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ABSTRACT

This paper describes the generation of digital elevation
models (DEMs) with the radargrammetric and

interferometric techniques. In the first part, the main
characteristics of the two procedures implemented at
ICC and Polytechnic of Milan are presented. Particular
emphasis is given to the geometric aspects of the two
procedures, which allow achieving an accurate geo-
location of the generated DEMs. In the second part, the

implemented using an interactive approach or an
automated one. In the interactive one, based on
analytical or digital photogrammetric systems adapted
to SAR images, the operator must capture the data
manually [1], [2]. In the second kind of approach, based
on image correlation algorithms suited to extract pairs
of homologous points (matching), the operator becomes
a supervisor of an automatic (or semi-automatic)
measurement process [3], [4]. In the following sections,
only the automated approach is addressed.

results obtained processing ERS-1 and Radarsat images

are analysed. The generated DEMs were validated over Interferometric SAR (INSAR) is based on the processing
a test area using a suited reference DEM. In this way it of complex SAR images acquired from slightly different

was possible to compare the performances of the two points of view. INSAR was proposed by Graham in

procedures and to investigate their complementarity. In
the last part of the paper, an example of interferometric
and radargrammetric data fusion for the compensation

1974 and applied for the first time at JPL (Jet
Propulsion Laboratories) in 1986 using airborne data
[5]. Today, a large number of research groups are

of the atmospheric artefacts that affect the INSAR working on DEM generation with INSAR data coming
DEMs is presented. from different airborne and spaceborne systems. The
importance of INSAR is related to its high spatial
resolution and good potential precision and to the highly
automated DEM generation capabilities.

1. INTRODUCTION

Since the advent of the first spaceborne systems, DEM
generation has been mainly based on optical imagery In the following sections, the main characteristics of the
and photogrammetric techniques. SAR images are radargrammetric and INSAR procedures implemented at
recently gaining importance thanks both to the large ICC and Polytechnic of Milan respectively are
availability of spaceborne SAR data and the described. Particular emphasis is given to the geometric
development of different techniques to exploit them. aspects of the two procedures.
Starting from SAR images, DEMs can be generated
exploiting either the amplitude (radargrammetry or
shape from shading techniques) or the phase of the radar
signal (interferometric techniques). In this paper only The radargrammetric procedure implemented at ICC
radargrammetry and interferometry are considered. allows generating DEMs in a fully automatic way. The
entire process consists of three main stages:

2. ARADARGRAMMETRIC PROCEDURE

Radargrammetry works with amplitude SAR images
utilising the same approach that photogrammetry uses e
with optical images. This technique is usually employed
with stereoscopic pairs acquired from the same side but
with different incidence angles. Its importance has
increased in the last years, especially since the launch in
November 1995 of Radarsat, the first commercial
system that allows acquiring SAR stereo pairs with a
large range of incidence angles. Radargrammetry can be

First, the accurate geometric correspondence
between image space and object space must be
established.

Then, solving an inverse trisection problem we
obtain the coordinates{(Y,4 of each terrain point
whose image coordinateso{;, liny) and ¢ol,, lin,)

are found via a correlation process.
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Fig. 1: Image pyramids and interest points

e The huge number of points obtained enter a finite-terrain height until optimum correlation is obtained. A
element adjustment where the whole DEM area issubsequent adjustment on the correlation value permits
divided in tiles and continuity constraints betweenfurther refinement in this level. The upper the pyramid
tiles are imposed. In this way we eliminate blunderslevel, the coarser the obtained DEM grid and the larger
and wrong matches and we get the final raster DEMhe height shifts. Hence, descending through the pyramid,
(regular grid). we obtain a finer and finer DEM ensuring at the same

time continuity and stability to the process.

In order to establish the image to object space

correspondence, a rigorous SAR image formation mode2.1. SAR Image Formation Model

(SIFM) must be defined. Furthermore, the model

parameters, often known with inadequate accuracy, havAn important step in the implementation of a

to be refined through a calibration procedure based onadargrammetric process is the definition of a rigorous

the measurement of tie points and ground control pointSIFM. The one adopted at ICC is based on the two basic

(GCPs). The SIFM and the calibration are described ifSAR mapping equations, namely the range and the

detail in the following sections. Doppler equations:

The image correlation algorithms suited to Rg =‘(I5— §)‘ =SP 1)
radargrammetry have to take into account the geometric L

peculiarities of SAR images. The correlation procedure 2-SP-Vg

employed at ICC, developed for optical stereo pairs > Jn i — (2)

