serseftware
manages the data workflow process: ensuring thtst fiews
efficiently and consistently through the productgiream, from
initial ingest, through to final Quality Control ) and client
delivery.

1.5 Editing Rulesand Editing Guidance

In order to ensure consistency across the fuleddivVorldDEM

dataset, a series of editing rules has been dexeldfhese rules
guide operators in their daily work to ensure ttia correct
terrain and hydrological features are being edifEoe rules

contain information about the identification andesof features
to be edited and what software tools are accepfablediting

individual features.

Because the earth’s surface is extremely variaiole fequator
to the poles, further guidance is published to emgbat all

operators are aware of special or single-instanedace

features. For example, a mangrove area consissggoificant
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vegetation that stands in a continuously flooded pé the
ocean shoreline. This could cause confusion amadffigreht
operators, with one classifying mangroves as ocewdrle
another classifies them as land. When such unoeféaitures
are found in the data, a decision is made on hotkett them.
The decision and detailed technical guidance ideposn an
internal Wiki, so that all operators have accessh® same
information.

2. TERRAIN EDITING
2.1 Spikeand Well Removal

Spikes and wells are among the simplest of artefactdentify
and remove from the WorldDEM dataset. These agesipixel
elevation errors, where the elevation of a pointtlos surface
model is significantly different from the elevat®nof its
neighbors. A spike is a positive elevation differenwhile a
well is a negative elevation difference to neigfigrpixel.
These spikes and wells are identified using a Hules

clients generally prefer to have some DSM inforomtirather
than none, when WorldDEM is unable to provide aejght

information. For the benefit of WorldDEM users, ageof the
DSM that are interpolated or infilled with anothi2BM source
are identified in data masks that are deliveredgrside of the
WorldDEM elevation dataset.

For the filling of larger voids, the Delta Surfaédl (DSF)

method of void filling is applied. First developddy the

National Geo-Spatial Intelligence Agency (NGA) idill voids

in SRTM data, the Delta Surface method of infillihgs the
advantage of using the most accurate WorldDEM datthe
edge of a void to seed the elevations of the lessirate fill

source (Grohman 2006). Therefore a fill source thight have
an overall acceptable portrayal of a surface featbut might
not be as accurate as WorldDEM data, will be mdatpd to
conform to the more accurate WorldDEM data at ttiges of
the void.

The Demes software allows the operator to use B Dethod
of filling, either on a single void, multiple voider even every
large void in a single Geocell. This flexibility las the

difference ~elevation and are removed using a simplperator to efficiently fill a number of similar is at the same

interpolation using the eight neighboring pixelveléons. The
Demes software identifies and corrects spikes aatiswn a
single step. A QC tool is available to identify aspikes and
wells that might have been missed by the tool, @afig in

steep terrain, or along Geocell edges. These spikeglls may
require individual manual editing to be completedynoved.

2.2 ldentification and Infilling of Voids

Another simple terrain artefact to identify and o is areas
that are void in the DSM. These voids are areagaeviither the
data was not acquired, or the SAR processor wabl@irta

calculate a valid elevation. Voids are identifiedthe data as
elevations with the null data value of -32,767m.

221 Small voids

The production strategy with void data is to intdgpe small
voids, while larger voids are infilled (whereversgible) with
an alternate elevation data source. The definitibra small
void, is any void that is between one and sixteentiguous
pixels of void data. Any void larger than sixteeontiguous
pixels is considered to be a large void. All catians of void
sized consider the eight-way connection of pixeéige-
adjacent and corner-adjacent).

Small voids are edited in Demes usitig Inverse Distance
Weighted (IDW) method of interpolation. IDW is based on the
assumption that things that are close to one anetee more
alike than those that are farther apart from eatiero(ESRI
2007). Therefore any pixel that does not have asoreaent
should be interpolated (and its height calculatedring
interpolation) in reference to closer known poithizn to known
points that are further away. The IDW process @setandard
weighting based on the distance to known pointeyiging a
more plausible interpolated height than a simpleedr
interpolation would.

