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A finite zero-sum game defined on a uniform lattice of the unit square is solved as a
game of timing. The game is a discrete silent duel, in which the kernel is skew-symmetric,
and the players, referred to as duelists, have identical linear accuracy functions featured
with an accuracy proportionality factor. Due to the skew-symmetry, both the duelists
have the same optimal strategies and the game optimal value is 0. If the accuracy factor is
not less than the number of possible shooting moments decreased by 2 then the duelist’s
optimal behavior is to shoot at the middle of the duel time span. A boundary case of the
accuracy factor is determined, where the factor is equal to the reciprocal of the number of
possible shooting moments decreased by 2. In this case, the duel has four pure strategy
solutions issued by the two last moments of possible shooting. Otherwise, the duel has a
single optimal pure strategy situation by when the accuracy factor belongs to the definite
nonempty interval. A 4 x4 or bigger duel is not solved in pure strategies if this membership
is false or the interval in the membership is empty. The trivial duels, with just two or three
moments of possible shooting, are always solved in pure strategies.

Key words: game of timing, silent duel, linear accuracy, uniform lattice, matrix game, pure
strategy saddle point.

1. INTRODUCTION TO DUELS ON THE UNIFORM LATTICE

Games of timing model competitive interactions involving two or more intelligent par-
ticipants. Such interactions are typical for most of economic processes, sports, social and
ecological processes, jurisprudence [1, 4, 9, 10, 17]. A distinct feature of the competition
is the moment of decision making or acting. Another feature is a time span during which
the participant (player) must make a decision of acting [2, 3, 7, 14]. Usually the span is
standardized to a unit interval.

The most common games of timing involve two players, where the player does not
learn about the action of the other player until the time span elapses [4, 11, 15, 20].
Such two-person games are referred to as silent duels, and the players are often called
duelists [2, 5, 11, 16, 18]. The duelist possesses a number of bullets, where the bullet is
an abstraction implying an implementation of the decision of acting during the duel time
span. Silent duels model delays typical for time-lagged systems like those in economics,
ecosystems, jurisprudence [6, 8, 10, 16, 20].

In general, the silent duel is a continuous-time game of timing

<X’ Y, K(xa y)> (1)
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being an infinite zero-sum game with a kernel K (z, y) defined on unit square
X xY =10; 1] x [0; 1] (2)

being the Cartesian product of the duel time spans (i.e., the product is the square of
the span), where z € X, y € Y. This is a zero-sum game due to the following reasons.
Given a single bullet, the duelist is featured with an accuracy function which, generally
speaking, is a nondecreasing function of time [3, 4, 10, 16]. In silent duel (1), it is
unknown to the duelist whether the bullet was fired by the other duelist or not until
the end of the duel time span [2, 11, 16, 18]. The duelist may obtain a greater payoff
by firing (shooting) as late as possible, but then the loss likelihood increases due to the
other duelist may shoot first. If both the duelists shoot simultaneously, the payoff of
each of them is 0 [6, 7, 10, 19].

When the accuracy functions px (z), py (y) of the duelists are linear and identical,
the kernel is [4, 11]

K (z, y) = ax — ay + a*zysign (y —z) by a >0, (3)

where px () = az, py (y) = ay, and a is an accuracy proportionality factor. Kernel (3)
is skew-symmetric, i. e.

K (y, x) = ay — az + a’yrsign (z —y) = —K (2, y), (4)

and so both the duelists have the same optimal strategies, and the game optimal value
is 0 [7, 8, 10, 16].
The standardized case of a = 1 simplifies kernel (3) to

K (z, y) =2 —y+xysign (y — x). (5)

The duel with kernel (5) was considered in [10], and its solution is the duelist’s optimal

strategy
1
0, € |0; -
celo})

plu) = 1 (©)

0.25-u=2 ue [; 1}
3

being a non-continuous probability distribution as a mixed strategy with an uncountably

infinite support whose measure is less than the duel time span length [4, 5, 16, 17].

Therefore, an infinite duel solution cannot be completely implemented in practice due

to any sequence of real-world actions is naturally limited [4, 6, 7, 12, 13]. This is why

discrete silent duels are considered instead.

