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Abstract: A multi-modal corridor accommodates multiple modes of energy and transportation
infrastructure within the same right-of-way. The existing literature on corridor routing in raster space
often focuses on one mode with no consideration of the width. This is not a realistic assumption,
especially if multiple modes are to co-exist within the same wide right-of-way. Moreover, newer
routing methods that consider corridor width cannot take into account multi-modality and the
arrangement of modes within a corridor. We developed two multi-modal wide-corridor routing
methods using raster data. In the first method, the cost rasters of all modes are weighted and
aggregated into a single composite on which a wide LCP is found. This wide LCP is then divided
among the modes based on the desired arrangement. The second method uses a directed transformed
graph in which the weight of each edge is calculated using different layers of cost data based on
the edge direction, the desired widths and arrangement of the modes. Comparative analyses using
synthetic datasets show the superior performance of the second proposed method in finding a muti-
modal corridor in comparison with the first mode, and in finding a single-modal corridor when
compared to the existing methods.

Keywords: multi-modal corridor routing; wide LCP; energy and transportation corridor routing

1. Introduction

This paper proposes two methods for finding a least-cost path (LCP) for wide multi-
modal transportation corridors in raster space. A multi-modal transportation corridor
contains two or more parallel transportation modes within the same right-of-way. Examples
of multi-modal corridors include the Trans-European Transport Network, the Lamu Port
South Sudan-Ethiopia Transport (LAPSSET) corridor, and Australia’s Callide infrastructure
corridor. Finding an optimal path for a multi-modal corridor is more complicated than
a single-mode narrow path. This complexity has roots in the two main characteristics of
such corridors. First, a multi-modal corridor needs to be wide enough to safely accom-
modate all transportation modes. Second, the path has to be acceptable for all different
modes even though various modes have different movement constraints and different
environmental impacts.

Cost raster data along with GIS are widely used for optimal linear infrastructure
routing, such as power lines, road, railways and pipelines. In raster data format, the study
area is divided into a square grid, and each grid cell has a value from specific criterion
and geographic position [1]. Generally, computerized routing methods integrate GIS tools
and multi-criteria decision analysis (MCDA) to find an LCP in raster space. The basis of
this approach is similar to the method explained by Ian McHarg in his book, Design with
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Nature [2]. For every criterion affecting travel cost, a monochrome shaded map is provided,
with darker colors representing higher costs and lighter colors representing lower costs.
These transparent maps are then overlaid and an optimal route is determined visually by
going trough the lighter areas and avoiding the darker areas as much as possible [3].

In general, applying GIS LCP tools alongside MCDA techniques for optimal routing
is done so in four steps. First, identifying the objectives and criteria important for project
stakeholders. Second, gathering data on the important factors influencing the suitability
of a path in the form of square grid cells, i.e., raster data. Third, assigning a suitability
value to each cell, representing physical, environmental, and social barriers to ease travel
through the cell. More suitable means less cost and less negative effects on the environment
and society. The weight allocated to each cell—also called cost, friction or resistance—
represents how difficult that cell is to pass through. Cost can be measured by money, time,
distance, or risks [4]. MCDA methods, such as the analytical hierarchy process, are used to
determine the ranking of important criteria and to weight them to create an accumulated
cost raster. Integrating GIS and MCDA can be used either for designing purposes, i.e.,
finding alternative routes, or for evaluating routes that already exist [3]. Finally, we apply
an LCP algorithm, such as [5], to the weighted grid network to find the shortest path that
connects an origin to a destination [6].

2. Related Work and Gaps

Cost raster data and GIS are widely used to find LCPs for linear infrastructure such as
roads [7-9], railways [10-12], power transmission lines [13,14], pipelines [15,16], and siting
wildlife corridors [17,18]. Each transportation mode’s important criteria and ranking is
different. Some studies in the literature identify these factors and weighting methods for a
specific type of infrastructure; for example, ref. [19] presents a method for weighting and
combining important factors for an arctic all-weather road. Other work focuses on improv-
ing the techniques for specific goals. For example, ref. [4] uses a multi-directional connectiv-
ity graph for considering anisotropic slope costs in road and canal routing, and [20] develop
a road-planning method that incorporates bridges and tunnels by connecting non-adjacent
cells in a connectivity graph. There is also work to make LCP algorithms faster, such
as [21,22]. Another strand of the literature focuses on finding alternative or k-shortest
paths [23,24]. Finding alternative paths is important because the criteria-weighting process
is subjective and LCP algorithms are very sensitive to this process. Thus, it is reasonable to
look at a set of alternatives rather than focusing on a single LCP.

There are two challenges in finding the shortest path for a wide multi-modal corridor
that make this process more complex than single-mode, narrow-path routing. First, there
is little extant work on finding wide corridors [25]. Second, current wide LCP-finding
methods do not take into account the multi-modality of a corridor.

Most of the existing literature on routing assumes the width of the route is zero and
unimportant compared to the raster cell size. This assumption is not realistic when high-
resolution data with smaller cell size are available and routing a wide path (corridor) is
desired. Ref. [26] is one of the earliest studies that pays attention to path width. They
define the cost of a route connecting an origin to a destination as the cost of areas covered
by the route. In [6], cell centers are considered nodes and each edge connecting two nodes
is a rectangle with the width of w. The cost of each edge is equal to sum of the costs of
the fraction of cells creating that rectangle. Using this definition, a wide path with the
width of w can be found. However, using a sequence of these rectangle edges leads to
gaps and overlap at turning points. As a result, significant errors occur when the width
increases [27].

Ref. [27] reviews different methods for finding wide LCPs such as buffering or re-
sampling. Generally, in the connectivity graph of any efficient method for finding a wide
optimal path, with a width larger than a cell size, the weight of any edge (i.e., arc), cannot
be calculated only from the cost of a single cell. In this case, the costs of neighboring cells
are also important. Therefore, the cost of an edge needs to be calculated from a set of
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neighboring cells that create the desired width. For example, ref. [28] uses the weights of
w-nodes which are sets of contiguous cells, and [27] uses weights of w by w blocks. These
two methods are the most sophisticated for finding wide LCPs. Ref. [28] assumes that the
width of a path is fixed in terms of number of cells, whereas [27] finds a path with a fixed
width using Euclidean distance.

