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Natural Policy Gradient Preserves Spatial Decay Properties for Control
of Networked Dynamical Systems

Eric Xu! and Guannan Qu!

Abstract— We consider the distributed control of networked
linear time-invariant systems. Previous work has established
the spatial decay property of the centralized controller, which
allows truncating the centralized controller to obtain a x-
hop distributed controller with small performance loss. This
paper makes a step further by showing a policy optimization
approach, Natural Policy Gradient (NPG), preserves the spa-
tial decay property of controllers. This enables “truncating”
Natural Policy Gradient to directly learn a x-hop distributed
controller.

I. INTRODUCTION

Control of networked dynamical systems is a fundamental
problem with applications spreading across power networks
[1], vehicle platoons [2], traffic networks [3], and sensor net-
works [4]. In particular, there has been tremendous interest
in designing distributed controllers such that the controller at
each node only has access to the state information of itself
and possibly nearby nodes [5]. Such interest in distributed
controllers can be attributed to the fact that they are simple to
implement, require only local communication, and are more
scalable and practical compared to centralized controllers.

Despite the interest in distributed controllers, even for the
simplest setting with linear dynamics and quadratic costs,
designing the optimal distributed controller is extremely
challenging in general. On one hand, computational in-
tractability results have been established in the worst case
[5]; on the other hand, many approaches have been proposed
to design the optimal distributed controller under specific
problem settings, e.g. the nested information structure [6],
finite-dimensional linear policy [7], [8], quadratic invariance
[9], sparsity invariance [10], system level synthesis [11], [12].

Recently, a promising line of work approaches the dis-
tributed control problem from a spatial decay perspective [8],
[13]-[16]. The main idea is that when the dynamics follow
a network structure, it is shown the optimal centralized
controller satisfies the spatial decay property, namely, the
control gain between the control action at node ¢ and the
state at node j decays when the distance between ¢ and
7 increases. Here, the distance is measured with respect to
the network graph that underlies the system dynamics. The
spatial decay rate varies by the specific setting, e.g. [8] proves
exponential decay rates for spatially invariant systems; [13],
[14] proves exponential decay rates for networked systems,
[16] proves sub-exponential decay rates for a general class of
exponentially decaying dynamical systems, and [15] proves
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polynomial decay rates for a networked Markov Decision
Process.

The significance of these spatial decaying results is that
it allows truncating the optimal centralized controller to a
k-hop distributed controller, i.e. setting the gains between
nodes with distance larger than x to 0. Such a k-hop
distributed controller can be implemented in a distributed
manner as it only requires communication with x-hop neigh-
bors. Further, the performance loss resulting from truncating
is (sub)-exponentially small in x. In other words, using a
small x will already have near-optimal performance when
compared with the optimal centralized controller.

However, the aforementioned work only studies the spatial
decay property of the optimal centralized controller and its
truncation to the x-hop distributed controller; there is a lack
of study on how to learn the x-hop distributed controller
when the system matrices are unknown. Parallel to this effort,
a recent line of work [17]-[23] (see [24] for a review)
studies policy optimization for dynamical systems, which
searches for the optimal centralized controller when the sys-
tem dynamics are unknown. Specific methods inlcude policy
gradient, natural policy gradient, etc [17]. Given the ability
of the policy optimization methods to learn controllers, it is
natural to ask: is it possible to use policy optimization to
learn near-optimal k-hop distributed controllers?

Contribution. In this paper, we make a step towards
understanding the above question. Our key result is that
if we start from a spatially decaying controller, we show
that Natural Policy Gradient (NPG) preserves the spatially
decaying property of the controller (Theorem 8). This means
that Truncated NPG (TNPG), which directly learns a x-hop
distributed controller, has error decaying in « in each step of
the iteration (Theorem 9) when compared with the original
NPG. Our results also lead to open questions regarding
the uniform boundedness of the decay constant throughout
the TNPG iterations and the overall convergence of TNPG,
which we leave as future directions. Beyond the theoretical
analysis, we show numerical simulations that validate our
results and conjectures.

We note that the work in [25] establishes similar partial
results as ours, particularly the decay property of the P
matrix (cf. Theorem 8.1). What differentiates our work
from [25] is that our goal is to search for near-optimal
truncated controllers with convergence guarantee, using the
spatial decay property as an intermediate tool; whereas [25]
focuses specifically on the spatial decay property of spatially-
decaying systems.

