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Abstract: Digital Elevation Model (DEM) generation from satellite photogrammetry is a well-

established method for extracting topographic information from optical stereo imagery. With the 

increasing agility of modern satellites, tri-stereo acquisitions (SPOT-6/7, Worldview-3) are now 

commonly available. Although the use of Ground Control Points (GCPs) is standard for ensuring 

absolute accuracy, their collection is costly, time-consuming, and labor-intensive. To address these 

limitations, GCP-less DEM extraction approaches have been developed, relying on Rational 

Polynomial Coefficients (RPCs) and an initial seed DEM to constrain the object-space geometry. This 

study evaluates the influence of three different seed DEMs—ALOS World 3D (AW3D30), FABDEM, 

and the Indonesia-specific DEMNAS—on GCP-less DEM extraction using an iterative bundle 

adjustment approach on SPOT-6/7 panchromatic tri-stereo imagery. Three test sites in South Sulawesi 

were selected to represent varied landform and land cover characteristics. All DEMs were converted 

to an ellipsoidal vertical datum for consistency. A total of 27 DEMs were generated at a 6-meter ground 

sampling distance (GSD) and evaluated based on visual quality, horizontal alignment, and vertical 

accuracy. Vertical validation was conducted using 86 independent control points (ICPs) obtained 

through GNSS field surveys. Most outputs showed good visual fidelity, though some contained voids 

from cloud cover. Horizontal accuracy remained within one pixel across all outputs. Vertical Root 

Mean Square Error (RMSE) ranged from 1.18 to 4.79 meters. DEMNAS performed best as an initial 

seed DEM for GCP-less processing, with mean shift magnitude of 0.42 meters (x-direction) and 0.42 

meters (y-direction). It also produced the lowest average vertical error, with RMSE, Mean Absolute 

Error (MAE), and Normalized Median Absolute Deviation (NMAD) of 4 m, 2.57 m, and 2.14 m, 

respectively. Given the limited availability of DEMNAS, AW3D30 presents a viable globally available 

alternative. Further testing with additional seed DEMs is recommended to enhance the generalizability 

of this GCP-less approach. 
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Introduction 

Digital Elevation Models (DEMs) hold a very important part in terrain analysis, hydrology, 

hazard assessment, as well as infrastructure planning. Terrain modeling using field 
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measurements is often met with challenging access, high cost, and labour. Furthermore, in 

humid tropical regions, persistent cloud cover limits airborne surveys. Optical stereo satellite 

data provide a practical way to mitigate these challenges with larger coverage and higher 

temporal. 

Generating DEMs using photogrammetry for satellite imagery has been developed since 1986 

with the launch of the SPOT-1 satellite (Cooper et al., 1987; Swann et al., 1988). The approach 

and methods have then evolved, adapting to various radiometric, temporal acquisition, 

topographic reliefs, and land covers. 

Several studies have acknowledged the need for automated DEM extraction using 

photogrammetry without the need for ground control points (GCPs). To mitigate missing 

GCPs, researchers are looking for a way to ensure high positional accuracy of the image. The 

most common approach is to use a reference DEM as a constraint during bundle block 

adjustment or as a reference for DEM co-registration (Cao et al., 2019; Chen et al., 2018; 

Gonçalves, 2008). The reference DEM used was varied. Some use SRTM (Afsharnia et al., 

2022; Chen et al., 2017, 2018; P. Zhou et al., 2018), DEMs provided by local mapping agency 

(Neigh et al., 2014; Zheng & Zhang, 2016; Zylshal et al., 2024), ASTER GDEM (Cao et al., 

2019), ALOS World DEM 30 meter (AW3D30) (Cao et al., 2019). Recent development saw 

the utilization of space-borne LiDAR data such as the ICESat and/or ICESat-2 used in a dem 

bias compensation and/or correction (Lee & Hahn, 2024). We then starte 

Despite the operational potential, we identified that one practical question remains under-

evaluated; how does the choice of initial-guess DEMs influence the final DEM accuracy? 