While the duelist is allowed to shoot at any moment during the infinite duel time
span, in a discrete silent duel the duelist can shoot only at specified time moments.
These moments constitute the duelist’s set of pure strategies. The set is finite by default
(however, the duelist still can possess a countable infinite set of pure strategies and so the
respective discrete silent duel will be infinite in this case). Therefore, the kernel of the
discrete silent duel is defined on a finite set of the pairs of pure strategies of the duelists.
The moments of the duel start x = y = 0 and duel end x = y = 1 are included [2, 10, 16,
20].
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Moments of possible shooting can be specifically defined by uniformly breaking the
time span. Then the identical sets of pure strategies of the duelists are [4, 10, 11]

N

X ={z}N, = {;}_11}4_1 c[0; 1] for N € N\ {1} (7)
and . N
Y{yj};.vl{zjv__ll}l_lC[O; 1] for N €N\{1}. (8)

Then game (1) by kernel (3) defined on a finite lattice

Xxy = {Ji]_ll }N_l y {J{f_ll }JN_I c [0; 1] x [0; 1] )

is a discrete silent duel with identical linear accuracy functions of the duelists scaled
with factor a. The discrete silent duel is an N x N matrix game whose payoff matrix is
skew-symmetric. Any solution of this matrix game is of finite supports only [7, 8, 10, 12,
16]. Owing to that, any solution of the discrete silent duel is computed far easier than
that in the case of infinite game (1).

It is obvious that this duel solution depends on N and a. The goal is to study pure
strategy solutions of this silent duel. In terms of the matrix game, its saddle points are to
be found. To achieve the goal, the discrete silent duel is first formalized in Section 2. The
most trivial case, when the duelist is allowed to shoot at either the very start or end of the
duel, is considered in Section 3. Section 4 ascertains whether the duel can be solved in
pure strategies at the very start. Pure strategy solutions are generally noted in Section 5.
Then pure strategy saddle points in the case of the duelist’s three possible actions (the
start, middle, and end of the duel time span) are deduced in Section 6. The existence
of pure strategy solutions is proved in Section 7. The singleness of the pure strategy
solution is ascertained in Section 8, whereupon the study is discussed, recapitulated, and
concluded in Section 9.

2. DISCRETE SILENT DUEL

In fact, the discrete silent duel with identical linear accuracy functions is a matrix
game

<{$i}fvz1v {yi}is, s KN> (10)

by (7), (8), and payoff matrix

Ky = [kijlyun by
kij = K (x;, y;) = az; — ay;j + a2wiyj sign (y; —x;) by a > 0. (11)

Followed by (4), matrix (11) is skew-symmetric. Therefore, owing to the skew-symmetry
of matrix (11) and identical sets of pure strategies (7), (8) of the duelists, the sets of
optimal strategies of the duelists are identical, and the game optimal value is 0.

If a = 1 then the accuracy is exactly equal to the time moment at which the bullet
is fired. Although by a # 1 the linear accuracy is just scaled by a > 0, the scaling does
influence the solution, and this is yet to be shown below.
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3. THE DUEL WITH ONLY TWO SHOOTING MOMENTS

Whereas the case of N = 1 is obviously excluded, the case of N = 2 is the most
trivial, where the duelist is allowed to shoot at either the very start or end of the duel.
As the shooting is allowed only at moments ¢; = 0 and t; = 1, the respective payoff
matrix (11) is

Ky = [kijly,n = [ 2 o ] (12)

whence situation
{z2, y2} = {1, 1} (13)
is the single saddle point. Therefore, the silent duels with only two shooting moments

t; = 0 and t5 = 1 are solved identically: the best action of the duelist is to shoot at the
end of the duel.

4. NO PURE STRATEGY SOLUTIONS AT THE VERY START
In general, the first row of matrix (11) contains a negative entry:

K(xlv yN):K(Oa 1):_0’:_K(1a O):_K(xNa yl) (14)

Therefore, the minimum of the first row does not exceed —a < 0 and thus the game
optimal value cannot be reached in this row, whichever number N is. So, the first row of
matrix (11) does not contain saddle points. Due to the skew-symmetry of matrix (11),
the stated inference is immediately followed by that the first column does not contain
saddle points either. Hence, there are no pure strategy solutions at the very start of the
duel, whichever the number of possible shooting moments is.

5. PURE STRATEGY SOLUTIONS IN GENERAL

Inasmuch as the game optimal value is 0, it is quite obvious that only a zero entry
of skew-symmetric matrix (11) can be a saddle point (i.e., a pure strategy solution).
Obviously, if a row contains a negative entry, this row does not contain saddle points. Due
to the skew-symmetry of matrix (11), the stated inference is immediately followed by that
the respective column sharing only the main diagonal zero entry with the abovementioned
row does not contain saddle points either. Henceforward, mentioning a row without
saddle points immediately implies that there are no saddle points in the respective column
(of the same number).