(SPOT) and then adapted to SAR images, uses an area- A-SP

based matching applied to a pyramid of images Wher'\?vhere P
some outstanding features have been found. Firstly, a ~ _ _
pyramid of images is created starting from the originalpoint on the ground,S=(Xs,Ys,Zs) is the satellite

images, where the pixel size on each step doubles thg,sition, Vi is the satellite velocity vectoRs is the slant

size of the proceeding one. Then, the Forstner algorithm distancd- is the Doool iroid f d
[6] is applied to each image level to obtain a set of point ange distancep Is e Doppler centrold Irequency an
is the radar wavelength. The SIFM includes different

that are good candidates for image correlation (intere i ;
points, see Fig. 1). Each point is matched with itsdroups of parameters: orbital parameters, sensor

homologous on the other image shifting up and down th&@arameters and SAR processing parameters. Working

(Xp,Yp,Zp) is the location of the target



usually over relatively small areas, we use a polynomiapairs can be accomplished measuring both GCPs and tie

model for orbit description: points. The great advantage of such a calibration is the
) 3 determination of a unique set of geometrically consistent
Xg=ay+a -ty +a, tg+a, -t SIFMs suited to obtain an accurate geolocation of the

2 3 generated DEMs (i.e. a good DEM merging). The
Ys=by +b, -t +b, -t +by-tg ®) identification and measurement of GCPs on the images is
Z=Cy+C, -ty +C, -t; +C, ,tg performed r_nanually. _For tie points to be collected in_
same-side image pairs an automatic measurement is
where tg =t—ty, t is the time parametert, is the gmployeq, while a manual one is gsed in opposite-side
acquisition time of the first image line ands(YsZ) are ~ 'Mage p.a|rs.'Once GCPs arjd tie points are meas.umd’ the
the satellite coordinates. The coefficients of thelOiNt calibration allows to S|'multaneous'ly estimating all
polynomials & ,b; ,c) are estimated by least squares (LS)S”.:'VI parameters of.the given SAR. image S?t (block
adjustment using few orbital points whose coordinate@d]us.tment)' The adjustment is carried out with a I.‘S
are available in the image header or in the precise orbfferative procedure. For a good convergence, a suited

products which can be purchased through the imaggveighting of the observations is needed. The weight

providers. For a given target point, the acquisition time selection, the initial parameter values and the quality of
is related to the azimuth coordinatin) of the SAR GCPs and tie points determine the convergence rate of

image through: the process.

t=t, +At-(lin -1) ) 3. AN InNSAR PROCEDURE

whereAt is related to the pixel size in azimuth direction. The InSAR procedure implemented at DIAR-
The slant range distand®; is related to the slant range Polytechnic of Milan includes several processing stages

coordinate ¢ols) through: namely the image registration, the interferogram
calculation and filtering, the image coherence
Rs=Rg + AR'(CO|5 —1) (5) calculation, the phase unwrapping, the generation of the

] ) . . irregular grid of 3D points and the interpolation of the
whereRso is the near slant range an® is the pixel size  fing| regular grid. The first three processing stages are
in range. Working with images given in ground rangepased on the ISAR-Interferogram Generator software
ge(_)metry, we have to include in the SIFM the equat'orldistributed, free of charges, by ESA-ESRIN), an
which connects slant rangeols) and ground range effective tool to obtain good filtered interferograms and
(colg) coordinates: the related coherence images [7]. The phase unwrapping

2 3 is based on the “branch cuts” approach [8]. The most

€Ol = go + @, - COls + g, - Olg + g5 - cols  (6) original parts of the procedure are the rigorous model for
the conversion from interferometric phases to terrain
heights and the calibration of the INSAR geometry based
on GCPs. Both the INSAR model and the calibration are
described in next section. An important aspect of INSAR
is the influence of atmospheric distortions on the quality
Some of the model parameters are known Withof the_ generated DEMs. The characteristics o_f such
glstornons and a strategy to compensate them using low-

inadequate accuracy. In order to obtain an accurat \uti liary dat d ed | tion 3.2
geolocation, these parameters have to be refined by a |/§solution auxiliary data are described In section ..

calibration based on the measure of GCPs and tie point
Working with a stereo pair of SAR images, these are th
model parameters treated as unknowns in the calibratio

This equation is omitted when working with slant range
images.

