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Abstract

In this paper, we consider the stochastic generating process—one of the key con-
cepts of the Evolving Transformation System model [1]—from the formal perspective.
First, we give an informal definition of the generating process supported by some intu-
itive assumptions and consider several examples. Then, we formally define the concept
of the generating process as a continuous parameter (c.p.) Markov chain. Some im-
portant random variables associated with this c.p. Markov chain are introduced next,
followed by the definition of the typicality measure. T'wo methods for the computa-
tion of the typicality measure are proposed. In conclusion, we discuss the problem of
compactification of the state space for the c.p. Markov chain. This problem is not
only interesting from the points of view of topology and of the c.p. Markov chains
theory, but also has important implications for the ETS model, since it is related to
the problem of class comparison and to the proper formulation of the learning problem.

1 Introduction

The concepts of generating process and typicality measure [1, Defs. 33-35] are among the
key concepts that constitute the formal foundation of the Evolving Transformation System
(ETS) model proposed in [1]. The ETS model is a model of “structural”, or “symbolic”,
object representation. The basic assumption of the model is that the object’s formative
(or evolutionary) history is an integral part of the object’s representation. This formative
history is viewed as a sequence of states represented as structs in the ETS model. Each next
struct is obtained from the preceding one by applying a contezt-dependent struct transfor-
mation. The choice of a particular transformation to be applied to a state is controlled by
a stochastic generating process, which is specified by a transformation system. An object’s
representation in the E'TS model consists of a struct—the final state in the above sequence—
and a transformation system which specifies a process that can generate this struct. Thus,
given an object’s represnetation, the set of all possible evolutionary (historical and future)
paths for this object can be deduced.

The concepts of transformation system and generating process give rise to the notion of a
class of objects; elements of the class are structs that can be generated by the class generating
process. Thus, the description of the class to which an object belongs is an integral part of the



object’s represnetation which determines the possible hisories of the object’s construction,
the possible paths of the object’s future evolution, and the set of objects (class elements)
that are related to the object by their evolutionary histories.

The stochastic generating process induces a measure on the set of class elements, which
we will call the class typicality measure. Essentially, a struct’s typicality is the probability
that an observer that makes an observation of the process at a random moment will see this
struct as the current state of the generating process.

In this paper, we will assume that the reader is familiar with the notions of inductive
structure and transformation system (see [1] for the corresponding formal definitions).

2 Informal definition of the generating process

Let an inductive structure (II,Z) [1, Def. 20| be fixed. Let "= {7y,...,T,} be a transfor-
mation set [1, Def. 22], and let TS = (7,1, k) be a transformation system [1, Def. 30|, where
[: T — R, is the weighting mapping, and struct & € © is the progenitor. We denote by Pr
and E Pr the set of all paths and elementary paths, respectively, generated by the transfor-
mation set T [1, Def. 25]. For a path p € Pr, begin(p) and end(p) denote the beginning and
the end of p, respectively [1, Def. 25].

The following informal definition of the generating process is taken from [1].

Definition 1. For a transformation system TS = (7,1, k), the generating process Grs
(or simply G) is a c.p. Markov chain (or, equivalently, a stochastic Markov process with a
countable state space) defined as follows:

1. The states of G are elements of the set T'S of structs generated by transformation
system T'S.

2. The initial state of G is progenitor struct k.

3. The amount of time which G spends in state 4 is a random variable distributed

exponentially with mean
1
L= A
> 1) )

[v;TIEEPT

4. When G leaves state 4, it chooses randomly an elementary path [v;7] € EPp with

probability
- ()
I(7)

and enters state [y < 7).

5. All random variables in 2 and 3 are mutually independent.

Here [v; 7] denotes an arbitrary elementary path beginning in struct 4, whose transformation is 7. See
also [1] for the difference between instance struct v and struct 7, as well as instance transformation 7 and
transformation 7.



The justification of why and under which assumptions conditions 1-5 in the above defi-
nition uniquely specify a c.p. Markov chain is postponed until Section 5. Here we would like
to state explicitly the assumptions on the generating process which have lead to the above
definition.

First, why the generating process is chosen to be a stochastic process. There are two
reasons for this. First, that the process has to be able to generate all elements of the set
T'S—the set of structs generated by the transformation system TS [1, Def. 31]. This set is
typically quite large and has a complex structure, therefore one would need an enormous
amount of information (even unlikely to be finite) to specify a deterministic process that
would still generate the whole set T'S. The second reason, related to the first one, is that,
in nature, the choice of the next step of the generating process, as well as the time this step
takes, depends not only on the transformation system itself but also on a variety of external
factors the influence of which cannot be taken into account. These factors are considered as
random, thus leading to a probabilistic interpretation.