Notation. For a set S, its cardinality is written as |S|. The
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set of positive integers is denoted as Z., the reals: R, and
the set of real m x n matrices: R™>*". We then denote the
spectral norm of a matrix A as ||Al|, the minimum singular
value of A as 0, (A), Tr(A) the trace of A (assuming
A is square), and denote ||v||, for the L,-norm of vector
v. A > 0 denotes that A is a positive definite matrix. For
a matrix A, we use lowercase letters a(i,j) to denote A’s
sub-blocks which are indexed by 7, j, hence we may write
the matrix A as a sequence of sub-blocks A = (a(i, 7)) jev
for some index set V. Similarly, for a vector v, we may write
v = (v(i));ey. For a distribution D we denote  ~ D for
a random variable z to be distributed as D; we also denote
its expectation as E[z]. We further denote O(-) as the usual
big-O notation and poly(x) as a polynomial of z.

II. PRELIMINARIES

A. Problem Formulation

We consider a graph G := {V, £}, where V := {1,..., N}
is the set of nodes and & is the set of edges. We let Ng(7)
denote the set of neighbors of ¢ in the graph (including
itself), and dg (7, j) denote the shortest path distance between
node ¢ and j in the graph. We also make the following
assumption on the polynomial growth of the cardinality of
7-hop neighborhoods, which is standard in the literature [14].

Assumption 1. For any T-hop neighbourhood of a node,
that is Ng(i,7) == {j € V : dg(i,j) < T}, there exists
positive constants Cp > 1 and d s.t.

Ng(i,7)| < Cpr?, Vi€ Vandrt > 1. (1)

Given the graph G, we consider the following networked
Linear Time Invariant (LTI) system:

zea (i)=Y a(i,f)a(d) + (i, Hu(j), i€V. 2
JENG (1)
Here, z:(i) € R™i, and wu(i) € R™ are the state and
control at node ¢ € V at time ¢ € Z; furthermore, a(i,j) €
R™:*™; and b(i,j) € R™ ™. We also denote n, =
D icy My and ny = > .oy, My, Given z(i), u(i) at node i,
the stage cost at node ¢ is given by,

G (i), ul@)) = (i) Tqi, D) +u(@) (i, i)ui),

where ¢(i,i) € R"™i*" and r(i,i) € R™i* ™ are
symmetric and positive definite matrices. Given the stage
costs, the nodes seek to minimize the sum of their stage
costs for an infinite horizon:

min E Z m:th + u;rRut 3)

t=0
s.t. Ti41 = A.Tt + But,

.%'QND,

where z; = (2:(9))iey, w = (u(i))icy, A =
(a(i, j))ijev, B = (b(i,4))ijev, Q := (q(i, 7)) ey, and
R :=(r(4,7))i,jev (we note that a(i,j) = 0 and b(é, j) =0
for {i,j} ¢ £, and ¢(i,5) =0 and r(i,5) = 0 for ¢ # 7). In
addition, D is the distribution for the initial state, which we
assume has correlation matrix Yy := E [xoxg ] > 0.

An important class of controllers for (3) is the class of
linear controllers u; = —Kux;, where K is the control
gain. An important concept for these controllers is stability,
defined below.

Definition 2. The controller K is (L,~y)-stable for L >
0,7 € (0,1) if |KIl < L and (A — BK)!| < L' for
allt € Z..

Throughout the paper, we also make the following assump-
tions.

Assumption 3. We assume Q > 0, R > 0, (A,B) is
controllable, and (A, Q'/?) is detectable.

It is well known that under the above assumption, the
optimal policy is the linear state feedback law: u*(z) =
—K*x where K* = (k*(4,7))ijev is the optimal gain
matrix. However, the optimal controller, K*, is usually dense
and impractical to implement. Therefore, it is preferred to
focus on distributed controllers. Specifically, we consider the
class of k-hop distributed controllers defined as follows.

Definition 4. A controller K = (k(i, j)): jev is said to be
k-hop distributed if k(i,7) = 0 when dg(i, j) > K.

