Lecture-12: Stein’s method

1 Stein’s method for rate of convergence

Definition 1.1. We define the inner product of z,y € R? as (x,y) = Zle x;y;, and the 2-norm for any

veR? as af| £ /o, 2) = /L, 22

Definition 1.2. Any vector in R? will be denoted by its row vector, and hence the inner product for any
two vectors z,y € R? can be written as (x,y) = zy? = yz’.

Definition 1.3. For any differentiable function g : R? — R, we denote its gradient by Vg : R — RY
and define it in terms of unit row vectors (e; : i € [d]), as Vg(x) £ Z?:l e; agg). The inner product of
Vg:R? = R? and y € R? is given by

d
(Vg(x),y) = Z e Y = Va(@)y" = y(Vo(x)".

For any function f:R% — R? we denote its gradient in terms of unit row vectors (e; : i € [d]), by matrix

d d
Vfx) £ Z ejrafi(l_v)ei = Z(vfi(x))Tei-

i=1
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For a vector y € R? and function f: R? — R? we can write the row vector

d

d
> Z ag’% jJei = Z (V@) y)ei =y > (Vii(x) e; = yVf(2).
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For a function f:R? — R? and 2 : R, — R?, we can derivative of the norm

d
s =2 3 5 2,0 = <f<x>,zei <Vfi<x>,a'c>> ~ (J(@). V@) = @)@V (@)
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Definition 1.4 (Locally exponentially stable). A mean-field model @ = f(a) is said to be locally
exponentially stable if there exist positive constants ¢, o, x > 0, such that if initial condition [|a(0)| < e,

then
la(t) — a*|| < & [la(0)] e~

Definition 1.5 (Poisson). For a mean field model ¢ = f(a) where a € M(Z) and a* is a rest point and
d = |2, we define g : M(Z) — R be the solution to the Poisson equation

(Vg(a),a) = (Vg(a), f(a)) = | ®s(a) — a*[|*. (1)
Remark 1. We note that 8%—(:) = 0, and hence the total derivative of g with respect to t is given by
dg(a) .\, 9g(a) 2
= —_ @ .
P (Vg(a),a) + L = |@y(a) — o
Since a(o0) = a*, it follows that the solution to the Poisson equation is given by g(a) = — [, R, [®:(a) — a*||* dt,

when the 1ntegral exists and is finite. The integral is finite when the mean-field model is asymptotlcally stable
and locally exponentially stable. Note that —g(a) can be viewed as the cumulative square deviation of the
system state from the equilibrium point when the initial condition is a.



Remark 2. We define h: R, x M(Z) x M(Z) — R? as h(t,a,b) £ (b— a)V®;(a). Since ®4(a),a* € M(2),
we have ||®¢(a) — a*|, < 1. From Holder’s inequality for inner product |(a,b)| < ||al|, [|b]|;, we obtain

[ 2@ -a) - ave@ia<z [ o), d <2V It 0Dl de < 222
teR
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We will show the last inequality later. Recall that V®;(a) = Z?Zl ei(V®;(a);)T, and hence <b, (V@t(a))T> =
Zle b;V®;(a);. Since the integral is bounded, we can exchange differentiation and integration to write

d
Vgla) = — /t 2D (@a)s— o) V() = - /t  2a) — ") (Vo).

=1

Remark 3. Recall that QAN is the generator matrix for the empirical distribution of interacting-particle
CTMC with N particles. If AN is irreducible, then it is positive recurrent with equilibrium distribution
1A% (%) guch that WAN(OO)QAN = 0. If the initial distribution 74" (©) = 7TAN(°°), then 74" () = 7£AY () for
all t € Ry. In particular, we have

Eoanior 9 Q4n(s(90) —g(AN (o)) = D= mIQ, (9(b) — g(a)) = 0. (2)

b:b#a a,be M N (Z)

Substituting random variable A™ (c0) into the Poisson equation, taking expectation with respect to stationary
distribution WAN(‘X’), and recalling that 7A% (%) remains invariant under map ¥, for all t € R, we obtain

(3)

Subtracting (2)) to the left hand side, adding and subtracting f(A (00)) = D bibat AN (00) Qﬁz(w)ﬁb(b—AN (c0))
inside the inner product in the left hand side term of , and using the fact that @ = f(a), we obtain

E_ax o) (Vg(AN (00)), F(AN (50))) = E aw (o) [|@6(AN (00)) — a*||* = E an (o) | AV (00) — @

E_an () ||[AY (00) — a*||” = E v (n)

<Vg<AN<oo>>,(f<AN<oo>>— > Q2§<m),b<b—AN<oo>>)>

bib£ AN (00)

- ¥ Qﬁﬁ@),b(g(b)g(ﬂ(m))<Vg<AN<oo>>,<bAN<oo>>>)]. (4)

bibs AN (00)

From the equality above, it appears that limy_ o E ||AN(oo) —a* H2 = 0, if the following are true.

