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Abstract

:

A new line-of-sight (LOS) decision algorithm applicable to simulation of electronic warfare (EW) is developed. For accurate simulation, the digital terrain elevation data (DTED) of the region to be analyzed must be reflected in the simulation, and millions of datasets are necessary in the EW environment. In order to obtain real-time results in such an environment, a technology that determines line-of-sight (LOS) quickly and accurately is very important. In this paper, a novel algorithm is introduced for determining LOS that can be applied in an EW environment with three-dimensional (3D) DTED. The proposed method shows superior performance as compared with the simplest point-to-point distance calculation method and it is also 50% faster than the conventional interpolation method. The DTED used in this paper is the data applied as level 0 for the Republic of Korea, and the decision of the LOS at approximately 1.8 million locations viewed by a reconnaissance plane flying 10 km above the ground is determined within 0.026 s.






Keywords:


electronic warfare; line-of-sight; digital terrain elevation data; EW simulation; LOS decision algorithm; sign counting method












1. Introduction


Since radar, which detects objects using an electromagnetic spectrum, has appeared on the battlefield, on the one hand, information obtained through detection and reconnaissance by radar-equipped aircraft has given an edge to the friendly forces in the war. The importance of information acquisition through the electromagnetic (EM) spectrum is growing [1,2,3]. On the other hand, techniques that can deny an enemy’s effort in information acquisition through the EM spectrum is important. The two types of techniques are continuously being developed to overcome each other [4].



Modeling and simulation (M&S) technology provides an experimental environment in a virtual space for predicting and verifying situations that are difficult or impossible to reproduce in reality. M&S technology is especially useful in the defense sector, where real system evaluation may be risky and requires significant cost. One such example is modeling of an electronic warfare (EW) environment, which may involve a continent-size field, harmful electromagnetic radiation, etc. Thus, considerable efforts are underway to develop EW simulators to incorporate the merits of M&S into EW [5,6,7].



In order for M&S technology to be useful, accurate modeling of the environment and rapid calculation are required. Thus, the problem of reducing the amount of computation time is one of the important issues in EW simulation. For example, Figure 1 shows a scenario in which an aircraft equipped with a jammer emits a jamming signal toward the enemy objects. The intensity and delay of the jamming signal is easy to calculate in the line-of-sight (LOS) path. However, if the jamming signal is obscured by obstacles, such as mountains, it experiences complicated physical phenomena, such as diffraction, reflection, etc. The non-LOS calculation is performed in separate subroutines, and the depth and complexity of the modeling depends on the modeling purpose. Thus, in this scenario, the priority is to check whether the obstacle exists on the LOS path of the jamming signal [8,9,10].



This study proposes a novel LOS decision technique that is based on the scenario shown in Figure 1. In the proposed algorithm, a virtual triangular plane including an aircraft and a threatening object is created, and it is rapidly determined whether the signal path is LOS based on sign counting, which is elaborated in the following sections. The efficiency of the proposed algorithm is validated in a space reflecting actual three-dimensional (3D) terrain data.



The rest of the paper is organized in the following order: In Section 2, we introduce the commonly used terrain data format and the LOS decision algorithm in the literature; in Section 3, we present the proposed algorithm, which determines LOS faster than the existing methods; in Section 4, we validate the performance of the proposed algorithm by comparing the LOS decision times of the proposed algorithm and the existing methods.




2. Terrain File Formats and Line-of-Sight (LOS) Algorithms


To determine if a signal is on an LOS path, actual 3D terrain data is necessary. All LOS decision algorithms make judgments based on specific terrain data. In this study, we used a digital terrain elevation data (DTED) format because it is one of the most frequently used terrain data formats. DTED uses a grid-post terrain data format, which has height information corresponding to each two-dimensional coordinate plane grid, as shown in Figure 2. The DTED data is standard digital data representing the altitude above sea level, and it was first developed for aerial radar simulation and prediction in the 1970s. Earth elevation was measured based on EGM96 [11,12].



This dataset is used in many military system applications that require terrain elevation information. DTED is accompanied by a level that is designated according to the resolution. Levels are divided into levels 0, 1, and 2, with a higher number indicating higher resolution. The horizontal and vertical resolutions are approximately 900, 90, and 30 m, in levels 0, 1, and 2, respectively. Moreover, data with higher resolution are available in high-resolution terrain information (HRTI) data, which was constructed through the Advanced Concept Technology Demonstration (ACTD) program in the United States. The HRTI data are often designated as levels 3 to 5, and are defined in [13].



