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ARTICLE INFO ABSTRACT

Keywords: Digital elevation model (DEM) is used as a source of elevation data in wide range of applications. The
Cartosat-1 applications involving larger area than an individual DEM scene often need a mosaic of DEM scenes. A
Dlgltf‘l elevation model simple stitching exhibits seams along the borders of DEM scenes in the mosaic output. The presence of seam
11:40321“_ based blendi lines varies with the number of scenes in an overlapping region and their overlap extents. The conventional
Oe:itere:frge:es;enceen g feathering-based blend method, by virtue of the method itself, considers only two input scenes in an instance
Traversal algorithm of the m.osaic Process. Tl.lis. method requires a suitable o.rdering of the input DEM scenes, especially ifl the
Photogrammetry overlapping regions containing more than two scenes. In this paper, we propose a framework that automatically

handles the multiple overlapping regions and creates a seamless mosaic of Cartosat-1 DEM scenes for a
given region of interest. We use a tree data structure to arrange input DEM scenes hierarchically based on
their metadata. A traversal algorithm is devised to establish an order of precedence among the DEM scenes.
This determines a unique input sequence of DEM scenes during mosaic process. In addition, two variants of
feathering-based blend method are formulated to handle all possible cases of the overlapping regions. The
experiments have been conducted on Cartosat-1 DEM scenes over 1° x 1° region of interest. We analyze and
compare our proposed methodology with average method and feathering-based blend method. We demonstrate
that our framework exhibits a smooth transition of elevation values in the overlapping regions of the DEM
mosaic output.

1. Introduction and Heidrun, 2017), fly through, visibility analysis, etc. Applications

involving large study area, often needs seamless mosaic of DEM scenes

The digital elevation model (DEM) is the digital representation of
the surface of the earth. It is a crucial input for tasks such as ortho-
image generation, topographic mapping (Amitabh et al., 2008; Rad-
hadevi et al., 2009; Binoy et al., 2014), watershed extraction (Simhadri
et al.,, 2013; Prashantha, 2017; Ramesh et al.,, 2017; Aher et al.,
2017), spatial decision support system (Pal and Saha, 2017), and better
image interpretation (Dahatonde et al., 2016). The DEM is also widely
considered for source of elevation data in various applications such
as disaster management (Martha et al,, 2010; Buhler et al., 2013;
Dong and Shan, 2013; Bhardwaj et al., 2014; Sharma and Kartikeyan,
2014; Bhatt and Rao, 2016), urban planning (Bhanderi et al., 2006;
Rao et al., 2007), infrastructural studies (Geiss et al., 2015), change
detection (Tian et al., 2013), surface reconstruction (Tack et al., 2012),
virtual 3D display (Amitabh et al., 2009; Rajpriya et al., 2014; Steve

preferably with better vertical accuracy. High resolution DEMs are also
helpful in separating foreground objects from background.

Cartosat-1 is a unique Indian remote sensing (IRS) satellite that
has along track optical stereo imaging capability with 2.5 m resolu-
tion (NRSC, 2015). The Cartosat-1 mission has a systematic coverage
with its own referencing scheme, named path-row, described in NRSA
(2006). The acquisition of consecutive paths has a separation of eleven
days with an overlap of approximately 10%. The stereo pairs acquired
by this mission are considered to generate DEM scenes of size 27.5 km
x 27.5 km (Jacobsen et al., 2008; Jain et al., 2008). The systematic
coverage of the Cartosat-1, described in NRSA (2006) is favorable
to create a global DEM, which is the primary goal of the mission.
Nevertheless, mosaic is required if the region of interest exceeds an
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individual DEM scene. DEM mosaic is the alignment of multiple over-
lapping DEM scenes into a large composition. The process of DEM
mosaic considers systematic correction of the individual DEM scenes
as the preliminary task. These systematic errors inherently present due
to the acquisition of stereo pairs from different orbits, different seasons,
and different viewing geometries (NRSC, 2013; Amitabh et al., 2011;
Giribabu, 2014) of Cartosat-1 mission. The correction mechanisms are
helpful merely to minimize the systematic errors, if any, in individual
DEM scenes. A simple stitching would apparently introduce seams in
the borderline of the overlapping regions (Jain et al., 2008), though
their elevation values are within the threshold of vertical accuracy.
Hence, a methodology is required to create a seamless DEM mosaic for
better interpretation of the terrain.

The feathering-based blend and average methods are the available
blending methods suited for raster data sets such as DEM scenes (ESRI,
2011). However, these methods are different in the way they assign
weights to the cells of DEM scenes in the overlapping region. The
average method is convenient, but it typically introduces discontinu-
ities (Reuter et al., 2009; Robinson et al., 2014) in the borders of the
overlapping regions. The feathering-based blend method is considered
superior (Ghosh and Kaabouch, 2016) among the mosaic methods
in the image processing domain. This method has a limitation on
scalability, though it performs reasonably well for two inputs. Here,
scalability is the ability to handle more than two inputs available in
an overlapping region simultaneously. This property is constrained by
nature of the method itself, as described in Milgram (1975, 1977) and
Hsu and Wu (1996), which considers only two inputs in an instance
of mosaic process. In DEM mosaic process, the number of input DEM
scenes in an overlapping region typically varies from two to four and
they may belong to same path or two consecutive paths. The DEM
scenes of same path with an overlap are termed end-lap and scenes with
an overlap in consecutive paths are termed side-lap (Wilkinson et al.,
2014). In either case of end-lap or side-lap, the feathering-based blend
method produces seamless mosaic outputs, irrespective of the ordering
of DEM scenes during mosaic process. However, in case of overlapping
region with more than two DEM scenes, the mosaic output vary with
the ordering of DEM scenes. This necessitates explicit ordering of DEM
scenes during mosaic process using feathering-based blend method,
especially in the overlapping regions with more than two DEM scenes.
On the contrary, average method does not require an ordering, as it
simply averages the elevation values by considering all the DEM scenes
of the overlapping region at a time.

