WHAT DO WE NEED
FOR SIMULATED ANNEALING?
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Let (Xn), s, be a finite Markov chain with state space S. Let 0 < a < 1 and
) # A C S. We give necessary and/or sufficient conditions for an;c P(X,€A)=
a and lim P (X, € A) > a in the language of A-ergodic Zheory. These are
applied:lﬁlooparticular, to the simulated annealing and lead to some basic matters
in this field.
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1. A-ERGODIC THEORY

In this section we recall elements of A-ergodic theory (see [14] and [16])
that we shall need. These are used to give necessary and/or sufficient condi-
tions for nlLr&P (X, € A) =a and nleroloP (X, € A) > a, where (X,,),5( is a
finite Markov chain with state space S, # A C S, and 0 < a < 1.

Consider a finite Markov chain (X,,),,~, with state space S = {1,2,...,r},
initial distribution pg, and transition matrices (Pn),>1- We frequently shall

refer to it as the (finite) Markov chain (P,),, . For all integers m > 0, n > m,
define -

Prn = Pri1Pmsz... Py = ((van)ij)

(The entries of a matrix Z will be denoted Z;;.)
Set

ijes

Par(E) = {A| A is a partition of E'},

where F is a nonempty set. We shall agree that the partitions do not contain
the empty set.

Definition 1.1. Let A1, Ay € Par(E). We say that Ay is finer than Ag if
VvV € A1, AW € Ay such that V C W.
Write A7 < As when Aj is finer than As.
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In A-ergodic theory the natural space is S x N, called state-time space.
Let ) # A C S and ) # B C N. Let ¥ € Par(A). Suppose that ¥ is an
ordered set. Frequently, when we only use a partition ¥ of A or ¥ = ({i});c4
([14] corresponds to the latter situation), we shall omit to precise this.

Definition 1.2 ([16]). Let i,5 € S. We say that ¢ and j are in the same
weakly ergodic class on Ax B (or on Ax B with respect to 3, or on (A x B, X))
when confusion can arise) if VK € ¥, Vm € B we have

Jm 3 [(Prn) = (Prun)ye] =0

AxB,%
Write i <P j (with respect to X) (or ¢ (AxB.%) j) when i and j are in

the same weakly ergodic class on A x B. Then AXB s an equivalence relation
and determines a partition A = A(A x B,X) = (C1,Cq,...,Cs) of S. The
sets C1,Csy,...,C5 are called weakly ergodic classes on A X B.

Definition 1.3 ([16]). Let A = (C1,Ca, ..., Cs) be the partition of weakly
ergodic classes on A x B of a Markov chain. We say that the chain is weakly
A-ergodic on A x B. In particular, a weakly (5)-ergodic chain on A x B is
called weakly ergodic on A x B for short.

Definition 1.4 ([16]). Let (Cy,Ca,...,Cs) be the partition of weakly er-
godic classes on A x B of a Markov chain with state space S and A € Par(.5).
We say that the chain is weakly [A]-ergodic on Ax B if A < (C1,Ca,...,Cs).

In connection with the above notions and notation we mention some
special cases (X € Par(A)):

1. Ax B =8 x N. In this case we can write ~ instead of “<" (or b
N,%
instead of (5x1% )) and can omit ‘on S x N’ in Definitions 1.2, 1.3, and 1.4.

. . . Bx) .
2. A = S. In this case we can write 2 instead of °%” (or (%) instead

of (SXAEJ;’E)) and can replace ‘S x B’ by ‘(time set) B (with respect to X)’ (or

by ‘(B,X)’) in Definitions 1.2, 1.3, and 1.4. A special subcase is B = {m}

(m > 0); in this case we can write ~ (or (m&z)) and can replace ‘on (time set)
{m}’ by ‘at time m’ in Definitions 1.2, 1.3, and 1.4.
A

3. B = N. In this case we can set < instead of 2 (or ) instead of
A
( XH’E)) and can replace ‘A x N’ by ‘(state set) A (with respect to )’ (or by
‘(A,%)) in Definitions 1.2, 1.3, and 1.4.

