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Abstract

In this paper we define a variant of the Ising model in which spins are replaced with
permutations. The energy between two spins is a function of the relative disorder of one
spin, a permutation, to the other. This model is motivated by a complexity measure for
declarative systems. For such systems a state is a permutation and the permutation sorting
complexity measures the average sequential disorder of neighbouring states. To measure the
relative disorder between two spins we use a symmetrized version of the descent permutation
statistic that has appeared in the works of Chatterjee & Diaconis and Petersen. The classical
Ising model corresponds to the length-2 permutation case of this new model. We consider
and prove some elementary properties for the 1D case of this model in which spins are
length-3 permutations.

1 Introduction

Since it was introduced by Bandt and Pompe [4] in 2002, permutation entropy has become
an established time series tool [I8], [15], 23, 20, 24] and been developed in several ways [I].
The permutation entropy of a time series is formed by mapping the sequence to a sequence
of contiguous length-k blocks, and then transforming the entries in each of these blocks into a
length-k permutation that summarizes how the values in the blocks relate to one another. In
the permutations literature this transformation is called the standardization. For example, the
standardization of the length-4 block (0.5,7.1, —1,2.75) is the permutation (2,4,1,3). To then
calculate the permutation entropy of the time series one considers k! empty boxes labelled with
the permutations of the set {1, ..., k}. For each permutation that appears as the standardization
of a block, put a ball into the box having that permutation as its label. The permutation entropy
is then the Shannon entropy of the distribution of balls amongst boxes.

Central to the calculation of the permutation entropy is the representation of the data or
sequence as a sequence of permutations:

(71'(1),71'(2), . ,w(m)) where each 7 ¢ Sk,

and Sy is the set of permutations of the set {1,...,k}. Permutations representing states of a
system is not a new concept [3}, [I3], 10, 11, 22]. Recently, permutations (of subsets) of a set have
been used to classify the allowed outcomes of declarative processes [9]. Declarative processes
are processes that can happen in any way so long as it is not forbidden by a set of declarative



constraints. A declarative constraint specifies some type of dependency on the order in which
activities can occur. The execution of a declarative process is a permutation of the activities
showing the order in which they occur. Such processes have been used to model policy and
healthcare processes [8, [7], and a comparative analysis of such processes has been achieved
through the introduction of combinatorial diversity metrics for these systems.

When a permutation represents the state of a system, information regarding how different
the subsequent state is to the current one is essential in order to gain an insight into the diversity
of such a process. In particular, if one considers the day-to-day execution of healthcare processes,
then information that there are wildly differing executions or extremely consistent executions of
such a process help to inform the planning needs and resource requirements of the practitioners
and healthcare providers.

Although the permutation complexity mentioned at the beginning of this paper is not a
measure that captures the properties in which we are currently interested, the intermediate rep-
resentation of the time series as a sequence of permutations in the calculation of the permutation
entropy is useful. The simplest and most natural candidate for a permutation sorting complex-
ity measure to capture the sequential disorder in relation to what we will call a permutation

process:
M= (7r(1),7r(2), ce TI'(m)),

where each 7() € Sy, is an averaging over all neighbouring states:

m—1
. 0 1
PSCUM(ID) = PSCEI(IL) = —— 3 ¢(x®), (D). (1)
t=1

In this equation ¢(a, B) is a measure of how different the permutation 8 is to a. More will
be mentioned about a precise form for ¢ in Section 2. This complexity measure PSC!™ can
be seen to resemble a Hamiltonian for a yet-to-be-defined model on a line, with a yet-to-be
specified interaction energy. It is this fact that motivates the Ising model that we now define
and study in this paper.

1.1 A permaspin model

The Ising model [14], a well-established model of magnetism, has witnessed several variants [5]
since its inception. In this paper we introduce a toy model that is a variant of the Ising model
that we term the permaspin model. The key feature of this model that distinguishes it from
other Ising-like models is that a site’s spin is some permutation of the set {1,...,k}. The
interaction energy between two neighbouring sites will be a measure of how unordered the
state, a permutation, of one site is with respect to the state of the other site. The external field
acting on a site will be a measure of the disorder of that site’s spin, in and of itself.

First let us define the permaspin model on a general graph. The length k of a permutation
representing the spin state of a site is a parameter of the model and we will signify this by using
the term k-permaspin. Let G = G(V, E) be a simple graph with vertex set V' = {v1,...,v,}
and edge set E. Let Sy be the set of all permutations of the set {1,...,k} and let id be the
identity permutation. It will be useful to use the notation S' = Si x --- x Si for the n-fold
Cartesian product that will be the state space of the system.