The second challenge is due to the multi-modal characteristic of corridors. A multi-
modal corridor needs to be low-cost for all modes and the limitations and constraints of all
modes should be considered in its routing. However, the importance of different criteria
is not the same for various transportation modes. This variation has roots in different
movement characteristics of various modes, different stakeholders participating in each
mode’s routing, and the various economic, environmental, and social impacts of each mode.
For example, a highway may block a wildlife migration route while a power transmission
line or an underground pipeline is not a big barrier in this regard. The concept is similar
with social acceptance. A highway may provide better connectivity and lower living costs
and therefore be more acceptable for a local population than a pipeline with leakage or
explosion risks. The criteria and the level of their importance affects the monetary cost
of a path, which also varies across modes. For instance, a railway’s cost is much more
sensitive to slope than pipelines or power lines are. Proximity to sand or gravel deposits
and remoteness from river crossings have crucial effects on road costs, while they are not as
important in power line routing. These differences in modes’ cost rasters result in different
optimal paths for various modes in further steps. Therefore, the LCPs for different modes
have variations in their courses.

To the best of authors” knowledge, existing methods for finding wide LCP do not
explicitly take into account the multi-modality of a corridor. To use these methods to find a
multi-modal LCP, all cost rasters for different modes need to be weighted and combined
to create a single cost raster for all modes. However, this aggregation leads to finding
non-optimal paths partly due to imposing unnecessary constraints on all modes. In other
words, these methods do not take into account the arrangement of modes within a corridor.
For example, in a three-mode corridor consisting of a railway, a power line and a pipeline,
the order of modes in different directions and the mode which is located between the two
others is not considered in a routing process based on existing methods.

In this paper, we propose two methods for routing a multi-modal corridor. The first
method adapts and modifies existing wide LCP methods to make them applicable to multi-
modal corridors. However, non-optimal paths may be found by this method (explained
further below). The second method has fundamental differences from existing methods,
and considers the width of each mode as well as modes’ arrangement, i.e., the location of
each mode with respect to others. This method, for each direction, uses multiple layers of
cost rasters to calculate the weights of edges in its connectivity graph. The second proposed
method developed for multi-modal corridors is also applicable to routing wide single-
mode corridors. These methods are explained in the next section followed by numerical
experiments using synthetic data.

3. Methodology

We propose two methods for determining the optimal routing of wide multi-modal
infrastructure corridors. The first one finds a wide LCP on the accumulated cost raster
(FWLA). In FWLA, firstly, all cost rasters for all modes are weighted and aggregated to
create a single composite cost raster and, secondly, a wide LCP is found on this cost raster.
Each of existing wide LCP methods such as the resampling method or methods explained
in [27] or [28] could be used in the second part of the FWLA method to align a multi-modal
corridor. Second, one can use a multi-layer transformed graph (MLTG). The MLTG method
transforms the original graph, i.e., grid, to a new one and finds the LCP on it then the
found path will be mapped on the original grid. In this method, the weights of edges in the
connectivity graph are calculated from the cost rasters of different modes considering the



ISPRS Int. ]. Geo-Inf. 2022, 11, 434

4 0f22

direction of moves and the arrangement of modes in the corridor. Further elaborations are
provided in the following sections.

3.1. Finding a Wide LCP on the Accumulated Cost Raster (FWLA)

There are two challenges in finding the LCP of a multi-modal corridor—first, finding
a wide rather than a narrow path, and second, each cell located in the found wide-LCP
should be suitable and have a low cost for the mode in that cell. The first challenge can
be addressed by any of the existing wide LCP method; however, the second challenge
cannot be solved completely. Existing wide LCP methods cannot take into account mode
arrangement, i.e., the order of modes and the width of each. Thus, to make sure that each
cell located in the corridor is suitable for its corresponding mode, the cell must be suitable
for all modes. However, in this way, unnecessary constraints, i.e., to have low costs for all
modes, will be imposed on the model and may result in non-optimal paths.

Ensuring the cells covered by the wide LCP are low-cost for all modes requires an
aggregation process for all modes’ cost rasters before finding the LCP. We refer to this as
creating a composite cost raster. One method of aggregation is a weighted average of all
modes. For example, the proportion of the corridor width occupied by each mode can
be used as the weight of that mode. The planner may have alternative ways of weighing
different modes.

After this preliminary step, an LCP as wide as the multi-modal corridor is found on
the composite cost raster using an existing method (e.g., Shirabe [27]). Finally, considering
the desired arrangement of modes, all modes are accommodated within the corridor. The
FWLA method, summarized in Figure 1, follows four steps: (i) using MCDA techniques
to create a cost raster for each mode based on their important criteria, (ii) aggregating all
cost rasters into one composite cost raster, (iii) finding a wide path on the composite cost
raster, and (iv) locating the desired multi-modal corridor within the path found in (iii). It is
notable that, in step (iii), all wide LCP techniques such as those introduced by [27,28] can
be used to find a wide path on the aggregate cost surface.

Mode 1 cost raster

Mode 2 cost raster

: (b) () (d)

Mode n cost raster

(a)

Figure 1. Finding a Wide LCP on the accumulated cost raster (FWLA) method. Subfigure (a) shows
cost rasters for n different modes. Subfigure (b) illustrates the composite cost raster created for all
modes. In subfigure (c), the wide LCP on the composite cost raster is found. In subfigure (d), the
desired arrangement of modes is fitted into the wide LCP found.
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A shortcoming of this method is the desired arrangement of modes within the corridor
is only considered in the final step and not in the wide-LCP-finding process. In other words,
existing wide-LCP algorithms cannot take modes’ arrangements into account. These
algorithms use the weighted average of costs regardless of the order of modes. As a result,
for a cell to be considered “suitable” with a low average cost, it must be low-cost for all
modes. This issue imposes unnecessary constraints on the algorithm. Figure 2 provides an
illustrative example. Two synthetic cost rasters for a highway and a power line are shown
in Figure 2a,b. The goal is to find a two-cell-wide path that is divided evenly among the
modes and the highway is at the top of the path moving from left to right. The weights of
these cost rasters are assumed to be the same and equal to 0.5. The aggregate cost raster
is shown in Figure 2¢; row C has a lower cost than rows A and B because both highway
and power line have relatively low costs in this row. The optimal two-cell-wide path found
by this method is shown in the red box in Figure 2c. However, if the average cost is not
considered and the original grids are used, the optimal path would be as in Figure 2d,
where the row A costs are the lowest for the highway cost raster and the row B costs are
lowest for the power line cost raster. This shortcoming is solved with the proposed MLTG
method, where the costs of edges are calculated based on the desired arrangements of
modes in each direction; we used the MLTG method below.