The following three definitions are special cases of Definitions 1.13, 1.16,
and 1.17 in [16], respectively.
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Definition 1.5. Let C be a weakly ergodic class on A x B (with respect
to X). We say that C' is a strongly ergodic class on A x B ifVie C,VK € X,
VYm € B the limit

Jm > (B = om i = om i ()
JjeEK

exists and does not depend on 1.

Definition 1.6. Consider a weakly A-ergodic chain on A x B. We say that
the chain is strongly A-ergodic on A x B if any C' € A is a strongly ergodic
class on A x B. In particular, a strongly (S)-ergodic chain on A x B is called
strongly ergodic on A x B for short.

Definition 1.7. Consider a weakly [A]-ergodic chain on A x B. We say
that the chain is strongly [A]-ergodic on A x B if any C' € A is included in a
strongly ergodic class on A x B.

In connection with the last three definitions we mention some special
cases:

1. Ax B =S5 x N. In this case we can omit ‘on S x N’.

2. A = S. In this case we can replace ‘S x B’ by ‘(time set) B’. In the
special subcase B = {m} we can replace ‘on S x {m}’ by ‘at time m’.

3. B = N. In this case we can replace ‘A x N’ by ‘(state set) A’.

Set

Ry n={T|T is a real m x n matrix },
Ny ={T| T is a nonnegative m X n matrix},
Smn = {T'| T is a stochastic m x n matrix },
Ry, = Riymy, N = Ny, and Sy, = Spm.

Let T = (T3j) € Ry, 0 AU C{1,2,...,m}, 0 £V C{1,2,...,n}, and
Y = (K1, Ks,...,Kp) € Par (V). Suppose that ¥ is an ordered set. Define

_ vV _ Vo
Ty = (ﬂj)ieU,je{Lz,...,np " = (Tij)ie{l,Q,...,m}JeV’ Ty = (Tij)ieU,jew

TH=(T}), T}=)Y Tu Vie{l,2,...,m},Vje{l,2,...,p}
kEKj

(we call T = (Tj]') the reduced matriz of T on (V,X); TT =T+ (V,X), ie.,
it depends on (V, ) (if confusion can arise we write T7+tY or T7(V'">) instead
of TT); see [16]),

n

a(T)= min min (T, Ti)

1<i,j<m
k=1
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(if T € Sy, then o (T') is called Dobrushin’s ergodicity coefficient of T (see,
e.g., [4] or [7, p. 56])),

_ 1
(T ai&?ﬁmzmk— Tiel

7a(T) = min o (Tk), 7a(T)=maxa(Tk)

(see [12] for ya and 7, ), and

7Tl = max ZITZJ\

1<i<m

(the co-norm of T).

A vector x € R™ will be understood as a row vector and z’ is its transpose.
Define e =e(n) = (1,1,...,1) € R™.

Definition 1.8. Let C be a strongly ergodic class on A x B (with respect
to X € Par(A)). We say that C has limits A,,, m € B, if
+
nle ((Pmn)c) =A,, VmeB.
In particular, if there exists a matrix A such that A,,, = A, Ym € B, then we
say that C has limit A.
The following definition is a generalization of Definition 2.19 in [16].

Definition 1.9. Consider a strongly [A]- or A-ergodic Markov chain on
A x B. We say that the chain has limits I1,,, m € B, if
lim (Py,)" =1, VmecB.

n—oo
In particular, if there exists a matrix II such that IL,, = II, Vm € B, then we
say that it has limit II.
The following result is an improvement of Theorem 1.16 in [17].

THEOREM 1.10. Let (Py),~, be a Markov chain.