The algorithm introduced in this study is applicable to all grid-post terrain types, and to obtain accurate results, a high-level dataset is necessary. However, these data are usually not open to the public in most cases because they contain data that is important for national security. Therefore, the performance of the proposed algorithm was confirmed by using level 0, which is available in the global dataset. Figure 3a shows the areas of 51T, 52T, 51S, and 52S in the Universal Transverse Mercator (UTM) coordinate system, which corresponds to the vicinity of the Korean Peninsula. Figure 3b shows the magnified view of the terrain marked in the red box with the actual terrain information, which is obtained from the DTED level 0.




3. LOS Decision Technique


3.1. Conventional Method


An intuitive way to determine if a signal path is LOS is to form a line by connecting the jammer and the object, and check the DTED data to determine whether there are any higher points along the created line [8,11]. The grid-post terrain data stores only the height information at the intersection points at the desired resolution, as shown in Figure 2. Thus, the line connecting the jammer and the object does not pass the grid intersection. In this case, an LOS decision is performed using a point reconstruction technique that creates a new point using interpolation techniques, such as nearest point, double linear, or bilinear interpolations [11]. Although this method is intuitive, because it only calculates the straight signal path, it is not suitable to be applied to radar signals with a beam width. In addition, when the resolution is high, it takes a significant amount of time to calculate the path.



As an example, areas 51T, 52T, 51S, and 52S in the UTM coordinate system are expressed as 961 points from 124 to 132 degrees longitude and 1921 data points from 31 to 47 degrees latitude. Even in a DTED level 0 dataset, which has the lowest resolution, a total of 1,846,081 data points must be processed for each jammer-object LOS decision. Therefore, in order to calculate a real time simulation, an algorithm that can immediately process approximately 2 million data points is necessary.




3.2. Proposed Method: Sign Counting


For a given jammer-object position, using all the points in the dataset is unnecessary. In order to reduce the points that may be used in the LOS decision, a triangular plane including the LOS path is formed. The three vertices of the triangular plane are the jammer point in the 3D space and two fictitious points near the object reflecting the DTED information. If any of the DTED points within the triangular area is higher than this triangular plane, the jammer-object path is considered to be non-LOS (NLOS). The two points are created at δ distance apart from the object in a direction perpendicular to the LOS path. The distance δ may be set in consideration of the beam width of the jammer antenna. The equation of the plane containing the triangle may be expressed as follows:


  a x + b y + c z = d  



(1)




and for the three points   A  (   x 1  ,  y 1   )   ,   B  (   x 2  ,  y 2   )   , and   C  (   x 3  ,  y 3   )   , four coefficients in Equation (1) can be determined by following Equation (2):


  a =  |     1     y 1       z 1       1     y 2       z 2       1     y 3       z 3       |  , b =  |       x 1     1     z 1         x 2     1     z 2         x 3     1     z 3       |  , c =  |       x 1       y 1     1       x 2       y 2     1       x 3       y 3     1     |  , d =  |       x 1       y 1       z 1         x 2       y 2       z 2         x 3       y 3       z 3       |   



(2)







The three vertices give a rough bounding box whose sides are parallel to the UTM axes. The points that are outside of this bounding box are excluded from the LOS decision calculations. The points within the bounding box are determined if they are within the triangle area called the LOS decision triangle. The sign-counting method is proposed to determine if the points are within the triangle. Figure 4 shows the LOS decision triangle and its bounding box as described below.



Consider a point within the bounding box. The point is temporarily set as the origin. Four quadrants can be defined, according to the reference to the origin. Each quadrant is given a pair of two signs, as shown in Figure 5. The locations of the three vertices are determined in the four-quadrant space. Starting from one vertex, we move to the second vertex and count the sign change. The sign change is counted as we move from the second to the third, and from the third to the first. The sign change can range from 0 to 2. The sign change examples are shown in Figure 5.



The cases where the sign changes in the quadrant are as follows:




	(1)

	
When moving within the same quadrant, the change of sign = 0;




	(2)

	
When moving to the adjacent quadrant, the change of sign = 1;




	(3)

	
When moving to the diagonal quadrant, the change of sign = 2.