RowA| 1 1| 1| 1| 1| 1| 1| 1| 1
Row B
Rowc| 3 3| 3| 3 3 3 3 3 3

(a)

(RowB| 1| 1| 1] 1| 1, 1] 1| 1] 1
[Rowc| 3| 3| 3| 3| 3| 3| 3| 3] 3
(b)
Row A|4.5/4.5|4.5/4.5/4.5/4.5/4.5/4.5/4.5
Row B|4.5/4.5/4.5/4.5/4.5/4.5/4.5/4.5/4.5
Row C|3.0/3.0/3.0/3.0/3.0/3.0/3.0/3.0|3.0

()
RowA| 1) 1| 1] 1] 1] 1] 1] 1] 1

(RowB| 1| 1| 1] 1| 1} 1] 1| 1] 1
|Row C

(d)

Figure 2. Suboptimality of FWLA method with multiple modes. Subfigures (a,b) are synthetic cost
rasters for a highway and a power line, respectively. Subfigure (c) shows the weighted-average cost
raster for the two modes. The two-cell-wide LCP found by FWLA is highlighted in a red box in
subfigure (c). The optimal two-cell-wide LCP accounting for mode-specific lowest cost is shown in
Subfigure (d).

3.2. The Multi-Layer Transformed Graph (MLTG) Method

To create a wide path, the costs of a set of neighboring cells should be considered in
each edge rather than the cost of only one cell. Assume that in each direction a set of cells in
the shape of a rectangle as wide as the corridor is used to create a wide path and each mode
based on its desired width covers a proportion of this rectangle. In connectivity graph, if
each cell is connected to its eight neighboring cells, there are eight allowable directions
(equivalent to the directions a queen can make in chess board). By fixing the arrangement
of modes in one direction the arrangement of the other seven directions will also be fixed
because the overcrossing of modes is not allowed. Therefore, the multi-modal corridor
can be created by attaching rectangles that have a specific arrangement of modes for each
direction. However, as discussed in Section 2, using a sequence of these rectangles edges
leads to both gaps and overlaps. To overcome this challenge in the MLTG method, the
original connectivity graph is transformed in a way that it does not create overlaps and it
fills the gaps by adding extra costs, i.e., turning costs, where corridor changes its direction.
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It is notable that comparing to the conventional connectivity graph in MLTG, the nodes,
edges and their weights are changed and in the next step any of LCP algorithms such as
Dijkstra [5] can be used. In others words, MLTG is independent of using any algorithms
for finding LCP in connectivity graphs.

MLTG builds multi-modal corridors as Legos. Each piece of Lego is in a certain color
and each color represents a particular mode. Creating a continuous corridor with a desired
arrangement and width for each mode requires a specific set of the Lego pieces. The cost of a
corridor is the sum of the costs of the pieces creating it. Each Lego piece is built of a number
of blocks and each block is made of a cell or fractions of cells in the cost rasters of modes. To
calculate the weight of each Lego piece, we apply the “neighborhood” concept [29], “a set
of locations that are at specified cartographic distances and/or directions from a particular
location”. One particular block in each piece is considered as its reference point and the
weight of each piece is calculated based on the location of its reference point and the type
of neighborhood, i.e., Lego piece. At each point, the weight of each neighborhood is equal
to the summation of the cost of areas occupied by different colors. For each color (mode),
the cost is derived from the cost raster of that mode.

There are three types of neighborhoods in MLTG: (i) moving, (ii) clockwise turns, and
(iii) counter-clockwise turns. A moving neighborhood is named based on its direction,
for example, from left to right. The turning neighborhoods fill gaps created between two
moving neighborhoods due to a change in direction. They are named according to the
direction of the neighborhoods before and after the turning point. Table 1 shows the
notation used for each neighborhood type and direction. Using the cost of a neighborhood
rather than the weight of one cell allows us to find a wide LCP rather than a narrow path.
Moreover, constructing the cost of a neighborhood from different cost layers allows the
planner to consider the costs of all modes individually and thus avoid problems related to
the use of the accumulated cost of all modes, as discussed in Section 3.1.

With moves permitted in eight different directions, as the movements of queen on a
chess board, eight moving neighborhoods are needed. To keep the particular arrangement
of the modes, the order of modes in a reverse direction needs to be reversed. For example,
the arrangement in an LR neighborhood is mirrored in RL for travel in the opposite direction.
The same rule applies to clockwise and counter-clockwise turns. This concept is shown in
an example 3-mode corridor in Figure 3. The required width is one cell for each of the first
and third modes and two cells for the middle mode. The figure illustrates a set of moving
neighborhoods and their movement directions. Several turning neighborhoods are also
highlighted to show the reversed order of modes in clockwise and counter-clockwise turns.

The neighborhoods can be defined such that the number of cells is consistent in each
direction or in a way that the Euclidean distance of two edges of the path are consistent.
Having a specified neighborhood for each direction gives flexibility to the model to have
different widths in different directions. The width of each mode in each direction could
be a float number. However, in this paper we make several simplifying assumptions to
make the geometry simpler: (i) the corridor has a fixed width in all directions in terms
of Euclidean distance, (ii) the width of each mode in orthogonal move is a factor of the
cell size of cost raster, and (iii) the width of each mode in diagonal moves is a factor of
V2 x cell-size. Based on these assumptions, neighborhoods are created as explained in the
following paragraphs.

