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Abstract. The last two decades, SAR interferometry is used in order to produce Digital Elevation
Model (DEM) for wide areas. However, the DEM produced by only one interferometric pair is
characterized by low accuracy, due to several parameters that affect the final result. In this study,
the improvement of the DEM accuracy is attempted through the production of a mosaic DEM
derived by multiple interferometric-based DEMs. Two methods are used to create the mosaic
DEM. According to the first method, the entire height information included in the various
interferometric-based DEMs is introduced in the procedure. In the second method only the
selected areas of the interferometric-based DEMs participate in the production of the mosaic DEM.
The selection is based on the comparison between interferometric-based DEMs with another
ancillary DEM (e.g. ASTER GDEM). For both methods, the mosaic DEM generation is based on
the precision file which provides a height accuracy map that is estimated from parameters such as
coherence, baseline and wavelength. Although this file is not always reliable it can be used to
define weights for the height values of the available interferometric-based DEMs during the
mosaic DEM generation. The Root Mean Square Error (RMSE) is used to estimate the vertical
accuracy. The validation of the DEMs is achieved by comparing them with a sufficient number of
ground control points as well with an accurate reference DEM. The mosaic DEM produced by the
first method does not yield improvements in accuracy, whereas the second method provides
significant improvements depending on the accuracy of the reference DEM being used.
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1. Introduction
SAR interferometry (InSAR) is the remote sensing technique which exploits the phase difference of
two SAR acquisitions in order to produce accurate Digital Elevation Model (DEM) [1], [2], [3].
InSAR is one of the three main techniques for the DEM production of wide areas. The two other
techniques are the airborne laser scanning and the automatic optical image matching which is the
direct successor of manual stereo photogrammetric measurements [4], [5]. Each of these techniques
has its own strengths and weaknesses. Aiming at the improvement of the quality and accuracy of a
DEM, several efforts towards the direction of fusion of overlapping DEMs have been made. The
DEM resulting from fusion methods should be geometrically accurate by depicting the correct
height information of the area, clean by eliminating blunders and errors which are present in the
initial data and complete by modelling all the area in the highest possible resolution [6], [7].
The multi-source DEMs usually have different characteristics, such as pixel size, height accuracy,
etc., and are generated from data of different acquisition techniques and/or dates. For multi-source
DEMs combination, a number of DEM fusion strategies have been proposed [8], [9], [10], [11],
[12], [13]. Among them, some strategies address the problem of fusion of DEMs produced by
interferometric processing [14], [15].
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According to Gens and Van Genderen [16], there are several parameters that affect the final
result of the interferometric process. The accuracy of the DEM achieved using only one
interferometric pair is usually very low. In order to produce an accurate mosaic DEM, the fusion of
multiple interferometric-based DEMs is applied. The fusion is based on a weighted averaging. The
success of the fusion depends on the local quality of each DEM. The quality is represented on the
height accuracy map or otherwise on the height error map of each individual interferometric - based
DEM. For each pixel, the height accuracy map contains an estimation of the accuracy that is used as
local weight during the averaging process.
This paper investigates the production of a mosaic DEM surface through the fusion of
interferometric-based DEMs, and the use of a weighted averaging. Two methods have been used to
create the mosaic DEM. According to the first method, the entire height information included in the
various interferometric-based DEMs is introduced in the procedure. In the second method, only
selected areas of the interferometric-based DEMs participate in the production of the mosaic DEM.
In both methods, the DEMs were in grid format, and the mosaic DEM was generated, based on the
height accuracy maps provided by the SARscape software. The validation of interferometric-based
DEMs and mosaic DEMs has been performed using two state of the art techniques. In the first,
DEMs are compared with a sufficient number of ground control points, whereas in the second with
an accurate reference DEM.
2. Fusion methods
The methods used for the fusion of the interferometric-based DEMs are based on height accuracy
maps. When SARscape software [17] is used, the final step of the process that is applied on an
interferometric (pair) includes phase to height conversion and geocoding. Among the associated
outputs, the height accuracy map file exists. In this file, for each grid point of the produced DEM,
the accuracy of calculations for the height estimation is stored. The height accuracy map has the
same dimensions with the produced DEM and can be used as an input to the proposed fusion
methods. Values in the accuracy map are derived according to the formula:
σ