Various freely available DEMs are readily available for both Indonesia and worldwide. These 

public DEMs have their own characteristics (Carrera-Hernández, 2021). Indonesia-specific 

DEM Nasional (DEMNAS) combines multiple DEM sources to form an 8-meter GSD of 

DEM/DSM (BIG, 2018). ALOS World DEM 30-meter (AW3D30) is a global Digital Surface 

Model (DSM) produced from photogrammetric DEM of ALOS PRISM. Forest and Building 

removed Copernicus DEM (FABDEM) showcases the latest Global DEM product with its 

“bare-earth” nature. These DEMs represent different surface representation, where AW3D30 

is a DSM, FABDEM is a Digital Terrain Model (DTM), and DEMNAS is in between DSM 

and DTM (Julzarika & Harintaka, 2019). Using different types of DEMs would give is a more 

comprehensive insight on the GCP-less DEM extraction approach performance. In this study, 

the GCP-less DEM extraction workflow developed by Zylshal et al. (2024) used a the tested 

workflow. 
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South Sulawesi, in Indonesia, provides a good test bed for our study. The region spans coastal 

plains, karst topography with medium elevation, as well as steep forested hills. The region was 

also recently undergone massive infrastructure development (Zylshal et al., 2022). Thus, it 

prompts for an update of the digital elevation model. Utilizing SPOT-6/7 tri-stereo imagery 

across three different representative areas (Barru, Maros, and Makassar) enables us to 

comprehensively assess the seed DEMs over different terrain types. Our study, therefore, aims 

to evaluate and quantify how initial DEM choices affect a GCP-less DEM extraction workflow 

for SPOT-6/7 tri-stereo imagery across three humid-tropical terrain in South Sulawesi 

Province, Indonesia. 

Methodology 

a. Study Area  

 

Figure 1. DEM extraction test sites over South Sulawesi Province, (A) LULC Barru, (B) 

Elevation range Barru, (C) LULC Maros, (D) Elevation range Maros, (E) LULC Makassar, 

(F) Elevation range Makassar, (G) Overview of South Sulawesi’s railway line 
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In this study, we tested our workflow on three different test sites over South Sulawesi. Each 

test sites covers 1021 km2 area. Test site B and C has 41% overlapped region (~417.96 km2). 

This gives us a good opportunity to test the geometric and radiometric consistency of the gcp-

less DEM extraction method used. The test sites were chosen based on their varying topography 

and land use/land cover characteristics. We utilize the 2021 10 meter ESA World landcover 

data (Zanaga et al., 2022) as the land use/land cover reference. 

Test site A, located in Barru region represent a rural area dominated with high structural 

mountain in the eastern part, with relatively flat alluvial plain on the West side. The mountain 

region is dominated with tree cover while the plain is covered with cropland, built-up, as well 

as fishpond.  

Test site B, located mostly in Maros region, represent a mix of urban and rural region, as it is 

directly border the province’s capital. The Western part is also dominated by mountains, just 

as test site A. However, these mountains are of the solutional landform, more specifically the 

Bantimurung-Bulusarawung karst region. The most prominent features for this karst region is 

its tower karst features. The tower karst exhibit an almost vertical slope that could reach 50 – 

100-meter above ground. The flat and fertile alluvial plains can be found on the center parts of 

the test sites, with larger coverage on the Western part is dominated by aquaculture fishpond. 

A dense built-up region can be found on the Southwest of the test site. 

