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Abstract: New interferometric radar data of the TanDEM-X space mission have become 
recently available as a global digital elevation model providing 0.4 arc second spatial res-
olution (ca. 12 meters). The TanDEM-X dataset brings new options into geoscientific re-
search across multiple scales. However, the accuracy and suitability of this data have not 
been evaluated in such an extensive manner as, for example, the widely used SRTM data 
which resolution is 1 arc second (ca. 30 m). We present a validation of the vertical accuracy 
of TanDEM-X DEM product and an evaluation of its suitability for landform classification 
in a forested karst area. The DEM segmentation using geomorphons was used for the auto-
mated object-based landform classification. We focused on the identification of dolines for 
which polygons of dolines mapped by an expert-driven approach were used for validation. 
Airborne lidar data in the form of DSM and DTM were used as the reference dataset for 
validation of the TanDEM-X DEM vertical accuracy. The results from the study area show 
that the vertical RMSE of the TanDEM-X data is 3.42 m with respect to the lidar DSM and 
9.64 m in comparison with lidar DTM. The identification of dolines by the geomorphon 
approach achieved 73 % with TanDEM-X, lower than for the lidar DTM (85 %). The Tan-
DEM-X elevation errors were strongly correlated with the canopy height derived from  
the lidar data suggesting limited suitability of the TanDEM-X data for mapping fine-scale 
geomorphological features under forests while there was a good match with the lidar DTM 
terrain in open areas. 
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Introduction 

Synthetic aperture radar interferometry (InSAR) is one of the most applicable remote 
sensing technologies for acquiring land surface elevation data for the entire Earth. It is  
an active method capable of mapping the land surface independent of daytime and weather 
conditions. The InSAR uses microwave energy pulses which can penetrate through clouds 
and in some extent the forest canopy (e.g., Farr et al. 2007, Rott 2009). The technology has 
been successfully deployed in 2000 by the NASA Shuttle Radar Topographic Mission 
(SRTM) for acquiring an elevation dataset of a near-global coverage with 1 arc second spa-
tial resolution (ca. 30 meters) and vertical accuracy of below 10 meters (Farr et al. 2007, 
NASA 2013). The digital elevation model (DEM) derived from the SRTM data has become 
the most well-known and most widely used digital elevation model (DEM) for geomorpho-
metric analysis of the land surface.  

A much higher level of detail and accuracy of elevation data has been achieved by the 
TanDEM-X mission of the German Aerospace Center (DLR) and its partners. The mission 
operates a twin constellation of Terra-SAR-X and TanDEM-X satellites orbiting the Earth in 
a helix formation. Both sensors of the TanDEM-X mission can transmit and receive the elec-
tromagnetic wave with a phased-array X-band antenna with a carrier frequency of 9.65 GHz 
resulting in a wavelength of about 3.1 cm (Gruber et al. 2012, Krieger et al. 2013).  
____________________ 
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The global TanDEM-X digital elevation data were collected for the entire land surface of 
the Earth during 2010-2014 in at least two or up to four overpasses at 0.4 arc second spatial 
resolution and a claimed relative vertical accuracy below 2 meters on slopes inclined less than 
11° and an absolute vertical accuracy of 10 m (Wessel et al. 2018, Grohmann 2018, Zhang 
et al. 2019). The TanDEM-X DEM is distributed by DLR (2016)  via proposal submission for 
scientific users or commercially as the WorldDEM product by the Airbus Defence and Space. 
As with other SAR elevation products, the measured values are samples of the land cover 
surface elevations thus being a digital surface model (DSM) including buildings and trees. The 
elevation values represent the ellipsoidal heights of the land cover surface relative to the 
WGS84 ellipsoid in the WGS84-G1150 datum. The TanDEM-X Digital Elevation Model is 
not edited and therefore can contain radar and processing artefacts as well as voids. Neverthe-
less, the data have opened new horizons in global applications of geomorphometry. TanDEM-
X data first stimulated research on geometric and semantic accuracy of the product in various 
kinds of environments including high mountains and urban landscape (Rexer and Hirt 2016, 
Schreyer and Lakes 2016, Chu and Lindenschmidt 2017, Purinton and Bookhagen 2017, Wes-
sel et al. 2018, Grohmann 2018). Some of the validation studies are based on comparison with 
other global DEM products such as SRTM, ASTER GDEM, or ALOS World 3D of coarser 
resolution than of TanDEM-X data. Also, GNSS measurement on points or along lines have 
been used are used (Purinton and Bookhagen 2017). In this case, GNSS reference measure-
ments are based on point sample support whereas the SAR elevation measurement refers to  
an area where the average of elevation within the instantaneous field of view is recorded.  
The lidar coverage provides means for upscaling the reference elevation for both DTM and 
DSM to closely approximate the support of the TanDEM-X data. This approach was rarely 
exploited to date (e.g. Schreyer and Lakes 2016). Given that TanDEM-X DEM represents  
a DSM, for geomorphologic studies, it is crucial to analyse its semantic accuracy of identifi-
cation of landforms associated with the terrain surface. This was the motivation of Hengl and 
Reuter (2011) for comparing the accuracy of the GDEM (Global DEM product) and its usa-
bility in the watershed analysis against the reference lidar DEM.  