(i) If 3A € Par(S) such that the chain is strongly A-ergodic on A x B
with respect to 3 and has limits 11,,, m € B, then A" € Par(S) with A < A’
such that it is strongly A’'-ergodic on CA x B with respect to (CA), where CA

is the complement of A, and has limits ¢ — h!,, m € B, where h,, € R",
1|
(hm); == . (Im);;, Ym € B, Vi € S (|X] 1s the cardinal of X).
j=1
(ii) The chain is strongly A-ergodic on A x B with respect to (A) and
has limits Il,,, m € B, if and only if it is strongly A-ergodic on CA x B with
respect to (CA) and has limits € — II,,, m € B.

Proof. Obvious. O
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Concerning Theorem 1.10(ii), if II,,, = €/, Ym € B, we can say more.

THEOREM 1.11. Let (P,),,~, be a Markov chain. Then the following state-
ments are equivalent. B

(i) The chain is strongly ergodic on A x B with respect to (A) and has
limit €.

(ii) The chain is strongly ergodic on CA x B with respect to (CA) and
has limit 0.

(iii) The chain is strongly ergodic on CA x B (with respect to ({i});cca)
and has limit 0.

Proof. Obvious. [

THEOREM 1.12. Let (Xn)n20 be a Markov chain with state space S, initial
distribution po, and transition matrices (Py),~,. Let 0 # A C S. Then

P(Xn€A) =po(Pon)",
where (1)F = ()T
Proof. Let A = {i1,i2,...,%y}. Then

w T

P (X, € A) ZP w=it) =Y Y (p0); (Pon)y, =

t=1 s=1
r

w
= (p0)y > (Pom)y;, =po(Pon)t. DO

s=1 t=1

Let 7 be a probability distribution on S (S ={1,2,...,7}). Define
suppr ={i|i€ Sandm >0}

(the support of m). Note that supp m = S if and only if 7 > 0.
Below we give main results related to lim P (X, € A) = a and
n—oo

lim P(X, € A) > a, 0 <a <1 (we build a bridge between these and A-

n—oo

ergodic theory).

THEOREM 1.13. Let (Xy,),,~o be a Markov chain with state space S, initial
distribution po, and transition matrices (Ppn)y>1- Let po>0,0#ACS, and
0 < a < 1. If the chain is strongly ergodic on A at time 0 with respect to (A)
and has limit ae’, then

lim P(X, € A) =a.

n—oo

Proof. By Theorem 1.12,
lim P (X, € A) = lim py(Pon)" = poae’ = apoe’ =a. O
n—oo

n—oo
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If a = 1, we can say more. (The converse of Theorem 1.13 is not true. In-

deed, if P, = I>,Vn > 1, po = (3,1), and A = {1}, then lim P (X, € {1}) =
n—oo

1, but (X)p>0 is not strongly ergodic on {1} at time 0 with respect to ({1})

(it is strongly ({1}, {2})-ergodic on {1} at time 0 with respect to ({1}) and

has limit (1 0 )").)

THEOREM 1.14. Let (Xn)n20 be a Markov chain with state space S, initial
distribution pg, and transition matrices (Pn)nzl- Let po >0 and 0 # A C S.
Then the following statements are equivalent.

(i) lim P(X, € A)=1.

n—oo

(ii) The chain is strongly ergodic on A at time O with respect to (A) and
has limit ¢’

(iii) The chain is strongly ergodic on CA at time 0 with respect to (CA)
and has limit 0.

(iv) The chain is strongly ergodic on CA at time 0 (with respect to
({#});cca) and has limit 0.

