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Abstract r )

In this paper, one of the applications of the Kolmogorov forward equations in solving the equations in the Ising
model will be analyzed. Then, the limiting distribution and the stationary distribution of the corresponding birth
and death process will be calculated. The Ising model is one of the famous physical models that is used in other
sciences. In this paper, the three special cases of the Ising model, i.e., the square n x n grid, horizontal, and circular
systems, will be analyzed and examined. We will show that, in general, Ising models based on the Boltzmann
stationary distribution, the maximum likelihood estimator, and a method of moments strategy to estimate the
reverse temperature characteristic of the heat baths are the same. The equation related to finding the maximum
likelihood estimator and a method of moments strategy cannot be solved analytically, so these estimates will be
calculated using the technique of fitting a linear regression model. By the way, it will be observed that the entropy
values for the n X n grid system are smaller than the corresponding values in the horizontal and circular systems.
Then, a general case for the convexity of the entropy of the Boltzmann probability function will be introduced.
Also, considering an Ising model on two and three points, where the points take values independently and follow
a Markov chain, the stationary distribution as well as the Boltzmann probability function, its induced probability
function, and maximum likelihood estimator for the parameter will be calculated. Finally, we will review the
Metropolis-Hastings algorithm and Gibbs sampling to simulate the one-dimensional and two-dimensional Ising
model and also the Potts model in the R software. Finally, we will compare the n X n grid, horizontal, and
circular systems. The induced probability vectors by system energies will be found for the three systems. The
entropy of these three induced probability vectors and the entropy of Boltzmann probability and their two-by-two
Kullback-Leibler divergences will be plotted and compared as a function of the parameter.
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1. INTRODUCTION

Stochastic processes have applications in many physical/natural phenomena. Robert Brown, the Scottish botanist
(1773,1858) had seen moments of suspended particles in water under a microscope in 1828 [35]. He thought moments
of particles were random and permanent. After that Einstein and Wiener continued research on this matter, and
after that, this process was named honor of Brown and Wiener, well known as ‘Brownian motion’ or ‘Wiener process’.
According to the applications of stochastic process in physics, readers can refer to references [10, 20, 41] to get familiar
with some literature of statistical physics and statistical thermodynamics. In some papers, the investigation of physical
models using differential equations and numerical methods has been studied, including [1, 2, 23, 29] and in others,
stochastic differential equations [38] and Brownian motion [4] are accelerated by physics. In both cases, numerical
analysis can help solve ordinary or stochastic differential equations.

The Kolmogorov forward equations are a type of partial differential equation (PDE) used in Markov processes. The
master equation is a result of the Chapman-Kolmogorov and Kolmogorov forward equations, which is analyzed in [3].
The master equation has been proposed by [16, 39] for spin systems [5] and applied to phase separation [11], polymers
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[32], and crystal growth [15]. In [8, 40, 42], various topics about the Ising model have been discussed. In [24], the
Ising model with quantum feedback was investigated. The Ising model has been used for solving phase separation and
wetting/dewetting, lattice-based liquid-gas model and spin glasses, etc. An elementary Ising spin models are used in
industry to represent cascading failures in networks [21]. The Ising models can also be used in neural networks [13].
The Ising model is also used in economic networks and exogenous shocks [22].

One of the properties of a Markov stochastic process is its stationarity, meaning that the distribution of all states of
the stochastic process is the same as the initial distribution of the process. This property is also used in applied branches
of stochastic processes, such as queuing theory and time series. Now the question arises as to what the relationship
is between the limiting distribution of a stochastic process and its stationary distribution, which is examined in this
paper for the Ising model.

Two important concepts that are studied in the branch of information theory are the concepts of entropy and the
Kullback-Leibler divergences, the former is used to indicate uncertainty and the latter is used to calculate the degree
of closeness of two distributions. The concept of entropy was introduced by [37] and the concept of Kullback-Leibler
divergence by [25]. In studies such as [31, 36], the relationship between these two concepts in information theory and
the concepts of statistical physics can be explored. In this paper, these concepts will be used in the Ising model.

In this paper, at first, we will review the time-continuous jump process and birth and death process in section 2.
Also, we will bring some applications in practical problems like Poisson process, gambler’s ruin, queue model, and
Markov Chain Mont Carlo (MCMC) simulation.

After that, in section 3, we will show that the master equations are solved according to the Chapman-Kolmogorov
equation and modeling the Ising model with the Kolmogorov forward and backward equations. Then we calculate the
entropy of the distribution of a stochastic process and its Kullback-Leibler divergence distance with the stationary
distribution. One of the interesting examples is the Ising model on the square n x n grid, horizontal line, and circle.
We prove that, in general Ising models, the maximum likelihood estimator (MLE) and the estimator using the moment
method (MME) for the 8 (parameter in the Boltzmann probability function) coincide. The equation related to finding
MLE and MME cannot be solved analytically, so these estimates are calculated using linear regression models. Then
the entropy is calculated in three grids, horizontal, and circular systems. We observe that, the entropy values for the
horizontal and circular systems are smaller than corresponding values in the n x n grid. In the following, we show
that the entropy of the Boltzmann probability function is a convex function w.r.t. the parameter in some region, and
the conditions for its establishment are presented in a general Ising model. At the end of the section, considering an
Ising model on two points (three points on a horizontal line or a triangle), where the points take values independently
and follow a Markov chain, the stationary distribution as well as the Boltzmann probability function, its induced
probability function and maximum likelihood estimator for parameter are calculated.

Then, in section 4, we will simulate the Ising model in R software. For this purpose, at first, we discuss Metropolis-
Hastings algorithm and generate a random sample from the normal distribution. After that, we will observe that the
Gibbs sampler for simulating a two-dimensional Ising model. Also, we will use Metropolis-Hastings for simulating the
two-dimensional Ising model. At the end of this section, we simulate the Potts model in lattice with 3 and 4 neighbors
and calculate the empirical probability of spin from sample.

In section 5, the n x n grid, horizontal, and circular Ising models are compared. The induced probability vectors
by system energies and their entropies are found for the n x n grid, horizontal and circular models. The entropy
of Boltzmann probability in these three models and their two-by-two Kullback-Leibler divergences are plotted and
compared as a function of the parameter. In this section, we will show that, in for the n x n grid and horizontal
models, the induced entropy of Boltzmann probability and entropy of Boltzmann probability are even functions w.r.t.
8. In section 6, the results, suggestions, and challenges ahead for researchers are discussed.

2. TIME-CONTINUOUS JUMP PROCESS AND BIRTH AND DEATH PROCESS

Let time-continuous stochastic process {X; : t > 0} with state space E. Suppose Xy = z( and the process in random
time such as Tj stops in the state 2y and after that, jumps to state x; and this process are continued. Let T_; = 0,
an
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so we can write this process as

Xp=m;, i=0,1,..., »_

i—1 i
=1 Tj <t< =0 Tj.

The process must jump to another state at the time Z;:O T;, j = 0,1. For a sequence of the continuous and
nonnegative random variables T, x = 0,1, ... with (probability) density function f,, Qg is defined by the probability
of a jump to y from z at the end of the stopping time. We can easily see that @), = 0 and Zy#ﬁ Qzy = 1. In this
state, if the process jumps to x at the time ¢y, we have X; =z, to <t < to + T, and Xy41, # z, to + 1 < oo.
Hence, the stochastic process with jump probability Q. goes to y € E and we call {X; : ¢t > 0} as ‘time-continuous
jump chain’ [7].

We say that a stochastic process {N; : t > 0} is counting if N; is the number of events that have occurred in (0, t].
We call a counting stochastic process {INVy : t > 0} the Poisson process with parameter (rates) A, if all the following
conditions are true [34]:

(i) No =0, (i-e., the number of events at zero instant is equal to zero);
(ii) Ny has independent increments (i.e., the numbers of arrivals to the system in disjoint intervals are independent);

(i) P (Nppn— Ny = k) = <—m”
Equivalently, the counting stochastic process {N; : t > 0} is called a Poisson process with rates (parameter) A, if [34]:
(i) No=0;
(ii) N has independent and stationary increments (IV; has stationary increments, if for all t5 > t; > 0, Ny, — Ny, has
the same distribution as N¢,_¢,, in other words N;, — Ntli Niy—t,);
(iii) P(N, =0)=1—Mr+o(h); P(N,=1)=Mr+o(h); P(N,>2)=o(h).
One of the important properties that exist in some stochastic processes is the Markov property. The stochastic
process has Markov property, if for any 0 < t; < ... < t, < t,41 [34]:

P(Xe,., =j|Xe, =in,. o, Xey =in-1, Xy, =) = P(Xy,,, =j| Xy, =1i).

This property shows that the future and the past of the process are independent of each other under the condition
of having the present. We can prove that a time-continuous process has Markov property if and only if for all z € FE,
T, has exponential distribution with parameter ¢, and probability density function fr. (t) = q.e” 9% ¢ > 0 [7]. For
example, Poisson process {N; : t > 0} has Markov property, i.e., for any 0 = g < ¢; < ... < t,, and nondecreasing
natural numbers k; > 0,i=1,..,n,n > 2, P(N;, = kj, | Ny, =Fk1,..., Ny, =kn_1) = P(Ny, =k, | Ne o =kno1),
because for all x € E, the stopping time 7, has exponential distribution. To prove this fact, if the Poisson process
has entered the state x at the moment ¢y and T, is the duration of the process stopping in the state x, we have

e— At 0 -~
P(T, > t) = P(Nyy1t — Nyy = 0) = A0 — o=,

Therefore, the distribution function of 7T}, obtained as following Fr, (t) = P(T, < t) = 1 — e ie. T, has
exponential distribution with parameter .

For time-continuous stochastic process {X; : t > 0}, 7, (¢t) = P(X; = ) is the probability of the system being in state
x at time t and Py (t) = P(Xy4s = y| Xs =) = P(X, = y| Xo = x) is a probability of jump to y from x at time ¢ [34].
The recent equality is due to the homogeneity of the process. It is obvious that > cpm.(t) =1, 32 cp Puy(t) = 1.
Also, for t = 0 we have

1, z=y,
ny(o):{o x;éy :5:cy7

where 4, is a Kronecker delta [34]. A probability distribution of all possible states E = {z1, z2, ...} forms a vector is
given by m = (g, , Ty,....). A distribution 7 is called stationary distribution, if w = wP;, t > 0 where P, = (P, (t))
is a transition probability matrix [7]. The infinitesimal parameters of stochastic process{X; : t > 0} written as ¢, =
P’ oy(t)|t=0, z,y € E i.e., gy is the rate that a transition from z to y [34].
an
(o] < |
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One can easily see that, all homogeneous transition matrices P; = (Py,(t)) have the exponential form €!?. In the
limit of continuous time, the transition matrix @ = (¢qy) (also known as a transition-rate matrix or an intensity matrix
or an infinitesimal generator matrix) of an infinitesimal time difference is expanded as follows:

t
Py =1+1Q+o(t) =lim (1+eQ): = @,

If we let w(t) = (7, (1), Tay (t)....), then w(t+¢) = 7w (t)(I +eQ)+o(e). This implies that w(t+¢) —m(t) = em(t)Q+o(e)
and then
(1) = () = lim TR < lim (1) Q + lim 25 = w(1)Q,

which has the solution 7 (t+s) = m(t)e?* where s > 0. Also e?* defined by its Taylor expansion, e?* = Y77 %Qk =
>, eTsv,wi where 7; are the eigenvalues of Q and v; (w;) are the right (left) eigenvectors of Q. If @ is a irreducible
process (a Markov chain is said to be irreducible if all states communicate with each other, and the similarly, the
infinitesimal generator matrix @ is irreducible, if there is a positive-rate path ¢, from any state to any other state),
then the stochastic process is ergodic and there is one eigenvalue equal to 0.

The Chapman-Kolmogorov equation [34] is for a Markov chain with countable E, i.e., for all s,¢ > 0 and z,y € FE,
Pry(t +s) = > cp Pez(t)Poy(s) or in matrix form, Py, = PPs, t,s > 0. By taking the derivative w.r.t. s from
both sides of the Chapman-Kolmogorov equation and interchanging the derivative and the sum (due to the finiteness
of E), we have %sz(t +8)=> .cE Pzz(t)%sz(s). Now, take s = 0 and we get %Pw(t) = > .ep Pe(t)P'.4(0).
By substituting ¢., = P’.,(0) in the above equation, the Kolmogorov forward equations [34] are obtained as follows
P'2y(t) = >, cp Pr2(t)qy. In natural sciences, the Kolmogorov forward equations is also known as the master equation
which is mentioned in section 3.

Proving the Kolmogorov backward equation is more difficult, and to obtain it, the following equation [19] must be
derived w.r.t. t: Py (t) = dpye” =t + gue &=t fot ed=s (ZZEE Qu2Psy (s)) ds. Hence for all z,y € E s.t. z # y we have
dzy = 0 and thus

¢
/ — —qazt qx S gzt
Pl () = ~qze [ /0 et (3, QuePoyls)) ds+aqee® (30 Qszy@)ﬂ
¢

_ —qzt S

= —Qx [Qze 4 ‘/0 e (ZZEE szsz(S)) ds — ZZEE szsz(t):|

_ 4=

= —quPoy(l) + ZzeE Gon Py (t)

= Q:EPwy(t) + ZZEE qg:sz(t) = ZZEE qg:sz(t)a
since — = = 1. So, the Kolmogorov backward equation are obtained as follows P4y (t) = 3. c p Guz Pay ().

By thézChapman—Kolmogorov equation and Taylor expand, we have Ppy(t +5) = > . p Poy(s) (0= + tqqz) . After
taking the derivative of ¢, the above equation is transformed into:

o) _ —
apwy(t) |t:s = ZZEE—{%‘} sz(s)qgcz + Pmy(5)<qg:w) = Z sz(s)qgaz - Pwy(s) ZzEE—{x} Quz-
Hence, we have a partial differential equation of the distribution, based on the transition rate
gime (0 =32 Amy(t) aye = 7 (1) guy}- (2.1)

The Equation (2.1) is called the master equation. In some texts, >, . my(t) gys is called gain termand 37, 72 (¢) Gay
is called loss term. One example from biology is given below:

' (t) = (’I’L - 1) Bn-1 (t) —npBmy, (t) , n=12,..,

where 7, (0) = P(Nyp =a) = 1. This equation is applied to model population growth with birth, where n is the
population index, with reference the initial population, § is the birth rate, and finally m, (¢) = P (N; = n), i.e. the

(=)=
E)NE

zeE—{z}
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birth and death process simulation
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FIGURE 1. Simulate the birth and death process from 0 to 1000 step.

probability of achieving a certain population size. The analytical solution is , (t) = (n — 1) Be™ ™At fot Tn_1 (8) e™P*ds
or the solution is the negative binomial distribution

1
T (1) = (Z_ 1) (e (1—e™)"™" n=aa+1,....

The birth and death process are use in modeling many problems. The pure jump Markov stochastic process
{X;:t >0} is called the birth and death process, if the infinitesimal parameters are equal to

>\.ra y:$+17
Qoy = § Mo, Y=o —1,
0, O.w.

It means that, when the process is in z, we have a birth (death) with rate A (u) [34]. With statistical soft-
ware, like R we can simulate the birth and death process. Assume the probability of birth (death) is 0.3 (0.3) and the
start time of the process is 0. In Figure 1, we will simulate the process from 0 to 1000 step with R software as following:

birth = 0.3
death = 0.3
no_event = 1-birth-death
steps = 1000

positions = 0
for(i in 1:steps){
if (tail(positions, 1) == 0){
move = sample (c(0,1),size = 1, prob =
c(no_event/(birth+no_event), birth/(birth+no_event)))
positions = c(positions, tail(positions, 1) + move) next }
if(tail(positions, 1) > 0){
move = sample(c(-1,0,1), size = 1, prob = c(death, no_event, birth))
positions = c(positions, tail(positions, 1) + move) } }
plot(positions, type = "1", main = "birth and death process simulation",
xlab = "time", ylab = "position")

+ V 4+ + 4+ ++++VVVVVYV

As can be seen from Figure 1, when the line goes up, we have the birth and when it comes down, we have the death.

(&)
ENE
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FIGURE 2. Simulate the Gambler’s ruin.

One of the famous problems in probability is Gambler’s Ruin. Two players, one and two, are playing a game with
the probability of winning 0 < p < 1 for player one and the probability of winning 0 < ¢ =1 — p < 1 for player two.
Each player has an initial wealth. Both players will play until one of them has lost all their initial wealth and thus
cannot play anymore. In every step of the process, we have the birth or death process. Assume player one (two) has
5 (10) score and the probability of winning is 0.6 (0.4). The process will end when player one reaches 0 or 15. In R
software, we will simulate this process as following:

abline(h = 15, col = "blue"); abline(h = 0, col = "red")
text (15, 15.5, "victory", col = "blue")
text (15, 0.5, "loss", col = "red")

> ###gambelers ruin

> birth = 0.6

> death = 1 - birth

> positions = 5

> while(T){

+ positions = c(positions, tail(positions, 1) + sample(c(-1, 1),
+ size = 1, prob = c(death, birth)))

+ if(tail(positions, 1) == 0 | tail(positions, 1) == 15) break}
> plot(positions, type = "1", main = "Gambler’s Ruin simula-tion",
+ xlab = "time", ylab = "position", ylim = c(0,16))

>

>

>

If we repeat this process 5 times, we observe that 4 results of this process reach to win. We can say the probability
of winning before 60 trials is %80 (Figure 2). One method to calculate the probability of some experience is to simulate
for many times. This result becomes from the Strong Law of Large Numbers (SLLN) [35]. Also, we can simulate
this process with the package ‘gamblers.ruin.gameplay’ in the R software. With this package, we can calculate the
empirical probability of winning and losing for any process as follows:

> library(gamblers.ruin.gameplay)
> t1 = Sys.time()

> n = 10000

> win = 0; loos = 0; r = rep(0, n)

(=)=
E)NE
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> for(i in 1:n){

+ a = grp.gameplay(5, 0.6, 15)$data
+ if(tail(a$capital, 1) == 15){

+ win = win + 1

+ r(i] =1

+ }

+ if(tail(a$capital, 1) == 0)

+ loos = loos + 1

+ }

> t2 = Sys.time()

> difftime(t2, t1)

Time difference of 2.75812 mins

> print(paste(’probability of wining is ’, win/n))
[1] "probability of wining is 0.8727"

> print(paste(’probability of loosing is ’, loos/n))
[1] "probability of loosing is 0.1273"

427

In the R codes above, first, we repeat this process 10,000 times and observe that the probability of winning is

0.8727 and the probability of losing is 0.1273.

For a fixed Markov chain {X; : ¢t > 0} with stationary distribution @ = (71,72, ...) and for all bounded function

v, which X ~ 7 (X has distribution ) we have almost everywhere, lim,,
E (v(X))=3_;7(j)m; is an expected value of the random variable v (X) [17].

Y( X))+ +y(Xn)

= E (v (X)) where

One of the applications of the birth and death process is in queuing theory. Assume that customers in a bank comes
to the system with the birth rate 0.5 and exit from the system with the death rate 0.5. We can simulate this system:

### bank queue
birth = 0.3
death = 0.3
no_event = 1-birth-death
steps = 120
positions = 5
for(i in 1:steps){
if (tail(positions, 1) == 0){
move = sample(c(0,1), size = 1, prob = c(no_event/(birth+no_event)
,birth/(birth+no_event)))
positions = c(positions, tail(positions, 1) + move) next }
if (tail(positions, 1) > 0){
move = sample(c(-1, 0, 1), 1 , p = c(death, no_event, birth))
positions = c(positions, tail(positions, 1) + move) } }
plot(positions, type = "1", main = "bank queue in one day", xlab = "time",
ylab = "number of customers", ylim = c(0, max(positions)))
abline(h = max(positions), col = "blue"); abline(h = 0, col = "red")

vV +V+ + 4+ ++ + +V VVVYVYVYV

In Figure 3, suppose that a customer enters in a bank and sees that there are 5 people in the bank. Figure 3, shows
the number of customers in the each step. We observe a queue in the bank for two hours. As we see, there is some

step that the bank is empty.
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FIGURE 3. Number of customers in bank from 0 to 120.

3. THE KOLMOGOROV FORWARD EQUATIONS, THE MASTER EQUATION AND THE [SING MODEL

The Kolmogorov forward equation (or the master equation in natural sciences [20]) for a Markov chain is obtained
in the Eq. (2.1). In [18], the way to derivate the master equation is specified through the Chapman-Kolmogorov
equation. Note that, since ¢, = — Zy;éx ¢y, We can now rewrite Eq. (2.1) as following

%m(t) = Zy S (Wy(t)Qyo: - m(t)qu) = (Zy# ny(t)qym) + 7r$(t)< - Zy# qu)
= (32, m0ae) + mae = (e

It is obvious that the above formulation can be rewritten as a matrix equation, 7’ = w(Q. Since 7, is stationary
distribution of process, we have global balance equations as following

0= Zy;ﬁm TyQys — Tolzy- (3.1)
Another proof of Eq. (3.1) using the Kolmogorov forward (backward) equation is as follows. At first, we prove
that, @ = (m,) is a stationary distribution for a continuous Markov chain {X; :¢ > 0} if and only if it satisfies

7@ = 0 where 0 is a zero matrix. Now we prove this fact. If 7 is a stationary distribution, then w = wF;.
Differentiating both sides and using matrix form of Kolmogorov backward equation, i.e., P’y = QP;, and then we
obtain 0 = %[th] = P’y = wQP;. Now, let ¢ = 0 and remember that Py = I, the identity matrix. We obtain
0=7nQF =7QIl =rwQ.

Conversely, let 7w be a probability distribution on state space F that satisfies w@) = 0. Then, by multiplying both
sides of Kolmogorov backward equations, P’y = QP; by =, we obtain (wP;) = 7Py = #QP; = 0 x P = 0. Thus, we
conclude 7w P; does not depend on t. In particular, for any ¢ > 0, we have wP;, = wPy = wl = m. Therefore, 7 is a
stationary distribution.

From the above fact, i.e., w@Q = 7r, this important result is obtained:

0= ZyGE Ty Ay = (Zy;ém Ty ny> + Ty Qra
= (Zy;éz Ty anc> — Ty Zy;é:v Quy = Zy;ﬁr <7ry Qyz — qumy>,

and relation Eq. (3.1) is obtained. For a continuous-time Markov chain, if 7, can be found s.t. for every pair of states
z,y €F,

TyQyae = Taqzy, (3.2)
[c[m]
(0] €]
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holds, then by summing over y, the global balance equations (i.e. Eq. (3.1)) are satisfied and 7, is the stationary
distribution of the process. If Eq. (3.1) can be found, the resulting equations are usually much easier than directly
solving Eq. (3.1). Many algorithms, such as the Metropolis-Hastings algorithm and the Glauber dynamics are based
on Eq. (3.2) (see section 4). In MCMC algorithm, we move from the old state = to a new one y, then the acceptance
probability of this move P® (xz — y) is calculated, a random number is generated to decide whether this move is
accepted. As suggested in Eq. (3.2), in all reversible dynamics: m,P®(y — z) = m,P®(x — y). Based on this
equation, we have the Metropolis dynamics. As P™x]1, we have P}, (* — y) = min {17 %} where f,.(y)
is the probability density function of proposing the new state y starting from the state x, which f Jyix=2(y)dy = 1.
By choosing fy|x—z(y) and sampling the next state y, high rejection rate can be avoided in the simulations. This
is known as the Metropolis-Hastings algorithm. In case fx|y—,(z) = fy|x=z(¥), we recover the normal Metropolis
algorithm [26].

Note that H(w) = — > T, Inm, be the entropy of distribution 7 [35]. The following lemma gives the derivative
of the entropy of a distribution w.r.t. time.

Lemma 3.1. For any distribution m, we have 5 H (m(t)) = e,(t) — hq(t) s.t.
my (1) dye

)= —1 t) que — T (1) qu x |1n ~¥ Y ’
HOEEED DN P DI CACIPEE AOr™] [“w) q]
Qyx

-1y E L (0 @y = () qu}} X {m qy] .

ry

Proof. By definition of entropy, we have

O i) =23 M(t) )= -3 T Oy - 2r

- ZzGE aﬂz (ﬂ—r(t)) B %ZIGE ﬂ—x(t) - ZwGE aﬂ—gt(t) In (,/Tm(t)) B %1
=" ZZEGE 87Tx (T‘-I(t)) ’

By substituting Eq. (2.1) in the above expression, we have

GHEO) ==Y > A6~ ma(t) 4} (nm(®).
If we exchange the indexes x and y, we can rewrite %H (m(t)) as
GHE0) =53 [ (70 = malt)an,) ] x [ 200
# 3 8en [, (00— )] < [m 2]

= e(t) — hy(t).

where e,(t) is the instantaneous entropy production rate and hy(t) is the rate dissipation heat [14].

]

For a birth and death process we got from Eq. (2.1), 2, (t) = Aq—1Tn—1(t) + 1711 () — [An + fin]mn () which
n—1,n = An—1, In+1n = Mn+l; nuntl = An and dnn—1 = Hn- Let Jn(t) = ,U/n7rn(t) - )\nfl'rrnfl(t) Hence, we can
rewrite Eq. (2.1) as 8t7rn(t) = Jpt1(t) — Jn(1).

In physical research, for equilibrium state that 7 is stationary state, Equation (3.1) holds. One of the important
stationary distributions in physics is

o~ BEs

5r:m’

(3.3)

(&)
ENE
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where E,, is energy of state x and the normalization constant § is the reverse temperature characteristic of the heat
baths. The Boltzmann distribution can be used to describe the states of physical particles such as atoms or molecules,
or biological systems. The Boltzmann distribution is based on how the states of the system are filled, depending on
their energy. the probability of the system to be in state z with energy E, is proportional to e #F= _ where g = kE%T,
T is the temperature which is measured in Kelvin and kg is the Boltzmann constant [6]. After long time, the system
approaches thermal equilibrium and stationary distribution not dependent to time, and equation Eq. (3.1) when
transition rate g, satisfying in condition g,y = qyxe*ﬁE/ﬁ'BEl' holds. Because

Zy;éx (ngyr - fmqﬂ:y) = Zy;ﬁm (fyqym — gmqyze*ﬁEz+BEy)
B R (i
yre ZzEE e PE: v ZZEE e—BE: Ay

The transition rate across (r, z) is given by q,. = e#F+=#F=_ The stochastic process is in detailed balance (or time
reversible) i.e., there exists a distribution 7, = e #F+ s.t. 7,q,, = Tpquy for any edge z with joining a pair of vertices
x and y. Note that, m;q., is the probability flux across (z,y). Also mygys = Tqey says that the pair of states z and
y are in equilibrium along z [6].

In stationary distributions given by Eq. (3.3), we have

FHED) ==Y L[> 6B aw - &B e} (ne®) =0,

and thus, the entropy of stationary distribution given by Eq. (3.3), i.e., H (£(¢)) does not depend on time. The reason
for entropy becoming zero is the stationarity of distribution given by Eq. (3.3), which is because the distribution of
the stochastic process is the same in all stages, entropy takes zero value.

We can consider the Kullback-Leibler divergence metric (or distance) or relative entropy between two distributions

wand € given by D (7 || §) =3, cpme(t)In (g:((f;) [35].
Theorem 3.2. For fized arbitrary distribution 7 and stationary distribution € given by Fq. (3.3), we have
GD (7€) = ha(t) = es®)+8Y _ Ba[D. |, Amy(t) dye = malt) 0y},
PO D DN {% Qyz — qu}
Dyepe .

Proof. By definition, we have D (m || §) = > 5 7.(t)In (”;—(t)> = —H(m(t)) — > ,cpm(t)In(§.(t)) . Hence by
Lemma 3.1,

0 pille) = ~2mm) - Y mi)n (&)

Kl
- e - Y, T m o) -3, En

T e BE:
= ha(t) = ep(t) = > 0 8t(t) In <Z m) -0

yeE e

= hd(t) - ep(t) + ﬁ ZIEE Eac 87T5t(t) + ZzGE 87T5t(t) ln (ZyeE e_ﬁEy>
= ha(t) = ep(O)+BY. _ Ba [ Amy(0) e = malt) 020}

_ 0
(3, 7) 7 Lm0
= hq(t) — ep(t) +0 ZIGE E, {Zy;ém {Try (t) Qyz — Tz (t) Qxy}} )

—BEI-H?Ey) —0

HD (€™ =~
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FI1GURE 4. The Ising model with random spin in one-dimensional system.

and we conclude similarly that

GPEIn =5 | oom(E0)| - -Zre0 - 5 Y aOnmo)

7 (%)
%Wz (1)

0
T ZzeE &fx(t) In (ma (1)) = ZzeE &) 2 (t)
_ Z [ e PEs ‘| % Zy;&gg {7Ty (t)er — Ty (t)Qxy}
rxel Z BEy

- T2 (t)

yeE e

—BE, ﬂy(t) _
(&
T x
Z cE Zy#m {7r (t) Ayx qu}
YoyeE e FEy .

O

The Ising model is a mathematical model of ferromagnetism in statistical mechanics. Beside in physic, it works
in many branches like machine learning, image processing, and economics. Ernst (Ernest) Ising (1900-1998) had first
shown that no phase transition to a ferromagnetic ordered state occurs in one dimension at any temperature [39].
One good reference that analyzes Ising’s life and works is [12]. In [30], the Ising models in ferromagnetic and other
physical phenomena are reviewed. In the Ising model system, we have two sides, up (down), in the direction of the
field (against the direction of the field) (see Figure 4). Probability of each side showed respectively 74 (t) = 71 (¢t) and
m_(t) = mo(t), and a probability of jump to + from — (- from +) at time ¢ is Pyo(t) (Po1(t)), and transition rate from
+ to — (— to +) showed as g1 — = q10 = p (g—+ = qo1 = A). It’s obvious Pi1(t) = 1 — Pio(t) and Pyo(t) = 1 — Po1(¢).
In this memoryless system, the Markov property holds, and in fact, it showed this model is a birth and death process.
By using Eq. (2.1), we got:

dn = pmy — Am_.

{:jitﬂ-+ = —pmy + AT,
at

Theorem 3.3. A unique stationary distribution for the Ising model, i.e., ™ = (mg, 1) satisfies my = =1-m.

K
pesm
Proof. By using the Kolmogorov forward equation, we got

Poo(t) = ZZGE 0= P=0(t) = qooPoo(t) + go1Pro(t) = —APoo(t) + AP1o(1),

Ply(t) = ZZGE q1:Px0(t) = qioPoo(t) + q11P1o(t) = pPoo(t) — pPro(t).

Then, we have two equations as following P’og (t) = —APyo (t) + A\Pio (t), P10 (t) = pPoo (t) — pPio (). By
subtracting the last two equations, we have
f'(t) = Pyo(t) — Pio(t) = —APoo(t) + APro(t) — pPoo(t) + pPro(t)
= —A(Poo(t) — Pio(t)) — pu(Poo(t) — Pro(t)) = —(A+ p) (Poo(t) — Pio(t)) = —(A + p) f(2).
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where f(t) = Py (t) — Pio (t). By solving the homogeneous linear differential equation f’(t) = — (A +pu) f (t)
with initial condition f(0) = P (0) — Pip(0) = 1 — 0 = 1, we have f(t) = e+t or equivalently Py (t)
Py (t) + e~ (AWt Hence, with substitution this expression to Py (t) in equation for P’y (t), we have P’y (t)
wPro (t) + pe= MWt — 1Py (t) = pe~ At So, with integration from equation and according to initial condition
P10 (0) =0, we got Py (t) = —ﬁe_(’\“‘“)t +c But 0= Pio(0) = —3k; +¢, 50 ¢ = 34 and we have Pjo (t) =
(1 — e_()"“‘)t) Also Py (t) = )\i (1 — e_()""”)t) + e~ Fmt — )\i—u + ﬁe_()"”‘)t. Then Py (t) =1 — Py (t) =
/\+u (L—emOFmt) Py (t) =1— Pyo (t) = >\+u + 5 e (At
Limiting distribution calculated as:

. T Poo(t) P(n(f) e
fim P(1) = lim {pm(t) Pu(n] = M

and the stationary distribution for Markov chain satisfies my =

)\+

M A —(A+p)t A —(Ap)t M A
m+m6( ) m(l e u))]lw AJX“],

(1 — = (At B o= (Atu)t A
by M(l € ) /\+M+/\ € Me Au

S==1-7
A 1
A much simpler way to calculate stationary distribution is to use formula w@Q = 0. We have

0:71'Q:[7r0 7r1] {_A A

" _/J = [-Amo + pmy, Amg — pm] .

which results in m; = %7‘(‘0. We also need 7wy + m1 = 1. Solving the above equations, we obtain mg = =1-— .

B
pEE

The above limiting distribution can also be reached with discretization directly. For this purpose, we consider the
transition probability matrix as following

B A

_ | A A+
p=15r 3
A Ap

Now, we calculate the n'" power of the matrix P. By the Hamilton-Cayley theorem [28], we have P? — tr(P).P +
det(P).I = 0 where tr(P) (trace of a square P) is defined to be the sum of elements on the main diagonal of P and
det(P) is called determinant of P. Since tr(P) = 1 and det(P) = 0, Hamilton-Cayley theorem [28] is rewritten as
follows 0 = P2 — P or P2 = P, i.e., P is an idempotent matrix, and P" = P. So, lim,,_,o. P* = P and after that
T = ﬁ”# =1—-m. ]
Example 3.4. A one-dimensional Ising model is proposed in this example. We consider the Markov Chain {X; : ¢ > 0}
on state space £ = {+1,—1} with transition probability p;, = iepxywy“” where we choose ¢ and v so that
Zy De.y = 1 and also, 6 and p are unknown parameter. Hence for = 1, —1 we have following equations:

1= D11 —|—p17_1 — l (€P+9+9” + e—P_9+89> — 42699 COS’Z(p + 0)7

2e~¢ cosh(p — 0)

)

1 - — —0—
I=p_1a +P—1,71=¥(e pto—p | op—0 90) _

<

or ¢ = 2e? cosh(p + 0) and ¢ = 2e~ ¥ cosh(p — 0). We divide the above two expressions and get the following result

e?? = %. In which case ¢ = 1 In (%) ,% = 24/cosh (p + 0) cosh (p — 0).

Therefore, the transition probability matrix is rewritten as below

ePePrtt ePe— PO ePto e—P—9
P = I 7 _ (2 cosh(p+9) 2 cosh(p+0)
- e~ ¥Pe—rto e~ PP - e~ Pt eP—"f

P P 2C0§h(p 0)  2cosh(p—6)

In addition, when p = 0, there exist A, x> 0 s.t. 2cosh (f) = 2cosh (=) = \/§ + \/g In this special case, we have

ePTo e~ P90 ef e—f /,U)\ 1 \/F M A
P = 2cosh(f;-9) 2cosh(p8+0) _ Te 59 _ 5 — | Mn )\K;L
e ” e~ e’ e \/ )\ 1 Au—1 2] ’
2 cosh(p—0)  2cosh(p—0) 0 £ \/T

5 Adp Atp

o 0
(=)=
E)NE
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FIGURE 5. Sample configuration x on at the 3 x 3 grid.

where 6 = \/uA=! + \/Ap~! and in this case, the model becomes the classic Ising model presented at the Theorem
3.3.
There is another way to find the transition probability matrix. For p = 0, we have ¢ = $In (C;);:é(;?)) = 1In(1) =0,

¥ = 24/cosh(f) cosh(—0) = 2 cosh(f), because cosh () is an even and possitive function. Let 2cosh (§) = e’ +e7¢ =
\/g + \/% =) for some \, 1 > 0. Hence (2 — ¢ +1=0s.t. ¢ =e’. By solving this equation in terms of ¢, we have

(oo = wi,/§4;%+2—4 _ \/?Jr\/gi(\/g’\/%) _ T \/%

= e’ = 5

One of the answers, namely ¢ = e/ = \/g , leads to transition probability matrix corresponding to the classic Ising
model. Because p; , = iepw”y*‘“’x = #egy which are the elements of the following matrix

J=3 A
)\+ m

e e ?
A
P:<P1,1 p1,-1>: \/EJFH\/% \/gt)\/% _ lxiu ,\+;L]
_ S
P-11 P-1,-1 \/¥e+\/3 \/é_\/x Atp Atp
M n

Example 3.5. We know that the Ising model was used as a magnetism model and image processing in physical
research. Consider a graph G consisting of edges, in which each site i is assigned a spin of +1 or —1. Thus z; = %1, for
all 7. Let a square n x n grid, where each point is connected to four neighbors. Thus, there are k = o possible states,
so E ={Ey,,...,Ey, }. For each state x € {1, ..., 2}, the energy is defined as follows E, = *ZiNj x;xj, where the
sum is over all pairs of sites ¢and j, which are neighbors. For the configuration x in the Figure 5,

2 TS T D ey

S (a11a12 + 12013 4 G11091 + Q12025 + 13093 + A21027 + 22093 + A21031 + A92ass + A23033 + 1035 + a32a33)
= *((*1)(*1) +(=D1) + (=D(A@) + (=1)(1) + (1)(=1) + (1)(1)

+ M)+ (M) + M)@) + (=D@A@) + (-1() + (1)(1)> =4

E,
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where
-1 -1 1
() =(-1,-1,1,1,1,-1,-1,1,1) =X = (a;5) = | 1 1 -1
-1 1 1
For the convenience of calculations, we wrote the vector (z;) as matrix ¥ = (a;;).
We plot this configuration in R software in Figure 5. All 512 states can be calculated from one state (for example,
the state shown in Figure 5) as follows:
a1
(1‘1,...,1}9):(—1,—1,1,1,17—1,—1,1,1) :a3+a4+a5+ag+a9—(a1+a2+a6+a7),
ag

where a; = %1, for all i. In the 3 x 3 grid Ising model, there exists 2° = 512 states and we can calculate the energy of
these 512 states as follows:

### calculating energy in 3*3 network

sample_space = c(-1,1)

total_energy = 0

for(al in sample_space){

for(a2 in sample_space){

for(a3 in sample_space){

for(a4 in sample_space){

for(ab in sample_space){

for(a6 in sample_space){

for(a7 in sample_space){

for(a8 in sample_space){

for(a9 in sample_space){

network = matrix(c(al, a2, a3, a4, ab, a6, a7, a8, a9, 3, 3, byrow = T)
energy_of_network = (-1)*(network[1, 1]*network[1, 2]
+network[1, 1] * network[2, 1]

+network[1, 2] * mnetwork[1, 3]

+network([1, 2] network[2, 2]

+network[1, 3] network[2, 3]

+network[2, 1] network[2, 2]

+network[2, 1] network([3, 1]

+network[2, 2] network([2, 3]

+network([2, 2] network([3, 2]

+network[2, 3] network[3, 3]

+network[3, 1] network[3, 2]

+network[3, 2] * network[3, 3])

total_energy = c(total_energy, energy_of_network)}}}}}}}}}
mat = total_energy[2:513]

exbar = mean(total_energy); exbar

[11 o

> plot(total_energy, xlab = ’network’, ylab = ’energy’)

VV A+ 4+ 4+ 4+ ++++++++++++++++4++VVVYV
* X X X X X %X %

As seen in Figure 6, the average of all energies in the 3 x 3 grid Ising model is equal to zero, i.e., 5% fol E,, =0.
This is the average of all 512 support points, which is always equal to zero in some Ising models such as the 3 x 3
grid, horizontal and circular models (see Examples 3.10 and 3.11). Now the question is raised, what is the expected

(=)
BEE
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FI1GURE 6. All possible energies in the 3 x 3 grid system containing 9 points.

value for the energy random variable with the corresponding probability function given in Eq. (3.3). This quantity is
calculated as follows:

EZmEEFExeiﬁEm
ZyEE eiﬂEy

Similarly, the variance of energies is calculated as follows:

EB (Efc) =

2
2 e BEx > E. e BE=

_ 2\ _ _ 2 o zekE
Vary(E.,) = Eg(E2) — (Bs(E.)) e B, ( =

Note that, the Boltzmann distribution is a mass probability function on E, defined by Eq. (3.3). For g = 0,
the distribution given by 3.3 becomes discrete uniform distribution, DU {1, ...,512} (see Figure 7), i.e., & = %2,
E, =E,,, .., E;,,. We calculate this mass probability function in R software as follows (The output of R codes is
shown in Figure 7):

> beta=0

> s=exp(-betaxtotal_energy)/sum(exp(-beta*total_energy))

> plot(s,type=’h’,col=’"gray50’ ,xlab="systems’,ylab=’probabilities’)
> abline(h=1/512,col="red’)

The probability mass function for some 8 > 0 (8 < 0) is plotted in Figure 8 (Figure 9). These figures show how
the probability changes for the corresponding energies and for different 8 values using a bar graph.
Given an arbitrary state z, a site ¢ has uniform distribution. The spin at that site is then updated from the

conditional distribution of that site given the other sites of x. Let the sites be 1,...,m and xj be the spin at site
k, and £ = (Z1,...,Tk_1,Tki1, -, Tm) be the other m — 1 sites of the configuration. For fixed k, write z+ =
(1, oy k1, +1, Thg1, oo, ) and &~ = (21, e, Tp—1, — 1, Tp41, -, Ty ). Then,
e PPyt
Eut Eat >, e 7P _ e PEat 1

P €T :+1 €T _ = = = — — .
( k | k) gz,k £w++£w_ e—BEIJr e_/iEz* e,BEIJr +€*BE17 1+€B(Em+*Em—)

E’y e~ BEy Ey e—BEy
an
(o] < |
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F1GURE 7. The probability mass function &, for § = 0 in the 3 x 3 grid system.

$=0.01 B=0.1
&
8§
8
S wn
° 8
3 9 3 g
g g 8
S 5 g °
=
5 g -
S [=}
° 3
0 100 200 300 400 500 0 100 200 300 400 500
systems systems
=05 B=1
0
9
S <
S
& g4 8 i
= o £
g € o
g u £ o
S S S
& o 5 |
8 | o |
S T T T T T e T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
systems systems

FIGURE 8. The probability mass function £, for some 5 > 0 in the 3 x 3 grid system.

Observe that E,+ = —( > ing T ik xz) Also E,- = —(Z inj Tii—Y . ik :cz) This gives Ey+ —Ep- =
i,j#k i\j#k
—2% . . z; and after that we have

1 1

d =P = 1|x_ - = .
k(8) (zr = +1|@_) 1+eﬁ(Em+_Em—) 14 e 2 ik

Also,
w(B)=P(xp=—1|x_t) =1—P(xp = +1|z_4)
1 =282 i i 1

o 1+ e 268 ik Ti - 1+ e 268 ik Ti - 1+ 28 ik T
For example, in state given by Figure 5 , we have
1 1

5(B) (:E5 | € 5) 1 + e—Qﬁ Zi~5 x; 1 + 672ﬁ Z(i,j)~(2,2) aij
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FIGURE 9. The probability mass function &, for some 5 < 0 in the 3 x 3 grid system.

1 1 1
T 1t e 2B(antazitasstas) ] 4 e-28(—1+1-1+1) 9’

1 1

/ =P =—1 Q) = =

8(/8) (fL’g |:1: 8) 1 4 62’3 ZiNS T; 1 + 62[3 Z(i,j)~(3,2) Qij
1 1 1

- 1 + e2B(az2+asi+ass) - 1+ e28(1-1+41) - 1+ e28°

Similarly, the conditional probabilities of the rest of the states in Figure 3 will be as follows without calculation:
b k = ]‘7 57 93

1 —
mv k - 27 87

woss k=4,
di (B) = P (z) = +1|z_k) = 1

N|—

T+e—68> k =6,
1

1+4e4B8> k= 37
1

Tre 38> k=T.

In Figure 10, we plot di (8) for all possible values k from 1 to 9 and some parameter 3 for -2 to 2. All di (8) curves
at the § = 0 have the same value %, in which case the conditional probabilities at all k£ points are equal to %, ie.

dr(0) = P(z, = +1| 2_) = 3. The numerical values of the function dj(3) at some points of 3 are given in Table 1.
Note that, since

L k=150
ﬁv k:2a87
e k=4,
W= T TN S a)
TFeo7 =6,
m+wa k=3,
T k=T,

we conclude that curve dj, (8) has the central symmetry around point (0,0.5) (also see Figure 10).
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FIGURE 10. Display conditional probability dj (8) based on different values of k.

TABLE 1. Values of di () for 8 =0,0.441,0.75,—1.5 and k = 1, ...,9.

E/B| 0 |0441]0.75 | —1.5
0.50 | 0.50 | 0.50 | 0.50
0.50 | 0.71 | 0.82 | 0.05
0.50 | 0.15 | 0.05 | =

0.50 | 0.29 | 0.18 | 0.95
0.50 | 0.50 | 0.50 | 0.50
0.50 | 0.93 | 0.99 | =

0.50 | 0.85 | 0.95| =~

0.50 | 0.71 | 0.82 | 0.05
0.50 | 0.50 | 0.50 | 0.50

© 00 N O O = W N -

In the calculation of conditional probabilities dj, (8), considering that the support of the corresponding random
variable has two members {—1, 41}, the conditional mathematical expectation can be calculated as follows:

iXP(kaHSC_k)

ex (B) = Eg (x| k) = Zie{—Ll}

=1xdy (B) +(=1) x &'k (8) = 1 x dy (B) + (1) x (1 = d (B))
2

=2 (B 1= e e !

_ 1— e*QﬁZiNk Zi

BT ey
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FIGURE 11. Display conditional mathematical expectation ey (8) based on different values of k.

In other words

0 k= 1a5a9
1—e=?P _
> e K28
1_6—2B ik Ti _762 k =
k(IB) 5( k‘ k) 1_~_672ﬂ2i~k$i %;:7722’ k:6,
1—e?f k=3
Let? ) -
l1—e” _
rem k=T

In Figure 11, we plot ey (8) = Eg (zx|x—y) for all possible values k from 1 to 9 and some parameter S for -2 to 2.

Note that, without using the R software, considering that the relation ey (8) = 2dj (8) — 1 is established between
the two functions, we could draw graph ey, () with the help of graph dj, (8). In this way, the behavior of function ey, (53)
is the same as the behavior of function di (), and the only difference is that function di (3) is stretched vertically
and translated down. It is easily seen

ex(—B) = 2dp(=B) —1=2(1 —dp(B)) =1 =1—2dx(B) = —exr(B),

which shows that the function ey (8) is odd, and in other words, it has central symmetry around the origin (also see
Figure 11).
Similarly, the conditional variance is also calculated. For this purpose, we have

Epg (a}]e—r) = Zie{q,u P2 X P(xy = ile_g) = di (B) + d'x (B) = di (B) + (1 = di (8)) = 1.
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The result is
v (B) = Varg(zle_x) = Eg (27|z_1) — (Ep (vx]z_1))?
1 — =28 g i\ > do—2BT i wi

b <1+e—2ﬁ§3~kx> T (14 e 2T

1 ke {1,5,9}
ﬁ ke2,8,
_ (1%732%2 k=4,
W k=6,
G k=3
(11?;@)2’ k=1

The interesting thing that happens in function vy (8) = Varg (zg|z_x). To prove this fact, we will show that
h(a) =

% is an even function, so we proceed as follows:

4e8 4e8 4e—oB 4e—B
(1+€e9B)2 ~ 14 2P + 298 208 111 2¢ %8 (14 e 0h)2
According to the above identity, we have

4e4P 4e=4P
vs(B) = m = h(4) = h(—4) = m = v7(B),

428 4e=2B
0(B) = gy = M) = h(=2) = s = ) = wa(8).

14 e—20)

Now we can rewrite function vy, (8) = Varg (xi|z_x) as below:

h(a) =

= h(—a).

1, k=159,
4628
—¢ —— k=248
e—28)2» ) Ty Oy
v(B) = Varg (zr|z_y) = (1164132 X
ey F=3T
4e— %5 _
e, k=0

Next, in Figure 12, we plot v; (8) = Varg (zx|x_x) for all possible values &k from 1 to 9 and some parameter 5 for
-3 to 3. It can be easily observed

v (—=B) = 1 = (BE—g (wxlz—1))" = 1= (ex (=B))" = 1 = (—ex (8))" = vr (8),
which shows that the function ey () is even, and in other words, it has axial symmetry around the vertical axis (also
see Figure 12).

An interesting point that is worth noting is that in the case S = 0, the three functions dj, (8) = P (zx = +1|z—_g),
er (B) = Eg(zi|le_i) and vg (8) = Varg (zi|ez_k) do not depend on the parameter 3, and exactly this happens
for the cases where k is on the diagonal elements of the 3 x 3 grid matrix, i.e., points 1, 5, and 9. In other words
d1 (0) = d5 (0) = dg (O) = %, €1 (0) = €5 (O) = €9 (0) =0 and (%1 (O) = Vs (O) = Vg (0) =1.

In Figure 13, we simulate the 60 x 60 grid Ising model with some parameter 3. The Gibbs sampler was run for
100,000 steps. The state space E has 2360 elements. Simulations B and C are for attractive systems, with 8 > 0.
Note that g = 0.441 is a critical inverse temperature. In case D, 8 < 0 and the system is repelling.

In R codes below, we observe how the Metropolis-Hastings algorithm works and how it can simulate the Ising
model. This structure will also be provided by package in section 4.1:

(=)=
E)NE



CMDE Vol. 14, No. 1, 2026, pp. 421-469

441

vi(B)
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0.4
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0.2

F1cure 12. Display conditional variance vy, (8) based on different values of k.

F1GURE 13. Ising simulation on a 60 x 60 grid. Parameter values are: A: g =0, B: 8 = 0.441, C:
B8 =0.75,D: g =—1.5.

+ 4+ 4+ + + + +VVVVVYV

### simulation of model ###
start_time = Sys.time()

par(mfrow = c(2, 2))

beta_temp = c(0, 0.441, 0.75, -1.5)
plot_name = c("A", "B", "C", "D")
for (L in 1:4) {

w = 100

beta = beta_temp[L]

trial = 100000

matr = matrix(sample(c(-1, 1), (w+2)~(2), replace = TRUE), nrow = w + 2)

matr[c(l, w+ 2), 1 =0
matr[ ,c(l, w + 2)] 0
for(K in 1:trial){
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at_end = matr[2: (w + 1), 2:(w + 1)]

image(at_end, xlab = plot_name[L], col = c(0, ’gray50’))

}

finish_time = Sys.time()

difftime(finish_time, start_time) Time difference of 6.625356 secs

+ Q = sample(2:(w + 1), 1)

+ Y = sample(2:(w+1), 1)

+ degree = matr[Q + 1, Y] + matr[Q - 1, Y] + matr[Q, Y - 1] + matr[Q, Y + 1]
+ probability = (1)/(1 + exp(-beta * 2 * degree))
+ if (runif(1) < probability)

+ {matr[Q, Y] = 1}

+ else

+ {matr[Q, Y] = -1}

+ 3}

+

+

+

>

>

Now let us compute the entropy of distribution given by Eq. (3.3) . By the definition of entropy, we have

e PEs e AEa;
Hy(&) = - erE Solne == ZzEE > oyer e~ PEy I > BE,

yeE e
e~ BB (ﬂEm +1In (zyeE e*BE9>)
- ZIEE ZyeE €7BE’H
Emie_ﬂsz‘ _3E
= BZwEE ZyEE 6_/3Ey +1In (ZyeE e BEy) ZwEE gz
= BEs(B,) +n (3 e ).

In the conclusion section, Hg(&) will be drawn in the 3 x 3 grid, horizontal and circular models.
Now the issue arises that the entropy function Hg(€) is convex (or concave) for what values of 5. The following
proposition answers this question.

yeE

Proposition 3.6. In the Ising model, the entropy of Boltzmann probability given by Eq. (3.3), i.e., Hg(§) is a convex
function w.r.t. B, if BCovg (E,, E2) > Varg (E,) (28Es (E;) +1).

Proof. We know Hg(§) = SEg(E,;) +1n (ZyeE e*ﬁEy> . Thus, we have

e—BE:
Hy(€) = 5o (Ba(E2)) + By(By) ~ By(B) = (%)

4
g
= -5 (Ej (E2) — (Es(E.))) = —BVarg (E,).

Therefore, the second derivative of Hg(€) w.r.t. § is equal to

H"3(§) = —Varg (E,) + 8 [—dd@ (Bs (82)) +285 () % (Bs(22) )}

s (S ) ()
yeE

H(2, cp Bue ) (30, Bie " )| = 2085 (o) Vaws (E.)
= —Varg (E,) + 8 [Es (E;) — Es (E,) Ep (E7)] — 28Ep (E,) Varg (E,)
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= BCov; (E., B?) — Vars (E.) (20E; (E,) +1).
Because the function Hg(€) is continuous w.r.t. 3, its second derivative is non-negative, if
BCovs (E;, E2) > Varg (E,) (28Es (E,) +1).
Therefore, under this condition, Hg () is convex O

The inequality presented in Proposition 3.6 can be written in terms of the third central moment instead of calculating
the covariance between energy and its square.

Proposition 3.7. In the Ising model, the entropy of Boltzmann probability given by Eq. (3.3) , i.e., Hz(£) is a convex
3

function w.r.t. B, if BEg3 (Ez —Ej (Ex)) >Varg(E,).

Proof. By Proposition 3.6, we have

HJ(€) = BCovs(Ey, B2) ~ Vary(E,) (26Es(E.) +1)
3

= BE5(E2) — BE;(E2) Bs(Ey) — 28E5(E2)Es(By) +28(Es(E,)) — Vars(Ey)
2 3
— 5| Ba(BD) - 35(E2) B (B2) + 385(5) (Ba22)) — (BaEn))' | - Vars(.)
= BEs((Ex — Es(E,))°) — Vars(E,).
Hence, H"3(€) > 0 if and only if SEg ((EI —Eg (Em))?’) > Varg (E;). The continuation of the proof is similar
to the proof of Proposition 3.6. (]

Suppose that some distribution in an nm-membered set has its own probability masses. In this case, there are n
possible masses of &1,...,&,.

Proposition 3.8. The only distribution & = (&1, ...,&,) that has the mazimum entropy H(€) = — > | & 1n&; under
conditions > & =1 and E(E,) =Y., &E; = ¢ is the Boltzmann distribution.

Proof. Consider the Lagrange function as

U, A de) = =3 @) +a (D G-1)+x (Y &Ei-c).

By taking the derivative w.r.t §;,¢=1,...,n, Ay and Ay we have

ov (flv v 75717)‘17/\2)
9&;

n
Zi:l &=1,
Zj:l ngz = C.

Thus, by taking e ! = k and Ay = —f3, we have & = ke PP, Since Yo & =1, the value of k is calculated as

:—hl(fl)—].—f—)\l-l-)\gEZ:O, 7;:17...,TL,

followse k = ﬁ So & = % Therefor the Boltzmann distribution is the distribution that maximize
i=1 i=1
the entropy H (&) = —> 1 ;& Ing; wor.t. two conditions Y1, & =1and Y, | &E =c. O

Now the question arises that in model Eq. (3.3) based on a random sample, MLE and MME for /8 are the same.
Suppose X7, ...., an'kzd' fo(z). Note that, MME involves equating sample moments (X = 1 >°" | X;) with theoretical

moments (Eq (X) =) xfo(x)) [42]. So, we say 6 is MME for 6. In general, if, we consider the likelihood function as
follows L (0) =[]/, fo(z). Thus, 6 is a MLE for 6, if § = arg maxy L(6), i.e., L() = maxy L(6) [42)].

In the following theorem, we prove that MLE and MLE calculated based on the first moment for 8 are equal.
Theorem 3.9. In the Ising model, MLE and MME for 3 coincide.

(&)
ENE
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points.

i.i.d. o~ BEx

£ = s denote a random sample of size n from Eq. (3.3). It is worth
yeE 3
mentioning, MME is based on matching the first sample moment (£, = i, Ey,) with the first population moment

(Eg (Eg) =), Ex&:). In order to get this equality, we must have

P = 2 aen 70 T Laep TS e PP T Y e BB T L '

Proof. Suppose E,, ..., E;,

which leads to the solution of equation E, = Eg (E,).
On the other hand, to find MLE, we first calculate the likelihood function as follows

eiﬁEﬂ%‘ eiﬁ > B,

L = T — — = n
o= zl;ll 2yene (ZyeE 6_5&,)

i=1
For convenience in calculations, we calculate the natural logarithm of the likelihood function as follows:

L(B)=In(L(B)=-8 Z;l E,, —nln (ZyeE e_ﬁE”) =-n {Ewﬁ +1n (ZyeE e‘ﬁEv)] )

Thus, taking the derivative w.r.t. 8 gives

— Ey
U(B)=—-n|E, — M
ZyGE eiﬁEy

which leads to the solution of equation E, = Egz (E,), which is the same as Equation (3.2). It is noteworthy that,
1" (8) = —nVars (E;) < 0. Hence, 8 = argmaxyL (), that is, the 3 obtained from equation E, = E (E,) is a MLE
for .

This fact shows that MLE and MME coincide, i.e., 3 = . O

] = —n (B. — By (E,)) = 0,

_ BBy _ _
Let r(8) = Eg(E;) — E, = ZEy:EEEiy_ﬁEl — E,. Therefore, the equation r () = Eg (E;) — E, = 0, whose roots
eg€ Y

were impossible to find analyticall;, was solved numerically. In the conclusion section, this root will be calculated
numerically in the 3 x 3 grid, horizontal and circular models.
oG
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Example 3.10. In the continuation of Example 3.5, consider an Ising model on a horizontal line containing n points
where x; = £1, for all i. Similar before, there are 2" possible states. For n = 9, there exist 2° = 512 states and in
Figure 14, we have calculated the energy of these 512 states by R codes as follows:

sample_space = c(-1, 1)

total_energy = 0

for(al in sample_space){

for(a2 in sample_space){

for(a3 in sample_space){

for(a4 in sample_space){

for(ab in sample_space){

for(a6 in sample_space){

for(a7 in sample_space){

for(a8 in sample_space){

for(a9 in sample_space){

network = c(al, a2, a3, a4, ab, a6, a7, a8, a9)
energy_of_network = (-1) * (network[1] * network[2]+
network[2] * network[3]+

network[3] * network[4]+
network[4] * network[5]+
network[5] * network[6]+
network[6] * network[7]+
network[7] * network[8]+
network[8] * network[9])

total_energy = c(total_energy, energy_of_network)}}}}}}}}3
vec = total_energy[2:513]

> exbar = mean(total_energy); exbar

(11 o

> plot(total_energy, xlab = ’network’, ylab = ’energy’)

V+ 4+ 4+ 4+ ++++++++++++++VVYV

For example, the configuration x shown in Figure 15 including states (x;) = (—1,—1,1,1,1,—1,—1,1,1) on a horizontal
line has following energy:

Em = — Ziwj Ziitj = — Zj:1 mixi—&-l
—((—1)(—1) +(=D1) + M) + M) + M (=1) + (=1 (=1) + (=1)(1) + (1)(1)) = -2

Example 3.11. In the continuation of Example 3.5, consider an Ising model on a circle containing n points where
x; = %1, for all 4. Similar before, there are 2" possible states. For n = 9, there exist 29 = 512 states and in Figure 16,
we have calculated the energy of these 512 states.

For example, the configuration shown in Figure 17 including states

_ (-1 -1 11 1 -1 -1 1 1
(1‘1) - (713 -1,1,1,1,-1,-1,1, 1) = (Jl) - (_1 1 1 1 -1 =1 1 1 _1> )

on a circle has following energy:

By = - ZiNj Lilj = — (Zf_l TiXTip1 + x9x1>
=~ ((EDEDHEDW + W + O + D + CHED + (DO + MO + (D) = -1

Note that, (o;) is a symbol to show permutation.

(&)
ENE
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TABLE 2. The Energy and Boltzmann probability function for four possible configurations in the
Ising model with 2 points.

Label Configuration Energy The Boltzmann Probability Function

B

1 (#1) = (=1,-1) E1=-1 f= m
2 (w)=(,1) E=-1 & = 1w
3 (wa)=(,-1) By=1 & = Tesa

As you can see in Figure 16, in the circular system, we do not have any state whose energy is equal to zero, But
the average of all energies is equal to zero.

In the Conclusion section, broader comparisons about the 3 x 3 grid, horizontal and circular models are presented.

Example 3.12. Now, Consider an Ising model with 2 points where z; = %1, for all <. Thus, there are 4 possible
states and we can calculate the energy of these 4 states as follows (Table 2).

Vector 71 can be referred to as induced probability vector by system energies and it is calculated as follows:

eB s
L(B)=11(i) = P(B, = i) = {€1+§2 = 5o =L

o B .
63 + 54 = Wh(ﬂ)’ 1= 1.
The induced probability function in the Ising model with 2 points is plotted in terms of different 8 values in Figure
18.

We observe that, only for 8 =0 we have 7 (—1) =7 (1) = % If the parameter space is equal to © = [a, b], where
a < b € R, then the maximum likelihood estimator in terms of observed energy will be as follows:

b= b, ?f E, =-1,
a, if E,=1,

an
BE
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. ] -8 . . . . . .
because functions m and m are increasing and decreasing w.r.t. [, respectively Similarly, Consider an

Ising model on a horizontal line (or a triangle) containing 3 points where x; = £1, for all ¢. Thus, there are 8 possible
states and we can calculate the energy of these 8 states in Table 3.
Based on Table 3 , in the horizontal system, induced probability function is calculated as follows:

&3+ &+ & + & = Tremnpgy 1= 0
L(B)=7a(i) = P(Ex = i) = & + & = 5-5rem i=2,
§1+52:%, i=-2
The induced probability function in the Ising model on a horizontal line containing 3 points is plotted in terms of

different /3 values in Figure 19. Note that for 8 = 0, we have 75 (0) = 275 (2) = 275 (—2) = 3. If the parameter space
is equal to © = [a, b], where a < b € R, then MLE in terms of observed energy in the Ising model on a horizontal line

(&)
ENE
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TABLE 3. The Energy and Boltzmann probability function for eight possible configurations in the

M. SHAMS AND M. A. MIRZAIE

Ising model on a horizontal line (and a triangle) containing 3 points.

Label \ Configuration \ Energy \ Boltzmann probability function
The horizontal system

&P

1 (xl) = (_L _17_1 El =-2 51 = 4+4 cosh(2p)
eZ[i

2 (xQ) = (15 L, 1) Ey =-2 o = 4+4 cosh(28)

3 (1'3) = (_L 1, 1) E;=0 53 = 4+4C015h(25)

4 (.1'4) = (17 1) _1) E4 =0 54 = 4+4colsh(2['3)
e %8

) (.2?5) = (L _17 1) E5 =2 55 = 4+4 cosh(2p)
e—28

6 (IG) = ( L1, 1) E¢=2 56 = ¥4 cosh(2B)

7 (1’7) - (_1a _17 1) E7 =0 57 = 4+4colsh(2ﬁ)

8 (-7;8> = <1a _17 _1) ES =0 58 = 4+4colsh(2['3)

The triangular system

-1 -1 -1 38

1 (1 ] 1) E,=-3 §1 = gohaP
1 1 1 38

2 <1 1 1> Ey,=-3 §2 = GoFraP
-1 1 1 -8

3 11 1 Ez=1 §3 = go—fgze®
1 1 -1 e F

4 1 -1 1 Ey=1 §4 = G737
1 -1 1 o8

5 1011 Es =1 & = goera?
-1 1 -1 e F

6 {1 -1 -1 Ee =1 §6 = Ge=rraF
-1 -1 1 e f

7 1 1 E;=1 §1 = G hr37
1 -1 -1 o8

8 1 -1 1 Eg =1 {8 = gorga7

containing 3 points, will be as follows:

b, if E,=-2or (E;,=0,a<b<0),
B=140, if B, =0,a<0<b,
a, if B, =2o0r (F,=0,0<a<b),
because m is increasing on (0, 00) and decreasing on (—oo, 0), % is decreasing and :,)E_e:w is increasing.

Based on Table 3, in triangular system, the induced probability function is calculated as follows:

8 -8B 3
S = —f . =1,
L(B) = mali) = P(B, = i) = | 20=3% = g !
§1+§2:W) 1= —3.

The induced probability function in the Ising model on a triangle containing 3 points is plotted in terms of different
[ values in Figure 20.

We observe that, only for § = 0.2746402 we have, 75 (1) = 73 (—3) = % If the parameter space is equal to © = [a, b,
where a < b € R, then MLE in terms of observed energy in the Ising model on a triangle containing 3 points, will be

(=)
BEE
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as follows:

) {b, if B, = 3,

"o, iE, =1

because functions % and % are increasing and decreasing w.r.t. (3, respectively.
Define the Markov chain {X,, : n € N} in such a way that X,, represents the state of the process at the n'”* stage.
In this case, Ey = {—1,1}, and
P,=PXi=z|Xo=2)=p, p#0,1, ze{-1,1},
nyZP(X1=y|X0=$)=q:1—P7 Q7é0a17 x7y€{_171}7 iﬂ#y

Therefore, in the Ising model containing 2 points where x; = £1, for all 4, that the values of these two points are
independent of each other, the transition probability matrix will be as follows:

P> @ pg pg

p_ @ p* pq pq
- 2 2
pq pg P> g

pq pqg ¢* p?

It is worth noting that, the row and column labeling in the above matrix is done as follows (based on Table 3):
Label 1: (z1) = (—1,—1), Label 2: (x2) = (1,1), Label 3: (z3) = (1,—1) and Label 4 : (z4) = (—1,1).

A way to calculate a stationary distribution of a Markov chain {X,, : n € N} is to use formula w = wP where
7 = (71, e, 3, M4), which leads to the solution of the following equations

(p* = 1) m + ¢*m2 + pq (13 4+ m4) = ¢*m1 + (p* — 1) T2 + pq (75 + 74) = 0,
pq (m1+m2) + (p* — 1) w3 + ¢*ms = pq (w1 + m2) + ¢°m3 + (p> — 1) my = 0.

The above equation system has solution m; = me and 73 = my, when p,q # 0,1. We also need my + m +
w3 + m4 = 1. Solving the above equations, we obtain w = (i, %, %, %) is an unique stationary distribution for a

Markov chain {X,, : n € N}, because every irreducible Markov chain {X,, : n € N} with a finite state space E; =
{(-1,-1),(1,1),(1,-1),(=1,1)} is positive recurrent and hence has a stationary distribution. By the way, since
{X,, : n € N} is an aperiodic process, we can calculate limiting distribution as follows

lim P"™ =
n—oo

s [ [ [
s [ [ [
B s [ [ [
s [ [ [

that the columns of the above matrix are the stationary distribution. It should be noted that the vector containing

the Boltzmann probability functions, ie., &€ = (£1,£2,€3,84) = (4+4f§:h(25)7 4+4ceo2§h(2,8)7 4cz51:(,3)7 4c§s:(5)) is not
stationary.

Similarly, in the Ising model containing 3 points, that the values of these two points are independent of each other,
the transition probability matrix will be as follows:

5@ pi® pd® pd? pPq pPq pPq
¢ P p’q p’q¢ ¢ pi® pi® pd?
pi® p’q p* pi® pd® pPq ¢ ¢
p_ pq; piq pq; p32 136132 p23q q;’ pzq
p® p*q¢ pi® pd* p* @ pPq pPq
P’¢ pi® p’q p*qa ¢ P pd® pd
P’¢ pi® pq ¢ pPq¢ pi® PP pg?
2 2 3 2 2 2 3

b q pq ¢ pq¢ p’¢ pg® pi® p
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where labeling is according to Table 3. It is easily shown 7w = (%, %, %, %, %, %, %, %) is an unique stationary distribution

for a Markov chain {X,, : n € N}, because every irreducible Markov chain {X,, : n € N} with a finite state space
Ey, ={(-1,-1,-1), (1,1,1), (-1,1,1), (1,1,-1), (1,-1,1), (-1,1,-1), (—-1,-1,1), (1,—-1,—-1)}.

B — -1 -1 -1 1 1 1 -1 1 1 1 1 -1
A L\ A S 1 N N O 1 A N A N 1 N A N Y A
1 -1 1 -1 1 -1 -1 -1 1 1 -1 -1
-1 1 1)7\1 -1 —-1)’\-1 1 -—-1)"\-1 -1 1 ’
in the horizontal (triangular) system, is positive recurrent and hence has a stationary distribution. Also, the vector
containing the Boltzmann probability functions, in the horizontal (triangular) system, i.e.

e8 28 1 1
&= (4 +4cosh(28)” 4+ 4cosh(28)” 4 + 4cosh(28)’ 4 + 4cosh(23)’
e 28 e 28 1 1
4 +4cosh(28)” 4+ 4cosh(28)” 4+ 4cosh(28)” 4 + 4cosh(26)> ’
¢35 £38 o5 o5
(f - (665 + 26387 6e=F + 2e387 G6e=F + 2e387 Ge—F + 2e38”

- - - -
6e=8 +2e38’ 6e=P + 2e387 6e=F 4 2e38" 6e—B +2e38 ) )’

is not stationary.

4. SIMULATION OF THE ISING MODEL IN R

4.1. Metropolis-Hastings alghorithm. The most famous application of the MCMC method appears in the Metropolis-
Hastings algorithm. The algorithm is named after Nicholas Metropolis [1915,1999], a physicist, who first proposed
this method in 1950, and W.K. Hastings [1930,2016], a Canadian statistician, who extended this algorithm in 1970s.
The algorithm constructs a Markov chain {X; : t > 0} with state space E and stationary distribution = = (1, w2, ...).

Suppose P is a transition matrix for some irreducible Markov chain with the state space E. Assume that X,, = i.
The next stage of the process, i.e., X,,11 is chosen by the following procedure [9]:

1. Choose a new state from P, i.e., choose j with probability P;;;

2. Let Q5 = L

Assume that X,, =i and U ~ U (0,1). Define

7 Py

i, U < ay;
Xnt1 = ‘?7 PR

i, it U > ayj.

For example, using random number generator, simulate a standard normal random variable using MCMC with the
.2
probability density function ¢; = \/%e >~ For the Metropolis-Hastings algorithm, from state s, the process moves

to t, where ¢ has uniform distribution on (s — 1,s+ 1). Hence, Py = %, s—1<t<s+1.
The acceptance function is

12\ 1
= b} £
. T Pig . \/271—6 2 _t2;sz
Qg = P = 1 2\ 1 =€ .
Trs L st — e 7 | =
V2T 2

Below, the MCMC sequence is repeated one million times. By the way, the overlaid curve is ;. With the
Kolmogorov-Smirnov goodness of fit test we obtained, the random sample collect from standard normal distribution.
In the Boltzmann probability given by Eq. (3.3), we have

To _ Qe _ - p(E.-By)

Ty Gy

¢ BAE

(=)=
E)NE
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where AE = (E, — E,). Let

B e PAEif AE >0,
Toy =19 1, if AE < 0.

The following algorithm is suggested:

1. Choose some state ;

2. Calculate differential value AE;

3. If AE < 0, change the spin. If AE > 0, then
a. Generate 0 < r < 1 as a random number from a uniform distribution;
b. if r < e #2E change the spin;

4. Go to the next state and go to 2.

The states are generated with a Boltzmann probability given by Eq. (3.3). In R, we can generate random sample
with package 'bayess’, by command ’isinghm’. In Figure 21, we generate random sample for some g via Metropolis-
Hastings method, and we observe that, when 8 become larger, the number of clusters become smaller and cluster get
further to each other.
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0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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1
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1
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J
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0.0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

FIGURE 21. Simulating Metropolis-Hastings by 8 = 0.25,0.5,0.75, 1.

4.2. GIBBS SAMPLING. The Gibbs sampling was named by the new researchers in honor of the efforts of the
physicist Josiah Willard Gibbs. In this method, the target distribution 7 is an m-dimensional joint density 7 (&) =

T (X1, ooy T

We construct a multivariate Markov chain with limiting distribution w. The generated elements from algorithm
are X©O, x@ (X:EO), ey ,(72)) , (Xl(l), - T(,})> , ... Clearly, this method is a special case of the Metropolis-Hastings
algorithm [27].

In package ‘bayess’, we can use command ’isingibbs’ to generate a random sample.

4.3. POTTS MODEL. In the Ising model, every particle can spin in two side. What happened if particles can spin
in more than two side?

In this case particles in crystal or topological graph that particles have more than 2 neighbors. The model is named
after Renfrey Potts [1925,2005] [33], who described the model near the end of his PHD in 1951. We just simulate this

model in R.
[c[v]
(0] €]
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FiGUrE 22. Simulating Gibbs by g = 0.25,0.5,0.75, 1.

In package ‘bayess’ there is two functions ‘pottsgibbs’ and ‘pottshm’ that respectively simulate Potts model with
Gibbs sampling and Metropolis-Hastings sampling. With Gibbs sampling, we can’t choose number of neighbor in
lattice and sample space is E = {1,2,3,4}, but in Metropolis-Hastings sampling, we can select any member of the
sample space. Potts model with E = {1,2,3,4} shows the fact that we have 4 neighbors. In R, for Potts we have to
use square matrix (at first Gibbs sampling is done):

> library(bayess)
> pots_gibbs = pottsgibbs(niter = 1000, numb = 10, beta = 0)
> table(pots_gibbs); prop.table(table(pots_gibbs))
pots_gibbs

1 2 3 4
22 31 26 21
pots_gibbs

1 2 3 4

0.22 0.31 0.26 0.21
> barplot(table(pots_gibbs), col = ’skyblue’)
> image(pots_gibbs, col = c(’blue’, ’red’, ’green’, ’purple’))

In Figure 22, we generate random sample for some [ via Gibbs method, and we observe that, when § become
larger, the number of clusters become smaller and cluster get further to each other.

In Figure 23 we see Potts model simulation for case. As we observe 22 blue shapes. Also, 1, 2, 3, and 4 represent
blue, red, green and purple respectively.

In R software, choose the tenth column of the matrix as the first row in the image, the ninth column of the matrix as
the second row in the image, and the first column of the matrix as the last row in the image. Now we want to simulate
with Metropolis-Hastings sampling. In Metropolis-Hastings method, we can use any matrix (in Gibbs method, we
have to use square matrix) and we can use any set of number for sample space:

> pots_mh = pottshm(ncol = 7, niter = 10, n = 10, m = 10, beta = 0)
> table(pots_mh); prop.table(table(pots_mh))
pots_mh

(=)
BEE



CMDE Vol. 14, No. 1, 2026, pp. 421-469 453

30
|
1.0

25
0.8

20
1

0.6

0.4

10

0.2

0.0

FIGURE 23. Potts model with 4 neighbors (E = {1,2,3,4} ) and bar plot for calculate emprical
probability for g = 0.
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FIGURE 24. Potts model in 10 x 10 matrix with Metropolis-Hastings and bar plot for calculate
emprical probability for g =0

1 2 3 4 5 6 7
17 9 26 12 7 14 15
pots_mh
1 2 3 4 5 6 7
0.17 0.09 0.26 0.12 0.07 0.14 0.15
> image(pots_mh, col = rainbow(7))
> barplot(table(pots_mh), col = ’skyblue’)

As we see in Figure 24 , the sample space is E = {1,2,3,4,5,6,7}. Also we can see any parametr of 5 and any
sample space. In this part, the application of Potts models in image processing was presented
an
BE
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TABLE 4. Display frequency table (and probability values) for different energy states (for 8 = 0), in
the 3 x 3 grid system.

energy | number | probabilities
-12 2 0.00390625
-8 8 0.01562500
-6 32 0.06250000
-4 46 0.08984375
-2 96 0.18750000
0 144 0.28125000
2 96 0.18750000
4 46 0.08984375
6 32 0.06250000
8 8 0.01562500
12 2 0.00390625

5. STATISTICAL COMPARISON OF MODELS AND DISCUSSION

In this section, we make a statistical comparison between the models presented in three Examples: 3.5, 3.10, and
3.12 for some parameters.

First, we discuss the concentration of the probability masses on different energy states in three models. In Table
4, the frequency of different energy states (and probability values for 8 = 0), in the 3 x 3 grid system is shown. For
notation in the following sections, we will denote the vector of probabilities in Table 4 (for case 8 = 0) by 71. Vector
71 can be referred to as the induced probability vector by system energies. For example, the probability of one of the
states in Table 4 is calculated as follows:

1 1
T1(-12) = P(Ey = ~12) = &, + &, = 575 + 575 = 000390625,
where
-1 -1 -1 1 1 1
T = 21 = (aij) = -1 -1 -1 s To = 22 = (aij) =1(1 1 1
-1 -1 -1 1 1 1

Note that in both states, x1 and x5 we reach the same energy of -12:

Eazl = _EI2 = — E LT = E Amn Gyw
inj (m,n)~(v,w)

= —(a11a12 + a12013 + a11621 + @12022 + a13023 + a21022
+ Q22023 + a21a31 + a22a32 + agzassz + aziasz + a32a33)
=—(12x1) = —12.

As can be seen from Table 4, in 144 states, the energy is zero, and in general, the number of states whose energy
is equal to E, = 2,4,6,8,12 is the same as the number of states whose energy is equal to £, = —2, —4, -6, —8, —12,
respectively. In other words, the concentration of the number of energies is symmetrical around zero (for all 3), and
the probability distribution is also symmetrical around zero (for only 8 = 0). Figures 25, 26, and 27 answer this
question for 5 =0, 8 > 0, and 8 < 0, respectively, in the 3 x 3 grid system. The proof of the fact mentioned in section
3 that in the 3 x 3 grid system, the average of all energies is zero is written as follows:

1 512 5
512 &—i=1""" " 512
+96(2) + 46(4) + 32(6) + 8(8) + 2(12)} =0.

2(—12) + 8(—8) + 32(—6) + 46(—4) + 96(—2) + 144(0)
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FIGURE 25. The probability of obtaining some energies for 8 = 0 in the 3 x 3 grid system.

In case § = 0, the entropy of the random variable with support E = Sg, = {0,£2,4+4,+6,4+8, £12} whose the
probability mass function 71 is given in Table 4 is equal to Ho(71) = — ZiesE p; Inp; = 1.937360313.

In Figure 25, the symmetry of probabilities is well observed. In Figure 26, (Figure 27) we observe that, for 8 > 0
(8 < 0), the distribution 7 corresponding to in the 3 x 3 grid model puts more mass on low (high) energy states.

B=01 B=05

EDDD DDD:_ D DDDE__ff

-2 0 2 4 6 8 12 -2 0 2 4 6 8 12
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0.00 010 020 0.30

0.00

0.8

00 0.2 04 06 08
0.4

-12 -6 -2 0 2 4 6 8 12 -12 -6 -2 0 2 4 6 8 12

FIGURE 26. The probability of obtaining some energies for 8 > 0 in the 3 x 3 grid system

In Table 5, the frequency of different energy states for § = 0, in the horizontal model is shown. For notation in the
following sections, we will denote the vector of probabilities in Table 5 (for 8 = 0) by T2. For example, the probability
of one of the states in Table 5 is calculated as follows:

T2(=8) = P(E, = —8) = &, + &4, = =13 + 513 = 0.00390625,
where 2; = (-1,-1,-1,-1,-1,-1,-1,—-1,—1) and 25 = (1,1,1,1,1,1,1,1,1). Note that in both states x; and x5

we reach the same energy of -8: E,, = E;, = — ng TiTj = — Zf:l 2i%iy1 = — (8 x 1) = —8. In the horizontal
system, the average of all energies is zero is written as follows:
512

5139, Bar = 573 [2(-8) + 16 (=6) + 56(—4) + 112(~2) + 140(0) + 112(2) +56(4) + 16(6) + 8(8)] = 0.

(&)
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FiGURE 27. The probability of obtaining some energies for 8 < 0 in the 3 x 3 grid system.

In case 8 = 0, the entropy of the random variable with support Sg, = {0,+2, +4, £6, £8} whose the probability

mass function is given in Table 5 is equal to Ho(T2) = — ) _;cg, Pilnp; = 1.763993465.

TABLE 5. Display frequency table (and probability values) for different energy states (for 8 = 0), in
the horizontal system.

energy | number | probabilities
-8 2 0.00390625
-6 16 0.03125000
-4 56 0.10937500
-2 112 0.21875000
0 140 0.27343750
2 112 0.21875000
4 56 0.10937500
6 16 0.03125000
8 2 0.00390625

Similar to the 3 x 3 grid system, in the horizontal system, the symmetry of concentration around zero (for only
B = 0) can be seen in Table 5. Figures 28, 29, and 30, show the probability distribution for 5 =0, 8 > 0, and 8 < 0,
respectively in the horizontal system.

Again, the symmetry of probabilities for 8 = 0 is well observed (see Figure 28). In Figure 29, (Figure 30) we observe
that, for 8 > 0 (8 < 0), the distribution 79 corresponding to in the horizontal model puts more mass on low (high)
energy states.

In Table 6, the frequency of different energy states for 8 = 0, in the circular system is shown. For notation in the
following sections, we will denote the vector of probabilities in Table 6 (for 5 = 0) by 73. For example, the probability
of one of the states in Table 6 is calculated as follows:

73(—9) = P(Ey = =9) = &, + oy = 515 + 513 = 0.00390625,
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F1cURE 28. The probability of obtaining some energies for § = 0 in the horizontal system.
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FI1GURE 29. The probability of obtaining some energies for > 0 in the horizontal system.

where
(o) = 1 -1 -1 -1 -1 -1 -1 -1 -1
=)= 1 -1 -1 -1 -1 1 -1 -1
:(‘)_111111111
2=0)=\1 11111111

Note that in both states z; and zo we reach the same energy of -9:
8
Eacl = EmQ = — ZiNj Tilj = — <Zi—1 TiTit+1 + .’ﬂgZL'1> = — (9 X ].) = -9

In the circular system, unlike the 3 x 3 grid and horizontal systems, symmetry of energy values is not observed (see
the Figure 31), but the average of all energies is zero:

513 Zjli v = 515 [2(=9) + 72(=5) + 252(—1) + 168(3) + 18(7)] = 0.
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FiGUrE 30. The probability of obtaining some energies for 8 < 0 in the horizontal system.

TABLE 6. Display frequency table (and probability values) for different energy states (for 8 = 0), in
the circular system

energy | number | probabilities
-9 2 0.00390625
-5 72 0.14062500
-1 252 0.49218750
3 168 0.32812500
7 18 0.03515625
B=0
J

0.0

F1GURE 31. The probability of obtaining some energies for § = 0 in the circular system.

In case 8 = 0, the entropy of the random variable with support Sg, = {—9,—5,—1,3,7} whose the probability
mass function is given in Table 6 is equal to Ho(73) = — EiesEI p; Inp; = 1.129779654.

Figures 31, 32, and 33 show the probability distribution for § = 0, 8 > 0, and 8 < 0, respectively in the circular
system. The output of the R codes below is shown in Figure 31:

The entropies of the 3 x 3 grid, horizontal and circular models for g = 0 are summarized in Table 7.
an
Ba
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FI1GURE 32. The probability of obtaining some energies for 8 > 0 in the circular system.

B=-0.1 B=-05
i
o
A
™ o
[S]
o
S o
o
hal
o
o [] ] 5 []
-9 -5 -1 3 7 -9 -5 -1 3 7
B=-1 B=-5
@
o
@
. 3
[S)
<
o <
2
N
o
o ] o
o
-9 -5 -1 3 7 -9 -5 -1 3 7

F1GURE 33. The probability of obtaining some energies for 5 < 0 in the circular system.

TABLE 7. The entropy for the probability mass functions given in Tabels 4, 5, and 6 for 5 = 0.

System Type Value
grid system 1.93736
horizontal system | 1.76399
circular system 1.12978

Note that, by the information given in Table 7, Ho(71) > Ho(72) > Ho(73), i.e., the entropy of induced probability
vector of the 3 x 3 grid, horizontal, and circular models for § = 0 decreases respectively. Figure 35, compares the
entropies of induced probabilities for the general 3.
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FIGURE 34. The expected value, second moment and variance in corresponding system w.r.t 3.

2wcE EweiﬁEI
Yyeme 7Y

In the following, the mathematical expectation e(8) = Eg (E,) = , the second moment Eg (E2) =

E_ e AEx

2ecn Eje PPe : E2¢=PEx >wcr By .
=Pt p— and the variance Varg (E,) = ), cp s ey T of the random variable corre-
Y

Yyepe PP
sponding to Eq. (3.3) in the 3 x 3 grid, horizontal, and circular models are given along with Figure 34.

From the Figure 34, it can be seen that Eg (E;) is a decreasing function w.r.t 8 in the 3 x 3 grid, horizontal and
circular models. By the way, Eg3 (Eg) is a decreasing (increasing) function w.r.t g for 5 < 0 (8 > 0) in all mentioned
models. Also, according to diagram Varg (E,), the dispersion is higher for §’s that are close to zero (almost for
B € [—2,2]), and the dispersion is lower for §’s that are far from zero on both sides (almost for |3| > 2). By the way,
e(8) = Eg (E;) is an odd function in the 3 x 3 grid and horizontal models (but not in the circular model). Since, the
concentration of the number of energies in the 3 x 3 grid and horizontal models is symmetrical around zero (for all ),
we have

e(_ﬂ) — Efﬁ(Ez) _ ZxEE EzeﬁEI _ _erE Emeiﬁ(iEz) _ _ZxEE EzeiﬁEz _ _e(ﬁ) (51)

2yer ety Dy e B 2 yeE e PEy
Also e3(B) = Eg (E2) and v(8) = Varg (E,) are even functions in the 3 x 3 grid and horizontal models (but not
in the circular model). Since, the concentration of the number of energies in the 3 x 3 grid and horizontal models is

(=)=
E)NE




CMDE Vol. 14, No. 1, 2026, pp. 421-469 461

symmetrical around zero (for all §), we have

ZwEE EieﬁEm _ EwEE Ege_ﬁ(_Em) _ ZwEE Ege_ﬁEw
Dyen ¢ - Yyepe PP B > yeme PEy
o(=B) = Var_s (E.) = ex(~5) — (e(~))* = ea(8) — (e(8))* = v(5).

Table 7 calculates the entropy corresponding to 71 , 72 and T3 i.e., the probability distributions given in Tabels 4,
5 and 6 only for case § = 0. Now the question arises, what is the entropy corresponding to Figures 29 to 34 for other
0 values. In Figure 35, the entropy diagram is drawn in terms of different 3.

As we see in Figure 35, the entropy of the 3x3 grid system is bimodal, i.e., arg maxg Hg(71) = —0.2252252, 0.2252252,
H_q.2250952(T1) = Hp.2252252(71) = 1.952689, the entropies of the 3 x 3 grid and horizontal systems are symmetric and
the entropy of the circular system is not symmetric. Note that Hg(71) > Hg(72) > Hpg(T3), for 8 € [—0.4427,0.4427],
i.e., the entropy of induced probability vector in the 3 x 3 grid, horizontal and circular models for | 5| < 0.4427 decreases
respectively. Also, the entropy of induced probability vector in the 3 x 3 grid and horizontal models is symmetric
about 5 = 0, because by Table 4 (similarly Table 5), we have

hn(8) = Halr) == 7a(i)n (7(0)
= () (r1(0) - Y (i) In (ra(i) ~ Y

ex(=P) = E_p (E7) = = e2(f),

T1(—i)In(71(=1))

i€{2,4,6,8,12}

e—Bi e~ B
= —P(E; =0)In(P(E, =0)) _216{246812} Z cE € —BEy <E ce€ —PE ”>

i Bi
5 S —
i€{2,4,6,8,12} ZyeE e~ BEy ZyeE e~ BEy

1 1 . 4
S S| ( —BEy> . —Bi Iy (e—Bi
Dyepe PP ! ZyeE ‘ Yyepe PP Zie{2,4,678,12} e ()

1 , ,
- Bi Bi
> yer e By Zie{2,4,6,8712}e In (™)

i€{2,4,6,8,12}

1 B ; B ;
-~ ( fﬁEy> __ P R N B
ZyeE e—BEy n ZyEE ¢ * EyeE e—BEy Zi€{2,4,6,8,12} e ZyeE e—BEy Zie{2,4,6,8,12} e

eiﬁi - eBi)

1 B
- - —BE, b .
DY eE e~ PEy In (ZyeEe ) * ZyeE e—BEy Zie{2,4,6,8,12} ¢ (

2 . . .
) B ZyeE e BEy Zie{2,4,6,8,12}2(ﬂ sinh(f))

2 ‘ . .
) - m Zi€{2,4,6,8,12} i (=B sinh(—p1))

ZeEeﬁ Y < yEE

ZeEeﬁ Y < yGE

=H_g(71) = hr, (=5).
)

Hence h., (8) = Hg(71) (and similarly h,,(8) = Hg(72)) is an even function in the 3 x 3 grid (and similarly the
horizontal) model (also see Figure 36). Note that in the proof above, the evenness of the function z(3) = /3 sinh(8i)
was used.

Now, speaking of entropy, it is not bad to have a comparison of energy entropy in the 3 x 3 grid, horizontal and
circular models. First, we present a diagram for the second derivative of entropy as follows:

By Proposition 3.6 and Corollary 3.7, we have

3(8) = H'"5(€) = 8 Covy (Ey, E2) = Vars (E,) (25E; (Ex) + 1)
= 88, ((E. ~ By (B.)°) ~ Vars (E).
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FIGURE 35. Comparing Hg(T;), i =
1,2,3 for the distribution given by
Figures 29 to 33. FIGURE 36. The second drivative of entropy.

In Figure 37, for values of 8 where s (8) = H" 5(§) is positive (negative), Hz(&) is convex (concave). This fact can be
seen in the Figure 37.

We observe that, the entropy values for the horizontal and circular systems are smaller than corresponding values
in the n x n grid. It can be mentioned that the convexity or concavity of Hg(€) can be proved theoretically, and the
corresponding inequality is given in Proposition 3.6 and Corollary 3.7. Also. we can see, in all models, Hgz(§) decrease
as |B| become greater. The maximum entropy occurs at 8 = 0 i.e., argmaxgHg (&) = 0, Ho(€) = 6.238325. Also, the
entropy function in the 3 x 3 grid and horizontal models is symmetric about S = 0, because by (Eq. (5.1)), we have

hWM-B)=H _p(§) = —BE_3(E;) +In (ZyeE eﬁEy) = —Be(—B) +1In (ZyeE eﬁf%)

B (5 o) ()
= Hﬁ(é) = h(B).

Hence h(B) = Hg(§) is an even function in the 3 x 3 grid and horizontal model (also see Figure 38).
In Theorem 3.9, we observed that solving equation r (8) = Eg (E;) — E; = 0 leads to finding MME and MLE for
p. Now we want to solve this equation, which cannot be solved analytically, with numerical methods. For example,

in Figure 38, the root of the equation r () = E (E,) — E; = 0 for state case E, = 0 is specified in three models.

One of the ways to calculate the root of equation r (8) = Eg (E,) — E, = 0 is to use regression models. We want
to find this root for in the 3 x 3 grid, horizontal and circular models.

The working method is that first some random samples are taken from the distribution of Eq. (3.3), then the
average of these values is calculated as E,. After that, by putting these values in equation r (3) = E 5 (Ey) — E, =0,
the root of this equation is found. In fact, with this method, we find several pairs, where the first element is the average
energy and the second element is the corresponding root value in equation 7 (8) = Eg (E;) — E, = 0. With the help
of regression models, we consider the average energy as an independent variable and the root value as a dependent
variable and observe that these two variables fit a line. Therefore, using the regression model, the root of equation
r(8) = Eg (E,) — E, = 0, which is the same as MME and MLE for 3 is found. Let the sample mean be E, = 5. Now,
we want to compare the function r (8) = Eg (E;) — 5 presented in Examples 3.5, 3.10, and 3.12. In Figure 39 three
functions r () are plotted for the 3 x 3 grid, horizontal and circular models. As we expect when the sample mean is
5, we expect the root for r (). The roots of r (8) are —0.0739403 x 5 = —0.3697015, —0.146003 x 5 = —0.730015,
—0.125151 x 5 = —0.625755, respectively.

(=)=
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F1GURE 39. Finding the root for MLE in the 3 x 3 grid, horizontal and circular models.
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TABLE 8. Summary of statistical analysis to estimate linear regression coefficients.

grid horizontal | circular
estimate | -0.0739403 | -0.146003 | -0.125151
std.error | 0.0006454 | 0.002061 0.001534
tvalue -114.6 -70.84 -81.61
Pualue <0.0001 <0.0001 <0.0001

From Figure 39, we understand when we collect i.i.d. sample from Boltzmann distribution and calculate the average
of sample, we can find the root of r (8) according to regression equation. You can see for other values of 3, but don’t
forget by according the energy of systems, average of sample can’t be arbitrary value. The statistical criteria are
summarized in Table 8.

As can be seen from Figure 40, and Table 8, all models are good to explain the relation between root of r () and
the sample mean F,. The regression models are calculated as follows:

B =p=—0.0739403F,,
B == —0.146003E,,
B =p5=-0.125151E,.

3 x 3 grid model :
horizontal model :

circular model :

1.0

grid system

0.5

.
0.5

1
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1
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FIGURE 40. Linear regression models in the 3 x 3 grid, horizontal and circular models that shows the
linear relationship between MLE (MME) and F,.

(=)=
E)NE



CMDE Vol. 14, No. 1, 2026, pp. 421-469 465

Criterion R? for the 3 x 3 grid, horizontal and circular models respectively are 0.9978, 0.9943, 0.9957. These
quantities indicate the high degree of linearity of the models.
Finally, we want to calculate the Kullback-Leibler divergence between the two Boltzmann distributions given in Eq.
(3.3) as a function of the parameter 3. The first distribution £ is the Boltzmann distribution for the 3x 3 grid model and

the second distribution £’ is the Boltzmann distribution for the horizontal model. In other words &, = % and
yeE € Y
& = % where E, energies correspond to the 3 x 3 grid system and E’, energies correspond to the horizontal
yeg € °
model. Hence Kullback-Leibler divergence between £ and £’ is calculated as follows:
o BB
—BE: —PE
e Yeme v
Dﬁ (E H 5/) = ZzEE Z o BE, In :_EﬁE;,
yer S
Syepe Y
—BE; —BE,
e e FPha
=—Hg(&) — — In —— | .
ZajEE ZyeE e—BEy EyEE e~ PE,
Similarly
—BE, —BE:
e FPha e
Dg (€'11§) = —Hp(&') - —55 In - :
ZxGE ZyGE € BEy ZyGE e AEy
The symmetric Kullback-Leibler divergence is defined as follows Dj (€,¢') = Ds(£11€ );—Dﬁ(i H&). Therefore

. / Hp(§) + Hp(§') 1 e FEa e PE.
Dﬁ (£7£ ) = — 8 5 B — §[Z$6E ZyEE e—BEy In (ZyeE B_BE?/’)

-BE, —BEs
+> - —BE, ln( - —BE )}
ocl ZyeE € Y ZyEE € Y
By the above formulas or using package ‘seewave’ with function kl.dist, we call plot Kullback-Leibler functions based
on [ as follows. The output of the R codes for Kullback-Leibler divergence between the two Boltzmann distributions

in the 3 x 3 grid and horizontal systems is shown in Figure 41(a).
In Figure 41(a), we obtain minimum values of Kullback-Leibler function in § = 0, that means

argmin Dy (€' || §) = argmin Dy(§ || §') = argmin Dy(6.€) = 0,

Do(€"]] &) = Do(€ || &) = Do(€,€") = 0.

It means in 3 = 0, the 3 x 3 grid and horizontal systems are identically distributed. All functions Dg (§" || &),
Dg (€| &) and Dg ( £, &) are symmetric and bimodal. For example. argmaxg Dg(§,£") = {—0.973389734, 0.973389734},

Hence D_q. 973389734 ( €,&") = Do.973389734 ( €,&") = 1.37904349. ~

Also, Kl1(8) = D (&' || &), Kl2(B) = Dg (€| &) and Kl3(8) = Dg ( &,&’) are symmetric about 8 = 0 (also see
Figure 41(a)), because it was shown in this section, the entropy function h(8) = Hg(&) in the 3 x 3 grid and horizontal
models is symmetric about § = 0, and so

eBEx P
Kh(-f)=D_p(£]|€)=-Hp(&) - > _, S e In (Z BE, )
ye

yGEe Y
—B(—Ez) -B(-Ey)
= —h(-8) -3 c n | — ;
zeFE ZyGE e—ﬁEy ZyEE 67BE11
o BEa

e FE:
=B -2y (Z ﬁE;)

yeE ©
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o
24 ——  Dg(grid || horizontal) @ ——  Dg(grid || circular)
——  Dg(horizontal || grid) 0 | ——  Dg(circular || grid)
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(a) &€ and ¢’ are the Boltzmann distribution corresponding to (b) & and &’ are the Boltzmann distribution corresponding to
the 3 x 3 grid and horizontal models, respectively the 3 x 3 grid and circular models, respectively.

o |
@ ——  Dg(horizontal || circular)
© ——  Dg(circular || horizontal)
i ; _
Dy
o H
o7 H
- 3
(a) - 7 |
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@ 7 |
w | |
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B

(c) & and ¢’ are the Boltzmann distribution corresponding to
the horizontal and circular models, respectively.

FIGURE 41. Comparison Dg (&' || €), Dg (£ || €') and Dg ( &,¢’) based on different 3 values.

=Ds(& [ &) = Kl (B).

Hence Kl1(8) = Dg (& | &) is an even function. Similarly, Kls(8) = Dg( £ &) is even. Since Kl3(8) =
w is a convex linear combination of even functions K1 (8) and Kls(8), it is easy to conclude that Kl3(3)
Dg ( &,¢') is also even.

The Kullback-Leibler divergence between the two Boltzmann distributions in the 3 x 3 grid and circular systems
are shown in Figure 41(b).

In Figure 41(b), We get the same result as the previous case, i.e.,

argmin D (€' || €) = argmin Dy(€ | &) = argmin Dy(€.€) =0,

Do(&" [ &) = Do(€ || €') = Do(&.£") = 0.

(=)=
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It means in # = 0, the 3 x3 grid and circular systems are identically distributed. All functions Dg (&" || &), Dg (€ || §)
and  Dg(§,§) are asymmetric and we have argmaxgsoDgs(§,§) = 0.769676968  and

Dy 769676968 ( €,&") = 1.1239533.
In Figure 41(c), We get the same result as the previous case, i.e.,

argmin Dj (€' || €) = argmin Ds(€ | €') = argmin Dy(€.€) =0,
Do(¢' | &) = Do(€ | &) = Dol&. &) =o.

It means in § = 0, the horizontal and circular systems are identically distributed. All functions Dg (€' || &),
Ds( & €) and Dg(€&&) are asymmetric and we have argmaxssoDgp(§,€’) = 1.30813081 and
D1 308130818 ( €,&") = 0.402840491.

Figure 41 shows that the necessary and sufficient condition for two distributions & and &’ to be the same distribution
is that 8 = 0.

6. CONCLUSIONS AND RECOMMENDATIONS

Probabilistic models occur in many natural phenomena. One of the ways to model these phenomena is to use a
stochastic process, especially the time-continuous jump process. Meanwhile, the Poisson process, the birth and death
process, and the Markov process are mostly used to model natural phenomena. A method to simulate MCMC is
Metropolis—Hastings and Gibbs sampling, in order to simulate a stochastic process, especially in the Ising model, can
be a solution. In this paper, at first introduce the time-continuous stochastic process, the Poisson process, and the
Chapman-Kolmogorov, simulated the birth and death process by R software with some practical problems. After that,
the master equations were presented and solved by the Kolmogorov forward equation. In the Ising model, the limiting
and stationary distribution were found by using the birth and death process. Also, we presented Metropolis-Hastings
algorithm, Gibbs sampler to simulate for the Ising model. Besides those, we see direct sampling in R software. At
the end, we simulate the Potts model. We advise readers that to use Random graphs for simulating the Potts model,
and use the Bayesian inference to simulate both of them.

The limitations that prevented some statistical inferences from being applied in this paper were experimental
limitations. Therefore, if researchers can overcome these limitations, using appropriate data for the energy of states,
statistical inferences of parameter § such as confidence intervals, statistical hypothesis tests, uniformly minimum
variance unbiased estimator (UMVUE), minimum risk equivariant estimator (MRE) etc. can also be studied. Of
course, in this paper, to find the MLE of 3, we came to solve an equation that forced us to use statistical methods,
regression models, and find the root of the equation that leads to finding the MLE. By removing the experimental
limitations and having appropriate data on the energy of the states, this problem is solved and the MLE can be easily
found.

The Boltzmann probability mass function is a stationary distribution that was studied for some concepts such as
Kolmogorov forward equation and also the n x n grid, horizontal, and circular systems. Apart from this distribution,
there are other probability mass functions that can be used to describe the states of physical particles such as atoms or
molecules, or biological systems. Researchers can use these distributions for the purposes of this paper, and they can
even benefit from other well-known nonstationary distribution in physics. Also, with appropriate data for the energy
of these states, they can make statistical inferences about the parameters of the model. By considering the Ising
model on n with different patterns where points take values independently and follow a Markov chain, researchers can
calculate the stationary distribution as well as the Boltzmann probability function, its induced probability function,
and the maximum likelihood estimator for the parametrs.
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