Consider a multi-modal corridor consisting of M modes (Mj, My, ...My) where the
width of the mth mode is equal to w;, and the cell-size of the cost rasters is equal to cs. The
required number of cells for each mode n,,, in orthogonal moves, that create w;, can be

derived as follows:
Wm

= )

The total width of the corridor measured by the number of cells is equal to
Twn = YM | n,. In Euclidean distance it is Twe = Twn x cs. Assume a left-to-right
(LR) moving neighborhood. The origin of the Cartesian coordinate system is at the top left

corner of the study area and the longitude (i) and latitude (j) increase from left to right and

Ny =



ISPRS Int. ]. Geo-Inf. 2022, 11, 434

7 of 22

from top to bottom, respectively. The order of modes in LR neighborhoods from top to
bottom is 1 to M with corresponding cost layers of Cy, Cy, ..., Cy1 and corresponding #,,s of
nq, My, ..., M. The number of cells from the reference cell to the start of each new mode m is
equal to Ny, as per:

m—1

Number of cells before mode m = N, = Z Ny (by definition Ny =0) (2)
1

The cost of each neighborhood is equal to the sum of the costs of cells in that neigh-
borhood from their corresponding cost layers. For LR neighborhoods, the reference cell is
the top cell while for RL, UD, and DU the reference cells are the lowest, the leftmost, and
the rightmost cells, respectively. This ensures the order of modes from the reference cell
will be consistent in all moves and that the reference cell is always the beginning cell of
the first mode (M;). A general set of eight moving neighborhoods is depicted in Figure 4.
The dotted lines between the blocks mean that the number of blocks may vary in each
direction. Each mode is in a different color. The first mode (blue) is the mode that includes
the reference cell. The reference cell is the first block of the first mode and depicted with a
black dot in the middle of the figure. The name of each neighborhood and their directions
are included in the figure.

Origin

L

R
LR RL uD
5, & L D
I I [ W Y@ '
DU

Figure 3. An example of a 3-mode 4-cell width corridor and its eight moving neighborhoods where
each mode is in a different color.

Destination

-\\AOXGH Ayl

—
I:L
o i
“ | &
o1
1UD - = I"ml S — --u Dut
4 o
AR
@€ W
.
R

Figure 4. The general form of eight moving neighborhoods. Each color represents a mode and the
reference cell is the black square in the middle of the figure.
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Table 1. Notations used in the MLTG method for direct moves and turns.

Type From To Notation
Left Right LR
Right Left RL
Up Down UD
Direct edges Down Up DU
Right Down Left Up RDLU
Left Up Right Down LURD
Right Up Left Down RULD
Left Down Right Up LDRU
LR LURD LRtoLURD
LURD UD LURDtoUD
UD RULD UDtoRULD
B L
RL RDLU RLtoRDLU
RDLU DU RDLUtoDU
DU LDRU DUtoLDRU
LDRU LR LDRUtoLR
LR LDRU LRtoLDRU
LDRU DU LDRUtoDU
DU RDLU DUtoRDLU
C&lﬂ;e;;g;evf& ;irsr)ls RDLU RL RDLUtoRL
RL RULD RLtoRULD
RULD UD RULDtoUD
UD LURD UDtoLURD
LURD LR LURDtoLR

The general forms of LR, LRtoLURD and LURD neighborhoods, are shown in Figure 5.
The input and output neighborhoods for this turn are LR and LURD, respectively. The total
area of the turning neighborhood, LRtoLURD, is enclosed in a solid violet line. The cost of
this turn, similar to all 16 turning neighborhoods, is equal to the area swept by its input
neighborhood to reach the output neighborhood. In this case, the cost is the summation of
costs of the cells enclosed by solid violet line, from different cost layers of different modes.
The cost of LR neighborhood at cell (7, ) is CLR;; and is calculated as follows:

M npy
If j =< (] — Twn +1) then: CLR;j = Y ) Cu(i,j+ Ny +n—1) (3)

m=1n=1

Equation (3) calculates the cost of the area covered by the neighborhood from the
corresponding cost layers: Cy, (i, ) is the cost of cell (7, j) on the cost raster of mode m. It is
assumed that the study area consists of I cells in width and | cells in height. Limitations of
a study area need to be considered when creating the neighborhoods why the end cell of
the neighborhoods are not allowed to be over the borders of the study area. The conditional
term in Equation (3) ensures enough room in the study area for the corridor to move in
that direction. This constraint means that at these cells the corridor does not have enough
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room to move in the direction of that neighborhood. For example, in a study area of 100 by
100 cells with a corridor of width 10 derived from (1), left-to-right moves are not allowable
for j > 100 — 10 + 1 = 91. For the other orthogonal neighborhoods, costs can be calculated
in a similar way.

01 2 3

[
T-pm1+i=d|c

B Cmy1
iy Cm,2 -
iq ny . iq=j+Twn-Twd
CMyny

“ Ny, Crmy1 ()\]\s .
N - Cm,2 ; 4 r
N o

Twn = Cm;zn,

CMmy1

Cmy2

Ny

CMyny

Figure 5. Two moving neighborhoods, LR and LURD, and the turning neighborhood, LRtoLURD,
which fills the gap between them are shown here. The corresponding edge related to LRtoLURD is
the red arrow. The reference cell of LR at cell (7, j) and its opposite are shown by the black and red
dots, respectively. The cost of each cell or block in both input and output is named in the figure. For
example Cpy, 1 is the cost of the first cell of the first mode in LR. The number of cells for mode m in
LR varies from 1 to n,; while for LURD the number of blocks in mode m is between 1 and d,;,. The
reference cell of LURD is located at cell (p, 7).

Figure 6 shows a sample two-cell-width path from left-up to right-down (LURD) for
the two existing sophisticated methods for wide LCPs [27,28]. In both of these methods,
in diagonal directions the edges of the found path are indented with a zigzag shape.
In [27], the diagonal width fluctuates by V2 x ¢s, i.e., the diameter of one cell. This issue
is non-significant with a path whose width is considerably larger than the cell-size or
with a smooth cost surface where there are no sharp changes in the costs of adjacent cells.
However, when the width of path is not too large in terms of cell-size or when there are
dramatic changes in the cost of adjacent cells the fluctuation could become more significant
leading to finding a non-optimal path.