Proof. (i) = (iii) By (i), lim P (X, € CA) =0. Let

b = max lim sup E (Pon) g -
sES n—oo ’
keCA

Suppose that b > 0. Then dsg € S such that

b = limsup Z (Po,n) o -
0 keca

It follows that there exists a sequence 1 < nj; < ng < --- such that

Z (PO,nt)sok — bast— oo.
keCA
Further,
0= lim P(X,, €CA)=

t—o0

(by Theorem 1.12)

= tli}rglopo (P07nt)+(CA’(CA)) > tllglo (pO)so Z (PO,nt)SOk = (pO)go b> 0,
keCA

and we have reached a contradiction. Therefore, b = 0 and this implies that
lim (P07n)+(CA’(CA)) exists and is equal to 0, i.e., (iii).

n—oo

(ii) = (i) See Theorem 1.13.
(ii) < (iii) < (iv) See Theorem 1.11. [

Theorems 1.13 and 1.14 can be improved by removing the condition pg > 0.
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THEOREM 1.15. Let (Xy),,5q be a Markov chain with state space S, initial
distribution pg, and transition matrices (Pn)nzl' Let 0<a<land ) #AC
S. If supp po is included in a strongly ergodic class on A at time O with respect
to (A) and the class has limit ae’, then

lim P(X, € A) =a.
n—oo

Proof. Let C be a strongly ergodic class on A at time 0 with respect to
(A) and with supp pg € C. By Theorem 1.12,

lim P (X, € A) = lim po (Pon)™ = lim (po)” (Pon)™) . =
n—oo n—oo

n—oo
= lm (1) (Pon))” = (o) ae’ = a(po)“ ¢ =a. O

If a = 1, we can say more. (The converse of Theorem 1.15 is not true. In-
deed, if P, =I5, Vn > 1, pg = (3, 3,0), and A = {1}, then lim P (X, € {1})
n—oo

= %, but supp pp is not included in a strongly ergodic class on {1} at time 0
with respect to ({1}).)

THEOREM 1.16. Let (Xy,),,~o be a Markov chain with state space S, initial

distribution pg, and transition matrices (P, . Let ) # A C S. Then the
bo, n>1

following statements are equivalent.

(i) lim P (X, € A) =1.

n—oo

(ii) supppo is included in a strongly ergodic class on A at time 0 with
respect to (A) and the class has limit €.

(iii) supp po is included in a strongly ergodic class on CA at time 0 with
respect to (CA) and the class has limit 0.

(iv) supp po is included in a strongly ergodic class on CA at time O (with
respect to ({i});cca) and the class has limit 0.

Proof. This is left to the reader. (It is easy to obtain the results analogous
to Theorems 1.10 and 1.11 for classes.) O

THEOREM 1.17. Let (Xy,),,~o be a Markov chain with state space S, initial
distribution pg, and transition matrices (Pp),>1- Let 0<a<1land ) #AC
S. If the chain is strongly [A]-ergodic on A at time 0 with respect to (A) and
has limit greater or equal to ae’, then

lim P(X, € A) > a.

n—oo
Proof. By Theorem 1.12,
lim P (X, € A) = lim po(Pon)" > poae’ = apoe’ = a. O
n—oo

n—oo

Theorem 1.17 also can be improved.
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THEOREM 1.18. Let (Xy,),,~o be a Markov chain with state space S, initial
distribution pg, and transition matrices (Pp)y>y- Let 0<a<1land D #AC
S. If supp po is included in a union of strongly ergodic classes on A at time 0
with respect to (A) and this union has limit (we join the limits of all classes
belonging to union) greater or equal to ae’, then

lim P(X, € A) > a.

n—oo

Proof. This is left to the reader. [

2. SIMULATED ANNEALING

In this section we show that some results in the previous section apply, in
particular, to the simulated annealing. Then we consider some basic matters
and make some considerations on them.

Set

+ Joa ifa>0,
“ TV 0 ifa<o,
where a € R.
Let H : S — R be a nonconstant function. We want to find ming (y).
ye