Given a configuration of permaspins 71 := (71'(1), - .,W(”)) € S; on G where 7 is the
permaspin of vertex v;, let us define the energy of this configuration through the Hamiltonian

Hx)=—J Y oW al)—H Y gl (2)
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for some yet to be specified interaction energies ¢ and ¢<*™2  We consider J to be positive
so that the model is ferromagnetic. Note that the Hamiltonian for the line graph with J = —1
and H = 0 is the complexity measure pSCin) /|E|. The partition function for the permaspin
model is

Z(B) =Y exp(—pH(T)), (3)

reST

where H(7) is given in equation . The free energy is

) 1
f(B) = = lim —-log Z(f). (4)
We will assume the configuration probability for this canonical ensemble is given by the Boltz-
mann distribution so that the probability that the state ¢ has a prescribed sequence of per-
maspins 7 is Pg(o =7) = exp(—FH(7))/Z(B).

In this paper we will take some first steps in considering simple instances of the permaspin
model. In Section [2] we will discuss the interaction energy for this model and make a choice
for the interaction energy based on both interaction symmetry and simplicity. Our choice of
interaction energy yields the classical Ising model as the 2-permaspin model. In Section [3| we
consider the 1D k-permaspin model in the absence of an external field, and see how closed forms
for both the partition function and free energy can be given as simple transformations of the
generating function for the interaction energy.

In Section [4] we consider the 1D 3-permaspin model in an external field. It is not possible
to give closed form expressions for the six eigenvalues associated with this system. However,
we are able to rule out several eigenvalues from being largest and see that the characteristic
polynomial for the associated transition matrix factors as a cubic and three linear terms (two
of which are equal). Experimentally, it seems the largest eigenvalue is one of the cubic roots
and we note some properties in relation to it. We further note that one of the eigenvalues with
an explicit expression could be a potentially close lower bound for the largest eigenvalue. We
consider a low-temperature approximation for the free energy of the 1D 3-permaspin model.
In Section [5| we consider the mean-field 1D 3-permaspin model that results in a sum for the
partition function. Finally, we conclude with a discussion in Section [6]

2 A double Eulerian interaction energy

For two neighbouring permaspins, ¢ and w, we would like the interaction energy ¢ to be a
measure of how much one differs from the other. There are several ways to model this, but
for the purposes of this paper we will consider this interaction energy to be a function of the
permutation 7 that is required to sort ¢ into 7,
r=0"lm.

In the literature this permutation 7 has become known as the transcript of the pair of permuta-
tions (o, m), see e.g. [16, 2]. If o and 7 are the same then 7 = id whereas if o is the reverse of 7™
(i.e. 0; = Tpy1-4) then 7 will be id reversed. For permaspins a, 8 € Si, and 7 := a~!3, suppose
the generic permutation statistic stat(7) takes values in the set {0,1,..., Simqez}. To normalize
the interaction energy we define

stat(a™1f),

Smazx



CDdes,, ()

1
1+ a2

1+ 422 + 24

1+ 1022 + 223 + 10z* + 26

1+ 2022 + 1223 4 54z* + 122° 4 2025 + 28

1+ 3522 + 4223 4 2122% + 1402° + 21225 4 4227 + 3528 + 210

S ULk W3

Table 1: The generating functions CDdes,(r) = g 2°44es(7) for small n.

that takes values in the closed interval [—1,1] C R. A further requirement is one of symmetry:
the interaction energy between v and 8 must be the same as the interaction energy between [
and a, i.e. ¢(a, ) = ¢(B, ). This is equivalent to the statistic stat satisfying

stat(m) = stat(7—!) for all permutations 7. (5)

There are several permutation statistics that might be used to measure how unordered a
given permutation is. These include, but are not limited to, the permutation statistics num-
ber of descents (des), number of inversions (inv), number of exceedances, and number of weak
exceedances. For example, the number of descents in a permutation @ = (7y,...,7,) is the
number of indices i for which m; > m;11. A permutation statistic that is equidistributed with
the descent statistic on permutations is called Fulerian whereas one that is equidistributed
with the major index permutation statistic is called Mahonian. Many of the more common
permutation statistics are either Fulerian or Mahonian. Different statistics will of course lead
to different calculation challenges, with those for Mahonian statistics being more involved due
mainly to the range of values the statistic may take.

The inversions statistic, being the only one mentioned above to satisfy the interaction sym-
metry property for permaspins (Equation |5)) would seem like the natural choice. However, even
for the 3-permaspin case, the calculation and comparative analysis of eigenvalues for the inv
statistic case (to be discussed in the last section) appears difficult. The reason for this is the
larger range of values that the inversion statistic can take. With this point in mind, in this
paper we choose the symmetrized statistic cddes whereby:

cddes(m) := des(m) + des(r™1). (6)

Note that s;q, for cddes on S, is 2(n — 1). This statistic was investigated in Chatterjee &
Diaconis [6] and Petersen [19]. The coefficients of the generating function for this statistic have
become known as the double Eulerian numbers [17, A298248]. See Table [1] for the first few
double Eulerian numbers.