If a row contains only nonnegative entries, this row contains at least one saddle point
located on the main diagonal. Besides, if a row of a skew-symmetric matrix contains
only nonnegative entries, and a zero entry located off the main diagonal in this row is a
saddle point, the matrix game has at least four saddle points [8, 10, 11]. If there are two
saddle points on the main diagonal of a skew-symmetric matrix, the matrix game has at
least four saddle points also [2, 7, 8, 10, 16].

6. PURE STRATEGY SOLUTIONS FOR THREE SHOOTING MOMENTS
Another trivial case is when the shooting, apart from the very start and end moments

t1 = 0, t3 = 1, is also allowed at moment to = 3 This is the case of N = 3, i.e. the

duelist has three possible actions.
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Theorem 1. In a discrete silent duel (10) by (7), (8), (11) for N = 3, situation

{z2, y2} = {;a ;} (15)

is optimal only by a > 1 but it is never optimal by 0 < a < 1. Besides, saddle point (15)
is single by a > 1. Any pure strategy situation in the 3 x 3 duel, not containing the duel
start moment, is optimal by a = 1, whereas situation

{553, y3} = {1, 1} (16)

is the single saddle point by 0 < a < 1.
Proof. Due to (14), situation

{z1, y1} = {0, 0}

is never optimal in the duel. The respective payoff matrix is

0 -2 —a
a 2 a

K3 = [k‘ij}ng = 5 0 5 (a — ].) . (].7)
a —g (a—1) 0

Ifa—1>0,i.e. a> 1, then the second row of matrix (17) is nonnegative and the third
row contains a negative entry. The only zero entry in the second row is kos. So, situation
(15) is optimal and it is the single saddle point for (17) by a > 1. If @ = 1 then the
respective payoff matrix is

0 1
1 2
K3 = [kij]gxg = - 0 0 . (18)
2
1 0 0

This matrix game has four saddle points: situation (15), situation (16), and non-
symmetric situations

{2, y3} = {;a 1} (19)
and

(o0 ) = {1. 3. (20

If 0 < a < 1 then the second row of matrix (17) contains a negative entry and the third
row is nonnegative. The only zero entry in the third row is kss. So, situation (16) is the
single saddle point for (17) by 0 < a < 1. O

7. EXISTENCE OF PURE STRATEGY SOLUTIONS

Now, the general case for N € N\ {1, 2, 3} is to be considered in order to find where
pure strategy solutions exist. As the first row of matrix (11) never has a saddle point,
the consideration is started with the second row of matrix (11).
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Theorem 2. In a progressive discrete silent duel (10) by (7), (8), (11) for N €
N\ {1, 2, 3}, situation

1 1
. 21
ot ={ 521 71 @)
is optimal only if
a>N-2. (22)
Proof. If situation (21) is optimal, then inequalities
2
5 a ay;
K (2, y;) = axa2 — ay; — a”xa2y; = N_o1 Wi~ N—jl 20 Vy; <z (23)
and
2 a a2yj
K(LL'Q, yj) zaxg—ayj—l-a €T2Y; = m —ayj—i— N—1 >0 Vyj > T2 (24)

must hold. Inequality (23) is simplified to inequality

a

K - K - > 2
(z2, y1) (2, 0) N —1 0 (25)
that always holds. From inequality (24) it follows that
1 ay;
~ —Yj 2 0,
No1 Yt N
whence 1
az2N-1—— Vy; > x. (26)
Y;
As
129> > =2
“UENTTI TN
then

a>N—-1-1=N-2

that is (22). So, situation (21) is a saddle point if just inequality (22) holds. O
In a way, Theorem 2 extends Theorem 1: situation (21) is optimal only if (22) is true
for N € N\ {1, 2}. The optimality of other pure strategy situations is to be ascertained
yet.
Theorem 3. In a progressive discrete silent duel (10) by (7), (8), (11) for N €

N\ {1, 2, 3}, situation
n—1 n-1
ot ={ 571 %=1 1)

is optimal only if

= <n—]2v>-_<i—1>} C<°; m—]zvfé—l)} @)

is true for n € {3, N'}.
Proof. If situation (27) is optimal, then inequalities

K (zn, y;) = az, — ay; — azzcnyj >0 Vy; <z, (29)
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and
K (v, yj) = ax, — ay; + a*z,y; =0 Yy; >z, (30)
must hold. From inequality (29) it follows that

