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PREFACE
The work presented in this technical report was a joint effort between researchers at the Air
Force Research Laboratory (AFRL) and USA National Research Council. The problems of
search and attack of enemy targets are research and development




File: Search of Enemy Targcts 6—[2—02

Search of Enemy Targets

(Statement of Problem, Discussions, and Some Solutmns)
Alexander Bolonkin and JamesR. Cloutier
.. ~Air Force Research Laboratory
AFRL’MNG 101 W. Eglin Blvd
Eglm AFB Flonda 32542-6810

Abstract

The Persian .Gulf (Desert Storm)‘ and Afghanistan wars show that the USA Air Force
needs Uninhabited Combat Aerial Vehicles (UCAVs) to search out, obsérve, recognize, and
at.tack enemy ‘targets. Presently, the Munitions Directorate of the Air Force Research Laboratory
is placing emphasis on the guidance and control of autonomous munitions with characteristics
similar to UCAVs, with active research being conducted in the areas of individual and
cooperative control, search, and attack. These concepts involve the cooperative behavior of
multiple munitions operating in a noisy and adversarial environment. It is envisioned that
effective solutions of these problems will involve a combination of top-level operations

research/artificial intelligence type of decision makjng combined with distributed cont;ol,
distributed estimation, and real-time trajectory optimization. The authors formulate some

problems from the noted field and consider methods of their solutions.
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- Introduction
There are numerous books and articles on the topics of searching for,‘observing of, and
detéction of targets [1]-[13] In ['1:] Washbum presents 2 review of various search pfoblems '.
includihg :Ioc.élizﬁtidn, trackmg, fé;lsé alarmé, false targets, optimal séarch, optirﬁai pianning, .

optimization of the detection threshold, etc. He also provides known techniques for their

solution. In [2] editors Haley and Stone provide a collection of interesting articles about the

above topics, which include applications in’rescue, surveillance, exploration, medicine, industry,
and clearance. In [3] Stone re\"iewed methods of optimal planning and searching for real and
false targets. In [4] Broup studied optimal search for a target moving in discrete time and space.
Steward [5] studied a constrained searcher.motion. Kisi [6] researched optimal stopping of
search. In [7] Enns et al addressed the problerﬁ of cooperative search in a horizontal plane
vsubject»to atmospheric and other disturbances and minimized the total path length traveled by the
group of vehicles. In [8] Chandler et al investigated the complexity in cooperative control,
implementing a hierarchical decomposition where team vehicles are allocated to subteams using
set partition theory. In [9] Earl and D’Andrea used an optimizatién approach for synthesizing
control strategies for cooperative multi-agent behavior. Finally, R.A. Murphey [10]-[12]
developed algorithms for collective and cooperative systems.

In this paper we investigate some specific search, observation, and attack problems.

The US Air Force is planning to use uninhabited combat aerial vehicles (UCAVs) extensively

_ for searching, and attacking enemy targets. These concepts involve the cooperative behavior of

multiple UCAVs operating in and adversarial environment. The effective solutions of thesc

problems involve a combination of top-level operations research/artificial intelligence type of

e
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decisiori making combixlxed‘with distijuted gontrol, distributed estimatidn, and real-time
trajectdry optimizatiori. It is doubtful that each yehjcle will have global ipfonnaﬁon. Rather,
each vehicle will receive limited noisy information concerning the states of the other vehicles,
and possiblg only ‘iﬁforniaticin congemihg the stafes of its nearest heighbors.

At MN, researchers are persevering_de\)elopmént of autonomous munitions with attributes
similar to those of USAV. A combination of UCAVs and autonomous monitions will
revolutionize air-to-surface combat, providing faster reaction to time critical targets in heavily
defended regions. Since the basic research for munitions and UCAV are so similar, we will use
the terms interchangeably in the remainder of the paper.

