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A Extended Literature Review, Formulations, and Discussions

A.1 Related Work

Risk-Sensitive/Robust Control and Dynamic Games. 7 _,-robust control has been one of the
most fundamental research fields in control theory, addressing worst-case controller design for
linear plants in the presence of unknown disturbances and uncertainties. Frequency-domain and
time-domain/state-space formulations of the H,-robust control problem were first introduced in [34]
and [35], respectively. Based on the time-domain approach, the precise equivalence relationships
between controllers in the disturbance attenuation (which belongs to a class of H,-robust control)
problem, risk-sensitive linear control, and zero-sum LQ dynamic games have been studied extensively
[22, 23, 24, 36, 26, 25]. Specifically, [22] first demonstrated the equivalence of the controllers
between LEQG and zero-sum LQ (differential) games; [23] studied the relationship between the
mixed H,/H,, design problem, a sub-problem of the H,-robust control problem, and LEQG;
[24, 36] investigated the disturbance attenuation problem through a dynamic games approach, for
both finite- and infinite-horizons, time-invariant and -varying, deterministic and stochastic settings.
We refer the readers to [26, 25] for comprehensive studies of H,-robust control, dynamic game
theory, risk-sensitive control, and also their precise interconnections.

Policy Optimization for LQ Control. Applying PG methods to LQ control problems has been
investigated in both control and learning communities extensively. In contrast to the early work on this
topic [37, 38], the recent study focuses more on theoretical aspects such as global convergence and
sample complexity of these PG methods [11, 12, 13, 14, 15, 39, 17, 16, 40, 19, 41, 33]. Specifically,
[11] was the first work to show the global convergence of PG methods for the LQR problem. Initial
sample complexity results for the derivative-free PG methods based on zeroth-order optimization
techniques were also reported in [11]. Subsequently, [14] characterized the optimization landscape of
the LQR in detail, and provided an initial extension toward the distributive LQR. Building upon these
works, [19] enhanced the sample complexity result by adopting a two-point zeroth-order optimization
method, in contrast to the single-point method adopted in [11]. The sample complexity result of
the two-point method was further improved recently in both continuous- [17] and discrete-time
LQR [33]. Moreover, [41] studied the global convergence of PG methods for the LQR where both
the state and control weighting matrices are indefinite, but without addressing the derivative-free
setting; [15, 39] derived global convergence of PG methods for zero-sum LQ dynamic games, also
pointing to the need to investigate the indefinite LQR. The most relevant works that addressed LQ
control with robustness/risk-sensitivity concerns using policy optimization methods were [40, 42, 16].
The work in [40] considered LQR with multiplicative noises, which enjoys a similar landscape as
standard LQR. The work in [42] studied finite-horizon risk-sensitive nonlinear control, and established
stationary-point convergence when using iterative LEQG and performing optimization over control
actions directly. [16] examined the mixed H,/H,, control design problem, a class of H,-robust
control problems, with a different landscape from LQR. However, no sample complexity results
were provided in either [42] or [16]. Very recently, [32] has also studied the convergence of policy
gradient method for finite-horizon LQR problems. Interestingly, the landscape analysis independently
developed in [32] matches some of our findings for the inner-loop subproblem of zero-sum LQ
dynamic games, while we consider a more general setting with time-varying system dynamics and
a possibly indefinite state-weighting matrix. Other recent results on PO for LQ control include
[12,43, 18, 13,20, 44, 21]. We also refer the readers to [45, 46] for analyses of model-based methods
in solving LQ control problems, and to [47, 48] for online control of LQ systems.

Nonconvex-Nonconcave Minimax Optimization & MARL. Solving minimax problems using PG
methods, especially gradient descent-ascent (GDA), has been one of the most popular sub-fields
in the optimization community recently. Convergence of the first-order GDA algorithm (and its
variants) has been studied in [49, 50, 51, 52] for general nonconvex-nonconcave objectives, in [53]
for the setting with an additional two-sided Polyak-t.ojasiewicz (PL) condition, and in [54] for the
setting under the weak Minty variational inequality condition. In fact, [55] has shown very recently
the computational hardness of solving nonconvex-nonconcave constrained minimax problems with
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first-order methods. To the best of our knowledge, zeroth-order/derivative-free methods, as studied
in our paper, have not yet been investigated for nonconvex-nonconcave minimax optimization
problems. On the other hand, in the multi-agent RL (MARL) regime, policy optimization for solving
zero-sum Markov/dynamic games naturally leads to a nonconvex-nonconcave minimax problem
[15, 56, 57], whose convergence guarantee has remained open [56] until very recently, except for
the aforementioned LQ setting [15, 39]. In particular, [57] has established the first non-asymptotic
global convergence of independent policy gradient methods for tabular (finite-state-action) zero-sum
Markov games, where GDA with two-timescale stepsizes is used. In stark contrast to these works,
the crucial global smoothness assumption (or property that automatically holds in the tabular MARL
setting) on the objective therein does not hold in our control setting with unbounded and continuous
spaces. A careful characterization of the iterate trajectory is thus required in order to establish global
convergence and sample complexity results.

Risk-Sensitive/Robust RL. Risk-sensitivity/robustness to model uncertainty/misspecification in
RL has attracted significant research efforts, following the frameworks of robust adversarial RL
(RARL) and robust Markov decision process (RMDP). Tracing back to [58], early works on RARL
exploited the same game-theoretic perspective as in H,-robust control, by modeling the uncertainty
as a fictitious adversary against the nominal agent. This worst-case (minimax) design concept
then enabled actor-critic type algorithms with exceptional empirical performance, but rather sparse
theoretical footprints [S9]. Very recently, theoretical investigations on the convergence and stability
of RARL have been carried out in [60] within the LQ setting. In parallel, the RMDP framework
has been proposed in [61, 62], and the robustness of RL algorithms under such framework has been
further studied in [63, 64, 65] for the finite MDP settings, in contrast to our continuous control tasks.
Other recent advances on risk-sensitive/robust RL/MDP include [66, 67].

Contributions Over Existing Works. Seminal works [11, 19] presented sample complexity results
for the infinite-horizon deterministic LQR, and [32] studied the finite-horizon stochastic LQR. The
main technical challenge between our robust control setting and [11, 19, 32] is the lack of coercivity
of the objective function (cf. Lemma 3.5). In particular, the objective value may remain finite while
approaching the boundary of the robustness constraint set X (cf. (3.9)), and a descent direction of
the objective value may still drive the iterates out of X, which will lead to an unbounded/undefined
value. To address this “landscape” challenge in the model-based setting, [15] used an extra projection
step, which is restrictive since it requires model information as well as non-standard assumptions.
This projection step has been removed in [39] and [16], again in the case when the model is known.
Specifically, the Riccati-based arguments in [39] are tailored for the zero-sum game setting and
require assumptions that are non-standard for robust control. The implicit regularization arguments
in [16] align better with the robust control literature, by leveraging standard tools such as the KYP
lemma. However, the arguments in [16] only apply to the setting with a known model, as they rely on
a specialized “perturbation technique” which may potentially generate arbitrarily small “margins"
between the iterates and the boundary of the robustness feasible set. Such an argument cannot be
directly applied to our model-free setting where a uniform margin is required for provable tolerance
of statistical errors, when “samples” are used to estimate the policy gradients. Our work has overcome
the technical challenges mentioned above, by developing the first implicit regularization results when
applying model-free PG methods for robust controller designs.

A.2 Notations

For a square matrix X of proper dimension, we use Tr(X) to denote its trace. We also use || X||
and || X||r to denote, respectively, the operator norm and the Frobenius norm of X. If X is further
symmetric, we use X > 0 to denote that X is positive definite. Similarly, X > 0, X <0, and X <0
are used to denote X being positive semi-definite, negative semi-definite, and negative definite,
respectively. Further, again for a symmetric matrix X, Ap;,(X) and A, (X) are used to denote,
respectively, the smallest and the largest eigenvalues of X. Moreover, we use (X,Y) := Tr(XTY)
to denote the standard matrix inner product and use diag(Xy,--, X)) to denote the block-diagonal
matrix with X, ---, X on the diagonal block entries. In the case where Xy =X; =---=Xy =X, we
further denote it as diag(X™). We use x ~ N/ ( #, X) to denote a Gaussian random variable with mean
p and covariance X and use ||v| to denote the Euclidean norm of a vector v. Lastly, we use I and 0 to
denote the identity and zero matrices with appropriate dimensions.
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A.3 Extended Backgrounds

In this section, we first introduce two classic settings in risk-sensitive and robust control, namely
LEQG, and LQ disturbance attenuation. We then discuss, in §2.2, the challenges one confronts
when attempting to address the above two problems directly using derivative-free PG methods
by sampling system trajectories. Fortunately, solving zero-sum LQ (stochastic) dynamic games, a
benchmark setting in MARL, via derivative-free PG methods by sampling system trajectories provides
a workaround to address these problems all in a unified way, due to the well-known equivalence
relationships between zero-sum LQ dynamic games and the two aforementioned classes of problems
[25], which we will also discuss in §A.3.3.

A.3.1 Linear Exponential Quadratic Gaussian

We first consider a fundamental setting of risk-sensitive optimal control, known as the LEQG problem
[22, 27, 28], in the finite-horizon setting. The time-varying (linear) systems dynamics are described
by:

xt+1:Atxt+Btut+wt, tE{O,---,N—l},

where x; € IR represents the system state; u; € R is the control input; w; € R™ is an independent
(across time) Gaussian random noise drawn from w, ~ N (0, W) for some W > 0; the initial state
xo ~ N(0,X,) is a Gaussian random vector for some X, > 0, independent of the sequence {w;}; and
A;, B; are time-varying system matrices with appropriate dimensions. The objective function is given
by

Z

j({ut}) = %logIEexp [g( (x) Quxs +uy Ryuy) + xIT]QNxN)],
r

1l
[}

where Q; >0 and R; > 0, forall t € {0,---, N — 1}, and Qp > 0 are symmetric weighting matrices;
and 8 > 0 is a parameter capturing the degree of risk-sensitivity, which is upper-bounded by some
B> 0123, 28, 29].

The goal in the LEQG problem is to find the [7-minimizing optimal control policy pj : (R™ X R%)! x
R™ — R? that maps, at time ¢, the history of state-control pairs up to time ¢ and the current state
x; to the control u;, this being so for all ¢t € {0,---, N — 1}. It has been shown in [22] that y} has a
linear state-feedback form p(x;) = —Kj x;, where K; € R4X™M for all t € {0,---,N — 1}. Therefore, it
suffices to search K in the matrix space R forall t € {0,---, N —1}, without losing any optimality.
The resulting policy optimization problem is then represented as (by a slight abuse of notation with
regard to J):

N-1
min J(1Ky)) = Eloglﬁexp[ﬁ ; X (Q+ K[ Rth>xt)+x7VQNxN)]. (A1)

To characterize the solution to (A.1), we first introduce the following time-varying Riccati difference
equation (RDE):

Py, = Q; +KtTRth + (At—Bth)TﬁKm(At -BiK;), te{0,---,N-1}, Px,=0Qn, (A2)

where PK =P, + Bk, (W™ 1 -BPx,.,)” PK, .- Then, (A.1) can be expressed by the solution
to (A.2) and the exact PG can be analyzed, as follows, with its proof being deferred to §B.1.

Lemma A.1 (Closed-Form Objective Function and PG) For any sequence of {K;} such that (A.2)
generates a sequence of positive semi-definite (p.s.d.) sequence {Px,} satisfying X 1_ BPx, >0 and
_l_ﬂPKt >0, forallt €{1,---,N}, the objective function j({Kt}) can be expressed as

j({Kt}):—%logdet( — BPg, Xo) - Zlogdet —BP, W). (A.3)
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As B — 0, (A.3) reduces to Tr(Pg,Xo) + Z{il Tr(Px, W), which is the objective function of the
finite-horizon linear-quadratic-Gaussian (LQG) problem. Moreover, the PG of (A.3) at time t has
the form:

9]({Kt})

Vi, J((K}) = 3K =2[(R, + B Py, B)K, — B Py, Ad[Sk,,  te (0 N =1}, (A4)

where

1

mr o= [ (0=, W) 0= BiK] X4 (- X3 P X)X

Nl

t t—1
+Z{ [(1-BPc,, W) T (A - BiK;)|- W Wi(I-BWIP W)W

=1

[(A ~B,;K;)T(I —,BPKMW)‘I]}.

A.3.2 LQ Disturbance Attenuation

Second, we introduce the optimal LQ disturbance attenuation problem, again for finite-horizon
settings, with time-varying (deterministic) dynamical systems described by

le :Atxt+Btut+tht, zt:Ctxt"'Etut, l’E{O,---,N—l},

where x; € IR” is the system state; 1; € IR? is the control input; w, € R” is the (unknown) disturbance
input; z; € R! is the controlled output; A;, B;, C4, Dy, E; are system matrices with appropriate
dimensions; and xo € R™ is unknown. In addition, we assume that E;/ [C; E;] = [0 R,] for some R; >
0 to eliminate the cross-weightings between control input # and system state x, which provides no loss
of generality, and is standard in the literature [23, 25]. As shown in §3.5.1 of [25], a simple procedure
can transform the general problem into a form where there are no coupling terms between u and x,
satisfying the above “normalization” assumption that we have made. Subsequently, we introduce

X
the ¢?-norms of the vectors w := [xJCOT,wg,--- ,w{,_l] and z := [ZOT,-",ZN l,xNQl/2 as
N-1 1/2 1/2 1/2
llwll := {xJ CF Coxo + 5" Ihwel?} " and flzll = {C({ue), fwe) )} = {xf Quoew + T 1212}
where Qn > 0 is symmetric, and || - || in the two expressions denote appropriate Euchdean norms.

Then, the robustness of a designed controller can be guaranteed by a constraint on the ratio between
||z]| and ||w||. Specifically, the goal of the optimal LQ disturbance attenuation problem is to find the
optlmal control policy pj : (R™ x R%)! x R™ — R? that maps, at time ¢, the history of state-control
pairs until time ¢ and the current state x;, denoted as h; := {xq, -+, X;, ug, -+, U;_1}, to the control u;,
such that

o (e(tpetmn )} N (e(im o tw))
il sl ol g ol

, (A.5)

where y* = {/(B*)~! > 0 is the optimal (minimax) level of disturbance attenuation at the output
[23, 25], and recall that * is the upper bound for the risk-sensitivity parameter in LEQG. It is
known that under closed-loop perfect-state information pattern, the existence of a sequence {y}},
t€{0,---,N — 1}, is always guaranteed and p; is linear state-feedback, i.e., p*(h;) = —K{x; ([25];
Theorem 3.5). Thus, it suffices to search for K} € R™ for all t € {0,---,N — 1}, to achieve the
optimal attenuation.

The problem (A.5) can be challenging to solve to the optimum [25]. Moreover, in practice, due to
the inevitable uncertainty in modeling the system, the robust controller that achieves the optimal
attenuation level can be too sensitive to the model uncertainty to use. Hence, a reasonable surrogate
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of the optimal LQ disturbance attenuation problem is the following: Given a y > »*, find a control
policy p; = —K;x;, for all t € {0,---, N — 1}, that solves

N C(t el fwr) )}
min J({ﬂt(xt)}) IE{g,}[Z(x;—tht+u;'—Rtut)+x;'\']QNxN] st sup {( t ;l : t)} <y,
{]4] =0 xO'{wt} @
(A.6)

where Q; := C/ C, fort € {0,---,N — 1}, j({yt(xt)}) is the LQG cost of the system x;,1 = A;x; +
Byu; + D&, and & ~ N(0,1) is independent Gaussian noise with unit intensity [30]. Note that the
LQ disturbance attenuation problem in (A.6), and particularly with xy = 0, is also called the mixed
H,/H, problem [35, 30, 68, 16], when the system is time-invariant, and the horizon of the problem
N is co. To solve (A.6) using policy optimization methods, we introduce the time-varying RDE:

P, = Qi+ K R;K; + (A; - B,K;) Py, (A, —BiK;), te{0,---,N-1}, Pg, =Qn, (A7)

where Py, | := Px,, + Pk, (y*I - D,/ .., Dt)’lme. Then, two upper bounds of J and their
corresponding PGs can be expressed in terms of solutions to (A.7) (if exist) [30]. In particular, (A.8)
below is closely related to the objective function of LEQG in (A.1), and (A.9) is connected to the
objective function of zero-sum LQ dynamic games to be introduced shortly.

Lemma A.2 (Closed-Forms for the Objective Function and PGs) For any sequence of control gains
{K;} such that (A.7) generates a sequence of p.s.d. solutions (P, } satisfying Y2 - DtTPKMDt >0,

forallt€{0,---,N—1}, and )/21 — P, > 0, then two common upper bounds of the objective function
J in (A.6) are:

T({Ke}) = -y logdet(I - y~2P¢,) -y Zlogdet — 2P Dy D] ), (A8)

z

T(1Ki}) = Tr(P,) + ) Tr(P, Dt DL ) (A9)

t=1
The PGs of (A.8) and (A.9) at time t can be expressed as

_ 9T (1K:)
Vi, I (1K) = (Q(T)

where ¥y, t €{0,---,N — 1}, for the PGs of (A.8) and (A.9) are expressed, respectively, as

= 2[(R, +B] Py, B)K, — B Py, AJSk,, t€{0,,N=1), (A.10)

-1 t—1
Sk, = [ 0= Pe,y DD )T (A = BiKy) |- (1= 2P ) [ [ - Bik) T -y 2B, DiD] )]
i=0 i=0

t t—1
+ Z{ [(1-y2Px,,, DiD] )" T(A; - BiK;)|- De_y (I -y >D]_ P, Dr—1) "' D

=1 ‘Vi=1
t_

—_

[(Ai - BiK;)T(I-y 2P, D;D]")! ]}

i

Il
_

t-1
Sk, = ]_][u ¥ 2Pk, DiD] )T (A; - BiK;)(A; - BiK;)T (I -y ?P,,, DiD] ) ']
=0

—_

t t—
+Z{ [(1=y72Pk,,, DD )T (A; - BiK;)|- De-1 D,

=1 Vi=1

’ lt;l”(Ai —BiK;) (I - VZPKZ-HDI'D,'T)I]}.

i=T

The proof of Lemma A.2 is deferred to §B.2. Before moving on to the next section, we provide a
remark regarding the challenges of addressing LEQG or the LQ disturbance attenuation problem
directly using derivative-free PG methods.
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Remark A.3 (Challenges) It seems tempting to tackle LEQG or the LQ disturbance attenuation
problem directly using derivative-free PG methods, e.g., vanilla PG or natural PG methods by
sampling the system trajectories as in [11]. However; there are several challenges. First, when
attempting to sample the LEQG objective (A.1) using system trajectories (and then to estimate PGs),
the bias of gradient estimates can be difficult to control uniformly with a fixed sample size per iterate,
as the log function is not globally Lipschitz’. Moreover; for the vanilla PG method, even with exact
PG accesses, the iterates may not preserve a certain level of risk-sensitivity/disturbance attenuation,
i.e., remain feasible, along the iterations, which can make the disturbance input drive the cost to
arbitrarily large values (see the numerical examples in [16] for the infinite-horizon LTI setting).
This failure will only be exacerbated in the derivative-free setting with accesses to only noisy PG
estimates. Lastly, developing a derivative-free natural PG method (which we will show in §3.3 that
it can preserve a prescribed attenuation level along the iterations) is also challenging, because
the expressions of X, in Lemmas A.1 and A.2 cannot be sampled from system trajectories directly.
Therefore, the game-theoretic approach to be introduced next is rather one workaround.