In this work, we use feathering-based blend method for mosaic
of Cartosat-1 DEM scenes. This method performs the mosaic process
by considering two DEM scenes iteratively from the input list in an
instance. The ordering of scenes in this list is based on date and time
of their stereo-pairs acquisition. The mosaic output obtained from this
conventional feathering-based blend method exhibits seam lines in the
overlapping regions. This may have influenced by an inappropriate
ordering of input scenes during mosaic process. We use a traversal
algorithm to determine a unique hierarchical input sequence among the
input DEM scenes based on their metadata. The ordering of scenes from
this input sequence is considered iteratively by feathering-based blend
method. This eliminates the presence of seam lines in the overlapping
regions. The novel contribution of this work is to provide a unique input
sequence to the feathering-based blend method in manifesting seamless
DEM mosaic output.

The rest of this paper is organized as follows. Section 2 provides a
brief review of existing methods for DEM mosaic creation. In Section 3,
we present the proposed framework in detail. The experimental results
and their analysis are discussed in Section 4. Finally, we conclude this
paper in Section 5.

2. Related work

A simple stitching of the DEM scenes, even after registration, ex-
hibits visible differences in the mosaic output. These differences vary
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with the number of DEM scenes and their elevation inconsistencies,
particularly in the overlapping regions. Nevertheless, registration and
blending are the two significant steps that mainly influence the quality
of DEM mosaic output, as stated in Ghosh and Kaabouch (2016). Blend-
ing computes a new elevation value for each cell in the overlapping
region from multiple elevation values. The smoothness depends largely
on the weights assigned to each cell in the overlapping region during
computation of new elevation values. A suitable weight derivation
mechanism in the blending is required to minimize the visible differ-
ences in the overlapping regions. In this section, we briefly review
the existing blending methods based on weight derivation mechanisms
used in creating a seamless DEM mosaic.

2.1. Average method

This method simply averages multiple elevation values of each
cell in the overlapping regions. The shuttle radar topography mapper
(SRTM) mission, in late 1999, aimed to create DEMs with global
coverage. It considered multi-source DEM scenes, such as interferomet-
ric synthetic aperture radar (InSAR) from SRTM, and TanDEM data
from European remote sensing (ERS) for mosaic. Systematic errors are
corrected (Kiiopfle et al., 1998) based on height error maps estimated
from the accuracies of the input DEMs. Statistical tests on outliers are
also performed additionally, to remove gross errors in the individual
DEMs. Finally, the conventional average method is used to create the
DEM with global coverage. The Geocoding and Mosaicking System
(GeMoS) (Roth et al., 1999) is an advanced system to Kiiopfle et al.
(1998), which has an additional geocoding process. However, this
system specifically considers the DEMs from an advanced synthetic
aperture radar (ASAR) along with SRTM and uses average method in
the mosaic process.

TerraSAR-X add-on for digital elevation measurement (TanDEM-X)
is another mission for the derivation of DEM with global coverage de-
scribed (Astrid et al., 2016). A single-pass SAR interfeormetry (Krieger
et al., 2007; Zink et al., June 2014) obtained from TanDEM-X and
TerraSAR-X are used for the generation of DEMs. The discrepancies
in their elevation values are mainly due to the errors from phase
unwrapping or different temporal acquisitions. The block adjustment
is performed to correct the inconsistencies in the individual DEMs.
Finally, average method is able to further minimize the remained
systematic errors.

2.2. Distance-weighted method

This method derives weights based on the distance from the cells
to the borderline in the overlapping region. These weights are used to
adjust the elevation values of the cells in the overlapping regions. The
DEM mosaic method described in Warriner and Mandlburger (2005)
is based on a tolerance band. This band is determined by marking the
boundaries manually over the two DEM scenes. The weights are derived
based on the distance of a cell from either side of the center line of
the tolerance band. The suitable weights can be derived to obtain a
seamless DEM mosaic by changing its tolerance band accordingly. The
drawback of this method is due to the manual marking of its tolerance
band.

2.3. First and last methods

These methods do not process the cell values except copying el-
evation values. In the first method, the mosaic output has elevation
values from the first DEM in the input list. Similarly in the last method,
elevation values are copied from the last DEM. A modified blend
method (MBlend) is described in Leitao et al. (2016) to merge two
DEMs with different resolutions. MBlend generates a raster surface
that represents the elevation differences between these two DEMs. This
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Fig. 1. Block diagram of the proposed framework for a seamless mosaic of Cartosat-1 DEM scenes.

surface is considered as a weight map which is added to the low-
resolution DEM such as cartographic DEM by retaining high resolution
DEM from airborne LiDAR. MBlend uses a cover method by considering
the high-resolution DEM as first DEM (top DEM) followed by the
modified low-resolution DEM as last DEM (bottom DEM) in the mosaic
process. These methods are useful to select the elevation values from
the DEMs of better quality in a given input list.