1. Solution g to the Poisson equation has a bounded gradient, i.e. ||Vg(a)|| is bounded by a constant
independent of N.

2. Generator f converges, i.e. imy o0 E_an (o) Hf(AN(OO)) _ Zb:b#AN(OO) Qﬁz(oo),b(b _ AN(OO))H =0.

3. The CTMC A" has bounded transition-rates, i.e. %EWAN(M Zb:b;éAN(oo) Q‘gz(m) , is bounded.

4. The first-order approximation error for g is diminishing, i.e. [|g(b) — g(a) — (Vg(a), (b — a))|| = O(5).

Note that g(a) + (Vg(a), (b — a)) is the first-order Taylor approximation of g(b).

For many CTMCs and the associated mean-field models, the first three conditions mentioned above can
be easily verified. In the following theorem, we will prove that the last condition holds when the mean-
field model is globally asymptotically stable and locally exponentially stable (see inequality (13)), and then
establish the rate of convergence based on that.

Theorem 1.6. The empirical distribution processes of the density-dependent family of CTMCs ((XV : Q —
ZN) . N € N), converge to the equilibrium point a* of the mean-field model in the mean-square sense with
rate %, e,
AN () —a*||* = O~
Bran e || () —a || = (N)’
when the following conditions hold.



Condition 1. Bounded transition-rate. There ezists a constant ¢ > 0 independent of N such that

Eﬂ”(oo) Z QAN(OO) b X

bib£ AN (00)

Condition 2. Bounded state transition. There exists a constant ¢ independent of N such that N ||b — a| <
¢ for any a,b € Mn(Z) such that Qfg # 0.

Condition 3. Perfect mean-field model. The mean-field model is given by f(a) =y, Qs ) Y (b—a) for
all a € M(Z).

Condition 4. Existence of partial derivatives. The first order partial derivatives %TZ exist and are
Lipschitz for all w, z € Z.

Condition 5. Stability. The mean-field model is globally asymptotically stable and is locally exponentially
stable.

Proof. We will first show the theorem assuming that the system is globally exponentially stable, and then
extend it to the case of global asymptotically stable and local exponentially stable case. Under perfect
mean-field model condition, we can rewrite as

Eavco [[47(00) = 0| = Eanc) [ > Qﬁﬁ@),b(g(b)g(AN(oo))<v9<AN<oo>>,<bAN(oo>>>)].
b:b£AN (c0)

Recall that map g : M(Z) — R is the solution to Poisson equation , and thus we can write

~(9(0)~g(@)~(Vg(a). (b~ a))} ) = /

) (19:(8) = 0 [P~ l|@u(a) = a*[*~2((@(a) ~ a*) VD)7, (b - a)) ) .

teR4

We define the error function e : Ry x M(2Z) x M(Z) — R? for each t € Ry, a,b € M(2), as
e(t,a,b) = @, (b) — ®4(a) — (b — a)VP(a).

With this definition, we can write

19:(0) — a*||* = [|Be(a) — a* || = 2((@s(a) — a*)VE:(a)", (b - a))
= [le(t,a,0) + ®u(a) = a” + (b= a)Ve(a)|” — [ @e(a) — a"[|* = 2((®e(a) — a*)VE:(a)", (b — a))
= [le(t,a,b)|1* + (b = @) V@i (@) |* + 2 (e(t, a,b), ®y(a) — " + (b — ) VP4(a)) .

We will show that [le(t,a,b)|, = O(=), from the bounded state transition condition we have ||b — a| < £,
(b—a)V®;(a)|, < ¢ independent of N and t. Therefore, there exists N € N such

and we will show that N
that for all N > N,

lle(t, a,b) + 2(P+(a) — a™) + 2(b — a) VP (a)| < 3.
Substituting this, we can upper bound

~(o) ~ 9(0) = (Vo(a). 0 =) <3 [ ettab)l it gz [ IN@b— )00 ar

We will show that ﬁER+ le(t, a,b)|| dt = O(
RHS of the above equation is of order O(=
that E_u~ ) || AN (00) — a*||* = O(&).
Consider the case that the mean-field model is not globally exponentially stable, but is globally asymp-
totically stable and locally exponentially stable. Recall that a(t) € M(Z) C [0,1]¢ is compact. From the
definition of global asymptotic stability, given any € > 0, there exists a finite time ¢, such that ||®;(a)| < €
o 1 e . . o
for all ¢ > t.. We observe that ||e(tc,a,b)|, dt = O(xz) and writing the integration fteﬂh = Jict. T Jisr.
we get the result.

) and [, [IN(b—a)V®i(a)[|* df = ©(1), to obtain that the

1
Ni
). Together with bounded transition rate condition, we conclude




Proposition 1.7. A dynamical system has an exponentially stable equilibrium point if and only if the
linearized system at the equilibrium is exponentially stable.

Remark 4. The first four conditions are straightforward to verify, however showing the stability condition
requires work. The global asymptotical stability in general is studied using the Lyapunov theorem. The
local exponential stability can be verified by computing the eigenvalues of the state matrix of the linearized
mean-field model at equilibrium. For given parameters of the mean-field model, one can verify the local
exponential stability.

Remark 5. If the mean-field model is unstable but the perfect mean-field model assumption holds, then
Kurtz’s theorem indicates that the sample paths of the CTMCs converge to the trajectory of the mean-field
model for any finite time interval, which implies that the CTMCs are unstable as well.

Remark 6. Convergence to the mean-field model in Theorem [I.6] requires a perfect mean-field model and
bounded state transitions, both of which can be relaxed.
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