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Mechanics

OPTIMAL CONTROL OF DYNAMIC SEARCH OF A MOVING OBIJECT
IN A RECTANGULAR DOMAIN
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The problem of optimal control of the spatial motion of a dynamic object
in order to find a moving object performing a simple motion in a rectangular
domain on the plane is considered. A method for controlling the motion of the
searching object, as well as the corresponding law of variation of the electric
current in the light source circuit, ensuring the detection of the sought object
with minimal light energy consumption for a guaranteed search time, are
proposed.
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Introduction. In many problems of search for target object, detection is per-
formed using the information area of sensitivity [[1]]. As such, it is possible to consider
an area illuminated by a light source that can be moved in space in order to detect
the desired object when it enters this area [2]]. In the case of a moving object in a
limited area, an approach is used to solve the search problem [3]], which consists in
constructing controls in such a way that moving along the corresponding trajectories,
searching object performs a scan by sweeping the bands covering the entire search
area. Under certain conditions on the search engine parameters, this approach deter-
mines the set of controls that guarantee the successful completion of the search for a
target object, both mobile [4,|5] and immobile [6}7]]. In this regard, it is advisable to
consider the problem of the optimal choice of guaranteeing control. As an optimality
criterion, a functional is considered that takes into account power inputs of the light
source located on the searching object. Unlike [[1-7]], in this paper searching object is
controlled by acceleration, and the lighting area is square. A method for controlling
the motion of the searching object, as well as the corresponding law of variation of
the electric current in the light source circuit, ensuring the detection of the sought
object with minimal light power input for a guaranteed search time, are proposed.
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Statement of the Problem. Consider a system of two controlled point objects
X (searching) and Y (sought), whose motion is described by the following equations,
initial conditions and constraints:
X:X=wy, X=wy, 3=w3—g,

xi(O) :xO xl(O) = O, i= 1,2,3,

i 1
i) S W, o) SW, |ws(e)] <Ws, Ws>g, M
x(1) € DO = {(x1,x2,x3): 0<x;<a;, i=1,2,3},
Y:y,':V,‘, )’1(0):)’?, i:1727 \/V%+V%SV’ (2)

y(1)eDQ2)={x;,x2():0<x;<a;, i=1,2}, t>0.

In (1), @) x;, y; are geometrical coordinates of the objects X,Y; w;,v; are
components of controlled acceleration w and controlled speed v of objects X, Y, which
are piecewise continuous functions of time; W, W3,V a; are given constants, g is
gravitational acceleration.

Let us assume that all information on the parameters and relations @) @)
except for the initial state y(0) = (1Y,)9) and the current velocity v() of the object
Y, is available to the controlled object X. Suppose that to determine the exact coor-
dinates of Y, the object X has a special device in the form of a regular quadrangular
pyramid, at the apex of which an isotropic point light source is located. The light
rays emitted from the source are limited inside the pyramid, as a result of which, on
the horizontal search plane, a moving and varying in size area of illumination of the
following type is formed:

K((0) = {(61,6) € D : |62 —x12()] 1 =Cxa(r),  C=tany/v2},
x(t) € DV,

Domain (3) is a square with the center at the point O(x;(t),x,(r)) € D® and
side length 2/; v, 0 < v < 7 /2 is half the opening angle of light rays emanating from
a point source and forming opposite edges of the pyramid; x3 is the distance from the
top of the pyramid to the center of the square.

Object X detects object Y at some instant of time ¢ > 0, if the following search
condition is met:

3)

¥(1) € K(x(1)). )
The sought object Y, if it falls into the lighted region (3), can be detected or
recognized only in the case of sufficient constant illumination E characterizing the
threshold value of the visibility of the sought object.
According to [8]], in the case of the minimum sufficient illumination at a
certain point on the plane is calculated by the
Ep =1Icosy/(SP)?, (5)
where [ is the light intensity of the source S in the direction of the measuring point P
on the plane; SP is the distance between the light source and this point; ¥ is the angle
between the direction of light incidence and the perpendicular to this plane.

From (5)) it follows that for a square region (3)) for given x3 and 7y the illu-
mination is maximal at the point closest to the source at the center of the square:
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Eo=FEn.x=1 /x% and minimal at the most distant point at the corner points of the
square:
E =Epin=EI1/x3, & =cosy/(1 +tan®y). (6)

The value E = Eiy, @ will be considered constant and given.