Ty —Y; — azrpy; = 0,

whence .
It L N . .
1T az, Zy; Yy; <zn (31)
As
‘<n—2<n—1_x
SN ASN-1 ™
then
n—1 1 n—2
N-1 n=1 2 N_1
1 A
+a N_1
n—1 n—2
N—-1+a-(n—1)~ N-1
m—1) - (N-1)>2n-2)-(N-1)4+a-(n—2)-(n—1),
N-12a-(n—-2)-(n—1),
whence
N -1 S (32)
— — >a.
(n=2)-(n—1)

From inequality (30) it follows that

Tn —Yj +axny; 20,

whence ) )
a}u:—f—Vyj>xn. (33)
TnlYj Tn Yj
As )
n n— _
1>y > =, 2, N—1
Yj N71>N71 T forne{ }
then N1 N
— —n
> 1= . 4
“ n—1 n—1 (34)
So, according to simultaneous inequalities (32) and (34), if
N —n N -1
ac ; (35)

n—1"(n—2) - (n—1)

for some N € N\ {1, 2, 3} and n € {3, N — 1} then situation (27) is a saddle point. If
n = N then only inequality (29) must hold so that

{zn, yn} ={1, 1} (36)
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be a saddle point. This is true by only (32), i.e. by
1

or, being more precise,

ac (o; N1_2] . (37)

As a generalization, if (28) is true for some N € N\ {1, 2, 3} and n € {3,7N} then
situation (27) is a saddle point. O
As of this place, it has not been ascertained yet whether the main diagonal of matrix
(11) can have more than just a one saddle point. Nevertheless, there is an easily noticeable
case in which the duel has four saddle points.
Theorem 4. In a progressive discrete silent duel (10) by (7), (8), (11) for N €
N\ {1, 2, 3}, situations

{zn-1, yn—1} = {]]:,T:f, %:3}7 (38)
oo b= {1 =2 ). (39)
ovr vk ={ y = 1} (10)

imal only if a = .
and (36) are optimal only if a N3

1
Proof. Owing to Theorem 3, if a = N3 then (36) is a saddle point. For n = N — 1
situation (38) is a saddle point if, in accordance with (28),
0 1 c N-—-n N -1
S N-2 n—1"(n—-2)-(n—-1)]"
that is ) ) N1
= ; — : 41
“ N—QG[N—Q’ (N—3)-(N—2)} (41)
As
N-1 1 N-1-N+3 2 .
(N-3)-(N-2) N-2 (N-3)-(N-2) (N-=3)-(N-2)
1
then the membership in (41) is indeed true, and a = N3 satisfies condition (28)

issuing saddle point (38). Moreover, due to the skew-symmetry of matrix (11) having
saddle points (38) and (36) in its main diagonal, situations (39) and (40) are saddle
points also. (Il

It is easy to get convinced that the membership in (28) is not true for any N and
n. After all, Theorem 3 does not ensure that the interval in the membership in (28) is
nonempty ever.

Theorem 5. A progressive discrete silent duel (10) by (7), (8), (11) for N €
{4, 5, 6, 7} has an optimal situation (27) by (28), wherein the interval in the mem-
bership is nonempty by the respective n € {3, N }.
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Proof. According to Theorem 3, situation (27) is optimal if (28) is true, where the
interval in the membership should be nonempty. Consider the difference between the
endpoints of the interval:

N -1 N-—n

n-2)-n—1) n-1
n?—n(N+2)+3N -1

= . 42
(n—=2)-(n—-1) (42)
A quadratic equation
n*—n(N+2)+3N-1=0 (43)
from the numerator of the last term in (42) has the disciminant
D=(N+2?%—4-(3N —1)=N?—8N +8, (44)
where
N?—8N +8<0
if

1<4-2V/2<2<N<6<4+2V2<T.

The latter means that if N € {2, 3, 4, 5, 6} then discriminant (44) of equation (43) is
nonpositive. This implies the numerator of the last term in (42) is nonnegative for any
n e {2, N} and so the interval in the membership of (28) is nonempty. The latter means
that an optimal situation (27) always exists by (28) for N € {4, 5, 6}.

If N =7 then D =1 and so the numerator of the last term in (42) can be negative.
However, it is negative for

. <N+22\/5; N+22+\/5> 4 5)

which is impossible for integer n. So, the numerator of the last term in (42) is nonnegative
for N = 7 as well. Then the interval in the membership of (28) is nonempty by N =7
also, and an optimal situation (27) always exists by (28) and N = 7. O

Now, consider bigger duels for N € N\ {ﬁ} It turns out that the bigger duels
already lose optimality of some rows of matrix (11) due to the empty interval in the
membership of (28).

