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Abstract—This paper utilizes the weak approximation method
to analyze differential games that involve mixed strategies. Mixed
strategies have the potential to produce unique strategic behav-
iors, whereas traditional models and tools in pure strategy games
cannot be directly applied. Based on the stochastic processes with
independent increments, we define the mixed strategy without
assuming the knowledge of the opponents’ strategy and system
state. However, this general mixed strategy poses challenges in
evaluating game payoff and game value. To overcome these
challenges, we utilize the weak approximation method to employ
a stochastic differential game to characterize the dynamics of
the mixed strategy game. We demonstrate that the game’s payoff
function can be precisely approximated with an error of the same
scale as the step size. Furthermore, we estimate the upper and
lower value functions of the weak approximated game to analyze
the existence of game value. Finally, we provide numerical
examples to illustrate and elaborate on our findings.

I. INTRODUCTION

Differential game theory is a branch of game theory that
deals with dynamic, continuous-time interactions between
multiple decision-makers or agents. In contrast to the clas-
sical game theory, which assumes that players choose their
strategies simultaneously, differential games account for the
fact that players may choose their strategies over time, and
the evolution of the game depends on the states of the system.

One important subclass of differential games is differential
games with mixed strategies. In such games, players select
their strategies based on probability distributions over a set of
possible pure strategies. This allows for a richer representation
of the player’s behavior, as they can exhibit varying degrees
of randomness or unpredictability in their decision-making.

The use of mixed strategies in differential games can capture
important features of real-world problems, such as incomplete
information, imperfect competition, and stochastic dynamics.
Mixed strategies can also generate novel strategic behavior that
may not emerge in pure strategy games. In addition, the use
of mixed strategies can be a useful approach for addressing
the challenge of determining a value for differential games in
cases where the Isaacs condition is not satisfied.

The study of differential games has a rich history, with nu-
merous contributions from researchers in game theory, control
theory, and applied mathematics. One of the earliest works in
this area was the pioneering work by Isaacs [1]. Since then,
a large body of literature has emerged on various aspects of
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differential games, including their existence and uniqueness
of equilibrium solutions, numerical methods for solving them,
and applications in diverse fields such as economics [2],
robotics [3], and biology [4].

The analysis of differential games with mixed strategies
presents a significant challenge in recent studies. To define
the mixed strategy, two primary models are used: the nonan-
ticipative strategy with delay (NAD strategy) and the Markov
strategy. Both models use time discretization to approach the
final definition. [5] introduce the concept of mixed strategies
along a partition of the time interval associated with classical
NAD strategies, which helps to address the existence of the
game value for differential games without the Isaacs condition.
This work is further extended to stochastic differential games
in [6], and cases in asymmetric information are also investi-
gated in [7], [8]. The first model assumes the knowledge of
the opponents’ strategy, while the second model assumes the
knowledge of the system state. The Markov strategy, which
resembles the closed-loop control in the optimal control theory,
is utilized to define mixed strategies and design nearly optimal
game strategies [9], [10]. However, for the condition where
state information is not available, both two models become
inappropriate. To tackle this open problem, we use a general
stochastic process with independent increments to define the
mixed strategy, so that the knowledge of opponents’ strategies
and system state is not needed.

The evaluation of the game payoff and the analysis of
the existence of game value are always of great challenge.
Even for the differential game with pure strategies, the game
value generically has no explicit expression or just does not
exist [11]. Traditionally, upper and lower value functions and
viscosity solutions are introduced to describe the game value.
However, these methods cannot be directly applied to the
differential games with mixed strategies. To deal with this
challenge, we introduce a novel weak approximation method
[12]-[14]. It manages to approximate the game by a standard
stochastic differential game driven by Brownian motion.

The contributions of this paper are three-fold:

o Based on the stochastic processes with independent in-
crements, a general model of mixed strategy is defined,
which does not assume the knowledge of the opponents’
strategy and system state.

e A novel weak approximation method is introduced to
estimate the payoff function, whose approximation error
is provably guaranteed of the same scale as the discretized
step size.

o To study the existence of game value, the challenging
problem of optimizing over stochastic process is tackled



by estimating the upper and lower value functions of the
weak approximated game. Additionally, some sufficient
conditions for the existence are provided.