A stochastic optimization technique for solving this problem approximately
when S is very large is the simulated annealing (see, e.g., [1], [5], [9], [11],
[15], [18], [20], and [21]). For this, consider a sequence (3,),,»; of positive real
numbers with 3, — 0o as n — 0o ((8,),>, is called the cooling schedule), an
irreducible stochastic matrix G = (Gij>i;€ g (G is called the generation ma-
triz) and a Markov chain (Xy,),~, with state space S and transition matrices
(Ppn),;>1 » Where -
Gijefﬁn(H(j)fH(i))+ if i # j,
(P)i; =9 1-% (Pn) ;s if i = j,
ki
Vi,j € S. (Xpn),>o (or, by convention, (P,),~,) is called the (classical) sim-
ulated annealing chain (the (classical) simulated annealing for short). Note
that the results below can be applied to all versions of simulated annealing
(also, to all versions of quantum annealing (see, e.g., [3] and [19])), except for
Theorem 2.26 and Remark 2.27.
Let

"= () ={i|i€sand min H (y) — H(i)}

(the set of global minima of H; it only depends on H).



9 What do we need for simulated annealing? 239

Taking A = S*, Theorems 1.13, 1.14, 1.15, 1.16, 1.17, and 1.18 yield nece-
ssary and/or sufficient conditions for lim P(X, € S*) =a and lim P(X, €

n—oo —00

n

S*) > a (0 <a <1). For other approaches, see, e.g., [2], [5], and [20]. As for,
e.g., Theorem 1.14, we need:

1) necessary and/or sufficient conditions for (ii), or (iii), or (iv);

2) ergodicity coefficients and other tools and methods for to solve 1);

3) speed of convergence for the types of chains which appear at 1).

Below we make some considerations related to the basic matters 1), 2),
and 3).

First, we consider matter 1).

Remark 2.1. If a chain is strongly ergodic, then it is strongly ergodic at
time 0. The converse is not true. E.g., let

0 1
P1:< ), PQn:IQ, P2n+1:(1 0), VTLZl

Obviously, this chain is strongly ergodic at time 0 and has limit

(1)

but is not strongly ergodic. Note that the simulated annealing has the strong
ergodicity property under some conditions (see, e.g., [9], [11], [18], and [21]),
but nobody (as far as we know) not examined the conditions we need such that
the strong ergodicity at time 0 holds. A problem appears here: Are there con-
ditions for the simulated annealing which guarantee the equivalence between
strong ergodicity and strong ergodicity at time 07

THEOREM 2.2 ([6]). Let (Py),>; be a Markov chain. Then it is weakly

N[—= N[
NI N

NI— N
NI— N

ergodic if and only if there exists a sequence 0 < ny < ng < --- such that
Z « (PnS,ns+1) = Q.
s>1

Proof. See, e.g., [6] or [7, p. 219]. O

Remark 2.3. A sufficient condition for weak ergodicity at time 0 follows
from the above theorem, namely, if there exists a sequence 0 < njy <ng < ---

such that
Z « (Pns,nsﬂ) = 0,
s>1

then the chain is weakly ergodic at time 0. A proof of this result is as the
proof of “<” of Theorem 2.2 and an other is as follows. By Theorem 2.2, the
above hypothesis implies that the chain is weakly ergodic. But weak ergodicity
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implies weak ergodicity at time 0. Further, we mention, obviously, that the
above condition is not necessary for weak ergodicity at time 0. An example is

o

Pm,n—{ P ifm=0,

NI N
NI N

) s Pn = IQ, Vn > 2,
since

I, if m>0,
VYm,n, 0 < m < n. A problem occurs here: Give necessary and sufficient
conditions for weak ergodicity at time 0.

THEOREM 2.4 ([10]). Let (Py),>; be a Markov chain. If
(i) the chain is weakly ergodic

and
(i) D [Yns1 — Yully < oo, where ¥y, is a probability vector and 1, P, =
n>1
Y, Yn >1,

then it is strongly ergodic.
Proof. See, e.g., [8, pp. 160—162] or [10]. O

Remark 2.5. As for strong ergodicity at time 0, if (F,),>; is weakly
ergodic at time 0 and (ii) from Theorem 2.4 holds, then it does not follow that
it is strongly ergodic at time 0. Indeed, let