Theorem 6. In a progressive discrete silent duel (10) by (7), (8), (11) 3n € {3, N}
for every N € N\ {1, 7} such that situation (27) is non-optimal if

e <N+2—\/N2—8N+8. N+2+\/N2—8N+8>
2 ’ 2 ’

(45)

wherein the interval in the membership of (28) is empty.
Proof. Discriminant (44) of equation (43) is positive by

N>7>4+2V2,
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i.e. it is always positive by N € N\ {17 7}. Because of its positivity property, the
numerator of the last term in (42) is negative if (45) is true. To study the difference
between the endpoints of the interval in (45), denote them by

 N+2-y/NZ_8N+38

n. (N) 5 (46)
and
N+2++/N2—-8N+8
nt (V)= 22t 5 +e (47)
Thus,
§(N)=n"(N)—n.(N) =
 N+2+VNZ-8Nt8 N+2-VNZ_8Nt8
- : : -
= VNZ-8N +8 (48)

and it is obvious that difference (48) increases as N increases. In particular, & (8) = 21/2
that formally would mean that at least two n € {3, 8} exist such that situation (27) is
non-optimal. In reality, situation (27) is non-optimal by n € {4, 5, 6}. As N increases,
the number of such n € {ﬂ} at which situation (27) is non-optimal cannot decrease.
O

The non-optimality consideration is not exhausted by Theorem 6. The following
assertion ascertains which rows of matrix (11) will not contain saddle points.

Theorem 7. In a progressive discrete silent duel (10) by (7), (8), (11) for N €
N\ {1, 7} situation (27) is non-optimal for every n =4, N — 2.

Proof. According to Theorem 6, situation (27) is non-optimal for some n € {3, N} if
(45) is true. The left endpoint (46) being a function of N has the derivative:

dn, (N) 1 (1 2N — 8 )\/N28N+8N+4

— = . 49
2v/N? —8N + 38 2v/N2?2 —8N +38 (49)

AN 2

Ratio (49) is simplified:
VNZ—8N+8-N+4
2V/N2 —8N +8
 VNT-SN18-(N-4) VNZ-SN18+(N—4)
2VNZ—8N+8  VNZ—8N +8+ (N —4)
B N? - 8N +8— N?+8N — 16
~ 2VNZ-8N +8- (VN2 8N +8+ (N —4))
T o/NZ 8N 5 (VNI SN T8+ (N-4)

Therefore, function n, (N) is decreasing. Its maximal value

IJ{]I;I%(TL* (N) =n,(7)=4.
The minimal value of function (46) is

inn, (V) = li «(N) =
wipre (V) = i ne ()
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—+/N2 _
= lim N2 N 8N+8:1—|—1- lim (N—\/N2—8N+8):
1 . (N—VN?-8N+38)-(N++VN?—8N +3)
=1+—-- lim =
2 N-oo N ++VN2—-8N +8
1 N —
=1+ - lim 8 s

2 Novoo N4+ v/NZ_8N+8

1 SN 8
=lrg N 8 8 N+JN2Z_3N+g
— 00 —
N+ NyJ1——+—
+ e
1
=14+ - lim 8 — 8 =
2 NSoo . §+i N ++/N2 —8N +8
N N2
1 8
o (—" ) =1+>-4=3.
2 <1+\/1—0 )

Therefore, n, (V) € (3; 4]. Inasmuch as
4>n,(N)>3 VNeN/{I, 7},

the situation

{as, yst = {]\,217 N21} (50)

is optimal. Then the task is to ascertain how many integer values of n starting from
4 are less than the right endpoint (47). According to the assertion in this theorem, an
equality

N—-2<n*(N)<N-1 (51)

must hold. So, it must be

N+2++vN?2—-8N+38

n(N)—(N-2)= 5 ~-N+2=
N /N?-8N +38
:3—5+%>0. (52)

As N? — 8N + 8 > 0, inequality (52) is equivalent to the following:

\/N2—8N+8>ﬁ73
2 2 ’

N2 - 8N +8 N 2 N2

—ON +2> —3N +9,

N>T,
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which is true. On the other side of inequality (51), it must be

N+2++VN2—-8N+38

n* (N)— (N —1) = : ~N+1=
N N2 -8N +8
:2—5+%<0, (53)

where inequality (53) is equivalent to the following:
VN2 —8N +8< N — 4,
N? —8N +8 < (N —4)> = N2 — 8N + 16,

8 < 16,

which is true as well. So, inequality (51) holds for the increasing function (47) that,
according to Theorem 6, implies the non-optimality of situation (27) for every n €

{4, N —2}. .
By the way, the optimality of situation (50) can be checked in a simpler way. Plugging
n = 3 into (35) gives
N-3 N-1
. ' 4
R (54

The interval in the membership of (54) is obviously nonempty, which, according to The-
orem 3, implies the optimality of situation (50). In the same way to be shown, situation

o) = {51 o) (55)

is never optimal in duels with 8 and greater pure strategies at the duelist: plugging n = 4

into (35) gives
N-4 N-1
“6{3’6]’
where
N-1 N-4 N-1-2N+8 7-N
6 3 6 T 6

<0 VNeN{I, 7}

and so situation (55) violating condition (28) in Theorem 3 by the empty interval in the
membership of (28) cannot be optimal.