Therefore, we focused this study on a partially forested karst area for which a high-resolu-
tion lidar coverage exists (Hofierka et al. 2018) to validate the TanDEM-X DEM data in terms 
of vertical accuracy and semantic accuracy. The latter aspect was based on the identification 
of karst depressions (dolines) by the means of the Geomorphons concept introduced by 
Jasiewicz and Stepinski (2013). The area of interest is abundant with dolines, specific karst 
depressions which control the overland flow of water in a karst region (Hofierka et al. 2018), 
indicate the rate of chemical erosion (Chamberlin et al. 2019), structural rock properties 
(Telbisz et al. 2016, Öztürk et al. 2018), or serve as refugees for some biological species 
(Raschmanová et al. 2018, Bátori et al. 2019). Therefore, dolines are of interest in landform 
identification. 
 
Study area 

The area of interest (4.5 × 7 km) is a part of the Slovak Karst (Slovenský kras) near the 
state border of Slovakia with Hungary, Central Europe (Fig. 1). The area comprises the Silická 
planina Plateau with gradually decreasing altitude from 600 m a.s.l. in the north to about  
305 m a.s.l. in the south. Dolines and sinkholes of blind valleys including caves are typical 
landforms in the area. The landscape evolved on carbonate rocks comprising mainly Triassic 
limestones and dolomites of the Silica Nappe. The land is covered by deciduous forests (70%) 
where oak and hornbeam are the most common species (Balogh and Barabas 2016). The rest 
of the study area comprises grassland (20%), shrubs (6%), and arable land (1%), built-up (1%), 
and other areas).  



 - 40 -

 
Fig. 1. Location of the area of interest and its land cover valid to 2015 (A). The black arrow 
shows the location of a doline in (B) which is displayed as a vertical cross-section of a lidar 

point cloud. Cyan points were recorded by airborne laser scanning in 2014 while black 
points originated from terrestrial laser scanning. 

 
Input data 

The DSM and DTM derived from an airborne lidar point cloud originated within an air-
borne laser scanning mission flown in August 2014, were used as the reference DEMs.  
The average density of all laser returns was 29 points/m2 while it was 21 points/m2 for the last 
returns only. The majority of the area is forested, therefore, the average density of ground 
returns is 4 points/m2, but the minimum is not lower than 0.5 points/m2. The accuracy of meas-
urement in open areas is reported at 0.1 m (1σ) by the data supplier. Further details see in 
Hofierka et al. (2017, 2018). The first returns and ground returns were used to produce the 
DSM and DTM, respectively. These models were derived by direct point-to-grid conversion 
into a squared grid of 12 m cell size with the las2grid module in LAStools (Isenburg 2014). 
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The sampling support for the SAR method is an area approximately in the size of a TanDEM-
X data cell, therefore the values of the cells in the lidar DTM (Fig. 2A) and DSM (Fig. 2B) 
were calculated as the average Z coordinate (Baltic vertical datum after adjustment) of the 
lidar points within each cell. The original points and also the derived elevation grids were 
measured in the national cartographic projection system S-JTSK Krovak EastNorth (EPSG: 
5514). The land cover canopy height model (CHM), i.e. normalized height model, was gener-
ated by subtracting lidar DTM from the lidar DSM in a map algebra operation (Fig. 2D). 

