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A TWO-VS.-TWO SILENT DUEL WITH EQUAL ACCURACY
FUNCTIONS
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ABSTRACT. In this paper we examine a two-person zero-sum timing game with the
following structure: Each of players I and II has a gun with two bullets and they fight
a duel. Both guns are silent so that neither player can determine whether his opponent
has fired the bullets or not. Player I is at the place 0 when the duel begins and he
can move as he likes and player II is always at the place 1. Accuracy functions, which
denote the probability of hitting the opponent when each player fires his bullet, are
identical for both players. If player I hits player II without being hit himself first, then
the payoff is +1; if player I is hit by player II without hitting player II first, the payoff
is -1; if they hit each other at the same moment or both survive, the payoff is 0.

The objective of this paper is to obtain the game value and the optimal strategies
for the timing game.

1 Introduction A duel under arbitrary motion is a two-person zero-sum timing game
with the following structure: Each of two competitors, denoted by player I and player II,
has a gun and he can fire his bullets aiming at his opponent. At the moment when the
duel begins these two players are one distance apart on a line and each player can move on
the line as he likes. The maximum speed of player I is v1, the maximum speed of player 11
is vy and we assume v > v = 0. Without loss of generality, we can suppose v; = 1 and
ve = 0, and hence, player II is motionless. Thus we assume that player II is at the place
1 all the time and player I is at the place 0 at the moment when the duel begins and he
can move toward player II, he can move away from player II, and he can stay in one place.
If player I or player II fires his bullet when player I is at a place x, he hits his opponent
with probability p(x) or ¢(x), respectively. The functions p(z) and g(x) are called accuracy
functions for players I and II, respectively, and they are continuous and strictly increasing
on [0,1] with p(0) = ¢(0) =0 and p(1) = g(1) = 1. The duel ends when at least one player
is hit or both players fire all of their bullets; otherwise it continues indefinitely. The gun is
said to be silent if the shot of the owner is not heard by his opponent and the gun is said
to be noisy if the shot of the owner is heard by his opponent as soon as the owner of the
gun fires the bullet. Thus if a player has a silent gun, then his opponent can not determine
whether the owner of the gun has fired or not. On the other hand, if a player has a noisy
gun, then his opponent can determine whether the owner has fired or not. If each player
has a silent gun, the duel is said to be silent and if each player has a noisy gun, the duel is
said to be noisy. If player I hits player IT without being hit himself first, then the payoff of
the duel is +1; if player I is hit by player II without hitting player II first, the payoff is -1;
if they hit each other at the same moment or both survive, the payoff is 0. The objective of
player I is to maximize the expected payoff and the objective of player II is to minimize it.
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Trybula [9, 10] solved a silent duel with arbitrary accuracy functions under arbitrary
motion. In his model, each player has a silent gun with one bullet and accuracy functions
p(z) and g(x) increase with a continuous second derivative each. Trybula [6-8] also solved
noisy duels under arbitrary motion. Furthermore Trybula [11] solved an m-versus-n silent
duel with arbitrary accuracy functions under arbitrary motion. In the model, player I has
a silent gun with m bullets and he has to fire all his bullets simultaneously, whereas player
IT has a silent gun with n bullets and he can fire each of his bullets at different moments.

The author [2, 3] dealt with a noisy-versus-silent duel under arbitrary motion in which
player I has a noisy gun with one bullet and player II has a silent gun with one bullet and the
accuracy functions are arbitrary. He [4] also solved a one-noisy-versus-two-silent duel with
arbitrary accuracy functions under arbitrary motion. He [5] further solved a two-versus-one
silent duel with equal accuracy functions under arbitrary motion.

Further researches on duels under arbitrary motion have been done by Trybula [12, 13]
and general researches on games of timing are summarized by Karlin [1].

In this paper, we examine a two-versus-two silent duel with equal accuracy functions
under arbitrary motion. In the duel, each player has a silent gun with two bullets and he
can fire his bullets at different moments, whereas in the duel by Trybula [11], player I has
to fire his bullets simultaneously.

2 Problem In this paper, we examine a two-versus-two silent duel with equal accuracy
functions under arbitrary motion. Player I has a silent gun with two bullets and he is at the
place 0 at the moment when the duel begins and he can move as he likes. On the other hand,
player II has a silent gun with two bullets and he is always at the place 1. The accuracy
functions p(z) and g(x) are identical for both players so that, without loss of generality, we
suppose p(x) = ¢(z) = x for all x over [0,1]. If player I hits player II without being hit
himself first, then the payoff of the duel is +1; if player I is hit by player IT without hitting
player II first, the payoff is -1; if they hit each other at the same time or both survive, the
payoff is 0. The objective of player I is to maximize the expected payoff and the objective
of player II is to minimize it. We denote the game mentioned above by G*. Note that, in
the paper by Trybula [10], player I has to fire all his bullets simultanuously, whereas in our
model player I can fire his bullets at different moments.