8. SINGLENESS

Strictly speaking, Theorem 3 does not claim that pure strategy solution (27) by the
respective condition (28) with the nonempty interval in the membership exists only for
one n € {3, N}. Nor claims Theorem 5 the singleness. Theorem 2 does not claim it,
too. The following assertions clarify the cases of when saddle point (27) is single.

Theorem 8. A progressive discrete silent duel (10) by (7), (8), (11) for N € N\ {1, 7}
has a single optimal situation (27) by the respective n € {2, 3, N —1, N} and a #

1

N-2°
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Proof. According to Theorem 7, situation (27) is non-optimal for every n =4, N — 2.
According to Theorem 2, situation (21) is optimal (here n = 2) if (22) is true, i.e.

a €[N —2; 00). (56)

Situation (50) is optimal (here n = 3) if (54) is true. Situation (38) is optimal (here

n:N—l)bya#N_Qlf
o — -l (57)
SN2 N3 (N—2)|
Situation (36) is optimal (here n = N) by a # ) if
€ 0'; (58)
a N3 )
As
1 N-1 N-3 N-1

N -2
N 2"N-3-N-2°~ 2 ~ 2 ° !
the intervals in (56), (54), (57), (58) are pairwise non-overlapping. This means that for
each N € N\ {1, 7} exists only one n € {2, 3, N —1, N} such that situation (27) is
optimal by just if (28) is true. O

Clearly, if a = N then it is the condition for Theorem 4, which also extends

Theorem 1: situations (38)—(40), (36) are optimal only by a =

1
N3 for N € N\ {1, 2}.
The condition for the single saddle point for N € {4, 5, 6, 7} is the same.

Theorem 9. A progressive discrete silent duel (10) by (7), (8), (11) for N €
{4, 5, 6, 7} has a single optimal situation (27) by the respective n € {2, N} and
1

a # N3
Proof. According to Theorem 2, situation (21) is optimal (here n = 2) if (56) is true.
According to Theorem 3, situation (27) is optimal if: (54) is true for n = 3,

E'N—4 N —1] (59)
a _— —
3 7 6 |
is true for n = 4,
N-5 N-—1]
a < 1 ,T_ (60)
is true for n = 5,
N—-6 N-—1]
; ——— 1
a€ 5 a0 | (61)
is true for n = 6,
N-7 N-1]
; ——— 2
a€ 6 30 | (62)

is true for n = 7 (surely, by keeping a > 0). According to Theorem 5, each of the intervals
in (54), (59) - (62) is nonempty. Intervals in (56) and (54) do not overlap. Intervals in
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1

1
(54) and (59) overlap at point 3= N3 (where N = 4 for their respective left and

right endpoints), but

6 2
owing to
N —-1-3N —2N
63 t9_% <0 for N > 4.
. 1 1 . .
Intervals in (59) and (60) overlap at point 3N _2 (where N =5 for their respective

left and right endpoints), but
N—-1 N-4

2 -3
owing to
N—-1—-4N+16 15—-3N
12 =1 <0 for N >5.

. o1 1 . .
Intervals in (60) and (61) overlap at point 1= N 3 (where N = 6 for their respective
left and right endpoints), but

N -1 < N -5
20 4
owing to
N—-1-5N+25 24—-4N
20 =0 <0 for N >6.

. o1 1 . .
Intervals in (61) and (62) overlap at point F=N_3 (where N = 7 for their respective
left and right endpoints), but

N-1 < N -6
30 )
owing to
N—-1-6N+36 35—-5N
= 0 for N >7.
30 30 < or >
Hence, the sequence of inequalities
N -7 < N-—-1
6 30
< N -6 < N -1 <
5 20
- N-5 < N -1 <
4 12
< N —4 < N-—-1 <
3 6
N-3 N-1
N -2
5 < 5 <
holds by a # and it means the intervals in (56), (54), (59)—(62) are pairwise

N -2
non-overlapping. This means that for each N € {4, 5, 6, 7} exists only one n € {2, N}
such that situation (27) is optimal by just if (28) is true.
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And what about the duel end moment and its respective situation (36) being optimal
by (37)7 It is the easiest to see when this optimal situation is single.
Theorem 10. A progressive discrete silent duel (10) by (7), (8), (11) for N €

N\ {1, 2, 3} by
1
0.
ac < . 2> (63)
has the single saddle point (36).