The remainder of this paper is organized as follows. Section
Il defines the differential game with mixed strategies and
describes the problem of interest. Sec. III expounds on the
weak approximation method and proved the main theorem
on the approximation performance. Sec. IV provides some
sufficient conditions for the existence of game value. Sec.
V shows simulation results and analysis. Sec. VI presents
concluding remarks and further research issues.

II. PROBLEM FORMULATION

In this section, we expound on the dynamics of the differen-
tial game and introduce the concept of §-game, which serves
as a discrete approximation to the original differential game.
We then define the mixed strategy within the differential game
framework by utilizing §-game and outline the primary issues
that are of concern in our study.

A. Differential Game

The presence of mixed strategies in zero-sum differential
games, such as the classical pursuit-evasion game, presents
a formidable challenge for the pursuer. Despite possessing
the ability to capture the evader in the sense of expectation,
the task of maintaining a constant distance from the evader
becomes exceedingly difficult due to the stochastic nature of
mixed strategies.

To study the differential games with mixed strategies, we
generally consider a linear time-invariant zero-sum differential
game with mixed strategies,

T
0. Jo(to,it(),uhUQ):]E{Q(I(T>)+/ h(t,ul,uQ,m)dt}

to

g
(E(t) = AI’(t) + Blul(t) + BQUQ(t), ZL’(t()) = X9

where x(f) € R”™ is the game state, the matrices A, B;
and B. are the system and input matrices with appropriate
dimensions. g(z7) represents the terminal reward of the game,
and h(¢,u1,us, x) describes the energy cost during the game.

For each t € [to,T] and ¢ € {1,2}, u;(t) € U is a random
variable where U is a compact set. {u;(t)}{_,, is a stochastic
process with independent increments, and it is controlled by
the player 7. For ease of notation, we say w; € Up, 11
JO(tg, o, u1,us) is the payoff that the player 1 wants to
minimize and the player 2 wants to maximize.

The subsequent assumption constrains the scope of the
payoff function J to those exhibiting polynomial growth.
Specifically, the definition of polynomial growth functions is
provided as follows.

Definition 1 (Polynomial growth functions [14]). Let G denote
the set of continuous functions R — R of at most polynomial
growth, i.e., g(-) € G if there exists positive integers K1,k >
0 such that

lg(@)] < ha (14 [2"2)

for all x € R%. Moreover, for each integer o > 1 we denote
by G the set of a-times continuously differentiable functions
R? — R which, together with its partial derivatives up to and
including order «, belong to G.

Definition 2. The upper and lower value functions of the game
GO are given by

VY (to,z9) = sup inf  J%(to, o, w1, us),
u2€U[tO,T] uleU[tOvT]
and
VY (to,z0) = inf sup  J°(to, zo, U1, uz).

1 €U, 7] ug €Uy 1)

The primary issue to be considered for a game is whether
the game value exists, i.e., V1 (to,z0) = V_ (to, zo).

B. 0-Game

The formulation of mixed strategies hinges on the utilization
of stochastic processes, which pose significant challenges both
in terms of optimization and practical implementation for the
players involved [5], [7], [8]. The §-game is a useful approach
for investigating mixed strategies in differential games, as it
involves utilizing a discretized approximation of the contin-
uous stochastic process inputs utilized in the original game
[15].

We divide the interval [to,T] into n intervals Ij of equal
length § :

I, = {t;tk_l <t< tk}

where t, = tg+k0,0 < k <n,andn = L%J On each interval
I, the control input for player ¢ is a random variable u;;,. We
can replace the stochastic process {u;(t)}{—,, in the game G°
by this independent random variables sequence {uik}z;é, ie.,

I
—

ui(t) =y (w17, (1)),

0

S
I

where I, (t) = 1 if t € Iy, and I}, (t) = O otherwise. For
these discrete type of controls, we say u; € U, io,T] C Upo,17-
Let z;, = x(kd) and discretize the game G, we have the
following J-game.

Definition 3 (d-game). Given a constant § € (0,1), the o-
game of the differential game G° is

n—1
I (to, o, u1, Uz)ZE{g(xn)+Z h(t, uik, ugk, xk)5}
k=0

Gt

5
A A
Tpr1=¢€ 6$k+(B1U1k+BQU2]€)/ e?7dr, xg = 7o
0

From another perspective, the mixed strategy for a 6-game
is the random variable pairs (u1y, usx) for k =0,1,--- ;n—1.
Let 6 — 0, a more tractable definition of the mixed strategy
is available as follows.