222  Large voids

The treatment of larger voids is somewhat differghile it is
also possible to interpolate larger voids, theirgés extent
means that the likelihood of the interpolation pdivg an
accurate portrayal of the earth’s surface dimirgsbeeatly as
the void area becomes wider or longer. In suchs;abe void
area is infilled with an alternate DSM data soursech as
SRTM or ASTER GDEM. While these alternate datassght
not have the same accuracy or temporal informatisnthe
surrounding WorldDEM data, it is understood thametercial

time, while maintaining the flexibility to manualligandle a
single more complex void, which might require pgrhaa
different filling source than the other voids iret&eocell.

2.3 ldentification and Correction of Systematic and
Random Errors

While voids are generally easy to identify and trem the
WorldDEM data, there are two further categoriessafface
elevation artefacts that require additional editiogcreate a
consumer-ready product: random and systematicserror

2.3.1 Identification of systematic and random errors

The DLR provides additional data masks as part fof t
TanDEM-X data package. These masks are generatéugdu
the SAR processing and subsequent mosaicking afateeinto
a final DSM product. These masks are central to the
identification of random and/or systematic erraistie DSM
data.

The Height Error Mask (HEM) represents the heighoreof
any pixel in the form of a standard deviation asdderived
during the SAR processing from the interferometahierence
of every pixel measurement in the dataset.

The information derived from the HEM is used toritify areas
in the DSM that are likely invalid, because the Sp#Rcessor
only had weak or limited information about thoseas. In
addition, the height information contained in thigefs with
poor values in the HEM are likely somewhat incotesis with
neighboring pixels (often visible as a certain ‘gblitexture in
the DSM). The assumption is that in any DSM, neaghiy
elevation measurements should be somewhat corsisign
each other. This combination of poor HEM values antbw
consistency with neighboring pixels, provides adyowication
of pixels/areas that likely have a high likelihoofl random
errors. Surfaces that are frequently subject tb hégndom error
include tropical forests and to a lesser exterghlii built-up
urban areas.

A second mask provided by the DLR, the Consisteegk
(COM) indicates DSM pixels that have inconsistesidietween
the different acquisitions (known afPhase Unwrapping error
or a Cycle shift). As noted previously, all areas of the earth’s
surface were collected at least twice during th@DEM-X
mission. A limited instance of the data collected different
elevations processed from the two (or more).
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Figure 3: Example of a Phase Unwrapping error chbyehe
harvesting of trees in a forest between TanDEM-yuggitions

Pixels that are identified as having two (or everreh
elevations between acquisitions are identifiedhia €OM. In
the TanDEM-X SAR processing, only a single finaigh¢ can
be derived. The processor uses a number of teststéomine
the best-fitting elevation, (such as number of meaments at
the same height, pixel coherence from each aciuisietc...)
if there is a conflict between acquisitions. Whatefinal height
is derived, the fact that there was an inconsistametween
acquisitions is noted in the COM mask. This alldtws Demes
software to identify areas with potential
inconsistencies and repair them during the terditing step.

2.4 Creation of the Reliability Mask

The potential DSM errors identified in the HEM a@DM
masks are somewhat different in their source, buthe end
they both need to be treated during the terraitingdprocess.
In order to make the terrain editing process agiefft as
possible, the information from the HEM and COM nms&
combined into a single mask, internal to the Deswftware,
which clearly identifies areas that require att@mtiand/or
repair. This mask is more than a simple combinatibrthe
HEM and COM data. Rather, it uses probability valfrem the
HEM and the DSM in an attempt to determine whaidtially
an error in the DSM and what is likely legitimateise in the
DSM, perhaps caused by the legitimate roughnesssafrface,
such as the top of trees in a forest.