Most of the existing mosaic methods used average and distance
based algorithms in the weight derivation mechanisms. We compare
these two methods with the proposed method with a specific ordering
of input scenes during the mosaic. In general, mosaic process involves
input DEM scenes from different orbits, seasons, and viewing geometry.
An overlapping region contains more than two DEMs that requires
a mechanism to order them for the subsequent mosaic process. The
methods in the literature do not consider an order of precedence among
the DEMs in the overlapping regions during the mosaic process. In this
paper, we formulate the sequential ordering mechanism using their
metadata during the mosaic process. We also introduce two variants of
feathering-based blend method to address various cases of overlapping
regions of the DEMs.

3. Proposed framework

The block diagram of the proposed framework for seamless mosaic
of Cartosat-1 DEM scenes is shown in Fig. 1. The proposed frame
work considers Cartosat-1 DEM scenes, their metadata, and extents to
define a region of interest as input. These DEM scenes considered, in
this work, are systematically corrected using bundle block adjustment
(BBA) software (Akilan et al., 2014). This ensures continuity in the

geometry of the DEM scenes and allows us to skip the DEM registration
and the re-projection steps in this work. The methodology consists of
three components, namely, metadata based schematic arrangement of
the input DEM scenes, sequential ordering of the DEM scenes during
the mosaic process, and two variants of feathering-based blend method.
These three components are explained in the subsequent subsections in
detail.

3.1. Metadata based schematic representation

The referencing scheme of Cartosat-1, which is described in NRSA
(2006), provides a convenient way to identify a geographic location
on the earth. This scheme designates path and row numbers for image
referencing corresponding to a ground location. A path refers to a
descending ground trace of an orbit. A row refers to a scene, which
is segmented from the continuous stream of a path. The path number
followed by row number merely locates an input scene center. This
referencing scheme determines 1867 total paths numbered from west
to east and 785 rows for each path to have complete index of the earth.
The orbit number, path number, row number, and time of acquisition
are included as metadata to uniquely identify an input DEM scene.

We consider the metadata of input DEM scenes to arrange them
hierarchically as shown in Fig. 2. A four-level tree represents the input
DEM scenes based on their metadata. The region of interest (ROI) is
considered as the root (Level 0) of the tree. Level 1, Level 2, and
Level 3 represent path numbers, orbit numbers, and row numbers (leaf

nodes) denoted by {Pathk}£=1, {Orbit; };_"=1, and (R}, respectively. A

row R; of {R;}! | indicates an input DEM scene. The total number of
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Fig. 2. A schematic representation of the input DEM scenes of a region of interest (ROI) using their metadata. A set of DEM scenes that belongs to a region of interest are
represented as leaf nodes. This hierarchical structure provides the metadata for each DEM scene. A row from {R;}"  represents an individual DEM scene.

DEM scenes in the mosaic process is determined by the leaf nodes of
the tree. This representation also identifies missing DEM scenes over a
region of interest with the help of path-row referencing scheme. Our
proposed framework presents a procedure to arrange the input DEM
scenes based on their metadata using a vector data structure (Boyko,
2007), as described in Algorithm 1.

Algorithm 1: Metadata based hierarchical representation of the
input DEM scenes.

Input : Input DEM scenes with metadata; a region of interest.
Output: DEM scenes (rows) segregated based on orbit-wise for
each path.
Struct DEMinfo
LA{
string name; int path_num;
int orbit_num; int row_num; }
vector < DEMinfo > DEMinfo_roi;
> < DEMinfo_roi > is a vector that contains DEMinfo
structures of all the DEM scene in a given region of interest.
> path is a vector of elements representing unique path numbers
sorted in ascending order.
2 foreach path p in the path do
foreach struct DEMinfo in < DEMinfo_roi > do
> UniOrbs stores unique orbit numbers of a given path
if p= DEMinfo— > path_num then
L UniOrbs.push_back(DEMin fo— > orbit_num)

-

foreach orbit orb in the vector < UniOrbs > do
foreach struct DEMinfoin < DEMinfo roi > do
> DEMnames stores file names of the DEMs for each
orbit number of a given path
if orb = DEMinfo— > orbit_num then
| DEMnames.push_back(DEMin fo— > name)

The structure DEMinfo represents the metadata of the DEM scenes
as its elements. The vector (DEMinfo_roi) holds the meta data of the
DEM scenes of an ROL. The DEMnames represents the rows of a path
segregated based on the unique orbit numbers. The number of rows
of a path typically varies based on the region of interest. Moreover,
any two consecutive paths can have the DEM scenes (represented as
rows) from two orbits of different seasons. Therefore, the cells in an
overlapping region usually do not have same elevation values. The

i=1

nature of the feathering-based blend method itself does not consider
more than two inputs at an instance. Hence, a selection mechanism is
required, especially among the DEM scenes in the overlapping regions,
during the mosaic process. Moreover, a random consideration of any
two DEM scenes within an overlapping region is often a cause for the
seams in the mosaic output, as described in Section 4.

3.2. Sequential ordering mechanism

The DEM scenes of same path with end-lap need not be acquired
on the same day and DEM scenes with side-lap would be obviously
acquired on different day. In either of the cases, the orbit numbers of
acquired DEM scenes will be different. Clearly, the DEM scenes falling
in the given ROI will have different orbit numbers even though they
belong to the same path. The consequence of such DEM scenes result in
elevation inconsistencies in the overlapping regions. A list is prepared
with the orbit numbers of scenes falling in given ROI based on date and
time of acquisition. The order in this list will not guarantee DEM scenes
belonging to same path/same row i.e, they may be randomly placed in
given ROL. This poses a demand to order by row and then by path.