Thus, a k-hop distributed controller is structured such that
the control action at node ¢ has a non-zero gain from the
state at node j only when ¢ and j are within distance k.
Therefore, a x-hop distributed controller is more practical to
implement than a centralized controller, at least for small «.

The goal of our paper is to search for a x-hop distributed
controller that minimizes (3). Towards this end, we utilize
policy optimization, which we review next:

B. Policy Optimization

Restricting to the class of linear stabilizing state feedback

control policies: u; = —Kxy, we may rewrite the cost in (3)
as

C(K) := E[zy Pxxo), (4)
where

Py =Q+ K'RK + (A— BK)"Px(A— BK). (5
It has been shown in [17] the gradient of (4) is
VC(K)=2(R+B'PxB)K — B"PrA)Xk, (6)

Z:EK

where Y is the state correlation matrix defined as

EK = EK lzxt$:‘| y
t=0

and Eg is taken w.r.t. the randomness on x( and assumes the

state trajectory is generated by the controller u; = —Kuxy.
[17] also considers the Natural Policy Gradient (NPG),
VNC(K) = VC(K)Y ' = 2Ek. (7)

The concept of NPG naturally leads to the NPG algorithm:
Kit1 = Ky — bk, 3
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for some step size 1. The key contribution of [17] is that (4)
satisfies the so-called gradient dominance property:

[Zk- ||
where ||-|| 7 denotes the Frobenius norm: ||A]|2, = Tr(A " A)
which is induced by the inner product: (A, B)p = Tr(AT B).

A significant consequence of the gradient dominance prop-

erty is that the NPG algorithm (8) converges linearly to the
optimal LQR cost.

C(K) - C(K") < 1K1, ©)

Lemma 5 (Lemma 15 in [17]). Applying a single NPG step
K' = K —nEg withn < WlPKBH’ we have for ji =

Tmin (R
Tmin(Yo) and X = Tt

C(K') — C(K*) < (1 - nAp) (C(K) — O(K™)).

As can be seen from above, after applying one step of
NPG, the optimality gap (C(K) — C(K*)) shrinks by a
fixed constant, and hence the NPG converges to the optimal
controller with a linear convergence rate. It is natural to
ask whether NPG can learn x-hop distributed controllers,
which is the main focus of Section III. Before we present the
main results, we review one final concept, spatially decaying
matrices, which will be the key to our analysis later.

C. Spatially Decaying Matrices

From [14], it is known that the optimal centralized con-
troller K* to (3) is spatially exponentially decaying, i.e.
|[*(%,7)|| decays exponentially as the graph distance be-
tween ¢ and j increases. This motivates us to restrict the
class of policies we search through to such controllers. To
formalize this, we define the general spatial decay property
below.

Definition 6. Given a matrix A = [a(i, )] jev and a weight
w = [w(i,j)]ijev where each w(i,j) € Ry, the decay
constant of A under weight w is defined as

aw(4) = maxd lati, j)llw(, )
JEV
+max Jla(i, llw(i, ). (10)
%
Throughout this paper, we will be using the class of
(D, §)-sub-exponential decay weights defined as follows:

w(i, §) = exp(Ddg (i, §)°) (11)

for D € (0,00) and § € (0,1). Under this weight, we call a
matrix A a sub-exponentially decaying matrix. Furthermore,
one implication of Definition 6 is as follows:

) = — a(, 7)||w(i, 7
Ha(l)j)H_’w(’L‘,j)H (’])H (’j)

< vy (A) exp(—Ddg i, §)°)- (12)

In other words, the block a(i,j) decays sub-exponentially
when dg (4, j) increases. We note that for the above definition
to be not vacuous, we need «,(A) to not depend on N,

the size of the network; as otherwise, setting a,,(A) =
exp(DN?) will render (12) degenerate.

Further, it is straightforward to prove the following prop-
erties whose proofs are given in Appendix A.

Lemma 7. Given (D, d)-sub-exponential decay weights w,
matrices A and B, we have

ayw(A+ B) < ay(A) + ay(B),
ay(AB) < auy(A)aw, (B).

III. MAIN RESULTS

13)
(14)

Our first key result is that, the NPG update equation pre-
serves the spatial decaying structure. This result is formally
stated below.