For a given point to be included within the triangle, at least a sign change of 2 is necessary. These cases correspond to Figure 5c–f. For other cases, the test points are excluded from the LOS decision calculations. For the cases corresponding to Figure 5c–f, the outer product calculations are used to determine if the point is within the triangle. If the point is determined to be within the triangle, the height of the point from sea level can be determined from the following equation:


   z  i n   =  1 c   (  d − a  x  i n   − b  y  i n    )   



(3)




where    x  i n     and    y  i n     are the coordinates of the point in the LOS decision triangle.



The distance from the triangular plane can be obtained from the following equation:


  D =    (  a  x  i n   + b  y  i n   + c  z  d t e d   + d  )       a 2  +  b 2  +  c 2       



(4)




where    z  d t e d     is elevation data corresponding to    (   x  i n   ,  y  i n    )    in DTED.



If this distance is positive, it interferes with the LOS. This is repeated for all the points within the triangular plane. If all the points have max(D(x,y)) < 0, the path is LOS. The (x, y) points that result in the max(D(x,y)) are the most blocking points that result in NLOS. A summary of this algorithm is shown in Figure 6.



If the DTED data is compared only in the extracted area by applying this sign-counting algorithm to determine whether it is LOS or not, the LOS can be determined in a much faster way than comparing the whole area.





4. Experimental Results and Comparison


This section applies the proposed sign-counting method described above to a DTED level 0 dataset in areas of 51T, 52T, 51S, and 52S in the UTM coordinate system. The results were compared with the interpolation method, which was directly calculated. This data was converted into a UTM-k coordinate system and this system was used. UTM-k coordinates are similar to the existing UTM coordinates, but false northing and false easting are slightly different coordinates according to the earth’s curvature at the place where the Korean Peninsula is located. The simulation was conducted using MATLAB installed in a computer with an Intel Core i7-3770 @ 3.40GHz CPU, 16GB of RAM, and operated on a 64-bit operating system.



The two randomly selected points are the positions where LOS is not secured, and the positions of a jammer and an object in the converted to UTM-k coordinate system are shown in Table 1.



The LOS decision was performed according to the algorithm described in the previous section and the location of the point that interfered with the LOS was calculated. The average time was calculated through a total of 10 simulations, and Table 2 shows the time taken and the average time while performing 10 simulations.



With the proposed method, LOS can be accurately determined with an average of 0.026 s for the 1.8 million data, which has approximately 1.5 times the efficiency of the existing interpolation method. Since this method vectorizes the given data and calculates it, even if the data increases, the time does not increase linearly as much as a multiple of the data. Therefore, even if a higher level of DTED is used in an electronic war situation, it can be determined in real time.




5. Discussion and Conclusions


In order to make certain judgments by simulating an electronic warfare environment, a simulation must be performed in real time so that appropriate and accurate judgments can be made even in changing environments. Therefore, accurate judgment, terrain data, and modeling of the object must be reflected, and fast computational algorithms are required for a real-time simulation. In this study, LOS judgment was made in an electronic warfare environment in which DTED was reflected. In this paper, we introduce an algorithm that could be calculated in less than 0.03 s for an approximately 2 million dataset. The terrain data used to verify the algorithm is a UTM coordinate system dataset that covers the entire Korean peninsula and shows 50% improved efficiency as compared with the existing interpolation method. The proposed algorithm has the advantage of being faster than other techniques because it only judges the sign, or bit-wise operation, by testing the points included in the LOS triangle region.



Using this technique, LOS judgment for a desired area can be performed in real time for a situation in which a radar-equipped aircraft moves in a certain scenario. Using this sign counting method, the path from a jammer to an object can be accurately identified, and based on the method, the loss factor and J/S (jammer-to-signal ratio) can be calculated.
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Figure 1. Electronic warfare scenario. 
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Figure 2. Concept of grid-post terrain. 
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Figure 3. (a) Korean Peninsula in the Universal Transverse Mercator (UTM) coordinate system; (b) Elevation representation using the DTED level 0. 
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Figure 4. Line-of-sight (LOS) decision triangle and its bounding box. 






Figure 4. Line-of-sight (LOS) decision triangle and its bounding box.