The amalgamation of COM, HEM and DSM error inforioat
results in the Reliability Mask (RLM). This is amtérnal
Demes mask, which indicates the likelihood thahezigel in a
DSM Geocell is reliable or not reliable. It furtheeparates the
unreliable pixels into ones that are likely unrelebecause of
random uncertainty in the DSM (noise) and pixelat thre
subject to offsets in the DSM due to differencesvieen heights
during acquisitions. The RLM does not discriminattween
the size of erroneous data patches. Even areasiofje pixel
(that is considered erroneous) are flagged in théd.R

Figure 4: The RLM (left) indicating an area of ferevhere
elevations are somewhat less reliable

2.5 Editing Terrain Using Demes

Before the terrain editing of artefacts identifiadhe RLM can
begin, one more mask transformation is requireccaBse the
RLM identifies each and every pixel that might haveandom
or systematic error, a further simplification isquéed.
Generally a single pixel that displays the low t@dioim
likelihood of error is not a major concern. Simijartwo or
three pixels next to each other, showing only ghsliikelihood
of an error need not be edited. The goal of thigokfication is
to identify larger areas of concern, where highesrevalues are
present. This is done by creating a new mask: gatufe Mask
(FTM). In creating the FTM, smaller less error-pgquixels are
removed, while larger error-prone areas have thegiges

elevation regularized, in order to provide a more conveniedge for

eventual Delta Surface Filling. In addition, arélaat are likely
to be cycle shifts, as identified in the COM, aneeg a special
classification (“offset”) in the FTM. This allow$é operator to
better understand the type of error that the FTMeéstifying.
Because there is the possibility that some areas é&ne
identified in the RLM as random errors, are in fast the noise
associated with the portrayal of water in the DSMM,is
necessary to screen-out potential water areas themesulting
FTM. Water bodies will be identified, classifieddhadited in a
separate step, outlined later. Editing water duting terrain
editing step is not only inefficient, but theredschance that
infilling large areas of water with an external DS#éurce
might adversely affect the shoreline elevations time
WorldDEM. Areas that are identified as possiblynigeivater
are flagged in the FTM as “water candidates”. Treasas will
be ignored during the automatic terrain editingstdescribed
next. The option does remain for an operator to uaby
override the water candidate class, if it has beeorrectly
applied in the FTM.

In a final mask preparation step, the size of ramdwrors is
classified in the transition from RLM to FTM. This because
random errors of different extents will be treatditferently
during the editing of the DSM in Demes. Small até$ are
those between 2 and 16 neighboring pixels. Mediutefacts
are those between 16 and 46 pixels. Any artefagii¥ddls and
larger, is considered to be a Large artefact.
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generalized to assist editing

During editing, all Small artefacts are voided anigrpolated.
All Medium artefacts are smoothed using a Gaussiaoothing
approach. Large artefacts are voided and fillethouthe DSF
process, as described previously. Any area idedtifas an
Offset in the FTM is also a candidate for fillinging the DSF
tool. However it is recommended that an operat@ually
identify Offset areas, to ensure that the fillinglusion is
actually an improvement over the existing DSM ddtaere is
the possibility that a portion of an area thatdentified as an
offset is actually accurate DSM data and infillitis area
would only reduce the quality of the WorldDEM.

3. HYDROLOGICAL EDITING

In order to remove the characteristic noise thaprissent in
many water bodies in the TanDEM-X data, a threp-ptecess
must be undertaken. These three steps are: thifiickion and
delineation of all waterbodies, their division intbe correct
class of waterbody and finally, the applicationadfflattening”

algorithm to set the water body to a plausible atiew.

3.1 ldentification and Delineation of Waterbodies

One advantage of editing water over terrain is thatierbodies
are generally easier to identify because of the DEM-X

ancillary image data sets (the amplitude image -PAdhd the
minimum amplitude image — AM2). Because of the ladk
radar signal return, waterbodies have a distinctblack
appearance, especially in the AM2 image. This ctescy
allows for a highly-automatic approach to the débec and
delineation of water bodies.

Figure 6: A river's course is easily identified ngithe AM2
amplitude image

The Demes software contains a number of toolsltevefor the
automatic, semi-automatic and manual
waterbodies. The most important of these tools adled

“Perception”. The Perception tool is a type of ned

classification tool: the operator finds a smalleaiie a Geocell
that is generally representative of the image timmethe full

Geocell. The operator classifies this small subsea, by
adjusting the sensitivity of the Perception toottie image tone
in the subset. When a plausible result is achieved
distinguishing land areas from water areas in thiesst, the
same Perception settings are applied to the whaecé|,

thereby identifying waterbodies throughout the veh@eocell
simultaneously. Where a Geocell has areas thatagispidely

divergent image tones, perhaps due to differerd datjuisition
timings in the same Geocell, the Perception tooltmarun on a
subset of the Geocell only, to improve the localults of the
waterbody identification process. After the Perzeptool is

used, a manual clean-up of some shorelines is lyseajuired

for some waterbodies. Demes provides the operaith &
variety of drawing and selection tools to improvle t
delineation of shorelines.

3.2 Waterbody Classification

Three different types of waterbody class are usedthe
production of WorldDEM data. These three classesapplied
once the operator has ensured that the shorelifietheo
automatically detected waterbodies are correct. Thee
classifications of waterbodies are: Ocean, Lake Rivér. The
Ocean class is set for any saline waterbody whessdal
reference elevation is Om. The Lake classificatsoget for any
fresh-waterbody that does not normally contain #iow. The

River classification is set for drains that have@notonic flow.

3.3 Setting the Elevation of Classified Water bodies

Once classified, the elevations of the waterbodiesset in the
Demes software. Oceans are universally set to Arorder to
set the elevation of lakes, the elevation of ajaeeht shoreline
heights are measured. The elevation of a lakeélfusing the
lowest 20% of the measured shoreline elevationsis Th
calculation allows for the best elevation to bevgieere a lake is
surrounded by surface features (such as a forestnly the

shoreline elevations that are most likely to behstacted are
selected to set the lake elevation. River elevatiare set in a
similar manner as lakes, with the exception theers must
flow downhill monotonically in 50cm steps from thgioint of

first classification. Some operator interactiorthe selection of
river heights is required, as rivers generally emter varying

slopes throughout their courses.

delineation  of
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In order to ensure the hydrological consistency thé
WorldDEM dataset, a final automatic step is takenirdy the
setting of waterbody elevations. Any shoreline ptkat would
(for any reason) remain lower in elevation than #ujacent
waterbody, is automatically raised 50cm above tmase of
the waterbody. This ensures that all waterbodiescantained
for hydrological modeling: water will not flow oaff the edited
hydrology in an unexpected manner.

4. QUALITY CONTROL PROCESSESFOR
WORLDDEM PRODUCTION

Before the delivery of WorldDEM products to clients the

internal product library, QC checks are performed every
Geocell. These QC checks ensure that all WorldDEih ds
produced in a consistent manner. The QC procestvided

into two components: automatic tools that detectedch
individual Geocell is consistently edited unto litsand its

neighbors and a visual review of the edited datansure that
the editing is consistent across the entirety ef \torldDEM

dataset. Errors in the WorldDEM product are thenrkec
interactively in the Demes software for review aodrection.

A final QC step ensures that the complete WorldDiékage
is correctly formatted and compiled and ready felivery to

customers or the internal product library.

5. CONCLUSION

The WorldDEM product, after terrain and hydrologdiediting,

is a consumer-ready Digital Surface Model thavailable on a
global scale, with a consistent “look and feel” ryvehere.
WorldDEM follows-on from the great success of trgioal

SRTM dataset by providing a higher resolution, tgesertical
accuracy and surface information that is up to weejears
more current than SRTM.
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