Theorem 8. Suppose K is (L,7)-stable and is a sub-
exponentially decaying matrix in the sense of Definition 6
with weights (11) and decay constant o,(K). Then, the
matrix B in NPG (7) is also sub-exponentially decaying
with decay constant

aw(EK) < (azz)(R) + o (B)zaw(PK))O‘w (K)

+ aw (B)aw (P ) o (A),
with
of a K)))l 1 1(1+9)
og( —log2
oulP) < an(ro2e” (0050 ),
14+ —1 _
where 0 = +32*25 € (0,1) and the O(-) notation hides

everything that does not depend on o, (K); the precise form
of oy (Prc) is given in (19). As a result, a single step of NPG,
K' = K — nEg, will produce a controller K' that is also
sub-exponentially decaying with decay constant,

3 o ((log(aw(K)))W)

aw(K') < ay(K)’e (15)

The precise form showing dependence on all constants is
given in (20).

The consequence of the above result is that, if we start
from a sub-exponentially decaying stable controller, the
NPG algorithm will produce controllers that are also sub-
exponentially decaying. Further, the NPG Ex is also sub-
exponentially decaying. As a result, “truncating” the NPG to
k-hop distributed controllers will lead to only a small error.
Such a truncated NPG directly learns a x-hop distributed
controller, and since the truncation error is small, we expect
it to have similar convergence properties as the original NPG
(Lemma 5).

More specifically, the truncated NPG is described as
follows

Ky = K —nTg(Ek, . k),

for some step size 7. We can define the truncation operator
in terms of a (dense) gain matrix K; its truncation is K" :=
(k" (i,7))i,jev defined as follows:

0, dg(i,j) > k.

(16)

kn(ihj) - E(k(Z,J),H) = {
(17)
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Overloading notation, we may write K" = Tg(K, k).
Leveraging Theorem 8, we also show the following single-
step error guarantee for the truncated NPG.

Theorem 9. Suppose K is (L,~y)-stable and is a k-hop
distributed controller with decay constant a,(K). Then,
for n < m, one step of truncated NPG, K' =
K — nTg(Fk, k), will produce another k-hop distributed
controller K' that satisfies:

C(K') = C(K™) < (1 = nAp) (C(K) — C(K™))
C(K")
+ 5n————€(k), (18)
nUmin(Q) ( )
where n} = maXcy Ng,, and the truncation error is:
e(k) = aw(EK)an*e’zD” which is sub-exponentially

decaying in k. a,,(Ef) is given as in Theorem 8.

The first term in Theorem 9 is similar to Lemma 5 in that
the optimality gap shrinks. The second term is a result of
the truncation and is small due to the sub-exponential decay
property, provided « is large.

While we can in principle apply Theorem 8 and Theorem 9
multiple times to analyze the convergence of TNPG across
multiple iterations, the decay constant v, (K’) will increase
after each NPG step and will remain unbounded. This can
be seen from the results in Theorem 8, and one can check
a(K') ~ epolylloga(K))  Therefore, our existing results
cannot directly lead to the convergence of TNPG. However,
we conjecture that our bound in Theorem 8 is not tight.
Our numerical simulations show that «,,(X) will remain
uniformly bounded throughout the NPG iterations. How to
show the boundedness of o, (K) throughout the iterations,
and how to prove the overall convergence of TNPG and its
model-free, distributed implementation, remains our ongoing
work. Finally, we note that while the results above hold for
NPG, we conjecture that similar results (i.e., Theorems 8 and
9) should also hold for vanilla policy gradient. In particular,
we expect that the decay constant of the gradient in (6) will
be larger due to the extra factor of ¥ .

IV. PROOF
A. Proof of Theorem 8

By Lemma 7, it is easy to see that
o (K') < 0y (K) + na(Ex),

and further,

ay(Er) < (aw(R) + aw(B)QO‘w(PK))O‘w(K)

+ uy(B)y (Pr )y (A).