Before examining the game G*, we deal with the following auxiliary game G. In G, each
of the players I and II has a silent gun with two bullets and both players’ accuracy functions
are identical and thus we assume p(x) = g(z) = z for all x in [0, 1]. Player I is at the place
0 when the duel begins and player II is at the place 1 all the time. We suppose, in game
G, payer I can move toward player II but he can not move away from player II, whereas in
game G* player can move as he likes. Further we assume that the payoff of G is as follows:

(i) If player I hits player II before player II hits player I, then the payoff is +1.
(ii) If player II hits player I before player I has fired both his bullets, then the payoff is -1.

(iii) If player I misses his two bullets before player II has fired both his bullets, then the
payoff is 0.
(iv) If both players hit each other at the same time or they miss all their bullets, then the
payoff is 0.

Suppose that player I has fired both his bullets and missed them and that player IT has
missed his first bullet and he still has his second bullet or player II still has his two bullets.
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In this case, the payoff in game G is 0 nevertheless player II misses or hits his opponent,
whereas the payoff in game G* is 0 or -1 depending on whether player II misses (or he does
not fire) his bullets or he hits his opponent.

We assume that player I fires his first and second bullets when he is at the places x and
y, respectively (0 £ x < y £ 1), and that player II fires his first and second bullets at the
moments when player I is at the places v and v (0 < u £ v £ 1). In this case, we denote
by M(z,y,u,v) the expected payoff of the game G. The function M (z,y,u,v), called the
payoff kernel of the game G, is of the form

(z+ (1 —2)y, 0fz<y<usgwvsl
x, 0Sz<y=u<v<l
z(1—z), 0Sz=y=u<v<l
0, 0Sz=y=u=v<1l
z—(1—-2)(1—u)u, 0Sz<y=u=vZl
—(1-2)u+ (1 —2)(1—u)y, 0Sz<u<y<wvil
— (1 - 2)u, 0Sz<u<y=v=sl
M(z,y,u,v) = (1 —2)3y, 0Sz=u<y<v<l
0, 0Sz=u<y=v<l
r—1-2)u—1-2)1-uwv+(1-2)(1-u)(l-v)y, O0Sz<ulv<ysl
—u+ (1 —wz+ (1 —u)(l—2x)y, 0fSu<zSy<vsl
—u+(l-wzr-—1-uw(l-2)v+(1-u)(l-2)1-v)y, 0Su<z<v<y=ll
—u+ (1 —-u)(1 -2z, 0Su<z=y=v<l
—u4+ (1 —u)(1l—2z)%y 0Su<z=v<y<sl
L —u— (1 —u)v (1—u)(l—v)x+(1—u)(1—v)(1—x)y, 0Sufv<zsysl

For the game G, we shall search for an optimal strategy for player I with the following
structure:
(i) Player I fires both his bullets simultaneously with probability 1 — « and he fires his
bullets at different moments with probability «.
(ii) If player I fires his two bullets simultaneously, he fires his bullets at a place in [a, b]
according to the conditional distribution with a density function f(z) under the condition
that he fires both his bullets simultaneously.
(iii) If player I fires his bullets at different moments, then he fires his first bullet when he is
at a place z in [b, ¢] according to the conditional distribution with a density function f;(z)
and he fires his second bullet at a place y in [c, 1], independently of the place where he has
fired his first bullet, according to the distribution with a density part f2(y) over [c, 1] and
a mass part 0 on 1 under the condition that player I fires his bullets at different moments,

where , .
do — do — d _
/af(w) . /bfl(w) v /sz(y) y+pA=1

O<a<b<e<l.

and

We denote such a strategy of player I by {a, f(z), fi(x), f2(y), 5}. Further we shall search
for an optimal strategy for player II with the following structure:

(i) Player II fires his first bullet when player I is at a place u in [a, s] according to the
distribution with a density function g;(u) over [a, s].

(i) Player IT fires his second bullet when player I is at a place v in [s, 1] according to the
distribution with a density function go(v) over [s, 1], independently of the place where he
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has fired his first bullet, where

/asgl(u) dz = /Slgg(v) dv=1

O<a<s<l1.

and

We denote such a strategy of player IT by {g1(u), g2(v)}.

3  Preliminary lemmas In this section we prove two preliminary lemmas which will
be used in the following sections.
It is seen that the equation

1+ 1 —4x? + 423 — 5zt

) log 2r 422(1 — x)?

has a unique root in the interval (0,1). We denote by ¢ the unique root in (0,1) of the
equation (1). We set

_1—c
14’

(2)

The values of b and ¢ are approximately 0.3106 and 0.5261, respectively. It is also shown
that the equation

y— b dt (1—2b—b%)(1 +b?)
) / t3(

o(1+ 2z —a2) -

3) 1+2t—¢2) 4b2(1 — b)2

has a unique root in the interval (0, b). We denote by s the unique root of the equation (3).
Further the equation

(4) 11—z _/5 dt B 1
r(14+22 —22)  J, 2(1+2t—12)  s(1+2s— s2)

has a unique root in (0, s), and we denote by a the root of the equation (4). The values of
a and s are nearly equal to 0.0929 and 0.2025, respectively.
Lemma 1. Set

_ a(l+2a —a?)(1—2b—b%)(1+ b?)