Second, why the random amount of time that the process spends in a state until a
transformation is applied is an exponentially distributed random variable. This is because we
consider the elementary paths and their transformations to be indivisible. 1.e., an elementary
path is either completed which means that the transformation is applied and the current state
of the process has changed, or not completed, in which case no changes are made to the struct
being the current state of the process. This implies that if £ is the amount of time the process
spends in a state, then for all T, ¢ > 0,

PElE<THt|IE>T)=PE<t).

The above property means that the system is memoryless, and implies that £ has an expo-
nential distribution [2, Chapter I].

Third, the transformations that are applicable to the current state v of the process are
considered to be independent of each other. Thus, the random variables &1, ..., & which
denote the waiting times for the elementary paths beginning in 4 to be passed are mutually
independent. The process remains in state 4 until one of the transformations from these
elementary paths is applied, thus the time the process spends in 7 is the random variable £ =
min(y, .. .,&). The minimum of mutually independent exponentially distributed random
variables is an exponentially distributed random variable with mean (%) [2, Chapter 1].
Also, the probability that a particular random random variable &; will have the minimal
value among {&1, ..., &}, is proportional to the inverse of expectation of &;, hence formula
(*x) holds.

Finally, we assume that all random variables are mutually independent, since we postulate
that the choice of the transformation that is applied to a particular struct and the time of
its application are independent of the particular path that has lead to the struct and of the
time it has taken to generate the struct. The latter assumption is due to the fact that a
struct represents a set of construction paths which are indistinguishable (or equivalent) from
the point of view of applicability of transformations.



3 Examples

In this section, we present three examples of the generating processes: the processes which
generate the set of natural numbers, the set of binary sequences representing binary fractions
on the segment [0, 1], and the set of strings over a two-letter alphabet. In Section 9, we will
compute the typicality measures induced by these processes on the corresponding sets of
structs. In Conclusion, we will refer to these examples in connection with the questions
about compactification and topology of the set of structs generated by a transformation
system.

3.1 Generating process for natural numbers

We begin with the definition of the inductive structure of natural numbers. The set of
primtypes Iy consists of one element m; with one site being simultaneously the input and
output site (Fig. 1). The set of semantic identities Zy is the set of commutativity identities

Figure 1: The primitive type m; for the inductive structure of natural numbers.
Comm(IIy) [1, Def. 13]. In this case, this set consists of one identity
(1) < m(2) = m(2) < m(l).
Next, the transformation set Tiy consists of one transformation 7| whose instance transfor-

mation is
7= ([mD)], [m D)]).

The weighting mapping Iy is defined as (7)) = 1. The progenitor Ky is a struct whose
instance struct is

wy = [m (1)

Thus, the progenitor corresponds to number 1 € N and the transformation corresponds to
the successor function in Peano axiomatics [4].

The diagram for the generating process Gy specified by the transformation system TSy =
(T, Iy, Ky) is shown in Fig. 2.

3.2 Generating process for binary sequences

Consider the set of finite binary sequences B = {0, 1}*. We will define an inductive structure
and a generating process that generates B.

The set of primtypes Ilg is shown in Fig. 3. The set of semantic identities Zy is the
set of commutativity identities Comm(Ilg). In case when the set of primitives is Ilg, these



Figure 2: Diagram for generating process Gy.
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Figure 3: Primitive types for the inductive structure of binary sequences.

identities imply that every “connected” composite is semantically equivalent only to itself.
The instance transformations for the transformation set Tj are shown in Fig. 4, and the
weighting mapping is defined as ly(7¢) = lg(71) = 1. The progenitor Kp is a struct whose
instance struct is

kg = [7(1,2)].

Thus, the progenitor corresponds to the empty binary sequence and transformations 7, 7,
correspond to the attachments of “0” and “1”, respectively, at the end of the sequence.

The diagram for the generating process G specified by the transformation system TSy =
(Tg, Iy, k) is shown in Fig. 5. Notice that for each struct from 7S, there exists a unique
path from the progenitor to this struct. In other words, each binary sequence has a unique
constructive history.

3.3 Generating process for strings

Consider the set S of strings over the alphabet {a, b}. Conventionally, this set is considered
to be the same set as B = {0,1}* and, in fact, the same notation {a,b}* for S is being
used. We will show that binary sequences and strings are, indeed, very different objects by
pointing out to the difference in their constructive histories, which is not captured by the
conventional notation.

The set of primtypes Ilg is shown in Fig. 6. The set of semantic identities Zg is Comm(Ilg)
plus the identities shown in Fig. 7. The shown identities have the following meaning: in-



Figure 5: Diagram for generating process Gp.

sertion of letter “a”, and then of letter “b” after “a” into a string has the same result as
insertion of letter “b” first, and then of letter “a” before “b”.

The instance transformations for the transformation set 7g are shown in Fig. 8. The
weighting mapping is defined as Is(7,) = ls(75) = 1, and the progenitor is equal to the one
for binary sequences

Ks = [m(1,2)].