A.3.3 An Equivalent Dynamic Game Formulation

Lastly, and more importantly, we describe an equivalent dynamic game formulation to the LEQG
and the LQ disturbance attenuation problems introduced above. Under certain conditions to be
introduced in Lemma A.6, the saddle-point gain matrix of the minimizing player in the dynamic
game (if exists) also addresses the LEQG and the LQ disturbance attenuation problem, providing
an alternative route to overcome the challenges reported in Remark A.3. Specifically, we consider
a zero-sum LQ stochastic dynamic game (henceforth, game) model with closed-loop perfect-state
information pattern, which can also be viewed as a benchmark setting of MARL for two competing
agents [69, 70, 15, 39, 71], as the role played by LQR for single-agent RL [3]. The linear time-varying
system dynamics follow

Xty1 = AgXp+ Biup + Dywy + &, t€{0,--- N -1}, (A.11)

where x; € IR is the system state, u; = p, ,(h,¢) € R? (resp., w; := Hu,t(hy ) € R") is the
control input of the minimizing (resp., maximizing) player® and Poe o (R™ x RY)! x R" — R4
(resp., pyy @ (R™ x R")" x R" — R") is the control policy that maps, at time ¢, the history of
state-control pairs up to time ¢, and state at time ¢, denoted as h,, ; := {xg, -, Xy, 1, -+, ty_1 } (resp.,
byt = {x0,-+, X, wp,-- , wi_1}), to the control u; (resp., w;). The independent process noises
are denoted by & ~ D and A;, B;, D, are system matrices with proper dimensions. Further, we
assume xg ~ D to be independent of the process noises, and the distribution D has zero mean and
a positive-definite covariance. We also assume that ||xg||, ||&]| < 9, for all ¢ € {0,---,N — 1}, almost
surely, for some constant 9*. The goal of the minimizing (resp. maximizing) player is to minimize
(resp. maximize) a quadratic objective function, namely to solve the zero-sum game

N-1

?BE sup By g ey [ Z’(xtT Qix; +u R u; — thR}”wt) +xQnxy |» (A.12)
o {w) =0

where Q; > 0, R¥,R{ > 0 are symmetric weighting matrices and the system transitions follow
(A.11). Whenever the solution to (A.12) exists such that the inf and sup operators in (A.12) are
interchangeable, then the value (A.12) is the value of the game, and the corresponding policies of the
players are known as saddle-point policies. To characterize the solution to (A.12), we first introduce
the following time-varying RDE:

P =Q,+A[ P A A, te{0,-- ,N-1), (A.13)

20ne workaround for mitigating this bias might be to remove the log operator in the objective (A.1), and
only minimize the terms after the [Eexp(:) function. However, it is not clear yet if derivative-free methods
provably converge for this objective, as exp function is neither globally smooth nor Lipschitz. We have left this
direction in our future work, as our goal in the present work is to provide a unified way to solve all three classes
of problems.

3Hereafter we will use player and agent interchangeably.

4The assumption on the boundedness of distribution is only for ease of analysis [19, 18]. Extensions to
sub-Gaussian distributions are standard and do not affect the sample complexity result, as noted by [19].
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where A, := I + (Bt(R}‘)‘lBtT - Dt(R}”)‘lDtT)PH and P}, = Qu. For the stochastic game with
closed-loop perfect-state information pattern that we considered, we already know from [26] that
whenever a saddle point exists, the saddle-point control policies are linear state-feedback (i.e.,
Py i(hy ) = =Kix; and py, ,(hy, ¢) = —Lix;), and the gain matrices K and Lj, for t € {0,---, N — 1},
are unique and can be expressed by

K; = (R})” BTP A A, (A.14) L =—(RY)” DTP 1At Ay, (A.15)
where P;,,, t € {0,---,N — 1}, is the sequence of p.s.d. matrices generated by (A.13). We next

introduce a standard assumption that suffices to ensure the existence of the value of the game,
following from Theorem 3.2 of [25] and Theorem 6.7 of [26].

Assumption A.4 RY-D/ P}

1D >0, forallt € {0,---,N—1}, where P},

1 = 0 is generated by (A.13).

Under Assumption A.4, the value in (A.12) is attained by the controller sequence ({ -K;xj}, {—L?x:}),
where K} and L} are given in (A.14) and (A.15), respectively, and xj, , is the corresponding state
trajectory generated by xj, ; = At_lAtxj + &4, for t €{0,---, N — 1} and with xj = x( [25]. Thus, the

solution to (A.12) can be found by searching K; and L} in REXM  R™XM_for all ¢ € {0,---,N —1}.
The resulting minimax policy optimization problem is

I&l? PiﬂLa}X g({Kt} {Lt}) Exy, &0 En- 1[th Qt+KTRuKt L{RYL )Xt"'xIT]QNxN]y (A.16)
t t

subject to the system transition x;,1 = (A; — B;K; — D;L;)x; + &;, for t € {0,---, N — 1}. Some further
notes regarding Assumption A.4 are provided in the remark below.

Remark A.5 (Unique Feedback Nash (Saddle-point) Equilibrium) By [25, 26], Assumption 2.1 (A.4)
is sufficient to guarantee the existence of feedback Nash (equivalently, saddle-point) equilibrium in
zero-sum LQ dynamic games ( game), under which it is also unique. Besides sufficiency, Assumption
2.1 (A.4) is also “almost necessary", and “quite tight” as noted in Remark 6.8 of [26]. In particular,
if the sequence of matrices R} — DTPtJrl D, fort €{0,---,N — 1} in Assumption 2.1 (A.4) admits any
negative eigenvalues, then the upper value of the game becomes unbounded. In the context of LEQG
and LQ disturbance attenuation (LQDA), suppose we set the system parameters of LEQG, LODA,
and game according to Lemma 2.2 (A.6), and in particular set /3’11 in LEQG, )/ZI in LODA, and
RY in the game to be the same. Then these three problems are equivalent as far as their optimum
solutions go (which is what we seek). Due to this equivalence, Assumption 2.1 (A.4) is a sufficient
and “almost necessary" condition for the existence of a solution to the equivalent LEQG/LQDA.
Specifically, if the sequence of matrices R} — DTP;HDt for t €{0,---,N — 1} in Assumption 2.1
(A.4) admits any negative eigenvalues, then no state-feedback controller can achieve a y-level of
disturbance attenuation in the equivalent LODA, and no state-feedback controller can achieve a

B-degree of risk-sensitivity in the equivalent LEQG.

Lastly, we formally state the well-known equivalence conditions between LEQG, LQ disturbance
attenuation, and zero-sum LQ stochastic dynamic games in the following lemma, and provide a short
proof in §B.3.

Lemma A.6 (Connections) For any fixed y > y* in the LQ disturbance attenuation problem, we can
introduce an equivalent LEQG problem and an equivalent zero-sum LQ dynamic game. Specifically, if
we set 5~ 'I,R,, CTCt, W in LEQG, 7/21 R;,C/ C;, DD, in the LQ disturbance attenuation problem,
and RY ,Rt”, Qi Dy Dt in the game to be the same, for all t € {0,---,N — 1}, then the optimal gain
matrices in LEQG, the gain matrix in the LQ disturbance attenuation problem, and the saddle-point
gain matrix for the minimizing player in the game are the same.

By the above connections and Remark A.3, we will hereafter focus on the stochastic zero-sum LQ
dynamic game between a minimizing controller and a maximizing disturbance, using PG methods
with exact gradient accesses in §3, and derivative-free PG methods by sampling system trajectories in
§4. As a result, the minimizing controller we obtain solves all three classes of problems introduced
above altogether.
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A4 Compact Formulations

In this section, we re-derive the game formulations in §2.3 (and equivalently, §A.3.3), with linear
state-feedback policies for the two players, using the following compact notations:

x= [XJ'“"J‘KJ]T' u= [ug,...,,&_lr, w= [wg,...,w;]_l]T, £= [xoT’ (EJ""ME]T]_JT:
_ O L _ [ OmxdN b l OmxcnN
diag(Ag, -+, AN-1)  OmNxm | diag(Bo,--,BN-1) diag(Do,---,DN-1)
Q =[diag(Qo,+++,QN)], R* =[diag(RY, - Ry )], RY=|diag(RY, -, RY ;)]
K =[diag(Ko, -+ Kn-1)  Oanscm], L= [diag(Lo,; IN-1) O]
With the above definitions, the game in §2.3 is characterized by the transition dynamics

x=Ax+Bu+Dw+&=(A-BK-DL)x+¢, (A.17)

’ ’

where x is the concatenated system state, u = —Kx (respectively, w = —Lx) is the linear state-
feedback controller of the minimizing (resp., maximizing) player, and A, B, D are the system matrices
in their corresponding compact forms. Note that A is essentially a nilpotent matrix with degree of
N +1 (i.e. a lower triangular matrix with zeros along the main diagonal) such that AN*! = 0. Also,
& is a vector that concatenates the independently sampled initial state x, € D and process noises
& €D, te{0,---,N —1}. The objective of the minimizing (resp. maximizing) player is to minimize
(resp. maximize) the objective function re-written in terms of the compact notation, that is to solve

igf sup G(K,L) :=Eg [xT(Q +K"R"K - LTR"’L)x] (A.18)
L
subject to the transition dynamics (A.17).

An Illustrative Example: Let us now consider a scalar example with N,n,m,d = 1 with the
following concatenated notations:

=0 _|* U pwy — u pw |0 o0 10 10

x—[xl], 5_{50}' (u,w,R",R") = (ug, wo, Ry, Ry), A= Ay O B= B, | D= Do
Q O

Q= , K=|Ky 0|, L=[Ly O]

Then, the system dynamics of the game and the linear state-feedback controllers are represented as

Ax+Bu+Dw+& — *o 0 0] |¥o + 0 + 0 + 0
X =AX u w = . U -wW
X1 Ay 0] |x1 By 0 Dy 0 &o

wmkx = w=-[ko o]\ woix = wo=-[r o]}

x=(A-BK-DL)x+¢& — [if]=( Ifo gHBOO '[KO 0]‘[130]'[“) 0]][2]+[22]

X0 0 0] [xo X0 X0
= = . + = .
X1| |Ap—BoKo—-DoLo 0| |x1| |&o| [(Ao—BoKo—DoLg)xo+&p

Moreover, we define Ak, 1, := Ag—BoKo—DoL, and establish the equivalence between the recursive
Lyapunov equation (3.3) and its compact form (3.4) such that

Pcp=(A-BK-DL)"P(A-BK-DL)+Q+KT"R*K-LTRYL

’

Pty O | [ 0 0] [Pty O 0 0] [Qo+KJRUKy-LoR¥Ly O
0 PKl,Ll AKOILO 0 0 PK1,L1 AKO!LO 0 0 Ql
Pote 0| _ ARy 1o PK1 L AKy Ly + Qo + Kg RjKo —LoRG'Loy 0
0 Px, L, 0 Q4
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Next, we note that the solution to (3.5), Xk 1, is also a recursive formula in the compact form, such
that

Yk, =(A-BK-DL) g (A-BK-DL)T +%

E xpx, 0 0 0] |xoxg 0 0 ol" E xpx] 0
0 x1xT T Ak L 0 0 T||AKk,L 0 * 0 T
1% o-Lo X1%, oLo &o0&y
'xoxg 0 | xoxoT 0
— E 0 T =E 0 A T .
X1%p Ko,LoX0%g Ag 1, T 0&0

This completes the illustrative example.

A.5 Extended Discussions

Remark A.7 (Double-Loop Scheme) Our double-loop scheme, which has also been used before in
[15, 39], is pertinent to the descent-multi-step-ascent scheme [72] and the gradient descent-ascent
(GDA) scheme with two-timescale stepsizes [51, 73, 74] for solving nonconvex-(non)concave minimax
optimization problems, with the number of multi-steps of ascent going to infinity, or the ratio between
the fast and slow stepsizes going to infinity (the T-GDA scheme with T — oo [51, 74]). Another
variant is the alternating GDA (AGDA) scheme, which has been investigated in [53] to address
nonconvex-nonconcave problems with two-sided PL condition. However, unlike this literature, one
key condition for establishing convergence, the global smoothness of the objective function, does not
hold in our control setting with unbounded decision spaces and objective functions. In fact, as per
Lemma 3.3, a non-judicious choice of K may lead to an undefined inner-loop maximization problem
with unbounded objective. Hence, one has to carefully control the update-rule here, to ensure that
the iterates do not yield unbounded/undefined values along iterations. As we will show in §D.4, it
is not hard to construct cases where descent-multi-step-ascent/AGDA/t-GDA diverges even with
infinitesimal stepsizes, similar to the negative results reported in the infinite-horizon setting in [60].
These results suggest that it seems challenging to provably show that other candidate update schemes
converge to the global NE in zero-sum LQ games, except the double-loop one, as we will show next.

Remark A.8 (IR) Suppose that the initial control gain matrix satisfies Ky € K. Then Lemma A.6
shows that K is the control gain matrix that attains a y-level of disturbance attenuation. By the
implicit regularization property in Theorem 3.7, every iterate Ki € KC for all k > 0 following the
NPG (3.17) or the GN (3.18) update rules will thus preserve this y-level of disturbance attenuation
throughout the policy optimization (learning) process. Theorem 3.7 thus provides some provable
robustness guarantees for two specific policy search directions, (3.17) and (3.18), which is important
for safety-critical control systems in the presence of adversarial disturbances, since otherwise, the
system performance index can be driven to arbitrarily large values.

Remark A.9 When solving LEQG and LQ disturbance attenuation (LQDA) problems using the pro-
posed double-loop derivative-free PG methods (cf. Algorithms 1 and 2), we exploited the equivalence
relationships in Lemma 2.2 to construct and solve an equivalent zero-sum LQ game. We comment on
how to construct such an equivalent game problem in the model-free setting where only oracle-level
accesses to the LEQG and LODA models are available.

Suppose that one would like to solve the LODA problem by solving the equivalent zero-sum game;
then, the only information needed is oracle-level accesses to the LQDA model (cf. §2.2). In particular,
for a fixed sequence of gains K; and any sequence of disturbances w;, we assume that this LODA
oracle can return the ||z|| as defined in §2.2. Then, the LQDA oracle with an additionally injected
sequence of independent Gaussian noise (with any positive definite covariance matrix) suffices to
serve as the oracle for our double-loop derivative-free PG algorithms (for the stochastic game).
Therefore, no explicit knowledge on the system parameters (A;, By, Dy, Cy, Ey, ) is needed.

However, if one would like to solve the LEQG problem by solving an equivalent zero-sum game,
one will need knowledge of W (to build-up the black-box sampling oracle/simulator, but still, the
exact value of W is not revealed to the learning agent) in addition to oracle-level accesses to the
original LEQG model (cf. 2.1). Also, explicit knowledge of the parameters (A, By, Qy, Ry, ) is not
required. We would like to note that the assumption on the knowledge (and/or the availability of the

25



estimate) of W is reasonable for a large family of control applications where system dynamics and
disturbance can be studied separately. For example, consider the risk-sensitive control of a wind
turbine. The turbine dynamics and the wind information can be gathered separately. One can identify
W by looking at the past wind data. Similar situations hold for many aerospace applications where
the properties of process noise (e.g. wind gust) can be estimated beforehand.

B Proofs of Main Results

B.1 Proof of Lemma A.1

Proof Since xy ~ N(0,Xy), wg, -+, wn_1 ~ N(0,W), Py, 20 for all ¢, Xal - BPx, > 0, and
w-l- ﬁPKt >0, forall t € {1,---,N}, we have by Lemma C.1 of [16] that the objective function of
LEQG can be represented by (A.3). Also, the conditions that X, 1_ ﬂPKO >0and W1 — BPx, >0,
for all ¢ € {0,---, N}, ensure the existence of the expression X, , which can be verified through
applying matrix inversion lemma as in (B.1). Thus, the existence of the expression Vi, J ({Kt}) is

also ensured, for all t € {0,---, N — 1}. Let us now use VK, to denote the derivative w.r.t. K;. Then,
forte{1,---,N — 1}, we have

Vi, J({Ki}) = —%Tr{(l ~ BPx,Xo)™ " +[Vi, (I - BPk, Xo) }— 2 ZTT{ Bk, W)+ [Vk, (I —ﬁPKTW)]T}

t
= e[ (I - BPk, Xo) ™" - Vi, (Py Xo)| + ) T (1 = BPi, W)™ Vg, (P, W)

=1
t
= Te[ Vi, P, - Xo(I - BP, X0) ' | + ZTr[VKtPKT WL =P, W)
=1

1

= Tt Vg, Px, - X ]( ,sx P, X( 1X2] ZTr[VK,PK W —[)’W%PKTW%)‘1W7],

where the first equality is due to Vylogdet X = X~ T, the chain rule, and the fact that Py, for all
€{t+1,---,N}, is independent of K;. The second and third equalities are due to the cyclic property

of matrix trace, Tr(ATBT) = Tr(AB), and that X, W are independent of K;. The last equality uses
matrix inversion lemma, such that for V € {X,, W}:
V-(I-BPV) = VII-pViPVi)yly2 (B.1)

1 1

Then, by the definition of the RDE in (A.2) and defining M, := X, (I ﬁX Px,Xg )~ 1XOZ, M; =
W3(I-BW 2P W2) ' W forall £ € {1,--,N — 1}, we have:

t
Vie (0, N-1), VgJ((K))= ZTr[VKtPKT M|

t—1
= ) TVi, P, - Mc|+2[ (R + B] Py, B)K, — B Py, A M,
7=0

+
=

r[(At - BK;)" 'VK,P}QH (A= Bth)Mt]

T
L

= Tr[VKtPKT -MT] + 2[(Rt +B] B, By)K; - BtTE(MAtMt],

~
I}
o

where the last equality is due to ﬁKm not depending on K; and thus Vg, E<,+1 = 0. Then, for all
te{l,---,t—1}, we first recall the definition that 13}([ =Px, + ﬁPKT(W_1 - ﬁPKT)_lPKT, and then
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take the derivatives on both sides with respect to K; to get
Vi B, = Vig | P, + BB (W™ = P, P, | = Vig (T BPic, W) i |

= (L= P, W)™ - Vi, P, - W (I = BB, W)™ P, + (I = BPe W)™ Vi P,
= (1= B, W)™ Vi P, [W2(B T - W2P W2) T WEP +1]
=(I-pPc W)™ Vg P -(I-pWP )t =(I-pP W)™ Vg P -(I-BP. W)T,
where the second and the fifth equalities use matrix inversion lemma, the third equality uses
Vx(P~1)=—-P~1.VxP- P!, and the fourth equality uses (B.1). Now, for any 7 € {0,---, ¢ — 1}, we
can iteratively unroll the RDE (A.2) to obtain that
TV, Py, - M| = 2[ R, +B] Py, B)K, ~ B Py, A(]

-1

]_H —BPx, W) (A - BiKi)] "M, - ]_[ [(Ai —B;Ky)T(I-BP¢, W) ]

Taking a summation proves the PG expression in (A.4). |

B.2 Proof of Lemma A.2

Proof We first prove the policy gradient of (A.8). By the conditions that y?I—D,” Px,,, Dt > 0, forall
tef{0,---,N —1},and y°I - P, > 0, the expression Y, exists and thus the expression VK,7({Kt})

exists, for all t € {0,---, N — 1}. Then, the PG expression of (A.8) follows from the proof of Lemma

A.1 by replacing p~! and W therein with y? and D,D,", respectively, and also replacing the X in
the expression of X, by I. Next, we prove the PG of (A.9) w.r.t. K;. Let us now use Vg, to denote

the derivative w.r.t. K;. Then, for ¢t € {0,---, N — 1}, we have
t t
Vi, J((Ks)) = Te Vi, P, | + ZTr[VKt(PKTDT_lDI_l)] = Te[Vk, Pk, | + ZTr[D;r_l -V, Pk, -Dr1
=1 =1

where the first equality is due to that P , for all T € {t +1,---, N}, does not depend on K;. Recalling
the RDE in (A.7), we can unroll the recursive formula to obtain
Tr[VKt PKO] = 2[(Rt +B/ Pk, Bi)K; - B[ P, At]
t-1
| @ -72Pe,,, DD )T (A - BiKi)(A; - BiKy) T (1 -y 2Pk, DiD;]) ™|
i=0
Moreover, for any 7 € {1,---,t}, we have

T Th, TP,
Tr[DFl -V, P, - DT_l] = 2[(Rt +B] Pk, Bi)K¢ - B[ Px,,, At]

t-1 -1
| [[@-v"2Pc,, DiD] )T (4 - Biki)|- Do DI [ (A = Bik) T -y 2By, DiD] ).
i— i=T

Taking a summation proves the expression of the policy gradient in (A.10). |

B.3 Proof of Lemmas 2.2 and A.6

Proof The equivalence relationships are proved in three parts. Firstly, by Chapter 6.4, page 306 of
[26], the discrete-time zero-sum LQ dynamic game with additive stochastic disturbance (zero-mean,
independent sequence), and with closed-loop perfect-state information pattern, admits the same
saddle-point gain matrices for the minimizer and the maximizer as the deterministic version of the
game (that is, without the stochastic driving term).