=0.174
A(1—a)(1—s)(1 - b)22 (= 0.1747),
k1 .
YT ifazzss
f(z) = ko )
YT if s<zb
ks
fl('r)_ﬁ7 b§x§c,
ka
— <y<1
f2(y) y2(1+y)a =Y )
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where (142 2)
f = 1-—a)1-a)’
by — a(l +2a — a?)
(1—a)(l—a)(l—-s)’
o — 2b%(1 — b)?
ST 01— 26— 1?2
and

4c*(1 —c)?
(32 —=2c+1)(24+2c—1)"
Then the following statements hold:

Q) /abf(x) e =1,

ky =

(ii) /bcfl(ac) dr = 1.

1
(iii)/ Joly)dy + 6= 1.

kg(l — Oé)

(iv) /bc(l—i—x)ﬁ(m) dx+/bc(1—x)f1(w) dw{ /Clyfz(y) di‘/+ﬂ} T

(v) For all u in [a, b],

b ko{b —u+b(u —s)}
uL(1+2x—x2)f(x)dm§ 5 .

(vi) For all v and v such that a S u < v < b,

u/ub(1+2x—x2)f(m)d:c+(1—u)v/vb(1+2m—x2)f(x)dm§ k2{2—s+L;‘_v}.

Proof. (i) Since s and a are the roots of the equations (3) and (4), respectively, we have

/” dz B 1—s (1 =20-0)(1 4%
s v2(14+27 —22)  s(1+ 25— s2) 4b%(1 — b)?
and
/S dx B 1-a B 1
W T2(1+22—22)  a(l+2a—a?) s(1+2s—s2)"
Thus we get

/5 dx . 1 /b dx
o 2(142x—22) 1-—s ), 22(1+ 2z —2?)

1-a {1_a(1+2a—a2)(1—2b—b2)(1+b2)} (1-a)(1—a)

" a(l+2a—a?) A1 —a)(1—s)(1—b)22 " a(l+2a—a?)’
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i.e.,

(ii) From (2), it follows that

(iii) We get

! 2¢ 11
= 1 _—— — .
/Cfg(y)dy-l—ﬂ k4{ Ogl—l—c 2+c}

Since c is the root of the equation (1), we have

1(3¢2 —2¢+1)(® +2¢—1)

1
k
= =1.
[ v+ "
(iv) It follows, from (2), that
(5) ks — 4b%(1 — b)?
YT (1= 2+ 36%)(1 — 2b— b?)
and thus

4b2(1 — b)(1 + b)
(1—2b+3b2)(1—2b—b2)

1 1
/ yfz(y)derﬁ:/(y+1)f2(y)dy+25—1: 1

Therefore we have

/bc(1+x)f1(x)dx+/bc(1_x)fl(x)dﬂc{ /Clyfg(y)dy+6}

 2ks(c D) 4b%(1 — b)(1 + b) {1_ kg(c—b)}
 be (1 —2b+3b2)(1 — 2b — b2) be

B 4b(1 — b)?  ke(1—a)

S+ (1—-26-8b2) ab

Thus we obtain the desired result.
(v) We directly get

b ~ ko{b—u+b(u—s)}
(6) u/u(l—i-Qx—xQ)f(m)d:cf 5
for all u in [a, s] and
b  ka(b—w)
(7) u/u(l—i-Qx—xQ)f(m)d:ch

for all w in [s,b]. Thus we have the result.
(vi) By (6) and (7), we get the result.
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Lemma 2. Set
2(1+ 2a — a®)(1 — u)

— <u<
g1(u) uw(l+2u—u2)?2 a=uz=s,
2(1+2s — s?)(1 —v) )
v(l+20—2v2)2 7 fezvzd
92(v) = %, if b<ve
ﬁ, if C<’U§1,
where
; b1 —b)(1+2s —s?)
P21+ 20— 02)
and
l (1+0b)(1+2s—s?)
2:

14+ 2b— b2
Then the following statements hold:

Q) /:gl(u) du =1,

(n)/:gQ(v) dv=1.

(iii) For all x in [b,1],
* . Iy 1+ 25— s? b(1 —b)
_ < 1 .
' /svgz(v)dz—mm{lm’ 2(1+2b—b2){ -

Proof. (i) Since a is the root of the equation (4), we get

/‘? 2(1 — u) 1 1 / du
T gu= _ _
o w(l+2u—u?)? a(l4+2a—a?) s(1+2s—s2) J, u?(1+42u—u?)