The generating function for this statistic is (see [19, Theorem 2])

.. —1\ .
Ddes,, _ cddes(m) _ 1 )22 1) +n i+j—2
CDdes,, (u) E u (1 —u) g " u (7)

We will write ¢cqdes to signify the use of Equation [f] in the interaction energy. With the
interaction energy defined using the cddes statistic, the 2-permaspin model is the classical Ising
model where the spins take values in {—1,+1}. This is easily seen via the identification of the
permutations (1,2) and (2,1) with the classical spins +1, —1, respectively. If a, 8 € Sy with
corresponding classical spins sq, sg, then one finds ¢(a, 5) = s453.
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One outstanding matter is the term in the Hamiltonian that represents the energy interaction
pexternal of 4 permaspin with an hypothesized external field. The term in the Hamiltonian
(Equation [2)) that corresponds to this is —H¢™*™mal(7). We will assume that ¢e<ternal(q) .=
(m), which is precisely the same value one gets from assuming this is the energy of

the permaspin 7 with another permaspin that is the identity permutation, i.e. ngeXtemal(ﬂ) =
¢(id, ) = ¢(m,id). In other words, one can consider the hypothesized external field to have
permaspin id.

3 The 1D permaspin model without external field

In this section we consider the 1D permaspin model without external field. There are two
distinct cases to consider: the path graph and the cycle graph. The path graph is the graph
with vertex set V(G) = {v1,...,v,} and edge set E(G) = {(vi,vi11) : 1 <i < n}. The cycle
graph is the path graph with vertex v, joined to v1. The partition function for this 1D model is
easily calculated since the partition function can be written as a deformation of the generating
function for the stat statistic.

Proposition 1. The partition functions for the path and cycle graphs are:

n—1
fotat’path) (8) — k1B <exp(ﬁj)5tatk; (exp <_25J>>> , and

Smazx

ZT(Lstat,cycle)(B) _ <exp(BJ)Statk <6Xp <—2BJ> >>n |

Smazx

where Staty(x) ==} o, 252™) . The free energy for both cases is

1
(Stat) —_ — R 725J/3maz
f (8) J 5 In Stat;, (e ) )

Proof. As the the edges are pairs (v, v;4+1) the partition function is

ZT(lstaLpath) (5) _ Z exp (sz(b (z H—l ))

TeSy
stat<<w<i>>—1w<i+l>>>> |

ST () I (B
TeSy

Unity from the internal sum can be extracted and moved outside, and the internal exponent

containing a sum can be written as a product of exponents:

-1
Z$=th) (8) = exp(B.Jn) Y exp ( Z (stat 7r(i+1)))>

ﬂ_esn max —1

= exp(BJn) Z Hexp(

resy i=1

stat((w(i))_lﬂ(i+1))> .

mam

Fix 7)) and set ¢() = (7(0)~17(2), Instead of summing over all 7(2) € S, we can exploit the
form in the exponent to sum over all () € S}, and extend this to ¢, ..., (™. The above



expression becomes:

Z(stat,path) (,8) — exp ﬁJ’I’L Z Z stat (M) Z e%stat(a@)) L Z e%stat(a("_l))
n

7eS, oMes), o@es, o(n—1es,

n—1
= exp(BJn)k! (Statk <exp <_325J>>>
n—1
= klef! <exp(6J)Statk <exp (;2’&]>>> ,

where Statx(z) :== > g, stat(r)
path case except, when writing the partition function as a sum over all (7T(1), o ... ,0(")), the
sum over all 7)) € S}, does not appear but there is an extra term for the interaction between
the edges v, and v,11 = v; which was absent for the path graph case. The partition function is

Zy(lstat,cycle)(ﬁ) _ exp(ﬁjn) Z oo B stat(o’(l)) Z G%Smt(a(z))”. Z e ff Stat(o.(n))

a'(l)esk U(Q)ESk G'(n)GSk

= exp(BJn) (Statk (exp Ciﬁj >>>
= <exp(ﬁJ )Staty, (eXp <;ii] )>)n

The free energy for both cases is
—2
In (exp(@l])Stat/r€ (exp < ﬁJ))) .
Smax

For the case in which the length of permaspins is large, we have the following approximation
for the free energy.

x . For the cycle graph, the derivation is almost identical to the

f(stat) (5) - _ hrrln 5171’ In Z(Stat) (B) —

®| =

O]

Proposition 2. Let stat be the double Fulerian statistic cddes and consider the k-permaspin
model for k large. Then the free energy for both the path and cycle graphs is
kBJ* 1

o B(klnk: —k+O0O(nk)).