Subsequently, by Theorem 4.1 of [24], we can introduce a corresponding (deterministic) zero-sum LQ
dynamic game with R} = )/ZI for any fixed y > y™ in the LQ disturbance attenuation problem. Then,
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if we replace R't”, R{, Q; in the deterministic version of the game presented in §2.3 by yZI , Ry, CtT C;
in §2.2, respectively, for all € {0,---, N — 1}, and also set other shared parameters in §2.3 and §2.2
to be the same, the saddle-point gain matrix for the minimizing player in that game is equivalent to
the gain matrix in the disturbance attenuation problem.

Lastly, by §VLB of [22] and if we replace RY,RY, Q;, D;D," in the deterministic version of the game
presented in §2.3 by ﬁ’ll,Rt, CtTCt, W in §2.1 for all t € {0,---,N — 1}, and also set other shared
parameters in §2.3 to be the same as the ones in §2.1, then the deterministic zero-sum LQ dynamic
game is equivalent to the LEQG problem with perfect state measurements, in the sense that the
optimal gain matrix in the latter is the same as the saddle-point gain matrix for the minimizing player
in the former. This completes the proof.

B.4 Proof of Lemma 3.1

Proof We first prove that for a fixed K € K, the optimization problem with respect to L can be
nonconcave, by establishing an example of the game. Here, K is the feasible set as defined in (3.9),
which ensures that for a fixed K, the solution to the maximization problem with respect to L is well
defined. Specifically, we consider a 3-dimensional linear time-invariant system with A; = A, B; = B,
D; =D, Q; =Q, R{ =R", and R} = RY for all ¢, where

1 0 -5 1 -10 05 0 0
A=|-1 1 O}, B:[O 3 1], D=0 02 0],
0 0 1 -1 0 2 0 0 02
2 -1 0 4 -1 0
Q=|-1 2 —1], RtY=1-1 4 -2 R¥=5.1
0o -1 2 0 -2 3

Also, we set ¥y = I, N = 5, and choose the time-invariant control gain matrices K; = K, L} =L,
1 2
L? =121} =1%= L3 for all t, where

-0.12 -0.01 0.62 -0.86 0.97 0.14 -0.70 -0.37 0.09
K=|-021 o014 o015/, L'=|-082 036 051 L*=|-054 -028 0.23
-0.06 0.05 0.42 0.98 0.08 -0.20 0.74 0.62 -0.51

The concatenated matrices A, B, D, Q,R*,R%, K, L, L2, L3 are generated following the definitions
in §3. Then, we first note that K € K holds, as P, k) > 0 exists and one can calculate that
Amin(RY =D B¢ 1k)D) = 0.5041 > 0. Subsequently, we can verify that (g(K,Ll) + g(K,LZ))/z -
G(K,L3) = 6.7437 > 0. Thus, we can conclude that there exists a K € K such that the objective
function is nonconcave with respect to L. Next, we prove the other argument by choosing the
following time-invariant control gain matrices L; = L, Kt1 =K 1, Kt2 =K 2, K? = K3 for all t, where

1.44 031 -1.18 -0.08 -0.16 -1.96 Kl 4 k2
L=0, K'=[003 -0.13 -0.39|, K?’=[-013 -1.12 1.28| K°= TR
0.36 -1.71 0.24 1.67 -091 1.71

Following similar steps, we can verify that (Q(Kl, L)+G(K?, L))/Z —G(K3,L)=-1.2277x10° < 0.
Therefore, there exists L such that the objective function is nonconvex with respect to K. |
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B.5 Proof of Lemma 3.2

Proof Forte{0,---,N — 1}, we can define the cost-to-go function starting from time f to N as G;.
Recalling the definition of P, 1, in (3.3), we can write G; as

N-1 N-1
_ T T _ T T
Gt = By s (0 PRAL A+ ) &L PR L o) = B ] P e+ B ) 67 Py &)
T=t =t
=By, {x] (Q¢ + K R{Ky = LT RY Ly )xy +x] (A = BiKy = DyLy) Py, 1., (Ag = ByKy = DiLy)x
N-1
.
+ ]Eétr“'réN—l{ Z Ee PRy Loy 51}-
=t

We denote Vy G := g—i’; for notational simplicity, and note that the last term of the above equation does

not depend on L;. Then, we can show that VG, = 2[(—R7t" + DtTPKm,Lm Dy)L; - DtTPKm’Lm (A;—

Bth)] IExr{xtxtT}. By writing the gradient of each time step compactly and taking expectations
over xg and the additive noises {&,...,En_1} along the trajectory, we can derive the exact PG of
G(K, L) with respect to L as V1 G(K,L) = 2[(~RY + DT B¢ 1 D)L - D B¢ 1 (A - BK)|Sk 1, where
Yk 1 is the solution to (3.5). Using similar techniques, we can derive, for a fixed L, the PG of
G(K, L) with respect to K to be VgG(K,L) = 2[(R” +BT B B)K —B P 1 (A- DL)]ZK,L. Since
X being full-rank ensures that X ; is also full-rank and we have Vg G(K,L) = V;G(K,L) =0 at
the stationary points, the PG forms derived above imply

K=(R"+B BB 'B"Bc (A-DL), L=(-RY+D B ;D)'D"F(A-BK) (B.2)

where by assumption, we have RY —D TP ;D > 0, and R* + BT B¢ [ B > 0 is further implied by
Pk, > 0 (and thus they are both invertible). Therefore, we can solve (B.2) to obtain

K =(R")"' BT B[+ (B(RY)'BT —D(Rw)’lDT)PK’L]_lA,
L=—(RY)"'DT B [1+(B(R")"'BT —D(Rw)—IDT)PK,L]‘lA,

which are (A.14) and (A.15) in their corresponding compact forms. Moreover, at the Nash equilibrium,
the solution to (A.13) in its compact form, denoted as P, is also the solution to the Lyapunov equation

P'=Q+(K")"TR"K*—(L")'R"L*+(A-BK*-DL*)"P*(A-BK*-DL").

Lastly, under Assumption A.4, the solution to the RDE (A.13) is uniquely computed. As a result, the
stationary point of G(K, L) is also the unique Nash equilibrium of the game. This completes the
proof. |

B.6 Proof of Lemma 3.3

Proof Let the sequence of outer-loop control gains {K;}, t € {0,---,N — 1}, be fixed. To facilitate
the analysis, we first construct a sequence of auxiliary zero-sum LQ dynamic games, denoted
as {l"dt}, t €{0,---,N — 1}, where each l"dt has closed-loop state-feedback information structure.
Specifically, for any ¢, I; starts from some arbitrary X and follows a deterministic system dynamics

Xgs1 = A Xy + B i, + D w, for a finite horizon of N — ¢, where

Ar=Ape =B Ky, Bri=0, Di:=Dyyy, U =-KiXe ==Ky Xy, Wi =-LiXe

The weighting matrices of Ij;, are chosen to be 6, = Qiprs ﬁ: := R¥ _, and ﬁ;u := R¥,_ for

t+1° t+7
all T € {0,---,N—t—1} and Qy_, = Qy. Moreover, for any sequence of control gains {L,},
7€{0,---,N—t—1}in [,, we define {PZT}’ T €{0,---,N —t}, as the sequence of solutions generated

by the recursive Lyapunov equation

e e
Pr =Q.+K RyK;~L Ry Lo+ (A ~D;L)"P;_ (A,-D.L;), Pr_ =Qn- (B3)

Les
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Then, for any t € {0,---,N — 1}, Theorem 3.2 of [25] suggests that th admits a unique feedback

saddle-point if the sequence of p.s.d. solutions {P.}, T € {0,---, N —t}, computed by the recursive
Riccati equation

= = =T=u= —T= = —T= = =w —=T= = \_{=T= - = —
P =0Q.+K; RZKT +ALPrAg +ATPT+1DT(RLTU_DTPT+1DT) 1Dr Pri1Ar, Pyt =Qn-t
(B.4)

exists and satisfies
RV-D,P1D,>0, t€{0,-,N—t—1}. (B.5)
Whenever exist, the saddle-point solutions at time 7, for any T € {0,---, N — t — 1}, are given by
— . —_ v =T= =\ |=T5 5 —
W, =0, Wy=-L% =(R; —D;Pry1Dy) "' D, Pryi A, (B.6)
Moreover, the saddle-point value of I, is Egﬁofo and the upper value of I;;, becomes unbounded

L sw =Ts = .
when the matrix R:j —D, P,,1D, has at least one negative eigenvalue for at least one 7 € {0,---, N —
t — 1}. Further, since the choice of X, was arbitrary, it holds that Py > Py, for any sequence of

{L}, T €{0,---,N —t—1}. Because the above properties hold for all I, , t € {0,---,N — 1}, we can
generate a compact matrix P r(x) € R"N*1m(N+1) by putting Py, for each I, t €{0,---,N — 1},
sequentially on the diagonal and putting Qy at the end of the diagonal. The resulting Fx 1 (k) then
solves (3.8), and satisfies Fx (k) > F,1, for all L € S(n,m,N), where Fx 1 is computed by (3.4).

Subsequently, we construct an auxiliary zero-sum LQ dynamic game I with closed-loop state-
feedback information pattern, using compact notations. In particular, I[; has a horizon of N and a

(stochastic) system dynamics being X = AX + Bu + Dw + &, where the initial state is some arbitrary
Xo and

A:=A-BK, B:=0, D:=D, &:=[x],&],.&,|, #=-Ki w=-I%

We assume that x, &g, -+, En_1 ~ D are zero-mean and independent random variables. The weight-
ing matrices of T are chosen to be Q := Q, R":= R*, and R":=Rv. By Corollary 6.4 of [26], I is
equivalent to I;;, above in that the Riccati equation (B.4) and the saddle-point gain matrices (B.6) are
the same for [ and I, .

Note that for a fixed outer-loop control policy # = —Kx, the inner-loop subproblem is the same as I,
in that I essentially absorbs the fixed outer-loop control input into system dynamics. Therefore,
the properties of I, which are equivalent to those of Ij; , apply to our inner-loop subproblem.
Specifically, (3.8) is a compact representation of (B.4) and (3.9) is the set of K such that (B.4) admits
a sequence of p.s.d. solutions satisfying (B.5). Therefore, K € K is a sufficient and almost necessary

condition for the solution to the inner-loop to be well defined, in that if K ¢ E, the inner-loop
objective G(K,-) can be driven to arbitrarily large values. Whenever the solution to the inner-loop
exists, it is unique and takes the form of (3.10). This completes the proof. |

B.7 Proof of Lemma 3.4

Proof Let K € K be fixed. First, the nonconcavity of the inner-loop objective G(K, -) follows directly
from Lemma 3.1. Then, we have by (3.9) and the definitions of the compact matrices that Py, 1(x,) = 0

exists and satisfies R}’ — D:PKM,L(KM)Dt >0, forall t € {0,---,N — 1}. Also, for any sequence of
{L;}, the sequence of solutions to the recursive Lyapunov equation (3.3), {Px, 1,}, always exists and
is unique: by Lemma 3.3, it holds that Py, 1(k,) > Pk,,r, and thus RY - D:PKM’LH1 D; > 0 for all
t€{0,---,N —1}. Now, for any t € {0,---, N — 1}, we have by (3.3) that

Px, 1, = (A; = BiK; — DtLt)TPKM,LM (A; —B;K; —D;Ly)+ Q; + K/ R{K; — L RY'L,
= (A - Bth)TPKHI,LM (A;—BiK) + Q; + K/ R{K, — (A, - Bth)TPKM,LM D;L;
- L{ D[ Px,., 1,,, (A = B{K;) = L] (RY = D/ Px, . 1,,, D¢)Ly. (B.7)

Note that as ||L;|| — +oo, the quadratic term in (B.7), with leading matrix —(R}’—D/ P, , 1,.,D;) <0,
dominates other terms. Thus, as [|L|| — +co for some t € {0,--+,N — 1}, Apin(Pg,1,) = —00,
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which further makes A (B¢,p) — —co. In compact forms, this means that A, (Bc,p) — —oo as
IL]] = +o0. By (3.2), the inner-loop objective for a fixed K € K and any L € S(n,m, N) has the
form of G(K, L) = Tr(Px, 1 X), where X > 0 is full-rank. This proves the coercivity of the inner-loop
objective G(K, ).

Moreover, for a fixed K € K, as P 1 is a polynomial of L, G(K,-) is continuous in L. Combined
with the coercivity property and the upper-boundedness of G(K,-) for K € K, we can conclude
the compactness of the superlevel set (3.12). The local Lipschitz and smoothness properties of
G(K,-) follow from Lemmas 4 and 5 of [19], with their A, B, Q,R,K matrices replaced by our

A-BK,D,Q+KTR"K,-RY, L, respectively. Note that the property ||Z k|| < ()2) in the proof of

Lemma 16 in [19] does not hold in our setting as we only assume Q > 0 and Q +K TR”K may not be
full-rank. Instead, we utilize the fact that L (a) is compact, and thus there exists a uniform constant
Cy,q := MaXrer (a) | Xk, Ll such that || g r|| < ¢y, for all L € Lk (a). Subsequently, we note that for
all L € Lg(a), the operator norms of the PG (3.13) and the Hessian, which are continuous functions
of L, can be uniformly bounded by some constants Ik , > 0 and g , > 0, respectively That is,

Ikq:= ngi)((a) ”VLQ(K,L) , WYra: _Lmax ||VLQ K,L ” _ngax Yhin

where VIZ_Q (K,L)[X, X] denotes the action of the Hessian on a matrix X € S (n, m, N). The expression

of V%Q(K,L)[X,X ] follows from Proposition 3.10 of [14], with their R, B, X, Y, Ak being replaced
by our -RY,D, B 1,Xk 1,A — BK — DL, respectively. This proves the global Lipschitzness and
smoothness of G(K, -) over the compact superlevel set Lg (a).

To prove the PL condition, we first characterize the difference between Fx 1 and Fx 1 (k) as
Berx)—Fer = AI—;L(K)(H(,L(K) — B 1)Ak L)+ (L(K)-L)TEg 1
+Eg 1 (L(K)~L) - (L(K) - L) Hg r(L(K) - L),
where Ak (k) :=A—BK-DL(K). By Lemma 3.3 and K € K, we can conclude that for all L, the

inequality Hg 1 > 0 holds because Fx 1 (k) > Px,r for all L € S(n,m,N). Then, by Proposition 2.1(b)
of [14], we have that for every ¢ > 0,

(L(K)=L)"Eg,p +Eg ; (L(K) - L) < —(L(K) - L)"(L(K) - L) + Eg 1 Ex 1.