For the entire territory of the Slovak Republic to date, a new airborne lidar coverage is 
being gradually generated by the Institute of Geodesy, Cartography, and Cadastre of the Slo-
vak Republic (UGKK) with average density of points of 10-30 points/m2. Although the area 
of interest in this study has been mapped by the governmental lidar campaign in 2021, we 
made use of a custom airborne lidar data (Hofierka et al., 2018) with the quality similar to 
what is being generated by the UGKK and with similar data currency to the TanDEM-X data. 

The evaluated TanDEM-X product was a data tile TDM1-DEM-04-N48E020-V01-C,  
a global standard product derived from multiple TanDEM-X DEM acquisitions within 2011-
2013 (© DLR 2016). The data was originally supplied with a spatial resolution of 0.4″ by 0.6″ 
resolution which corresponds to approximately 12 m cell size. The data were provided by the 
DLR in WGS 84 geographic coordinate system (EPSG: 4326) with elevations referring to el-
lipsoidal heights above the WGS 84 spheroid (Fig. 2C).  

For comparison, all datasets had to be transformed into the same vertical and horizontal 
datum. To match the horizontal datum, we projected the TanDEM-X data to S-JTSK Krovak 
EastNorth (EPSG: 5514) at a 12 m resolution using the bilinear resampling of elevations. The 
lidar DSM and DTM were kept in S-JTSK EastNorth (EPSG: 5514) but their vertical datum 
was converted to ETRS89 geographic coordinate system with ellipsoidal heights (EPSG:4258) 
using the online transformation service of the Slovak Geodetic and Cartographic Institute 
(GKU 2018). The lidar DSM and DTM were resampled to 12 by 12 m grid resolution using 
bilinear interpolation. 

 

Fig. 2. 3D perspective views of (A) the lidar DTM, (B) lidar DSM, (C) TanDEM-X DEM col-
oured by elevation and (D) lidar DSM coloured by lidar-derived canopy height. All models 

are derived at 12 meters spatial resolution. 
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Vertical accuracy assessment and classification of landforms  
Validation of the vertical accuracy was based on vertical errors calculated as grid-to-grid 

comparison in the map algebra subtraction of the lidar DSM and lidar DTM from the Tan-
DEM-X DEM, respectively. Reference data comprised doline polygons as presented in 
Hofierka et al. (2018). They used overlayed slope gradient, mean curvature, and hill-shade 
layers to manually delineate the dolines by expert judgment. The polygons were converted 
into circles centered at the polygon centroids. The reason was that the circular shape of 
dolines suited the raster-based analyses involved in the workflow. Overall, there are 311 
manually delineated dolines within our study area with a mean area size of 9238.13 m2 and 
a mean radius of 62.94 m. 

The r.geomorphon module in GRASS GIS (GRASS Development Team 2018) was used 
for automated landform classification. Geomorphons is a relatively new method employing 
the concept of topographic pattern recognition, using only DEM as input data (Jasiewicz and 
Stepinski 2013). In short, the algorithm looks from the focus cell in eight principal directions 
and designates whether the neighbouring cells are higher, lower, or the same height as the 
central cell. Then, based on the pattern of the neighbouring cells, labels the focal one with one 
of the ten general landforms (pit or depression being the case of dolines). The calculation de-
pends on the four main parameters: outer search radius (search), inner search radius (skip), 
flatness threshold (flat), and flatness distance (dist). Three different settings of search radiuses, 
targeted to the recognition of the dolines, using the value of the mean radius of the reference 
dolines (6 cells) were tested here (the other parameters were left as default): 

Test 1: search = 6 cells (as mean radius), skip = 0; 
Test 2: search = 12 cells (as double the mean radius), skip= 0; 
Test 3: search = 12 cells (as double the mean radius), skip = 6 (as mean radius). 