1 2
3 3 01

p1:<:1” g)’ P2n:<1 O)::P, P11 =1, Vn=>1
3 3

Then it is weakly ergodic at time 0 while (ii) in Theorem 2.4 holds since by
taking 11 = (%, %), Py = (%,%), Vn > 2, we have ¥, P, = 9, Vn > 1, and
> Ynt1 — Unlly = [|¥2 — ¢1]|; < oo. But the chain is not strongly ergodic at
n>1

time 0 since with

T,:={k|1<k<nand P,=P}, Yn>1, and Q:z(

winy Wl
Wl Wl
SN—

we have

POn:

)

Py if |T,| is even,
Q if |T,| is odd,
Vn > 1. Therefore, a result similar to Theorem 2.4, keeping (ii) from there,

does not exist for strong ergodicity at time 0. Open problem: Find a result
‘similar’ to Theorem 2.4 for strong ergodicity at time O.

Remark 2.6 (see again Remark 2.1). If a chain is strongly ergodic at time
0, then it is strongly ergodic on A at time 0 with respect to (A4) (0 # A C S).
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More generally, if a chain is strongly ergodic at time 0, then it is strongly
ergodic on A at time 0 with respect to X, V¥ € Par(A). The converse is not
true. Indeed, if

1 0 0

P, = 01 0], Vn=>1,
1 19
2 2

then the chain is strongly ergodic on {3} at time 0 with respect to ({3}), but
it is not strongly ergodic at time 0.

Remark 2.7. Related to (iv) in Theorem 1.14, a main objective is to
obtain as many columns as possible belonging to the set

{j | j € Sand lim (Po,n){j} _ O}.
n—oo
For this matter there exist some results in [15].

Second, we consider matter 2).

THEOREM 2.8 ([16]). Let P € Ryppn, Q € Rpp, 0 #V C {1,2,...,p},
and ¥ € Par (V). Then

(PQ)" = PQ".
Proof. See [16]. O

Remark 2.9. The well-known equation ¢’ = Pe’ when P € S, ,, follows
from the above result taking P € Spn, @ € Snp, V = {1,2,...,p}, and
> = (V), since in this case (PQ)* = Q* = ¢’

THEOREM 2.10 ([4]). Let P € Sp, 5 and Q € Spp. Then
a(PQ)<a(P)a(Q).

Proof. See, e.g., [4], or [7, pp. 58-59], or [8, pp. 145-146]. O

THEOREM 2.11. Let P € Spp, Q € Spp, and ¥ € Par({1,2,...,p}).
Then

a((PQ)) <a(P)a(Qh).

Proof. See Theorems 2.8 and 2.10. (We can apply Theorem 2.10 be-
cause Q € S, and ¥ € Par({1,2,...,p}) implies that Q% is a stochastic
matrix.) O

By Theorems 2.8 and 2.11 and induction we have

@ ((QQ2...Q)") <@ (QA(Q2)...a((Q)™),
VQ1 € Siymgs VQ2 € Sgmas -2 ¥Qt € Smpmesss VE € Par ({1,2, .. mep1}) .
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Remark 2.12. (a) A main drawback of the above inequality is the fact
that the operator ()+ only appears at the last position of the right term.
(b) In general, even when ¥ € Par ({1,2,...,p}) we do not have

?i«PQTW‘<a(P+) (@")-

Indeed, let
010 1 0 0
P = 010 |, @@= 1 0 0|, and X=({1},{2,3}).
0 0 1 0 0 1
Then
1 0 0 1
PQ=Q, (PQ)*=Q*=|10], P =01 [,
0 1 0 1
a((PQ)*) =a(Q*) =1 and a@(P*)=0
Hence

l=a((PQ)") >a(P")a(Qt)=0.
This negative result raises the following question: When do we have & ((PQ)+)
<a(PH)a(@Q")?

() Qe Spp, 0#V C{L,2,...,p}, and ¥ € Par(V), it is possible
that QT is not a stochastic matrix. This drawback can be removed if we replace
by ¥ =XU{CV}.