Some of the specific items relating to group vehicle behavior which we will investigate in this
paper are:

- search strategies for air vehicles in pursuit of fixed and mobile targets
- strategies for searching important areas within a region and for continual observation
- techniques for calculating the number of required air vehicles for various tasks
| - methods for selecting the best vehicle from a group for the purpose of attacking a target
The report is organized as follows:
- In section 1, the planar equations of motion of a flight vehicle are presentéd.
In section 2, a general description of the problems of the search and detection of enemy‘targets
is presented.
In section 3 and 4, search strategies are developed for !ocati'ng fixed and mobile targets,
_ respectively, using a single flight vehicle.
In section 5, the problem of continua} observation is studied.

-

In section 6, search strategies for multiple vehicles are presented.
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. In section 7, selection of an appropriaté attack vehicle from a group of attack V:hicl'eé is

addressed.

e s SR e

In Section 8, general rules of behavior of the attack vehicle are developed for the annihilation

of the target.
The paper is then closed with a Summary section.
History. The US Air Force is studing the possibility use of small munitions and small
g uninhabited aerial ‘vehicles for searching, and attacking enemy targets. These concepts involve
the cooperative behavior of multi{:le UAVs operating in a noisy environment. The effective
solutions of these problems involve a combination of top-level operations research/artificial

intelligence type of decision making combined with distributed control, distributed estimation,

and real-time trajecto%y optimization. . It is doubtful that each vehicle will have global

information. Rather, each vehicle will receive limited noisy information concerning the states of

the other vehicles, and possiblé only information concerning the states of its nearest neighbors.
Some of the specific problems that may arise in this area are:

(1) minimum fuel consumption enroute to a search area or target,

(2) optimal multiple vehicle search which might consist of the most efficient (minimum fuel)
or most effective (fastest) way,

(3) cooperative search a given area,

4) cooper:itive real-time path planning,

(5) trajectory optimization when targets of oppc;nunity are found,

(6) cooperative multiple vehicle rendezvous in preparation for a cooperative attack,

(7) constrained optimization and constrained feedback control to avoid vehicle collisions,

and
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(8) optinial distribution fbr'a given number of search aircraft.

Integrating a design process by simultaneously considering the requirements of different

 design aspects is necessary to achieve optimum performance and group (cooperative) behéviofs '

of future uninhabited, high_ly ‘intell_igence axrcraft and aerospace vehicles. The tradifibnél
approach of designing a vehicle has been to sequentially satisfy the requirements of each
discipline - material selection, structural geometry, cohtrol system or ﬂight regimes. There are
many fundaniental issues that require investigation for a better understanding of the integration
process and its consequences. The basic objective of multidisciplinary design and behavior is to

integrate the various disciplines that constitute the environment of a flight vehicle. The goal of

modern design and group control is to optimize the total system rather than individual

components, permitting the conflicting requirements of the subsystems to be handled much more
effectively in getting optimal solutions. Collection of design and group behavior is a huge
optimization problem consisting of libraries of variables, constraints, performance functions, and

group artificial intelligence. As the system becomes more and more complex, a creative designer

needs to supplement intuition with computational tools in order to verify the validity of new

concepts.

There are two areas of potential optimization for any combination of unmanned aircraft:
design of optimal group behavior, and optimal ﬁight. One approach deals with geometric
optimization. The other approach deals with the optimal real-time cooperative planning and

trajectory optimization. Achieving the real-time or quasi-real-time trajectory optimization will

enhance additional aircraft operating efficiencies.

Below we discuss some of above noted problems and give some simple solutions.

..
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Current and Planned Status of UAVs
Afghanistan is presenting the U.S. w1th a new kind of war. Among the fundamental |
dxfferences is the fact there are only bases for warplanes support alrcraft —in the sun'oundmg
countries.

The résulting “tyranny of distance” is a twist that makes the conflict in Afghanistan far
different from those in the Balkans or the Persian gulf, according to Lt. Gen. Thomas Kéck, chi;’.f
of the 8" Air Force. His co@and encompasses both strategic bombers and infonlnati.on
warfare, and it relies heavily on reconnaissance.