Therefore, it is critical to bound ., (Pk), that is Px pre-
serves the sub-exponential decay property. Note that Py can
be written as,
Px = ((A-BK)")"(Q+ K"RK)(A - BK)".
n=0
Therefore, to show Py is sub-exponentially decaying, we
need to show that each (A — BK)™ is sub-exponentially

decaying with decay constant v, ((A— BK)™) converging to
0 as n — oo. This is expected as we know (A — BK)™ con-
verges to the zero matrix since K is (L, ~y)-stable. However,
we note that directly applying the sub-multiplicative bounds
in Lemma 7 is not sufficient for proving o, ((A — BK)")
converges to 0, as the sub-multiplicative bound leads to

ay((A—BK)") < (o, (A—BK))™, yet ay(A— BK) may
not be smaller than 1. Therefore, to bound a,,((A— BK)™),
we need to relate it to the fact that (A— BK) is (L, 7y)-stable.
More specifically, we prove a general result that shows how
the decay constant for the power of a matrix changes when
the power increases.

Lemma 10. If M is sub-exponentially decaying with decay
constant (M), the weight w is as in (11), and |M"| <
L~™ for some L > 0,7y € (0,1), then

1-;6nlog2(1+6)

1/6
B (M
ay(M™) < Cp M0y (CL %l )> :
v

where Cp, := max(1,2CL'~?%) with C and 0 defined in (23).

The proof of Lemma 10 can be found in Section IV-B.
From Lemma 10, we can see that o, (A™) can be controlled
by two factors: the first of which is v which decays to
0 exponentially fast; the second factor increases with n,
though in a sub-exponential manner (note log,(1 + 6) < 1).
Therefore, «,,(A™) decays to 0 exponentially.

With the help of Lemma 10, we now proceed to prove
Theorem 8. Applying Lemma 10 to Ax := A — BK, we
have that

16, (4
aw(A%) < €0y (CL O‘;”( K)>

146, logg (146)
5 n 082

Then from the definition of Py, we have that,
R)) Y o (AR)?

- 1/0 2(1;.9) plog2(1+6)

C;/ o, (A

S (Ot
n= 0 v

@ (Pr) < (@ (Q) + (K

2/ n nlo 4plog2(1+0) 14 A
=ag,C Z e losy g C(AK)

— _1 _& _1
- aQKCLQ/Qe(logq(Am)l*f [Ibgw\l*h(fllogw\&)l*&]

S )
(19)
2(146)
where ((Ak) = w ' s aQr = ay(Q) +
aw(K)%ay,(R), and & = log, (1 + 0).

Therefore, we have that for NPG: K’ = K

) (1 + naw(R))
)"’aw )aw ))

—nEk
aw(K/) < aw(
+ n(aw(B) (

_ ( w(Q) +(ozw
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2d
D§(2 — 29)

2(1 + 0)\ TToe0TH
P 7

. (logaw(AK) —log~y + % log max {1,401:

-max {1,4Cp 1+ ( )Y Loy e

d

1
2d 5o\ ) TeRaEn
(”(Dm—z&)) L ))}

R S
T—Togo (146)
: ( log, (1 +0) | 7% _ (1og2(1+9)
log
1/(1-logs (140))
: Ilogvl“)gz“*”) ) (20)
This concludes the proof of Theorem 8. O

B. Proof of Lemma 10

We acknowledge that our proof of Lemma 10 is based on
a modification of the analysis in [26]. To start, we prove
the following Lemma 11, which reveals a few important
properties of the sub-exponential weight (11).

Lemma 11. Consider the weight in (11) and define an
auxiliary weight v(i,7) := exp(D(2° — 1)dg (i, §)%). Then,
the following conditions hold

w(i,j) < w(i, k)v(k, j) +v(i, k)w(k,j), Vi, jkeV
21
=1y . (. 4 <
max||(vw™)(7, )l +rjn€a5<||(vw )il <2, (22)
and
inf a(r) + b(7)t < ct?, vi>1 (23)

where the notation (vw~1')(i,) is the vector containing the

products v(i,j)w=t(i,5) for all j € V and similarly for
/s

(vw™H(+,4), C = 2Cp 1+ (Wdfﬁ)) ), and 0 =

22— 225 ; the functions a(-) and b(-) are defined as

= iy ] iy ] 24
a(r) max Z v(w)ﬂ]nea;{ Z v(i,j) (24)
JENG(4,7) i€Ng (4,7)

and
b(7T) := ma ma. vw (i, ]
)= o ey v )
+max max ovw (i,5). (25)

JEV i€V\Ng (j,T)

The proof of Lemma 11 can be found in Appendix A. In
Lemma 11, we can see that (21) is a stronger condition than
the triangle inequality in the view that the auxiliary weight
v, is a slower growing weight than w, as seen in (22). The
final condition (23) will be useful later when we split the
summation over V into Ng(i,7) and V \ Ng(j, 7).