Algorithm-2 explains a procedure to establish a sequence in which
input DEM scenes are considered for mosaic process. This is helpful,
especially when more than two DEM scenes exist in the overlapping
regions within the ROI. DEM scenes belonging to a path number may
possess different orbit numbers. DEM scenes with same orbit number
of a path will undergo mosaic process using vertical blending method
(a,). The mosaic of rows (DEM scenes) for each orbit i of a path is
denoted by Orbit M osaic(i). The orbits of a path are considered to create
path-wise DEM mosaic output using vertical blending. Finally, path-
wise DEM mosaic outputs denoted by PathMosaic(p) for each path p
are used to create a single seamless DEM using horizontal blending
(a,). DEMMosaicFinal represents the seamless DEM mosaic output for
the given ROL

The mosaic process employing feathering-based blending along with
the order of precedence of the input DEM scenes is represented as

P
DEMmOSaiC:fh<{fu<{fu({Rf'((O/‘)}?=l)}j=l>} >, 1)
k=1

where Rf.‘(Oj) represents an input DEM scene that belongs to ith row
of jth orbit in the path number k. The functions f, and f, represent
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Algorithm 2: A traversal algorithm for sequential ordering of the
input DEM scenes

Input : DEM scenes (rows) segregated based on orbit-wise for
each path.
Output: A seamless mosaic of Input DEM scenes.
> TotalPaths denotes total number of paths

1 for p < 1 to Total Paths do
> orbit(p) is a vector of elements representing unique orbits

of the path number p sorted in ascending order.
> TotalOrbits denotes number of elements in orbit(p).

for i < 1 to TotalOrbits do
> row is a vector of elements each represents an input

DEM scene labeled with a row number available in an
orbit(i). These elements are arranged in ascending order
based on their row numbers.
> TotalRows denotes number of input DEM scenes

available in an orbit(i).
for j < 1 to Total Rows do
if j > 1 then

L RowM osaic(j) < RowM osaic(j — 1)(a,)row(j)
else

L RowM osaic(j) < row(j)

RowM osaicFinal <« RowM osaic(j)
if i > 1 then
OrbitMosaic(i) «
L OrbitMosaic(i — 1)(a,)RowM osaic Final
else
L OrbitMosaic(i) < RowM osaicFinal

OrbitM osaic Final < OrbitMosaic(i)
if p > 1 then
L PathMosaic(p) < PathMosaic(p — 1)(a,)OrbitMosaic Final

else
L PathMosaic(p) < OrbitMosaic Final

DEM Mosaic < PathM osaic(p)

vertical and horizontal blending which are defined in Egs. (2), and (3),
respectively. These are explained in detail in Section 3.3.

f(E. Eys ... E,) = au<au<aU(E1,E2), E3>En> @
IS S0 S,) = @ <ah(ah(S1,Sz),S3),...,S,,) 3)
where {E}}_, and {S,};_, represent end-lap and side-lap DEMs, re-

spectively.

The expression trees shown in Fig. 3 provide an abstract view of
the order of precedence in DEM mosaic process. The construction of
expression trees for all the orbits available within a path number will
have to be carried out in the same way as shown in Fig. 3(a—c). The
Expression tree shown in Fig. 3(d) must be replicated for each path
number involved in the region of interest. Finally, Fig. 3(e) represents
the mosaic of all the available paths and generates a single seamless
DEM for the defined region of interest. In general, the rows of a path
are from different orbits.

3.3. Two variants of blending

This section explains a methodology to address the factors that
affect the overlapping regions during mosaic process. It is common
to have multiple overlapping regions, each with more than two DEM
scenes. The input DEM scenes of Cartosat-1 are indicated based on the
path-rows of their corresponding stereo pairs. All the corrected input
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DEM scenes of a region of interest are considered for mosaic process.
These are identified using point-in-polygon method (Harrington, 1983).
Here, the region of interest is considered as a polygon and each corner
of the individual DEM scene is considered iteratively as a point. An
input DEM scene belongs to the region of interest, if any one of its
points lies in the polygon.

Our framework includes two variants of the feathering-based blend
method, namely, vertical and horizontal blend methods during the
mosaic process. These are used to handle various possible cases of
DEM overlaps. These are categorized based on the containment relation
between two input DEM scenes in the overlapping region. Each method
has its own mechanism to derive the weights for the distance-weighted
algorithm.

3.3.1. Vertical blending(a,)

Vertical blending is used to process the end-lap DEM scenes.
Fig. 4(a) shows a case of two DEMs R}(0;) and R}(0,) with overlap,
where R{(Ol) and R;(Ol) represent the input DEM scenes that belong
to row number 1 and row number 2 from orbit number 1 in path
number 1, respectively. Every cell in the overlapping region PQRS, as
shown in Fig. 4(b), contains two elevation values. For example, the cell
marked with X in Fig. 4(b) has values from the two DEM scenes, R}(Ol)
and Ré(O,). Since X is closer to the DEM scene Ri(Ol), the elevation

value of R}(Ol) at X is assigned more weight during the blending
process. In this method, the weights are derived for each column of
the overlapping region PQRS separately.

The weight of ith cell in a jth column is derived as

Wiy =T; = d/T; = D), 4

where T represents the number of cells in jth column. The value of
W, ) represents the weight derived for ith cell in jth column. Upon
weight derivation of each cell in the overlapping region using Eq. (4),
the vertical blending (a,) is performed using

a,(RI(0)), RY(0))) = RI(0)) x W, + Ry(O) X (1 = W,), 5)

where W, represents weights of the cells in the overlapping region
between the end-lap DEM scenes R}(Ol) and R;(Ol).