Depressions classified by the geomorphons method within the area of karstified carbonate 
bedrock were converted into polygons and compared with the reference polygons. Next, geo-
morphons classes were assigned to the centroids of the reference polygons, and their member-
ship to the depression class was evaluated. Also, the Compute Confusion Matrix tool in the 
Spatial Analyst Extension in ArcGIS 10.4 (ESRI 2016) was used for accuracy assessment of 
overall landforms classification obtained by the geomorphons method. There were 100 points 
distributed randomly within each of the ten landform classes, using the equalized stratified 
random sampling. The accuracy of the classifications was computed for Lidar DTM vs. Tan-
DEM-X DEM, considering the classification of the lidar DTM as the reference dataset. 
 
Results and Discussion  

The statistical analysis indicates that TanDEM-X data more closely approximates the land 
cover surface and largely overestimates the terrain surface (Tab. 1). This fact is apparent look-
ing at the measures of central tendency, such as the mean and median error, having a positive 
value of around 7.5 m for the lidar DTM. The RMSE of 9.64 m with respect to the DTM also 
indicates a large overall deviation of the TanDEM-X surface from the reference lidar DTM. 
Statistics for the vertical errors with respect to the lidar DSM show a narrower spread of height 
differences. Fig. 3 shows the spatial distribution of the vertical errors which can be compared 
with the lidar canopy height model (CHM). The differences between TanDEM-X DEM and 
lidar DSM and DTM are within a metre in the areas of low CHM values (open land surface). 
On the other hand, the differences are larger in the forested areas where the CHM values are 
high. Fig. 3 can be compared with Fig. 1 where the land cover is displayed.  
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Tab. 1. Vertical accuracy assessment of the TanDEM-X DEM against  
the lidar DSM and lidar DTM  

Statistics TanDEM-X - lidar DSM TanDEM-X - lidar DTM 
Count 218 750 218 750 
Min (m) -19.54 0-6.14 
Max (m) -27.10  -36.91 
Mean (m) 0-1.99 0-7.54 
SD (m) 0-2.78 0-6.01 
RMSE (m) 0-3.42 0-9.64 
Median (m) 0-1.84 0-7.53 

 

 

 
Fig. 3. Vertical errors of the TanDEM-X elevation data with respect to (A) the lidar DSM 
and (B) lidar DTM, respectively; (C) Landscape canopy height (CHM) and (D) its linear  

relationship with the errors a bivariate scatterplot of probability density 
 
While the TanDEM-X underestimates the DSM in the forested land for which the errors are 
negative, it overestimates the Lidar DTM in the forested areas where the errors become posi-
tive. The relationship between the errors with respect to the DSM and DTM and the CHM is 
depicted by the scatterplots (Fig. 3D) showing pairs of cell values where the points are mapped 
by a probability density function (PDF). A high concentration of point pairs is indicated by 
yellow to red tones. While the relationship is negative though weak for the DSM-based errors, 
the DTM-based errors show a strong correlation with CHM which is significant at p = 0.01. 
This indicates that TanDEM-X DEM data in the study area do not represent the ground surface 
(terrain) but the canopy surface which poses possible limitations to accurately identifying the 
terrain features in forested land. Similar findings were reported by Chu and Lindenschmidt 
(2017). General overestimation of the reference terrain surface by the TanDEM-X can be also 
observed in Figure 4 where the errors concentrate around zero for open land while they are 
shifted towards higher positive values in forested areas. The relatively large negative errors 
between TanDEM-X and Lidar DSM (below -7 m) occur in the forested areas indicating that 
TanDEM-X underestimates the forest canopy with respect to the Lidar DSM (Fig. 3A, 3C, 4B, 
5B). This finding can be related to the penetration of the X-band radar wavelengths into the 
tree canopy until the signal is scattered back. Values of -6 m were reported by Kellndorfer et 
al. (2004) and Solberg et al. (2007) for the SRTM C-band and X-band, respectively. It is also 
reported by Gdulová et al. (2020) for TanDEM-X data from the Krkonoše and Šumava moun-
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tains in Czechia. Lower negative values in our case can also be related to systematic underes-
timation on slopes particularly orientated off the signal direction inducing radar signal shadow 
and also to the leaf-on/leaf-off condition during the time of sensing.  