Proof. Chatterjee and Diaconis [6, Thm 1.1] established the following properties for the statistic
cddes. For 7 chosen uniformly at random from the symmetric group Sk,
k+7 1
6 k’
for k > 2. Normalized by its mean and variance, cddes(m) has a limiting standard normal

distribution. When the permutation statistic stat is cddes, by Proposition [I] the free energy for
both cases is

f(cddcs) B)=—J— ;ln CDdes; (e—ﬁJ/(k—1)> - _J_ 1 In Z o—BJcddes(m)/(k—1)
TESE

f(cddes) (B) ~_— 9] —

E(cddes(w)) = k — 1 and var(cddes(w)) =

where CDdesy(z) is given in Equation |7 Let z = ¢=#/ and consider

Z) — Z chdes(fr)/(kfl).

TESk



This is the probability generating function of the random variable X, := ﬁcddesk. As cddesy,

k+7 1
has mean k — 1 and variance T o the random variable X will have mean E(Xj) = 1

k+17 1

6(k—1)2 k(k—1)2
variance, has a limiting standard normal distribution, the same is true for X3. The p.g.f.

gx(2) = k! Z P(Xy =z)z"
2€{0,1/(k—1),...,2}

and variance var(Xy) = . Since cddes, when normalized by its mean and

so for k large:

o] e 3 e

:k!/ - 1% exp (—; (x - j: "2’6‘])>2> exp (—2}‘2(1 1+ 025J)2)> dz

1
=k!exp <5J—|— 20252J2> .

For k large, the free energy is then

f(Cddes)(ﬁ) ~— J— l]n <k!exp (ﬁj + 20252‘]2))

B
:—J—;<klnk—k+0(lnk)+ﬁJ+;(7252J2>
kBJ? 1
_ 9 % ~ (kI = k+ O(lnk)). s

Notice that the high and low temperature contributions in Proposition [ are clear:

2
f(cddes) (ﬁ small) i~ —;(k Ink — k) and f(Cddes) (ﬁ ]arge) ~ _kf‘; .

As we mentioned in the introduction, the cddess interaction energy corresponds to the classical
1D Ising model and, using CDdesy(z) = 1+ 22, one recovers the well-known free energy for this
case: f(oddes)(B) = —% In(2 cosh(BJ)).

4 The 1D 3-permaspin model in an external field

In the previous section we saw that knowledge of the generating function for the cddes statistic
and its limiting behaviour allowed us to present several exact and limiting results. In this section
we will consider the 1D 3-permaspin model in an external field. As the 2-permaspin model on
a general graph corresponds to the classical Ising model on that same graph, any properties
relating to the latter are also properties of the 2-permaspin model.

The 3-permaspin model is the simplest one to first consider and for which results are not
known. It is a well-known fact that (see e.g. [12, Cor. 6.41]) that classical lattice models with
finitely-many spin states per vertex and local interactions cannot exhibit a phase transition.
In order to calculate the partition function and free energy for the 3-permaspin model on a



ring, we require the eigenvalues of an order 6 matrix. The partition function for the general 1D
3-permaspin model is:

ZT(Lstat)(ﬂ) — Z exp | -8 [ —-J Z (;S(W(i)’ﬂ'(j)) — HZQS(W(Z)

TeSY (vi,vj)n.n.
Z exp (BJi (1 _ 2stat(( :>17T(H1)>> + 5HZ (1 — QStjt(”(l)))>
7esT max i1 max
= A+ H)n Z exp ( . Zn: (stat((ﬂ(i))*lﬂ(iﬂ))) - iB—H Zn: (stat(w(i)))> .
TESD maz ] maz ]

Set J' = —28J/$max and H' = —28H /Symq, so that the previous expression becomes:
Z@) (5) = fUHHn Z exp (J’ Z (stat((rr(i))*lﬂ(”l))) + H' Z (stat(ﬂ”))
TeSn i=1 i=1

H () . ) H (i+1)
= T N He (sm() + J'stat((n@) 1 G+Dy 4 H'stat(r"")

. 2
reSy i=1

(%) (i+1) . :
B(J+H)n Z HeXp ( '(stat(m'") + stat(r ) + J/Stat((ﬂ(z))lﬂ(wl))) )
. 2
ZTGS" i=1
(8)

Let A be the 6 x 6 wherein row ith corresponds to the ith permutation of S5 listed in
lexicographic order, and the same labelling convention for the columns. Define entry A; , of A
to be

/

Ar o i=e€xp (Q(Stat(ﬂ') + stat(o)) + J’stat(ﬁla)) = gStet(m)tstat(o)pstat(n o)