Test site C, located mostly in Makassar City, represent an urban region with flat alluvial plain 

for the most region. A gentle denudational hills can be found on the eastern part, albeit not as 

dominant as the other two test sites. The built-up urban region can be found on the Southwest 

region with the cropland covers most of the other flat region. The same fishpond on test site B 

can also be found on the Northwest part of test site C. 

b. Datasets 

Table 1. Tristereo SPOT-6/7 dataset used. The incidence angle is taken from the “center” pixel 

and shown in degree 
AOI Dataset ID Acquisition date Incidence angle Remarks 

Barru SPOT7_P_202004170152299 17th April 2020 21.39 Forward 

SPOT7_P_202004170152455 17th April 2020 19.48 Nadir 

SPOT7_P_202004170152575 17th April 2020 18.56 Backward 

Maros SPOT6_P_201809290154426 29th September 2018   Forward 

SPOT6_P_201809290154565 29th September 2018 12.63 Nadir 

SPOT6_P_201809290155321 29th September 2018 8.98 Backward 

Makassar SPOT6_P_201309020158014 02nd September 2013 5.00 Forward 

SPOT6_P_201309020158176 02nd September 2013 2.77 Nadir 

SPOT6_P_201309020158344 02nd September 2013 0.61 Backward 
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Table 1 shows the SPOT-6/7 tri-stereo datasets used in this study. ALOS World 3D-30m 

(AW3D30) is a DSM dataset released by Japan Aerospace Exploration Agency (JAXA) with 

30 m of spatial resolution, we used the 3.2 version launched in February 2022. It was created 

by JAXA based on the digital 3D map “ALOS World 3D” (AW3D) (5-meter mesh version). 

The horizontal accuracy expected to better than 5 m based on its original specification 

(Nikolakopoulos, 2020; Tadono et al., 2016). The vertical accuracy varied between 3.01 to 

11.56 m, generally overestimated dependent on slope, aspect, and landcover (Huang et al., 

2024).  

DEM Nasional (DEMNAS) is Indonesia specific DEM launched by Indonesian Geospatial 

Information Agency (BIG) in 2018, it was created from compilation of data from various DEM 

sources (TerraSAR-X, IFSAR, ALOS PALSAR) and mass point (BIG, 2018). This data was 

obtained from https://tanahair.indonesia.go.id/portal-web/, available at 0.27 ArcSecond spatial 

resolution or ~8 m. Recent study discovered that the vertical accuracy of DEMNAS compared 

to field measurement RMSE and LE90 were 4.968 m and 8.172 m, respectively, worse than 

official statement of BIG (Susetyo, 2023). In the other hand, DEMNAS present worse error in 

vertical accuracy in the Karimunjawa archipelago were 6.33 m (RMSE) and 10.45 (LE90) yet 

still possible to use as reference for producing geomorphological maps with scales of 1:25.000 

or smaller (Mutaqin et al., 2023). 

Forest And Buildings removed Copernicus DEM (FABDEM) is different type of DEM 

compared to Global DEM mentioned above. This dataset is generated by remove the bias of 

building and tree height from COPDEM30 using machine learning approach called random 

forest regression, then represent the Digital Terrain Model (DTM) (Hawker et al., 2022). It is 

available at 1 arc second (∼30 m) resolution and the reported RMSE is 2.33 m for urban area, 

4.96 m for forest area, and 6.66 m for boreal forest area, assessed by LiDAR DTM as reference 

data. Some study reported that FABDEM showed better performance compared to other DTM 

in hydrological application including flood hazard mapping or flood modeling related to the 

land use/land cover variation (Nandam & Patel, 2024). The FABDEM V1-2 data used in this 

study, released in January 2023 and freely available obtained from 

https://data.bris.ac.uk/data/dataset 

c. Preprocessing 

In this study, the tiled based format of SPOT-6/7 tri-stereo, delivered with JP2000 files were 

merged into a single geotiff file using “gdal_translate”. In this step, the RPC camera 

model metadata was written into the same Geotiff file. Next, all three seed DEM’s vertical 
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datum were converted into ellipsoidal vertical datum using the “dem_geoid” in AMES 

Stereo Pipeline (ASP). 

d. DEM extraction 

The DEM extraction stages were all conducted using NASA’s AMES Stereo Pipeline version 

3.4.0. The processing were conducted on BRIN’s high-performance Computer (BRIN HPC 

Mahameru 4) with 4 nodes (256 cores), 256GB RAM (Wirahman et al., 2025). The GCP-less 

DEM extraction workflow is shown in figure 2. 