1

¢

Choosing @ = 1/A iy (Hg 1) yields

Eg1ExL - Eg1ExL

Amin(Hk,L) = Amin(Hk,L(k))’
(B.8)

where the last inequality is due to Hg yx) < Hg ,YL € S(n,m,N). Let Y be the solution to

E]l  E
Y = A 1o YAk LK)+ —XLEL . From (B.8), we further know that P p(x)— B,y <Y and Y =

(L(K)~L)TEg,L +Eg 1 (L(K) -~ L) - (L(K) -~ L) "Hg,(L(K) - L) <

( /\mm(HKL( )
E} E
No [A ] AmlfIL{KKLL [AKL ] Therefore, letting Xg (k) = ):fio[AK,L(K)]tZO[AITCL(K)]t,
we have
G(K,L(K)) - G(K,L) = Tr(Zo (B¢, L (k) ~ P,1)) < Tr(ZoY)
N Eg 1 E I kL (k)
t K,LEKL t K,L(K)
=Tr[ X ( Al _—— )57% E} . E B.9
( 0 ;’[ K'L(K)] mln(HKL [ KLK)]) /\min(HK,L(K)) ( KL Kr) ( )
Xk, L)l Xk, L)l
< : Tr(X g ;Ex 1 EKLEK,L) < Tr(VLG(K,L)TVLG(K,L)).
/\min(HK,L(K))/\rznin(zK,L) KLTKL 4Amin(Hg, L(K (Pz

Inequality (B.9) follows from the cyclic property of matrix trace and the last inequality is due to
Yy < Xk 1. Hence,

Xkl

G(K,L(K))-G(K,L)< Tr(VLG(K,L)"VLG(K, L))
4/\m1n(HKL )(PZ t t
Substituting in pg = 4Amin (Hg 1k )¢2/||):K L(k)ll completes the proof. |
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B.8 Proof of Lemma 3.5

Proof The nonconvexity proof is done by constructing a time-invariant example, which chooses
Yo =1 and N = 5. We further choose the system matrices tobe A; = A, B, =B, D; =D, Q; = Q,
R{ =R", and R} = RY for all t, where

1 0 -5 1 -10 0 05 0 0
A=]-1 1 Ol, B:‘O 3 1, D=0 05 0]
0 0 1 -1 0 2 0 0 05
3 -1 0 2 1 1
Q=(-1 2 -1f, R*=|1 3 —1},
0 -1 1 1 -1 3

and RY = 7.22543 - 1. We also choose the time-invariant gain matrices K 1K L Kt2 = K2, and
Kt3 = K3, where

~0.8750 1.2500 —2.5000 ~0.8786 1.2407 -2.4715
kK'=[-0.1875 0.1250 0.2500 |, K?=|-0.1878 0.1237 0.2548 |, K3
~0.4375 0.6250 —0.7500 ~0.4439 0.5820 -0.7212

The concatenated matrices A,B,D,Q,R"*,R%,K 1 K2, K3 are generated following the def-
initions in §3. Subsequently, we can prove that K',K?, K> € K by verifying that the
recursive Riccati equation (3.8) yields p.s.d. solutions for K',K? K3, respectively, and
Amin(Hg1 px1)) = 4.3496 x 107%, Apin(Hg2 px2) = 0.1844, Apin(Hgs px3)) = 0.0926.
Then, we can compute that (G(K',L(K')) + G(K?,L(K?)))/2 - G(K?,L(K%)) = -0.0224 < 0.
Thus, we can conclude that G(K,L(K)) is nonconvex in K. Subsequently, we show that the

outer loop is noncoercive on K by a scalar example with N = 2 and time-invariant system
matrices being A; = 2, B = D, = Q; = R} =1, and R} = 5, for all t. Then, we con-

2-¢ 0 0] e K, Ve € (0,%)- It can be observed that

_K'+K?
==

0 2-¢ 0

lim._,o, G(K¢ L(K€)) = 11 < oo, while lim._,q, K¢ € JK, for € € (0, %). Therefore, G(K, L(K)
is not coercive. Lastly, by Lemma 3.2, the stationary point of the outer loop in /C, denoted as
(K*, L(K™)), is unique and constitutes the unique Nash equilibrium of the game. ]

sider the gain matrix K¢ = [

B.9 Proof of Theorem 3.6

Proof We prove the global convergence of three inner-loop PG updates as follows:

PG: For a fixed K € K and an arbitrary L that induces a finite G(K, L)), we first define superlevel
sets Lx(G(K,Ly)) and Lg(a) as in (3.12), where a < G(K, L) is an arbitrary constant. Clearly, it
holds that Ly € Lx(G(K, Ly)) C Lk (a) and thus Lg(G(K, L)) is nonempty as well as compact (as

shown before in Lemma 3.4). Next, denote the closure of the complement of Lg(a) as (Lk(a))¢,

which is again nonempty and also disjoint with Lg(G(K, Lg)), i.e., Lx(G(K, L)) N (Lk(a)) = @,
due to a being strictly less than G(K, L). Hence, one can deduce (see for example Lemma A.1 of

[75]) that, there exists a Hausdorff distance o, > 0 between L (G(K, L)) and (L (a))¢ such that for
agiven L € Lx(G(K,Ly)), all L’ satisfying ||L” — L||p < 9, also satisfy L’ € Lk (a).

Now, since Ly € Lk (G(K, Ly)), we have [V G(K, Lol < Ik g(k,L,)» Where Ik g(k L) is the global

Lipschitz constant over Lk (G(K, Ly)). Therefore, it suffices to choose 7y < Ie g?;L ) to ensure that
JG(K,Lg

the one-step “fictitious” PG update satisfies Ly + 170V G(K, L) € Lk (a). By Lemma 3.4, we can
apply the descent lemma (for minimization problems) [76] to derive:

2
G(K, Lo) ~ G(K, Lo + V1 G(K, Lg) < o(V2G(K, L), ViG, Lo)) + 254w, 6o, L .

Thus, we can additionally require 1y < 1/1k,, to guarantee that the objective is non-decreasing
(i.e., Lo+ 1oVLG(K, Ly) € Lk (G(K, Ly))). This also implies that starting from L + 1oV G(K, Ly),
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taking another “fictitious” PG update step of 170V G(K, Ly) with 119 < min{6,/Ik gk L), 1/¥K a}
ensures that Ly + 210V G(K, Ly) € Lk (G(K, Ly)). Applying the same argument iteratively certifies
that we can actually take a much larger stepsize 7y, with the only requirement being #y < 1/¢k 4,
which guarantees that after one-step of the “actual” PG update, L; = Ly + 770V G(K, Ly), it holds
that Ly € Lk (G(K, Ly)). This is because 1/¢k , can be covered by a finite times of 0,/Ik g(k,1,) > 0-
Now, since L1 € Lg(G(K, L)), we can repeat the above arguments for all future iterations and show
that with a fixed stepsize # satisfying # < 1/1k ,, the iterates of the PG update (3.13) satisfies for all
I > 0 that

lpKu

G(K, L))~ G(K, Ly1) < ~n{VLG(K, L), Vi G(K, L)) + X4 v, 6K, L) <

By the choice of 77, we characterize the convergence rate of the PG update (3.13) by exploiting the
PL condition from Lemma 3.4, such that

1
G(K, L)~ G(K,Li,y) < —5— IV G(K, LI} <~ (G(K, L(K) - G(K, Ly)),
2 K,a 24’K,a

where pg is the global PL constant for a given K € K. Thus, G(K,L(K)) - G(K,L;;1) < (1 -
)(Q(K L(K))-G(K, LZ))~ This completes the proof for the linear convergence of the objective.

21/;
Next, we show the convergence of the control gain matrix to L(K). We let g := 1 — 57— 1p and present
the following comparison

G(K,L(K)) = G(K,L;) = Tt (Be )~ B, zo]
N
=Tt ) (A, (LK) ~ L) Hicao (LK) - L) A1, ) o
t=0

- Tr[(L(K) L))" Hy 1z (L(K) - Lz)zK,L,]

> ¢ Amin(Hi (k) IL(K) = L[|,
where the second equality is due to that Ex j(k) = 0 from the property of stationary points, and the
last inequality is due to Xk 1, > X, Y] > 0. Then, we can conclude that

LK)~ Lillp < Ak (i 2ix)) - (6K, L(K)) ~ G(K, L))

< 4%\ Ak (Hi x)) - (UK L(K)) ~ G(K Ly ). (B.10)

This completes the convergence proof of the gain matrix.

NPG: We argue that for a fixed K € /C, the inner-loop iterates following the NPG update (3.14) with
a certain stepsize choice satisfy B 1, | > F¢ 1, in the p.s.d. sense, for all [ > 0. By the definition of
P 1 in (3.4), we can derive the following comparison between Py, and Fx 1,

2
Bon,, —Bor =Agr,, (B, —Bon)Ak oy, +41Eg  Exr, — 41 Eg ; Hir Exo,
= AI—E ,Liiq (I}( Ly ™ B< Ly )AK L + 417ET (I - ’7HK,L, )EK,Lzr
”H ;| to guarantee that Fx 1, = P 1,-

Moreover, Lemma 3.3 suggests that for a fixed K e K, it holds that B 1 < Pk, (k) in the p.s.d.
sense for all L. Thus, if we require # < min; ”H ik then {Px r,}i>0 constitutes a monotomcally

where Ag 1 := A—BK-DL. As aresult, we can require 1 <

non-decreasing sequence in the p.s.d. sense. Moreover since K € K and {F r,};>0 monotonically
non-decreasing, the sequence {H r,};>( is monotonically non-increasing (in the p.s.d. sense) and
each Hg 1, is both symmetric and positive-definite. Therefore, we can choose a uniform stepsize

n= # < min; H and show the convergence rate of the NPG update (3.14) as follows:
IHk, L, |l H 1, 1

G(K,Li1) - G(K, L) =Tr((Be 1,,, — B.r,)%0) 2 T((4nEg 1 Ex1, — 4n”Eg ; Hi 1, Ex.1,)%0)

5 ¢ ¢ Amin(Hg L(K))
|Hk 1Hk, £, 12k, L(x)l

Tk Er) 2 (G(K, L(K))-G(K,Ly)),

33



where the last inequality follows from (B.9) . Thus,

¢ Amin(Hg (k)
lHg £, 12k, Lkl
This implies the globally linear convergence of the objective. The convergence proof of the gain
matrix is similar to the one presented for the vanilla PG update. The only difference is to have

-1 ¢ Amin (Hi L(k))
1°= 17 g 1y x|

G(K,L(K)) -~ G(K,Lj,y) < (1~ )(G(K,L(K)) - G(K, Ly)).

instead.

GN: Similar to the proof for NPG, we first find a stepsize such that {Px r,};>0 constitutes a monotoni-
cally non-decreasing sequence bounded above by F 1 (k) in the p.s.d. sense (based on Lemma 3.3).
Taking the difference between Fx 1, and F 1, , and substituting in (3.15) yield

B<rLl+1 - B<rLZ = AI—E,LH] (I}('Llﬂ - B<rLl )AKrLHl + 4TIEE,L,HIE,1L]EK;LI - 4172EI§,L1HIZ,1LZEKrLI
=Agp,,, (B, ~Bor)Akn,, +4Eg p, (Hg, —nHg )y )Ex -
Therefore, P 1,,, > Pk 1, can be ensured by choosing 17 < 1. Subsequently, we characterize the
convergence rate of the GN update with # <1/2 as follows
G(K,Li1) - G(K, L)) =Tr((Be 1,,, - Fe,)%0) 2 Tr((4nEf | H'y Exr, —41°Ef | Hy'p Ex1,)%0)
¢ ¢ Amin(Hg,L(K))
|Hg 1, [Hi, £, 12k, L(x)l

where the last inequality follows from (B.9) and the fact that {Hk,r,};> is @ monotonically non-
increasing sequence lower bounded by Hg 1 (k) > 0, in the p.s.d. sense. Thus,

B ¢ Amin(Hg, L(x))
1Hg, £, 12k, L(x)l
and the globally linear convergence rate of the objective is proved. Lastly, the locally Q-quadratic

convergence rate for the GN update directly follows from [14, 41] and the convergence proof of the
gain matrix is the same as the one for the NPG update. This completes the proof. |

> (G(K,L(K)) - G(K, Ly)),

Tr(EIEL]EK’LI) > |

G(K,L(K)) - G(K,Ly,y) < (1 )(G(K,L(K)) - G(K, L))

B.10 Proof of Theorem 3.7

Proof We first introduce the following cost difference lemma for the outer-loop problem, whose
proof is deferred to §C.1.

Lemma B.1 (Cost Difference Lemma for Outer-Loop) Suppose that for two sequences of control
gain matrices {K;} and {K]} and a given t € {0,---,N — 1}, there exist p.s.d. solutions to (3.3) at
time t + 1, denoted as Px,,, 1(k,.,) and P’ 1( K[, respectively. Also, suppose that the following

t+1”
inequalities are satisfied:
R;’U - DtTPKHhL(KHl)Dt >0, Riu - D;—PK;H,L(K )Dt > 0.
Then, there exist p.s.d. solutions to (3.3) at time t, denoted as Py, 1(x,) and Px; L(k)), and their
difference can be quantified as

’
t+1

_ AT
P vty = P i) = Axg i) PRy LK)~ PR LK) VAR LKD)
=T w_ NT -1 )
+ RKrth’ N “Kt,Kt’(Rt D, PKr+1’L(Kr+1 )Dt) =K, K (B.1D)
where
D, — w T -11T
PRy L(Kis1) = PRyt L(Kein) + PR LK) PHRY = Dy P LK, ) PO™ Dy Py LK) (B.12)

Fi,,L(k,) = (RY + B P, . LK, 1) BKe = B P LKy, ) At
— T 11T
L(K;):= (=RY + Dy Pk, 1(k,,1)Pt)" Df Pk, | L(K,.,)(At = BtKy)
Bk, k; = ~(RY =D P, . LK, POL(K]) = D Py LK) (At = BiKS)
R,k = (At = BiK)) TPk, ., L(K ) (At = BeK]) = Pi, L(k,) + Q¢ + (K[) TR} (K])

= (K{ = K)TFk, 1(k,) + Pg“L(Kt)(K; —Ky)+(K{ = Kp) (R} + B Pk, 1(k,,,)B)(K/ = K;).  (B.13)
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Subsequently, we prove that starting from any K € K, the next iterate K’ is guaranteed to satisfy
K’ € K following the NPG update (3.17) or the GN update (3.18) with proper stepsizes. Note that
(3.8) is the compact form of the following recursive Riccati equation

Py, 1k, = Qr + K R{K, + (A, —Bth)TIB%M,L(KM)(At -B/K;), te{0,---,N-1} (B.14)

where ﬁKHl’L(KHI) is as defined in (B.12) and Py, (k) = Qn- Thus, K € K is equivalent to that
(B.14) admits a solution Py, | 1(k,,,) = 0 and R}’ — DtTPKm,L(KH])Dz >0, forall t €{0,---,N —1}.
Since K € K and Py, 1(xy) = PK;\]’L(K;\I) = Qy for any K’, we have

RY 1 = DYy P L) P-1 = Ry = Dy Py (k) P-1 = Ry = Dy QD1 > 0.
That is, RY_; — Dj—\r]_1PKI’\,,L(KI’\,)DN—1 is invertible and a solution to (B.14) with t = N — 1, denoted
as PK;\H,L(K;\H), exists and is both p.s.d. and unique.

Subsequently, we invoke Lemma B.1 to find a stepsize such that a solution to (B.14) with
t = N — 2 also exists after one-step NPG update (3.17). By (B.14), it suffices to ensure
RY_, - DIT[_ZPK&%,L(K&%)DN_Z > 0 (thus invertible) in order to guarantee the existence of
PKI,\I—Z’L,(KN—Z)' By Lemrna Bl and PKN,L(KN) = PKI,\]’L(KI,\I) = QN, we have

_ _ =T w T -1g
PK;'\;_l,L(KI'\/_l) PKN—I’L(KN—I) - RKN—I/K],\]_l :‘KN_l,KI’\Fl (RNfl DN—lpKN/L(KN)DN—l) SKy-1.Ky

< 7?'KN—I ’KI,\I—l 4

where the last inequality is due to the fact that RY;_, — D{,fl Py, L(ky)PN-1 > 0. Then, we substitute
the NPG update rule KJ;_, = Ky_; — 2aky  Fxy_,L(ky_,) for t =N -1 into (B.13) to get

PK’

’ T T )
LK)~ Py LK) < (Ko =KN-1) Fryy Lk + Fryy ) nkgey) (Knv-1 — KN-1)

+(K{_1 = Kn-1) (R _; + BNy Pry (k) BN-1)(Kyy_y —Kn-1)
= 4ok FR e PR LRy + 408 PR i) RR—1 Bt Py Lk BN=1)Fy_ L(Ky )
= —dagy_, PI—<|—N_1,L(KN_1)(I —aky, (RN + B;\—I—l ﬁKNrL(KN)BN_l ))FKN—lrL(KN—l)'
Therefore, choosing ag, , € [0,1/[IRY_; + Blf,_lﬁKN'L(KN)BN_l |] suffices to ensure that
PKz’\/-l’L(Kz’\/-l) < Pxy_,,L(Ky_,)- Hence,
RN~ DZII—2PK£;_1,L(K{V_1)DN—2 2Ry, - DITI—szN,l,L(KN,l)DN—z >0,

where the last inequality comes from K € K. Therefore, the existence of Pri ,1(Kyop) 20 is proved if
the above requirement on ay,, | is satisfied. We can apply this argument iteratively backward since for
allt € {1,---,NY}, Pe/ (k) < Px, Lk, implies R | =D, Px; (k;)Di—1 = RY.; =D, Pe, 1(k,)Di-1 >
0 and thus Lemma B.1 can be applied for all . Moreover, Px; 1 (k/) < Pk,,(k,) 1s guaranteed to hold
forall t € {1,---, N} if we require the stepsize of the NPG update to satisfy

ag, €[0,1/IR} + Bl Px,, 1k, B:lll, Vte€{0,---,N-1}

Equivalently, the above conditions can also be represented using the compact forms introduced in §3.
In particular, Gk, (k) is a concatenated matrix with blocks of R} +B;|—PKH1,L(KH1)Bt’ te{0,---,N-1},

on the diagonal. Thus, we have ||Gg k)|l > IR} + B;rﬁKM,L(KM)Bt“, for all t € {0,---,N —1}.
Adopting the compact notations, we have for any K € K, if the stepsize ak € [0, 1/|Gk k)], then

By — Berk) < (K'=K) " Fg pk) + FII,L(K)(K' -K)+ (K’ -K)" G 1x)(K' - K)
= —dagFg o Froi) + 4ax Fg 1 ) Gr L) Fx LK)
= —4aKFII’L(K)(1—aKGK,L(K))FK,L(K) <0. (B.15)

Since we have already shown that P/ (x;) > 0 exists for all t € {0,---,N =1} and B¢’ (k) is
a concatenation of blocks of Py’ 1(k;), we can conclude that K 7€ K. Applying the above anal-
ysis iteratively proves that the sequence {Fx, r(k,)}k>0 following the NPG update (3.17) with a

35



given K € K and a constant stepsize @ < mings m is monotonically non-increasing in
L (K
the p.s.d. sense, and thus K € K for all k > 0 given a K; € K. Furthermore, we can choose
< TGxg.cigl < mingso Tox ol because {Gk, r(k,)} is monotonically non-increasing and each
Gk, L(k;) is symmetric and positive-definite. This completes the proof for the NPG update (3.17).

For the GN update (3.18), all our arguments for the proof above still hold but instead we invoke
Lemma B.1 with the recursive update rule being K/ = K; — 2ag, (RY + BtTPKM,L(KM)Bt)‘lFKt’L(Kt),
for all t € {0,---, N — 1}. In particular, we have the matrix difference at time t = N — 1, denoted as
Pri LK)~ Pryon LKy ) DeING
’ T T ’
Py na )~ Pryo by o) < (KN-1 = KN-1) " Fry_y Liky-) T FKN,I,L(KN,l)(KN—l —Kn-1)
+(K§_1 = Kn-1) T(RY_y + By Py, k) BN-1)(Ky_y —Kn-1)

_ T T B -1

= _40(KN—1FKN,1,L(KN,1)((1 — Ky, (RN-1 + By _y Py, L(ky) BN-1) )FKN—I'L(KN—I)'
Therefore, choosing ak,, , € [0,1] suffices to ensure that PK;\,_I,L( Ky ) S Pxy 1 L(Ky_y)- Applying

the iterative arguments for the proof of the NPG update and using the compact notations yields that
for any fixed K € KC, if the stepsize satisfies ag € [0, 1], then P (k) > 0 exists and

Be k) — Ber) < (K'=K)"F ) + Fg g L) K = K)+ (K’ -K) Gk k) (K"~ K)
:‘40‘KPII,L(K)GKL( yFr Lk )+4“K KL(K)GKL( yFx L(K)
=—4aKFII’L(K)((1—aK)-GKL( ))FKL( ) <0. (B.16)

This proves that K’ € K. Now, we can apply the above analysis iteratively to prove that the sequence
{Px,L(k,)} k=0 following the GN update (3.18) with a given K € K and a constant stepsize a € [0, 1]
is monotonically non-increasing in the p.s.d. sense. Thus. we have K} € K for all k > 0 given a
K, € K. This completes the proof. |

B.11 Proof of Theorem 3.8

Proof For the NPG update (3.17), let a < ﬁ and suppose K € K. Theorem 3.7 suggests

that B¢, 1(k,) = Pc+,L(k+) = 0 exists for all k > 0 and the sequence {Fx, 1(k;)}k>0 is non-increasing in
the p.s.d. sense. As a result we have by (B.15) that

¢
Tr((IkkH’L(KkH) _PkaL(Kk))ZO) s _”GKO L(KO)”Tr(FI—(rk,L(Kk)FKk’L(Kk)) < 2a¢Tr(Fy K, L(K ) FK LK)
(B.17)
Therefore, from iterations k = 0 to K — 1, summing over both sides of (B.17) and dividing by K yield,
K-1
1 . Tr(B,,1(k,) — B L(k*))
z I;Tr(PKk,L(Kk)FKk!L(Kk)) < 22 K . (B.18)

Namely, the sequence of natural gradient norm square {Tr(FI;rk L(Kk)FKer(Kk))}kZO converges on

average with a globally O(1/K) rate. The convergent stationary point is also the unique Nash
equilibrium of the game, by Lemma 3.5. This completes the convergence proof of the NPG update.
Similarly, for the GN update with a < 1/2 and suppose K, € K, we can obtain from (B.16) that

2a¢

Gk, Ly

Tr( (B 2(Ki1) ~ Pk Zo) < Te(Eg, 1k FRio LK) (B.19)

As before, we sum up (B.19) from k = 0 to K — 1 and divide both sides by K to obtain

Gy, ko)l Tr(Bx,,L(x,) — P, L(x*))
— ZTI' L(Ky) FKk (Kk)) < Za(l) K .
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This proves that the sequence of natural gradient norm squares, {Tr(FIIk L(Kk)FKk’L(Kk))}kZO’

converges on average with a globally O(1/K) rate. Also, The convergent stationary point is the
unique Nash equilibrium. Finally, faster local rates can be shown by following the techniques
presented in Theorem 4.6 of [16]. |

B.12 Proof of Theorem 4.1 (PG)

Proof We first provide a complete version of Theorem 4.1 for the PG update (4.1) and introduce a
helper lemma, whose proof is deferred to §C.2.