. . L / . . . . .
where we have used the substitution @ = 2 and b = e”'. Using this matrix formalization, we
can now write

Z$ () = AT (Am) = ST (N1 ), 9)

n

where A1,..., A\, are the eigenvalues of A. Since we assume the statistic stat to satisfy the inter-
action symmetry condition (Equation [5|) the matrix A will be symmetric. That A is symmetric
guarantees all eigenvalues of A are real. We have

1 a?b? a2b? a2 o?b? a*vt

ab? at a*? o*t ath? abb?
a2b?  a*h? a* a*b? a*vt abb?
A= a2b? ot gdp? at a2 52 : (10)
a2b?  a*h?  a*vt  at? a* aSp?
a*bt a2 a%p% @b oSp? a®



The characteristic polynomial of A is

ca(N) = - <a12(b12 +26'0 = 70° + Tt — 2% - 1)
+a'\(1 = 3a®b* — a’® + 2a%0* + a® + ot — 30 + 207)
+ 2% (—a? —a® —a' — 2a%% — 1) + >\3>
(a' —2a%® + a* — \) (a"b! — a* + \)*.
Substitute ¢ for a* and d for b? to write
ca(\) = — ((d2 +4d 4+ 1) (d+1)(d — 1)> = Xe(ed® + 3cPd + cd® +c +cd+c+3d+1)(d—1)
— N ed® + ¢ +2cd+c+1) +)\3) (cd® —2cd+c— ) (cd® —c+ ).
This yields eigenvalues Ay = ¢(1 — d)?, A5 = ¢(1 — d?) of A. Since A has only real eigenvalues,

the other three real eigenvalues A\, A2, A3 are solutions to ¢(A) = 0 where

t(A) :=2A3 — (ed?® + ? + 2cd + ¢+ 1)A? — c(cd® +3cPd + cd® + ¢ + ed + c+3d+1)(d — 1)\
+ (d* +4d+ 1) (d+1)(d—1)3
=AN +BN+C M+ D.
Let A* be the largest root of ¢(A\) = 0. It remains to see which of the eigenvalues \*, A4, and
A5 is largest. Numerical investigations indicate that A\* appears to be the largest and this is
supported by the evidence presented by in Figures|laland (The blue surface corresponds to

A* while the orange and green surfaces correspond to Ay and As, respectively.) We summarize
the results of these observations and analysis as follows:

Proposition 3. If \* = max(\*, \y, A\5) above, then the free energy for the 1D 3-permaspin
model is

fleddes) gy — — (J + H) — ;m ((Pd+c* +2cd+c+1) — 2Re(z))

where z is the unique root of the cubic

N — (ed® + 2 + 2cd 4 c+ 1)\?
—cled® +3d+cd* + P+ cd+c+3d+1)(d— DA+ (d* +4d +1)E(d+1)(d - 1) =0.

for which arg(z) € [2n/3, 7] and where ¢ = e 2P and d = e=257.

For larger values of ¢ and d it seems that that A4 serves as a close lower bound to the \*.
This suggests that free energy for the 1D 3-permaspin model at low-temperature has behaviour:

f(cddes) (B) ~ h,l;n Bln 1n(€6<J+H)>\Z) — —;(/B(J + H) +In )\4)

:—(J+H)—;lnc(l—d)2

=—(J+H)— ;lna4(1 — %)%
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Figure 1: Surfaces for \* (blue), A4 (orange), and A5 (green).

As a = e PH/2 and b = e P/ this becomes
F) (3) s — (7 H) = G (e 21— (e
(4 H) - ; Ine 285 (1 — ¢=287)2

=—(J+H)+2H — Zlnu )

Comment 4. The free energy for the 1D 3-permaspin model at low-temperature seems to have
the behaviour:

f(cddes)(ﬁ) ~ (J— H) - Zln(l . G—Q,BJ) ~ _(J_ H) — ;hlﬁ

2
Notice that as f — oo in the above expression, —(J — H) — 3 Ing— —(J— H).

Consider the configurations that represent the ‘largest’ terms in the partition function for
low temperatures, i.e. when 3 is large. These will be when all permaspins are the same. The
contribution to the partition function Z for configurations of this type is

Z exp (nBJé(m, m) + npH¢(r,id)) = e’/ Z exp (nBH¢(m,id))

TES3 TES3
= "B/ (e_”BH + 4+ e”ﬁH) . (11)

In the event that H = 0 the expression is dominated by the term e™’; H > 0 it is dominated
by the term e"?+H). H < 0 it is dominated by the term e™(/=H) These dominating terms
imply the following low-temperature behavior:

Comment 5. A lower bound for free energy for the 1D 3-permaspin model at low-temperature
seems to have the behaviour:

FadS) 3y~ — (J +|H).