Currently the AF USA uses the Global Hawk for seafching and recognition uses of uﬁrnanned
reconnaissanée aircraft. The Global Hauk has a 35-hr. endurance and 100-mi. surveillance range.
Another search system is and the E-8 Joint-STARS. It’s ground surveillance radar which can
look more than 200 mi. into enemy territory.

The Global hawks — along with the hellfire-missile-equipped Predator UAV, F-15E, and RC-
135 Rivet Joint signals intelligence-endurance platforms — will be major parts of an extremely
fast “sensor-to-decision maker “ system. It will let allied forces spot, identify and strike moving
targets within a few minutes. These aircraft, many of them with synthetic aperture radar and
GPS-guided bombs, will be able to see and strike through the heavy clouds produced by
Afghanistan’s fierce, high desert winter weather.

Global Hawks participating in the Afghan conflict are expected to carry a sensor suite that
includes electro-optical and infrared cameras, synthetic apex;ure radar, and the LR-100
~ electronic intelligence-gathering system. This latter system was installed in the Global Hawks for

Australia deployment and was never removed.

-,
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Deployment of the Global Hawk and joint-STARS will give commanders a continuous, wide-

‘area surverllance of srgmﬁcant portlons of terntory that they have lacked untrl now. For
example Predator UAVs glve commanders a good view of a target but only rf they know where
to look on the battleﬁeld. The Global hawk and Iomt-STARS will provxde wide-angle

‘observations that can cue both manned and unmanned strike aircraft.

- In Pentagon planning, the assembled forces oonduct distinct rnissions in the “find, fix, target,
track and engage” process of modern combat. Finding targets.is assigned to Rivet Joint,
infrared-sensor—equipped satellites and the EA-6B Prowler. A target’s position is then fixed by
the U-2 or Predator UAV. Target data is provided by the Air Operations Center, E-3 AWACS,
EC-130 Airborne Command and Control Center and joint—STARS. If the target needs to be
tracked for a period instead of being struck immediately, the mission goes to Joint-STARS or
Global Hawk. Finally, the target is engaged. It can be disrupted by information attack —
possibly a cornputer assault or jamming by the EA-6B or EC-130 Compass Call. - or, targets can

be destroyed by antiradar missiles, cruise missiles, Hellfire, EGBU-15 or other precision, air-

| launched weapons. Global Hawk and the smaller, medium-altitude RQ-1A Predator UAV are

expected to be key elements in a fast reaction strike system designed to hit targets within 5 min.

of detection.

General Atomics has been developing the Predator-B on its own, but has sold three of the

aircraft to the U.S. Air Force. The turboprop-powered Predator-B is able to fly higher than

Predator, carry more payload, and go faster. The company has also developed a turbojet version,

. .. but the Air Force isn’t interested because it has much less endurance. Predator-B’s mission

characteristics approach those of Glo_l?_al Hawk at much lower cost. Predator-B flies at 45,000 ft,

and can carry about 700 Ib. internally and 1,000 Ib. Externally, rather than the advertised 1,500
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Ib. One option under consideration by the Service is flying Predator-B into a target ama at -

- 45, OOOft and then havmg it drop down toa lower altltnde

| The Defense Advanced Research Prolects Agency (DARPA) and Frontier Systems Iogged
the “first fhght of their unusual Al60 hummmgbu‘d unmanned helicopter that is buit tofly
much longer and farther than conventional rotorcraft. Hummingbird is supposed to be able to
stay aloft for more than 40 hr. with a 300-1b. Payload. Maximum altitude is estimated to be
30,000ft.

The U.S. Army has initiated development of a signals intelligence'(sigint) capability for its
Shadow-200 tactical unmanned aerial vehicle, with the hope of addressing a long-standing
requirement that has repeatedly proven difficult to meet. The Shadow-200 has 60 Ib. of payload,
. with about 1 cu. ft. of volume and 500 watts of available power. When operating the signet
payload, the UAV would have to be stripped of its electro-opﬁcaﬂinfrared sensor.