With the MLTG method, the diagonal neighborhoods can be imagined to be con-
structed of a number of blocks with the same geometry. The first block consists of four
half-cells, one of which is a subset of the reference cell itself. The other three half-cells are
determined based on the direction of the moves. For example, in LURD neighborhoods
the three other half cells are cell(i + 1, j), cell(i,j + 1) and cell(i + 1, j + 1) where i and j are
the location of the reference cell of the neighborhood. This way, the width of each block is
equal to v/2 x cs. These blocks can be considered to have rotated 45 degrees with respect
to the original grid. The concept of constructing one block using four half-cells without
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rotating the axis is shown in Figure 7. Figure 7b shows an LURD block consisting of four
half cells from four neighboring cells. The weight of this block is equal to the summation of
the four half cells shown in Figure 7a. For LDRU, RULD and RDLU neighborhoods only
the location of the reference cell (black) is different. Using this method avoids indentations
and fluctuations of the path width, making it possible to create a path with a constant width
in diagonal moves. The constraint of being a factor of /2 x cs for diagonal width can be
solved with more complex geometry which is beyond the scope of this paper.

V4%

(a) (b)

Figure 6. The behaviours of the two existing methods for wide LCPs for a sample diagonal move in a
two-cell-wide path. Subfigure (a) is a sample diagonal move when the width is constant in terms of
number of cells while subfigure (b) is trying to fix the width in terms of euclidean distance.

I %l i i+l

j j
j+1 j+1
(a) (b)

Figure 7. Constructing a rotated block from four neighboring cells. The summation of the weights
of the four half cells shown on subfigure (a) is equal to the weight of the rotated block shown in
subfigure (b).

An LURD neighborhood is shown on the right side of Figure 5. For defining diagonal
moves, assume that w,, is the desired width of mode m in a multi-modal corridor. To
guarantee the minimum width of wy,, the number of blocks from each mode d, is calculated
from Equation (7) and using (1) results in Equation (8). The order of the modes is the same
as in orthogonal moves. The reference cell is one of the cells of the first block of the first
mode. The total width of the corridor in diagonal moves, measured by number of blocks, is
equal to:

M
Twd = Z dm, 4)
m=1

and measured in Euclidean distance is:
Twed = /2 x Twd x cs. 5)

The ratio ofthe width of the corridor in diagonal moves to width in orthogonal

moves is:
R Twd _ V2x XM dy, ©)
Twn Z%Zl Ny

which approaches one as the width of the corridor increases. The number of blocks from
the reference cell to the first block of each mode m is D, and is derived from (9). The cost of
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an LURD neighborhood at point (i, j) is CLURD(i, j) and is derived from (10), as follows.
The cost of other neighborhoods is calculated in a similar way.

Wm
dm = +1 7
m |ﬁ>< Csl @)
Nm
dm = |—=|+1 8
m—1
Dy, = Z dy  (By definition:D; = 0) )
1
andifi > (Twd — 1) and j < (J — Twd):
CLURD;; =
m=M d=d,, ii=1jj=1
Yo Y Y Y 05x(Culi—Dp—d+1+ii,j+Dy+d—1+jj) (10)
m=1 d=1 ii=0jj=0

Some turning neighborhoods are pointed to by black arrows in Figure 3. The gap
between an existing moving neighborhood (i.e., input) and the next one (i.e., output) is
filled by turning neighborhoods. Each turning neighborhood is a sector of a full circle,
constructed from different layers depending on the arrangement of modes within a multi-
modal corridor. To keep the arrangement fixed in all directions, the order of modes in
clockwise and counter-clockwise turns are in reverse. As an example, the complete circles
of turns of a three-mode corridor for both counter-clockwise and clockwise turns are shown
in Figure 8a,b, respectively. In this figure, each mode is in a different color and the desired
arrangement of modes in this corridor is that the black mode is on top when the corridor
moves from left to right. To make the geometry simpler and calculating the weights easier in
this paper, the two turning circles are modeled as two circumscribed octagons (Figure 8c,d).
For each input and output moving neighborhood there is a sector in each octagon that can
be used depending on the turning direction, depicted in Figure 8e f. For each mode, if the
number of blocks in its diagonal moves is equal to the number of cells in orthogonal moves,
the octagon will turn into a square shape. This happens when the width of a mode is less
than three cells, whereas for a wider corridor, it would be an octagon.

We set several conditions to avoid even as much as half a cell of overlap. Since the
turns are 45 degrees in the MLTG model, each turning neighborhood has an orthogonal and
a diagonal input or output neighborhood. Half of the cost of the orthogonal neighborhood
should be included in the turning neighborhood while the diagonal moves are excluded.
This is because in diagonal neighborhoods are made from blocks while orthogonal neighbor-
hoods are made from single cells- see Figure 5. In clockwise turns, the input neighborhood
turns around the opposite cell of its reference cell, the red dot in Figure 5, while in counter-
clockwise turns, it turns around its reference cell (black dot). In counter-clockwise turns,
the reference cell of the input neighborhood needs to be eliminated from the weight of the
turn. Similarly, the opposite cell of the reference cell needs to be eliminated in clockwise
turns. The reason is that half of the cell is covered by the input neighborhood, here LR,
and the other half is covered by the output neighborhood, here LURD. More details and
equations for cost of turns are available in [30].

In conventional LCP methods, the connectivity graph consists of nodes and weighted
edges. The nodes are the centers of cells in cost raster and edges are links that connect neigh-
boring nodes. The weight of an edge is equal to the mean of costs of two connected nodes
multiplied by their distance [31]. In the MLTG method, the explained conventional connec-
tivity graph is transformed to another graph, then the LCP is found on the transformed
graph, and finally the found LCP is translated to a path on the original connectivity graph.
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(c)

LR

DU ——UuD

%

2

(f) RL

Figure 8. The complete circles of turns for a sample three-mode corridor for both counter-clockwise
and clockwise turns are shown in subfigure (a) and subfigure (b), respectively. To keep the geometry
simple these circles modeled by turning octagons shown in subfigure (c) and subfigure (d). Each turn
is made of an input and an output moving neighborhood which specify the sector of each turn in the
turning octagons. These sectors are shown in subfigure (e) and subfigure (f) for counter-clockwise
and clockwise turns, respectively.