Proof. Owing to Theorem 3, situation (36) is a saddle point by (63). Considering the
N-th row of matrix (11), there is an inequality

N -2
ngN_1<1:IN. (64)
From (63) it follows that
a-(N—-2)<1,

a-(N=2)+ N—-2<N-—1,

N —2 1
N1 1+a
whence
L>yj Vy <zy =1 (65)

1+4+a
by using inequality (64). Inequality (65) is followed by inequality
1—-y;—ay; >0
implying that inequality
K(zn, yj) =K (1, y)) =a—ay; —a’y; >0 Vy; <zy =1 (66)

holds in the N-th row of matrix (11). Inequality (66) implies that situation (36) is the
single saddle point in the N-th row, and entries k;y < 0V ¢ =1, N —1 in the N-th
column. The latter implies that the N-th row is the single nonnegative row by (63) and
saddle point (36) is the single one also. O

So, according to Theorems 810, if a #

1
N3 and the duel has a pure strategy

solution, this solution is a single situation. If a =

5 then, according to Theorem 4,
N -2
N -1’
tn = 1 of possible shooting. Apart from those solutions, there are no other saddle points
in the duel. Indeed, according to Theorem 7, for each N € N\ {I, 7} situation (27) can
be optimal only for n € {2, 3, N — 1, N}. For a = N3
due to (22) does not hold (Theorem 2). Situation (50) is also non-optimal due to (54)

the duel has four pure strategy solutions issued by the two last moments ty_1 =

situation (21) is non-optimal

1
does not hold by a = ¥ 5 For each N € {4, 5, 6, 7} only every two intervals in (54)

1
and (59), (59) and (60), (60) and (61), (61) and (62) overlap at point a = N3’ which
implies the existence of just two saddle points on the main diagonal of matrix (11).
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9. DISCUSSION AND CONCLUSION

Theorem 2 extending Theorem 1 claims that if the accuracy factor is not less than
the number of possible shooting moments decreased by 2 then the duelist’s optimal
behavior is to shoot at the middle of the duel time span. Theorem 3 ascertains when
the situation corresponding to an entry on the main diagonal is optimal. Theorem 4
clarifies it for the accuracy factor being equal to the reciprocal of the number of possible
shooting moments decreased by 2, where the duelist’s optimal behavior is to shoot at
one of the two last moments ty_1 = M, ty = 1 of possible shooting. Therefore,
Theorem 4 is supplemented by Theorem 1 in the part of when the accuracy factor is 1
in the 3 x 3 duel. Theorem 5 claims that the conditions of optimality in Theorem 3 are
always true and a saddle point on the main diagonal exists at the respective values of
the accuracy factor when the number of possible shooting moments varies between 4 and
7. Theorem 6 clarifies when the conditions of optimality in Theorem 3 are violated for 8
and more moments of possible shooting. For this case Theorem 7 additionally ascertains
that the main diagonal can contain saddle points only on second, third, and the last two
rows of matrix (11). Theorem 8 extending Theorem 7 further ascertains that the saddle
point is single in those rows if the accuracy factor is not equal to the reciprocal of the
number of possible shooting moments decreased by 2. The solution singleness for such
accuracy factors is proved in Theorem 9 for the duels in which the number of possible
shooting moments varies between 4 and 7. In a way, Theorem 9 also extends Theorem 1
for bigger duels up to 7 x 7 duels, but Theorem 9 claiming the solution singleness does
not specify the solution (for the specification, the reference to Theorem 3 is implied).
Finally, Theorem 10 ascertains that the duel end moment is the only optimal strategy
of the duelist if the accuracy factor is less than the reciprocal of the number of possible
shooting moments decreased by 2.