3.3.2. Horizontal blending («;,)

Horizontal blending is used to process the side-lap DEM scenes.
Fig. 5(a) shows a case of two DEMs R}(Ol) and R%(Oz), where R}(O,)
and R%(Oz) represent the input DEM scenes that belong to row number
1 from different orbits and paths, respectively. Every cell in the over-
lapping region P’Q’R’S’, as shown in Fig. 5(b), contains two elevation
values. For example, the cell marked with Y in Fig. 5(b) has values
from the two DEM scenes, R}(Ol) and R%(Oz). Since the Y is closer to
the DEM scene R}(Ol), the cell of the R}(O]) is assigned more weight
during the blending process. In this method, the weights are derived
for each column of the overlapping region P’Q’R’S’ separately.

The weight of jth cell in a ith row is derived as

Wiij = (T = D/(T; = 1), ©)

where T; represents the number of cells in ith row. The value of W), ;
represents the weight derived for jth cell in ith row. Upon weight
derivation of each cell in the overlapping region using Eq. (6), the
horizontal blending («,,) is performed using

a,(R1(0)), R(0,)) = RI(O)) X W, + RX(Oy) x (1 — W}), )

where W, represents weights of the cells in the overlapping region
between the side-lap DEM scenes R}(Ol) and Rf(Oz). However, the
elevation values of the cells outside the overlapping region are not
weighted as they do not participate in the blending process.



R. Datla and C.K. Mohan Computers and Geosciences 146 (2021) 104619

(a) P01| : Mosaic of each (DEM) row of the (b) PII%: Mosaic of each (DEM) row of the (c) P1 Mosaic of each (DEM) row of the
orbit number 1 of path number 1. orbit number 2 of path number 1. orbit number m of path number 1.

(d) Expression tree that represents arrangement of
all orbit numbers of path number 1.

(e) Expression tree that represents all data sets
path-wise in a region of interest.

Fig. 3. The expression trees representing the sequence of mosaic process. The nodes in an expression tree are traversed using post order traversal. Each internal node including

root represents an operator. Here, the operators, «, and «,, define the variant of blending method (explained in detail in Section 3.3) between two DEM scenes.

I

(a) Overlapping of R}(0;) and R}(O)).

r~~

1 Q
\\\\ \NIIR

(b) The cells within the overlapping region
(zoomed in view).

Fig. 4. A typical scenario of the vertical feathering-based blend method. A cell is
marked with X in the overlapping region PQRS. Each cell in this overlapping region
has two elevation values. The mosaic process considers elevation values along each
vertical direction in PORS.

4. Experiments and evaluation

This section presents the experimental setup, the study area, and a
comparison of mosaic methods such as the average method and the con-
ventional feathering-based blend method with the proposed method.

I

Wd%'q, = |

[ : |

(b) The cells within the overlapping region
(zoomed in view).

Fig. 5. A typical scenario of the horizontal feathering-based blend method. A cell is
marked with Y in the overlapping region P’Q’R'S’. Each cell in this overlapping region
has two elevation values. The mosaic process considers the elevation values along the
each horizontal direction in P’Q'R'S’.

These three mosaic methods are implemented in C++. The experiments
are conducted on a computer system that has 2-Intel Xeon processors
with 12 cores each, 16 GB main memory. We generate and compare
the DEM mosaic outputs over the same study area. We also analyze the
elevation profiles of the mosaic output of the proposed method. The
following subsections provide the details of the experimentation.
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4.1. Study area

The Cartosat-1 DEM scenes with 10 m posting are considered to
create a mosaic for a region of 1° x 1°. Each DEM scene has the plani-
metric and vertical accuracies of 15 m and 8 m, respectively (Giribabu
et al., 2013). We consider an ROI that covers 110 x 110 km?, a part
of Chhattisgarh region in India, extending 1° x 1° from 21°N latitude
and 81°E longitude. The ROI denoted by A’B’C’D’ as shown in Fig. 6,
includes 40 Cartosat-1 individual DEM scenes and each scene covers
approximately 27.5 km x 27.5 km area.

We consider two overlapping regions within A’B’C’D’, namely,
ABCD and EFGH as shown in Fig. 6 for the evaluation. ABCD
contains several drainage patterns with a river segment. Furthermore,
ABCD is relatively an undulating terrain to EFGH, though their
elevation ranges are nearly the same. The first region ABC D represents
an overlapping region with the extents of rop = 21.763234; bottom =
21.668172; left = 81.683696; right = 81.760694 in decimal degrees
covering approximately 84 km?. The region ABCD contains four indi-
vidual DEM scenes, namely, rows 296 and 297 of path 556, rows 296
and 297 of path 557. Other region EFGH represents an overlapping
region with the extents of rop = 21.537789; bottom = 21.443390; left =
81.249553; right = 81.318776 in decimal degrees covering approximately
75 km?. The region EFGH contains four individual DEM scenes,
namely, rows 297 and 298 of path 554, rows 297 and 298 of path 555.

4.2. DEM mosaic methods

This section describes the average method, the feathering-based
blend method, and the proposed method over the two overlapping
regions ABCD and EFGH as shown in Figs. 7 and 8, respectively.
Each overlapping region partially involve four DEM scenes, two rows
from two different paths. A cell in an overlapping region has multiple
elevation values that vary from one to four. The average method
simply computes the mean of the elevation values of a cell. Where
as, the feathering-based blend method transforms the elevation values
of a cell iteratively with weights derived based on its position in the
corresponding two input DEM scenes in an instance. Hence, the output
of feathering-based blend method depends on the sequence with which
inputs are considered during mosaic process. The proposed method
determines an unique sequence of the inputs based on the metadata,
which is subsequently used in the feathering-based blend method. Here,
the comparison of these methods exhibits the essence of the sequential
ordering mechanism in manifesting the seamless mosaic. The following
subsections illustrate these three mosaic methods over the overlapping
regions ABCD and EFGH.