B 1 l—a 1
Ca(l+2a—a?)  a(l+2a—a%) 1+2a—a2’

Thus we have the desired result.
(ii) As s is the root of the equation (3), we get

(8)

/” 2(1+23—52)(1—v)d 1 14255 _/” 1425 — 52 )
. (1l — 2v —v?)?2 T b(1+ 2b — b?) v2(1+ 20 — v?)
1+2s—s? (1+2s—52)(1—2b—b?)(1+b?)

b(1 +2b — b2) 4b2(1 — b)2 '

Further we have

li . (142s—s2)(1—2b—b%)(1+b?)
(9) /b = Ab(1 — b)(1+ 2b — b2)
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In addition, as ¢ is the root of the equation (1), we get

1 2 3 4
lo 1+¢ 1 1 1—4c¢* +4c¢° — 5e 1 1
— 2 dv=1y{1 S =1 S .
/Cv(1+v)2 v 2{ %5 T3 1+c} 2{ 121—c? 2 1+c}

Thus, from (2), it follows that
(10) /1 b o (1+25—s2)(1+b)(—2b° + b* + 6b° — 4b% 4 4b — 1)
cv(l+v)2 7 4b2(1 — b)2(1 + 2b — b2) '

By (8) to (10), we obtain the desired result.
(iii) For all z in [b, ¢], we have

N 142557 b(1—b)
1—/SU92(U)dU—m{1+b+T ’

and hence,
(1+2s—sH)(1+b) Iy
(1+2b—-b2)(1+2) 1+a°

1- / vga(v) dv <

Further for all z in [c, 1], we get

T 2 B
1—/1)92(1,)@_”2#{1_“1 b)<1_1> 1+b+1+b} Ly

1+2b— 02 2 b ¢) 14c¢ 14z :1—|—a:
and hence ) B )
r 14+2s—s 1-—
1-— < —— — {1 e
/Svgg(v)dv_2(1+2b_b2){ +b+ - }

Thus we obtain the desired result.

4 A strategy for player I in G In the following sections, we denote by Vj(u,v) the
expected payoff of the game G when player I applies the strategy {a, f(x), f1(z), f2(y), 5}
given in Lemma 1 and player II fires his bullets when player I is at the points v and v
(0 < u =< v <1). Similarly, we denote by Va(z,y) the expected payoff of the game G when
player IT applies the strategy {g1(u),g2(v)} given in Lemma 2 and player I fires his first
and second bullets when he is at the points  and y (0 £ z < y < 1), respectively.

Lemma 3. For all u and v such that a < u < v < 1, Vi(u,v) 2 2a — a® (= 0.1772).

Proof. For all v and v with a £ u < v < b, we have
Vi(u,v) = (lfa)/u(2x7x2)f(x)dm+(lfa)/v{fu+(1fu)(2:vfx2)}f(x)d:c
b
—I—(l—a)/ (—u— (1 —wo+ (1 —w)(1 - v) (2 — 2)} f(z) do
to [ [Hrum (=01 = e+ (1 =)= )1 = 2y} () foly) dyds
+aﬁ/b {—-u—(1-uwov+1-uv)(l=-v)z+(1-uw)(1—-v)1—-2)}fi(z)d
b
= 71+(17a)/(1+2x7m2)f(x)dm
b b
—(1—a){u/(1—|—2x—x2)f(x)dx+(1—u)v/(1+2x—x2)f(x)dx}

rat-w-o)| [aron@at [a-on@a! [ () y+0}].
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Thus, from (iv) and (vi) in Lemma 1, it follows that

ka(1 — a)(1 — 2b+ bs)
b

b
Vilu,v) 2 —1—|—(1—a)/(1—|—2x—x2)f(x)dx+

k(1 —a)(1—a) 9

= -1+ =2a—a”.

a

For every u and v such that a < u < b < v < ¢, we get

Vi) = (1—a) /au(Qx—xQ)f(x) do+(1—a) /ub{—u+ (1— w22 — 7))} f(z) do
v [0f {cut (= we — (= w)(1 — )+ (1= w)(1 = 2)(1 — v)yhi () faly) dyda
Jraﬁ/bv{fu +(1—wz—(1—w)(1—2)v+ (1 —u)1 —2)(1—v)}fi(z)do
+a/:/:{—u — (L= wo+ (= w)(1 = v)a + (1 —u)(1 =) (1 — )y} fi (@) faly) dyde
+op /Uc{fu —(—wo+ (1 — w1 —v)z+ (1 —u)(l —v)(1 —2)}fi(2)de

b

b
= —1+(1—a)/ (1+2m—x2)f(x)da:—(1—a)u/(1+2m—x2)f(x)dx

u

+a(l - u)(1— ) [ [aran@des [(1-ane) dm{ / 1yfz(y)dy+ﬁ}

+2a(1 — u)v /bvxfl(x) dz.

Thus by (iv), (v) in Lemma 1 and

(11) 2&]63 = (1 — a)kg
we have
b
Vi(u,v) 2 -1+ (1 —a)/ (1+ 2z — 2?)f(z)dx + ka1 —a)(z— 2b+bs) = 2a — a*.