1  γ 2 λR sin θ
(1)
2γ 2 4πBn

where for each pixel, σ is the value of accuracy, γ the interferometric coherence value, R is the
slant range distance and θ is the local incidence angle, λ is the wavelength and Βn is the normal
baseline component.
The first fusion method (1st_Method) for the production of the mosaic DEM is the one proposed
by SARscape and it is based on the fusion of the entire height information included in the various
interferometric-based produced DEMs. For each pixel, the combination of the height values from
different interferometric-based DEMs is based on the weighted average rule. For each pixel in the
produced mosaic DEM, the height value is calculated as following:
HmDEM 

w 1H1    w nHn
(2), w i  1 , i=1,…,n (3)
w1    w n
σ i2

where H1,…,Hn are the height values in DEM1,…,DEMn respectively, and w1,…,wn are the
respective weights. The weights are required for quantifying the contribution of the individual
DEMs. They are based on the accuracy map values σ (formula 3).
553

Chris Choussiafis, et al.: Mosaic Methods for Improving the Accuracy of Interferometric Based Digital Elevation
Models

The main advantage of this method is that the discontinuities and especially the void pixels are
eliminated in the resulting mosaic DEM. The disadvantage of the method is that the resulting DEM
completely depends on the height accuracy maps. In fact, the height accuracy map does not always
reflect the quality of the produced DEM [5], [8], [18]. More specifically, it is noted that pixels with
excellent height accuracy in the original DEMs, significantly vary from the real height in the mosaic
DEM. On the contrary, there are pixels of lower height accuracy, for which the calculated height
values approach the real height after mosaicing. These discrepancies appear in areas that present
trivial errors in the height accuracy map, although they present blunders or significant errors in the
interferometric-based DEMs.
The second fusion method (2nd_Method) was developed by the authors and aims at the
enhancement of the reliability of the height accuracy map. The proposed procedure is shown in
Figure 1. In order to perform the enhancement and generate the mosaic DEM with improved height
accuracy, it is crucial to have an ancillary DEM. The ancillary DEM could be a global DEM
(e.g. Aster GDEM v2) or a local DEM produced by other methods, such as digitalization of existing
topographic maps, automatic optical image matching, etc. The better the accuracy of the ancillary
DEM is, the better the accuracy of the final mosaic DEM will be. The ancillary DEM contributes to
the evaluation of the interferometric-based DEMs and is used for masking the areas which present
not only blunders but also errors beyond a defined threshold. The same masks are also applied on
every individual height accuracy map. In the final step of the procedure, the weighted average rule
(formula 2 and 3) is applied.

Figure 1: Flow chart of the proposed fusion methodology.

554

Chris Choussiafis, et al.: Mosaic Methods for Improving the Accuracy of Interferometric Based Digital Elevation
Models

The choice of the threshold for masking the original DEMs is the key point of the proposed
method. Based on several experiments with various ancillary DEMs, it was concluded that this
threshold should be around the vertical accuracy of the ancillary DEM. In particular, it was
observed that the value of the vertical accuracy for confidence level 95% (1.96*RMS error), when
used as threshold, yields the best mosaic DEM.
3. Dataset and processing
The study area is located in the centre of Peloponissos, southern Greece and is approximately
900Km2. It is a mountainous area with intense relief. The elevation ranges between 175m and
2015m. Over this test area 11 Single Look Complex (SLC) ALOS/PALSAR SAR (L band)
acquisitions were available in FBS or FBD mode (High resolution mode, Fine Beam Single or Dual
polarization). Specifically, 22 interferometric pairs were formed using as master files only the SAR
acquisitions in FBS mode. The only restriction was set on the normal component of the baseline
which should be less than the half critical baseline. Using as master files the ALOS/PALSAR SAR
acquisitions in FBS mode, the critical baseline is approximately 13.5 Km. Therefore the selected
interferometric pairs has normal component of the baseline less than 6.7 Km.
The interferometric methodology was applied on each pair using the SARscape software. Using
InSAR for DEM generation, the height information for each pixel was estimated from the
unwrapped phase values. According to a general model, interferometric phase can be written as:
φ  φflat  φtopo  φdefo  φatm  φnoise (4)