Let T € Ry, 0 #W C {1,2,...,n}, and ¥ € Par (W). Suppose that
3 is an ordered set. Define

P _
ST = iy ) m<ZTZ )

keK keK

and
a (1) = Y Tw—»T

keK keK

1

— max

2 1<i,j<m
Kex

(Because ¥ € Par (W), in fact o™ and @> only work on TW; equivalently, we
can work on T if instead of ¥ € Par (W) we use X U{CW}.)

THEOREM 2.13. Let T € Ry, 0 # W C{1,2,...,n}, and ¥ € Par (W).
Then

o™ (T) = « (T") and a”(T)=a (7).
Proof. Obvious. [0
Remark 2.14. Tt follows from the above result that the coefficients o™
and @> bring no news for our problems.
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Below, we generalize part of the above results (these generalizations are
related to Theorems 1.17 and 1.18).

Definition 2.15. Let T' € N, ,. We say that T is a generalized stochastic
matriz if da > 0,37 € S, ,, such that T' = aZ.
Let AjePar({1,2,...,m}) and AgePar({1,2,...,n}). Define (see [13])

Ga, 0, ={P| P € Sppnand VK € Ay, VL € Ay,
PL is a generalized stochastic matrix} .
In particular, if m =n and Ay = Ay := A, we set Gao = Ga .
The following result is a generalization of Theorem 2.10.

THEOREM 2.16 ([13]). Let Ay € Par ({1,2,...,m}) and Ay € Par({1,2,
...,n}). Let P € Ga,,n, and Q € Sy, p. Then

Ta, (PQ) <74, (P)7a, (@)
Proof. See [13]. O

The following result is a generalization of Theorem 2.11 (obviously, with
the same main drawback).

THEOREM 2.17. Let Ay € Par ({1,2,...,m}), Ay € Par({1,2,...,n})
and ¥ € Par ({1,2,...,p}). Let P € Ga,.an, and Q € Sy . Then

Fa, (PQ)T) <A, (P)7a, (QF).

Proof. See Theorems 2.8 and 2.16. (We can apply Theorem 2.16 be-
cause Q € Sy and X € Par ({1,2,...,p}) implies that Q% is a stochastic
matrix.) O

Remark 2.18. As above, we can consider other two coefficients 'yz and
Y2 (73 (T) := min o (T d 7% (T) = a* (Tk)), but neither of
TR (X (T) = i a” (Tx) and 7% (T) := maxa® (Tx)), but neither o
them brings some news (since vX (T) = vya (T1) and Fx (T) = Fa (T7),
VT € Ryp)-

THEOREM 2.19. Let (P,),,>; be a Markov chain. Then the chain is weakly
ergodic on A x B with respect to X if and only if it is weakly ergodic on S x B
with respect to X U{CA}.

Proof. Obvious. 0O

THEOREM 2.20. Let (P,),~; be a Markov chain. Then the chain is weakly
ergodic on A x B with respect to ¥ if and only if

lim @ ((Pmy)*) =0, YmeB.

n—oo
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Proof. Obvious. [
Theorem 2.11 can be used to prove

THEOREM 2.21. Let (P,),~, be a weakly ergodic Markov chain on A at
time | > 0 with respect to 3 (3 € Par(A)). Then it is weakly ergodic on A at
time m with respect to %, Ym, 0 < m < [.

Proof. By Theorem 2.19, the chain is weakly ergodic on S at time [ with
respect to X/ := X U {CA}. Further, we show that the chain is weakly ergodic
on S at time m with respect to X/, Vm, 0 < m < 1[. Let 0 < m < .

Case 1. | = 0. Obvious.

Case 2. 1 > 0. The subcase m = [ is obvious. Now, let 0 < m < [. Then,
by Theorem 2.20, for n > [ we have
a ((Pmn)+) <a(Pni)a ((Pln)+) — 0 as n — oo.

Therefore, the chain is weakly ergodic on S at time m with respect to ¥'. Now,
by Cases 1 and 2 and using again Theorem 2.19, the chain is weakly ergodic
on A at time m with respect to X, Vm, 0 < m <I[. O

Remark 2.22. Using Theorem 2.17 and considering a chain (P,),,~; with
P, € Ga, Vn > 1, the reader can try to prove a result similar to Theorem 2.21.

Third, we consider matter 3).

Definition 2.23 (see, e.g., [7, p. 222]). Let T' € R,y . The matrix obtained
from T by replacing all its nonzero entries by ones is called the incidence matriz
of T.

Let T, Z € Ry, . We write T' ~ Z if T' and Z have the same incidence
matrix.

THEOREM 2.24. Let P,Q € Ry, . Then

(i) 2P —2Qll, <[P = Qlllo, V& € R™ with ||z|[, <1;

(i) l2P — 2Ql o < IP = Qllloo, V& € R™ with [lz]l; < 1.

Proof. (i) Let x € R™ with ||z||; < 1. Then
leP —2Qlly = (P = @) «'|[, < [|(P= )|, [l2"ll, <
<[IP =)l =P - Qlll -
(ii) This follows from (i) because ||-|| < |||l O

THEOREM 2.25. Let (P,),,~; be a strongly ergodic Markov chain at time
0 with limit My. Let p, be the distribution of Markov chain at time n (p, =
poPon), Yn > 1. Setting Iy = e'my, we have

12 = molly < [[[Po.n — ol -
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Proof. By Theorem 2.24(i), we have
[Pn = molly = llpoPo,n — polloll; < [[[Popn — Holll - O

Let (V, E) be a connected directed graph (V is the set of vertices and E
is the set of edges). Let 4,5 € V, i # j. Denote

d(i,7) =min{t| t > 1 and Fig,i1,...,% € V such that

190 =1, 1t = 7, and (io,il),(il,ig),...,(it_l,it) € E}

THEOREM 2.26. Let (P,),,~; be a strongly ergodic Markov chain at time 0
with limit Ty. Let 0 < & < 1. Suppose that Py determines a connected directed
graph, Ps ~ Py, Vs,t > 1,1ly = €'mg, and suppmg # S. If |||Po,n — ol||, <&,
then

n>n":= max “min  d(4,7).
i€S—supp mp JESUPp Mo

Proof. Case 1. n* = 1. Obvious.

Case 2. n* > 2. We have

S N Pon)y;— )| = D [(Pon)y — (o), |

JeEsupp 7o jEsupp mo
< |Pojn —oll| o, Vi€S.

IN

Therefore,
> |(Pon);— (m0);| <& Vies.
JEsupp 7o
Now, let i1 € S — supp 7 for which 3j; € suppmy such that n* = d (i1, 1) .
Then
(Pom)ilj =0, Vje€suppmy, Vn,1<n<n*
Suppose that In, 1 < n < n*, such that
> | (Pon);; — (m);| <&, Vies.
JEsupp mo
Then we have, for i = iy,
1>e> > [(Pon)y,—(m);|= > (m); =1
J€supp mo JEsupp mo

We have reached a contradiction. This means that n > n*. O
Remark 2.27. (a) From the proof of Theorem 2.26 we have
11 Pon — ol o, > 1, Vn,1<n<n® ifn">2.

(b) In particular, Theorem 2.26 can be applied to the simulated annealing
(Pn)n21 because Ps ~ P, Vs,t > 1, a.s.0.. Moreover, we have n* = n*(H,G) <
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d(G) = ma)éd (i,7), where G is directed graph associated with G. (We also
1,7€

),

must keep in mind the worst case n* = d (é) )
We conclude with two remarks.

Remark 2.28. In [15] we defined the notion of breaking up. The reader
might associate this notion with Theorems 1.15, 1.16, 1.17, and 1.18 here.

Remark 2.29. Section 2 refers to the study of limit behaviour of simu-
lated annealing. In particular, this might contribute to the study of finite-time
behaviour of simulated annealing.
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