4.2.1. Average method

The average method computes the mean of the elevation values
available for each cell in an overlapping region. Though the average
method can be performed in a single instance, it is described in three
steps to have a better comparison with the subsequent methods. The
sequence of steps in the average method does not alter the mosaic
output. The following three steps are involved in the mosaic process
using the average method over the region ABCD.

Lyepr = Average(RZSS(Ossze), Rggg(osszse)) (8
557 557

Lyepr = AUerage(R296(010240), R297(010240)) 9

LstepS = Auerage(l‘stepl ’ leepl) (10)

The Ly, determines the average value of the DEM scenes repre-
senting the row numbers 296 and 297 of the orbit number 8536. The
Ly, determines the average value of the DEM scenes representing
the row numbers 296 and 297 of the orbit number 10240. The L, ;3
considers the outputs of the steps Ly, and Ly, and determines the
average of the elevation values in the overlapping region. Similarly,
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the following three steps are involved in the mosaic process using the
average method over the region EFGH.

554 554
Ly = Average(R297(08862), Rz%(ogm)) an
555 555
L;Iep2 = Average (R297(08699)’ R298(08699)> 12)
i i !
Lsfep3 = Average(Lsrepl’ LstepZ) (13)

4.2.2. Feathering-based blend method

The feathering-based blend method adjusts the cell values in the
overlapping region using distance-based weight algorithm. Following
three steps are involved in the mosaic process using this method
confined to the region ABCD.

Moy = au<R§gg(O8536)v Rggg(osm)) a4
Moo = ah(Mstepl , Riié(Omm)) (15)
Mops = ay (MstepZ’ RiSZ(Omm)) (16)

The M,,, is the output of the vertical feathering-based blend
method between the DEM scenes representing the row numbers 296
and 297 of the same orbit number 8536. The output from the M,
and the DEM scene representing row number 296 from the orbit num-
ber 10240 undergoes horizontal feathering-based blend method in the
Mg, Finally, the output from the M, ,, and the DEM scene rep-
resenting row number 297 from the orbit number 10240 undergoes
horizontal feathering-based blend method in the M, 3. Similarly, the
following three steps are involved in the mosaic process using the

feathering-based blend method over the region EFGH.

M, = “u(Rggé(Osm)’ Rggg(osssz)) a7
’ _ ’ 555

Mo = (Mstepl’ R297(08699)> (18)
o / 555

Msrep3 - ah<Mstep2’ R298(08699)> a9

4.2.3. The proposed method

The proposed method determines the variant of the
feathering-based blend method in conjunction with the unique se-
quence during the mosaic process. The following three steps are con-
structed based on the sequence to perform mosaic over the region
ABCD.

Nitep1 = au<R§gg(08536)’ R;gg(ossw)) (20)
Nitepr = aU(RZZZ(Omm), Rg;;(Ol(mo)) @1
NxtepS =ap ( Nstepl > NstepZ) (22)

The Ny, is the output of the vertical feathering-based blend
method between the DEM scenes representing the row numbers 296
and 297 of the same orbit number 8536. The N, ,, performs vertical
feathering-based blend method between the DEM scenes belong to row
numbers 296 and 297 of the same orbit number 10 240. The outputs from
the N, and N, are considered for horizontal feathering-based
blend method. Similarly, the following three steps are constructed
based on the sequence to perform mosaic over the region EFGH.

Nl = @ RO, RIS} Ouse)) 23)

N = “u(Rigg(OSca%)’ Rggg(osm)) (24
' _ ’ '

Nstep3 =ap (Nstepl ’ NstepZ) (25)

The key difference between the proposed method and the conven-
tional feathering-based blend method is the ordering of input DEM
scenes during the mosaic process. In the proposed method, the vertical
blending is performed over the input DEM scenes of each path sepa-
rately. And, then horizontal blending is performed over the obtained
path-wise mosaic outputs to create a seamless DEM mosaic.
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Fig. 9. Cartosat-1 DEM mosaic outputs over the overlapping region ABCD using average method, feathering-based blend method, and the proposed method. The seams present

in Fig. 9(a) and (b) are marked with ellipses. The seamless mosaic is shown in Fig. 9(c).
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Fig. 10. Cartosat-1 DEM mosaic outputs over the overlapping region EFGH using average method, feathering-based blend method, and the proposed method. The seams present

in Fig. 10(a) and (b) are marked with circles. The seamless mosaic is shown in Fig. 10(c).

4.3. Experimental results

In this section, we discuss the experimental results and evaluation
of the proposed method. We show the Cartosat-1 DEM mosaic outputs
for the region A’B’'C’'D’ and its two overlapping regions ABCD and
EFGH. A quantitative analysis on these mosaic outputs using elevation
profiles, relative elevation consistency, and mean terrain ruggedness
index, is also presented in the subsequent sections.

4.3.1. Cartosat-1 DEM mosaic outputs

Figs. 9 and 10 show the DEM mosaic outputs using three methods
for the overlapping regions ABCD and EFGH, respectively. It is
apparent from the results that the average method and feathering-based
blend method, without a suitable ordering of scenes, introduce the
seams along the borders of the input DEM scenes in the overlapping
regions ABCD and EFGH. The proposed method, which determines
an unique input sequence exhibits seamless transition of the elevation
values within the overlapping regions.