where φ is the interferometric phase, φflat is the flat earth phase, φtopo is the topographic phase,
φdefo is the deformation phase, φatm is the atmospheric delay phase and φnoi is the noise. In order to
obtain an accurate DEM by unwrapping the phase φ, it is necessary to eliminate the components of
equation (4) that do not contribute to height information. The flat earth component can be removed
by using the orbit information correction, as well as an external DEM to generate the topographic
phase which is then subtracted from the interferogram [19], [20]. Within this study, the external
DEM used was the ASTER GDEM. The deformation component can be ignored when the time
interval between the SAR acquisitions is relatively short. For ALOS/PALSAR SAR acquisitions the
minimum time interval is 46 days. For simplicity reasons, ground deformations are not supposed in
the study area, and interferometric pairs with time interval from 46 to 368 days are examined. As
far as the atmospheric component concerns, it mainly depends on the water vapour content of the
atmosphere and is considered as an error in non atmospheric applications. Finally, the noise
component refers to thermal noise and the contribution of changes of individual scatterers. The
noise component is removed by applying filtering techniques on the interferogram and/or SAR
images. So, by removing or ignoring the components that do not contribute to height information,
(4) can be written as following:
φ  φ to p o (5)

During the interferometric process, none ground control point was used. The generated DEMs
were resampled to 10m pixel spacing.
For each interferometric-based DEM, a validation was performed using a standard statistical
analysis with: a) 215 existing ground control points (GCPs), and b) a reference DEM. These
datasets were used in order to a) evaluate the DEM accuracy on specific points, and b) have a better
assessment of the average accuracy. The reference DEM (rDEM) was provided by
555

Chris Choussiafis, et al.: Mosaic Methods for Improving the Accuracy of Interferometric Based Digital Elevation
Models

KTIMATOLOGIO S.A.. This DEM has a 5m pixel size, and its average accuracy was estimated to
be 2.08m according to GCPs evaluation. The main characteristics of the interferometric pairs and
the RMS error for each produced DEM are shown in Table 1. It is observed that the majority of the
produced interferometric-based DEMs present significant error. Only three interferometric pairs
produce DEMs that present errors less than 10m when compared with the GCPs. This error is
considered quite acceptable for wide area DEMs.
Table 1. Main characteristics of the interferometric pairs and RMS error of each DEM.
s/n