Performance of RQ-4A Global Hawk:
Loiter speed - 635 km/h; 395mph.
| Loiter altitude 15,240 — 19,810 m (50,000 - 65,000 ft).
Service ceiling - 19,810m (65,000 ft).
Max range - 12,000 n miles (22,224 km; 13,809 miles).
On-station endurance at 3,000 n miles - 24 h.
The Boeing and DARPA developed X-50 Dragonfly unmanned vehicle. An innovative canard

rotor/wing design combines the helicopter’s hover capabilities with the high-subsonic speed of a

- fixed-wing aircraft. The 1,400-1b experimental aircraft is 18 ft long with a rotor diameter of 12 ft,

appropriately sized to meet DARPA's requirement to demonstrate the concept’s suitability as a

VTOL UAV.
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1. Equations of Flight Vehicle Motion.
Below there are common airt.:raftfequatic})n‘si. Modiﬁcations of it will be used for considg;atiqn
ovf éz;x‘ticuiar éase,s of ﬁAVs maneﬁvers. o | .
Assumé that the Earth is planar, non-rdtating, and the thrust is directed along the vehicle’s
velocity vector. In the conventional non-rotating; but translating, coordinate system, connected
to the center gravity of the thrusting, lifting vehicle, the basic equations of motion are:

a) Kinematics equations:

dH(dt =Vsiny, | (1)
dx/dt =V cos y cos v , | @
dy/dt =V cos y sin y, | 3

ds/dt = Vcosy , - ' @

b) Dynhmic equations:

dvidt=[V,f-D(c,V,H)]/m -gsin y , (5)
Vdydt=L(c,V,H)cos c/mcosy-gcosy, (6)

Vdy/di=L(a,V,H)sin c/mcosy . ()
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dm/t=-8. ®
where: | |
H- ;ltitﬁde;
t - time; .
V - vehicle speed;
x - coordinate along axis x ;
y —coordinate along axis y ;
s — way along trajectory ;
V. (H,M) - coefficient of thrust;
D -drag;
L - lift force;
g=938l1 m/sec’ coefficient of gravity;

B - fuel consumption;
_y~- the flight path angle measured positive upward from the local horizontal plane (see fig.1);

- the heading angle measured positive to the left of the initial trajectory;

O - the bank angle;

ni - mass of vehicle;

& - sideslip angle;

T= Vep - thrust;

R; - turning radius in vertical plane;

R - turning radius in horizontal plane.
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Fig.3. Forces acting on aircraft (forward view)

The angles used in equations (1)-(8) are represented in Figs. 1-3.

_The controls are

o o B. )



There are constraints:

L=CoV’sh,
D=CppV’S2,°
Cr= Cr,

CD=CDO+KC2LD:C¢;;
where :

¢ - angle of attack;

Cia, Cpo, K - coefficients are functions of the Mach number M .

The angle-of-attack is constrained by

Conin < & < Oipay
The fuel consumption is constrained by
ﬂ'u'n < ﬂ < ﬂmu .

The vehicle can also be limited by the overload n

-

(10)

(1D

(12)

(13)

(14)

(15)
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where

J::L/W;

W=mg is weight of vehicle.
Equations (1)-(16) must be satisfied when ﬁndiffg optimal trajectories.

2. General Descﬁption of the Problem of the Search and Determination of

Enemy Targets |
In this section the method of operations assumed for finding and attacking targets is explored.

The approach searching for enemy targets is shown on Figs. 4-5.

The method in Figure 4 features an unmanned aircraft surveillance located at a high altitude.
This vehicle makes a geferal search, recognizing targets, and communicates with a command
center as well as lower altitude attack vehicles. The attack vehicles, notionally small UAV’S or
autonomous munitions, receive commands, data, and coordinates of the target from the search

vehicle or the command center. The attack vehicles may also contribute to the search and

~ conduct target recognition before attacking the target. Figure 5 illustrates the attributes of are

possible ﬁude area search weapon; the Lowest Autonomous Attack System (LOCAAS).