2.2. Model Parameter Refinement

.1 INSAR Model and Geometry Refinement

the near slant rand®so, the acquisition time of the first q:or f[he transformation from_ interferometric phases to
terrain heights we adopt a rigorous model that connects

image linety, the pixel size in azimuth directiokt and the image space (azimuth, slant range and interferometric
the coefficients of the orbit polynomials. The parameters g€ sp ' 9

. L hase) to the object space (usually a geocentric Cartesian
Rso to and At are considered constant within a SAR P ) J b ( yag

cene. The polvnomial coefficients are refined in ca ethsystem). The procedure works pixelwise: for each pixel
S ' polynomial coetficients are refi ! S€ &t the interferogram, we derive the object space

given orbits are not accurate enough (e.g. when onlcfoordinates of the pixel footpriR(X,Y,4 using the slant

preliminary orbits are available). In this case a suite : ;
weighting of the coefficients has to be performed. ei]r:%etior(g’ the Doppler (2) and the interferometric

It is important to underline that the calibration can beFor each interferogram pixel we derive the acquisition

stereo SAR image pairs. The joint calibration of multipler.l{"”mat (4) and the slant range distarRe (5). Then, we



calculate positions (3) and velocities of the masteand  is created during the unwrapping. Otherwise, for each
slave S satellites.M, S and the pixel footprintP are  zone a different constant has to be estimated.

assumed to lie in the same plane (the Doppler centroid

plane or antenna mid-plane that goes throdh We  The model parameters are refined by LS adjustment
look for the positiors of the slave satellite that fulfils the using GCPs. Recovering the GCPs necessary for the

following equation: calibration of each pair is often hard and time consuming.
The procedure we implemented allows fusing height data
MS-Vuy =-A4- Ms.f_D % coming from multiple INSAR pairs (e.g. ascending and

descending pairs). A joint calibration of all pairs, based
_ on the measure of tie points, can be performed. It allows
where MS is the baseline vectolY v is the master obtaining an accurate geolocation of the generated DEMs
velocity vector andVIS is the slave-to-master distance With a reduced number of GCPs.
(baseline length). The object space coordinates of the
pixel footprint P(X,Y,Z) are estimated using the two 3.2 Atmospheric Artefacts and Data Fusion
basic SAR mapping equations (1) and (2), and the
interferometric equation: In INSAR DEM generation, signal propagation in a
. medium with constant refractive index is assumed.
SP= MP+D +OU € Indeed, changes in the refractive index between two
= |c (8) : - T
4.5 image acquisitions may happen, causing distortions in the
interferometric phase. These changes are mainly due to
whereMP and SP are the master and slave slant range variations of atmospheric relative humidity [9].
distances, @y is the unwrapped phase, abgt is the Atmospheric variability results in artefacts (e.g.
interferometric constant. Repeating the procedure for alldepressions) interpreted as terrain relief. A single pair
the pixels of the unwrapped interferogram, an irregularcan not check the presence of such artefacts, and this
grid of 3D points is generated. Point coordinates refer torepresents a very important limit of the INSAR technique.
the geocentric Cartesian system used for the orbits, thus
a transformation to a cartographic system and toA reduction of atmospheric artefacts can be obtained
orthometric heights is usually performed. Finally does combining the information coming from multiple
the resampling to get the final regular geocoded gridinterferograms. We propose a strategy based on the use
follow. of auxiliary height data. We assume to use low-resolution
data (e.g. with a resolution 10 times lower the one of the
As described above for the radargrammetric procedurdnSAR DEMSs). Firstly, the INSAR and auxiliary data are
some of the model parameters used in the INSAR DENaccurately geolocated with respect to the same reference
generation have to be refined by a LS calibration. Thesgystem. The fusion procedure employs a multiresolution
are the model parameters treated as unknowns in th&ata analysis in the space domain. We adopt two
calibration: the near slant rang®o the pixel size in  resolution levels: the first one corresponds to the high
range directio\R, the acquisition time of the first image frequency components of the terrain topography
line to, the pixel size in azimuth directioxt, the Doppler ~ contained in the InSAR data and the second one
centroid frequencyfp and the interferometric constant corresponds to the low frequency components contained
Dic. The parameterRso, AR, t, and At are considered in the auxiliary data. The output DEM contains the high
constant within a SAR scene. For the Doppler centroidrequency components of the original INSAR DEM and
frequency a bilinear variation over the SAR image isthe low frequency components (not affected by
considered: atmospheric effects) of the auxiliary data. The proposed
) ) procedure represents a deterministic approach to the
fo = foo+ fprlin+ fy,-col+ f,-lin-col (9) atmospheric artefact compensation: the low spatial
] ) frequencies of the corrected DEM are only estimated
where oo, fou, fo2, andfps have to be estimated in the jth the auxiliary data. A more rigorous approach should
adjustment. The parametrization of s of the form: estimate the low frequency components of the DEM
: : taking into account the precision of the fused data. An
D¢ =d,+d,-lin+d,-col+d;-lin-col  (10) exan?ple of data fusion ispdescribed in section 4.3.