With the help of Lemma 11, we are now ready to prove

Lemma 10.
Proof of Lemma 10. We denote M"™ = (m
Given a positive integer 7, we note that

D lm™ G, )i, )

JEV

"(i,7))ijev-

.z
Jidg (i,5)<T

Jidg (i,5) =T

< rjnea\gc(l\m"(iaj)ﬂ) >

) [lm" (4, 5)llv(i, 5)
v(i, )

JENG (4,7)
+ ( 2 |m"<z‘,j)lw(z‘,j>> jepinaxow”(i,)
FEV\NG (5,7) @
<||M" v(i,7) + o (M" max  vw '(i,7),
<Mt DD e g) ( )jEV\NG(’iﬂ') (4,7)

JENG (i,7)

where in the last inequality, we have used |[|m™(4,7)| <
[[M™]], i.e. the norm of the submatrix is upper bounded by
the norm of the entire matrix. Repeating the same bound for
> ievlm™ (i, j)|lv(i, j) and by the definition of av,(-), a(7),
and b(7) (in Lemma 11), we have

@y (M") < a(7) | M| + b(r) (M)
< inf a(r) | M + b(r) (M)

< CIIM™F Pl a (M™)?, (26)

where the third inequality is from (23).

Since w satisfies (21), we have that for any Z = XY,
where Z = (2(3,5))ijev. X = (2(i,7))ijev, ¥V =
(y(i,5))ijevs

2 (i, )w(i, 5) <Yl k)y(k, §)||w(i, 5)
key
< i, k) lw(i, k) ly(k, ) lv(k, 5)
key
+ > M, k) o, k) [y (K, §)[w(k, 5)-
key

Taking the summation over j € V, we get that

ay(Z) < ap(X)ay(YV) + ap(X)aw(Y). (27
Then using (26) and (27), we get
(M) < 200 (M™) vy (M™)
< 200, (M™)HOC| M|
< 2C o (M™)IHOLI=0n(1=0) — (2g)

Further, using Lemma 7, we have,

aw(MQn—i-l) S aw(MQn)
< 2Ca,(M

w(M)
)Ozw(Mn)1+9L1 0 nl 9) (29)

Next, we will use an induction argument based on (28) and
(29) to finish the proof. We first define

by == (2CL'~%)1/°
and rewrite (28) and (29) as

Q(M™)y™",

bon <BLFO byni < cpbht?, (30)

for all n > 1 and ¢y := max(1, (2CL'~9)Y%)a,,(M)y~L.
Then we show by induction our sequence b, is bounded

above by .
b, < Co =0

)
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for n.= Y1 ;2" where e; € {0,1}, e = 1. We first note
that b; = (20L'=) Y%, (M)y~" < ¢, so the base case is
satisfied. Foreven n+ 1, we let n + 1 = Zf 1 e;2%, and so
ol — Zf (€27 = Zf éej+12j Therefore, from the
1nduct10n hypothesis and (30),

k—1 3 i
bt < UL < T R e T =1 00,
so the induction hypothesis is true for n + 1. The case when
n+1 is odd is similar so we omit the details here. Thus, the
induction is concluded.
Then, applying the inequality
k k

. . 1 0 k+1 -1
ei(1460) <) (1+6) = %
1=0 1=0
L0 g g

IN

1 _g ‘97,L1()g;2(1-‘,-6‘)7

we have that
146 ) logy (140)
aw(M") < Cp 0y (€} (M)y 1) ,
€Y
where O := max(1,2CL'~?). This concludes the proof.
O
C. Proof of Theorem 9

Denoting Gk := Tg(Ek, k) and G = Ex — Gk, our
proof starts with a bound on the error caused by truncation
G, which is a direct consequence of Theorem 8.