 

Figure 2. General workflow of the study 

The first step is the bundle adjustment (BA). The purpose of this step is to ensure the sensor 

or camera parameters and position of all three images are adjusted to better align to each other. 

The bundle adjustment, sometimes also called bundle block adjustment in general utilize the 

correlation between the 2D image spaces with the 3D object location. We chose the least 

square algorithm for its faster processing and based on other studies, it gave a good results. 

For our study we employ the “parallel_bundle_adjust” function to maximise the 
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multiple nodes available in our machine. This step produced a camera orientation and positions 

variable stored in a text file. 

The next step is to perform a preliminary stereo correlation to produce a coarse and smooth 

initial DEM. To ensure high vertical accuracy, we opted to use the Forward – Backward (FN) 

stereo pair of the original SPOT-6/7 tri-stereo. Here, we utilize the “parallel_stereo” 

tool and chose the Normalized Cross Correlation (NCC) algorithm for the image correlation 

algorithm. The detailed parameter used is shown in table 2. We advise to check the ASP’s 

manual for detailed explanation on what each parameters means. This preliminary DEM is 

generated at a coarser and smoother 20-meter GSD at UTM zone 50 South projection 

(EPSG:32750). It then co-registered with our seed DEM using ASP’s “pc_align” tool. The 

ASP defaulted into the Iterative Closest Point algorithm (Pomerleau et al., 2013; Shean et al., 

2016). It is worth mentioning, that other algorithms are available Nuth & Kääb (2011), Fast 

Global Registration (FGR) (Q. Y. Zhou et al., 2016).  

Table 2. Initial DEM stereo correlator parameter using NCC 

Parameters Value 

Xcorr – threshold 2 

Cost mode 2 

Correlation kernel 25 

Subpixel kernel 35 

Correlation tile size 3200 

Correlation memory limit 256000 mb 

Subpixel-mode 2 

We then performed a second iteration of bundle adjustment using both the first BA output file, 

and the alignment parameters from the previous “pc_align” step. Then, using the 

transformation data from the second BA, we move onto orthorectifying the original tri-stereo 

SPOT-6/7 imagery. The refined camera position from the second BA, as well as the initial 

guess of DEM from the investigated seed DEM, produce orthorectified images at 1.5-meter 

resolution. This image is comparable to AIRBUS’s ORT product. 

Table 3. DEM stereo correlator parameter using MGM 

Parameters Value 

Xcorr – threshold 2 

Cost mode 4 

Correlation kernel 7 

Subpixel kernel 15 

Correlation tile size 3200 

Correlation memory limit 256000 mb 

Subpixel-mode 2 
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The second iteration of stereo correlation for DEM extraction then performed iteratively for 

all three possible pairs (Forward-Nadir, Forward-Backward, and Nadir-Backward). However, 

for this study we chose the more global matching algorithm (MGM) (Facciolo et al., 2015) for 

the stereo correlator. Based on previous study, the MGM are able to handle low-texture area 

and produce smoother surface while maintaining the more complex terrain features (Purinton 

et al., 2023). Considering most of the rural area are ricefield with relatively smooth surface, 

we were hoping that MGM would provide good results. Once again utilizing the 

“parallel_stereo” function, the parameters used in this step is shown in table 3. This 

step produced three point clouds, which then converted into wall-to-wall 6-meter DEM in 

geotiff format using “point2dem”. The produced DEM is in ellipsoid vertical datum and 

EPSG:32750 coordinate reference system. We then re-run the workflow for other study area 

and other seed DEMs. In total, 27 different scenarios were tested, coming from 3 different test 

sites, with 3 different seed DEM, and 3 different stereo pair mode (Table 4). 