where the coefficientsl, have to be estimated in the

adjustment. This kind of parametrization allows taking 4. VALIDATION OF THE TECHNIQUES

into account the phase unwrapping integration constant, . _
the effect of orbit errors on the interferometric distance!” the last three years the authors were involved in a
(SP-MP), and the linear atmospheric effects on theEuro_pean Union Concerted .ACt'On caIIed_ ORFEAS
interferometric phase. There is a single unwrapping(Opt'_Cal'.Radar. “Sensfor Fusion  for Enw_ronm_ental
constant for the entire scene only if one integration Zonéﬁ\ppllca'uons), joining five research groups (University of



Thessaloniki, ICC - Cartographic Institute of Catalonia, Image Mode | Inclination Angle | # GCPs
ETH Zurich, Technical University of Graz and ASC 1 SB7 40°.16 12
Polytechnic of Milan). A comprehensive data set, —

- . . A 2 B2 °
covering South Catalonia (Spain), has been made SC S 2446 8
available to ORFEAS participants by ICC. The above | PESC.1| SBl 20041 11
described procedures were validated using a suited | DESC_2| SB6 38°.04 16

reference DEM (coming from aerial photogrammetry)

whose precision is one order of magnitude better than Table 1: Radarsat images of the ORFEAS data set
that obtainable by radargrammetry and INSAR DEMSs.

The covered area (approx. 25 by 35 km) includes the flathe ASC DEM is sensibly better than the DESC one,
plain crossed by the Ebro river and a set of mountairespecially in the mountainous areas. This can partially be
chains (the maximum height difference is about 1150 m)explained by the ASC geometric configuration, which

This area includes many portions affected byhas bigger inclination angles and hence is less sensitive
foreshortening, layover and even shadow. to SAR geometric distortions.

4.1 Radargrammetry Results The grids coming from the matching of the ASC and
DESC pairs were fused in order to estimate a new DEM
The ORFEAS data set includes four Radarsat imagegnamed ASC/DESC in Tab. 2). Compared with the
grouped in an ascending pair (ASC) and a descendingrevious DEMSs, the quality of the new DEM improves
one (DESC). Each image was captured in a differentensibly. However, the important difference in the
satellite configuration. Some GCPs were found on theyrecision over the hilly/flat and mountainous areas (the
images and their coordinates measured (see Tab. l3tandard deviation is 21.7 and 30.9 m respectively) still
Besides GCPs, a set of tie points between each imagemain.
pair was obtained in an automatic manner. Moreover,
some tie points were manually measured between thg 2 InSAR Results
ASC and the DESC pairs in order to obtain a
geometrically consistent image set. Some of the GCPswo ascending ERS-1 images of the ORFEAS data set
were used as control points (check points). Awere chosen for the processing. From the original images
simultaneous bundle adjustment of both pairs waswo sub-images of 1500 pixels in range by 5000 pixels in
performed using the remaining GCPs and tie pointsazimuth were extracted and processed with the ISAR
After eliminating few erroneous points, the refined modelsoftware. The baseline length is 161.5 m and the mean
parameters were obtained, achieving RMS errors (in theoherence of the filtered images equals 0.57. The
image space) over the check points of 1.54 and 1.33nwrapping generated four major zones of integration.
pixels in azimuth and in range respectively. These valueshe zones were manually "welded" and the unwrapped
confirm the effectiveness of the model parameterphases were checked and corrected for aliasing errors.
refinement to get an accurate global positioning of theThese operations were very time-consuming (about 12
generated grid. hours). The INSAR parameters were refined using 14
GCPs. With the unwrapped phases and the refined