The algorithm of [5] or other shortest-path algorithms do not differentiate between
direct moves and turns. In other words, these algorithms use the nodes and weight
of linking edges to find an LCP without considering whether the path is turning or is
continuing in the same direction. As a solution, in the MLTG method, each cell in cost raster
is considered as a graph with eight nodes corresponding to its eight possible inputs and
outputs, because in the queen’s movement pattern on chessboard, each cell is surrounded
by its eight neighboring cells. Each of these eight nodes works as a terminal for input and
output edges (Figure 9a). The center of a cell is shown in black and each of the eight nodes
is shown in a different color. Notation used for each node show the permitted moves on
that node and are the same as the notations for the neighborhoods and edges shown in
Table 1.
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Figure 9. One cell with its centre marked with a black square is divided into eight nodes correspond-
ing to its eight allowable moves is shown in subfigure (a). These eight nodes are shown in different
colors surrounding the black center. Eight couples of input and output direct-move edges at each cell
are shown for the central cell in a 3 x 3-cell example in subfigure (b). The color of each couple edge is
the same with the color of its corresponding node.

The cost of a path is equal to the sum of the costs of the neighborhoods creating that
path, and can be calculated from Equation (11) where COP, Cy;; and Cyy, are costs of the
path and costs of the mn'" moving and tn'* turning neighborhoods. In this equation, MN
and TN are the total number of moving and turning neighborhoods. Therefore, in the
MLTG method, the costs of neighborhoods are used as the costs of connecting edges. There
are three types of edges in the MLTG method: (i) direct move edges, (ii) clockwise-turn
edges, and (iii) counter-clockwise-turn edges. Each node has two direct move edges, one for
each input and output. These two edges connect each node to their corresponding nodes
from the two accessible cells on that direction. For example, the input direct-move edge at
node LR in cell (i, j) comes from the node LR of cell (i — 1, ) and the output direct-move
edge goes to node LR of cell (i + 1, j) where longitude i increases from left to right. Given
the eight nodes of each cell, there are eight couples of input and output direct-move edges
at each cell which are shown for the central cell in a 3 x 3-cell example in Figure 9b.

Based on the defined geometry of neighborhoods, the weights of orthogonal moving
edges are equal to the mean of the costs of two corresponding neighborhoods filling the
area between those nodes and can be calculated from Equation (12). Here, WM i)~ (pq)
is the weight of a moving edge coming from node (i, j, M) and reaching to node (p, q, M)
where i and j show the longitude and latitude of the cell and M is the node type. CM,; ; is
the cost of neighborhood M with its reference cell located at (i, j). For example, the weight
of the LR edge connecting (5,10) to (6,10) is shown in Equation (13). However, the weight
of diagonal moving edges and all turning edges starting from (i, j) is equal to the cost of the
corresponding neighborhood with its reference cell located at (i, j). The weight of diagonal
moving edges and turns can be calculated from Equation (14), where WE(; ;) _(,,4) is the
weight of edge E starting from (i, j), and CNE; ; is the cost of the neighborhood E with its
reference cell at (i, ).

mn=MN tn=TN
CoOP= Y Cun+ ), Cm (11)

mn=1 tn=1
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B CMI',]' + CMp,q

WMijy-ogy = — 5 (12)
CLR + CLR

WLR(s510)-(6,10) = >10 > o1 (13)

WE(i )~ (pq) = CNEi; (14)

The second type of edge is for counter-clockwise turns. In the MLTG method, there
are eight nodes in each cell and for each of these nodes there are seven other nodes to
turn to in a counter-clockwise direction. These seven edges are shown in Figure 10a for
an LR node. Because there are eight nodes in each cell, there could be 8 x 7 = 56 edges
(Figure 10b). However, turns bigger than 45 degrees are made up of smaller 45-degree
components and all these types of turns are created by connecting each node (terminal) to
its neighboring node in a counter clockwise direction. This concept is depicted in Figure 10c.
This way, for example, a 90-degree counter-clockwise turn from LR to DU can be created
by two 45-degree turns: first from LR to LDRU, and then from LDRU to DU. The eight
counter-clockwise turning edges of a cell are shown in Figure 10c.

LURD| UD |RULD LURD| UD |RULD
I? /l IT_H———IG——?
LR — & ——#lRL LR* | *RL

LN T~
LD?QU D.U RSLU LDiRUi_B[ﬂJ_ RDLU
(a) (b) (c)

Figure 10. (a) Eight counter-clockwise turning edges for LR. (b) 56 counter-clockwise turning edges
for all eight terminals in a cell. (c) The edges in (b) can be made by the eight sequential edges shown
in (c).

The third and the last type of edges is clockwise turning edges.These edges fill the
gaps between the input and output neighborhoods in clockwise turns. In contrary with the
counter-clockwise turns, the reference cell of input and output neighborhoods are not the
same in clockwise turns. In these turns the input neighborhood turns around the opposite
cell of its reference cell. Therefore both the reference cell and the terminal node are changed
in clockwise turns. As an example, the red arrow in Figure 5 shows an LRtoLURD edge.
The reference cell of input, i.e., LR is pointed by the black dot while the reference cell of
output neighborhood, i.e., LURD is the black square.

Similar to the counter-clockwise turning edges, there are eight clockwise 45-degree
turns and the larger turns can be created by adding these sequential 45 degree turns. For
clockwise turns, the input neighborhood rotates around the cell on the opposite side of
the reference cell. Figure 11 shows a complete cycle of clockwise turns. As an example,
if the turn starts from the LR node it will go to the LURD node which is the next node
in the clockwise direction. This is not the LURD node from the same cell because the
output reference cell is different from the input reference cell for clockwise turns. The input
reference cell (7, j) and the output reference cell (p, g) of an LRtoLURD turn are shown in
Figure 5. As related equations show in this figure, the changes from (i, j) to (p,q) depend
on the number of corridor cells in orthogonal and diagonal moves.
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Figure 11. Eight sequential clockwise turns for eight cells. Each node within a cell has its own cycle
of clockwise turns which are not shown here to make the figure simpler. The arrows are in the same
color as their starting nodes.