For all u in [a,b] and v in [c, 1), we get
“ b
o) = (1-a) [(@r—a’)f@det 1 -a) [(cut(1-wEr-a)i@d
+a /bc/“{*u +(1—wz+ (1 —u)1—2)y}fi(z)f(y) dydx
b [t (e = (= 0= 2o+ ()1 = )= D)y H () dyde
+a8 [{ut (1= w)r = (1= )1 =)o+ (1= )1 = 2)(1 = )} fi(e) do

b

b
= —1+(1—@)/(1+2m—x2)f(x)dx—(1—a)u/(1+2m—x2)f(x)dx

u

+a(l - ) [ / 1+ 2)fi() do + / 1= 2)fi(x) dx{ / ) dy+@}

~att=wp [W-on@ el [ pw )
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Consequently, by (iv) and (v) in Lemma 1, we have

Vi(u,v) = —1+(1—a)/b(1+2x—x2)f(x)dx—kz(l_a){b_bu+b(u_s)}
+—k2(1_02(1_“) — aky(1 - ) /bc(l—x)fl(x)dﬂc
= —1—|—(1—a)/b(1+2x—x2)f(x)d:ﬂ+ k2(1_a>(2_2b+bs) =2a —a’.

For every v and v such that b < u < v < ¢, we get

b
Vl(uv ’U) = (1 — Oé)/ (2£E — xQ)f(x)dx
+a /bu/c {t—(1-2)u—1-2)1-wv+ (1 —2)(1—u)(l—v)y}fi(z)f(y) dydz
+ag [Ho— (1= aju— (1 =21 —wo+ (1= 2)(1 =01 =V} (@) do
+a /uv/cl{fu +(1-wz—1-wA—2)v+ 1 —u)(1—2)1—0)y}fi(x)f(y) dyde
+af [{ut (L= we = (- w1 =)o+ (- (1= 2)(1 - 0)}fi(a) do
i // {—u— (1= wo+ (1 —w)(1 —v)z+ (1 = w1 —v)(1 - )y} () fa(y) dyda

+af /c{fu —l-upr+1-uw)(l—-—v)z+(1—-u)(1—-—v)1—2)}fi(z)dz.

Thus

b
Vi) = —1+(1—oz)/(1+2x—x2)f(x)dm

[

a1 = u)(1 - ) [ / (14 2) fu(w)do + [a-on@ d:c{ / i) dyw}

+2a{u/bua:f1(x) dz + (1 — u) /bva:fl(x) dx},

and hence by (11) and (iv) in Lemma 1, we get

avl (uv U)

= 2ak3 >0
ou ars

and thus

Vi(u,’l)) 2 Vl(bav) 2 2a — a2
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for all v and v with b £ u < v < ¢. Further, for all w and v with b Su<e< v < 1, we get

b u v
Viwo) = (1—a) / (22 — ) f(z) dz + o / / (o — (1 —2)u+ (1 - 2)(1 - w)y}fi(2) foly) dyde
ta / ' / (- (1—2)u—(1—2)(1 - w)o+ (1 —2)(1 - u)(1 — v)y} fr(z) foy) dyde
+aﬁ/b {z—-1-2)u—1-2)1—wo+(1—2)(1—-u)(1l—v)}fi(z)dx
ta / ' / eut (1w + (1 — u)(1 - 2)y}fi (2) foly) dyde
to [ [ Hmus (=)o = (0 =)0 = 2o+ (1= (1 = 2)(1 = Vb oly) dyds
—I—Ocﬁ/{—u—l—(l—u)x—(1—u)(l—x)v+(l—u)(l—x)(l—v)}fl(x)dx
“ b
= —1+(1—o¢)/(1+2$—x2)f(x)da:
+Oé(17u)|:/b(1+1‘)f1(1’)d1’+/;(lfx)fl(l’)dl’{/c yfz(y)derﬂH
+2au/b chl(x)da:—a(l—u)v/b(l—x)fl(x)dx{/u(1—|—y)f2(y)dy+25}.

Thus we have, by (iv) in Lemma 1 and (11),

)% ¢
18(3’ v) _ ak4/b (1—2z)f1(z)dz > 0.

Consequently we get
Vi(u,v) = Vi(b,v) 2 2a — a?

for all w and v such that b <u < ¢ < v < 1. For all u and v with ¢ £ u < v < 1, we have
b c ru
o) = (=) [o-e)f@d+a [ [{o+0-anh@hpe di
+o [ [Ha— = aput (1= 2)(1 = u} @) o) dyde
to [ [Ha— (1= mu— (=)t = wo+ (1 =)0 =01 = 0} @) fo(v) dyds
+aﬁ/ {z—1-2)u—1-2z)1—uwov+ 1 —2)(1—u)(1—0v)}fi(z)de.
b
Accordingly we get
b
Vi(u,v) = —-14+(1- a)/ (1 + 2z — 2°) f1(z) dz

+a

[arnn@a+ [0-nn@ad [vnpwas)

1

~a [0-nn@afu [0+ nnwd+oa - [

v

(1+y)f2(y) dy}
—2a{u+ (1 — v} /bc(l — o)1 () da.
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It is seen that
V1 (u,v)

ou

for all v and v with ¢ £ u < v < 1, and hence

= ak4/b (1—2)fi(x)dz >0

Vi(u,v) = Vi(c,v) = 2a — a*.