The front ahd top views of the area of observation are shown in Figures 6 aﬁd 7 respectively.
The form of the area depends on the type of scanning being conducted'. If the scanning ray has a
circular motion, the scanning area has the form depicted in Fig.7a. If the scanning ray has an
oscillatory motioﬁ, the scanning area has the form depicted in Fig.7b. For the particular attack

UCAV considered, the scanning area has the form depicted in Fig.7c since it is assumed that the

" UCAV can only attack targets located in its forward hemisphere.

Fig.4. Cooperative search and attack (see next page).

Fig.5. The typical attack vehicle and its attack area (see next page).
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Fig.6. The typical observation angle of an observed aircraft (forward view).




The width of the scanning beam I (Fig.6) is ve'fy important. From the scanning angle
@ and the hexght H (Fig.6), it can be calculated by

= ZHtan (ayz) | "

The larger i, the greater the area searched per second will be. ”
Using the kinematics equations (1)-(4) we will consider various trajectories in some
typicai situations.
3, Search strategy of a single ﬂlght vehicle and an fixed target

The parallel sequence strategy of aﬁ observation

Let us consider the followmg search strategy, whlch we denote as the parallel

sequence strategy. In this strategy the vehxcle has parallel trajectones (Fig.8).
d=0. 51

’-5-

Fig. 8 The paralle| sequence strategyv d




%

The vehicle obéerﬁs the given area whicb has width L (L >>I; L>>R) and repéats this
| process thh penod P. The tnmmg radms must be less then thc observanon w1dthl In g

this case we can 1gnore the addmonal areas at the end of the strmght parallel u'ajectones

The parallel trajectones are separatcd a d:stance of by ZI and the obsetvatxon areais

fully observed. If the aircraft returns via path 1, the observation period P is constant for

any point in the area (Fig.9).

_P F 3

4’
X
Fig.9. Constant observation period along the observed trajectory.
This period can be calculated by the equation
P=S/V,. ' (18)

where S is pathlength of one cycle.
The observation vehicle can remm via the path shown in Fig.10. In this case, the

observation period will vary for dxfferent points along the trajectory (Fig.11), dependmc
“.on the location point and thc dxrecnon of the vehicle’s ﬂxght
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The spiral strategy of observation
The other method of observauon is shown in Flg 12 The au'craft moves in a spxral -

trajectory The dlstance is the same betwcen branches of the trajectones and is equal to

the observatxon width 1.

-~

", Fig.12. The spiral stratégy of  searching.

¢
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- The equation of the spu'al motion is:

p=ap, D )
where _
pP- radius" of é spiral;
@ - angle of a radius-vector ;
a - parameter, a=l/27.
The length S of thé spiral is
S=a{x@+ 1) +In[o+(¢ + D™ [}/2 . 20)
If the observation aircraft repeats this cycle via path I (Fig.13), the period P of the
observation is constant at any point within the observation area and equals
P=S/V. | 2

This method is appropriate when the observation area is circular.

Py

Fig.13. The period of observation for the spiral strategy.

-




If there is a higher prdbability that the target is located in the center of the spiral, it

1sbettertotaked<l andtodecreasetheperxodofobservauonmthecenterofthespual

4

expense of bemg mcreased twofold in the pcnpheml region of the spiral.

Fig.13a. The period of observation for the spiral strategy for the case d = 0.51 .

For example, 1f d= 0.51 the penod is decreased twofold in center of the spual but at the sl
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4. Searching forya Mobile Target
The problem becomes more complex when the target is mobtle .The search depends

on the ratio of the target VelOClty Vio the search vehtcle 8 velocxty V. The search vehlcle

can lose the target 1f it uses the descnbed abov because in the penod between v

‘the observations, the mobile target can move into a regloa whlch was previously

observed. In this case, the result depends : ¢ the ratio v/V. If this ratio is small, the » K
observation vehicle has total area coverage. If this ratio has some critical value, full

observation is possible only in a limited area. And it: the target has sufficient speed to

pass through an observation area faster than the observation period, then the search

sho,uld‘be performed randomly. For the ywo search strategies presented below, we

assume that the ratio v/V is small (v/V<<1).