Lemma 12. We have the following bound on G3:
Tr((GL)TGL) < €(k) i= an(Exc)?Nng-e 205"
Proof. We denote Ex = (ek (i, j))i jev, then
IGK|I% =T ((Gk) " Gx)

=3 > Tr(ex(ik) ex(i,k))

i€V kidg (i,k) >k

<> > g llex(i k)|
i€V kidg (i,k) >k

2
<y | YD llex( k)|

ieV \kidg(i,k)>r
5
< Nn;aw(EK)Qe_QD” ,

where n) = max;cyng, and the last inequality can be
shown from the definition of the decay constant in (10):
. . . 1
Yoo lexGR)= >0 llex(i k) w(i, k) ——
: - w(i, k)
k:dg (i,k)>kK k:dg (i,k)>kK
< e P 0 (Ex).
O]
Our proof also uses the following result in [17].
Lemma 13 (Lemma 6 in [17]). The cost C(K) in (4)

satisfies

C(K') - C(K) = —2Tr(Sx (K — K')T Ex)
+ Tr(Sg (K — K'Y (R+ B"PgB)(K — K')). (32)

We begin with a x-hop policy K. We can write our
Truncated NPG update as K’ = K —nGk. Then from (32),

we get
C(K') = C(K) = —2nTr(Sx G Fk)
+*Tr(X G (R+ BT Pk B)Gk). (33)

Analyzing the first term in (33), we have that

Tr(Xx GrEx) = Tr(Sk B Ex)
— Tr(Sx(Gx) " Ex),
for which the second term can be bounded as
TSk (GR) Ex) = (S B, S GE) )
< ISP BRI + 4l S (GR) I
= ZTY(ZK'EIT(EK) +4nTe(Sx (G) T G).-

Denoting Ri := R+ BT Py B, for the second term in (33),
we have

Tr(Xx G RrkGr) =

(S GRR R G e}) = IR Grsil |13

= | Ry (B + G — Ex) S |13

<2RPEx T3 + 2| R GRS 3

< 2||R | (Tr(Sx Efe Bx) + Tr(Sx (Gx) T G)) -

Then taking n < and combining the above upper

Omin (R)
X~

SHR I
bounds into (33), we have for \ :=

C(K') - C(K) < —nTr(Xx Ej Ex )+
5nTr(Sk (G) ' Gx)

")) + 57Xk [le(r)
Lf{l)e(ﬁ)
Umin(Q) ’

where we have used (9), Lemma 12, and the fact that
C(K') =Tr((Q+ K'TRK")Yk/) > [|Ek || 0min(Q)-

< —Mp(C(K) - C(K
< —Mu(C(K) — C(K™)) + bn

V. NUMERICAL SIMULATIONS

For our simulations, we consider the AC network in [14],
described below.

Example 14. The frequency control of a DC-approximated
AC power system can be written as a networked control
problem. The graph of this model is Gpc = {Vpc,Epc}
with Npc nodes (busses) and weighted edges with weights
(kpc)ij (normalized line susceptances). Forward Euler with
sampling time t; pc gives

{f’ttﬂ N L(tsvD{?)LDc (ts’?C)q Lﬂ - {0.5(2351)0)[} e

where 0; denotes the vector of phase angles of each bus at
time t, 0; = (0+(7))icvpe, and wy is the vector of frequencies
of each bus at time t, wy = (wi(i))ievpe- Lpo is the
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Fig. 1. Subexponential Decay Constants aw., (K¢) for the AC network.

Surrogate Optimality Gap: [P — P*||/|| P

i : 3 i 5
kappa-hop: &

Fig. 2. Performance of truncated NPG on the AC network.

weighted laplacian of Gpc. For Q = (0.5%)] and R = I,
the discrete system above is stabilizable and detectable.

Setup. We use the graph and susceptance data from the
IEEE 118-bus dataset described in [27]. We set ts pc =
.005ms, (kpc)ij = BijV2;/M where Bjj is the line
susceptance, M = 10*5kgm2, Vres = 132kV, and simulate
the model via its discretization. We run (16) for T = 400
time steps with stepsize n = 0.1 on the AC network with
K generated via pole placement. The poles of A — BK|
were sampled from the standard normal distribution and were
ensured to be stabilizing.