Table 4. 27 different investigated scenario 

No Seed DEM Region Pair No Seed DEM Region Pair No Seed DEM Region Pair 

01 AW3D Barru FN 10 AW3D Maros FN 19 AW3D Makassar FN 

02 AW3D Barru FB 11 AW3D Maros FB 20 AW3D Makassar FB 

03 AW3D Barru NB 12 AW3D Maros NB 21 AW3D Makassar NB 

04 DEMNAS Barru FN 13 DEMNAS Maros FN 22 DEMNAS Makassar FN 

05 DEMNAS Barru FB 14 DEMNAS Maros FB 23 DEMNAS Makassar FB 

06 DEMNAS Barru NB 15 DEMNAS Maros NB 24 DEMNAS Makassar NB 

07 FABDEM Barru FN 16 FABDEM Maros FN 25 FABDEM Makassar FN 

08 FABDEM Barru FB 17 FABDEM Maros FB 26 FABDEM Makassar FB 

09 FABDEM Barru NB 18 FABDEM Maros NB 27 FABDEM Makassar NB 

e. DEM Evaluation 

We first check the produced DEMs for visual agreement with the local topography from the 

reference DEMs. Relief’s consistency were also checked. We then performed horizontal shift’s 

calculation using the Nuth & Kaab algorithm (Nuth & Kääb, 2011). As the algorithm calculate 

the horizontal shifts and iteratively shift’s the image to a final coregistered pair, we only use 

the first iteration horizontal shift’s value in x (dx) and y (dy) direction. 

We then measured the vertical accuracy using 87 independent control points (ICP) collected 

during 2021-2022 using GNSS (Trimble Geo7x, Trimble GeoXT, CHC i50, and South S86s). 

The point’s distribution is shown in figure 1. Root mean square error (RMSE), Mean Absolute 

Error (MAE), and Normalized Median Absolute Deviation (NMAD) were calculate as the 

quantitative vertical accuracy. 
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To assess how these initial guess DEMs influence the accuracy on different surface conditions, 

we then stratified vertical residuals by slope and land cover. The slope were classified into 4 

different range (0-5, 5-15, 15-30, >30). Landcover classes was taken from the previously 

mentioned 2021 ESA WorldCover (Zanaga et al., 2022). 

Further analysis were then performed to inspect whether our results shows height-dependent 

behaviour. Using scatterplot of height residuals we tested the vertical error correlation with the 

absolute elevation. For each scenario, we fit a robust linear model on the 95% CI where: 

"#$%&'() =	∝ +. ∙ ℎ!"" 

We expect that a near zero slope (b) should indicate a no height-dependent bias. 

 

Results and Discussion 

We were able to produce 27 DEMs with 6-meter GSD over 3 seed DEMs on 3 stereo pairs as 

well as 3 different test sites. Figure 3 provide the visual results of our DEMs. Visual evaluation 

shows good morphological representation on the hillslope-catchment scales. Large “voids” (No 

Data value) are visible due to cloud/shadow in the input imagery. Zoomed in view on figure 4 

shows that, smaller no-data values occurs on low-texture regions across the 27 DEMs, albeit 

with different degree of completeness. Visual inspection also shows that no seamline artifact 

were apparent, and the ridge/valley connectivity is preserved. 
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Figure 4. Zoomed in hillshade (AOI 2) where small holes were visible. The number for each 

image corresponds to the pair numbers shown in table 4. Yellow circles emphasize voids 

produced by AW3D30. Red circles emphasize different amount of “voids” and topographic 

details. 

Figure 4 showed zoomed in view over AOI 2 (Maros). Here, we found the first evidence of 

how seed DEM could influence the final product. We found that for AW3D30, small “sinks” 

are visible to the final DEM (yellow circles). These sinks are originally exist on the AW3D30 

version 3.2. Their positions are exactly the same with the final DEM extracted from our 

approach. We also found that apart from clouds and waterbodies, the produced DEMs are all 

exhibit small “voids” due to shadows produced by topographic relief and stereo pairs geometry. 