Theorem B.2 (Inner-Loop Sample Complexity for PG) For a fixed K € K and an arbitrary L
that induces a finite G(K, L), define a superlevel set L (a) as in (3.12), where a < G(K,Ly) is an
arbitrary constant. Let €1,01 € (0,1), and My,1,1 > 0 in Algorithm I satisfy

s o)

| Okark | €1 [e1nk [ VEK ]*1
81 Smm{ 8K« 240 8¢K 30 PKa}; ;7<m1n{ 8K o ) PK.a [ 32 +PK.a+IKa )

where Ok, = min{l/[2¢K,a],pK,a/lK,a}; Ik WK o yx are defined in Lemma 3.4; pg, :=
minger, (o) Px,L > 0; and dy = nmN. Then, with probability at least 1 — 61 and a total num-
log( ) the inner-loop ZO-PG update (4.1) outputs some L(K) := Ly such

ber of iterations L = 'IHK

that G(K,L(K)) > G(K,L(K)) — €1, and ||IL(K) - L(K)||f < \//\;nlin(HK,L(K))'eb

Lemma B.3 For a given K € K and a given L, let €1, € (0,1) and let the batchsize M 1 > 0 and
the smoothing radius r1 ;. > 0 of a My -sample one-point minibatch gradient estimator satisfy

2
dy Ik L 2d; 1024 Ok,LIK | €1 /€1ﬂ1<

My > K,L)+ I (—) , < ,

i (rl,L(g( )+ pK,L) B\S ) e M mm 8yg,L \ 2407 8#} 30 pKL

where Ok 1 = min {21/1%’ Z’:—LL}, Ik,1, V& 1, PK,L are the local curvature parameters in Lemma 3.4;

and dy = nmN. Also, let the stepsize 1y > 0 satisfy

1 VHK
SoxL PK,L- [7 +Pg,L+ lK,L]}-

Then, the gain matrix after applying one step of (4.1) on L, denoted as L, satisfies with probability
at least 1 — 61 that G(K,L) < G(K,L’) and

1N < min{l,

, €
G(K, LK) - G(K, L) < (1 - ). (G(K, L(K) - G(K, L)) + TLEXSL
We now prove the sample complexity result for a given Ly € Lk (a). First, we use A; := G(K, L(K)) -
G(K, L;) to denote the optimality gap at iteration [, where I € {0,---,L}. By Lemma B.3, if we require
€1,01 € (0,1), the parameters My 1,71 1,, 1, > 0 in Algorithm 1 to satisfy

2
I

M1L0_(d (g(KL) KLO) o (zdlL)] 1024

r pKLO 01 VK€1

"1 <mm KLO#K €1 €1HK PKL L <mm{ PK,Lg }
LLo = slpKLO \ 240 84, \/ 30 0 0= slpKLo VIK '
32

+¥K,L, KL,

then we ensure with probability at least 1-6,/L that G(K, Ly) < G(K, L1), i.e., L1 € Lg(a). Moreover,
for any L;, where I € {0,---,L — 1}, there exist My r,,71,1,,1r, > 0 as defined in Lemma B.3 that
guarantee G(K,L;) < G(K, L;,) with probability at least 1 —9;/L. Now, we choose uniform constants
My, 11,1 > 0 such that
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2
I 2 1024
Mlz[ﬂ(g(K L(K)) + K'“) log( diL )] 028, max My,
r 01 HKEL 16{0 L1

) Okabk | €1 €1HK
<
r1_m1n{ 8K s 340’ Slsz 30 » PKa ¢S I’Illn 1}1’1,L1;

: PK,a
f < min < min 7,
{ "8y VK VIK 4 s +1Ka} 1e(0,,L-1) !

where Ok , = min{l/[ZgbK,a], pK,a/lK,u}, PK,a = MiNper, () Px,L > 0 is due to the compactness of
Lk (a), and Ig 4, P, < oo are defined in Lemma 3.4 that satisfy

Ik s> max Iy, > max

KaZ max lr YK a e 1PKL

Then, we can guarantee with probability at least 1 — 6; that the value of the objective function,
following the ZO-PG update (4.1), is monotonically non-decreasing. That is, we have with probability
at least 1 — 67 that L; € Lg(a), for all I € {0,---,L}, when a Ly € Lg(a) is given. By Lemma
B.3 and the above choices of My, r;,1, we also ensure with probability at least 1 — 6, that A; <
( - %) A+ 7”41"661 ,foralll €{1,---,L—1}. Thus, we can show with probability at least 1 — 5;
that

L-1
AL<(1_WK) AL1+’714K1 (I_WPK) AO+Z(1_’WK)’1MK€1_(1_’7#K) Ao+ L.
i=1

8 16 8 2

As aresult, when L = ?7% log(é), the inequality G(K, L) < G(K, L(K)) — €1 holds with probability
at least 1 — 6;. This proves the convergence of the generated values of the objective function for
the ZO-PG update (4.1). Lastly, we demonstrate the convergence of the gain matrix to L(K) by our
results in §B.9. Based on (B.10) and the convergence of the objective function values, we have with
probability at least 1 — 07 that

IL(K) ~ Lillp < \Apha(Hi 1)) - (G, LK) = G(K, L)) < \Apha (i rqi) €1 (B20)
This completes the proof. n

B.13 Proof of Theorem 4.1 (NPG)

Proof We first provide a complete version of Theorem 4.1 for the NPG update (4.2) and introduce a
helper lemma, whose proof is deferred to §C.3.

Theorem B.4 (Inner-Loop Sample Complexity for NPG) For a fixed K € K and an arbitrary L
that induces a finite G(K, L), define a superlevel set Li(a) as in (3.12), where a < G(K, L) is an
arbitrary constant. Let €1,01 € (0,1), and My, 11,1 > 0 in Algorithm 1 satisfy

Ixa\2 64d?(%,+1)* 2%
M, > max{(g(K,L(K))+ ﬂ) . #’ 2%; },log(w),
PK,a p?ripxer P 01
0 2
" Smin{ ¢V_#K51 "PP‘K _K,a\/el/ ,PK,a};
167’(514}K,a 32%,14)1(’“

_ $? 1 [ 2K.a Plka ]‘1
< —, , . ) ,
1 _mm{?’wm%a s P a6 ) T TR

where Ok , = min{l/[leK,a], PK,a/lK,a}i Ik a0r WK, Mk are defined in Lemma 3.4; pk q,%q X,
are uniform constants over Lk (a) defined in §B.13; dy = m*(N + 1); and d, = nmN. Then,

with probability at least 1 — 01 and a total number of iterations L = sfla( log(%), the inner-loop

ZO-NPG update (4.2) outputs some Z(K) := Ly such that G(K,L(K)) > G(K,L(K)) — €;, and
IL(K) - LK)l < Ak (Hk 1k
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Lemma B.5 For a given K € K and a given L, let €1,0; € (0,1) and let the batchsize M; 1 > 0 and
the smoothing radius r1 1 > 0 of a My p-sample one-point minibatch gradient estimator satisfy

PRL) @2 ke ¢? 01
PVIKEL PukOk,LVe1/2 pKL}

16%17[)K,L} 32nk L

2 64d%(x+1)% 232
Ml,Lzmax{(g(K,L<K>)+ l’“) S+ D) 2“}‘10 (Fmextddz])

r,L < min{

where Ok | = m1n{1/[21/)K L) exr/Ik, L} Ik L, Yk L, PK,L are the local curvature parameters in

Lemma 3.4; dy = nmN; dy = m?*(N +1); x := =Cxpp t q;, and cy, , is a polynomial of ||A||, ||B|lE,
[ID|g, [IK||E, IL|| that is linear in ¢y, defined in Lemma C. 1. Also, let the stepsize 1y > 0 satisfy

P? 1 [ 2k Olx ]‘1
320en’ 20k PP lar ) T T+ :

1L Smin{

Then, the gain matrix after applying one step of (4.2) on L, denoted as L’, satisfies with probability
at least 1 — 61 that G(K,L) < G(K,L’) and

6K, LK) - G(K, L) < 1 - ). (G(K, L(x)) - G(K, L)) + TEHKEL,

Based on Lemma B.5, the rest of the proof mostly follows the proof of Theorem 4.1 in §B.12.
Specifically, we can choose uniform constants M, 71,7 > 0 such that

max M,

Ika \2 64d%(%,+1)> 232
MIZmax{(g(K,L(K))+ K’“) .M 2% .log(“‘L{dl’dz})Zl 2
€{0,,L-1

PK,a q52T12]4K€1 ' ¢2 01
PVPKET Pk OK,aVe1/2 0
1670k, 32%apka O T iel

. P2 1 [ VHK 2YK a2 dlk.q ]_1
< =, Yt l S
nm= m1n{ 329K a%a 2K .a PK,a 4(&;; 1) % Kat > "

min L

r1 <min <
€{0,, L1}

min L
€{0,,L-1} Ly

where Ok , = min{l/[2l,bK,a], pK,a/lK,a} and

Hy:= max u<oo, x,:= min x>0, pgx,= min pgr>0,Igx,> max Ixp, Pk, > max Pgr.
T Lelk(a) =0 Lely(a) PR = e’ 7 Lefk(a) YK Lely(a) l’b

Then, we can guarantee with probability at least 1 — 6; that the value of the objective function,
following the ZO-NPG update (4.2), is monotonically non-decreasing. That is, we have with
probability at least 1 — 0¢ that L; € Lg(a), forall [ € {0,---,L}, when an L € Lg(a) is given. By
Lemma B.3 and the above choices of My, 1y, 7, we also ensure with probability at least 1 — 6, that
A< ( g%" ) A1+ '71”6’% L foralll € {1,---,L—1}. Thus, we can show with probability at least

1- 51 that

L-1 i L
(1 ) gy L (g DN R I R
8%, 167, 8%, | 163, 8%, 2

1=
As aresult, when L = sflz log(%), the inequality G(K,L;) < G(K,L(K)) — €; holds with probability
at least 1 — 6;. This proves the convergence of the generated values of the objective function for
the ZO-NPG update (4.2). The convergence of the gain matrix to L(K) follows from the proof of
Theorem 4.1 in §B.12. This completes the proof. |

B.14 Proof of Theorem 4.2

Proof We first present a complete version of Theorem 4.2 and a few useful lemmas, whose proofs
are deferred to §C.4-§C.8.
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Theorem B.6 (IR: Derivative-Free Setting) For any Ko € K and defining C := Ayin(Hk,,1(k,)) > 0

introduce the following set K:

K:= {K | (3.8) admits a solution Px (k) > 0, and B¢ 1 (k) < B, L(k, I} cK. (B.21)

.
' 2lIDIP
Let 6, € (0,1) and other parameters in Algorithm 2 satisfy 61 < 6,/[6M,K] and

s 128d3a2c2G(K, L(K))? 512d3a2(G(K,L(K))+r2Bpcg)? 320°(C5,k)* (Cog ) 8(Cog px)
2 2 max , , ,
r§¢4(92 r22¢2®2 qbz(D2 ¢2
r2
12K max{dy, dy) | por, Biux)© 202 $2C
gl ———, ) asminio T T 2@ 232 3072 ’
2 2 128a<(c5, k) BZ,L(K) 3262,L(K)
r2§min{o, — A(P(D e A(P(DA },
64&C5,K(CZK,L(K) + BE,K) 640(62,1(3):’1(
1 N — T -] = C
<-.|R*+BP+PD(RY-DTPD)"'DTP)B||”, P:= +——"1, B.22
a=5 H ( ( ) ) || By, L(Ko) 2|ID|2 ( )

where @\(K,L(K)),’C\QIK,E}K,'C\EK’L(K),EE,K,ELL(K),ELL(K),cD > 0 are uniform constants over K
defined in §B.14. Then, it holds with probability at least 1 — 6, that K}, € Kc Kforallk€{l,---,K}.

Lemma B.7 For any K,K’ € K, there exist some By k, Bp x, By k), By,x > 0 that are continuous
functions of K such that all K’ satisfying |[K’ — K||p < By g satisfy

B¢ k) — Be,Lx)lle < Bpk - IIK" = Kl|p (B.23)
IL(K’) = L(K)|lr < Brk)k - IIK' = K] (B.24)
Ik L) — Zx, L)l < Bk - IK' = K] (B.25)

Lemma B.8 Forany K,K’ € K, there exist some By g, By x > 0 as defined in Lemma B.7 such that
if K’ satisfies

€ €
1K= Kle < {Bix. 2 .
4cs k (Cry ) T Brx) 4c2k By x

where Crg 1) 1S a polynomial of ||A||g, ||B||g, |DI|g, |IK||, and cy, and ¢, g, c5  are defined in §C.9,
then it holds that ||Vg G(K’,L(K")) = VkG(K,L(K))||f < €;.

Lemma B.9 Forany K € K, there exists some B, x > 0 such that all K’ satisfying ||K’-K||p < B,
satisfy K’ € K.

Lemma B.10 For any K € K, let the batchsize M,, smoothing radius r,, inner-loop parameters €,
and 01 € (0,1) satisfy

M2>max{8d226(2)g(K,L(K))2 32d§(g(K,L(K))+rzlgp,Kco)z}'log(6_dz) T
B r3p2e3 ' r3€3 o ) "~ 4dy
. €9 €) . 52
ry < mm{BLK,Bz,K, , }, 0] < ——.
16C57K(C2K,L(K) + BZ,K) 16C2,KBZ,K 1 3M2

where By g, By x, By k. Crgux) > O are defined in Lemmas B.7, B.8, and B.9, and d, = dmN.
Then, we have with probability at least 1 — 6, that )WKQ(K,Z(K)) - VKQ(K,L(K))”F < €, where

VkG(K,L(K)) is the estimated PG from Algorithm 2.

Lemma B.11 For any K € K, let the batchsize M,, inner-loop parameters €, and 61 € (0, 1) satisfy

2c2 29

5 4d €2 A in (H. s

M, > —Kz’L(K) -log(—~ = ), €1 < min {BIZL(K)/\min(HK,L(K)): NEL mmi x L) }, 01 < =2
€ 02 ' 483 (k) 2
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where By (), By,1(k) are defined in Lemma C.2 and Crg 1) 1S a polynomial of ||Allg, ||Bllg, |IDllg,
[IK||g, and cq. Then, we have with probability at least 1 — 6, that “EK,Z(K) - Xk Lx)llF < €, with
EK,I(K) being the estimatid correlation matrix from Algorithm 2. Moreover, it holds with probability
at least 1 — o, that /\min(zK,f(K)) >¢/2if e, < P/2.

Based on the above lemmas, we prove the implicit regularization property of the outer-loop ZO-NPG
update (4.3). Define C := Apin(Hk,,1(k,)) > 0 and the following set K:

K:= {KI(S 8) admits a solution Fg (k) > 0, and Py 1k B(O,L(KO)"‘ﬁ'I}C’C-

It isE strict subset of K as all K € K satisfy Amin(Hg,L(k)) = % > 0. TEen, we prove the compactness
of K by first proving its boundedness. Specifically, for any K € K C K, we have by (3.8) that
B (k) = 0 solves

P, 1(k)=Q+K 'R"K + (A—BK)T(B(,L(K) + P L(k)D(RY _DTH(,L(K)D)_lDTH(,L(K))(A—BK): (B.26)
where the second term on the RHS of (B.26) is p.s.d. and thus Q + KTR"K < P y(k) with
Q > 0 and R" > 0. Since B k) Fx, Lk, are symmetric and p.s.d., all K € K satisfy
1Byl < ”B(O,L(KO) + ﬁ -IHF. These arguments together imply that for all K € K,

IIK]|lp < \/”H%,L(Ko) + 2||£W I||p/Amin (RY), proving the boundedness of K.

Next, we take an arbitrary sequence {K,,} € IC and note that [IK,,||F is bounded for all n. Applying
Bolzano-Weierstrass theorem implies that the set of limit points of {K } denoted as I’C\hm, is nonempty.
Then, for any Kj, € IChm, we can find a subsequence {K. } € K that converges to Kjjy,. We
denote the corresponding sequence of solutions to (B.26) as {BGH’ L(K } where 0 < B< LL(K

Tn

B, k) + ﬁ -I for all n. By Bolzano-Weierstrass theorem, the boundedness of {B<WL Ky,) )}, and
the continuity of (B.26) with respect to K, we have the set of limit points of {BQ,,,L(KT,,)}’ denoted

)}

as ﬁim, is nonempty. Then, for any B;, € ﬁim, we can again find a subsequence {Ik(T ,L(KK,
that converges to B;n,. Since B< L(Ky, ) is a p.s.d. solution to (B.26) satisfying 0 < B<

o)

P, Lk + 2”D”2 -1 for all n and (B.26) is continuous in K, B;,, must solve (B.26) and satlsfy
0<Bim < I, Lk, + W -1, which implies Kj;,, € JC. Note that the above arguments work for any

sequence {K,,} € iC and any limit points Kj;,,, and B;p,,, which proves the closedness of K. Together
with the boundedness, K is thus compact.
Now, denote the iterates after one-step of the outer-loop ZO-NPG update (4.3) and the exact NPG

update (3.17) from K} as Ky, and Ky, , respectively, for k € {0,---,K — 1}. Clearly, it holds that
K, € K. Additionally, we require the stepsize a > 0 to satisfy

—C .
2DIP
(B.27)

1 _ _ — - _
agE.||R“+B(P+PD(RW—DTPD)’lDTP)B” ' Where P:= B, L(ko) +

’

which is stricter than the requirement in Theorem 3.7. Given our stepsize choice, Theorem 3.7
guarantees that F, LR 2 0 exists and satisfies e L&, < By L(ko) almost surely. By requiring

IK; - Killp < min {Bl,Kl’BZ,Kl’ W} with probablhty at least 1 — 22, we have by Lemma

B.9 that K; € IC with probability at least 1 — %2. Thus, we invoke the recursive arguments in the proof
of Theorem 3.7 (see §B.10) to show that Py, (k) = 0 exists and invoke Lemma B.7 to obtain that

C C C
—_— = <P s +t———I< +—"—="1
2K||D||2 B, L(k;) K, L(K;) 2K|D|12 By, L(Ko) 2K|D|I?