In summary, the MLTG model divides each cell into eight terminal nodes. Each node
has three input and three output edges. Input edges include: (i) a direct edge from the
counterpart node from the previous cell in that direction, (ii) a counter-clockwise turning
edge from the previous node in counter-clockwise cycle in the same cell, and (iii) a clockwise
turning edge from the previous node in clockwise cycle from another cell. Similarly, the
three output cells are: (i) a direct edge to the counterpart node to the next cell in that
direction, (ii) a counter-clockwise turning edge to the next node in counter-clockwise cycle
in the same cell, and (iii) a clockwise turning edge to the next node in a clockwise cycle to
another cell. These edges are shown in Figure 12.
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Figure 12. Depicts the three input edges (solid lines) and the three output edges (dashed lines) for an
LR node. The colors of the edges are the same as their start nodes.

4. Numerical Results

This section presents numerical simulations for finding an LCP under three scenarios.
First, we compare the performance of the MLTG method with the two other existing
models—([28] and [27]—in finding a two-cell-wide single-mode LCP. Although the MLTG
method was created to find multi-modal wide corridors, by assigning the same cost raster
to all modes, it is applicable to finding single-mode wide paths. Second, we compare the
performance of the MLTG and FWLA methods in finding a multi-modal corridor. In the
FWLA method, firstly a single cost-surface is created by weighting all cost-surfaces and
then the [27] method is used to find a wide LCP. Last, the MLTG method is applied to find
a three-mode corridor in a study area of 200 by 200 cells.

4.1. Comparing the MLTG with Existing Methods in Routing a Single-Mode Wide Corridor

Although the MLTG method is designed to find LCPs for wide multi-modal corridors,
it can be used for a single-mode wide corridor. This is possible if its neighborhoods are
made of a single cost raster. This section compares the performance of MLTG and two
other existing methods for finding a wide single mode LCP. Specifically, we use three
methods—MLIG, ref. [28], and [27]—to find a two-cell-wide single-mode LCP on a simple
ten by ten cost raster. The data is synthetic and randomly made and is from [28].

First, MLTG is used to find a two-cell-wide path. Its width is fixed and equal to
two cells. This is similar to the goal of the method in [28]. The moving and turning
neighborhoods were so defined to keep the number of cells constant. The result is shown
in Figure 13. Figure 13a is the data used as the cost layer. Figure 13b is the LCP found
by [28] with aggregate cost of 31, and Figure 13c is the LCP found by the MLTG method
with aggregate cost of 30. The results show the LCP found by the MLTG method for a
single mode is less costly than the LCP found by [28] when the goal is to keep the number
of cells constant in all transitions.
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Figure 13. (a) The cost raster values in line with [28]. (b) The single-mode two-cell-wide LCP found
by [28] in grey. (c) The single-mode two-cell-wide LCP found by the MLTG method in green



ISPRS Int. ]. Geo-Inf. 2022, 11, 434

17 of 22

Next, we compare the MLTG and [27] methods. The data is the same as in the previous
experiment and the goal is to fix the width of the LCP in terms of Euclidean distance. The
result is shown in Figure 14. Subfigure (a) shows the cost values for each cell, subfigure
(b) is the found MLTG LCP when the goal is to fix the Euclidean distance of two edges of
the path, and subfigure (c) depicts the path on the cost values. The total cost of the MLTG
method is 55. Fixing the Euclidean distance in [27] method for a two-cell-wide path means
using a two by two block neighborhood. As was explained above and shown in Figure 6b,
the path found by [27] cannot precisely fix the width as it fluctuates by v/2 x cs or by one
cell in terms of cell numbers. Therefore, as shown in Figure 14d, the path found by [27] in
diagonal moves fluctuates by one or two cells. To make this path consistent with its goal
(two-cell-width in all directions), some triangles are added wherever the width is only one
cell in the diagonal moves Figure 14e. The modified path is illustrated on the cost values.
To calculate the total cost of this path, half of the cost of a cell is added wherever the path
occupies a triangle of a cell. The total cost of [27] is equal to 57.5 which is higher than the
cost of the path found by the MLTG method (55).
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Figure 14. (a) The cost raster values in line with [28]. (b) The single-mode two-cell-wide MLTG LCP,
where the goal is to fix the Euclidean path width. (c) The path found in (b) depicted on cost-values.
(d) The single-mode two-cell-wide [27] LCP. To fix the issue of the indented path found in (d), some
triangles are added where the width is equal to one cell instead of two. The result is shown in (e) and
it is depicted on the cost-values in (f).

4.2. Comparing the MLTG and FWLA Methods in Routing a Two-Mode Wide Corridor

Here, we compare the performance of MLTG and FWLA methods for finding the LCP
for a two-mode corridor in a 10 by 10 study area. The width of each mode is one cell. In this
corridor, the width is fixed in Euclidean distance and for orthogonal directions it equals
2 x cs. For diagonal moves, it equals 2 x /2 x cs. The origin of the path is at the top left
corner and the destination is at the bottom right corner. We assume that one of the modes
is a highway and the other is a power line, with a desired arrangement of the highway on
top (north) of the power line from left to right.