Thus, the progenitor corresponds to the empty string, and transformations 7, 7 correspond
to the insertions of “a” and “b” at any position in the string (since the semantic identites from
ZIs ensure that a transformation can be applied at any output site of the struct representing

1 1
e 1:
2
2 3 2 3

Figure 6: Primitive types for the inductive structure of strings.



Figure 8: Instance transformations generating strings.

a string).

The diagram of the generating process Gg specified by the transformation system TSg =
(Ts, ls, Rs) is shown in Fig. 9. Notice that, as a consequence of the introduced semantic iden-
tities, for each struct from T'Sg representing a string of length n, there exist n! construction
paths from the progenitor to this struct. Since these paths lead to the same string, they are
indistinguishable from the point of view of applicability of further transformations.

Comparing the diagrams in Fig. 5 and Fig. 9, one can see that the constructive histories
of binary sequences and strings differ significantly. In case of strings, one may think of other
possibilities for the generating process, for example, instead of insertions at any place in the
string, only additions of letters at the beginning and at the end of the string may be chosen
as transformations. This indicates that the conventional understanding of a string as an
object is quite imprecise, leading to arbitrariness in defining classes of strings.

4 Continuous parameter Markov chains

In this section, we present some basic facts from the theory of c.p. Markov chains, which
are necessary to define rigorously the generating process and some random variables related
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Figure 9: Diagram for the generating process Gs.

to it.

Note that the states of the generating process are structs, and not real numbers as usually
assumed in the theory to stochastic processes. Many of the results, including those needed
to define the typicality measure, will still hold, since the set of structs is countable. In fact,
one can always embed the set of structs into the set of real numbers, and many of the results
will be independent of the embedding. However, some of them, particularly those related to
the questions about compactification of the state space and limit points of the process, do
depend on the embedding. These issues will be briefly discussed in Conclusion. Here we will
give a general definition of the c.p. Markov chain with an arbitrary countable state space
and present all necessary concepts which are independent of the particular embedding.

Let X be a countable set. Let (€2, F,P) be a probability triple, i.e., {2 is a set called the
probability space, F is a Borel field of subsets in €2, and P is a probability measure on 2.

An X -valued random variable is a measurable mapping & : 2 — X defined for almost all
we Q, ie, forall i € X, set {w|&(w) =i} belongs to field F.

A continuous parameter (c.p.) Markov chain with state space X [3, §11.4] is defined as
a family of X-valued random variables {x;(w)}, t € [0, 00), satisfying the Markov property:
Vii<ty<...<t,E€ [0,00), Uyeeeyip € X,

P, (W) = in |z, (W) = i1, 2, (W) = inor } =P {ze, () = in |2, (W) = ina}. (1)

We will consider c.p. Markov chains with stationary transition probabilities [3, Section
I1.4], i.e., conditional probabilities

P{xs-i-t(w) = ] ’ :Es(w) = 7’}

are independent of s.
For a c.p. Markov chain {z;(w)}, the matrix P(t) = (p;;(t)), 4,j € X is defined by

pis(t) & Plagi(w) = jlay(w) =i}, t>0.



The initial distribution is defined to be the set {p;, i € X}, where
dﬁf P{l’o = Z} sz =1.

For any Markov chain with stationary transitional probabilities, the matrix P(t) satisfies
the following three properties [3, §§11.1,11.4]: for all 4,j € X and s,t > 0,

(A) pij(t) >0
(B) > pi(t) =1
(C) 2ok pir(8)prs(t) = pij(s +1).

Matrices satisfying (A—C) are called transition matrices. The converse is true: for any
transition matrix P(t) and any initial distribution {p;, i € X'}, there exists a corresponding
Markov chain {z;(w), t > 0} with state space X [3, p. 137].

If P(t) is standard, i.e.,

Pj%pzy( ) = dij,

then, according to [3, Theorem II.2.5], there exist derivatives p;;(0) (which may be infinite).
The matrix ) = (¢;;) = P'(0) will be called the transition rate matriz corresponding to the
standard transition matrix P(t).

We will study the converse question, i.e. under what conditions a given finite or infinite
matrix () is a transition rate matrix corresponding to some transition matrix P(t). We
restrict ourselves to the case when matrix () satisfies the following conditions:

qi; = 0, i Ly
Zj q; =0, Vj 2)

Qi > —00, Wi

Matrices satisfying (2) will be called transformation matrices. It follows from [3, Theorem
I1.18.1] that for any transformation matrix @, the following system of Kolmogorov equations:

P'(t) = QP(t),  P'(t)=Pt)Q (3)

has a solution P(t) = (p;;(t)) called the minimal solution corresponding to the transformation
matriz (), which is constructed as follows:

p§?>(t) = eq“t—é et

= e%i(t=5) dg
<] {pzk ng (4)

pii(t) = ngopij (t)-

Matrix P(t) is standard and satisfies (A) and (C) but, instead of (B), only the following
condition is guaranteed to hold:
> ) < 1. (B)
J



If (B) holds, matrix P(t) is the unique solution of system (3) [3, Theorem I1.17.2], otherwise
there are infinitely many of them [3, Corollary to Theorem I1.19.4] and thus infinitely many
essentially different c.p. Markov chains corresponding to matrix Q).