Parallel sequence search strategy

Consider the case where a mobile target is initially located at a lower position and
the search aircraft is initially located at a top position. The searching aircraft moves with
speed V and the target moves with speed v in a direction perpendicular to flight line
(Fig.14). When the searching aircraft moves from point A to point B, the target moves

from the point C to point D.
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Fig.14. Parallel strategy for a mobile target

This motion takes the time:
a) For the searching au-craft
T=L/V.
b) For the target
t=lv.

For the full cover of the searching area, the time of the target must be less then the

time of the searchix_;g aircraft



El
This means that
LA<Viv. @
" 1 v=0, then the period of cbservationis
- P.=P,
If L/ =2 V/v, thenthe perioci of the observation doubles:
P,,,.=2 P,,

or the observation area is cut in half;

An=0.54, .
It L/ =V,
| P, =0.
If
Viv> I,

it is impossible to effectively observe the given area for mobile targets.
Spiral search strategy

The same problems above are present in the spiral search strategy. Consider the

critical case when the target has the speed v and moves along a radial (Fig.15).




he

Fig.15. The spiral strategy for the mobile target.

The time of target movement is

t=ly .

The time of one revolution of the search vehicle is

The time of the target movement must be less then the time of search

This means that the maximum diameter of the full observation is

T=mD/V.

t<T.

Dpor = AV .

(23)

(24)

(25)

(26)
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5 Conﬁnttal Observation
If the target is very 1mportant, it needs to be constantly observed. Thxs means that .

the observanon penod must be zero. Cons:der the case for a smgle obscrvanon mrcraft.‘ |
Assume that the a1rcraft has the obscrvanon radms R (Fig. 7a) and m1mmum turmng
radius r. Suppose that the radius r is less the radius R

‘r <R @
and the éea:ching aircraft flies in a circle of radius 7 (Fig.16). Then the region of the
continual observation has radius (Fig.16) | |

Rss=R-r. | (28)

The same result wﬂi be true for the rectangular observation area (Fig.7b). It is impossible

to create a continual observation area for the scanning area Fig.7c when

a<<l!.




v
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Fig.16b. Period of the observation for Fog.16a.
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6.' Searching 'Strategy for Multiple Vehicles
. Ifthere are multiple S_éamh mrctaft, many xﬁetho&s for searching can be used. We can
us the previous euls i three ways.

1. Thé nsearchmg axrcraft can fly parai}el routes aiong the desired observation
direction which perpendiculzir toa ﬁ‘Ot:ltal formation of aircraft (Fig.17). In this
case, the aircraft increase the width of the observation line I . The frontal
formation increases the searching capability by a factor of 72 for an immobile

target and improves the search for a mobile target.

I R
|
: i 'f :
|
‘ I
| : | |
A T O Y
l— 1 — ' |
| nl a:

Fig.17. A frontal formation of a group of search aircraft.

2. The n searching aircraft can fly the same flight path in an equally-spaced one after

another (Fig. 17-18) staggered formatigr.
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| Fl:g1—9 K.st_aggcred formation for the parallel strategy of searching.
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The staggered formation decreases the period of the observation by a factor of 1/n .
If the distance between the vehicles is less then @ (Fig.7b), then the observation is

continual.

| Both methods ensure vehicle collision avoidance. 1
3. The area of observation is separated into regions and the group of vehicles is
divided into subgroups. One subgroup serves one region.
If there are a lot of regions and vehicles, or insufficient number of their
obviously all of regions of the cannot be covered by the given number of vehicles.
Searching on Area having Important Regions
The search area can have regions where there is a greater probability of a target
being present or where it is thought that an important target vlocated. How does one
organize a search in this case? The simplest way is to decrease the period of observation
in these regions. It suggests two methods:
1) To decrease the distance between the parallel trajectories in the- sequence method .
(Fig.20) or additional closed-loop trajectories in the important areas (Fig.21).