The result of the FWLA method is shown in Figure 15. In this experiment, we use
the [27] method to find a wide LCP on the composite cost raster. Figure 15a is the same
data used in the previous experiment and it is used as the cost layer for the highway, while
Figure 15b is a new data created randomly, with costs between 1 and 4 for using as the
cost layer of the power line. The [27] method is designed to work on a single cost layer.
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To make it possible to find a two-mode corridor as described in Sections 4.2 and 4.3, the
accumulated values of all the cost layers or their average could be used. Figure 15c¢ is the
average of (a) and (b). Figure 15d shows the two-cell-wide path from the [27] approach on
the average layer shown in Figure 15c. In the next step, (d) is modified into (e) to fix the
issue of indented edges where the width is only one cell. In (f), the space in the corridor (e)
is divided between the two modes with the desired arrangement of the corridor. However,
this path is found on the average cost layer of the two modes, whereas the actual cost needs
to be calculated on the original cost layers (a) and (b). In (g) the path is depicted on the
highway cost layer (Figure 15a). The summation of values within the yellow area is the
cost of the highway which is 27. In (h), the (f) is depicted on the cost layer of the power line,
Figure 15b. The summation of values within the white area is the cost of the power line on
its original cost layer which is 43. The total cost of the two modes is shown in (i) which is
equal to 70.
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Figure 15. Subfigure (a) is highway cost layer, using cost raster values in line with [28]). Subfigure (b)
is the power line cost, data created randomly. Subfigure (c) is the average cost raster of Subfigures (a,b).
Subfigure (d) is the two-cell-wide LCP method [27]. In Subfigure (e) some triangles are added to
Subfigure (d) to make the width constant. In Subfigure (f), the space within Subfigure (e) is divided
between two modes with the first mode in yellow and the second mode in white. In Subfigures (g, f)
is overlaid on Subfigure a to calculate the cost of the highway. In Subfigures (h,f) is overlaid on
Subfigure (b) to calculate the cost of the powerline. The total cost is the summation of Subfigures (g,h)
that is depicted in Subfigure (i).
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The same data, arrangement, widths and origin and destination as the above-mentioned
example are used here to apply the MLTG method. The results are shown in Figure 16,
with subfigure a displaying the found two-mode corridor. The cost of the highway, which
is in yellow, is calculated in Subfigure b and is 28. The cost of the power line, illustrated in
white, is shown in Subfigure ¢ and is equal to 37. The total cost is the summation of the
costs of the two modes and is 65 in total which is less than the cost of path found by FWLA
(70). This shows the MLTG method found a lower cost multi-modal path.
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Figure 16. The same data as in Figure 15 is used in this experiment. Subfigure (a) is a two-mode
corridor found by the MLTG method with the paths of highway and power line shown in red and
green, respectively. Subfigure (b) The path is depicted on the cost layer of highway and the calculated
cost of highway is 28. Subfigure (c) The path is depicted on the cost layer of the powerline and the
calculated cost of powerline is 37. The total cost is a summation of these two costs which is equal to
65, as shown in Subfigure (a).

4.3. The Applicability of the MLTG Method for Routing a Three-Mode Corridor in a 200 by
200 Cell Area

To check the capability of the MLTG model for a relatively larger area, a 200 by 200 cell
cost raster was randomly made (Figure 17a). To make it more natural, it was smoothed twice
using a 5 by 5 filter. The first and the second smoothed surfaces are shown in Figure 17b,c,
respectively. In this example, we assume the data is a slope raster and is the only important
criterion for routing a three-mode corridor consisting of a highway, a railway and a power
transmission line, with required widths of 3, 1, and 2 cells. We further augmented the
experiment by manually adding avoidance areas such as lakes, black rectangles, and rivers,
white or yellow lines, to the surface. Moreover, some suitable low-cost areas are added to
the area to see whether the model can distinguish them. Then, the values of the cells on
this surface are classified using three different methods representing the three mentioned
modes. As the sensitivities of these modes are different regarding the slope, the variability
of the reclassified costs increase from the power transmission line to the highway and
then to the railway. Subfigure (d) is the result of the mentioned process which is used as
cost layer for the highway. Similar to Subfigure (d), Subfigure (e) is for the railway and
Subfigure (f) is for the power transmission line. The resulting three-mode LCP is shown in
Figure 18a, where the widths of the highway, powerline and railway are 3, 1, and 2 cells,
respectively. It is notable that for finding an LCP, the MLTG model needs the origin and
the destination points, and the nodes or terminals at those two points. In this example, the
starting neighborhood is an LR while the destination neighborhood is a UD. Figure 18a
demonstrates how the arrangement of the modes are maintained all along the path.
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Figure 17. Applying the MLTG method on a wide area consisting of 200 by 200 cells to find a
three-mode corridor where the first mode, highway, is a three-cell-wide, the second one, railway, a
two-cell-wide and the third mode, power transmission line, an only one-cell-wide path. The randomly
made cost raster is shown in subfigure (a). This cost raster is smoothed two times and the results
are shown in subfigures (b,c). The cells on subfigure (c) are classified using three different methods
representing the three mentioned modes and some suitable areas as well as some avoidance areas
are added to make it more natural. The final cost rasters for highway, railway and powerline are
shown in subfigures (d—f), respectively. The black rectangles represent the added lakes which are the

avoidance areas.
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Figure 18. Subfigure (a) shows the LCP found by the MLTG method. Subfigure (b) is the desired
arrangement of an LR neighborhood of the corridor, with the highway being on top, the powerline in
the middle, and the railway at the bottom.
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5. Conclusions

In this paper, the two following methods for routing a multi-modal corridor are
introduced. The FWLA method makes a composite cost raster of all modes, and then
aligns a wide path on this cost raster using the existing methods. It accommodates all
modes within the found corridor based on the desired arrangement of modes. In contrast,
the MLTG method uses a transformed multi-directed graph which assigns eight nodes to
each cell and connects them by specified edges. The weights of these edges are calculated
based on the costs of several rotating multi-layer neighborhoods. After applying a routing
algorithm, the sequence of nodes which create the multi-modal wide corridor on the
transformed graph is found. These nodes are then transferred to the original grid to align
the corridor.

We use numerical simulations to evaluate the performance of these methods. The
results show that the MLTG method is effective in both multi-mode and single-mode
wide corridor routing. The contributions made in the MLTG method is three-fold: (i) it
uses multi-layer neighborhoods from different cost rasters rather than using single-layer
neighborhoods from a composite cost raster; (ii) it creates the connectivity graph in a way
that the gaps at the turning point are distinguished and filled by turning costs; and (iii) by
using the block concept in diagonal moves, the MLTG method does not create an indented
path in these directions. The numerical simulations demonstrated that the propose methods
were capable of finding optimal routes while addressing the limitations imposed by the
multi-modal nature of the corridors under study.
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