28)

”H{l,L(Kl) - PI-(],L(RH)” s
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In other words, it holds that K; € K with probability at least 1 — %. Subsequently, we can invoke
Theorem 3.7 again to get that taking another step of the exact outer-loop NPG update starting from

K, the updated gain matrix, denoted as K, satisfies sz,L(Ez) < Fx, L(k,)- Similarly, by requiring

[|IKy — f2|| r< min{BLEz, B }, we can guarantee with probability at least 1 — % that

— C
2Ky’ 261,,,;21<||D||2
K, € K, conditioned on K; € K. Conditioning on (B.28), we apply Theorem 3.7 and Lemma B.7
again to get with probability at least 1 — ?—2 that B, 1(k,) = 0 exists and satisfies

C ¢ ¢
<Be i)+ q< T LS +zoe b
B, L(x,) < K,,L(K;) 2K|D|Z " " By, (k) KD " B, L(Ky) K|D||2

Thatis, K, € IC with probability at least 1 — ‘?(—2. Applying above arguments iteratively for all iterations
and taking a union bound yield that if the estimation accuracy, for all k € {1,---, K}, satisfies with

probability at least 1 — (;<—2 that

— ) C
1Kk = Killp < mm{Bl,z?k’Bz,Ek, m}, (B.29)
R

then it holds with probability at least 1 — 9, that Kg € K c K, where K k 1is the gain matrix after K
steps of the ZO-NPG update (4.3) starting from K and with a constant stepsize a satisfying (B.27).
Lastly, we provide precise choices of the parameters for Algorithm 2 such that (B.29) can be satisfied.
Since K is compact, there exist some uniform constants over K
By :=min By x>0, Bp:=max Bpg <oo.
KeK KeK

Moreover, let us denote the closure of the complement of /C as K¢. Since K c K is compact and
all K € K satisfy: 1) Fg (k) > 0 exists; and (i1) Amin (Hg,r(k)) = % > 0, K is disjoint from K¢, i.e.,
KniKe = @. Hence, one can deduce (see for example Lemma A.1 of [75]) that, there exists a distance
B, > 0 between K and K€ such that B, < ming B, k. As a result, we now aim to enforce for all

.o . . - S5, .
k €{1,---,K}, that the following inequality holds with probability at least 1 — %:

= . 4
K, - K <@:=min B{,By, ——— . B.30
1Kk — Kl { B2 5 XIDIE (B.30)
Note that compared to (B.29), (B.30) is independent of the iteration index k, and is more stringent.
Thus, (B.30) also ensures K, € K for all k € {1,---, K} with probability at least 1 —0,, as (B.29) does.
Condition (B.30) can be achieved by Lemmas B.10 and B.11. Specifically, we start from any gain

matrix K from the set of {K,---,Kg_;} and use K’ and K’ to denote the gain matrices after one
step of the ZO-NPG (4.3) and the exact NPG (3.17) updates, respectively. Now, suppose that the
parameters of Algorithm 2 satisfy 6; < d,/[6M;,K] and

s 128d2a2c2G(K, L(K))? 512d2a%(G(K,L(K))+ryBpcg)? 3207 (C,k)* (g k) 8Cog pix))’
2 =2 max , ’ ’
Zpio? 2922 7o #
r2
12K max{dy, dy) | par, Birx)© 202 $%C
~10g5—, €] <min Loads’ 2 T~ @2 ) ’
2 2 128a<(c5, k) BZ,L(K) 3ZBE,L(K)

ln} o} }

03 Smin{@, —— — , —— ’
64aC5:K(C):K,L(K) + By k) 64ac) kBy k

with the requirement on €; uses the fact that all K € K satisfy Amin(Hg, (k) = %.AAISO,

,C'/;\(K,L(K)), Tk C5K5 ’C\ZK,L(K)’ B\LK, ELL(K), B\E’L(K) > 0 are uniform constants over K such
that

—

G(K,L(K)) := max G(K,L(K)), By g :=max By, EI,L(K) :=min By (k)

KeK KeK KekK
By, k) :=max By k), Cpk:=MaxX C3k, C5Kk:=MaX (5K, Crg;y = MaX Cyp
KeK KeKk KeKk KeK
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where By g is from Lemma B.7, By 1(k), By, (k) are from Lemma C.2, ¢, , ¢5 i are defined in §C.9,
and ¢y, , &) is from Lemma B.8. Then, Lemma B.10 proves that the following inequality holds with

probability at least 1 — 5—12(

|VkG(K,L(K)) - Vi G(K, L(K (B.31)

M, < 42

Moreover, we invoke Lemma B.11 to get with probability at least 1 — ﬁ that

- [ o\ [ o ¢
||2K,L<K>—XM<K>1|Ffm‘“{m'z S e &

By matrix perturbation theory (see for example Theorem 35 of [11]) and noting that EK,Z( K) =

EK,L(K) + (EK,Z(K) - ):K,L(K))’ since EK,L(K) > ¥, and “EK,Z(K) - EK,L(K)”F < %, we have with

probability at least 1 — ;_12< that

~ 215, k) ~ 2K LK)llF @
[ v Lol < p S Sacsx (B.32)

Lastly, by Lemma B.11 and ”EKZ =Xl < 9, we can ensure that A, ( K L(K)) > % and
thus HZK (K ” P S 4) , all with probablhty at least 1 — — . Then, we combine (B.31) and (B.32) to
show that with probability at least 1 — —,

K~ K'llp = a|[Vie 6K, LK) S )~ Vie G LK) o

_ 1
< a[VicG(K LK)~ VG, LD [Tz + @ Vie G LED] [z ~ el e

200 = — —=-1 _
< 5 |VkG(K, L(K)) - VK G(K, L(K))||, + acs k - | Tx,z) — T

M K)”F so

where the second inequality uses (C.16). Therefore, the above choices of parameters fulfill the

requirements in (B.30), and thus guarantee K € K for all k € {1,---,K} with probability at least
1 —6,. This completes the proof. |

B.15 Proof of Theorem 4.3
Proof We provide a complete version of Theorem 4.3 as follows.

Theorem B.12 (Outer-Loop Sample Complexity) For any Ky € K, let €y < ¢/2, 05,€1,01, My, 13,
in Algorithm 2 satisfy the requirements in Theorem B.6, but with @ therein replaced by @ :=

min {(D, a(j)ez/[\/gcol?p]}. Then, it holds with probability at least 1 — &, that the sequence {K}},
k € {0,---,K}, converges with O(1/K) rate in the sense that K~ Zf;ol ||FKk,L(Kk)||12: < €, with
K = Tr(Px, (ko) — B L(x+))/ [adper], which is also towards the unique Nash equilibrium.

Then, we focus on proving Theorem B.12. First, we require the parameters in Algorithm 2 to

satisfy (B.22). Then, Theorem 4.2 proves with probability at least 1 — o, that K € IE, for all
ke {1,---,K}. Subsequently, we characterize the convergence rate of the outer-loop ZO-NPG update

(4.3), conditioned on K} € IC, forall k € {1,---,K}. Once again, we start from K and characterize
the one-step progress of (4.3) from Kj to K;. In addition to the requirement in (B.29), we now

require ||K; — K || < ¢52 with probability at least 1 — %, where K; is the gain matrix after one

step of (3.17) starting from KO and with a constant stepsize a satisfying (B.27). Invoking Lemma
B.7 yields with probability at least 1 — (}<—2 that

Tr(Be, k) — B (1) < VsllB, Lk,) —

PIL<V1,L(

= agQey
)l < VsBp g, - IK; ~ Kl < ‘fo ., (B33)
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where B¢, (k) — PKT,L(fa) € R¥* is symmetric. By (B.17), we have with probability at least 1 — %2
that

Tr (B, L(ky) — Beo (ko) 0) = Tr((Bey, k) = B, 1k, ) 20) + Tr (B, Lii,) — Bo (ko) o)

T T
~co = 2aPTe(Fy 1 FroLiko) < —a@Tr(Fy 1 \FKo LK)

where the first inequality is due to ||Xg|[r < ¢¢ almost surely and the last inequality follows
from our assumption that Tr(F; (KO)FKO/L(K0)> > €,. Similarly, for all future iterations k €

Ky,L
; R _adey
{2,---,K}, we can require ||K; — Ki||[p < Veobz,

Tr((B%L(Kk) - B<k_1,L(Kk_1))EO) < _a(PTr(FI-(rk,l,L(Kk,l)FKk—l’L(Kk—l )) until the update converges to
the €,-stationary point of the outer-loop, which is also the unique Nash equilibrium. Summing up all

iterations and taking a union bound yield with probability at least 1 — o, the sublinear convergence
rate, in that

with probability at least 1 — ?(_z to obtain

K-1
1 Tr(Px, L(k,) — P, L(x*))

—E Tr(Fy. F < 020 ‘ ) B.34
KL (Fy, 1 FriuLky) < ap K (B.34)

That is, when K =Tr(Px, r(k,) — Fk+,L(k*))/[aPe2 ], it satisfies with probability at least 1 — 0, that
K0 WPk i 2 < €

Lastly, the precise choices of the parameters for Algorithm 2 such that the above requirements on the
estimation accuracy can be satisfied follow from the proof of Theorem 4.2 in §B.14, with additionally
€, < ¢/2, and @ in (B.30) replaced by

. age,
= Q,——— 3, B.35
v mm{ ‘/ECOBP} ( )

where Bp = maxy ¢ Bpk is a uniform constant. Note that (B.35) is again independent of

the iteration index k, and is more stringent than (B.30). Thus, (B.35) also ensures Kj € K for
all k € {1,---,K} with probability at least 1 — 6,, as (B.30) does. By Lemmas B.10 and B.11,

requirements on the parameters in (B.22) with @ replaced by ¢ suffice to guarantee that K € K for
all k € {1,---,K} with probability at least 1 — 0,. Also, it ensures with probability at least 1 — 9, that
the convergence in (B.34) holds. This completes the proof. |

C Supplementary Results

C.1 Proof of Lemma B.1

Proof Firstly, we have R D, Py, | 1(k,,,)Dr. R =D/ P/ . 1 k;,,) Dy invertible since the conditions

t+17

th” — DtTPKHllL(KHl)Dt >0, RT;} - DtTPK’ L(K!

t+1” t+1

)Dt>0
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are satisfied. Then, by the definition of Px ; in (3.3) and the definition of L(K), we can derive

Pis, LK) = P LK) = Ak 1) PREy LK)~ Pt LK) VARLL(K))

= A k) P, L(KmAK LK) = P, L) + PRULKY) = Ak i) PR LKL AR LK))

= (Ay—BiK{) T Px, | 1(K,.,)(At = BiK{) = L(K{) "D Pk, | 1(k,,,)(At = BtK{) = (A; = B{K{) " Pk, | 1(K,,,) D+ L(K)
=Py, 1(k;) + Q + (K) TRY(K{) = L(K{) T (RY = Df Pk, | L(K,,)PILIK])

= (Ar = BeK)) " Py, 1(K,,,)(At = BiK])
—(Ar=BiK{) TPk, 1K, ) Dt (RY =D Py, 1(k,)Pr)™ 1D;|—PK,+1,L(K,+1)(At - BiK{) - Px, 1(k,) + Qt
+(K{)TRE(K]) = L(K{) T DI Py, | 1(K, 1) (At = BeK{) = (Ay = BiK)) TPk, | 1(K,,,) DeL(K])
- L(K))T(RY =D/ Px, | L(K,,,)Dt)L(K{)

=R,k ~ (At =BiK{) " Px,,, L(k,.1)Dr(RY =Dy Pk, L(K,,1)Pt)” 'DI Py, | L(k,.,) (At — BiK))
LK) "D/ P, L(K,. 1) (At = BeKY) = (Ap = BeK{) T P Lk, ) DeL(KY)
= L(K{)T(R{ = D{ Pg,, 1(K,,)Pt)LKY)

=Rk, K, ~ [ —(RY =D/ Px,, | L(K,,,)P)L(K]) = D{ Pg, | 1(K,,p)(Ar = Bth')]T(R?’ -D/ P, 1(k,.,)Dr) "
: [ - (RY =D/ Px,., L(k,.;)Dt)L(K{) - DTPKM,L(KM)(At - Bth')]

_ _ w
=Rk, K/ KK,(R -D/ P, L(K,H)Dt) EK, K}

This completes the proof of (B.11). Further, we invoke (3.3) to represent R, K] as

R, k; = (Ar = BiK) P, 1(k,0) (Ar = BiK]) = Py, 1k, + Qe + (K)) TRY(K))
= (K{-K;)T ((R? +B] Px,,, 1(k,.,)Bt)K: = B{ Pk, L(k,., )At)
+(K{ = K;) T (R{ + B:EQH,L(KHI)Bt)(Kt’ -Ky)
+((RY + BI P, (k) BOKe = B Py ik Ar) (KL = Ko)

= (K{ = Ky)"Fk, 1(k,) + FIZ,L(K”(K; —K;)+ (K{ = K)T(R{ + B] P, 1(k,,.)Br)(K{ = K).

This completes the proof. ]

C.2 Proof of Lemma B.3

Proof Firstly, for a fixed K € K and a given L, we require 1y ; < pg,p to ensure that the “size”
of the perturbation added to the gain matrix L is smaller than the radius within which the local
Lipschitz continuity and the local smoothness properties in Lemma 3.4 hold. In other words, we have
lr1,LUllp < pk L, where U is drawn uniformly from S(#,m, N) and has ||U||p = 1. Then, we invoke
Lemma 23 of [19] to obtain that with probability at least 1 -9, the concentration of gradient estimates

around its mean is ||VLQ K,L)-V1G, ,(K,L) “F < d—‘\/M_(g(K L)+ ) log(2d1) where
L 1L

V1G(K,L) is the gradient estimate obtained from an M 1,1.-sample one-point minibatch estimator,
ViGy, (K, L) := VLE[G(K,L + r L U)] is the gradient of the smoothed version of G(K, L), and
d; = nmN is the degrees of freedom of S(n, m, N). Therefore, it suffices to require the batchsize

01 HKE1

2
M > 0 to satisfy My > ( (Q(K L)+ IKLL) log(zal1 )) 1024 3 order to ensure that with
probability at least 1 — 0, that

|[VLG(K, L)~ V.G, (K.L)|, < “’;’;el. .1
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Then, we can bound, with probability at least 1 — 61, the “size” of the one-step ZO-PG update (4.1)
by

IL" = Lilp = ln VLG (K, L)l
<nLlIVLG(K, L) =V Gy (K, L)llp + 7lVeGr, , (K, L) = VL G(K, Ll + 0 IVLG(K, L)||

VIKE VK
SUL( K1+1PKL\/_+IKL)<77L( +rr+ike|

32

where the second to last inequality follows from (C.1), Lemma 14(b) of [19], Lemma 3.4, and

r1,L ~ ©(y/€1). The last inequality follows from our requirement that €; < 1. Therefore, it suffices
-1

to require 1 < pg,L - (g + Pk, + lK,L) to ensure that L’ lies within the radius that the local

Lipschitz continuity and the local smoothness properties hold with probability at least 1 — 6;. Now,
we exploit the local smoothness property to derive that

G(K,L)-G(K,L') < -n(VLG(K,L),VLG(K,L)) + IVLG(K, L)%

2
YK, LT
2

= -nL{VLG(K,L),VLG(K, L)~ VLG, , (K, L)) = n(VLG(K,L), VLG, | (K, L))+ IVLG(K, LIl
<HLIVLG(K, DIEIVLG(K, L) = VLGy, (K, L)llp = nelIVLG(K, L)

VK L1}
2

YKL}
2

+HLYK,LT, Lung(K,L)uF + IVLG(K, L)%

< ——||ng<1< L)z + ||VLg<K,L>—ngn,L (K, L)

VKL <
LR LrLLIVLGK, Dl + —5—F IVLG(K, D). (C2)
Moreover, we can bound the last term of (C.2) as

2
¢K,2L'7L.|IVLQ(K,L)II% <P 11iIVLG(K,L) - VG, (K, L)|IZ+ 2¢K,L;7f(1p12<lr12 +IVLG(K, L)|2).
(C.3)

Substituting (C.3) into (C.2) yields that the following inequality holds almost surely:
G, L)~ GK,L) < (< + 29 ) IV G, DI + (" + puc.en ) IVLG(K, L)~ Va6, , (K LI

+ kL, LIVEGK D)lp + 29 il ;.

Next, recalling the definition that Ok 1 = min{ > lle - kK, L} we invoke the local smoothness property
to obtain

Ok LKL
[em - == IVLGK DI < G(K, L+ 6k L VLG(K, L))~ G(K, L) < G(K, L(K)) ~ G(K, L).

Define A := G(K,L(K))-G(K,L) and A’ := G(K,L(K)) — G(K, L"), then it holds almost surely that

2nLPk,LhL AL2
Ok L

# (L 4 e ) IVLG(K L) = Vi, (KL DR+ 203 r

Nons(-2Ey 2¢K,mf)IIVLQ(K,L)II§ ¥

2 r _
<_’7L”’KA+ ’7L17DK,L 1,L A1/2+1”]L||VLQ(K,L) VLgrlL(K L)||F+2¢KL17Lr1L

- 4 QK,L
8Lz (17 —
LMK K,L"1,L
< TLPK AL LLL L VLG(K, L) = VG, , (K L2 + 202  n2r2,,
8 P‘KQK,L

where the last two inequalities utilize 1 < 55— l/) and the pg-PL condition in Lemma 3.4. Thus, if
the stepsize 771, of the one-step ZO-PG update (4 1) and the smoothing radius r; ; for the minibatch
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estimator further satisfy

< min{l ! } mm €1 ! €1KK }
= "8k ) B 84’ Ox.Lix N 240" g ¥ 30 )

then with probability at least 1 — 61, we can bound the one-step ascent as

— € €
N-A< —”Lg’( A+nilVLG(K, L) = V,Gy, , (K, D)2 + % - N <(1- %)A . "’1‘61,
(C.4)

where the last inequality follows from (C.1). Lastly, by (C.4), we have G(K,L)-G(K,L’) = A’-A <
—%A +1L ’”1(661 . Therefore, it holds that G(K,L) - G(K,L’) < 0 with probability at least 1 — 6,
since by the implicit assumption that €; < A. This completes the proof. |

C.3 Proof of Lemma B.5
Proof We first introduce the following lemma and defer its proof to the end of this subsection.