[image: Applsci 11 00409 g004]







[image: Applsci 11 00409 g005 550] 





Figure 5. Judgment of test points for six cases. (a–c,f) Cases 1, 2, 3, and 6, origin is not included; (d,e) Cases 4 and 5, origin is included in the triangular area. 
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Figure 6. Algorithm to determine LOS. 
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Table 1. Coordination of jammer and object.
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	x [m]
	y [m]
	z [m]





	Jammer Pos.
	1.016 × 106
	1.936 × 106
	1.000 × 104



	Object Pos.
	1.048 × 106
	2.462 × 106
	1.207 × 103
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Table 2. Time comparison of sign counting and conventional method.
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	No.
	Sign-Counting (s)
	Interpolation (s)





	1
	0.028065
	0.039074



	2
	0.028943
	0.035718



	3
	0.025162
	0.03605



	4
	0.023983
	0.039235



	5
	0.025463
	0.040908



	6
	0.025472
	0.038587



	7
	0.025862
	0.043609



	8
	0.025493
	0.038507



	9
	0.025863
	0.038052



	10
	0.02572
	0.037427



	Average time
	0.0260026
	0.038791
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  applsci-11-00409


  
    		
      applsci-11-00409
    


  




  





media/file2.png
~

Jammer

~

~
~
~

Enemy

Enemy





media/file5.jpg
=5l 5

Latitude [ *]

L« “’ll;\‘de[“.]
)

[ur] wonwad






media/file3.jpg





media/file1.jpg





media/file7.jpg
Jammer

A(xhyl«-"l

Obj (x}.,.2,)
5

Bl vy,






media/file10.png
—,+ b Tt
@ >
—,— =

(a) Case 1: origin is not included

BN +,—

(b) Case 2: origin is not included

(c) Case 3: origin is not included

—,+ ‘. +,+

(d) Case 4: origin is included

| +,+
0,
of >
®

(e) Case 5: origin is included

—+ 4. +,+
SN
Q1 >
//@

(f) Case 6: origin is not included






media/file12.png
Algorithm: Sign counting method

1:

2:

S~ W

A

Create the bounding box based on starting and ending points

Start testing if any of the points in this box are inside the LOS triangle

2.1: Determine the sign of the triangle vertex using the testing point as the origin

2.2: Counting the number of sign changes while moving the vertex

2.3: If sign change is 2 — Calculate the outer product of the vector from testing to the vertices
2.4: If the result is positive — The testing point is inside the LOS triangle.

Obtaining DTED height information corresponding to the identified internal points.

Calculate the distance from DTED height points to the LOS triangle plane.

If Max(D(x.y)) <0 —LOS

If Max(D(x.y)) > 0 — LOS 1s blocked at the maximum distance.






media/file9.jpg
-+ o Bt
@3
== +— [ ==

(a) Case 1: origi

in i notincluded

(b) Case 2: origi

++ | =+
e |
[ )
== +— |-~ +,—

(©) Case 3: origin i not included

(&) Case 4 origin is included

—+

=

(D) Case 6: origin is not included






media/file0.png





media/file8.png
Jammer

A(xl’yl’zl)

B(x,,5,.2,)

)’yO’ZO)






media/file11.jpg
Algorithm: Sign counting method

1: Create the bounding box based on starting and ending poins

ats in this box are nside the LOS

Start tes iangle

any ofthe pe

2.1: Determine the sign of the riangle vertes using th testing point as the origin

Counting the number of sign changes while moving the vertex.

1 sign change is 2 — Calculate the outer product ofthe vector from testng to the vertices
2.4: Ifthe result s positive — The testing point s inside the LOS triangle.

Obtaining DTED height information comesponding to the identified intermal points,

Calculate he distance from DTED height poists to the LOS triangle plane.

IfMaxD(xy) <0~ LOS

If Max(D(xy)) >0 — LOS is blocked at the maximun distance.






media/file6.png
“«— 5] —»<+«— 5§52 —

127

1271 1272 1273 1274 1275 1276 1277 1278

a6 T
a4 r
.’J
—
a2 r o
g -
- C
a0 r [
¥ - I
.. T =
- | (qv]
38 = %}'M% " .J
£ J
36 i "‘} ?
" F 4
2R & ﬁa :‘.E . M
R & 'j, f"ﬁ
34 I -D >, \\f‘]
= | a4
)r%;/) A
. T3P
124 126 128 130 132

Longitude [ ]

(b)

|wt] uonyead|yq