Therefore we obtain
Vi(u,v) 2 2a — a?

for all v and v such that a £ u < v £< 1. This completes our proof.

5 A strategy for player II in G
Lemma 4. For all z and y such that a < x <y < 1, Va(z,y) < 2a — a? (= 0.1772).

Proof. We get, for all z in [a, s,

S

Va(ea) = [ a0 - o) dus [ (20— ) du

= —1+(1—|—2x—x2){1—/ ugl(u)du}:2a—a2

and for all z in [s, b]

Va(w,z) = /s/x{—u— (1= wo+ (1—w)(1 - v)(2z — 22)}g1 (1)ga(v) dvdu
+/S/ {—u+(1—u)(2x— x2)}g1(u)gg(v) dvdu

—1—|—(1—1—29&—:52)/:(1—u)gl(u)du{l—/;vgg(v)dv} % —a

Further for all z and y such that a £z <y < s, we have

) = Tt (1w 4 (1 u)(1 - 2)y}gr () du

a

+f e (1= 2t (- 2)(1 — wybgs (u) du+ / (ot (1- 2)y}or(u) du

—“1+(1 —x)(l—i—y){l —/ayugl(u) du} +2x{1 —/:ugl(u)du}

1—z)(1+4vy) 2z
—14 (14 2a—a? ( .
+(1+2a “){ T+2y—12 142022

It is seen that Va(z,y) is decreasing in y for every z such that a £ o < y < s, and hence
Va(z,y) < Va(z,2) = 2a - a®

for all z and y with a £ 2 <y < s. For all z and y such that s <z <y <1, we get
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Va(z,y) = /:/;{—u — (=4 (1 -1 —v)z+ (1 —u)(1—v)(1—2)y}g(u)ga(v) dvdu
+/:/:{W +(1-—wz—1-wld-—z)v+1—u)1l—2z)(1-2v)yrg(u)g2(v) dvdu
+/:/yl{_u + (1 —wz+ (1 —u)(l - )y} (u)gz(v) dvdu

= 1 X (@) [0 — ) du
where

X(z,y) = /m{l—v+(1—v)x+(1—U)(1—x)y}gg(v)dv

S

s [re-0-aet 1-00 - e a1+ 0 - Dneea

Yy

= (1*x)(1+y){17/syvgg(v)dv}+2w{17/szvgg(v)dv}.

Thus, by (iii) in Lemma 2, we have

1+ 25— s? 9
X(@y) S A=)l + ;o5 —z {1+ h)e+ b1 —b)} =1+ 25 -

A

for all z and y such that b < x < y < 1. We get, for every  and y with s Sx Sy

(1-=z)(1+4vy) n 2z
1+ 2y —y? 1+ 22 — 22

b,

X(z,y) = (1—|—23—s2){

and for all z in [s,b] and y in [c, 1]

X(%?J)=(1+28—52){(1_x)(1+b)+ 2z }

14 2b—b? 1+ 2z — 22

In both cases above we have
X(z,y) £142s — 5%

Further, for any = and y such that s Sz < b <y < ¢, we get

X(w,y)z(1+2s_52)[W{1+b+b(1y—b)}+ 2% }

2(1+2b—b2) 1422 — 22
and hence )
0°X
(@.y) _
Oy?
Thus we get

X(z,y) £ 1425 — 52

Accordingly we obtain

Va(z,y) £ =1+ (1+2s— 52){1 —/ ugy (u) du} =2a—a?
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for all z and y such that s £ 2 <y < 1. For every x and y such that a S 2 < s <y
we have

A

L,

Va(z,y) = /m/y{—u +(1=—uwz—1-—u)(1-2)v+ 1 —u)(1-2z)(1-0v)y}gi(u)g2(v) dvdu
+ /ax/yl{u +(1—wz+ (1—u)1—2)y}g(u)ga(v)dvdu
+ /;/Sy{m —(l-u—(1-—2)1—wv+ (1 —2)1 —u)(1—v)y}g(u)gz(v) dvdu
+ /m/y {z— (1 —2)u+ (1 —2)(1—u)ylg(u)gz(v) dvdu

and thus

(12) Va(z,y) — —1+2${1—/:ugl(u)du}
—l—(l—x)(l—l—y)/:(l—u)gl(u)du{l—/syvgg(v)dv}
—1+(1+2a—a2)[ 2 (1_x)(1+y){1—/syvgg(v)dv}].

1+ 22 — 22 1+ 25— 52

Hence for all z and y such that a <2 < s <y < b we get

2% (1-2)1+y)
_ 2

and thus Va(z,y) is decreasing in y over [s, ] for all x in [a, s]. Accordingly we have
Va(z,y) £ Va(z,s) < 2a —a®

for all z and y such that a £ 2 < s <y < b. For any z in [a, s] and y in [¢, 1], by (12) we
get

2z (1—2)(1+0b)
1+2x—x2+ 1+ 2b — b2

Vg(x,y)——l—i—(l—i—Qa—aQ){ }§2a—a2.