Lemma C.1 (Xg | Estimation) For any K € K and any L € S(n,m,N), let the batchsize My in
Algorithm 1 satisfy

1o oy (2dy
b 2)
where cy, , is a polynomial of l|Allg, ||1Bllg, IPlgs IK|g, |ILI|E, and is linear in cq. Then, it holds with

probability at least 1 — 01 that ”EKJ_ - ):K,L” FS€n where iK’L is the estimated state correlation
matrix obtained from Algorithm 1. Moreover, if €1 < ¢/2, then it satisfies with probability at least
1- 51 that /\min(EK'L) > ¢/2

Similar to the proof of Lemma B.3, we first require r; | < pkp to ensure that perturbing L pre-
serves the local Lipschitz and smoothness properties. Then, Lemma 23 of [19] suggests that if

M1L>( (9K, LK) + 5L )

2
oL log(M1 )) M, where % := ¢y, + % and cy, , follows the

o1 P2 pxer
definition in Lemma C.1, then it holds with probability at least 1 — 671 that

NG (C5)

[VLG(K,L)- V.G, (K, L)||, < Socr 1)

Moreover, by Lemma C.1 and if we require M, > 2%2/¢2 -log(4dy/01), then it holds with

probability at least 1 — %1 that ||EK, L— 2K, L“ P S % By the standard matrix perturbation theory (see
for example Theorem 35 of [11]), we have

— 2[Zkr -2
[P s < 2P 2l < c6)
Furthermore, by Lemma C.1 and the condition that IIEK L— il < %, we can ensure that
/\min(EK,L) > 4 and thus HZK L” < 4. Combining (C.5) and (C.6) yields that with probability
at least 1 — 61, the “size” of the one- step inner-loop ZO-NPG update (4.2) can be bounded by
IL’ - Ll = el Ve G(K, DT Lllr < e [VLG(K, DR - VEGK, DI ||p + Ve GK DR |
< | [V2(K, 1) =100, L) [T + VL0 D5 =38 g + V20K D [

VEK 20k L lk,L ]
311[4(%+1)+ % +Ig L+ 5|

where the last inequality follows from (C.5), Lemma 14 of [19], ) <1 and r; 1 ~ ©(+/€1). Therefore,

NTs -1
it suffices to require 7 < pg.r - % + ZI’qu'L +igp+ ¢l§‘L] to ensure that L’ lies within the
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radius that the Lipschitz and smoothness properties hold. Now, we exploit the smoothness property
to derive that

G(K, L)~ G(K, L) <~ (VL G(K, L), VL G(K, L)Ex 1) + VL6 L ke |2

YK,L1 f
2

< - (VLG(K, L), V1 G(K, LSk 1 )~y (VL G(K, L), VL G(K, L)k, ~ VL G(K, L) x.p )

2
. IPK,2L’1L V6K, LEx |12

< 1L Amin D) [VLGEK, D2+ 1z [VLG(K, D) [[FLG(K, L) - V6K, D) [Ficcc |

. YKL 77%||fl_<1,L ||12:

Vg L
77L/\rn1n 2KL ||ng K, L HF /\mm ZKL ”VLg K L ”F T]L” ||F ”V g K, L) ngrl K L ”F
min ( KL)
2IEk Ly
N TN ||F %J’“”anmui
2
< or gk L + 2 7,906,101, (L) + 2L o, e
2 2
P 9, ©n
where the second to last inequality utilizes Lemma 14 of [19] and
(T
VLG V260, 1) Vi G, 1) [Fic] - < ’”““+“||ng KD);
YK
+ M”v G(K,L)- Vi Gy, (K, L)

2/\min(zK L)

: - =1 = - = -1
The last inequality in (C.7) uses Amin(Cx,r) = Tkl = [IZk cllF + Ik.L = Tk, lle]

”EI?LH < % Moreover, we can bound the last term in (C.7) as

20K L1} dpg Ln? 89K, L n}
¢2 2 (

V26K, D)||} < V26K, L)~ V16, (K, L) + 0% 17ty + IVLGK, D)

(C.8)

1

Further, recalling the definition that Ok, = min{m,

%}’ we invoke the local smoothness
property to obtain ’

62
[QK,L - %I’DKL] IVLG(K, L)1} < G(K,L+ 0k V1 G(K, L))~ G(K,L) < G(K,L(K)) - G(K, L).

LetA:=G(K,L(K))-G(K,L)and A’ := G(K,L(K))-G(K,L’). Substituting (C.8) into (C.7) implies
that the following inequality holds almost surely:

2
, o 8YK.LNL 2 2NLYRLTIL
A=A S(_ % + $2 )”VLQ(K’L)HP + T”VLQ(K'L)”F
2ppn APrn; IPK LIET lL
+[ P + 7S [VLG(K,L)- VLG, ,( KL||F —
2
CMLEK o AMLYRLTLL 12 20nx | 4¥KLNE l/’K L 1L
ST 4 $OK L P? ’ P? HV GUCL) = V16, (O L) ”F ¢?
32 nps 1P 4
L _MLpK | S ‘i’K,zL 1L (2171,2% . ¢K,2L’1L]HV G(K, L)~ V16, (K L) + l/’KLZL 1L
8x /"K¢ QK,L (I) (i) qt’
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where the second to last inequality uses 17y < 2/ [32¢k p#] and the PL condition. The last inequality

uses 2ab < a® + b2, Thus, if the stepsize 1 of the one-step ZO-NPG update (4.2) and the smoothing
radius r; ; for the minibatch estimator satisfy

. (1)2 1 } (j) . { el}
< < - -
Ui _111111{32¢ P m 1 » LS 16Xy 1 min{+/puxer, pxOk,L s/

then with probability at least 1 — 67, we can bound the one-step ascent as

2 1) 32ny ns  r2 41y w2 r?
P L1 R R R R T o83 ¢ S ALE A e £ SALE:
8 ¢’ F P‘K(PZQK,L ¢
_NLkk NLkk €1 > Nk NLbK €L
- 8u A+ 16X = A _( 81 )A 16x (C.9)
where the last inequality uses (C.5). By (C.9), we have G(K,L)-G(K,L’) = A’-A < — ’lLHK A+71L1y61;el .

Therefore, it holds that G(K, L) — G(K, L’) < 0 with probability at least 1 — &, because €1 <A.

Lastly, we prove Lemma C.1. Due to the modification to sample state trajectories using unperturbed
gain matrix, we avoid the bias induced by the perturbation on the gain matrix compared to the
results presented in [11]. As a result, the only bias between the estimated correlation matrix and

the exact one, denoted as ”EK,L — Xk rllr, where fK,L( K) = M1 ZMl 1dlclg(xo(xo) ,"-,xf\,(va)T)
and Xk 1 = E;¢ [EK’L], is induced by &. Since

”diag(xf)(xé)T,Eé(cf(i))T,-",5};]_1(5};]_1)T)||F <c¢p
holds almost surely, and
N-1
diag(xh(xg)T, -+ () T) = ) (Axp)' - diag(xh(xh) T EG(E T+ E 1 (Eh_)T) - (A )",
=0
there exists a ¢y, that is a polynomial of I|Allg, [IBllgs IPllg, IIK||g, IIL||g, and is linear in cg

such that Hdiag(xé(xf))T,'“,X}'\,(xf\,)T)||F < cy,, almost surely. Then, we apply Hoeffding’s

inequality to get with probability at least 1 — 26; that ||EK7L - ):K'L”F < \/C>231< . log(dy/61)/[2M1].

Therefore, it suffices to choose M; > %6)2:“ e7%log(2dy/5;) to ensure that HEK’L - ZK’L”F <€

with probability at least 1 — 6. Lastly, by Weyl’s theorem, we can bound Amin(iK,L) > ¢/2 by
requiring €, < ¢/2. This completes the proof. ]

C.4 Proof of Lemma B.7

Proof We note that (B.23) follows from Proposition B.1 of [15], but with the inner- and outer-loop
players being interchanged. That is, our B, D,K, L, R%,R" correspond to C, B, L, K, RV, R* in [15].
Following (B.31) and (B.32) of [15], we can prove (B.23). We note that the constants in Proposition
B.1 of [15] are uniform over the compact set Q) therein. However, it is hard to construct such a
compact set in our setting without posing additional constraints. Therefore, B g and Bp g are only
continuous functions of K rather than being absolute constants, due to the quotient of two continuous
functions being a continuous function provided that the denominator is not zero. Equations (B.24)
and (B.25) follow from Lemmas C.2 and B.8, respectively, in the supplementary material of [15],
with the same notational correspondences introduced above. Similarly, we do not have uniform
constants but instead By k), By, k are continuous functions of K. This completes the proof. |

C.5 Proof of Lemma B.8

Proof By the definition that Vg G(K, L(K)) = 2Fg (k) k,L(k), We have
[VkG(K", L(K")) = Vi G(K, L(K))|| < 2||Fier L) = Fie i ||| 2, oo [
+ 2|[Fi i) || Loy = Zicn |-
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From Lemma C.4 and let K, K’ € K be sufficiently close to each other such that [|[K’ - K||r < By k.,
we have ||Fg' (k) — Fx,L)llF < ¢s5k - IK” = K||p, where c5 g is defined in §C.9. Next, the term
Xk, (k)llF can be separated into [|Ex px)llr < IXk,Lx)llE + 112k, L) — Zx,Lx)llF- To bound
Xk, 1(x)llF» We note that because ||xl, [|€¢]| < ¥ almost surely for all ¢, there exists a finite ¢y, | LK
that is a polynomial of ||A||g, [|B||g, [|D||g, [IK]||g, and cq such that || g k) llp < CE 1) almost surely.
By Lemma B.7 and the condition that |[K” — K||p < Bj g, we have ||2Kf, HlF < C):KL + By k.,
which leads to
20|Fx L) = Fr Lo llel L lle < 2¢s k (esy g + B ) - 1K = K]

Therefore, if we require ||K’ — K|p < 62/[4C5yK(C):KL(K) + By k)], then 2||FK’,L(K’) -
FK,L(K)||F||):K/7L(K/)”F < %2 holds almost surely. Subsequently, we combine (C.15) with (B.25)
to get

2||Fk, Lk ||P||21<' k)~ L, LK)llE < 2c,k By k - IIK" = K||p.

By requiring ||[K’ - K]||f < propc , it holds almost surely that 2”FK L(K ” HEK’ )_):K,L(K)”F <

622 Therefore, » We can almost surely bounq [IVkG(K’,L(K’)) - VK G(K,L(K))||r < €, by enforcing
the above requirements on ||K’ — K||g. This completes the proof. |

C.6 Proof of Lemma B.9
Proof For any K € IC, we can define the following set:
K:= {K | (3.8) admits a solution B¢ (k) > 0, and B¢ (k) < BLL(K)}' (C.10)

Clearly, it holds that K € K. Then, we first prove that K is bounded. Recall that B¢, 1 (x) > 0 is the
solution to (3.8), such that

B, pk)=Q+KTR'K +(A- BK)T(PK,L(K) + P ,(k)D(RY - DTPK,L(K)D)_lDTB(,L(K))(A - BK).
(C.11)

Since K € K, any K € K also satisfies K € K, due to that B k) < Fg ) implies RY —
DTF, rk)D > 0. As a result, the second term on the RHS of (C.11) i 1s p.s.d. and we can obtain
Q +KTR”K < K, 1(x)> where Q > 0 and R" > 0. Then, from the definition of K and Fg 1 (k) Fx,r(k

are symmetric and p.s. d we have || B 1k)llr < || 1(k)llF- These arguments together 1mply that for

any K € K, ||K||p < \/Ill}LL(K)IlF//\min(R”), proving the boundedness of K.

Next, we take an arbitrary sequence {K,} € K and note that ||K,, || is bounded for all n. Applying
Bolzano-Weierstrass theorem implies that the set of limit points of {K,}, denoted as /C;; ., is nonempty.
Then, for any Kj;, € Ky;,,, we can find a subsequence {K,, } € K that converges to Kj;,,. We denote
the corresponding sequence of solutions to (C.11) as {H<Tn'L(KTn)}’ where 0 < B<wL(K7n) < KLk
for all n. By Bolzano-Weierstrass theorem, the boundedness of {PK,n,L( Kr,,)}’ and the continuity
of (C.11) with respect to K, we have the set of limit points of {BQ”,L(KW)}’ denoted as Py, is
nonempty. Then, for any B, € P, ., we can again find a subsequence {H(KT L(Ky,, )} that converges
to B;y,. Since B<KT LK, ) is a p.s.d. solution to (C.11) satisfying 0 < PKK, ’jL ) < P, (k) for all
nand (C.11)1s continuous in K , Bim must solve (C.11) and satisfy 0 < Him”S IkL Wthh 1mpl1es
Kjim € K. Note that the above arguments work for any sequence {K,,} € K and EnyTimit points Kj;m,
and B;.,,, which proves the closedness of K. Together with the boundedness, K is thus compact.

Finally, let us denote the closure of the complement of K as K¢. By K € K c K and (C.10), any
K € K satisfies: 1) P (k) = 0 exists; ii) RY — DT F p(x)D > RY DTB< L(x)D > 0. This implies

that K is dlSJOlnt with ICC ie, KN K¢ = @. Then, there exists a distance Bk > 0 between K and K
such that for a given K € I, all K’ satlsfymg [|IK ’ - K|| < B,  also satisfy K’ € K (see for e example
Lemma A.1 of [75]). This c completes the proof. |
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C.7 Proof of Lemma B.10

Proof To simplify the notations, we first define

Mz*l N
L. _ 1 . - _
7= ViGK LK) = 11 ) %[E c]]V], V= VkG(K, L(K)), V:=Eg[V],
=0 =0

V:= VG, (K,L(K)), V:=VgG(K,L(K)),

where L(K) is the approximate inner-loop solution obtained from Algorithm 1. Our goal is to quantify
IV=V||, which can be separated into four terms ||[V=V||g < [[V=V|lg+|[V=VIg+I[V=Vlg+I[V=VE.

According to Theorem 4.1, G(K + r,V,L(K + r,V)) > G(K + r,V,L(K + r,V)) — €; holds with
probability at least 1 —6;. Applying union bound and triangle inequality yield that V=Vl < dyey /1,
holds with probability at least 1 — M, &, . Therefore, we can bound ||V — V|| by €,/4 with probability
at least 1 — 6,/3 by requiring €, < €,71,/[4d,], and 81 < 6,/[3M,].

Subsequently, we consider the bias induced by &. By definition in (3.2), we have Zﬁo c{
driven by (K,L(K)) and xq,& ~ D for all t can also be represented as Tr [B(,L(K) .
diag(xoxOT, 5055,“',51\1_15;1-1)]’ where ||diag(x0x0T,5OgOT,...,5N_15]T]_1)“F

< ¢g almost surely. Then, we apply Hoeffding’s inequality and (C.13) to get with probability at least
1 - 26, that |[V = V||p < dacoG(K,L(K))/[r2$] - \/log(d2/5,)/[2M;]. Then, it suffices to choose
M, > 8d§c§g(K,L(K))2/[722¢2e§] -log(6d,/8,) to ensure that ||V — V|| < €,/4 with probability at
least 1 — 0,/3.

For the third term, we can apply standard results in zeroth-order optimization [77], which leads to V=
dy/ry-Ey [Q(K +1r,V,L(K+71, V))V]. Then, we invoke Lemma B.7 and Hoeffding’s inequality to get
with probability at least 1 —26, that ||/V\—FVVI|F <dy/ry-(G(K,L(K))+1,B8p ko) -\ 210g(d2/02)/M,,
where we require r, < B; k. Thus, it suffices to choose M, > 32d22(g(K,L(K))+rzBp’KCO)2/[r22<-:§]-
log(6d,/06,) to ensure that IV =VlIr < e,/4 with probability at least 1 — 0,/3.

Lastly, by Lemma B.8, we can bound the last term ||V — V|| almost surely by €,/4 if requiring

€ € }
’
16¢5 k (Cyg k) + Brx) 1662,k By x

r, =|IK' = K| < min{BLK,Bz,K,

where B g, By k are defined in Lemma B.7, ¢y 1) is defined in §C.5, and r, < BB, k ensures the

perturbed gain matrices K + r, V/, for all j, lie within K, as proved in Lemma B.9. Thus, we have
IV = V||r < €, with probability at least 1 — 6,, which completes the proof. [ ]

C.8 Proof of Lemma B.11

Proof We first introduce a lemma similar to Lemma 16 of [11] and defer its proof to the end of this
subsection.

Lemma C.2 (YXk | Perturbation) For a fixed K € K, there exist some continuous functions
BI,L’ BZ,L > 0 such that lf”L’ —L”F < BI,D then it holds that ||ZK,L’ - ZK,LHF < BZ,L . ||L/ - L”F

The estimation bias, ”EK,Z( K) ~ ZK,L( K)llp, can be separated into two terms, such that

IZk L) — ZxLx)llF < 12k Ty~ Tk Lol + 12k D) — ZrLi s (C.12)

= My-1 ;. i i = .
where Xy 1) = MLz Z]-ZZO dzag(x{)(x] )T,m,x;\,(x;\,)T), Yx k) = Ee [ZK,i(K)]’ and {x,} is the
sequence of noisy states driven by the independently sampled noises xo, & ~ D, for all ¢, and the
pair of control gain matrix (K, L(K)), where L(K) is the approximate inner-loop solution. Recall that
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“diag(xé(xé)T,Eé(éé)T, TR 5{;,_1(51];]_1)T)“F < ¢ almost surely and

N-1

diag(xé(xé)T,~-~ ,x{\,(x{\,)T) = Z(AKj(K))t'diag(xé(xé)Tr‘fé(‘fé)T"" "51]‘\1—1(‘51];1—1)T) (Ag f(K))t'
=0 ’

then there exists a cy _ that is a polynomial of ||A||g, [|Bl|g, ||P||g, |IK||g, and is linear in ¢ such that

”diag(x{)(xj )T,"',x;\](x{\,)T)HF = Crpri) almost surely. Then, we apply Hoeffding’s inequality

to get with probability at least 1 — 26, that ”EK,f(K) - EK’i(K)HP < \/céK L log(dy/6,)/[2M;].
Therefore, it suffices to choose M, > 2C}2:K L(K)egz log(%

€,/2 with probability at least 1 — 6,/2.