Results. We calculate the decay constants v, (K;) under
the weight in (11) with constant D = log?2 and the sub-
exponential power § = 0.75. As noted previously, our simu-
lation results in Fig. 1 suggest that the decay constant bound
of vy (Kpp1) ~ ePol¥loga(Ke)) (Theorem 8) is not tight and
support our conjecture that the decay constant should be
uniformly bounded throughout the Truncated NPG iterations.
The overall convergence of the truncated NPG is shown in
Fig. 2, where we plot || P — P*||/||P*|| against parameter &,
where P = P, is the solution to (5) for K7 (the controller
at the final time step 7"), and P* is the corresponding LQR
solution. This quantity || P — P*||/||P*|| can be viewed as a
surrogate of the optimality gap C(Kr) — C(K™*) [14]. As
K increases, we see a decrease in the surrogate optimality
gap, which is consistent with the single-step error bound in
Theorem 9.

VI. CONCLUSION

In this work, we have shown that an NPG update from
a spatially decaying controller preserves its spatial decay
property. Furthermore, we have also shown that the trun-
cation of the updated controller to a x-hop distributed
controller exhibits an error that decays with . As for future
work, we are interested in analytically showing boundedness
on the spatial decay of NPG iterations beyond one step
and ultimately, near-optimal convergence guarantees for the
truncated NPG algorithm and its model-free and distributed
implementation.
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APPENDIX

A. Proof of Weight Lemmas

Proof of Lemma 7: (13) follows directly from the triangle
inequality on norms. As for (14), take AB = (ab(i,j)): jev

> llabG, Hllw, ) =D |[D - ali, )bk, 5)|| w(, 5)

JjeV JEV IlkEV
< llai, k)llw(i, k) Y llbi, k) w(s, k),
key JEV

where in the second line we apply the triangle inequality,
property of the metric in w, and swap the sums. The weight
w must obey the triangle inequality as it is an increasing
function of the metric dg with § € (0,1). This proves (14)
O
Proof of Lemma 11: Proof of (21). For the condition in (21)
to hold, we will use the inequality
1<%+ (2°—1)(1 —s)°, for s € [1/2,1]. (34)
Denote the RHS of (34) f(s). The inequality then comes
from the fact that f(1/2) = f(1) = 1 and f is a continuous
concave function of s on [1/2,1].
We divide the proof of (21) into two cases. In the first
case, we assume dg(i,k) > dg(k,j). Then, using triangle

inequality, we have,
w(i, j)

< exp | D(dg(i,k) + dg(k, 5))° (d

IN

exp (D(dg(i, k)® + (2° — 1)dg (k. )°))
= w(iv k‘)v(k,]),

where the last inequality uses (34) and the assumption. By
symmetry, when dg(k,j) > dg(i,k), we must have that
w(i,j) < v(i,k)w(k,j). As a result, we can upper-bound
w(i,j) by combining the two cases

w(i, 7) < w(i,k)o(k,j) +v(i, k)w(k, j).
Proof of (22). Immediately, we have that
vw (i, 5) = exp (D(2° — 2)dg(4,§)°) < 1.

Proof of (23). From the definition of a(7), if we consider
the first term, we have

max > v(i,j)
JENG (i,7)
< D(2% -1 i, 7)°
< max > exp(D( )dg (i, 7)°)

JENG(i,7)
< Cprdexp (D(Q‘s - 1)7’5)

where we have used the assumption (1). Doing the same for
the second term in a(7), we have that

a(T) < 2CpT exp (D(25 - 1)75) < 2Cp7deDTs,

Similarly, for b(7), we have, from wvw™1(i,j) =
eP(2°=2)dg(1.3)° and 29 — 2 < 0, that b(7) < 2exp(D(20 —
2)77%). Then the optimization problem on the LHS of (23)
can be upperbounded by the following:

2C'p inf 7deD™’ + eD(?*z)T&t,
T7>1
where we have used Cp > 1. Then picking 70 =
m log ¢, we get the upper bound

d/s )
2Cp logt> +1]tV/6=2) < ot?,

(pa

1+ -1
where we have set § = %25 € (0,1) and also used the

following simple bound:
logt < Cyt®1=0)/d
which holds for C, = ﬁ, and set C =

/s
2Cp (1 + (%) ) Hence w in (11) satisfies (23).
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