Master

Slave

1

20081110

20090210

Baseline
(normal
component)
824.14

GCPs

rDEM

HH

Height of
ambiguity
(2π)
78.40

21.64

16.52

2

20081110

20090628

HH

HH/HV

43.41

26.18

22.58

3

20081110

276

HH

HH/HV

44.63

14.53

12.90

4

1851.62

322

HH

HH/HV

34.95

37.61

35.26

20090210

671.24

46

HH

HH

95.93

17.33

14.70

20081226

20090628

1336.12

184

HH

HH/HV

48.30

45.14

38.21

7

20081226

20090813

1311.42

230

HH

HH/HV

49.35

33.84

24.72

8

20081226

20090928

1699.18

276

HH

HH/HV

38.05

37.61

35.26

9

20081226

20091229

2337.95

368

HH

HH

27.64

15.61

15.00

10

20090210

20090628

669.17

138

HH

HH/HV

96.68

15.68

23.94

11

20090210

20090813

731.59

184

HH

HH/HV

90.51

21.64

28.11

12

20090210

20090928

1035.05

230

HH

HH/HV

62.65

18.78

18.84

13

20090210

20091229

1690.94

322

HH

HH

38.22

10.47

12.94

14

20090210

20100213

2226.04

368

HH

HH

29.00

12.46

13.03

15

20091229

20100213

553.26

46

HH

HH

115.98

30.87

21.88

16

20091229

20100331

719.75

92

HH

HH

88.78

8.92

8.57

17

20091229

20101001

1677.84

276

HH

HH/HV

38.26

43.45

33.66

18

20091229

20101116

1320.82

322

HH

HH

48.62

6.55

8.95

19

20100213

20101001

1124.73

230

HH

HH/HV

57.08

22.61

21.56

20

20100213

20101116

781.46

276

HH

HH

82.61

14.49

23.49

21

20100331

20101001

975.78

184

HH

HH/HV

65.83

16.30

14.71

22

20100331

20101116

673.44

230

HH

HH

96.42

9.16

12.89

Polarization

Time
Interval

Master

Slave

92

HH

1488.75

230

20090813

1458.65

20081110

20090928

5

20081226

6

RMS error

Two fusion methods for the production of the mosaic DEM were applied. For the second
method, an ancillary DEM is required during the mosaic production procedure. In this study, the
ASTER GDEM v2 (released October 2011) has been used. It is a DEM with 30m grid spacing.
Its vertical accuracy has been estimated to be 16.20m according to the GCPs, and 10.74m according
to the reference DEM (rDEM).
The fusion methods have been applied on three groups of interferometric-based DEMs. The first
group included the interferometric-based DEMs whose RMS errors were less than 10m, according
to GCPs evaluation i.e. 3 DEMs. The second group included those DEMs with RMS errors less than
15m, i.e. 7 DEMs, and the third group included all the interferometric-based DEMs, i.e. 22 DEMs
(Table 2). Moreover, for the second fusion method, various thresholds were tested in order to
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optimize the value of the threshold that is required for masking the interferometric-based DEMs and
height precision files.
Table 2. Range of RMS error for the three formed data groups.

1st Group (3 DEMs)
2nd Group (7 DEMs)
3rd Group (22 DEMs)

RMS Error (m)
According to GCPs
According to rDEM
min
max
min
max
6.55
9.16
8.57
12.89
6.55
14.53
8.57
23.49
6.55
45.14
8.57
38.21

4. Results
Figure 2 shows the results of the validation of the fusion-based DEMs. In the horizontal axis, the
numbers correspond to the following: (1) is for the 1st fusion Method and (2), (3), (4), (5) and (6)
are for the 2nd fusion Method and for threshold value 5m, 10m, 20m, 30m and 40m, respectively. It
is observed that both fusion methods do not achieve to improve the vertical accuracy of the mosaic
DEM when all the raw interferometric-based DEMs are used (22 DEMs). The RMS error of the
mosaic DEMs is always higher than 6.55m (Table 2) which is the least error produced by the
individual interferometric pairs (Figure 2a). An improvement in accuracy is observed only when the
2nd fusion method is applied and the mosaic DEM is compared with the rDEM. The best RMS error
in this case is approximately 8m and achieved when the threshold value is defined 20 (abscissa 4) or
30m (abscissa 5) (Figure 2b, green line). These threshold values confirm that it is necessary to
define an upper limit on the RMS error for the areas presented in the interferometric-based DEMs,
in order to mask them and optimize the fusion procedure. On the other hand, a very low threshold
value, for example 5 meters, does not improve the accuracy. The more interferometric-based DEMs
are used, the smaller the contribution of each DEM to the mosaic DEM is. The contribution of each
DEM in the final mosaic DEM depends only on the pixel value in the respective height accuracy
map file. Therefore, the contribution of each DEM, either positive or negative, is lower in case that
more DEMs are involved in the production of the mosaic DEM.
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(a)

(b)

Figure 2: RMSE produced by the two fusion techniques (a) GCPs evaluation (b) rDEM evaluation. In x axis, abscissa
(1) is for the 1st fusion Method and abscissas (2), (3), (4), (5) and (6) are for the 2nd fusion Method and for threshold
value 5m, 10m, 20m, 30m and 40m, respectively.