 

 
Fig. 4. Distribution of vertical errors for TanDEM-X DEM with respect to (A) lidar DTM 

and (B) lidar DSM, respectively 
 

Figures 5 and 6 show the boxplots of vertical errors stratified according to 16 slope aspect 
categories based on land cover (Fig. 5) and 3 slope angle categories (Fig. 6). The independency 
of slope aspect and slope angle and slope angle and land cover was checked by calculating the 
circular vs. linear variable correlation coefficient and Spearman’s rank coefficient, respec-
tively, using the R package “Directional” and “base“. The correlation of both pairs of variables 
resulted in 0.013 and 0.382, respectively, having a p-value below 0.0001. Based on the results, 
we claim there is a very weak and weak correlation between the tested variables, respectively. 
Figure 5 illustrates the lower spread of vertical errors and low mean residuals for open land as 
opposed to forested land regardless of the reference DEM, whether it is DTM (Fig. 5A) or 
DSM (Fig. 5B). The vertical errors tend to increase for both reference surfaces (Fig. 6A, 6B) 
with increasing slope angle. The median vertical errors and RMSE for the two slope categories 
follow the results reported in Wessel et al. (2018), Grohmann (2018), Zhang et al. (2019), 
Gdulová et al. (2020). 
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 The errors are highest for N, NE oriented slopes (0° – 67.5°) for the reference DTM  
(Fig. 6A). On the other hand, the highest errors for the reference DSM (Fig. 6B) tend to con-
centrate in the opposite W, SW direction (202.5° – 270°). This trend is preserved also in  
Fig. 5 thus it cannot be explained by land cover or slope individually. The correlation of larger 
errors in TanDEM-X DEM with westerly facing and relatively steep slopes was also found by 
Gdulová et al. (2020). The authors relate the findings to the effect of look angle direction and 
coverage by the SAR signal with a single mode of scanning (ascending or descending), which 
can also explain the distribution of errors in our study area.  

 

Fig. 5. The vertical errors between (A) TanDEM-X DEM and LiDAR DTM, (B) TanDEM-X 
DEM and LiDAR DSM in relation to land cover in the study area against the slope aspect 

 
 

Fig. 6. The vertical errors between (A) TanDEM-X DEM and Lidar DTM, (B) TanDEM-X 
DEM and Lidar DSM in relation to land cover in the study area against the slope angle 
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The TanDEM-X elevation surface model was subject to landform segmentation using the 
method of geomorphon classification in 3 tests. Landforms with planimetrical sizes up to  
60 meters were delineated in Test 1. However, the size of the classified depressions does not 
visually correspond with the reference polygons. The size of the landforms was therefore dou-
bled in Test 2, but the results were still not satisfying. Adjusting also the inner search radius 
in Test 3 proved to be important for the increase of the size of classified landforms (Fig. 7). 
Therefore, only classification resulting from Test 3, where landforms with planimetric sizes 
up to 120 meters and not smaller than 60 meters were delineated, was taken for further anal-
yses. The comparison of reference polygons and polygonal representation of depressions de-
rived by the geomorphons in Test 3 settings are displayed in Fig. 8 and in Table 2. The spatial 
match was based on the condition of the intersection between the 311 reference polygons and 
the doline polygons resulting from the DTM classification. The highest number of depressions 
within the area of karstified carbonate bedrock was derived from the lidar DTM (216) of which 
85 % of depressions intersect with the reference doline polygons. However, their mean area 
and diameter are markedly smaller than th reference, which points to their underestimation 
given by the settings of calculation of geomorphons. As expected, the number of matching 
depressions mapped from the TanDEM-X is smaller, but still acceptable 157 and its 73 % of 
the reference polygons.  

Fig. 7. Landform classification of the TanDEM-X DEM based on various input parameters 
setting (Test 1 – 3, details see in the text) resulting in 10 classes of geomorphons. 