Further for all z in [a, s] and y in [b, ¢], we have

Vg(x,y)——1+(1+2a—a2)[%{1+b+ b(ly_b)}Jr 1_’_22;_332}

It is seen that Va(x,y) is a convex function of y over [b, ¢] for every x in [a, s]. Therefore we
have

‘/2(-777:(]) § 2a — a/2

for every z in [a, s] and y in [b, ¢]. Thus we obtain
Va(z,y) < 2a —

for all z and y such that with ¢ £ x <y < 1. This completes our proof.



A SILENT DUEL UNDER ARBITRARY MOTION 255

6 A Theorem

Theorem 1. For the game G, the strategy {a, f(x), f1(z), f2(y), B} given in Lemma 1 is
optimal for player 1, and the strategy {g1(u), g2(v)} given in Lemma 2 is optimal for player
I1. Moreover, the game value of the game G is 2a — a® (= 0.1772).

Proof. It suffices to show that
‘/i(u7 U) 2 2a — a2

for all v and v such that 0 S u < v <1 and
Va(z,y) < 2a — a®

for all  and y such that 0 £ z < y £ 1. From Lemma 3, we have
Vi(u,v) = 2a — a®

for every w and v with @ <« £ v < 1. It is seen that V;(u,v) decreases in u over [0, a] for
all v in [a, 1), and hence
‘/i(u7 U) 2 Vl(aav) 2 2a — a2-

Further, for all u and v such that 0 < u < v < a, it is seen that V; (u, v) decreases in v, and
thus
Vi(u,v) 2 Vi(u,a) = 2a — a*.
We can verify that
Vi(u,1) 2 lim Vi(u,v) = 2a — a®

v—1-0
for all w in [0,1) and
Vi(1,1) 2 2a — a®.

Therefore we obtain
Vi(u,v) 2 2a — a?

for all u and v such that 0 £ u < v < 1. Now by Lemm 4
Va(z,y) < 2a — a®
for all z and y such that a £ 2z <y < 1. For all  and y such that 0 £ 2z < y < a, we have
Va(z,y) =2+ (1 —2)y < 2a — a*.

In addition, we get

V() = at(-a) [{mut 0w du+ (1-2) g da

s+ (== a=2)1+y) [ up (s
for all  in [0,a] and y in [a, s], and
Vo) = o+ (-0 [ [Tmum (= wot 0= 0= 0 (u)ga(o) dod
-0 [ [ s (- i) o
= 2z-1+(1-2)(1+4vy) /S(l —u)gy(u) du{l - /yvgg(v) dv}
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for all  in [0,a] and y in [s,1]. In both cases above, Va(z,y) is increasing in 2 and hence
‘/2($7y) é ‘/Z(Q,y) § 2a — a2

for all z and y such that 0 £ x £ ¢ and x £ y < 1. Therefore we obtain

va(z,7y) < 2a — a?

for all z and y such that 0 £ z < y < 1. This completes our proof.

7 Optimal Strategies In this section, we examine the game G* defined at the beginning
of section 2. For any ¢ in (0,1), we define N as the smallest natural number that is
larger than 1/e. For the N, we define constants a; (i = 0,1,2,---,n1 + 1) and ¢; (i =
1,2,-++ ,n2 + 1) as follows:

ap = a,

1

a;
f(lL')dlL': ) Z':]-aQ,"'vnlv
/ai_1 (1-a)N

ani+1 = b,

Co = ¢,

c; 1
dy = —, i=1,2,--
/Cil fQ(y) Yy CYN7 ? ) 4y , N2,

Cnot1 = 1,
where . o , X
/a fi(x)dx >/a fi(z) dz E/a fi(z)dx — AoV
and . o, ) .
/C f2(y) dy > i f2(y) dy E/C fa(y) dy — —.

Now we define the strategy {a, f(z), fi(z), f2(y), 5}° of player I in the game G* as
follows:
(i) Player I fires both of his bullets simultaneously with probability 1 — « and he fires his
bullets at different moments with probability «.
(ii) Player I moves back and forth at first between 0 and a;, then between 0 and ag, -- -,
and then between 0 and ay,, 11 regardless of whether he fires his bullets simultaneously or
not. If he fires his bullets simultaneously, then he fires both of his bullets, at the i-th step
(1=1,2,--- ,n1 4+ 1), only if he is between a;_1 and a; and goes forward, according to the
distribution with the conditional probability density f(z) under the condition that he fires
both his bullets simultaneously. After he has fired both of his bullets at the i-th step, he
reaches the point a;, escapes to 0 and never approaches player II.
(iii) When player I has not fired his bullets in [a, b], he further moves back and forth between
0 and c and he fires his first bullet between b and ¢, only if he goes forward, according to the
conditional distriburion with the conditional probability density fi(z) under the condition
that he fires his bullets at different moments. Furthermore player I moves back and forth
between 0 and c¢q, then between 0 and cg, ---, and then between 0 and ¢p,11. When he
moves back and forth between 0 and ¢;, he fires his second bullet only if he is between
c;—1 and ¢; and goes forward, according to the conditional distribution with the density
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part fo(y) and the mass part 5 at 1, independently of the point where he has fired his first
bullet. If he has fired his second bullet between ¢;_; and ¢;, he reaches the point ¢;, escapes
to 0 and never approaches player II.