Value a = is a boundary case of the accuracy factor. This is the only case

N -2
where the duel has multiple pure strategy solutions (having no fewer than three moments

of possible shooting). These four optimal situations are constituted by two last moments

tNn_1 = ty = 1 of possible shooting. Otherwise, excluding the boundary case,

N-1’
the duel has either single optimal pure strategy situation (21) by
a>N-—-2 for NeN\{1, 2}

or single optimal pure strategy situation (27) by

N —n N-1 —
a € <n—1; n=2) (=1 for N e N\{1, 2, 3} and n€ {3, N}.
A 4 x 4 or bigger duel is not solved in pure strategies if the membership in (28) is false
or the interval in the membership is empty. Then, however, a mixed strategy solution
always exists owing to that this is a matrix game [10, 16]. The trivial duels, with just
two or three moments of possible shooting, are always solved in pure strategies.
Specifying locations of moments of possible shooting as (7), (8) defines an approxi-
mation of the initial continuous-time game of timing. The approximation is uniform in
this case. Nevertheless, the locations can be jittered to some extent by adding random
values to the values in sets (7), (8). And this is an open question of whether the proved
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assertions remain valid (by the respective modifications) after the jittering. Another
open question is a nonlinearity in the accuracy functions and its influence on the duel
solution.
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PO3B’SA3KHN Y YNCTUX CTPATEIILX BE3IITYMHOI
JYEJII HA PIBHOMIPHII PEIIITIII 3 IZEHTUYHUMN
®VHKIIISIMU JITHIMHOI BJIVYHOCTI

B. Pomanrok

Binnuybkuti mopeosesvro-eKoHOMINHUT THCMUmMym
Zlepotcasrozo mop206eabHO-eKOHOMINHO20 YHIBEPCUMEMY,
eya. Cobopna, 87, Binnuys, 21050, Yepaina
e-mail: romanukevadimv@gmail.com

Po3p’sa3yernca ckiHUYeHHA rpa 3 HYJIbOBOIO CYMONO, fdKa BH3HA4YeHa Ha pPiBHOMIpHI#i
pemiTni OJUHUYHOrO KBaJpaTy, K I'Pa PO3PaxyHKY dacy. llg rpa € muckpernoio 0e3-
LIyMHOIO JyeJTI0, y SIKi#l siPO € KOCOCHMETPDUYIHHUM, i IPABIf, A0 SIKUX HOCHUJIAIOTHCS SIK
0 AYeJISHTIB, MalOTh ieHTHuHi dyHKHIl miHifiHOT BIydYHOCTI, 3MiHIOBaHI KoedirieHToM
nponopuifiHocTi BiaydHOCTI. BHACIIZOK KOCOCMMETPUYHOCTI OOWBA JYEJSTHTA MAIOTh Ti
caMmi onTHMaJibHI CTparerii, a onTUMaJbHe 3HAaYeHHs rpu AopiBHIOE 0. fKmio kKoedirienT
NPONOPHiHHOCTI BIYYHOCTI € HE MEHIINM, HiXK KiJIbKICTh MOMEHTIB MOKJIEBOI'O IOCTPIJy,
3MeHIIeHA Ha 2, TO ONTUMAJIbHOIO IIOBEJIIHKA JAYeJIAHTA € IOCTPI Y cepeiuHi iIHTepBaJLy dacy
TpuBaHHs ayesi. Busnadeno rpanmune 3HaveHHs KoedinienTa nponopifinocti Biay4HOCTI,
sIKe TOPiBHIOE 00EpHEHOMY 3HATEHHIO KiJIBKOCTI MOMEHTIB IOCTpiny, 3MeHmieHiit Ha 2. Y
IBOMY BUIMAJKY AYyeTb MAa€ YOTHPHA PO3B’SI3KH y YUCTUX CTPATErisX, B IKHX (DIrypyrooTb
IBA OCTAHHI MOMEHTH MOXKJIHBOTO IIOCTPiay. Y NPOTHJIEKHOMY BHIAKY AYEIb MAE €IHHY
ONTUMAJIbHY CUTYAILI0 y YUCTUX CTPATETigX, KOJH KOoedilieHT IpOnOpIifiHOCTI BIyIHOCTI
HAJIEXKUTH [IEBHOMY HEIOPOXKHLOMY iHTepBasy 4 X 4 abo 6iibiia myesab He PO3B’sI3y€ThCH
y YHCTUX CTpATerifAX, SKIMO TaKOl HAJEXKHOCTI He icHye abo iHTepBaJ HAJIEKHOCTI €
nopoxkuiM. Tpusiansmi gyesi, 3 mume gBoMa a00 TPHOMA MOMEHTAME MOXKJIUBOIO IOCTPIIY,
3aB2KJU PO3B’A3YIOTHCA y YUCTHX CTPATErifax.

Knat040861 cao6a: rpa po3paxyHKy dacy, OE3IIyMHa, Iyesib, JiiHifiHa BJIyYHICTH, piBHOMIpHA
pemriTKa, MaTpUIHA I'pa, CiAI0BA TOYKA y YUCTHX CTPATEridX.