We use the relation Q = 1/ [§]. Here Q is the power of light energy, which
can be considered equal to the electrical power consumed by the light source; [ is
the luminous intensity; 7 is the coefficient of proportionality (power density factor).
Then the value of the minimum illumination E (6)) can be calculated as the power of
the energy of the light radiation incident on the plane:

E=¢1/x3=80/nx3. (7)
The integral of function Q from with E,y=const, 0 < y< /2,
T T
J:/ Qd;:Eng—lf x3dt (8)
0 0

gives the energy consumed by the light source during [0, 7.

Functional (8] characterizes power input in the course of search by the light de-
vice and, according to (), it is a function of control w3. The electric energy consumed
by the light source during the illumination time interval [0, 7] can be expressed as

T T
J:/ th:/ PRdt, Q= PR, 0< j(1) < jo, 1 €[0,T], ©)
0 0

where j is the actual value of the current through the light source; jg is the maximal
admissible value of actual current and R is the active resistance in the light source
circuit.

From (7), (O) we obtain the dependence of the electric current j on the distance
x3 from the point-like light source to the center of the light domain:

J) =vENER x3(1), x3(t) >0, (10)
0< j(r) < min (joy/EnE 'R Tas), 1€ [0,7].

Relation @]), taking into account third equation of (]I]), determines the
relationship between the functions w3 = ws3(¢) and j = j(7).

Problem. Find an initial position x° = (x?,xg,xg,) € DB number T > 0,
an admissible control w(t) of object X on interval [0,T| and corresponding law of
electric current variation in the light source circuit j = j(t), t € [0,T] for which, at
any initial position y° = (y(l), yg) e D) and any admissible control v(t) of object Y
on [0,T), it is guaranteed that condition (| is satisfies at some instant in [0,T] with
minimal light energy consumption ({5).

Description of the Search Method. At first we describe the control method
being proposed, and then indicate the conditions on the parameters entering into it,
under which the Problem can be solved. Let at the initial instant + = 0 object X
is at the point KW= (x(f,xg,xg,), x(f = xg =y, xg =C ', 0 < xg < a3, where
lo < Caz < ay/2, a; = min(ay,a;). Consider the spatial broken line outgoing this
point, whose projection onto the rectangular base D@ ig Loy =Lo,L;y...Ly.
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Let us define the control of the plane motion X (wi(t) =g, t >0)
along the broken line Ly y, so that the center of the illumination square moves along
the segment L;_1L; in a time optimal way. The controls wi,w,, which ensure

the center of the square moves from one vertex Lj_; (xﬁkil) ,xgkfl))
with zero speed xgkil) = xgkil) = 0 to the next vertex Ly (xgk),xgk)) with zero speed
xﬁ") = xg") = 0 along straight segments L;_1L;, are determined from the solution of a

two-point optimal speed problem [9]]: on vertical sections Ly_ Ly
wi(t) =0, wi(t)=Wsinn{(t'/2—1)Ax2}, 1 <t <k,
! =2 (AW )" =t 1, k=2n+1, n=0,1,...,(N—1)/2,

Axp :xgk) —xgk_l) >0, xék) =ax—ly, xék_l) = lo,
k=4p+1, p=0,1,...P<(N—1)/2, (11)
Axp :xék_]) —xgk) <0, xék) =y, xgk_l) =ay —ly,

k=4¢g+3, ¢=0,1,....0<(N—1)/2,
to =0, P Q—integer numbers, N —odd integer;
on horizontal sections L;_1L;
wi(t) =Wsinn{(:"/2—t)Ax;}, wi(t) =0, 1 <t<t,
=2 (AW ) o=t 1", k=20, n=1,...,(N—1)/2,
Avy=x =XV =p k=2n, n=1,...,(N-3)/2,
Ax) = xsk) —xgk_l) <h, k=N-—1, N-—oddinteger.
The corresponding law of variation of electric current in the circuit of the light
source j = j(t) is determined according to the relation :

j(0) = VEnEIR1N, te0,T]. (13)

Moving along the broken line Ly y the center O of the square K with the side
of constant length 2/ scans a rectangle in the direction of increasing x| in increments
of h, 0 < h < 2ly, leaving strips with a width of [y on each side (top and bottom) of
the rectangle.