This approximation coincides with the prediction of Comment 4] for H < 0, but differs from
it significantly for H > 0.

10



5 A mean-field 3-permaspin model

Let us suppose that for a 3-permaspin model, each of the n permaspins has ¢ nearest-neighbors,
so that the 1D model corresponds to ¢ = 2 whereas the 2D model corresponds to ¢ = 4. In
this section we will consider a mean-field 3-permaspin model. For a mean-field model, the total
field acting on site v; is

Ho(x® B
o(r®,id) + — ;qﬁ

Here, the sum over all the interactions of site ¢ with the n — 1 sites that are not ¢ is averaged
out by dividing the sum by n — 1. The ¢ in the numerator reflects the multiplicity of this
quantity with respect to the number of neighbours of site ¢. This is equivalent to replacing the
Hamiltonian with

,H(mean) (71' qJ Z o(m - H i (Zg(ﬂ—(l)
175] i=1

Note that the first sum is over all (}) distinct pairs of vertices {v;,v;}.

Since every permaspin interacts with every other permaspin, we can simplify the above sum
by considering the distribution of permaspins in 7. Let us write n, for the number of 7 that
equal 0. Then

n123 + N132 + N213 + N231 + n312 + N321 = n.

Table (a) illustrates cddes(oc ') for all o and 7, and the internal energy corresponding to a
nearest neighbour pairing is given in Table (b) So if 7 is a configuration with n, permaspins

0 2 2 2 2 4 1 O o0 0 o0 -1
2 0 2 4 2 2 0 1 0 -1 0 O

2 20 2 4 2 0 O 1 0 -1 0

2 4 2 0 2 2 0 -1 0 1 0 O

2 2 4 2 0 2 0O 0 -1 o0 1 0

4 2 2 2 20 -1 0 0 0 0 1

(a) cddes(o~ 1) (b) ¢(o, )

Table 2: (a) the (symmetric) matrix illustrating cddes(c~!7) for all 0,7 € S3 where the
rows and columns are indexed with the permutations from Sz in lexicographic order. (b) the
(symmetric) matrix illustrating ¢(o,7) := 1 — cddes(o~!7)/2 for all o, 7 € S3 where the rows
and columns are indexed with the permutations from S5 in lexicographic order.

equal to o, then the Hamiltonian (™€) (1) equals H ") (n193, ..., n391) where
HMe) (193, ... 301)
J
- (> <”2">¢(g, o)+ Y nened(o.7) | = H Y ned(o,id)
n- c€S3 o<TES3 o€S3

qJ n,
= - Z ( J) — (n123n321 + nis2nest + noisnsiz) | — H (n123 — n321) -

11



The binomial coefficients give rise to quadratic terms that can be neatly rewritten:

H(mean) (

n123, . - ., N321)

=- 2(2711) ((n123 —ng01)? + (n132 — nos1)? + (na1z — ngi2)? — (nigg + ... + 71321))

— H (ni123 — n321)

=— 2(2711) ((n123 — n321)® + (n132 — n2s1)® + (213 — n312)®> — n) — H (n123 — n3a1)

2(p_ N2
Zg&qjl) +2 Q(ZJ D 2(511) <<n123 —n321 + %) + (n132 — nag1)? + (na13 — 71312)2) .

The partition function is
n
Zn(B) = E ( ) exp (—BH(me(m)(nu& e ,n321)> : (12)
n1gs b nae=n \V123, 70132, - -+, 1321
123 321

Using the expression for the mean-field Hamiltonian above, we can now write the partition
function as a reduced sum:

Proposition 6. The mean-field partition function is

Z(mean) (8)  exp (_5 < ngJ H?(n — 1)>>

2\n—1 qJ
> (0 )oe (et ) 6 (w6 (e ) o
a+b+c=n a,9,¢
where
Gm(l;x) := Z (m> gi=i+0? Z (m> g (2i=mt0?
) )
i+j=m i

Given the quadratic term in the exponent of x, there is no closed formula for G, (¢, x)
that can help us achieve a closed form for Z,(f). This does not rule out the possibility of
approximating Z, (/) for some special cases. For the high-temperature case, which corresponds
to B being very small, let us observe that the exponential term in Equation [12]is

1 — BHM™ (195, . .., nga1) + O(B),

so the partition function for this case is given by a simple application of the multinomial theorem
and we will have

Zémean) (ﬁ) ~ 6"

The same reasoning can be used to show for the high-temperature mean-field k-permaspin case
we will have

Zr(Lmean) (/8) ~ (k')n

These results can also be seen from the non-mean-field case as for 5 small, the partition function
can be written as a product of the partition function of the n consistent subsystems (whose
interaction energy is negligible), each of which has k! different states.