Definition 4 (Mixed strategy). The mixed strategy for
the differential game G° is a pair of stochastic process
{(u1,u2) Y=y, such that,

L
ui(t) = lim

o

]-1

(uik' : ]Ilk (t)) ;
k=

o

T
where {(ulk,qu)}kgé ' is a mixed strategy for the 5-game

Gl
Similarly, we study the game value of this §-game by
defining the upper and lower value functions.

Definition 5. The upper and lower value functions of the §-
game G are given by

1 : . 1
V. (to,x0) = sup 1n5f J* (to, zo, u1, uz),
w2€Uf, 7y "1Vt 1)
and
1 . 1
V+ (t07x0) = Hl&f sup J (t03x07u17u2)'
ulEU[tO,T] U2EU[§,O‘T]

C. Problem in Interest

o Given the mixed strategies u; and wug, our primary goal
is to estimate the payoff function J°(¢g, xq, u1, uz) accu-
rately. Our focus is on estimating the d-games initially,
followed by the original game by gradually reducing
to zero. Specifically, we design a stochastic differential
game to approximate the J-game, and the weak approxi-
mation theory guarantees the estimation accuracy.

o Our second objective is to analyze the existence of game
value and investigate the sufficient conditions that ensure
its existence. To deal with the challenging problem of op-
timizing over stochastic processes, we study the existence
problem of the approximated stochastic differential game
and then prove the relationship to the original game.

III. WEAK APPROXIMATION OF THE GAME

In this section, we introduce the weak approximation
method as a tool for studying the d-game with mixed strate-
gies. We provide preliminaries on the weak approximation,
highlighting its significance and indispensability in the analy-
sis of mixed strategy.

A. Preliminaries on Weak Approximation

Let’s delve into the concept of weak approximation - a
method of approximating the distribution of sample paths
instead of the paths themselves. By comparing the expectations
of two processes over a broad range of test functions, we can
determine their closeness. Our definition involves a massive
test function class, including all polynomials, ensuring that all
moments become close at an impressive rate. As a result, the
distributions of both processes must also be equally close.

Definition 6 (Weak convergence [14]). For T >0, 6 € (0,1A
T), and o > 1 as an integer, let N = |T/5]. We define a
continuous-time stochastic process {X; : t € [0, T]} to be an

order o weak approximation of a discrete stochastic process
{1k =0,...,N} if for every g € GO, there is a positive
constant C' that does not depend on § such that

max |Eg (xr) — Eg (Xgs)| < CO°.

B. Heuristic Design of Weak Approximation

Rewrite the §-game G' as

§
Tht1— Tk = (6A6—I)xk + (Blulk-i-Bg’U,gk)/ eATdT7 (D
0

where I is an identity matrix. Let v and oy, be the expectation
and covariance of (Bjuyy + Bausgy) respectively, i.e.,

Vi := E{Biuiy + Bauay },

and
o = Cov {Biui + Bauai } .

Heuristically, (Byuir + Baugg) can be approximated by
a random variable subjected to the Gaussian distribution
N (vk, o1) because of their matchings on the first two orders
of moments. Motivated by this, we approximately rewrite the
right-hand side as

s
1
(eA‘s—I):c;€ + [5750,3 (W(/c+1)5 - Wk(s) + 74 / eATdr,
0
where {WV;}72, is a standard winner process. When ¢ is small,
there is (6A5—I) ~ AeAds, f06 eATdr = §, then it follows
approximately
1
(Ae® ), + )0 + Vo] (W15 — Whs) - 2

Substituting xy41 — @k, § and Wiy 1)s — Wis with d X,
dt and dW; respectively, we have the following stochastic
differential equation:

1
dX; = (Ae X, +Ty)dt + VoL Z AW, 3)
where I'; and >; are the expectation and covariance of
Blul,[%] + BQUQ’L%J respectively, i.e.,
I'y:=E {(Blul,Lﬁj + BQUQ,L%J } s
and
Zt = Cov {(Bluu%J + B2u27L§J} .

Therefore, we have a stochastic differential game (SDG) as
a weak approximation to the J-game G!.

Definition 7 (SDG). Given a constant § € (0,1), a zero-sum
stochastic differential game with payoff function J? is

T
g2 J2(t0, Xo, U7, UQ) :E{Q(X(T)>+/ h(t, Ui, Uz, X)dt}
: to
dX; = (A X, + T)dt + VEXEdW,, Xy, = 0

Similarly, we consider the value of this stochastic game by
studying the upper and lower value functions.



Definition 8. The upper and lower value functions of the
stochastic differential game G are given by

2 . 2
V< (to,z9) = sup 1n6f J*(to, o, u1, uz),
u2€U[6tO_’T] uleU[tO,T]
and
2 . 2
V+ (t07x0) = ln{sf sup J (t03x07u17u2)'
€Uy 1) u2€Uf, | 1y

If the SDG G? indeed approximates the J-game G' in
a weak sense such that the approximation error is of scale
O(d), then the original game G° with mixed strategies can be
accurately described by the dynamic of SDG G2 when & — 0.
In the rest of this section, it is proved that this heuristic design
is an order 1 weak approximation.

C. Proof of Weak Approximation

This section presents the primary approximation theorem,
which is obtained via a two-step process. Initially, we demon-
strate that the one-step approximations for both games G2
and game G' exhibit second-order accuracy. Subsequently, we
establish a connection between one-step approximation and
approximation on a finite time interval, guaranteeing that the
approximation on a finite interval is of order 1.

To begin with, we study the one-step approximation errors
of the stochastic game G2, and compare the errors to 6.

Lemma 1. Let 0 < np < 1. Consider the SDG G? and define
the one-step difference A = Xs—x. Let A ;) be the ith element
of A, then we have

1) EA(Z) = (AeA‘Sx() + F())(l)(s + O (52)
Proof. This lemma is a direct application of the Lemma 4 in
[14] by letting by (2, €) = bo(x) = AeA®x+Ty without relying
on the auxiliary variable e. O

Then, we study the one-step approximation errors of the
d-game G', and compare the errors to §.

Lemma 2. Let 0 < n < 1. Consider 6-game G' and define the
one-step difference A = x1 — xq. Let Ay be the ith element
of A, then we have

1) EA(,;) = [AeA5x0 + ’Y()} (i) o+ 0(52)
Proof. According to the definition, there is

6
A = (BA(;*I)JJO + (BlU17O+BQU27O)/ GATdT, (4)
0

then
EA — [AeA5x0 + ’yo] )

5
=(e—T — §4e™) o + / eAmdr — 6 | o
0 (@)

5
/ (e — I)dT] Y-
0

=(e—T — §4e™)zy +

Notice that e9 — T = §A + & A% + 0(6?), the above equation
follows that

2
(6A + %AQ + 0(6%) — §Ae?®)xq

+

§ 52
/ (6A + 5A2+o(52))d7 Y
0

3
SA(I — ) + O(6%)] mo + (52A + ‘;A2> Yo + 0(6%)

=

= [SA(=0A+ O(6%)) + O(6%)] zo + O(6?)

:0(52)7

(6)

Hence, the first conclusion is proved. Notice that e T =
O(d) and f(f eA7dr = O(6), we have

Therefore, the second conclusion can be easily obtained. [

Finally, we combine the above two lemmas to derive the
main theorem.

Theorem 1 (Approximation accuracy). Stochastic differential
equation G? is an order 1 weak approximation to the 6-game
G! such that for every g € G, there exists C > 0, independent
of 0, such that for all k =0,1,...,n,

|Eg (xks) — Eg (x1)] < CO.

Proof. First, according to the above two lemmas, there exists
K, € G independent of § such that

]EHA(%)(x) —EHA(“)(aﬁ) < Kl(l‘)(SQ, (7)
j=1 =1
for s =1 and
2
EJ]|Aq,) ()] < Ki(x)s? (8)
j=1

for all ¢; € {1,...,d}.

Second, according to the compactness of U, for eachm > 1,
the 2m-moment of zj is uniformly bounded with respect to
k and 9, i.e., there exists a K5 € G, independent of ¢, k, such
that

E |24|*" < K»(2) ©)

forall k=0,...,|T/n].
Finally, according to Theorem 3 in [14], we have the weak
approximation conclusion proved. O

IV. APPROXIMATION PERFORMANCE AND EXISTENCE OF
THE GAME VALUE

In this section, our focus is on examining the accuracy of
the value functions of the continuous SDG G2 and the d-game
G!, and demonstrating that the approximation error is of the
order of O(d). We also investigate the correlation between the
value functions of the J-game G! and the original game GV,
and suggest a general sufficient condition for the existence of



the game value. Additionally, we prove that the game value
exists when the function h(t,z,u1,us2) can be separated with
respect to u; and us.

To begin with, we apply Theorem 1 to the payoff functions,
and the following lemma shows that the approximation error
of payoff functions is also of scale O(9).

Lemma 3 (Payoff approximation). Given w; and us, there
exists a constant Cy(u1,u2) > 0 such that

|J1 (to, o, U7, ’U,Q) — JQ(tO, Zo, U, U2)| S Cl (U1, UQ)5
Proof. According to the definitions of J* and J2, we have

|J1(t07I05u13u2) - JQ(thIOauhUQ”

n—1
=|E{g(zn) + Z h(t, uik, uzk, Tx )0
k=0
T
~g(X() = [ h(t.ur,uz, X))
to
n—1 T (10)
§|]E{Zh(t,u1k,qu,xk)57/ h(t,uy, ug, X )dt}|
k=0 to
+ [E{g(zn) — g(X(T))}|
T
§/ |E{h(t,u1,us, ) — h(t,ur,us, X)}|dt
to
+ [E{g(zn) — g(X(T))}.
By the weak approximation theorem, there are

s (U1, UQ), C3 (Ul, Ug) such that

|]E{h(t7ulvu27x) - h(taula'uQaX)}‘ é C’Q('U,l,UQ)(S,

and
|E{g(2n) — 9(X(T))} < Cs(u1,u2).

Let Cy(uy,u2) = (T —t9)Ca(u1,u2) + C3(uq, uz), the proof
is completed. O

The payoff approximation lemma helps to prove that the
upper and lower value functions of §-game G' and SDG G2
are also well approximated with the scale of O(9).

Theorem 2 (Value approximation). There exists C' > 0,
independent of 0, such that

VL (to, o) — V2 (to,20) | < C6,

and

[V (to,z0) — V7 (to, o) | < C6.

Proof. Without loss of generality, we only need to prove the
approximation for the lower value function. Let V! (tg,z0) =
Jl(to, Zo, ug ), (1)) and V2 (to, xo) JQ(tQ, Zo, ug ), ugz))
For ease of notation, we omit tg, 2o in J! and J? in this proof
without causing any confusion.

According to the definition of the lower value function, it

follows that
T Y u?) < T sy < I ul),
<J

0) < P ) < Pl )

(11)
J2(Ug )vu2

Furthermore, Lemma 3 reveals that

1T @ ul?) = P ) < e u$P)s,

(12)
|J1(u§2),ugl)) J2(u(2) (1))‘ <0 ( (2) u(l))5.
Let C = maX{Cl(ugl U ) Cl(u1 ,u2 )} we have
7w ug?) = P, u?)]
<Y u8?) = P2, ul))| (13)
<Cb.
O

Now that the SDG G? approximates well with respect to
the upper and lower functions of §-game, it helps to develop a
sufficient condition to ensure the existence of the game value
of the original game G°.

Theorem 3. A sufficient condition for the existence of a game
value for the game G°, i.e., V° (tg,xq) = Vg (to, o) , is that
Isaacs’ condition holds for any § € (0,1): for all (t,z,p, A) €
[0,T]x RY x R? x Sy, there is

Hﬁ(t7 -’L‘,p7 A) = H+(t7:177p7 A) = H(t7 x7p7 A)7
where
H™ (t,z,p,A)= sup inf {(p, Ae X, +T)
ua(t)eU ur(t)EV

1
+§ tr [JZtA] + h(ta xz, ul(t)7u2(t))} ’

and

H'(t,x,p,A) = inf sup {(p,Ae™X,+T;)

u1 (D) €U 4y (t)eU
1
+§ tr[0X:A] + h(t, z,uq (1), uz(t))} .

Proof. Given § € (0,1), if the Isaacs’ condition holds, we
can conclude that the value of the SDG G? exists, i.c.,
V; (to,z0) = Vj (to,20). For the classical theories on the
Isaacs’ condition, please refer to some surveys, e.g., [16].

According to the definition of mixed strategy and Theorem
2, it follows that

[V_ (to,z0) — V4 (to, o) |
-1 1 _ 1
lim V2 (to, o) — V3 (to, 7o) |

= lim |V1— (th Io) - V(S_ (to, IO) + V(S_ (to,l’o)
6—0

— V; (to,x()) + Vgr (t07$0) — V}r (t07.%‘0) | (14)
Sgig(l)wl (to, o) — Vi (to,z0) | + [V (fo,20)
- V;_ (to,ﬂ?o) | + ‘V(—;’_ (to,.’lﬁo) - V}i- (to,.’lﬁo) |
< lim |Vg (to,fl]o) — Vgr (to,.’lﬁo) | +2C9%
6—0
=0.
O

Corollary 1. If there exist functions hy and ho such that
h(t,z,uy(t),uz(t)) = hi(t,z,ui(t)) + ha(t,x,us(t)), the
game value exists for the game G°.



Remark 1. The proposed sufficient condition for the existence
of game value is inclusive, as it encompasses a vast majority
of the commonly employed payoff functions, including but not
limited to the linear quadratic game and a variety of other
games.

V. SIMULATION
A. Simulation Setup

For a one-dimensional differential game with mixed strategy
Ggo, suppose I'y = v € R, constant ¥X; = 0 € R and A €
R < 0. In this section, we let A = —1, By = By = 1,
v =1, 0 = 25 and zg = 2. We numerically simulate the
dynamics of the 6-game G' and the weak approximated game
G2, where § is set as 0.01. For simplicity, we suppose that
Byuy, + Baugy is a uniformly distributed random variable.
Since its expectation and variance are v and o respectively,
we have Bjuyy, + Baugy ~ Uni(y — v/30,7 — V/30).

B. Results and Analysis

--- 1 asymptotic std dev
Long term mean 0.12

—— Error of the first moment
—— Error of the second moment.

225
2.00
175

1.50

i zz M,!MM o .uh‘ 0.04
0.75 ¥ ”‘\IV%W1 0.02

0.50

(a) A trajectory of the approximated (b) Approximation errors of the first
stochastic differential equation two moments

Fig. 1. Simulation of a one-dimensional differential game with mixed
strategies. (a) presents the dynamics of the weak approximated game G2; (b)
shows the approximation errors between G 1 and G2 on the first two moments

Fig. 1(b) verifies the approximation error between §-game
G! and the weak approximated game G2 is indeed of the
scale O(9). Therefore, it is reasonable to use the dynamic
of game G? to analyze the game G'. G2 has a huge advantage
for analyzing the game dynamic in this simulation setting,
because it shows explicitly the distribution of state X;, which
asymptotically converges to an equilibrium Gaussian distribu-
tion N (— X, f%). When 0 is fixed, the expectation
and variance are determined by ~ and o respectively.

The dynamic of G? is presented in Fig. 1(a). The expected
value of X; given by zge % + £ (1 —e") approaches &
exponentially with a decay rate of —f. However, the variance
of X; given by g—z (1 — 6’29’5) increases from zero to a
limiting value of 57. The transition time point between the
descent phase and the fluctuation phase is determined by
equating the expected value of Xy~ to the square root of its
variance. When ¢t < t*, descent dominates, and when ¢ > ¢*,
fluctuation dominates.

In a pursuit-evasion game setting, -y represents the pursuer’s
prediction error on the expected strategy of the evader at each
0 step, and o quantifies how random the mixed strategies are.
Intuitively, the pursuer desires to minimize v and o so that the
expected distance is 0 and the fluctuation is so small that with

a high probability, the distance is maintained in an acceptable
scale.

VI. CONCLUSIONS

In conclusion, this paper contributes to the differential
games with mixed strategies by demonstrating the effec-
tiveness of the weak approximation method in analysis. By
defining mixed strategy in terms of stochastic processes with
independent increments, the study provides a comprehensive
framework for exploring the novel strategic behavior generated
by mixed strategies. Moreover, the establishment of sufficient
conditions for ensuring the existence of game value enhances
the practical applicability of the approach. The precise approx-
imation of the payoff function achieved through the proposed
weak approximation method also increases the accuracy and
reliability of the results. Future researches include designing
optimal game strategies and generalizing the weak approxi-
mation method to the time-variant systems.
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