2) The periods for the cases in Figs. 20-21 are depicted in Fig.22-23, respectively.
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Py " d=0.51

0.5P} — — —

X

Fig.22. Period of the observation in an important rectangular area.

P " d=0.51
P

0.5P — — —

Fig.23. Period of the observation in the important round area. Cross-section is along of
the diameter.
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7 Selectmg an Appropﬁate Attack Vehicle from a Group of Attack
 Vehicles

When the target is found, there is the problem of how to annihﬂate 1t as soon as
possible or how to select the appropna.te attack vehicle from the gmup of available

attack vemcles The attack vehxcles may have dxfferent velocmes and the nearest

vehicle may be not well suited because his velocity could be in the opposite direction
from the target. Inl Fig.20 a vehicle VI is ’verx close to a target T, but it must make a
turn before getting into a suitable position for aneck. Any turn has a minimal radius
Rpin and ehe turn can require a lot of time. A vehicle V2 located farther from the

target T may be more suitable for attack than vehicle VI which is closest to the target.
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We proceed to establish a formula which will aid in the initial selection.
Case when the target is out of a reach cxrcle.

a) The target posmon is glven by the dlstance from vehicle and the line of s1ght

angle from the direction of vehche velocxty

Referring to Fig.24, assume that an attack vehicle is 1oca£ed at point A with
velocity V and a target is IOCated. at point B. The line of sight angle between the
velocity vector V and the direction to the target B is ez The distance between the
attack vehicle and the target is L. Given that the minimal radius of turn is R, an ‘
admissible path S (ADB) can be found (L > 2R):

S=R( 72+ - B+tan f-cos a/cos B, (29)
where f is the angle between the relative position vector L and a turn radiusOD at
the end of the turn. The angles @ and Bare in radians.

The equation for S can then be derived as:
(1 - cosc:/ sinf)/cos B+ coscx cosﬁ'sinﬁ +sina -L/R=0 . | (30)
This equation has two solutions. The solution which yields the smaller angle 8 is

O=m2- B- c.
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0

~F1g25 Ejnding the flight dist'ancewi)‘etwe‘ep a target and an attack vehicleausing

distance L from the vehicle to the target and the line of sight angle «.

If the speed of the vehicle |V] is known and is assumed to be constant, then the time

required to reach the target is
| T=R(z§’2+a-ﬂ+tanﬂ-cos0¢cosﬁ)/V . (€3V)
If the speed of the turn is ¥ and the speed of straight flight is V3 , the intercept time is
T=R[(72 + - B/ V; +(tan B- coscd cosP/ V3].  (32)

Using equations (30) — (31) , we can calculate the time required to reach the target by
each attack vehicle aqd select_the must sﬁitable vehicle or vehicles. The graph
(S/R) =fl g L/R), (33)
makes such a selection easy;
If a target is very important and we want to ipcrease its probability of annihilation,

the z:iitack'may involve two to three vehicles having a short time to reach it.

If & is less 0.2, it is better to use the simpler equation T = L/V for estimation of the
" intercept time.

3
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b) The target position is given in a rectangle coordinate system.

Let us locate the center of the coordmate system in the attack vehicle and let the y-

axis be comcxdent w1th the velncle VClOClty (Fig. 26).

¥

Fog.26. Fmdmg the ﬂlght distance between a target and the attack vehxcle using

a rectangular system of coordinates.

In the x, y coordinates system:
1) the target is denoted by the sub index “.” ;
2) the center of the reach circle is denoted by the sub index ‘o

Without loss of generality we assume the x-coordinates of the center of the reach circle

and the target have the same signs.