Red circles in figure 4 emphasize our findings, with an additional detailed differences. These 

detailed differences, however, is more related to the acquisition geometry, rather than the seed 

DEM. Forward-Nadir (FN) geometry, consistently produced higher detail compared to the 

other across three different seed DEMs. 
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Figure 5. Elevation profile over a subset of AOI 2 (Rammang-rammang village). (A) the 

produced DEM (pair 13), (B) High-resolution satellite imagery, the elevation profile for pair 

10, 13, 16, AW3D30, DEMNAS, and FABDEM. 

 

Figure 5 shows an elevation profile over the same subset in figure 4. The transect line span 620 

meter from A to B. Here, we found that for the flat region on the plain all DEMs are mostly 

agreed to each other. The difference came over the hilltop. Looking at point A, all three 

produced DEM as well as AW3D30 exhibit high value with recorded elevation just over 260-

meter. Both DEMNAS and FABDEM recorded lower value of just under 240-meter on the 

same starting point. This shows, basically, two different types of DEMs. Our produced DEMs 

along with AW3D30 is DSM, thus provide higher elevation due to additional surface features. 

On the other hand, DEMNAS and FABDEM, behave like a true DTM, where the surface 

feature, which most likely are vegetation, are not included. Looking at the opposite side (B), 

DEMNAS exhibit lower elevation compared to the other DEMs. DEMNAS also shows a 

relatively gentle slope compared to the other DEMs shown. 
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Figure 6. Summary statistics across scenarios on vertical accuracy shown in (a) RMSE, (b) 

NMAD, (c) MAE, and horizontal shifts in (e) dx, as well as (f) dy direction, sorted in an 

ascending format. 

Figure 6 shows the bar chart of vertical accuracy across all 27 scenarios relative to the 86 GNSS 

ICPs, with RMSE ranging from 2.11 – 6.68 m, NMAD ranging from 1.18 – 4.79 m, and MAE 

ranging from 1.60 – 5.03 meter. Looking at each seed DEMs, DEMNAS produced the lowest 

average of RMSE with 4.00 m, followed by AW3D30 with average RMSE of 4.50. FABDEM 

came last with average RMSE of 5.07 meter. Based on each test site, DEMNAS consistently 

produced lowest RMSE for all sites, with an average of 2.68, 4.75, and 4.57 for AOI 1, AOI 2, 

and AOI 3, respectively. 

Furthermore, the horizontal shifts shown in figure 6d and 6e reiterate DEMNAS to have the 

best results with the tightest alignment. Using DEMNAS, we were able to produce a mean 

absolute shift of 0.42 m, and 0.43 m for dx, and dy direction, respectively. AW3D30 produced 
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small, but directionally consistent positive bias of 1.74 m, and 0.88 m on average for dx, and 

dy direction, respectively. Lastly, compared to other seed DEM, FABDEM gave the largest 

shifts with mean absolute error of 2.25 and 2.53 m in negative direction of dx, and dy, 

respectively. Considering the 6-m GSD of our DEMs, we deemed that these values are all 

accurately acceptable. 

To this point, we showed that each initial guess DEMs affect both visual and quantitative 

characteristics of the produced DEM. We then plotted the elevation residuals against different 

elevation from the GNSS points (Figure 7) with linear fits (95% CI). Here, we found that for 

there are minimal height-dependent bias for AOI 1 and AOI 2. AOI 3, however, exhibit a 

height-dependent bias for all three initial seed DEMs. 