As follows from (TI)), (I2)), the optimal travel times are the same for each
vertical section and for each horizontal section of length % and are calculated,
respectively, as follows:

t'=2¢/(ay=2lp)W-1, " =2VhW-1 (14)

Guaranteed Search with Minimal Light Energy Consumption. With the
search method described in the previous section, if the following condition is satisfied

21" =4y /(ar —20) W1 <20V,
i.e. [y satisfies the constraint
21—1 4yy—2 2u—1, 1\ /2
Inin = =4V W'+ (16V*W > +4V° W ay) '™ < Iy < Cas, (15)
then selecting the scan step 4 from the condition
26 1" =4/ (ay —2lp) +2VEW =1 < (2lp— W)V, h < 2ly,

(12)
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or, which is the same, from the segment
0<h<hmx

2 16
i = (—VW V2 (VAW 20 — 4V W 12 (0~ 200) 7)) < 2, (10
the object X is guaranteed to detect the sought object Y no later than the time 7.
Consider the following positive function N; of /y and h:
(g -1
N](l(),h) = (a1 2lo)h y (17)

Inin < lo < Caz, 0<h<h™* <2l.
Function is monotonically decreasing with respect to 4. Consequently,

0<rhnin Ni(lo,h) = (a1 —2lp)h L = Ni(lp). (18)

=Ftmax

We denote

Ry = {l() S (lmin,Ca3] : Nl(lo) = [Nl (lo)]}, (19)
where the symbol [-] means the integer part of a real number.

For values /y € Ry, integer 1+ N (lp) determines the number of vertical dis-
placements with a scanning step fmax (16). Meanwhile, the moving of the center of
a square along broken line Ly, N = 2N;(lp) + 1, ends at point Ly = (a1 — l,lp),
if Ny(lp) is an odd integer, and at point Ly = (a; — ly,a — lp), if Ni(lp) is an even
integer.

With this in mind and using (14)), (I8)), the functional (8)) on the set can be
represented as

J(lo) = (EnE~'C>L(lo)T (lo)) . o € Ro,
L(lo) = I, T(lo) =1'(lo) + (' (lo) +1"(lo))N1 (lo),
where T (ly) is the guaranteed search time.

Thus, the Problem is reduced to finding the parameter /; € Ry that delivers the
minimum in the problem

(20)

J" = (1) = min L(lo) -7 (lo). 1)

The functions L(lp) and T'(lp) on the set Ry take, respectively, monotonically
increasing and monotonically decreasing discrete values. The minimum in 1),
depending on the relations between the parameters, is reached both at the inner and
at the extreme points of the set (I9). Taking this into account, numerical calculations
of the determination /; were carried out for various values of the parameters of
the Problem. In particular, for parameters a; = 200 m, a; = 100 m, a3z =20 m,
C=1,W=4m/s* V =0.5m/s, minimum value J* = 29087 m? s reached at the
inner point Ry : Ly = 9.01 m. The corresponding number of complete motion cycles
with a scan step hpmax = 7.9 m @ equals Ny =24 , and guaranteed search time
is T =346.16 s (20). The electric current change in the light source circuit and the
minimum amount of energy consumed by the light source are determined from (13])
and for specific values of parameters R, E, 1, & of search system.

Conclusion. A simple way is proposed to control the movement of a dynamic
object in the task of searching for a moving object in a rectangular area using a square
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area of constant size and a given illumination. A condition is obtained that ensure
successful completion of the search. An algorithm is proposed for finding the optimal
size of the irradiance square, at which the sought-for object is detected during with
minimal light energy consumption calculated for the guaranteed search time.
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Jd. Jd. dEShUSUY, J. U. USEOUL3UL

SUNrduyudL OR36USh 2hLUUDNY OLSMUUL ONSHUUL NBUUIUCNFUL
NFMATLE3NFL ShLAR3ENFT

Yhypupynud ' ghtdhl opjtuph qpupuwdwljud ywpdnwidibph owuyphduyg
ntjujupdwb ponhpp hwppneyud nunnualyymb phpnypmd ywpg pupdnuddbp
Yuipwpnn opjtiph thiyppiwd duyuipuiyny: Wewewplyty b thippdwd ntuwp-
dwh tnubwl b (nuuuygh wnpyniph onpwymd Lhpgppuljut hnuwoph hinthnpoiwib
huiwgupuvppumt optilp, npnig nbypnd npnbbih opjlpph hwjypbwpbpnuit
hpuwbwgynud £ thippdwd Gpuphounpywd duiwbwynid ijuqugny e jneuuygh
tatipqudwhiuny:



