State-Constrained Zero-Sum Differential Games with One-Sided Information

Mukesh Ghimire! Lei Zhang' Zhe Xu' Yi Ren'

Abstract

We study zero-sum differential games with state
constraints and one-sided information, where
the informed player (Player 1) has a categorical
payoff type unknown to the uninformed player
(Player 2). The goal of Player 1 is to mini-
mize his payoff without violating the constraints,
while that of Player 2 is to violate the state con-
straints if possible, or to maximize the payoff oth-
erwise. One example of the game is a man-to-man
matchup in football. Without state constraints,
Cardaliaguet (2007) showed that the value of such
a game exists and is convex to the common be-
lief of players. Our theoretical contribution is
an extension of this result to games with state
constraints and the derivation of the primal and
dual subdynamic principles necessary for comput-
ing behavioral strategies. Different from existing
works that are concerned about the scalability of
no-regret learning in games with discrete dynam-
ics, our study reveals the underlying structure of
strategies for belief manipulation resulting from
information asymmetry and state constraints. This
structure will be necessary for scalable learning
on games with continuous actions and long time
windows. We use a simplified football game to
demonstrate the utility of this work, where we
reveal player positions and belief states in which
the attacker should (or should not) play specific
random deceptive moves to take advantage of in-
formation asymmetry, and compute how the de-
fender should respond.

1. Introduction

We study fixed-time zero-sum differential games with state
constraints and one-sided information, where Player 1 holds
a private type (e.g., an intent or preference) that defines the
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payoffs of the game. The goal of Player 1 (resp. Player 2)
is to minimize (resp. maximize) the cost. Since violation
of the state constraint results in +co penalty to Player 1,
Player 2 resorts to violating the constraints when possible;
and Player 1 resigns when state violation is inevitable. At
the beginning of the game, Nature draws a type from a dis-
tribution known to both players and assigns the type only to
Player 1. Initialized as Nature’s distribution, the common
belief about Player 1’s type is updated dynamically during
the game based on observations, and shared between the
players. A stochastic state trajectory is produced based on
the initial state and belief, the deterministic system dynam-
ics, and the behavioral strategies of the two players. The
value of the game, when exists, follows a Hamilton-Jacobi
(HJ) equation and is a function of time, state, and belief.
Importantly, Player 1 may control the release of information
at the equilibrium to manipulate the common belief and take
advantage of information asymmetry.

We use Hexner’s game (Hexner, 1979) as a minimal example
to demonstrate information control by Player 1: Consider
two players with linear dynamics
@ = Ajz; + Biug,

fori = 1,2, where x;(t) € R% are system states, u;(t) €
U are control inputs belonging to the admissible set I/,
Ai,B; € Rée*de Let § € {—1,1} be Player 1’s type
unknown to Player 2'. Let py be Nature’s probability distri-
bution of §. Consider that the game is to be played infinite
many times, the payoff is an expectation over 6:

T 2 2
Iur,u2) = B [ (s e, — e, ) +
0

&2 (T) = 203, () = l22(T) = 20lley 0 .

ey

where z € R% | Ry and R, are positive-definite, continuous
matrix functions, and K (T') and K5 (T') are positive semi-
definite matrices. All parameters are common knowledge
except 6. Essentially Player 1’s goal is to get closer to z6
than Player 2. Since Player 2 can infer the target based
on Player 1’s control, Player 1 may play a non-revealing
strategy for some time, i.e., as if he also only knows py
rather than the actual 6, before he eventually reveals.

"Hexner’s analysis is applicable to § € R%=, but is not gener-
alizable to games with arbitrary dynamics and payoff functions.
Here we adopt Cardaliaguet’s setting where types are categori-
cal (Cardaliaguet, 2007).
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The equilibrium of this game is as follows: First, it can be
shown that players’ control has a 1D representation, denoted
by 6; € R, through:

u; = —R; Bl K;z; + R B K;®,20;,

for ¢ = 1,2, where <i>i = A;®; with boundary condition
®,(T)=1,and

K; = -ATK, — K;A; + Kl B;R;'BI'K;.
Then by introducing
di = 27O K,B;R; ' BI Kl ®,2, )

and defining the critical time as

t, = arg min/O (d1(s) — da(s))ds,

t

one can derive Player 1’s strategy as 6, (t) = 0 for ¢ € [0, ¢,.]
and 0, (t) = 0 for t € (t,,T), i.e., Player 1 reveals its type
at t,.. Player 2’s strategy turns out to be to strictly follow
Player 1: 65(t) = 6, (t). The original analysis by Hexner
exploits the fact that both players solve linear-quadratic reg-
ulators parameterized by . We will revisit this game after
introducing the differential game theory for one-sided in-
formation games (Cardaliaguet, 2007; 2009), which arrives
at Hexner’s solution but can also solve games with arbi-
trary dynamics and payoff functions, subject to continuity
assumptions. This paper extends the unconstrained settings
in Cardaliaguet (2009) and Souquiere (2010): We prove
that value exists for differential games with state constraints
and one-sided information, and derive the primal-dual HJ
equations necessary for computing player strategies.

Different from existing works that focus on scalable no-
regret learning on imperfect-information games with dis-
crete dynamics (Brown et al., 2020; Perolat et al., 2022),
this paper builds on top of repeated games and incomplete-
information differential games (Cardaliaguet, 2007; 2009)
to reveal the underlying mechanism of belief manipulation
resulted from information asymmetry and state constraints.
Specifically, we show that in any subgame, Player 1 plays a
behavioral strategy (i.e., probability distributions over the
action space for all his types) that convexifies his value with
respect to the common belief. As a result, the common
belief “splits” to vertices of the value convex hull with prob-
abilities that are optimal for Player 1. See Fig. 1 for an
illustration using Hexner’s game. Importantly, the number
of splits for Player 1 is no more than the number of possible
player types. On the other hand, Player 2 counters Player
1 by playing a dual game where her behavioral strategy is
determined by the convexification of the conjugate value.
See Sec. 3 and 4 for details.

Within this context, it becomes clear that understanding
whether and how belief should be manipulated relies on

Value(V)

time(t)

belief(p)

Figure 1: Value along belief (p) and time (¢) in Hexner’s
game. Belief splits to A (p = 0) and B (p = 1) depending
on the true type of Player 1, when the value becomes con-
cave should Player 1 play a non-revealing strategy. In other
words, Player 1 delays the release of his type until a critical
time. In more general cases, belief splitting may not fully
reveal Player 1’s type, leading to belief manipulation.

knowing the value landscape over the belief space at any
time and state. In addition to the curse of dimensional-
ity (CoD) commonly present for games with non-trivial
state/action/belief spaces and time horizons, we also expe-
rience computational challenges due to value discontinuity
and the need for convexification and splitting. We discuss in
Sec. 5 a set of solutions, including using physics-informed
neural network to characterize the backward reachable set
to smooth value approximation, and using an input con-
vex architecture (Amos et al., 2017) for predicting convex
values.

To summarize, we claim the following contributions:

* We extend the theory of zero-sum differential games
with one-sided information to games with state con-
straints by proving value existence of such games and
deriving the primal and dual subdynamic principles;

* We elucidate, with detailed examples, how the subdy-
namic principles lead to the derivation of behavioral
strategies;

* We develop numerical tools to alleviate CoD in value
approximation and to infer behavioral strategies from
values. In Sec. 6, we solve an 8D man-to-man matchup
game and reveal player positions in which the attacker
can take advantage of information asymmetry by play-
ing specific deceptive moves, and to derive the de-
fender’s best response in the lack of information. See
Fig. 2.
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Figure 2: Trajectories of informed Player 1 (red) and unin-
formed Player 2 (blue) in an 8D Hexner’s game w/ and w/o
a state constraint or information asymmetry. Color shades
indicate probabilities. When constrained, Player 1 stays
away from Player 2 while trying to be closer to the target
(the circle) than Player 2. Diamonds indicate initial states
and stars indicate final states. See Sec. 6 for details.

2. Related Work

Incomplete-information repeated and differential games
Harsanyi (1967) first formalized information asymmetry in
a stage game by introducing a private player types. Aumann
et al. (1995) provided a framework to study repeated games
with incomplete information on one side. De Meyer (1996)
introduced dual games from where strategies of the unin-
formed player can be derived from a recursive structure of
the conjugate value. Extending these results to differen-
tial games with Markov rewards, Cardaliaguet (2007) and
Souquiere (2010) confirmed the structures of incomplete-
information games with one sided information on player
type: (1) the game enjoys a primal-dual decomposition so
that the informed player does not need to know the equilib-
rium of the uninformed player to compute his own; and (2)
the value is convexified by belief splitting at the equilibrium.
Recently, Hu et al. (2023) proposed independently a belief-
space HJ formulation for zero-sum differential games with
one-sided information. While their framework can incorpo-
rate state constraints, it does not reveal the above structure
of the equilibrium strategies of such games.

Imperfect-information dynamic games Since player
types can be considered as static private states, our work
belongs to the category of imperfect-information dynamic
games, where more general dynamics and information struc-
tures (e.g., disturbances, partial observability, and delayed

information sharing) are considered. Nayyar et al. (2013)
showed that the game can be reformulated as perfect-
information by introducing a common belief state, pro-
vided that the belief is strategy independent. This strategy-
independence assumption is relaxed in Kartik and Nay-
yar (2021) for zero-sum dynamic games by introducing
past strategies as part of the players’ information state.
The general setting of Kartik and Nayyar (2021), however,
does not facilitate a value existence proof. A significant
amount of recent work build on top of common belief to ap-
proximate values of imperfect-information dynamic games
(e.g., ReBeL (Brown et al., 2020), DeepNash (Perolat et al.,
2022), and SoG (Schmid et al., 2023)). Following Nay-
yar et al. (2013), these algorithms model behavioral strate-
gies as prescriptions, i.e., belief-conditioned action distribu-
tions. In addition, by taking advantage of the equivalence
between local regret matching and Nash equilibrium in two-
player zero-sum games (Zinkevich et al., 2007), no-regret
algorithms (Brown & Sandholm, 2018; 2019; Brown et al.,
2020) have been developed for more scalably solving games
with large action spaces and long time horizons than lin-
ear programming based methods (Koller & Pfeffer, 1995).
It should be noted that these algorithms scale linearly to
the square-root of the action space, and thus induce high
costs as the action space grows. While often disconnected,
the studies on imperfect-information dynamic (or extensive-
form) games and those on incomplete-information differ-
ential games are consistent in theory. Specifically, regret
matching, i.e., solving subgame minimax problems with
respect to behavioral strategies in the former, leads to strate-
gies that satisfy the subdynamic programming principles
stated in Cardaliaguet (2007), due to the fact that the be-
havioral strategies intrinsically convexify values. The key
difference, however, is that regret matching algorithms do
not enforce belief splitting. In practice, this means that
the resultant strategy, often as a result of manually chosen
action discretization, does not explicitly explain whether a
certain random action is to be taken in a given belief state
in order to delay information release or to manipulate the
belief in a specific way.

3. State Constrained Zero-Sum Differential
Games with One-Sided Information
Preliminaries We consider a time-invariant deterministic
dynamical system that defines the dynamics of the combined
state « of Players 1 and 2, whose control inputs are » and v,
respectively:
{ i(t) = f(z(t),u(t),v(t)),

l’(to) =X

u(t) e, v(t) €V

The game starts at ¢y € [0, 7] with an initial state z( € Rgi).
Denote g; : R% — R the terminal payoff functions for
i € [I], each corresponding to a Player 1 type drawn from
Nature’s distribution p = {p1, ..., pr} € A(I), where A(I)
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is an I-dimensional simplex; denote C = {x € R% |¢(z) <
0} the set of feasible states. The goal of Player 1 is to mini-
mize the expected payoff while keeping the state in C. Player
1 receives +oo if state violation occurs; the goal of Player
2 is to maximize the expected payoff and hence may resort
to violating the state constraint. We omit instantaneous pay-
offs (e.g., effort losses due to control) for conciseness, and
discuss in Sec. 4 modifications to the Bellman backup when
common-knowledge instantaneous payoffs exist.

The following assumptions will be used:

1. U and V are compact and finite-dimensional sets;

2. f:R% xU xV — R% is bounded, continuous, and
uniformly Lipschitz continuous with respect to z;

3. gi: R% - Rfori=1,..,] and ¢ : R%
Lipschitz continuous and bounded.

— R are

4. Isaacs’ condition holds for the Hamiltonian H : R x
Ré= 5 R :
H — T
(&,€) = minmax f(z, u, )" “

T
= ?Gaéiglénf(z u,v)" &.

5. Control inputs and states of both players are fully ob-
servable by all. The dynamics, the payoff set, and the
equilibrium strategies are common knowledge to all.

Behavioral strategy Let A(t) (resp. D(¢)) be the set of
open-loop controls for Player 1 (resp. Player 2):

A(t) :={a: [t,T] — U | Lebesgue measurable},
D(t):={d:[t,T] = V | Lebesgue measurable}.
Following (Cardaliaguet, 2007), we introduce H(t) (resp.
Z(t)) as the set of non-anticipative pure strategies with
delay for Player 1 (resp. Player 2) (Elliott & Kalton, 1972):

H(t) :={n:D(t) — A(t) | 37 > 0 such that
Vs € (t,T —7)and §,8 € D(t), if § = 6 ae.
in [t, s], then n(J) = n(d) ae. in [t, s + 7]}
Z(t) :={¢: A(t) = D(t) | I > 0 such that
Vse (t,T —7)and a,a € A(t), if a = a ae.
in [t, s],then () = (@) a.e. in [t, s + 7]}
A behavioral (mixed) strategy for Player 1 is defined by a
pair ((2,,, 5, Py), n), where (2, F,, P,;) is a probability
space and the strategy 7 : Q,, < D(t) — A(t) is measurable
and non-anticipative with delay, i.e., theire is some T > Q
such that, for any s € (¢,7 — 7) and 6, 6 € D(t),if 6 =
a.e. in [t, s] then n(w,d) = n(w,d) ae. in [t,s + 7] for
any w € (2,,. We denote the sets of behavioral strategies of

Player 1 by (#,(t))! and the behavioral strategy of Player
2 by Z,.(t). With mild notational abuse, we will denote by

(n:) € (H,(t))! a particular set of behavioral strategies of
Player 1, and by ¢ € Z,.(t) a particular behavioral strategy
of Player 2. Lastly, we assume that 7; for¢ = 1, ..., I are
defined on the same probability space.

Remarks. Nonanticipative strategies with delay are used,
as opposed to ones without delay that are often used in
complete-information games (Elliott & Kalton, 1972), in
order to enable Lemma 1 that associates random strate-
gies with open-loop controls. This association will become
useful in proving the existence of value of incomplete-
information differential games and in value characterization
(see discussions in (Cardaliaguet, 2007)):

Lemma 1. (Lemma 2.2 of (Cardaliaguet, 2007)) For any

pair (n,¢) € H,.(t) x Z.(t) and any w := (w1,w2) €
Q,, x Q, there is a unique pair (o, 0,,) € A(t) x D(t)
such that

77(001, §w) = o, and C(w% aw) = 6w- (5)

Furthermore the map w — (ay,,9d,,) is measurable from
O, x Q¢ endowed with F,y @ F¢ into A(t) x D(t) endowed
with the Borel o-field associated with the L' distance.

Backward reachable set Let X*0:%0:®:9 be the solution
of Eq. (3) at t = 7 when starting at (o, zo) and following
(c, 0). With behavioral strategies (7, ¢) and initials (¢g, ),
we denote by Xﬁo’ro’a"g the trajectory of states reachable
by («,d) within [tg, 7], and Xf0:%0:1:C ag states reachable

by (n, ¢) within [to, 7]:
U Xioyrmaw,&u

Xtoswosm€ . —
- :
wEN, X Q¢

where (o, d.,) is defined by Eq. (5). Introduce p(S) = 1
if S C C, and otherwise p(S) = +o0; and the backward
reachable (infeasible) set as

O(t) == {x e R% |Vn e H,(t),3C € Z,(t),T €
s.t,p (Xﬁ"”’"’c) = +o0}.

Q(t) := Rd= \ Q(t) is the set of feasible states. Q(T) = C.
Lastly, we use p(t,z) = 1 if x € Q(t) and otherwise
p(t, x) = +oo.

Payoff and value We define the expected payoff of player
type ¢ for taking behavioral strategies (7, ) as

Gilto,0,m, C) 1= Enc |gi( X300 )plX;0 07 ) |

_ / . ( X;g,zu,%,m)
Qn XQ¢

(Xm0 0 dP, @ Pe(w).

The payoff of Player 1 is Z _10iGi(to, xo,ms,¢). With
strategys (1;) € (Hr(to))! and ( € Z,.(to), the upper value
function is defined by

(t, T},

V+(t0,$07

mf sup Z piG

to,l‘o, iy C)v
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and the lower value function is given by

I
V= (to, o, p) = SICIP inf ZPiGi(tmIth; Q).

M)

The existence of the value While the existence of value
is proven for both zero-sum complete-information state-
constrained differential games (Lee, 2022) and zero-sum
differential games with one-sided information (Cardaliaguet,
2009), the proof for games with both one-sided information
and state constraints is missing. Our main theoretical result
fills in this gap (see Appendix A for the proof):

Theorem 1. [f assumptions 1-5 hold, we have
Vi(ta,p) = Vo (ta,p) for al (tz,p) €
[0, T] x R x A(I).

Characterization of the value We need to first character-
ize the value of the unconstrained game since this value will
later appear in that of the state-constrained game.

Let U : [0,T] x R% x A(I) — R be the value of the
unconstrained version of the game, and U* : [0, 7] x R% x
R’ — R its convex conjugate:

U*(t,z,p) :== sup p'p—Ul(t,z,p)
pEA(I)

Y(t,z,p) € [0,T] x R% x R
We have the following properties for U and U*:

1. U is Lipschitz continuous in (¢, z, p) and convex to p.
I

U(T,.’E,p) = Zi:lpigi(x)’ V(l',p) € Rdw X A(I)
U* is Lipschitz continuous in (¢, z, p) and convex to p.
U:(T,l‘,ﬁ) = mMaX;c(r) ﬁi - gz(x)> V($7ﬁ) € Rdm X
R*.

2. Forany p € A(I), (t,x) — U(t,z,p) is a viscosity
subsolution to the primal HJ equation

wy + H(z, Dw) =0,

where H is defined by Eq. (4).
3. Forany p € RY, (t,x) — U*(t,z,p) is a viscosity
subsolution to the dual HJ equation

we + H*(vaw) =0,
where H*(x,&) = —H(x, —£) V (2,€) € R% x R,

The conjugate U* defines the value of a dual game where
Player 2 minimizes her payment, U* (T, z, p), to Player 1
where p is common knowledge. We note that by defini-
tion (see (De Meyer, 1996)), the dual variables p are the
info-state values defined in Brown et al. (2020), i.e., p[i]
captures the value of Player 1 if he is of type ¢ and plays
the best response to Player 2’s equilibrium strategy. De
Meyer (1996) showed that when p € 0,U (0, z, p), Player
2’s strategy in the dual game is her equilibrium in the primal

game. We note that Player 2’s strategy cannot be derived
from the primal subdynamic principle because her best re-
sponse is dependent on Player 1’s type which is unknown to
her. The introduction of the dual game allows us to derive
a subdynamic principle of the conjugate value from where
her equilibrium strategy can be computed.

For the state-constrained game, the following corollary is a
result of the subdynamic principles derived from Theorem 1,
and will guide the numerical approximation of values for
the state-constrained game (Sec. 4):

Corollary 1.1. Under assumptions 1-5, the value function
V :=V* =V~ (resp. V*) is a unique function defined on
[0,T] x R% x A(I) (resp. [0,T] x R% x RY) such that:

1. 'V is convex respect to p and

V(T,z,p) = p(x)U(T,z,p) ¥(z,p) € R™ x A(I);
(6)

V* is convex respect to p and
VAT, p) = maxpi—p(w)gi(x) Y(z,p) € R% xR/
1€
(N
2. Forallp € A(I), (t,x) — V(t,z,p) is a viscosity
subsolution to the primal HJ equation
min{p(z)U(t, x,p) — w,w; + H(xz, Dw)} = 0. (8)
3. Forallp € R, (t,z,2) — V*(t,x,2,p) is a viscosity
subsolution to the dual HJ equation
min{p(z)U" (¢, 2, p/p(x)), we + H" (2, Dw)} = 0.
©))
4. Bellman Backup and Behavioral Strategies

Discrete-time Bellman backup computes an approximated
value V; (tg,,-) : R% x A(I) — R, with time step 7 =
T /L for some large L and t, = k7 fork =0, ..., L:

(i) At the terminal
p(x) 32 pigi(@).
(i) Atke{0,..,L—1}

time, set V.(T,z,p) =

Vi (tk, z,p) = p(x)Vex, (min max V; (tg41, x’,p)) ,

(10)
where ' = z + 7f(x, v, v) and Vex,(-) is the convex
hull with respect to p.

Let!: U x V — R be a Lipschitz continuous and bounded
function that represents the instantaneous payoff of the
game. To incorporate [, Eq. (10) becomes

Vx (tk, z, p) = p(x)Vex, (min max V; (tg+1, 2 ,p) + Tl(u,v))

v (11
Theorem 2 states that V. uniformly converges to V as 7 —
07 (see proof in Appendix B):
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Theorem 2. If assumptions 1-5 hold, V.. converges uni-
formly to V on compact subsets of [0, T] x R x A(I):

lim V,(tr,2',p) = V(t,x,p)
T =01, t, = t,

¥ —x,p —=p
Y(t,z,p) € [0,T] x R% x A(T).

Behavioral strategy for Player 1 and the belief dynamics
Player 1’s behavioral strategy is a probability distribution
over U conditioned on (¢, x, p). At time ¢, Player 1 resigns
ifxy € Q(tk) otherwise, he determines his strategy using
the following steps: First he finds A = {Ay, ..., A1} € A(])
and p’ € A(I) for j = 1,..., I, such that

I

Z A (mlnmaXV (tk+1,9€k7p7)>

Ve (th, Tk, Di)
ueU

Z Aip? = P
j=1
12)

Then he computes ©/ as the minimax solution corresponding
to p/, and chooses uy, = u’ with probability \;p?[i] /px[i],
where ¢ is its true type. It is proved that this behav-
ioral strategy of Player 1 is e-optimal for small enough
7 (Cardaliaguet, 2009). Importantly, {pﬂ _, are vertices of
the value convex hull. Thus by announcmg his strategy, and
by assuming that players use the same Bayes belief update,
Player 1 controls the belief dynamics to follow a martin-
gale that optimizes his gain, i.e., p+1 = p’ if u/ is chosen.
Note that the introduction of state constraints changes the
minimax solutions, the value convex hulls, and thus the
behavioral strategies. Lastly, Eq. (12) will be modified ac-
cording to Eq. (11) when instantaneous loss is present.

The dual game and behavioral strategy for Player 2
Player 2’s strategy is determined by a dual game for which
the conjugate value is approximated by V* (¢, -, -) : R% x
R! — R. Specifically,
(i) At the terminal time, set V*(T, x,p) = max;{p; —
p(x)gi(z)}.
(ii)) Atk € {0,...,L —1}

V¥ (tr,z,p) = Vex (min max V. (tg11, x’,ﬁ)) ,
. . . (13)
if p(tx, ) = 1; otherwise V* (tx, z,p) = —o0.
Similar to Theorem 2, Theorem 3 proves that V* uniformly
converges to V* as 7 — 0% (proof omitted).

Theorem 3. If assumptions 1-5 holds, V' converges uni-
formly to V* on compact subsets of [0, T] x R% x RI:

lim Vi (te,2',p") = V*(t,z,p)
T =0T, ti, = t,
o =z, p —p

Y(t,z,p) € [0,T] x R% x R

With instantaneous loss [, the Bellman backup in Eq. (13)
becomes

V7 (tk, x,p) = Vex; (min max V' (tia1, 2, p — 7l(u, v)))

s (14)
We explain this modification in detail in Appendix C. An
intuitive explanation is as follows: Recall that each element
of p represents Player 1’s value for the corresponding type
in the primal game. Hence p at the next time step should
discount the common instantaneous loss incurred at the
current time step.

The behavioral strategy of Player 2 defines a probabil-
ity distribution over V conditioned on (¢, z(t), p(t)), with
the dual variable p(to) € 0,V (to,zo,p(to)). At time ¢y,
if 2, € Q(tx), Player 2 plays according to a pursuit-
evasion game since she can always catch Player 1 accord-
ing to the definition of Q(t;); otherwise, Player 2 deter-
mines her strategy using the following steps: First she

finds A = {A\1,...,A\;41} € A(J + 1) and p/ € R’ for
j=1,...,1 4+ 1, such that
I+1
V tk;xk‘v Z)\ (E}Ilelgmaxv (tk+1,1’k’p])>
I+1

> NP = -
j=1
(15)

Then she computes the minimax solution v7, and chooses
v, = v’ with probability A;. It is proved that this behav-
ioral strategy of Player 2 is e-optimal for small enough
7 (Cardaliaguet, 2009). p follows a martingale p 1 = p’
if v7 is chosen by Player 2, or ppy1 = p/ — 7l(u’,v?) if |
is present, where u/ is the best response to v’ in the dual
game. Notice that due to her lack of information, Player
2 solves harder value approximation and control synthesis
problems of belief dimension I + 1 rather than I.

To help readers better understand the mechanisms described
in this section, we provide detailed derivation of behavioral
strategies for two sample problems in Appendix D (D.1 for
a zero-sum version of the beer-quiche game and D.2 for
Hexner’s game).

S. Numerical Methods
5.1. Primal and dual value approximation

We use backward induction to solve Eq. (10) and (15), and
discuss treatments that alleviate error propagation. We focus
the discussion on the primal problem for brevity.

Value discontinuity At each time step ¢, V- (¢, -, -) (resp.
V*(t,-,-)) can be approximated separately in Q(t) and
Q(t): the primal (resp. dual) value in the former is set
to +oo (resp. —oo) and value in the latter will be approx-
imated using a neural network Vr(t, -, ) (resp. VT* (t, -, ).
This avoids fitting the value networks to functions with
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large Lipschitz constants during numerical implementation.
Q(t) for t € [0,T] can be approximated by a physics-
informed neural network (PINN) solver (Bansal & Tom-
lin, 2021) (see details in Appendix E), by recognizing that
Q(t) can be defined by pure strategies instead of behav-
ioral ones using Lemma 1. PINN alleviates CoD in solv-
ing HJ equations with Lipschitz continuous solutions (Shin
et al., 2020), and here it results in a separate value net-
work V(-,-) : [0,T] x R% that approximates Q(t) as
{z e R%&=|V(t,z) < 0}.

Partially convex values At each ¢;, and for uniformly
sampled S(t) C Q(t), we scan a lattice P C A(I) to
obtain the minimax solution of the RHS of Eq. (10) (de-
noted by 9°(t,z,p) for (z,p) € S(t) x P), resulting
in a dataset {(p,9°(¢t,z,p))}pep. Value convexification
is then obtained by applying the Monotone Chain Con-
vex Hull algorithm to this dataset for each x € S(t)
and taking the lower hull of the resulting convex hull.
Let U(t,z,p)s(+) be the resultant value on the convex

hull. A value network V; (¢, -, ) is then trained using data
{(z, 950 (t,z,p)|(x,p) € S(t) x P} so that during the
Bellman backup at ¢ — 1, we can predict convexified values
at previously unvisited states at t. We use a Partially Input
Convex Neural Network (PICNN) (Amos et al., 2017) to
ensure that V. (¢, -, -) is convex in p. Alg. 1 summarizes the
value approximation algorithm. Optionally, we also train
a separate value network to predict the minimax values us-
ing {(p,9°(t, z, p)) }pep. This network helps remove the
nested minimax problem during control synthesis.

Convexification error. Backward induction suffers from
error propagation, where errors at each time step are origi-
nated from (i) value approximation through neural networks,
(i1) backward reachable set approximation, (iii) convex hull
approximation, and (iv) finite time discretization (and Eu-
ler method for ODE). Here we discuss control of the error
resulted from convex hull approximation, which is unique
to incomplete-information games. We leave a full analysis
of data complexity for error control to future studies. At
eacht € [0,T) and x € Q(t), let ¥(¢,x,-) be the RHS of
Eq. (10) after convexification, and the convexification error
be €yer (t, ) 1= maxpen(r) [|[9(t, 2, p) — Vs (t, 2, P)]|co-
Proposition 1 shows that €., (t, ) can be controlled by
refining P (see proof in Appendix F):

Proposition 1. For given (t, ), let the Lipschitz constant
of 9(t,x, ) be L, and dp be the minimum distance between
two neighboring nodes of the lattice P. €yey(t, 2) < 2dpL.

Approximation of the conjugate value. Recall that
the dual game is initialized by the dual variables p &
0,V (0, x, p) when the primal game starts at (z,p). Since
V(0,z,-) is a differentiable neural network defined on a
simplex, subgradients can be found using p7 p = V (0, z, p)

and pT'q < V(0,z,q) forall ¢ € A(I) and g # p. Specific

to the case study where I = 2 and V := V;(0,z, p[1]) is
modeled to be a function of the first element of p to reduce
dimensionality, we have p = (V + V)V (1 —p[1]),V —
Vo Vo[l)'.

5.2. Synthesis of strategies

Given (t,z,p) € [0, T]xR% x A(I), Player 1 computes his
behavioral strategy by finding A € A([I) and splitting beliefs
{p’ € A(I)}]_, thatbestsatisfy Eq. (12)in L?,if z € Q(t)
(otherwise he surrenders). Given (¢, z,p) € [0,7] x R x
R’, Player 2 finds A\ € A(I + 1) and {p’ € R'}[*] that
best satisfy Eq. (15) in L2. When I = 2 as in the case
study, the splitting beliefs and resultant strategies for Player
1 can be approximated through sweeping p[1] € [0, 1]. For
Player 2, we use gradient descent to solve a 6D optimization
problem with the initial guess A = [1/3,1/3,1/3]T and
pi = pfor j = [3].

Algorithm 1 Value Approximation
Inputs: current time step ¢, time discretization 7, sample
size N, admissible action spaces (U(t), V(t)), value approx-
imation at ¢t + 7: {Zlext(~, )= VT(t +7,-,-), feasible state
set Q(t), instantaneous loss (-, -), terminal loss in Eq. (6)
Initialize: V; (¢, -,-), 9° = 0

1: S(t) < sample N states from O(t)

2: for xin S do

3:  forpinP do X

4 v(x,p) < mingey) maxyey View(®',p) +

TIU, V) {if t + 7 = T, Vpex is given by Eq. (6)}

5: append v(z, p) to ¥°

6:  end for

7. s (t, @,-) « compute Vex,(¥°(z,-)) via Eq. (10)
8: end for

9

. Update V. to match Us(t)

6. Case Study

Setup We study a state-constrained version of Hexner’s
game that represents a simplified football game: Player 1
(P1)’s goal is to move closer to one of the two targets than
P2 without being caught during the interaction (see Fig. 3);
P2’s goal is to catch P1 if possible, or otherwise move close
to P1’s target. Each player has 4 state variables: x- and
y- position and velocity; and their actions encode x- and
y-acceleration. The parameters R4 = diag([0.05,0.025])
and Rp = diag([0.05,0.1]) are chosen so that P1 can af-
ford to accelerate faster in the y-direction than P2. The state
constraint is ¢(z1,22) = 7 — ||[(dzy, dy, ) — (day, dy,)]|2
where r = 0.05. We note that due to the introduction of
an (instantaneous) effort loss, the backward induction is
modified as: V, (tx, z, p) = Vex,(min, max, V- (tg41,c+
7(f,z,u,v),p) + 7l(u,v)), where [(u,v) is the integral
term in [ty, tx41] in Eq. (1).
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N—ep
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Figure 3: Schematics of a simplified football game with
Player 1 (red) and Player 2 (blue). Left: the initial con-
figuration. Right: equilibrium trajectory. Magenta circles:
two goals. The filled is the current type private to Player 1.
Players move in a 2D space bounded by [—1, 1] x [—1, 1].

Information Delay Splitting Advantage
1 = 0.4
0.3
0.2
. 0.1
— O
-1 =05 0 0
dy
1
= o
=05}
\
-1 =05 O -1 =05 O
dy dy
. [
0.5 1 0.5 1

Figure 4: Top: Average delay (7) in information reveal
(left) and average maximum advantage of playing the re-
vealing strategy (right), keeping P2’s location fixed at (-0.5,
0) and changing P1’s location. Bottom: Trajectory with
high delay and advantage (left) and with low delay and ad-
vantage (right). Color shades indicate current belief.

Value network architecture and training The value net-
work uses PICNN with 5 hidden layers and 256 neurons
each and has 9-dimensional inputs (state and belief). We
train 10 separate networks for each time step starting from
t = 0.9 with 7 = 0.1, each being trained for 10 epochs. For
each epoch, S(t) includes 5000 states sampled from Q(?).
Since I = 2, value networks can be considered as functions
of p[1] and thus we set P = {p[1] = 0,0.01,...,0.99,1}.
V,(t,-,-) is trained on data collected from S(t) x P. For the
conjugate V*, we set P = {p[1] = {—14,...,14},p[2] =
{—14,...,14]}. More details can be found in Appendix G.

Constrained vs. unconstrained strategies Fig. 2 compares
strategies with and without the state constraint, visualizing
the equilibrium strategies of P1 and the best responses of P2
given P1’s strategies. Note that the best responses of P2 give
P2 an advantage since she does not know actions to be taken
by P1 in reality. The analytical solution to the unconstrained
game is given by Hexner’s analysis, where P1’s strategy is

to start moving to the goal after the critical time ¢,, = 0.4.
This strategy no longer holds in the constrained case as it
violates the state constraint. Instead, P1 actively tries to stay
clear of P2 while pursuing the goal (see 2nd col. of Fig. 2).
Note that in this case, P1 resorts to a random strategy with
the presence of incomplete information and state constraints,
as the two contribute to value nonconvexity with respect to
the belief.

Information delay and advantage of random strategies
To understand how P1 uses information asymmetry, we
examine the delay in information reveal, measured by the
time at which the belief converges to the true type, i.e. 7 =
inf{k € [L] : pr = {0,1}}. We then take average of T
for each initial state over 10 simulations. In Fig. 4, we
visualize 7 over the space of P1’s starting positions, while
fixing P2’s starting position and setting both players’ initial
speed to 0. The trajectories represent cases where P1 delays
(bottom left) and does not delay (bottom right) the release of
information. We also compute the advantage of following
a belief manipulating strategy (that convexifies the value)
as opposed to taking the non-revealing strategy (i.e. never
split), expressed as [min,, max, V(t+7,2',p) =V (t, z, p)].
Overall, P1 tends to conceal and deceive when it has equal
distances to the possible targets.

Equilibrium strategy of Player 2 Fig. 5 shows sample
trajectories when both players play their equilibrium strate-
gies. Note that compared with P2’s best responses to P1 in
previous examples, P2’s equilibrium strategy is more con-
servative, due to her lack of knowledge about P1’s type. We
also note that P2’s dual game is one dimension higher than
P1’s primal game, and thus encounters higher numerical er-
rors in value and strategy approximation (see Appendix G).

17 ] 1 T
0.5 0.5 \
= ~
—0.5 —0.5 |
—0.5 0 —-05 O 0.5
dy dg

Figure 5: Trajectories where both players use their respec-
tive behavioral strategies. P1 keeps track of p, whereas P2
keeps track of p.

7. Conclusion and Future Work

We proved the existence of value for zero-sum differential
games with state constraints and one-sided information and
developed a backward induction scheme to approximate the
value. Our method enables mechanistic synthesis of behav-
ioral strategies and allows explanation of the resultant split-
ting of strategies and beliefs. Future work will investigate
more efficient learning+search methods that take advantage
of value convexity and alleviate error propagation.
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A. Proof of Theorem 1

The following proofs extend results and techniques from Cardaliaguet (2007) to zero-sum differential games with one-sided
information and state constraints. To overview, we start by showing that the upper and lower values V* are Lipschitz
continuous within the safe and unsafe state sets (Lemma 2) and convex with respect to p (Lemma 3). We then show that:
(1) V=7 satisfies a subdynamic principle and is therefore a subsolution of a dual HJ equation and hence V'~ is a dual
supersolution of the corresponding primal HJ (Lemma 4, Lemma 4, Lemma 5); and (2) VT also satisfies a subdynamic
principle (Lemma 6) and is therefore a dual subsolution of the primal HJ (Lemma 7). We can then use a comparison principle
(see (Cardaliaguet, 2007)) to show that since V'~ is a dual supersolution and V' is a dual subsolution of the primal HJ while
both share the same terminal value, V= > V¥, On the other hand, V~ < V' by definition and hence V—~ = V+.

We start with the following regularity result (see proof of Lemma 3.1 in (Cardaliaguet, 2007)):

Lemma 2. (regularity of VE). VE(to, o, p) are Lipschitz continuous for all o € Q(ty). V*(tg, xg,p) = +oo for all
X € Q(to).

The following convexity result was originally developed for repeated games with incomplete information (De Meyer, 1996)
and was later extended to differential games (Cardaliaguet, 2007). The same convexity result holds for imperfect-information
dynamic games (Brown et al., 2020).

Lemma 3. (convexity property of VE). For any (t,z) € [0,T] x R%, V* are convex in p on A(I).

Proof. Letp =(1- )p + Ap! for some p°, p' € A(I). Let ((nY),¢") and ((n}),¢*) be the equilibrial strategies for
V(t,x,p°) and V (t, z, p'), respectively. Introduce a set of “splitting” behavioral strategies (n?') for (, z, p*) such that for
any type i, n} = 77? 1th probability (1 — A\)p?/p? and n* = n} with probability Ap} /p?'. Then we have

suprz (t, 2,7, 0)

Pz ,\)\Pz1 1
—supz pz ) G (t x /’71;() D; pTGZ(tvxvnzaC) (16)

i

suprz i(t, m,C)+Abuprz (t,2,17, ).

Since the inequality in Eq. (16) holds for any “splitting” (1?'), we have
VE(ta,p?) < (L= NVE(L2,0°) + AVE (L2, p') 17
forany ¢ € [0,T] and = € Q(t). For z € Q(t), the equality holds since V* (¢, , ) = +oo0. O

Remarks. (1) The proof says that by playing a “splitting” strategy, the value at (¢, z, p*) should at least be as good
as a linear interpolation between those at (¢, z,p") and at (¢, 2,p'). Hence the value is a convex hull in A(I) at any
(t,z) € [0,T] x R%. (2) Assuming that the “splitting” strategy of Player 1 is known by Player 2, then the latter can perform
Bayesian inference on Player 1’s type based on his actions. For any type i, let v and u} be two distinct actions to be taken
at (t, ) following 7{ and 7}, respectively, and let p* be the current common belief. Then under observation of u{ (resp.
u}), the common belief becomes p° (resp. p') with probability (1 — A) (resp. A). Since p* = (1 — X\)p® + Ap', common
belief is a martingale.

Next, we introduce a reformulation of V' ~* to facilitate the derivation of its subdynamic principle. The proof of this
reformulation is extended from Lemma 4.1 of Cardaliaguet (2007) to incorporate the state constraints.

Lemma 4. (reformulation of V—*). We have

Vﬁ*(t()v an}a) = inf Sup max {pz - Gi(to, Zo, 1, g)} (18)
CEZr(to) neH , (to) *°

Proof. For later use, we first note that

V= (to, z0,p) = SUP mf sz (to, z0, 1, ¢)

(19)
= s1épri i%f Gi(to, xo,1, ).

11
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Let the right-hand side of Eq. (18) be z = z(tq, zo, p). We can show that z is convex with respect to p using a technique
similar to that of Lemma 3.

Then by the definition of z:

2" (to, wo,p) = supp"p — inf sup max {p; - CGi(to, v, 7, ()}
p n

= suppTﬁ — 1%f max {ﬁz —inf G; (to, Zo, 1N, C)} (20)
D ¢ n

= sup sup min {pTﬁ —pi + ir%f Gi(to, xo,n,C)} .
¢ p ¢

In this last expression, sup; is attained by setting p; = inf,, G;(to, ¥o,7, ), in which case we have

Z*(t()v x07p) = sup sz I%f Gi(tOv Zo, 1, C) =V- (t07 Zo, P, Z) (21)
¢ 5
Since z is convex with respect to p, we have V=% = 2** = 2. O

Next, to introduce the subdynamic principle of V' ~*, we first introduce

U™ (to,0,5) = _inf  sup max {pi — Eyc [5:(X[0""9)]} 22
CEZr(to) nEH.(to) g

as the conjugate lower value of the unconstrained version of the game, and U™ as the corresponding upper and lower values.
From Lemma 2 and Lemma 4, U ~* is Lipschitz continuous and convex in p.

Lemma 5. (subdynamic principle for V=*). For any (to,zo,p) € [0,T) x R% x R and any t; € (to,T), denote
T = Xttf’wom’c and X, = Xttf’wo’”’c. We have

_ o . . _ p _ ~
V~*(tg,z0,p) < Inf sup min XU 1,21, ——— ),V * (t1, 21, 23
(to, o, D) CGZ(to)neHgo) {P( 1) (1 1 p(X1)> (t1, 21 p)} (23)

Proof. Denote Vi " (to,t1, %0, p) := infeez(sy) SUPen(rg) V™ (tl,Xff’mo’”’C,ﬁ). U ™ is similarly defined. We need
the following preparations for the proof.

Player 1 plays a pure strategy in V. We show below that best responses are always pure. In particular, Player 1 can play
in pure strategies in V' ~*, namely,

V™ (to,o,p) = inf  sup max{p; — Gi(to,z0,n,()} 24
C€2r(to) net(to) ¢

for any (g, 2o, p). First from Theorem 4 and using H(t) C H,(t), we have

V™" (to, o, p) = inf sup  max {p; — G;(to, x0,7,¢)}
CEZr(to) ner, (to) °©

> inf sup max{ﬁi_E {gi X torwo,m,¢ Xto,mo,n,g}}.
Cezr(to)ney(to) ) ¢ ( T )p( T )

(25)

For the reverse inequality, we first note that for any n € H,(ty) and wy € Q,, n(w1,-) € H(to). With a fixed ¢ € Z,.(to),
and by using the convexity of max; (i.e., max; E, [f;(w)] < E,[max; f;(w)]), we have

sup  max {p; — G;(to, 0,7, ()}

WEHT(tO) v
< sup / max {f)z —E. |:gi(X;—?7x07n(W17.)7C)p(th—107x07n(wl7.)7C)j| } dPn(wl)
neEH(to) JQy, t

(26)
< sup sup max {pi - B [gi(Xpm0 e pagerenen) 6 1
NEHr(to) w1EQy *

< sup max {ﬁz —E¢ [gi(X;o,wom(wl,‘)7§)p(X;0,700777(W1,')74)} } '
n€H(to) *

12
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Since Eq. (26) holds for any ¢, together with Eq. (25), we have

Vanis tx,p £ { _F |: ; Xto-,-@om,( Xtoy-@oﬂ%C :|}
(t,z,p) = Celzn(to)neb;&)mgx ¢ |gi(Xp )p(Xy ) Q27)

Note that one can reach the same conclusion for U ~*.

c-optimal strategy of Player 2. Let ¢ > 0 and (° € Z(t,) be some pure e-optimal strategy for V; *(to, 1, z, p). For
any 71 € R%, we can find some e-optimal strategy (** € Z.(t1) for Player 2 in the game V~*(t1,21,p). Let B,(x)
be a ball around = with radius p, and let 9Q(t) be the boundary of Q(t), i.e., for any € 9Q(t) and p > 0, there exist

y € By(x) N Q(t) and y' € B,(x) N Q(1).

For 1,y € Q(t1) \ 0Q(t1), from Lipschitz continuity of the map y — V~*(t1,y,p), (** is also (2¢)-optimal for
V=*(t1,y,p) if y € B,(z1) for some radius p > 0. The same applies to z1,y € Q(t1) and y € B,(x1) since
V~=*(t1,x,p) = 400 is constant for z € Q(t1).

Since the dynamics f is bounded, we also know that the reachable states from (¢, o) is bounded in some ball Br(0). Let

us set M = || f||o and some small o > 0 such that Mo < p/2. Then we choose (x;);=1,... ;, such that Ué"zl B, /2(x1)
contains Br(0). Let (E});=1,... 1, be a Borel partition of Bg(0) such that, for any I, E; C B, /2(2;). We also require (z;) to
be chosen properly so that E; C Q(t1) or E; C Q(¢1).

We set
¢ =, 0 = O, Fl = Fen, and P =Peay (28)

for I = 1,...,lo. We choose some delay 7 € (0, 0] for all the strategies ¢!. Note that if for some open-loop control
(a,8) € Alto) x D(to) and for some [, we have X[****° ¢ E, then

tlT

IXQE”A—X”“aﬂ<HNmT<Mv<pm (29)
so that Xff’mo’a’é belongs to B,(z;). Hence (! is (2€)-optimal for V=* at (t;, X, 5 p).
Let us now define a new strategy ¢ € Z,.(to) by setting
lo
Q=[]0 Fe=F'®..0F° andP; =P' @ ... @ P, (30)
1=1

For any w = (w!,...,w!) € Q¢ and a € A(tp), set

C(w,a):{ Cla)(r)  if 7 € [to,t1)

31
Hwtya)(r) if7 € [t, T] and X020’ € . 6D

For any pure strategy 7 € H(to), we have
fo z,m,¢°
gi(Xhomom<) Z 9i ( X " ) 1o, (32)

t1—T

where O! := {Xto o ¢ El}.

Property of p(-). Let pg := p (X*O $T0:1:6 ) and p} == p (th’wl’n <! ) where z} = Xto 01" if the state falls in E

following pure strategies (7, (°). Then we have

9i (X?’Io’n’c) p <X%°’x0’n’c> = gi(X) Z max{po, p} 1o
]
ty,ah,m,
=Y (X100 Y max{po, pi Hor (33)
l l

1
=3 (X ) max{po, pf Yo
l

13
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1 /.
For any set (w') € (Q), leta! := g; (X;}’"Ll’"’qw ’ )) > 0. Also note that pg and p} only take values from {1, +o00}. One

can show that the following always holds:

Zal max{po, p} Y1o1 = max {Z alpoloz,Zalpllloz} .
1 1 1

Similarly we have

to,w0,m,¢0 ol
/ > [g (X;“X‘l el ”) max{po,pa}loz] dP ()
Qb

to,mo,n-,CO

t1,X, ¢t
Jor 22 [gz‘ (XT1 ! ! ) Polol] dP' (W),

= max

tg.xg,m.¢Y

t 7Xt ) ’Cl(wlf)
le > [gi <XT1 ' ! ) pl1101‘| dPl(Wl)

Now we derive an upper bound of max; {ﬁi —E¢ {gi(X;?’xo’"’c)p(X}O’“’"’C)] }:

max {pi — B¢ |g:(X5 "0 ") p(Xf00 )|},

7Xto,mg,n,<°, Lt
= max {ﬁl — /l Z [gi <X;3 & et )> max{po,pll}loz] dPl(wl)},
3 Q l
’Xftoﬂlom@g’ f W
< sup max {;ﬁi - Z l/ gi (X;1 1 et )> maX{po,Pa}dPl(wl)loz] } ,
1 Ql

n EH(t1) 1

0
to,@0,n,
tlth? zg,m,¢ LWt

ﬁi - Zl [le 9i (XT

= sup max{ min

) PodPl(wl)lol] )

1 €H(t1)

(3

t1,

]31’ - Zl [fgl 9i (XT

Xtoyxoynyio

t1

r L wl .
¢ ( 7)) plldPl(wl>1ol‘|

. g
SUD,y (1, ) MAX; {ﬁi -3 [fgl Ji <X;17X:(1WU%< ﬁ@(wz,_)) podP (w)1p } ,
<min
tn.zn.m.c0
SUD,y 31, ) MAX; {ﬁi -3 [fm gi (X;I’X‘SY e ’"/’Cl(wl")> phdP (w1 }
i X100 ) -
> [Po SUD, c3q(t,) TAX; {Pi/ﬂo = Jor 9i (XT " > dP' (wl)} 1011 ;
<min
to,To» 0
> [SupUIEH(tl) max; {ﬁz‘ = Jou 9i <X;7Xt?y " ml’Cl(wl")) PlldPl(Wl)} 10l]

14
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State-Constrained Zero-Sum Differential Games with One-Sided Information

Shorten the first and second terms in the above upper bound min{-, -} as A and B, respectively. For B:

82, X070l
Z sup max [)i—/ gi | Xp " e pLdP (wh) b 1o
T |meH(t) ! Q!

3 (V-0 ) ) 1
l

(because ¢! is (2€)-optimal for V™~ at (t1,21,p) forany 21 € Ej.) 37

=V (b, X T ) 4 2
<V *(to,t1, 0, D) + 3¢

(because ¢ is e-optimal for Vi *(to, t1, 20, D).)

For A, we consider the following scenarios: (1) If inf,/c31,) > pilor = 400, i.e., there is always a chance for Player 2

0
to achieve constraint violation when the game starts at (¢1, Xff’mo’"’c ), and py = 1, i.e., (1, ¢°) does not induce constraint
violation, then

t Xt0«10~’7’§0 n (l(wl )
A= Sup max ﬁz — inf / gi X’ 1 o ’ dPl (wl) 101,
Zl: L’e%(tl) ‘ { mEH () Jou g

j; — inf X @\ o i (38)
>3 . ) ;
. n’es;ltr()tl)m?x P n'é%(tl) /Qz g T prdP (W) ¢ 1o

=B = —o0.

Ifinf,epr) 2 pi1ot = po = 1, then A = B. This is the scenario where the game reduces to its unconstrained version.

—k

Applying the same analysis from B to have A < po(U; *(to, t1, 0,/ po) + 3€). If inf, 90,y >, pilor = po = +00,
then A = B = —o0.

If inf, cqry) Do) pi1or = 1 and py = +oo, the game starting from (, Xff’wo’”’co) will be played as an unconstrained
one. A < B. Hence A < po(U; *(to,t1, o, D/po) + 3€) = —o0.

Combining these scenarios we have

min{A, B} < min{po(U; *(to,t1,%0,D/po) + 3€), Vi *(to, t1, 70, D) + 3€}. (39)

Since € can be arbitrarily small, we have

V=" (to, zo, p) < min {poU; *(to, t1,x0,D/po), Vi *(to, t1, 20, ) }

: : — to,x ¢ A — to,x ¢ A (40)
= nf mind sup U™ (0, X[ plpo), sup V(b X(PTOT )
CE2(to) neH(to) nEH (to)

Lastly, if ¢ € Q(to), inf¢ sup,, po = —00 by definition; otherwise, po = 1 and U~* = V' ~* at ¢;. In both cases, the RHS
of Eq. (40) becomes

inf ~ sup min {POU_*(tm X070 B/ po), V" (Lo, Xttf’wo’n’caﬁ)} . 41)
CEZ(to) neH(to)

O

Theorem 4. (V ~* is a subsolution of HJ). For any p € RY, the map (t,x) — V~*(t,x, p) is a viscosity subsolution of the
dual Hamilton-Jacobi equation:

min {p(2)U~*(t, 2, p/p(x)) — w, w + H*(z,Dw)} = 0in [0,T] x R%, (42)
where H is defined by Eq. (4) and H*(x,£) = —H (2, —§). p(to,x0) = 1 if xo € Q(to).
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Proof. Let p € R” be fixed, and let ¢ be a smooth test function such that
o(t,x) >V *(t,x,p) V(t,x) €[0,T] x R, (43)
with an equality at (tg, zq), where ty € [0,T). For any v € V, define a pure strategy ¢ € Z(t() by setting
C(a)(t)=v VYae Alty), t € [to, T). 44)

Since V' ~* satisfies the subdynamic programming principle of Lemma 5, these exist ¢ > 0, h > 0, and a pure strategy
Nn € H(to) such that

V=" (to,m0,9) < min {p (X070 ) U (to + b, X[ ™/ (X250 )

(45)
Vo (to+ b X0 B) b+ eh
or equivalently
p (Lo ) U (to+ b X[07 ™ b/ (X5 ) ) = V¥ (t, w0,0) + eh 2 0, (46)
and
V= (to -+ b X[ 5) — V7 (o, w0,) + ch > 0. 1)
Set the open-loop control oy, (s) := 1, (v)(s) and the trajectory zj, (s) = Xto:®o:mn:B = Xto-wo.an.v Then
to+h to+h
zp(to+h) = z0 + / fzn(s), an(s),v)ds = xg + / f(xo, ap(s),v)ds + he(h), (48)
to to
where €(h) — 0 as h — 0T. For Eq. (46), let ¢ — 0" and » — 0™, we have
p(x0)U ™" (to, w0, B/ p(x0)) — ¢(to, x0) = 0. (49)
For Eq. (47), we have
0V (b0 4+ b X050, 5) = V" (to, 0, ) + eh
to+h
<¢ (to + h,zo + / f(zo, an(s),v)ds + he(h), z) — ¢(to, o) + €h
fo 50)
to+h (
< houftaa0) + [ Dolto,z0)T Fzo,an(s),v)ds + her() + e
to
< hoy(to, zo) + hsup D(to, x0)T f (20, u,v) + her(h) + €h,

ueU

where €1(h) — 0 as h — 07. Dividing the last inequality by A, letting » — 0%, ¢ — 07, and taking the infimum over
v € V to have

i(to, xo) + inf sup Do(to, z0)" f(zo,u,v) > 0. (51)
veV yeu
Now notice that by definition
H*(x,D¢) = —H(x,—D¢) = inf sup f(z,u,v)T De. (52)
vey =i

Hence
¢1¢(to, wo) + H* (w0, Dé(to, 20)) > 0. (53)

Hence
min {p(x)U~*(t, z,p/p(x)) — ¢, ¢ + H*(x, D¢)} > 0in [0, T] x R (54)
O]
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Using the same proof techniques we can derive the subdynamic principle for V+ (Lemma 6) and prove that V'™ is a viscosity
subsolution to the primal HJ (Lemma 7):

Lemma 6. (subdynamic principle for V). We have for any (ty, zo,p) € [0,T) x R4 x A(I) and any t; € (to,T|

V*(to,xo,p) < inf  sup maX{p(Xff’x”’"’C)U+ (t1,Xf1°"”°’"’<7p>,
nemlio) ¢e2(to) (55)

V+ (tla Xtt?’io’n’cvp) }

Lemma 7. (V" is a subsolution of HJ). For any p € A(I), the map (t,z) — V*(t,z,p) is a viscosity subsolution of the
primal Hamilton-Jacobi equation:

min {p(z)U™ (¢, 2,p) — w, wy + H(z,Dw)} = 0in [0, T] x R, (56)

where H is defined by Eq. (4).

B. Proof of Theorem 2

Proof. The following proof follows that of (Cardaliaguet, 2009), with the additional treatment of the state constraint. Note
that in numerical approximation, we use K > 0 to replace infinite values so that we can introduce bounded test functions.
The HJ equations thus become

wy + H(z, Dw) =0 (t,x) € Q
min{K — w,w; + H(z, Dw)} =0 (¢, )

where 2 (resp. Q) contains all (¢, z) such that V (t,z) < K (resp. V(t,7) = K).

Consider w be any cluster point in the topology of uniform convergence on compact subsets of [0, T x R% x A(I) of V;
as 7 — 0T, w is convex with respect to p and satisfies:

I
=1

for any (T,z,p) € Q x A(I) and w(T,x,p) = K for any (T,z,p) € Q x A(I). Let ¢ be a test function such that
w(-,+,p) — ¢ has a strict local maximum at (¢, x¢), and w(to, o, p) = ¢(to, xo). Then there are (¢x, xy) converging to
(to,xo) such that V. (-, -, p) — ¢ has a local maximum at ({, ).

First consider (¢, z) € (2. For any z € R,
Vi (tktr, ,p) — Strgr, ©) < Vi(ty, 2, p) — (tr, 2r)
Then, rearranging (10) to have
0 = Vex, (rrgnmgx Vi (tesr, o + 7f (2, u,v),p)) — Vi (tg, gk, D)
< muinmilx Vi (tks1, 2k + 7f(xk, u,0),p) — Vo (tg, 2k, p)
< minmax ¢(txi1, o + 7f 2k, u, 0)) = Gy, 2x)
Then, from standard arguments (see (Cardaliaguet, 2009) and references therein)

¢ : D¢
a(tOMTO) + glel(rjlrynea&( f(‘rOaua /U)%(toa .170) > 0. (58)

Now consider (¢, z) € €, in which case ¢(ty, v1) = Vi (tr, 2, p) = K. When 7 — 01,

min max ¢(tg+1, xk + 7f(Tk, uw,v)) = K,

17



State-Constrained Zero-Sum Differential Games with One-Sided Information

hence

9¢ . ¢ _
a(towo) *+ min max f(zo,u, U)%(toa o) = 0.

Then we have
min {K — ¢, ¢; + H(x, Dp)} = 0in €.

Hence, w is a dual subsolution of the HJI. We can follow the same technique to show that w is a supersolution in the dual
sense, and therefore w = V. O

C. Bellman Backup of the Conjugate Value with the Presence of Instantaneous Loss

Here we extend the subdynamic principle for V' ~* (Lemma 5) when instantaneous loss is present. Since we will use letter [
to index possible states reached at ¢1 from ¢y, we denote the instantaneous loss for pure strategies (7, ¢) at time s as L(, , s)
instead. For conciseness, let us consider ¢y € [0, 7] and (g, p) € Q(tg) x RI, i.e., states for which Player 1 can play to
avoid state constraint violation. To recap, let 1) be a pure strategy of Player 1; let ¢ be such that ¢ = ¢ in [to, t1] where ¢°

is pure and e-optimal for V™™ (to, t1, z0, p) == infecz (1) SUP ep(ty) V" (tl, Xff’mo’”’c,ﬁ - fttol L(n,¢, s)ds), and
¢ = ¢tin [ty, T) where ¢! is mixed and (2¢)-optimal for V=* at (¢1, 1, p) for any z; € Ej.

By definition and using the fact that Player 1 plays a pure strategy in the dual game, we have

T
V=" (to, x0,p) = irclf sup max {ﬁi — / (gi(Xéi”xo’n’C(w")) + / L(n,{(w,-), s)ds) dP(w)} ) (59)
n 4 w

to

T

mase {5 [ (i)« [ L, o, ) )}
=g {p -E < / Gxx?’xf? ) L (o), s+ [ ) s)ds> dle’)) loz}

to t1
. tl,X:O’zO’”'CO,nlyCl(wl,') f1 0 T 1Al Lol
SZsupmaX Pi — / gi(Xp 7t )+/ L(n,¢ 7S)d8+/ L(n', ¢ (w', "), s)dsdP"(w) | ¢ 1o
n g wl to

ty
t1
<> (v—* (tl,Xf;”“‘“’"’co,f;—/ L(n,go,s)ds) +26) 1o

l to
(because ¢ is (2€)-optimal for V™" at (t1,z1,p) forany 1 € F;.)
— % 0 ~ tl
=V (t1, Xff"m’"’g ,p— / L(n,¢°, s)ds) + 2¢
to
<V " (to, ta, o, P) + 3¢
(because ¢° is e-optimal for Vi *(to, t1,0,p).)

(60)
Since € can be arbitrarily small, we have

t1
Vi*(to,l'o,p) S inf sup V**(tl’Xé?-,IO,W,C’ﬁ* / L(n,{,s)ds) (61)
(eZ(to) neH (to) to

D. Examples of Zero-Sum Games with One-Sided Information

Here we discuss two games in detail, namely, the zero-sum beer-quiche game which is extensive-form with sequential
actions, and Hexner’s game (Hexner, 1979) which is differential and with simultaneous actions. Both games have one-sided
information and all analytically solved. We show that the characterization of value proposed by Cardaliaguet (Cardaliaguet,
2007) leads to the true equilibrium behavioral strategies for both games.
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(1,-1) (0,0 LD (2,-2)

W=

2,-2) 1,-1 (-2,2) (0,0

Figure 6: Zero-Sum Variant of the Beer-Quiche Game

D.1. Zero-sum beer-quiche game

We present a zero-sum variant of the classic beer-quiche game 2, which is an incomplete-information game with a perfect
Bayesian equilibrium.

Game settings. In this sequential game, Player 1 first chooses to take either quiche (Q) or beer (B), and based on his
choice, Player 2 chooses to either defer (d) or bully (b). Player 1 has a probability of pr to be tough (T) and pyy = 1 — pr
to be weak (W). The exact type is unknown to Player 2 but p = [pr, pw|” is common knowledge. The payoffs to be
maximized by Player 1 follow Table 1. For example, if Player 1 is tough and chooses to eat quiche (Q) while Player 2
chooses to bully (b), then Player 1 receives a payoff of 1.

Table 1: Payoff table for a zero-sum beer-quiche game

Tough Weak

b d b d
B|2]|1 B|-2]0
Q110 Q|-1]2

Perfect Bayesian equilibrium. The standard approach finds the behavioral strategies of both players for a particular p.
Consider the extensive form of the game as shown in Fig. 6. Dotted lines represent info sets that Player 2 cannot distinguish.
Here, Player 1 has pr = % to be Tough. The behavioral strategies for each player are derived as follows:

Let Q, B, q, b represent probabilities of Player 1 choosing quiche given he is tough, beer given he is tough, quiche given
he is weak, and beer given he is weak, respectively. Assume z and y be the probability of Player 2 bullying Player 1 who
chooses quiche and beer, respectively. First, we find the beliefs of Player 2 when Player 1 chooses quiche or beer (info-set
T and Zp, respectively):

1
1@0200. T =157 7 :szq nd
3 3
2
WiTo) = 34 _ 2q
pn2(WlZo) 0+, G+

B 2b

lf (B7b) # (030)7 MQ(T|IB) = m, and ILLQ(W|IB) = B n 2b

2For more information about the original beer-quiche game, please see https:/gametheory 101.com/courses/game-theory-101/the-beer-
quiche-game/
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Then, the expected payoffs for bully and defer at 74 are:

Q 2q Q —2q
E5(bully|Zg) = -1) + 1) =-—
2(bully|Zo) = 575 () + gt () =~
Q 2q 4q
Es(defer|Zg) = 0)+ —2)=—
Given Player 2’s strategy at Zo, his expected payoff can be expressed as:
Q—2q 4q
Ey(Zg) = — —(1-
2(Ta) = g~ (1= 0 g s
_ —(@—=6g)x —4q
Q+2q

The value of « that maximizes F5(Zg) is:

any if (Q,q)=(0,0)
1 if Q< 6q
any if @ =6q
0 if Q>6q

Applying the same reasoning to info-set Zg, we find the value of y that maximizes F5(Zg) as:

any if (B,b)=(0,0)
0 if 4b< B
any if 4b=B
1 it 40> B

Given Player 2’s strategy, the expected payoffs to Player 1 for his strategies are:

ElQ) =z, EuB)=y+1, Ei(g)=2-3z, Ei(b)=-2

As aresult the expected value for each of P1’s type are:
Ei(T)=B(1+y)+(1-B)x
Ey(W) = b(=2y) + (1 - b)(2 — 3z)
Assume B > 4b. Then,
1-Q=B>4b=4(1—9q)
= 1-Q>4—4q
= 4¢9>0Q+3
= 6g¢>Q
Hence, 2 = 1. Thus, E41(Q) =1 < E1(B) =y + 1. Asaresult, B=1,and Q = 0.
Assuming B > 4b, following the process as above, we reach to a contradiction. Therefore,

B 1
B=4b = b=—=-
4 4
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Then,
<9E(‘13 (bW) _ 19y
Hence, for b = 1/4 to be feasible, we need:
=
Therefore, we find an equilibrium with
z=1, y:%, q:% b:%, and B=1,Q=0

To summarize, Player 2 always bullies the person who eats quiche and bullies the person drinking beer half the time. The
tough guy always drinks beer while the weak guy drinks beer a quarter of the time and eats quiche three-quarters of the time.
One can easily check that the B < 4b case also leads to a contradiction, resulting in a unique equilibrium for the game.

Solution using primal and dual backward induction. Now we solve the game through backward induction of its primal
and dual values (denoted by V" and C respectively). Here we introduce discrete-time ¢ = 0, 1, 2: Players 1 and 2 make their
respective decisions at £ = 0 and ¢t = 1, and the game ends at t = 2. We describe the states of the game as the decisions
being made up to the corresponding time, e.g., x = (B, b) at ¢ = 2 means that Player 1 has chosen beer and Player 2 to
defer. Primal game: At the terminal time step (¢ = 2), based on the payoff table, we have

dpr — 2 ifx = (B,b)
) pr ifzx = (B,d)
2—2pr ifzx=(Q,d)
At the intermediate time step (¢ = 1), we have
V(l,z,p) = in V(2,(x,v),p). 63
(L, z,p) ,duin, (2, (z,v),p) (63)

We can find the best responses of Player 2 for both actions of Player 1. This leads to

pT ifJ]:B,?)pT—QZO

(v =d

dpr —2 ifx=B,3pr—2<0 (v* =b)
( d
(

V(L,z,p) = (64)

2—2pr ifz=0Q, 4pr—3>0
2pr —1 ifx=0Q, 4pr —3 <0

Note that since Player 1 does not take an action in this time step, we do not need to take a concave hull of V' (1, z,-). At the
beginning of the game (£ = 0), we have

V(0,0,p) = Cav (ug%} VL, u,p>) . (65)

By taking the concave hull with respect to pr (see Fig. 7), we get

N 5pT/2—1 ipr<2/3
V(0,0.p) —{ o O (66)

Note that from Fig. 7, when pr € [0,2/3), V(0,0,p) = Amax, V (1,u,p')+(1—X) max, V(1,u, p?), where p! = [0,1]7,
p? =12/3,1/3]T, and A\p! + (1 — X\)p? = p. When pr = 1/3, A = 1/2, Player 1’s strategy is thus

Pr(u=Q|T) = g Pr(u= QW) = 2 3/4,
ol 2 .
Pr(u = B|T) = (1_];?1)]2’[1] =1, Pr(u=BW)= (1_;[2)]”[2] = 1/4.
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Primal Value for the Zero-sum Beer-quiche Game

1.0 1

0.5 1

0.0

_05 -

Value

_1.0 -

_1.5 -

_20 -

mmgmm Cavp(maxV(l,u,p))
mng{ 1,u,p)

—a— V(1,B,p)
—— V(1,0,p)

V-

-3
(0.00, -1.00)

(1.00

! (oo -2 ﬂﬂ}

0.0 0.2 0.4 0.6 0.8 1.0

pr

Figure 7: Primal value V (0,0, pr) att = 0.

This result is consistent with the true perfect Bayesian equilibrium we previously derived.

1.00)

0.00)

Dual game: To solve for Player 2’s equilibrium, we first derive the dual variable p € 9,V (0,0, p) for p = [1/3,2/3]T. By
definition, T p defines the concave hull of V' (0, ), p), and therefore we have

This leads to p = [3/2, —1]7.

At the terminal time, we have

Att =1, we have

C(2,2,p) = min{p[1] — gr(x), 2] — gw ()}
min{p[l] — 2,p[2] + 2} ifz = (B,b)
_ min{p[1] — 1, p[2]} ifx = (B,d)
min{p[1] — 1,p[2] + 1} ifx=(Q,b)
minfp(l],pl2] — 2} ife = (Q.d)
C(1,u,p) = Cavy (mq;)ix C(2, (u, v),ﬁ)) .
When u = B, the conjugate value is a concave hull of a piece-wise linear function:
O R T I
N A P2 if p[2] € [p[1] —2,p[1] — 1 v*=b
CULBPI=Co5 | ) )2 ifpf2] € 1] —4.50] ~2) (" =)
pl2]+2 ifp[2] <p[1] —4 (v* =b)
pl] -1 if p[2] > p[1] — 1 (v* =d)
=< 2/3p[1]+1/3p[2] —2/3 ifp[2] € [p[1] —4,p[1] — 1) (mixed strategy)
p[2] + 2 ifp[2] < p[1] — 4 (vx =b)

[1/3,2/3]p = V(0,0,p) = —1/6
[0,1]p = v(0,0,[0,1]) = —1.

(68)

(69)

(70)

(71)
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max C(t=2,(B,v),p)

10.0

1.5

5.0

conjugate value

-5.0

—-7.5

-10.0
-10.0 -7.5 -5.0 -25 0.0 2.5 5.0 7.5 10.0

Figure 8: Conjugate value max, C(2,B,p)att = 2.

Fig. 8 visualizes C(1, B, p). For p = [3/2,—1]T which satisfies p[2] € [p[1] — 4, p[1] — 1), Player 2 follows a mixed
strategy determined based on {\1, A2, A3} € A(3) and p? € R? for j = 1,2, 3 such that

(i) Atleast one of p? for j = 1,2, 3 should satisfy p[2] = p[1] — 1 (denoted as line 1) and another p[2] = p[1] — 4 (denoted
as line 2). The last could be on either line 1 or 2. These conditions are necessary for C'(1, B, p) to be a concave hull:

C(1,B,p) = ZA max O(2 0), 7). (72)
Without loss of generality, we will set 5! on line 1 and both 2 and $° on line 2;
(i) Yo7, A = p.

These conditions leads to Ay = 1/2 and Ay + A3 = 1/2. Therefore Player 2 chooses to defer and bully with equal chance
when Player 1 takes beer.

When u = @, we similarly have

] if p[2] > p[1] +2 (v =d)
c(1,Q,p) =1 .. if p[2] € [p[1] — 2,p[1] +2) (mixed strategy) (73)
p2]+1 ifp[2] < p[l] —2 (vx = b)

We omitted the derivation of the concave hull when p[2] € [p[1] — 2, p[1] + 2) because for p = [3/2, —1]T, C(1,Q,p) =
p[2] + 1 = 0 while v* = b, i.e. if Player 1 takes quiche, Player 2 chooses to bully with certainty.

The value and its conjugate provide behavioral strategies for Player 1 (informed) and Player 2 (non-informed), respectively,
for arbitrary initial belief p. Moreover, the convexity of the value reveals subsets of p where Player 1 should use a mixed
strategy that manipulates the belief in order to improve its value. Similarly, the convexity of the conjugate value reveals
subsets of dual variables p where Player 2 should use a mixed strategy to mitigate risks due to its uncertainty about Player 1.
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D.2. Hexner’s game

Here we discuss the solution to Hexner’s game using Cardaliaguet’s method based on the reformulation proposed by Hexner.
To recap, the payoff to be minimized by Player 1 is

J(t,01,05) = Eg / (01(7) — 0)%d1 (1) — (02(7) — 0)%da(7)dr | | (74)

=t

where d, d2, pg are common knowledge; 6 is only known to Player 1; the scalar 6, (resp. 05) is Player 1’s (resp. Player 2’s)
strategy. We consider two player types § € {—1,1} and therefore py € A(2). Since the reformulation contains no system
state, the strategies are functions of only time. Hexner’s solution is as follows:

01(s) = 0a(s) =0 Vs € [0,t,] (75)
0.(s) = 02(s) =0 Vs e (t,,T), (76)

where .
t, = arg min/ (d1(s) — da(s))ds, a7

t 0

and (dy, dz) are defined in Eq. (2).

We will need the following preparation before introducing Cardaliaguet’s solution. First, introduce time stamps [T]3" ; as
roots of the time-dependent function d; — d2, with Ty = 0, To441 = t,, and T, 1 = T. Without loss of generality, we
assume that:

d1 — d2 <0 Vte (T2kaT2k+1> Vk = 07 R (78)
di—dy >0 Vte [Tgkfl,TQk] Vk = 1.7 (79)
We also introduce Dy, := T (d1 — dy)ds and

T

- {Dk+1+Dk if Dyyy + D <0 (80)

Die= 0 otherwise
with Dy, 41 = 0.
Lemma 8. (Properties of Dy, and Dy,) The following properties will be useful:
L2y = dy)ds = 2 Dy, < 0, ¥k =0, ..., 2g;
2 fE (= do)ds = Yl Dy > 0,k = 2+ 2,020 + 1;
3. D2q+2 + Dog41 > 0;

4. Dy <0, Vk < 2q+ 1.

Proof. Properties 1 and 2 are results directly from the definition of Dy,.

For property 3, if D2q+2 + .D~2q+1 < 0, then D2q+2 = D2q+3 + D2q+2 < —D2q+1, thenf)qurg < —(D2q+2 + D2q+1) <0
(property 2). This leads to Dag4r < — Zi.:ll Doyii <Ofork =1,...,2r — 2q. Thus Dy, < 0. Contradiction.

For property 4, first we have lN)qurl = 0 (property 3). Since Do, < 0 (property 1), f)gq = Dy, < 0. O]

Primal game. We start with V (T, p) = 0 where we use p := py[1] as the probability of § = —1. The Hamiltonian can be
derived as

H(p) = min max Eq [(él —9)2dy — (B — 9)2d2]
91 02

=4p(1 —p)(di — da).
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The optimal actions for the Hamiltonian are 0, =0, =1-— 2p. From Bellman backup, we can get
V(Ty,p) = 4p(1 - p) Dy.
Therefore, at 15,41, we have
V(Tog+1,p) = Ve, (V(Tog+2,p) +4p(1 — p)D2g+1)
= Ve, (4p(1 =) (Dagi2 + D2q+1)) :
Notice that D2q+2 + Dag4+1 > 0 (property 3) and f)k < Oforall k < 2¢q +~1 (property 4), To,1 is the first time such that
the right-hand side term inside the convexification operator, i.e., 4p(1 — p)(D2~q+2 + Dagi1)s tgecomes concave. Therefore,

splitting of belief happens at T, with p' = 0 and p? = 1. Player 1 plays 6; = —1 (resp. #; = 1) with probability 1 if
6 = —1 (resp. 8 = 1), i.e., Player 1 reveals its type. This result is consistent with Hexner’s.

Dual game. To find Player 2’s strategy, we need to derive the conjugate value which follows

maxie{lyg} ﬁ[l] ) Vit > T2q+1

o) =4 P2 ~ D, (1 - %) Vt < Tagia, 4D < pl1) - p2] < —4D,
p[1] Vt < Taqi1, p[1] —p[2] = 4D
p[2] Vit < Tagy1, P[] — p[2] < 4D

Here p € V,,V(0,pp) and V(0,pg) = 4p[1]p[2]
dient, we have p[1]p.[1] + p2]p.[2] = 4p.[1]pi|
p = [4p.[2]* Do, 4p.[1]> Do]"". Therefore p[1] — p[2

o. For any particular p, € A(2), from the definition of subgra-
2]|Dg and p[1] — p[2] = 4(p«[2] — p+[1])Do. Solving these to get
] =

4Dy (1 — 2p.]1]) € [4Dy, 4Dy, and
C(0,) = p[2] - Do <1 _ pmwpm) |

Notice that C(t, p) is convex to p since Dy < 0 (property 4) for all ¢ € [0, T]. Therefore, there is no splitting of  during the
dual game, i.e., 2 = 1 — 2p. This result is also consistent with Hexner’s.

E. Backward Reachable Tube

The computation of the Backward Reachable Tube (BRT) allows us to classify the state space into feasible and infeasible
regions at different times from Player 1’s perspective.

Computation of BRT. For the simplified football game, the state constraint is defined as c(z) = ||(ds,,dy,) —
(dzy,dy,)|l2 — 7, and C = {x : c(z) < 0}. The Hamilton-Jacobi-Isaacs Variational Inequality (HJI VI) is denoted
by L and satisfies the boundary condition D (Bansal & Tomlin, 2021):

L(V,t,z) = min{V,V(t,x) + H(t,z),c(x) — V(t,z)} = 0,
D(V,z) =V(T,z) — c¢(x) = 0,

where H is the Hamiltonian:

81)

H(t,z) = maxmin(V,V (t,z), f(z,u,v)). (82)

v

We use Physics-Informed Neural Network (PINN) to learn the value function V(t, x), the sub-zero level set of which
represents the BRT: - ~
O(t) = {x € R% : V(t,z) < 0}. (83)

We denote PINN dataset D = { (t(*), z(®) } containing uniformly sampled data points in [0, 7] x R% and define the
loss function as:

s c0)- Fnnm) e,

1

where V%) is an abbreviation for V (¢(*), 2(*)) and C| is the hyperparameter that balances the loss term || L||; and || D|;.
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safe states inference at t=0 s

1.0

dy 1

~1.0 -0.5 0.0
dy,

Figure 9: A visualization of safe/unsafe initial position for the attacker when the defender is fixed at (—0.05, 0). The initial
velocities for both players are zero in the beginning. The red (blue) region represents unsafe (safe) states.

Training. We uniformly sample 60k input states « € [—1, 1] (specifically, 10k states « € C) and use curriculum learning
proposed in (Bansal & Tomlin, 2021) to improve the training convergence. The rest of the dynamics parameters are chosen
as: T = 1,7 = 0.05, u, € [—6,6], u, € [-12,12], v, € [—6,6], v, € [—4,4], velocities are sampled as mentioned in
Sec. G.2 and are normalized between [—1, 1]. The PINN utilizes a fully-connected network with 3 hidden layers, each
comprising 512 neurons with sin activation function. The network adopts the Adam optimizer with a fixed learning rate of
2 x 1072, We first pretrain the network over 10k iterations to satisfy the boundary condition D and then refine the network
through 100k gradient descent steps, with states sampled from an expanding time window starting from the terminal. Fig. 9
shows the visualization of BRT in a 2D frame given ¢ = 0 and fixed states except (d, , dy, ).

F. Proof of Proposition 1

Proof. Let f° : [0,1)=! — R be a bounded and Lipschitz continuous function, P C [0, 1]/~! be a lattice, and f be a
convex hull computed from the data { f(p), p}pes. Let the true convex hull of f° be Vexz(f°): Vex(f°)(p) < f(p) for all
p € [0,1]771, with equality reached at least for p € S.

Introduce a set P° = {p() € S}_, and a space P° = {p € [0,1]' "1 | In € A(I) s.t.p = 1, A[i]p®, p® e PO} so
that f(p) = Zz‘l=1 i) f(p™) for all p € PV, i.e., P° are vertices of a segment P° of [0, 17~ within which f is affine.

Let U := {u}}¥, = PP be the set of lattice nodes contained in P°. Since f is a convex hull of f°, we have f(u(¥) <
fOu®) foralli =1,...,N. U defines a segmentation £ of P°: Each e € & is associated with U, := {u(ei)}{=1 C U such

thate = {p € [0,1)~1 |IN € A(I) s.t. p= 31, A[iJul®), w() € U} and u ¢ e forany u € U \ U,..
For any p € e, we have the following loose lower bound on f°(p):

Fo(p) = min fO(u) = AL > min f(u™) = AL, (85)
where A := max; ; [|u® — u®||2, and L is the Lipschitz constant of f°. A is a constant for a given lattice P.

Therefore within e, the convexification error is lower bounded by

max {f(z A[i]ul®)) — min f(u®) + AL} = max f(u®) — min f(u®) + AL < 2AL. (86)
AEA(T) Z i % i
Since this error is constant, and f — 2AL is a convex lower bound of Vex(f°), we have £, < 2AL. O]

G. Details on Case Studies

The code for the implementation is available at https://github.com/ghimiremukesh/0OSIIG.
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G.1. Hexner’s Strategy

For the unconstrained simplified football game discussed in Sec. 6, the strategies depend on the trajectory of the dy — ds. In
Fig.10, we plot the trajectory and determine the critical time from Eq.(77). For the choices of parameters, we determine
t. = 0.4s. We set R4 = diag(0.05,0.025), and Rp = diag(0.05,0.1).

dy, dy Along Time

Figure 10: Plot of d; and ds along time. The critical time ¢, occurs at ¢ ~ 0.4. The attacker will conceal its type until ¢, and
reveal it after ¢,..

G.2. Data Sampling

Unconstrained Game. For the unconstrained game, we sample positions (d, d,;) and velocities (dy, dy) for both players.
As the arena is bounded between [—1, 1] in both 2 and y directions, we sample the positions of the two players in [—1, 1].
However, when it comes to velocities, we experimentally determine the range from the LQR problem as the following:
dy, € [~6,6],d,, € [-4,4], dy, € [~6,6], and d,, € [~4,4]. We then normalize the velocities between [—1,1] and
compute the values as described in algorithm 1. The resulting normalized joint states (') and values (V') are stored for
training the value network. At each time step we sample 10000 states and set |P| = 100. This brings the total training data
at each time step to 1M for the unconstrained case.

Constrained Primal Game. For the constrained game, we sample the positions between [—1, 1] and all velocities between
the ranges discussed above. As in the unconstrained case, these are normalized to [—1, 1] before computing the values and
storing the training data. With the same P, we sample 5000 states from the feasible set Q(t), resulting in 500,000 training
data at each time step. Solving constrained game requires evaluating min,, max, V (t,x + 7 f(x, u, v), p) over all possible
pairs of 2’(i.e. © + 7f(x, u,v)), which is memory intensive. Based on the available resources we set the total number of
initial states to be sampled to 5000. To speed up the calculation, and capture a wide range of data, we divide the state space
into 50 uniform intervals, and distribute the computation to 56 CPU cores, with 515,271 MB of total memory. Each minimax
computation is independent and hence can be evaluted in parallel.

Constrained Dual Game. In the dual game, the uninformed player keeps track of the process p € R’. As a result, the
dual value is a 10-D function, which increases the complexity of the computation due to the need for convexification of the
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value along I dimensions (here, I = 2). We follow the same procedure as in the primal game and collect 250,000 samples
for training. The range of p was determined to be [—14, 14] based on the primal value at the initial time as discussed in
Sec. 5. Furthermore, due to the additional input dimension in the dual value network, the dual value approximation suffers
from relatively higher error compared to the primal value. Ultimately this affects the strategy of the uninformed player
(Player 2). We compare the resulting strategy of Player 2 from the dual value with that of the ground truth strategy in the
unconstrained game.

T 0.2
1+ Y N
0 - |
0.5 1 -02p :
- 04| i
=3 =3
0r -1 —0.6 | =
—0.8 -
05| 1 ! o |
| | | | | | | | | | | |
-0.6 —-04 -0.2 0 0.2 0.4 0.6 -0.6 —-04 -0.2 0 0.2 0.4 0.6
dy dy

Figure 11: Comparison between the P2’s ground truth strategy and the strategy synthesized from the dual value. P1’s
trajectory is shown red and P2’s in blue. Solid trajectories correspond to that obtained when P2 plays its equilibrium strategy.
Dotted trajectories represent the ground truth solution.
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