Consider now the case of no external field, H = 0, and when every vertex is a neighbour of
every other vertex. This corresponds to ¢ = n — 1 which is essentially the case of the mean-field
model on the complete graph. Let w = w(B) = ¢?//2. We have

Zgmen) 5y = 3 ( n )ga<w>gb<w>gc<w>, (14)

a,b,c
a+b+c=n
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where
m 2
() =Y ( )x@z my?
7
Let G(z,2) == }_,,50 gm(2)2™/m!. Multiplying both sides of Equation |14 by 2" and reorganiz-
ing, the above equation becomes

Zﬁbmean) (ﬁ)w”z” B Z 1

n! alblcl e
a+b+c=n

(w) 2%y (w) 2bg. (w) 2°. (15)

By summing both sides over non-negative n, this allows us to give an exact expression for the
exponential generating function of the mean-field partition function in terms of a power of a
simple (but difficult to analyse) generating function involving the binomial coefficients.

> 2

n>0
Note that go(z) = 1, g1(x) = 2z, gao(x) = 1 + 22%, g3(z) = 2(z + 27), ga(x) = 1 + 2(z* + 21).
The largest term in g,,(x) depends on whether x = 1. If z < 1 then the largest term in g,,(z)
will be attained when 2i — m is as small as possible. When m is even this will be attained at
i =m/2 and will be (m"/LQ) whereas for m odd it will be ((mﬁ)ﬂ)x. If 2 > 1 then the largest

(w2)" = G3(w, 2).

n!

term in g, (z) will be attained when 2i — m is as large as possible. This occurs for i = m and
will be ™"

6 Remarks

This paper introduced a variant of the Ising model in which permutations and permutation
statistics play a leading role. This was motivated by a complexity measure for declarative
systems. While the 2-permaspin model corresponds exactly to the classical Ising model, we
explored the next non-trivial case, the 1D 3-permaspin model. For the 1D 3-permaspin model
in the absence of an external field, we were able to give exact expressions for the partition
function and free energy based on the generating function of the cddes statistic, and were also
able to give an expression for the free energy for the case when there are a large number of
allowed spins.

We saw that the calculations involved in the derivations of the partition function and free
energy for the 1D 3-permaspin model in an external field were challenging and non-trivial.
Experimental evidence was used to provide several results for this case in relation to the free
energy. We also considered a mean-field version of the model and saw that the partition function
the 1D 3-permaspin case could be neatly written as a certain trinomial sum. The no-external-
field case admitted a particularly nice form in terms of an exponential generating function.

In our discussion in Section 2, we noted that the number of inversions permutation statistic
could be another natural choice to replace cddes in the calculation of the free energy. The
reason is that the inv statistic satisfies the symmetry property given in Equation [5] without
modification. In order to consider the 1D 3-permaspin model using the inv statistic in place of
cddes, the transition matrix is:

1 ab ab a?b® a?*b? adv?
ab a®> a?b® a?b® @b a*?
ab  a’b? a®> a’b a’® a*v?

a’t? a*® @b a* a*t?  ddb
a’t?  a*b P ath? a* b
a’b®  a*b? a*t?  adb b ab

A(inv) _
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The characteristic polynomial for this matrix is

¢ atm (V) :((62 Fh+1)(B — b+ 1)a2(b+ 1)4(b — 1)
—Ma'? —a®bt + a0t + 07 + 1) (a® + 1)a® (b + 1)%(b — 1)?
— \2(a® + 2a°0? + 2a"b? + a® + 3a*® 4 20 + 2a%0* + a® + 1)a? (b — 1)
+ A3 (=(a® +a®? +1)(a®* + 1)) + /\4)
(a6(1 F0)3(1—b)3 + Ma? + D)a(b+1)(b—1) + )\2>.

We note that the determination of the eigenvalues now relies on solving a quartic that does not
factorize any further.

A main goal when dealing with permutation statistics is to derive their generating function
since it encodes the distribution of the statistic for arbitrary length permutations. In this paper
we have seen that information about such a generating function is useful for the zero-field case,
but not so for the case of an external field. Instead, determining the eigenvalues of a (transition)
matrix whose exponents are encoded by the permutation statistic is the main goal. Might these
eigenvalues have other uses, perhaps in some spectral theory of permutations that has yet to
be formalized?

References

[1] José Maria Amigd. Permutation Complexity in Dynamical Systems: Ordinal Patterns, Per-
mutation Entropy and All That. Springer, 2010.

[2] José Marfa Amig6, Roberto Monetti, Thomas Aschenbrenner, and Wolfram Bunk. Tran-
scripts: An algebraic approach to coupled time series. Chaos 22 (2012), no. 1, 013105.