Two DEMs (ASC and DESC) with mesh size of 90 m parameter an irregular grid of 3D points was generated.
were generated. The quite large mesh size reflects the

poor spatial resolution of the matched points (approx. 1

point per 100 by 100 m). The DEMs were compared with Mean Standard
the reference one considering three types of areas: th¢ DEM type / terrain type Error Deviation
entire covered area, the flat or hilly portions and the [m] [m]
mountainous ones (see Tab. 2). Both ASC and DESC| ASC - hilly/flat -0.23 22.92
DEMs are unbiased (the global constant bias is 0.08 anqd ASC — mountainous 0.85 32.84
0.11 m respectively), i.e. the generated grids are globally ASC — entire area 0.08 56.05

well geo-located. Furthermore, the errors are evenly

distributed in the entire scene, i.e. they do not show DESC — hilly/flat 0.76 2554

systematic trends. These characteristics make the dathPESC —mountainous -1.49 37.32

fusion for atmospheric artefact compensation possible. DESC - entire area 0.11 29.53
ASC/DESC - hilly/lat -0.39 21.73

In Tab. 2, one may notice an important difference in the [Asc/DESE —mountainous 0.01 3086

standard deviations of the hilly/flat and mountainous
areas. In the latter ones, the SAR geometric distortions|

(e.g. foreshortening) are more pronounced and affect the
image matching. Table 2: Radargrammetry Results — (90 m mesh size)

ASC/DESC - entire area -0.27 24.78




Mean | Standard of the model parameters (calibration). The procedures

DEM type / terrain type Error | Deviation were validated employing a suite reference one. Over the

[m] [m] considered test area, radargrammetry generated in a fully
Before atmo. correction — hilly/flat 0.25 15.18 automatic way DEMs with a quite good global accuracy.
Before atmo. correction — mount. | —4.41 22,71 However, an important degradation of the DEM quality
Before atmo. correction entire area| — 1.21 18.14 in mountain areas occurred. Compared with InSAR,
After atmo. correction — hilly/flat 0.29 10.84 rada_rgrammetry_ DEM.S h‘five. poorer resolution, are 'e?'s
. . = precise but their quality is independent of atmospheric
After atmo. correction — mountainoys 1.0 18.4 conditions during image acquisition. INSAR DEMs have
After atmo. correction entire area | 0.54 13.75 high spatial resolution and good precision over hilly/flat

terrain. Their precision is quite degraded in mountain
areas and can be affected by atmospheric artefacts. A
strategy to reduce such artefacts using auxiliary low-
The irregular grid of 3D points was interpolated in orderresolution data has been proposed. Employing a
to derive a regular one with 30 m spacing. Theradargrammetry grid as auxiliary data, the data fusion

Table 3: INSAR Results — (30 m mesh size)

interpolated grid was compared with the reference DEMNCreased considerably the INSAR DEM precision.

(before atmo. correction in Tab. 3). The global (constant)
bias of the grid can be considered satisfactory, i.e. the
calibration resolves quite well the geo-location of the
generated 3D grid. One may notice an important decrea:

unwrapping errors occur). The InNSAR DEM shows
important systematic errors with low spatial frequency
characteristics. These errors, due to atmospheric effects,
have magnitude up to 385 m. We computed the
autocovariance function of the errors: the correlation[l]
length is 505 m and the correlation decreases to zero very
slowly, i.e. the errors are spatially highly correlated.

4.3 Radargrammetry and InSAR Data Fusion [2]

It is interesting to assess the potential precision of the
interferometric DEM not affected by atmospheric
distortions. To this purpose, we adopted the strateg)[13]
described in section 3.2. We used as auxiliary data the
ASC DEM coming from radargrammetry: it is less
precise than the INSAR DEM, it is much less dense, but i’f
is not affected by systematic errors. From the irregula ]
ASC grid, a 250 m spacing grid was interpolated and
fused with the INSAR one, obtaining a new DEM (after
atmo. correction in Tab. 3). Most of the systematic[s]
effects on the INSAR DEM were removed through the
data fusion (except for the mountainous areas where the
radargrammetry DEM has bigger errors). One may notice[6
an important improvement of the DEM precision. The ]
correlation length of the errors is 105 m, which confirms
the effectiveness of the artefact correction. In fact, the
errors of the new DEM are almost spatially decorrelated
because the systematic errors caused by atmospher[i_?
heterogeneity were properly removed. ]

5. CONCLUSIONS (8]

Two new procedures (radargrammetric and InSAR
approaches) for DEM generation have been describecigl
Their most original parts are the rigorous geometric
models used in the DEM generation and the refinement
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