From Fig.26, the equations for the coordinates x, y of thé point B are
R+ (xc=x) + 5=y = (k= + 0=y,  (4)
(x~x) +(y-y)’' = R, (35)

where R is the minimal turning radius of a vehicle in an horizontal plane.
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These equaﬁons give two soh.xtioris (positions) of the point B. The solution wﬁich yields
the smalleif anglé'a is | |
" | f=nm-y, | (36)
where
o= arctanfy/(x - x,)] . 37
The flight distance from the attgck vehicle to the target is
S=RO+[(xc=%.) +(yo=y) - R [ (38)
where @ is in radians. | |
IfR << (x + 32", the flight distance approximately equals
S= (x2+ yf)"-? o | (39
Case v?hen the target is located within a reach circle.

This case is more complex. We suggest the following solution (Fig.27).

y

- Fig.27. Case when the target is lbcated inside of a reach circle of the attack vehicle.

Marks: A - attack vehicle, V - velocity vector, C —target.




Strategy 1A plausibIe strategy of the attack vehicle is the following: the attack vehicle

flies forward to pomt B until the target lies on the penmeter of the reach cu'cle #2; the
| attack ve!ucle then begms turmng ﬂxght.
In the coordmate system of Fig:2‘_7, ‘the full flight distance equals

S= R 8+DC, : (40)
where DC is distance between the points D and C; the angle 8 is in radians.

a) Ifx. <0, the coordinate of the point D is

= [R - (x.-x,)' ° @
The angle 4 is
6=27-c | @)
where «
a = arctanfy/(x. - X,)] . (‘}3)
The flight distance equals
S=R +(y.-y). ‘ | @)

b) If x.> 0, the equation (42) is
O=r-a . _ “45)

Strategy 2. For the same case above, the target can also be reached by making a left

turn AGHC (Fig.28).




Fig.28. The reaching of a right target by right or left tumns.

In this case the attack vehicle turns left turn until its velocity vector is in the direction of
 targets the vehicles that flies straight to the target.
We now show that th1s method is worse than the right turn if the vehicle speed is same in
both cases.
Cohsider the Fig.28. The target is .at the point C. Turning right, the vehicle has the
equivalent p;ath AEDC. Turning left thé vehicle has the path AGHC. The segment HF >

HDy, and the segment FC > DC. This means the path AGHC is longer then the path
AEDC.

8. General Rules of Behavior of the Attack Vehicle for Annihilation of

Target
The previous consideration leads to a simple list of behavioral rules of the attack
vehicle when a target is found.

Case 1. The target is located OUT of reach circle
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a) The vehicle turns into the half plarié containing the tzirgét until its velocity vectoi' is
pointing at the targef. |
- b) The \'}éhiclg t’heﬁ ﬂlesstrmght to &ie tatget.
Case 2. The target i located INSIDE of the reach circle.
a) The vehicle continues to flight -ahead (it increases its distance from the target!) until the |
target lies on the pefimeter of the reach circle.
b) The vehicle then turns to intercept the target.
The turn must be into the half plane containing the target.
Required Number of Search and Attack Vehicles
The needed number of search vehicles may be estimated in the following way.
assume that one vehicle can observe § uﬁits of a territory in one unit of time.
There are m connected areas S; of observations with period T; in each area. The number of
vehicles needed for full obsen)ation all areas with periods T; is
N=(1/5)YS/T: (i=12,...m) (46)
If number of vehicles N is given and it is less then the needed number N,, an operator must
increase the periods of the observation in N,/N time.
Some other problems, which can be solved in this ﬁeld:

1) If observation areas have different locations ‘and the locations are far from one
another, we get a problem of optimal paths between them.

2) The problem of optimal target assignments.
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Summary

A nurnber of problems associated w1th searchmg and attackmg enemy targets have been
presented. Solvmo these problems has led to the development of a) search su-ategles for both
single hand multiple air vehlcles in pursuit of fixed and mobile targets, respecuvely, b) strateg1es
for searching important areas within a re'gion and for continually observing soch areas, €)
techniques for 'calculeting the number of required air vehicles for various tasks, and d) a method
for seleeting the best vehicle from a group for the purpose of attacking a target.
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