[3] Arvind Ayyer and Bedta Bényi. Toppling on permutations with an extra chip. The Elec-
tronic Journal of Combinatorics 28 (2021), no. 4, #P4.18.

[4] Christoph Bandt and Bernd Pompe. Permutation entropy: A natural complexity measure
for time series. Physical Review Letters 88 (2002), 174102:1-174102:4.

[5] Rodney J. Baxter. Ezactly Solved Models in Statistical Mechanics. Academic Press, London,
1982.

[6] Sourav Chatterjee and Persi Diaconis. A central limit theorem for a new statistic on per-
mutations. Indian Journal of Pure and Applied Mathematics 48 (2017), 561-573.

[7] Mark Dukes. A simple declarative model of the Federal Disaster Assistance Policy —
modelling and measuring transparency. EURO Journal on Decision Processes 11 (2023),
100035.

[8] Mark Dukes. Stakeholder utility measures for declarative processes and their use in process
comparisons. IEEE Transactions on Computational Social Systems 9 (2022), no. 2, 546—
558.

[9] Mark Dukes and Anthony A. Casey. Combinatorial diversity metrics for declarative pro-
cesses: an application to policy process analysis. International Journal of General Systems
50 (2021), no. 4, 367-387.

14



[10]

[22]

23]
[24]

Mark Dukes, Thomas Selig, Jason P. Smith, and Einar Steingrimsson. Permutation graphs
and the Abelian sandpile model, tiered trees and non-ambiguous binary trees. The FElec-
tronic Journal of Combinatorics 26 (2019), no. 3, #P3.29.

Mark Dukes, Thomas Selig, Jason P. Smith, and Einar Steingrimsson. The Abelian sandpile
model on Ferrers graphs — A classification of recurrent configurations. Furopean Journal of
Combinatorics 81 (2019), 221-241.

Sacha Friedli and Yvan Velenik. Statistical Mechanics of Lattice Systems: a Concrete Math-
ematical Introduction. Cambridge: Cambridge University Press, 2017.

Sam Hopkins, Thomas McConville, and James Propp. Sorting via chip-firing. The Flec-
tronic Journal of Combinatorics 24 (2017), no. 3, #P3.13.

Ernst Ising. Beitrag zur Theorie des Ferromagnetismus. Zeitschrift fir Physik 31 (1925),
no. 1, 253-258.

Duan Li, Xiaoli Li, Zhenhu Liang, Logan J. Voss, and Jamie W. Sleigh. Multiscale permu-
tation entropy analysis of EEG recordings during sevoflurane anesthesia. Journal of Neural
Engineering 7 (2010), no. 4, 046010.

Roberto Monetti, Wolfram Bunk, Thomas Aschenbrenner, and Ferdinand Jamitzky. Char-
acterizing synchronization in time series using information measures extracted from sym-
bolic representations. Physical Review E 79 (2009), no. 9, 046207.

OEIS Foundation Inc. The On-Line Encyclopedia of Integer Sequences. Published electron-
ically at https://oeis.org, 2022.

U. Parlitz, S. Berg, S. Luther, A. Schirdewan, J. Kurths, and N. Wessel. Classifying cardiac
biosignals using ordinal pattern statistics and symbolic dynamics. Computers in Biology
and Medicine 42 (2012), 319-327.

T. Kyle Petersen. Two-sided Eulerian numbers via balls in boxes. Mathematics Magazine
86 (2013), no. 3, 159-176.

Maria del Carmen Ruiz, Antonio Guillamén, and Antonio Gabaldén. A new approach to
measure volatility in energy markets. Entropy 14 (2012), 74-91.

Thomas Selig, Jason P. Smith, and Einar Steingrimsson. EW-tableaux, Le-tableaux, tree-
like tableaux and the Abelian sandpile model. The Electronic Journal of Combinatorics 25
(2018), no. 3, #P3.14.

Einar Steingrimsson and Lauren Williams. Permutation tableaux and permutation pat-
terns. Journal of Combinatorial Theory Series A 114 (2007), no. 2, 211-234.

Massimiliano Zanin. Forbidden patterns in financial time series. Chaos 18 (2008), 013119.

Massimiliano Zanin, Luciano Zunino, Osvaldo A. Rosso, and David Papo. Permutation
Entropy and Its Main Biomedical and Econophysics Applications: A Review. Entropy 14
(2012), no. 8, 1553-1577.

15


https://oeis.org

	1 Introduction
	1.1 A permaspin model

	2 A double Eulerian interaction energy
	3 The 1D permaspin model without external field
	4 The 1D 3-permaspin model in an external field
	5 A mean-field 3-permaspin model
	6 Remarks