0 
Tab. 2. Summary statistics of reference doline polygons and depressions classified by the  

geomorphons method within the area of the karstified carbonate bedrock 

Input DTM 
Geomorphons 

Lidar TanDEM-X 
Reference data 0All 0Int 0All 0Int 

Count 311 216 184 157 114 
Mean area (m2) 9205.73 2947.22 3021.20 2797.45 3110.53 

Mean d (m) 0 108.26 0061.52 0062.02 0059.68 0062.93 
% 0- 0- 0085.19 0- 0072.61 
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Fig. 8. Landform classification based on (A) the input lidar DTM and TanDEM-X DEM  

resulting in (B) 10 classes of geomorphons (input parameters setting Test 3)  
from which the class “depression” was extracted and compared  

as an intersection with the reference doline polygons 
 
The proportion of correctly classified dolines decreased if the measure of accuracy is tar-

geted precisely to the centroids of the reference polygons (Table 3). For the lidar DTM, the 
spatial match achieved 62 % and 33 % for the TanDEM-X DEM. The remaining dolines are 
classified as the landforms of the valley, hollow, slope, and spur. It can be also related to the 
settings of geomorphons calculation. Small dolines can be classified and mapped as a valley 
or slope if the inner or outer search radius values are set to large. It applies also to the larger 
dolines if the search radiuses are too small. 
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Tab. 3. Centroids of reference polygons with assigned landform classes by the geomorphons 
method for the input Lidar DTM and TanDEM-X DEM 

Class of geomorphons 
Input DEM 

Lidar TanDEM-X 
0N 0% 0N 0% 

Ridge 000 00.00 010 03.22 
Spur 001 00.32 017 05.47 

Slope 010 03.22 055 17.68 
Hollow 022 07.07 043 13.83 

Footslope 000 00.00 000 00.00 
Valley 084 27.01 082 26.37 

Depression 194 62.38 104 33.44 
Total 311  311  

% – Percent of total number of centroids (311) 
 

Tab. 4 assesses the accuracy of detecting the depression class by the geomorphon method in 
the TanDEM-X DEM. The overall assessment of the accuracy of the geomorphons classification 
(Kappa index of agreement) against the Lidar DTM is 0.46. The accuracy of detecting the class 
“depression” is slightly higher (0.5 for TanDEM-X DEM), though it is generally low. The geo-
metric accuracy, precision, and geomorphic level of detail preserved in the lidar DTM is even 
after the resampling to 12-meter resolution still better than compared to the TanDEM-X surface. 

 

Tab. 4. Confusion matrix of classification accuracy assessment for the class depression de-
rived by the geomorphon method from the TanDEM-X DEM against the Lidar DTM 

Confusion matrix  Depression landforms from TanDEM-X DEM  

Count 

Reference depressions from Lidar DTM 100 
True positives 050 
False positives 005 

All detected depressions from TanDEM-X DEM 055 

Accuracy 
Producer´s 00000.50 

User´s 00000.91 
 

Conclusions 
We analyzed the TanDEM-X elevation dataset for karst, a largely forested landscape in 

Slovakia. The results showed this digital elevation model largely overestimates the terrain sur-
face where the forest grows. The TanDEM-X represents the canopy surface albeit it underes-
timated it by a few meters under on average in the study area with leaf-on tree conditions. 
These findings follow previous similar studies. From the perspective of landform classifica-
tion, the reported facts pose limitations which were shown by the geomorphons classification 
targeted at the recognition of dolines. Future research should focus on testing the settings for 
extracting the geomorphons at the spatial scale relevant to the objects of interest and the source 
DTM. In terms of TanDEM-X vertical error assessment, it should focus on areas with a low 
percentage of canopy, e.g. mountainous areas, where, on the other hand, a problem of radar 
shadow can arise. Nevertheless, the TanDEM-X digital elevation dataset is being corrected 
and processed similarly to the SRTM improvement to represent the land surface more accu-
rately. The data will truly bring revolution into planetary terrain analysis in high spatial reso-
lution or in spatial prediction such as soil properties where no in-situ sample network exists  
(Cherlinka et al., 2019). Regional or state-wide assessment of TanDEM-X height and posi-
tional error will be possible also in Slovakia as the national lidar data covers already the ma-
jority of the state and should become complete by 2023. 
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