The results are more encouraging when the involved DEMs in the mosaic methods are selected
under specific evaluation criteria. For example, for the second group (7 DEMs, red line) by
applying the 1st method, there is no improvement in the vertical accuracy of the mosaic DEM since
RMS error is 6.68m according to the GCPs evaluation (Figure 2a), and it is almost similar to the
minimum error, given in Table 2. However, an improvement in accuracy is observed according to
the rDEM evaluation (7.28m), (Figure 2b). Consequently, an improvement of the accuracy of the
elevation model is achieved, even if locally, in specific points, there is no improvement. The
application of the 2nd method produces results which depend on the choice of the threshold. From
Figures 2a and 2b it is observed that as the selected threshold approaches the vertical accuracy of
the ancillary DEM for confidence level 95%, which is approximately 32m (=1.96*16.20), there is a
significant improvement in the vertical accuracy of the mosaic DEM. Specifically for threshold 30m
(abscissa 5, Fig 2a, 2b), RMS errors are 5.56m and 6.37m for GCPs and rDEM evaluation,
respectively. Additionally, the RMS error produced by the GCPs evaluation is less for 50m
threshold (Figure 2a), but by taking into account the evaluation with both techniques (Figure 2a,
2b), it is concluded that the optimal result is achieved for 30m threshold or otherwise for the
vertical accuracy of the ancillary DEM. Comparing the two applied fusion methods it is concluded
that the proposed method reduces the average RMS error about 1.1m based on the GCPs evaluation
and about 0.9m based on the rDEM evaluation, respectively.
As far as the first group (3 DEMs, blue line) is concerned, only 30 and 40m thresholds
(abscissas 5 and 6) were considered for the evaluation of the second method, since these thresholds
have been proved to be optimal. Both fusion methods yielded an improvement in the vertical
accuracy of the mosaic DEM which however is less than that produced by the second group.
According to the GCPs evaluation, the two fusion methods produced almost similar errors in the
range of 6m. However, rDEM evaluation showed that the proposed method produced higher errors
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about 6.40m. Based on both evaluation techniques the threshold of 30m, i.e. the vertical accuracy of
the ancillary DEM for confidence level 95%, is the optimum for the application of the proposed
method on the specific data.
Comparing the validation results of the first and second group of data, it is concluded that the
optimal vertical accuracy is not achieved on the mosaic DEM when using the interferometric-based
DEMs with the best accuracy (group 1). On the contrary, the optimum result is achieved when a
broader number of interferometric-based DEMs is used which meets specific accuracy criteria.
Finally, it is noteworthy to point out that both methods generated only few or no void pixels in the
final mosaic DEM. The first fusion method is almost independent from the number of the used
DEMs (Figure 3). On the other hand, the second fusion method depends not only on the number of
the interferometric-based DEMs which participated in the production of the mosaic DEM but also
on the choice of the threshold (Figure 3). Moreover, from Figure 3 it is observed the higher the
number of interferometric-based DEMs, the faster and smoother convergence is achieved regarding
the optimal percentage of non void pixels, i.e.100%.

Figure 3: The percentage of non void pixels in the DEMs produced by the fusion methods.

5. Conclusions
Two fusion methods were applied and tested for the production of a mosaic DEM surface using
interferometric-based DEMs. The first is a state of the art method whereas the second is an
improvement of the first, proposed within this study. Both methods were based on the weighted
average height. Weights were provided by the height accuracy map files, produced by the
SARscape software. However, height accuracy maps are not always consistent with the accuracy of
the interferometric-based DEMs. In the first method, the entire height information was used for
each interferometric-based DEM, while in the second method only selected areas participated in the
procedure. Area selection was made using an ancillary DEM. Experiments showed that the selected
areas from each interferometric-based DEM should present accuracy higher than the vertical
accuracy of the used ancillary DEM for confidence level 95%, in order to improve the final result.
The proposed approach improved the vertical accuracy of the produced mosaic DEM even in
case that the used height accuracy maps were not reliable. The optimum result has been achieved
when specific accuracy criteria, i.e. overall accuracy better than 15m, were set on the
interferometric-based DEMs that participated into the fusion procedure. In this case, the method
improved about 1m the vertical accuracy of the DEM, by producing the minimum RMS error
(5.56m).
559

Chris Choussiafis, et al.: Mosaic Methods for Improving the Accuracy of Interferometric Based Digital Elevation
Models

The study of geomorphological characteristics of the regions of the interferometric-based DEMs
that present low accuracy, as well as the improvement of the quality of the height accuracy maps
need further investigation and will be studied in future work.
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