 

Figure 7. Elevation residuals plotted against GNSS elevation 

 

Our results shows that the initial guess DEMs original trait (DSM/DTM/sink/void) affect the 

final products. The original sink shown in figure 4 for AW3D30 inherited by its subsequent 

final DEMs. We originally were not aware of such sink in AOI2, since doline/depression 

features are expected in karst region. We confirmed this trait by looking at the same phenomena 

in other test sites that exhibit the same visuals. The main reason for such trait was the use of 

ICP algorithm on the point cloud adjustment (pc_align) phase. ASP utilize the point-to-

plane flavor of ICP algorithm during the point cloud alignment phase. We argue that the use of 

point-to-plane ICP algorithm during point cloud adjustment contributed to the inherited sinks 

found in our final DEM. Our argument came from the fact that the point-to-plane ICP would 

consider the sink surface on the AW3D30 as the local surface structure, thus iteratively align 

our stereo point cloud to minimize the error between two corresponding points (Low, 2004). 

Fortunately, the latest release of AW3D30 (version 4.1) have corrected these sinks and should 

eliminates the inherited sinks for our DEMs. Alternatively, other coregistration algorithms is 

available for point-cloud alignment, as mentioned in method section. How they performed, 

however, is outside of our current scope. 
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Large voids on cloud and cloud shadow region found in our study is once again showcase the 

main limitation of using optical satellite imagery for DEM extraction. This issues have also 

been acknowledge by previous studies (de Oliveira et al., 2011; Sefercik et al., 2013; Zylshal 

et al., 2022). While using stereo SAR could mitigate the cloud cover issue (de Oliveira et al., 

2011), its limited data availability and considerably lower spatial resolution deemed too big of 

a gap when compared to our study. We are more drawn to other approach when dealing with 

these larger gaps. We recommend to use DEM fusion approach (Setiyoko et al., 2019) or the 

more established DEM void-fill algorithm (Hu et al., 2024; Luedeling et al., 2007). Both of 

which, is outside of our current scope. 

We also acknowledge that our results, have not considered all available global DEM such as 

CopernicusDEM (Fahrland, 2020), ASTER GDEM (Abrams et al., 2015), MERIT (Yamazaki 

et al., 2017), TanDEM-X (Zink et al., 2014), SRTM (Farr et al., 2007), and local topographic 

map. Based on what we found in this study, including these global DEMs could provide better 

insight on the use of DSM or DTM as the initial seed DEM, as well as its reproducibility 

worldwide. 

While our initial aim is to investigate the initial guess DEMs, we also found that stereo 

geometry (convergence angle) also plays an important role in DEM quality produced. The 

recommended practice for base-to-height of 0.3 – 0.7 has been widely accepted (Astrium, 

2014), and utilized in our initial request to the image vendor. However, as the user, we seldom 

have any says on the final delivered product. All datasets we tested were request at minimum 

of 0.3 to 0.7 b/h. However, with the constraint of cloud cover in our study as well as limited 

windows of opportunity, the delivered product sometimes only matched the request b/h value 

on forward-backward geometry. For a high-relief terrain, we recommend to use the forward-

backward geometry. 

Lastly, as our study investigate tri-stereo acquisition, the use of DEM fusion for all three 

produced DEMs have not been thoroughly investigated. As the stereo correlation produced 

point cloud, we could potentially deploy a point cloud fusion between three acquisition 

geometry and taken the average value of the three pairs (Lu et al., 2016). Other statistical 

approaches are also available (min, max, median) or even utilizing a weighted average value 

based on each pair’s convergence angle. These options are in our team’s plan to investigate in 

the future. 
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Conclusions 

This study has shown that over 27 produced DEMs, different seed DEMs investigated shows 

varying degree of influence on DEM vertical and horizontal accuracy. All seed DEMs were 

able to produce less than a pixel of horizontal shifts, averaging shift’s magnitude of 1.32 and 

1.46 meters in x and y direction, respectively. Similarly, average vertical accuracy is 3.11, 4.68, 

and 2.47-meter for MAE, RMSE, and NMAD, respectively. Our study found that the gcp-less 

DEM produced were all slope dependent as well as geometry and LULC-dependent. Across 

three different landscapes, DEMNAS produced the most consistent horizontal alignment and 

lowest vertical errors. AW3D30 also shows a comparably good performance albeit with more 

variability compared to DEMNAS. FABDEM trails behind the two especially in urban area as 

well as on the high-relief complex topography. The errors were found to be increased with the 

slope as well as low texture land use/land cover (waterbody/wetlands/smooth agricultural 

land). 