Theorem 2. For the game G*, the strategy {«, f(z), f1(x), f2(y), B} is e-optimal for player
I, and the strategy {g1(u),g2(v)} given in Lemma 2 is optimal for player I1. Moreover, the
game value of G* is 2a — a®.

Proof. 1t is seen that if player I fires at a point, then he has to fire when he is at the point for
the first time. Similarly, if player II fires when player I is at a point, then player IT has to fire
when player I is at the point for the first time. Thus, in what follows, we assume that player I
fires at points when he is at these points for the first tme, and player II fires his bullets when
player I is at the points for the first time. Now we denote by V;*(u,v) the expected payoff
of the game G* when player I applies the strategy {«, f(z), f1(z), f2(y), 8}¢ and player II
fires his bullets when player I is at the points v and v (0 £ v £ v £ 1). Similarly, we
denote by V5" (x,y) the expected payoff of the game G* when player II applies the strategy
{g1(u), g2(v)} and player I fires his bullets when he is at the points z and y (0 £ z <y < 1).
For all win (a;,a;41] (¢=0,1,2,--- ,n1) and v in (¢j,¢j41] (7 =0,1,2,---, Na), we get

vrlwe) = (me) / (20— o) fla)da+ (1 - ) / %{2::: — o — (1 )*u}f(z) do
\ ;
1 -a) [ut (1= 0) (2o - ) (@) da
+o /bc/ccf{*u +(1—wz+ (1 —uw1—2a)y}fi(z)f(y) dyde
—I—a/b /Cj{—u +(1-wzr+(1-uw)(l—2)y—(1—u)(l—2)(1—y)v}fi(z)f(y)dydz
+a/b /U {~u+ 1 —wz—1-u)1l-2)v+(1—u)(l—-2)(1-0v)}fi(z)f(y)dydz
+a8 [ {mut (1 =) = (1= 0)(1 =)o+ (1= 0)(1 = 2)(1 = D)} (2) oly) dyda
= Vi(u,v) —(1—a)u /u(l — )2 fi(2) dz

—a(l —u)v /bc/.v(l —z)(1 —y) fi(z) f2(y) dydz
1

v

Vi(u,v) — ~ > 2a —a® —e.

Similarly we can show that
* 1 2
Vi (u,v) 2 Vi(u,v) — N 2a —a” —¢
for every u and v with 0 £ u < v £ 1. It is clear that
‘/'2*(1,7y) = ‘/Q(xay) é 2a — a2

for all x and y such that 0 £ x < y < 1. We suppose that player I fires his first bullet
when he is at a place z in (0, 1], and escapes to 0 and stays in 0 forever. We denote such
a strategy by (z,x) and we denote by V5*(x, x) the expected payoff when players I and II
apply the strategies (z,*) and {g1(u), g2(v)}, respectively. Then we get

Vyi(z,%) =z < 2a — a?
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for every z in [0, a) and

Vo' (x,x) = /x{—u + (1 —wz}gr(u)du+ /ngl(u) du

x

—(1+a:)/ ug1(u) du < a £ 2a — a?

for every z in [a, s]. Further we have

Vi (z, %) = / /{ u—(1—wv+ (1 —u)(1—v)z}g(u)g(v) dvdu
/ /{1k%1_m@m(Mﬂ)dwu

< a £2a—ad®

for all x in [s, 1]. Thus we can conclude that, if player II applies the strategy {g1(u), g2(v)},
the expected payoff is at most 2a — a? whatever strategy player I may apply. This completes
our proof.

In this paper, we have assumed that player I can fire his two bullets at different moments
and we have figured out that the game value is 2a —a? = 0.1772. As is mentioned in section
1, Trybula [10] solved an m-versus-n silent duel with arbitrary accuracy functions under
arbitrary motion. In Trybula’s model, player I has to fire his m bullets simultaneously,
whereas player II can fire his n bullets at different moments. If we set m = 2, n =2 and
p(x) = q(r) = x in Trybula’s model, then the game value is 2a — a* (= 0.1618), where
a = 0.0845 is the unique root in (0, ZA)) of the equation

/” 2 -2t L 1
L t(14+2t—12)27 1422 — 22

and b = 0.1779 is the unique root in (0, 1) of the equation

/1 2-2t 1
L t(L+2t =122 1420 —a2

Thus the game value of our model is larger than the game value of the Trybula’s model as
might be expected.
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