) to ensure that ”EK,f(K) —Ixrwlle <

For the second term on the RHS of (C.12), we have by Theorems 4.1 or B.4, depending on whether
the inner-loop oracle is impl_emented with the ZO-PG (4.1) or the ZO-NPG (4.2) updates, that with
probability at least 1 — 04 ||[L(K) — L(K)||§ < /\r_nlin(HK,L(K)) - €1. Then, we apply Lemma C.2 to get
when [|L(K) - L(K)||p < By, (k). it holds that ||Zy 7 k) = Xk, Lx)llF < By, Lx)IL(K) = L(K)||p with
probability at least 1 — 6;. Thus, if

2

. €5 Amin(Hg L(k)) 0

€1 < mln{BlzyL(K)/\min(HK;L(K))’ %H}’ 61 2
¥, L(K)

then we can bound “EKE(K) — Xk, 1(k)llF < €2/2 with probability at least 1 — ,/2. Combining two
terms together, we can conclude that HZKI(K) — Xk rk)llF < € with probability at least 1 - 6.
Then, by the Weyl’s Theorem, we can bound /\min(ZKI( K)) > ¢/2if €; < ¢/2. Lastly, we prove
Lemma C.2, which mostly follows from Lemma 16 of [11], with our A—- BK,D,Q + KTR*K,L
matrices being replaced by the A, B, Q,K therein, respectively, except that the upper bound for
||[Z k|| therein does not hold in our setting since we only require Q > 0 and thus Q + KT R*K may
not be full-rank. Instead, we utilize that the value of the objective function following (4.1) or (4.2)
is monotonically non-decreasing, as shown in Theorems 4.1 and B.4. Moreover, the superlevel
set Lx(G(K,Ly)) following the definition in (3.12) is compact. Thus, there exists a constant
Crgk Ly *= MAXLeLy (G(K,Ly)) IZk |l depending on K such that for a fixed K € KC, ||Zk |lF < Yok L)

holds for all iterates of L following (4.1) or (4.2) until convergence of the inner loop. This implies
that for a fixed K € IC, if |[L' - L||[p < By := ¢/[4CZQ(KLO)||D“F(”A —BK —-DL||g +1)], then it holds

that “EK,L’ - EK,L”F < BZ,L . ”L’ - L”F? where BX,L = 4C§Q(K,L0)”D”F(“A -BK - DL”F + 1)/¢
This completes the proof. ]

C.9 Auxiliary Bounds

Define the following polynomials of G(K, L(K)):

o _GKLEK) IDIFGK LK) \/HGK,L(K)n
K ¢ $? - Amin(Hg,L(k))’ e ¢
_ ¢k +|IBlIEllAllFer,k _ |IDI[FG(K, L(K))

= , = IAllE +1IBllFes.k )
Amin (R) K ¢-Amm<HK,L<K))( r+IBlresx )

cs k = 2|IR*|[p +IIBIFG(K, L(K)) + IBIEIDIIFG(K, L(K))BL k) k

(G(K,L(K)) - G(K*, L*)),

+ Bo,lIBIIF(IBI (3. + B ic) + IAll + 1Dl (es, + Braey )|

where B k, Bp k. and By k) k follow from Lemma B.7. Then, we present the following lemmas.

Lemma C.3 For K,K’ € K, the following inequalities hold
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1P, Lx)llF < G(K,L(K))/p, (C.13) IVkG(K, L(K))llF < 2|2k L(x)llco,k,  (C.16)
1B L)l < €1k (C.14) K|l < c3 (C.17)
IFk LixollE < €2 (C.15) IL(K)IIF < cak- (C.18)

Proof To start with, we note that for any K € K, the solution to the Riccati equation (3.8) satisfies
B¢, 1(k) 2 0. Thus, (C.13) can be proved by G(K, L(K)) = Tr(Fx (k) 20) = ¢l (k)llF» Where the
inequality follows from ¢ = Ap;n(Xg) > 0 and Tr(M) > ||M||g for any matrix M > 0. Then, for any
K € I, we have by (C.13) and the definition of P,y k) in (3.7) that

(K, L(K)) | IDIFG(K,L(K))>
¢ 4)2 min HKL( ))

This completes the proof of (C.14). Subsequently, for any K, K’ € K, we invoke Lemma 11 of [11]
to get

1B )| < |1 B2 + 1B o) PHE )DTB(rL(K)HFS

=C1,K-

G(K, L(K) - G(K", L) > G(K, L(K)) - G(K', L(K')) > ”G;"ﬁTmF,I,L(K,FK,L(K».

As aresult, we have ||FK,L(K)||12: = Tr(PI}—L(K)PK’L(K)) < ”GK(’;(K)“ (Q(K,L(K))—Q(K*, L*)), and taking
a square root of both sides yields (C.15). Moreover, we can prove (C.16) such that

41k, L) IIPIGK, L (k)

[
IVKG(K,LIK)IIE < 41Zk £ k)P Tr(Fg 1 e Fx LK) < (G(K, L(K)) - G(K*, L(K™))

¢
Next, we invoke Lemma 25 of [11] and (C.14) to get
K|l < COK ”BTBCL(K)A”F < cok +IBllEllAllFer x .
FS BN =C3,K/
Amin(Ru) /\min(Ru) /\min(Ru)

which proves (C.17). Lastly, for any K € K and recall the definition of L(K) from (3.10)

ID||rG(K, L(K))
(P /\mm L(K))

which proves (C.18). |

LK)l = 1H' o)D" B L) (A = BRI <

(I1Allr + IBllpcs x ) = cax

Lemma C.4 For K,K’ € K satisfying ||[K’ — K||p < By , where By k is as defined in Lemma B.7, it
holds that

Ik, L(k’) — Fx,Lx)llF < ¢5,x - IK" = K| (C.19)

Proof For K,K’ € K and recalling the definition of F ; in (3.6), we have
IFx,L(k’) — Fx,L(x)lIF
=2||(R" + BT B¢, (x/)B)K’ = BT B¢/, k) (A~ DL(K")) - (R" + BT B¢ 1 (k)B)K — B B¢ 1 (i)(A — DL(
< 2RI lIK’ = K|l + 2BIZIK £ Be, L) — Be, L i)l + 2IBIEIBk, i) 1K = K[
+2|IBIIellAllF B, k) — B, L) IE + 21BIEIDIEIL(K)IE NP, (k) = Be,Lx)lIF
+ 2|IBlIEllBe, () IEIDIIFIIL(K) = L(K) I
= 2(IIR"llF + IBIF B, Lk lIF ) - 1K = Kl + 2(IIBIIE NP, L k) IEIDIE ) - IL(K ) — L(K) Il

- z(an%(nKnp +[IK" = Kl[g) + IBIEIAllE + IBIEIDIE(ILK)E + ||L<K’>—L<K>||p))-||PKr,L<K/> ~ B (k)|
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Applying (C.13), (C.17), (C.18), (B.23), and (B.24) proves (C.19), such that
IFx, (k") — Fx,L(x)llF
< 2(IIR"[I¢ + [IBIEG(K, L(K))) - K’ ~ K]|¢ + 2(IBIIFIPlIG(K, L(K))) - IL(K) ~ LK)l

+ z(||B||§(c3,K + By )+ IBIFIAF + IBIENDIE (cq k + BL(K),K>) B L) = BeLolle

< 2[IIR“IIF +|IBIEG(K, L(K)) + Bl IDIIEG(K, L(K))BL k), k

+ BP,K”B”F(||B||F(C3,K + Bl,K) +|AllE + IDllp(cq x + BL(K),K))] JIK = K]l

This completes the proof. |

D Simulation Results

In this section, we provide simulation results to complement our theories. In particular, we present
convergence (divergence) results in the following four scenarios where we apply PG updates in
Algorithms 1 and 2 to solve a finite-horizon zero-sum LQ dynamic game with time-invariant system
parameters: (i) double-loop update scheme with both the inner- and outer-loop solved exactly; (ii)
double-loop scheme with the inner-loop solved in the derivative-free scheme by sampling system
trajectories while the outer-loop solved exactly; (iii) double-loop scheme with the inner-loop solved
exactly while the outer-loop solved in the derivative-free scheme by sampling system trajectories;
(iv) descent-multi-step-ascent/ AGDA/t-GDA with exact gradient accesses diverge. Subsequently,
we extend our numerical experiments to a setting with time-varying system parameters in §D.5, and
demonstrate the convergence results of double-loop PG updates.

Simulation Setup. All the experiments are executed on a desktop computer equipped with a 3.7
GHz Hexa-Core Intel Core i7-8700K processor with Matlab R2019b. The device also has two 8GB
3000MHz DDR4 memories and a NVIDIA GeForce GTX 1080 8GB GDDRS5X graphic card. In
all settings except the one used in §D.5, we set the horizon of the problem to N = 5 and test a
linear time-invariant system with the set of system matrices being A; = A, B; =B, D; =D, Q; = Q,
R{ =R",and R} =RY, where R¥ =5-T and

1 0 -5 1 -10 0 05 0 0
A=[-1 1 ] B=[0 3 , D:Io 02 0/,
0 0 1 -1 0 2 0 0 02
2 -1 0 4 -1 0
Q=|-1 2 =-1|, R¥=|-1 4 -2f. (D.1)
0o -1 2 0 -2 3

D.1 Exact Double-Loop Updates

We set £ = I. Then, we present the convergence result following two different initializations, denoted
as Ké and Kg, where Kg is closer to the boundary of K. Specifically, K, = [diug((K(’))S) 015X3], for

-0.12 -0.01 0.62 -0.14 -0.04 0.62
i€{1,2}, where K} =|-0.21 0.14 0.15|and KZ =|-0.21 0.14 0.15|- Then, we can verify
-0.06 0.05 0.42 -0.06 0.05 0.42

that Amin(HKé,L(Ké)) = 0.5041 and /\min(HKg,L(Kg)) = 0.0199. Moreover, we initialize L = 0 in
both cases.

Case 1: We demonstrate in Figure 4 the convergence of three update combinations, namely PG-
NPG, NPG-NPG, and GN-GN, for the inner and outer loop, respectively. The stepsizes are chosen
to be (17,a) = (1 x1074,3 x 107°) for PG-NPG, (1, a) = (0.0635,3 x 10¢) for NPG-NPG, and
(1,a) =(0.5,5x% 107%) for GN-GN. Also, we require the approximate inner-loop solution to have
the accuracy of €; = 0.001. As shown in the top of Figure 4, the double-loop algorithm with all
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Figure 4: Three exact double-loop PG updates with initial gain matrix being Ké. Top: Con-
vergence of G(K,L) and Apin(Hg). Bottom: Convergence of {I7! ):f;(l)lle(K,L,)||p}121and
(k71 Zﬁ;%) IV G(Ke, LK) k1 - L(K) is the approximate inner-loop solution with e; = 1073.

6
2500 6 600 <10
— + NPG-NPG, Avg.|Vy; ~ GNGN, Avg [Volr |18
2000 5% « NPG-NPG, Avg.|Vk|y « GN-GN, Avg.| V| .
M -
. 4 = =
3 1500 [i: [;400 3
M 38 = =
S 1000 ;P 2 50
2% <200 =
500 1
1.2
0 1 2 30 500 1000 1500 2000 0 1 2 30 500 1000 1500 2000

Total Iterations K x L 494 Total Iterations K x L Total Iterations K x L, 19* Total Iterations K x L

Figure 5: Two exact double-loop PG updates with initial gain matrix being Kg. Left: Con-
vergence of of G(K,L) and Apin(Hg r(k))- Right: Convergence of {1 ):f;(l)lle(K,L,)||p}121and
(k1 Zﬁ;lo IV G(Ke, LK) ks - L(K) is the approximate inner-loop solution with e; = 1073.

three update combinations successfully converges to the unique Nash equilibrium of the game. Also,
the sequence {Amin(Hk,,L(k,))}k=0 is monotonically non-decreasing, which matches the implicit
regularization property we introduced in Theorem 3.7 for the outer-loop NPG and GN updates. As
Ké € K, we can guarantee that all future iterates will stay inside /. The convergences of the average
gradient norms with respect to both L and K are also presented in the bottom of Figure 4.

Case 2: When the initial gain matrix Kg is closer to the boundary of X, one non-judicious update
could easily drive the gain matrix outside of . In this case, we present two combinations of updates,
namely NPG-NPG and GN-GN, for the inner and outer loop, respectively. We use the stepsizes
(17, @) = (0.0635,2.48 x 1077) for NPG-NPG and (1, ) = (0.5, 2.5 x 10~%) for GN-GN. Similarly,
we set €; = 0.001. The convergence patterns presented in Figure 5 are similar to those of Case 1.

D.2 Derivative-Free Inner-Loop Oracles

We provide two sets of experiments to validate Theorems 4.1 and B.4. We consider the same example
as the one in §D.1, but using derivative-free updates (4.1)-(4.2) by sampling system trajectories
to approximately solve the inner-loop subproblem, as proposed in §4.1. Note that the inner-loop
subproblem is essentially an indefinite LQR, as introduced in §3. The outer-loop problem is solved
using the exact NPG update (3.17). Note that according to Theorem 4.3, one can also use the
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Figure 6: Convergence of G(K, L) and An;n(Hg, r(k)) With the initial gain matrix being KS. Left:
The inner loop follows the ZO-PG update (4.1) and the outer loop follows the exact NPG update
(3.17). Right: The inner loop follows the ZO-NPG update (4.2) and the outer loop follows the exact
NPG update (3.17).
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Figure 7: Convergence of G(K, L) and Ap,;,, (Hg 1) when the outer loop follows the ZO-NPG update
(4.3). Left: The inner-loop solutions are computed by (3.10). Right: The inner-loop solutions are
approximated by the exact NPG update (3.14) with an accuracy level of ; = 1074,

outer-loop ZO-NPG (4.3) together with the inner-loop derivative-free updates to achieve the same

convergence pattern. However, we use an exact outer-loop update, as it suffices to illustrate our

idea here and also has better computational efficiency. In contrast to the example in §D.1, we set
-0.04 -0.01 0.61

¥ =0.1-1 and initialize K = [diag((Kg)5) 015X3] with K3 =|-0.21  0.15 0.15[, where one
-0.06 0.05 0.42

can verify that Amin(Hy (x3)) = 1.8673 > 0. That is, Kjek.

3
o
Inner-Loop ZO-PG: When we use the inner-loop ZO-PG update (4.1) in Algorithm 1, we choose
M, =10° and r; = 1. Moreover, we set the stepsizes of the inner-loop ZO-PG and the outer-loop
exact NPG to be (17, ) = (8 x 1073,4.5756 x 107%), respectively. The desired accuracy level of the
double-loop algorithm is picked to be (€1,€;) = (0.8,0.5). As shown in the left of Figure 6, the
inner-loop ZO-PG (4.2) successfully converges for every fixed outer-loop update, validating our
results in Theorem 4.1. Also, the double-loop algorithm converges to the unique Nash equilibrium of
the game.

Inner-Loop ZO-NPG: When the inner-loop subproblem is solved via the ZO-NPG update (4.2), we
choose the same M1, 1y, &, €1, €; as the ones used in the inner-loop ZO-PG update but in contrast we
setn =5x 1072, Similar convergence patterns can be observed in the right of Figure 6.

D.3 Derivative-Free Outer-Loop NPG

We set Xy = 0.05-1. We present convergence results following the initial gain matrix Ky =
-0.08 0.35 0.62

[diag(K5) 015><3], where K = [-0.21 0.19 0.32fand Amin(Hg, (k,)) = 3-2325. The convergence
-0.06 0.10 0.41

of Algorithm 2 is implemented for two cases, with the inner-loop oracle being implemented using

(i) the exact solution as computed by (3.10); and (ii) the approximate inner-loop solution following
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Figure 8: Divergence of G(K, L), {I™" £,Z IVL(K, L)l|g}iz1, and (k™! T4 IVKG(Kie, LK )F s 1-
Top: ANGDA with stepsizes 7 = a = 1.7319 x 10~!!. Middle: T-NGDA with stepsizes a =
1.7319x 107! and n= 103 a. Bottom: Descent-multi-step-ascent with update rules (3.14) and

(3.17) and stepsizes § = o = 1.7319 x 10~°. For each iteration of the outer-loop update (3.17), we
run 10 iterations of the inner-loop update (3.14).

the exact NPG update (3.14). As proved by Theorems 4.1 and B.4, the inner loop can also be solved
approximately using either ZO-PG or ZO-NPG updates, which has been verified via the simulation
results presented in §D.2. The parameters of Algorithm 2 in both cases are set to M, = 5 x 10,
r,=0.08, (17,a) =(0.1,4.67x107°), and (e}, €;) = (1074,0.8). Figure 7 illustrates the behaviors of
the objective function and the smallest eigenvalue of Hg j following the double-loop update scheme.
It is shown that iterates of the outer-loop gain matrix {K}}rs( stay within the feasible set X along
with the double-loop update, which preserves a certain disturbance attenuation level in the view of
Remark A.8. Moreover, in both cases, we have Algorithm 2 converging sublinearly to the unique
Nash equilibrium.

D.4 Divergent Cases

As noted in Remark A.7, it is unclear yet if descent-multi-step-ascent, AGDA, or 7-GDA, where
T = 11/ a, can converge globally to the Nash equilibrium in our setting. In this section, we present
some scenarios where descent-multi-step-ascent, AGDA, and 7-GDA diverges even with infinitesimal

stepsizes. We use the same example as §D.1 and initialize K, 4,Lg to be time-invariant such that

~0.1362 0.0934  0.6458 0.2887 —0.2286  0.4588
Ky, =Ky ={-0.2717 -0.1134 -0.4534|and L§, =L§ =|-0.7849 -0.1089 ~0.3755| for all t.
~0.6961 —0.9279 —0.6620 ~0.2935 0.9541  0.7895

Note that in descent-multi-step-ascent/ AGDA/T-GDA, the maximizing problem with respect to L
for a fixed K is no longer solved to a high accuracy for each iteration of the updates on K. Thus,
we can relax the constraint K € K since the maximizing player will not drive the cost to oo in
such iterates under descent-multi-step-ascent/AGDA/t-GDA. Figure 8 illustrates the behaviors of
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the objective and the gradient norms with respect to K and L when applying alternating natural
GDA (ANGDA), t-natural GDA (7-NGDA), and descent-multi-step-ascent with updates (3.14)
and (3.17) to our problem. The stepsizes for the ANGDA are chosen to be infinitesimal such that
n=a=17319x 10711, However, we can still observe the diverging patterns from the top row of
Figure 8, even with such tiny stepsizes. Further, we test the same example with the same initialization
but use 7-NGDA with 7 = 103. That is, n= 103 - a. In such case, it is shown in the middle row
of Figure 8 that diverging behaviors still appear. Whether there exists a finite timescale separation
7*, similar to the one proved in [74], such that T-GDA type algorithms with 7 € (t*, c0) provably
converge to the unique Nash equilibrium in our setting requires further investigation, and is left as
our future work. Lastly, we present a case where descent-multi-step-ascent with updates following
(3.14) and (3.17) diverges. The stepsizes of the inner-loop and the outer-loop updates are chosen to
benn=a=17319x 1072 and we run 10 iterations of (3.14) for each iteration of (3.17). The bottom
row of Figure 8 demonstrates the diverging behaviors of this update scheme.

D.S Time-Varying Systems
Instead of setting A; = A, B; = B, and D; = D for all ¢, we now choose
(-1)"tA (-1)tB (-1)'tD
10 10 ' 10’
and set RY = 10-I. Rest of the parameters are set to the same as in (D.1). The horizon of the problem is
-0.0984 -0.7158 -0.1460

again set to N = 5 and we initialize our algorithm using Kg’t = Kg =1-0.1405 0.0039  0.4544 |.
-0.1559 -0.7595 0.7403

A=A+ B, =B+ D;=D+

We demonstrate in Figure 9 the convergence of exact double-loop NPG updates. The stepsizes of the
inner-loop and the outer-loop updates are chosen to be (17, &) = (0.0097,3.0372 x 107>). Also, we
require the approximate inner-loop solution to have the accuracy of €; = 0.001. As shown at the top
of Figure 9, the double-loop NPG updates successfully converge to the unique Nash equilibrium of
the game. Also, the minimum eigenvalue of R¥ — D TP ; D is monotonically non-decreasing along
the iterations of the outer-loop NPG update, which matches the implicit regularization property we
introduced in Theorem 3.7. This guarantees that all future iterates of K will stay in the interior of X
given that the initial K does. The convergences of the average gradient norms with respect to both L
and K are also presented at the bottom of Figure 9.
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