Our findings suggest that, for Indonesian region, the use of DEMNAS on Forward-Backward 

geometry is preferrable for the gcp-less approach. Other regions where DEMNAS is not 

available can use the AW3D30 as a reasonable second choice. Lastly, the cloud cover and its 

subsequent shadows are still an important challenge for optical satellite-derived DEM. Future 

work should test other available DEMs, especially the one with surface elevation, rather than 

terrain elevation. 
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Supplementary 

Table 4. Summary statistics on the produced DEM. dx and dy denotes the horizontal shifts 

with minus “-“ value indicates the shift’s direction, CA is the convergence angle (degree) 

for each stereo pair. FN, FB, and NB denotes the Forward-Nadir, Forward-Backward, and 

Nadir-Backward configuration, respectively. All statistics is shown in meter. 

No Initial_DEM Region CA Pair dx dy MAE RMSE NMAD 

01 AW3D Barru 9.23 FN 0.87 2.18 2.18 2.78 1.73 

02 AW3D Barru 16.28 FB 0.80 2.12 1.95 2.79 1.18 

03 AW3D Barru 7.06 NB 0.87 2.06 2.24 3.12 1.68 

04 DEMNAS Barru 9.23 FN -0.34 0.44 2.60 3.42 1.82 

05 DEMNAS Barru 16.28 FB -0.57 0.09 2.02 2.51 1.51 

06 DEMNAS Barru 7.06 NB -0.61 0.47 1.60 2.11 1.70 

07 FABDEM Barru 9.23 FN -2.46 -1.01 4.03 4.77 2.89 

08 FABDEM Barru 16.28 FB -2.69 -1.05 4.03 4.77 3.17 

09 FABDEM Barru 7.06 NB -2.93 -0.85 4.19 5.27 3.24 

10 AW3D Maros 8.9 FN 0.96 0.21 5.03 5.93 1.70 

11 AW3D Maros 30.1 FB 1.30 0.04 4.16 6.68 2.35 

12 AW3D Maros 21.4 NB 1.82 -0.58 2.92 4.87 1.84 

13 DEMNAS Maros 8.9 FN -0.49 -0.33 3.11 5.36 2.47 

14 DEMNAS Maros 30.1 FB -0.61 -0.71 2.55 4.44 2.03 

15 DEMNAS Maros 21.4 NB -0.63 -0.73 2.55 4.44 2.03 

16 FABDEM Maros 8.9 FN -2.76 -2.01 3.76 5.84 3.91 

17 FABDEM Maros 30.1 FB -3.07 -3.29 3.47 5.15 3.50 

18 FABDEM Maros 21.4 NB -2.81 -3.64 3.81 5.43 3.61 

19 AW3D Makassar 10.3 FN 2.36 0.88 3.32 4.66 2.79 

20 AW3D Makassar 20.2 FB 2.86 0.75 3.42 4.68 1.91 

21 AW3D Makassar 10 NB 3.85 0.29 3.75 4.98 3.38 

22 DEMNAS Makassar 10.3 FN -0.29 0.53 2.88 4.49 2.77 

23 DEMNAS Makassar 20.2 FB -0.07 0.32 2.60 4.40 2.13 

24 DEMNAS Makassar 10 NB 0.15 0.23 3.18 4.81 2.85 

25 FABDEM Makassar 10.3 FN -1.37 -3.23 2.88 4.52 2.63 

26 FABDEM Makassar 20.2 FB -1.21 -3.93 2.99 4.64 2.68 

27 FABDEM Makassar 10 NB -0.91 -3.73 3.83 5.27 4.79 
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All 27 Produced DEMs shown in its hillshade with the elevation ranges shown in color. The elevation 

is shown in meters above ellipsoid 
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