The DEM mosaic outputs obtained from these three mosaic meth-
ods along with their hill-shades for the ROI A’B’C’D’ are shown in
Figs. 11 to 13, respectively. The run-time of average, feathering-based
blend, and the proposed methods for a region of 1°x1° (approximately
12 100 km?) is 2.1, 1.8, and 1.7 min, respectively.

The proposed method exhibits a smooth elevation transition in the
overlapping regions of the mosaic outputs. The other two methods

exhibit the presence of seam lines in the mosaic outputs as shown
clearly in Figs. 9 to 13. The weights derivation mechanism and the
ordering of input DEM scenes followed in these two methods may have
influenced the presence of seams.

4.3.2. Elevation profiles

We consider the locations L1 and L2 of the overlapping regions
ABCD and EFGH, as indicated in Figs. 7 and 8, respectively, to
study the elevation profiles of three mosaic methods. Each overlapping
region has multiple subregions vary from one to four. These subre-
gions of ABCD, EFGH are denoted by the number of input DEM
scenes containing elevation data as shown in Figs. 7 and 8, respec-
tively. The subregions of an overlapping region with more than two
DEM scenes undergo mosaic process with both vertical and horizontal
feathering-based blending. Hence, both horizontal and vertical profiles
are considered for the analysis. These elevation profiles are segmented
into subregions based on the number of DEM scenes participated in
mosaic process. The number of subregions and their extents also may
vary across the profiles.

ABCD region

Fig. 14 shows both horizontal and vertical elevation profiles over
the location L1 within the overlapping region ABCD. The horizon-
tal and vertical profiles are generated along the lines passing 7.96
km horizontally and 10.56 km vertically through the location LI,
respectively.
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Fig. 11. Cartosat-1 DEM mosaic using average method for the region A’B’'C’D’ (indicated in Fig. 6). The elevation discrepancies are apparently visible across the paths.

The horizontal elevation profile is segmented into three subregions it contains NODATA. The subregion2 considers elevation values from
as shown in Fig. 14. The subregionl considers the elevation values all the four DEM scenes. Similarly, the subregion3 considers elevation
from only three DEM scenes. It excludes Path557-Row296 DEM, as values from three DEM scenes and excludes Path556-Row297 DEM, as
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Fig. 12. Cartosat-1 DEM mosaic using feathering-based blend method for the region A’B’C’D’ (indicated in Fig. 6). The elevation discrepancies are apparently visible across the
paths.
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Fig. 13. Cartosat-1 DEM mosaic using the proposed method for the region A’ B’C’ D’ (indicated in Fig. 6). The propose framework exhibits the seamless transition in the overlapping
regions.
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(b) Vertical profiles of the three mosaic methods over the location L/ in the overlapping region ABCD.

Fig. 14. Elevation profiles of the mosaic outputs obtained from the three mosaic methods and the DEM scenes involved along the line passing horizontally and vertically through
the location L1. A smooth elevation transition between the subregions are observed.

it contains NODATA. The proposed method exhibits a smooth handover from only two DEM scenes. It excludes Path556-Row297 and Path557-

of the elevation values horizontally between the subregions while Row297 DEM scenes, as they contain NODATA. The subregion2 con-
preserving the elevation values within their input range. siders elevation values from three DEM scenes and excludes Path556-

The vertical elevation profile is segmented into five subregions Row297 DEM, as it contains NODATA. The subregion3 considers ele-
as shown in Fig. 14. The subregionl considers the elevation values vation values from all the four DEM scenes. The subregion4 considers
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(b) Vertical profiles of the three mosaic methods over the location L2 in the overlapping region EFGH .

Fig. 15. Elevation profiles of the mosaic outputs obtained from the three mosaic methods and the DEM scenes involved along the line passing horizontally and vertically through
the location L2. A smooth elevation transition between the subregions are observed.

elevation values from three DEM scenes and excludes Path557-Row296

DEM, as it contains NODATA. The subregion5 considers the elevation

values from only two DEM scenes. It excludes Path556-Row296 and
Path557-Row296 DEM scenes, as they contain NODATA. The proposed

method also exhibits a smooth handover of the elevation values ver-
tically between the subregions while preserving the elevation values
within their input range. The weights of both vertical and horizontal
blend methods ensure a seamless elevation transition between the rows
of the path and across the paths, respectively.
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within A’B’C’'D’ region. The numerical value on top of each bar represents elevation range of the corresponding input DEM scene.

EFGH region

Fig. 15 shows both horizontal and vertical profiles over the location
L2 within the overlapping region EFGH. The horizontal and vertical
profiles are generated along the lines passing 7.17 km horizontally and
10.45 km vertically through the location L2, respectively.

The horizontal elevation profile of EFGH is segmented into three
subregions as shown in Fig. 15. The subregionl considers the elevation
values from only three DEM scenes. It excludes Path555-Row297 DEM,
as it contains NODATA. The subregion2 considers elevation values from
all the four DEM scenes. Similarly, the subregion3 considers elevation
values from three DEM scenes and excludes Path554-Row298 DEM, as
it contains NODATA. The proposed method exhibits a smooth handover
of the elevation values horizontally between the subregions while
preserving the elevation values within their input range.

The vertical elevation profile is segmented into five subregions
as shown in Fig. 15. The subregionl considers the elevation values
from only two DEM scenes. It excludes Path554-Row298 and Path555-
Row298 DEM scenes, as they contain NODATA. The subregion2 con-
siders elevation values from three DEM scenes and excludes Path554-
Row298 DEM, as it contains NODATA. The subregion3 considers ele-
vation values from all the four DEM scenes. The subregion4 considers
elevation values from three DEM scenes and excludes Path555-Row297
DEM, as it contains NODATA. The subregion5 considers the elevation
values from only two DEM scenes. It excludes Path554-Row297 and
Path555-Row297 DEM scenes, as they contain NODATA. The proposed
method also exhibits a smooth handover of the elevation values ver-
tically between the subregions while preserving the elevation values
within their input range. It is noteworthy that the source of elevations
in the subregions changes within the overlapping region. It is also
observed in both ABCD and EFGH regions that even the number
of such subregions vary between the horizontal and vertical profile
generation. These profiles help in determining the pattern in which the
input elevation values are transformed. The weights of both vertical
and horizontal blend methods ensure a seamless elevation transition
between the rows of the path and across the paths, respectively. From
the above analysis over ABCD and EFGH regions, without loss of gen-
erality, we hypothesize that the analysis holds valid to the remaining
overlapping regions of the ROI A’B'C'D’.

15

4.3.3. Elevation consistency

This section presents the relative consistency in the elevation values
of the Cartosat-1 DEM mosaic outputs with SRTM DEM. The outputs
from three methods are resampled from 10 m to 30 m using bilinear
interpolation, to compare with SRTM DEM (30 m). Table 1 provides the
mean absolute error (MAE) and root mean square error (RMSE) of three
resampled DEMs with SRTM DEM over ABCD, EFGH, and A’B'C' D’
regions. The MAE and RMSE of the elevation values from average and
proposed methods are very close over ABCD, EFGH, and A’B'C’'D’
regions. These metrics also determine the closeness of the transformed
elevation values to SRTM DEM.

4.3.4. Terrain ruggedness index

This section presents a quantitative analysis on the DEM mosaic out-
puts by determining their smoothness using terrain ruggedness index
(TRI), a measurement described in Riley et al. (1999). The process of
obtaining TRI starts by computing the elevation differences between
the center cell (u,v) and its eight adjacent cells. Then by calculating
the average of the squares of each of the eight elevation difference
values. Finally, the square root of this average represents TRI value
of the center cell (u,v). The TRI of a DEM mosaic output is obtained
by iterating the same process over each cell. Eq. (26) represents TRI
calculation over a center cell (u, v).

1 1
P = <% Ty

(26)

Hutios))—1(u U)D

where I(u,v) and I'(u, v) represent the DEM mosaic output and its TRI,
respectively.

We consider mean TRI as an indicator to measure the smoothness
of the mosaic output. The mosaic outputs obtained from three mosaic
methods over A’ B’C’ D’ region are cropped to the extents of individual
DEM scenes. Now, mean TRI is calculated over each of these cropped
mosaic outputs. Each individual scene has its own elevation range,
which helps to evaluate the performance of mosaic methods over dif-
ferent terrains quantitatively. Fig. 16 shows the performance of mosaic
methods over 40 differ terrains in terms of mean TRI. The elevation
range of each original input DEM scene is indicated by a numerical
value on top of each bar. The proposed method outperforms other two
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Table 1
Comparison of elevation statistics of Cartosat-1 DEM mosaic outputs with SRTM DEM over three regions.
Region M AE?*(m) RM SE"(m)
Average Feathering-based Proposed Average Feathering-based Proposed
ABCD 2.4889 3.0536 2.5316 3.2486 3.7861 3.2997
EFGH 2.5562 3.7962 2.5824 3.3615 4.7929 3.3251
A'B'C'D 2.5833 2.8038 2.5613 3.4676 3.8167 3.3978

AMAE = 131 |5, = myl:.

YRMSE = 4/ %Zf":](sf —m;)?; where s; and m; represent elevation values of SRTM and mosaic output, respectively.
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Fig. 17. Comparison of mean terrain ruggedness index of DEM mosaic outputs from
three methods over ABCD, EFGH, and A’B'C'D’ regions.

mosaic methods based on their mean TRI values. Also, demonstrates its
consistency over different terrain regions whose elevation ranges vary
from 31 m to 520 m.

Fig. 17 provides a quantitative analysis over the three methods in
terms of mean TRI, which determines the smoothness of their DEM
mosaic outputs. From Fig. 17, it is evident that the mosaic output from
the proposed method exhibits smoothness compared to average method
and feathering-based blend method.

5. Conclusion and future work

In this paper, we proposed a novel framework to create a seamless
DEM mosaic from the Cartosat-1 input DEM scenes. We employed the
metadata of the input scenes to determine their sequence during the
mosaic process. A suitable weights derivation mechanism is formulated
to handle all possible cases of DEM overlaps. The proposed framework
exhibits a smooth transition of the elevation values in the overlapping
regions in comparison with the average and conventional feathering-
based blend methods. Also, the proposed method demonstrates its
efficacy on all kinds of terrains. Though the region of interest con-
sidered for our experiment is of 1° x 1°, the proposed framework is
applicable to any extent of the study area. This framework produces
a high-quality seamless Cartosat-1 DEM mosaic, which is suitable for
a wide range of hydro-logical and geomorphological applications. In
future, we make use of these DEM mosaic outputs as the contextual
information for the objects to describe their attributes.
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Akbar Road, Tarbund, Manovikas Nagar, Secunderabad 500009, India

Telephone number:+919704143731

E-mail:rajesh@adrin.res.in

Year first available: 2019

Hardware required:

Processor: Intel Xeon Processor and above

RAM: 8 GB minimum. Hard disk: 60 GB minimum.

Software required:

C++ IDE for 64-bit Windows 10 OS

(E.g., Microsoft Visual Studio 2010); Programming language: C++;
Program size = 30 MB;
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