Matrices satisfying (A,B’,C) are called substochastic transition matrices. Given an initial
distribution {p;, ¢ € X}, a substochastic transition matrix specifies a c¢.p. Markov chain
stopped at random time 7(w), {z:(w),t < 7(w)}. Random variable 7(w) is called the stopping
random variable, and its distribution is given by

P{r(w) <tlag(w) =i} = 1= py(t).
jex
If the stopping random variable is infinite with probability one, i.e.
P{r(w) = o0} =1,

then (B) holds [3, §11.19]. Otherwise, 7(w) is finite with a non-zero probability. To describe
this situation, we will study the behaviour of the process further. First, the c.p. Markov
chain corresponding to p;; can be chosen so that for all ¢t < 7(w),

lim 2, (w) = z:(w)
slt

(in [3, §I1.7] such z(7) is called the z -version of the process). Under the assumptions on
matrix ) made above, for almost all w, we have that function y(¢) = z;(w) is a piecewise
constant function on [0, 7(w)) with finitely or infinitely many points of discontinuity. If the
number of these points is finite, then 7(w) = oo and the last point ¢ is called an absorbing state
of the process, necessarily having ¢;; = 0. Otherwise, let {7,(w), n > 1} be the increasing
sequence of these points. Then,

xt(w> = L7y (w Tn(w) <t< TnJrl(w)a and

)
lim 7,(w) = 7(w).

n—oo

Define the jump chain associated with z;(w) as a discrete parameter Markov chain x,(w) =
(7 (w),w) [3, p. 236]. Then, according to [3, Theorem I11.19.1],

T(w) =00 <= -— Z q;nl(w)xn(w) = 00. (5)

Thus, the process reaches infinity in a finite time with non-zero probability if and only if

P{- Z%}(w)xn(w) < o0} > 0. (6)

5 Formal definition of the generating process

Let TS = (T,1,k) be a transformation system, and let 7'S be the set of structs generated
by it. There exists a partial ordering relation < on 7'S: we have & < 3 if and only if

10



there exists a path p € Pp from & to (3. Let the set of states be X = T'S. Define matrix
Q = (¢ap), @, B € X as follows:
1
(e [a;‘r]ze:EPT Z(T) (7)
lap = > ﬁ B+ a.
[a;T|€EEPr,[a<iT|=8

Conditions (2) hold, hence @Q is a transformation matrix.? Therefore, there exists the minimal
solution P(t) to the system of Kolmogorov backward equations (3), which is a standard
substochastic transition matrix. Matrix P(t) and initial distribution such that pg = 1
specify a stopped c.p. Markov chain {z;(w),t < 7(w)}, which is called the generating
process for transformation system T'S.

In what follows, we assume that the elements of matrices () and P(t) that are not specified
are equal to zero.

For the transformation system TSy of natural numbers from Section 3.1, the correspond-
ing transformation matrix Q) is defined by

Jaa = —1
Qd7[a<1‘r|} = L
Denote o« < nt Yadgra... <« T, where 7 is attached to o n times, n > 0. The
minimal solution P(¢) can be computed using formulas (4):
Paa(t) = e
t
Pajaar(t) = [e S 79)ds =te™
0
t
p&,[aQZT] (t) = f Seisei(tis)ds = t2_2!67t
0
pd,[aﬂn‘r] (t) = tn_"!e—t'

Thus, z}(w) is the Poisson process. Since for every & we have
oo

> st = Shet=1,

n=0
matrix P(t) is a standard transition matrix, thus the stopping time of the process is infinite
with probability 1.
For the transformation system T'Sg of binary sequences from Section 3.2, the correspond-
ing transformation matrix (g is defined by

aa  — -2
Jajagrg = 1
Qo la<am] = 1.

2Matrix @ is not a matrix in a conventional sense, since its rows and columns are not indexed by natural
numbers. Still, for a matrix A = (adB) with non-negative components, the products AQ and QA are
correctly defined in a usual way. The corresponding infinite summations are independent of the ordering of
summands, since each row and column of ) has at most one negative element.

11



The minimal solution P(t) is

pac(t) = e 2
Pajacr,)(t) = te*
_ ¢
pél,[a<]‘l'z‘1 <]‘ri2}<t) = % .e 2t
Pafoars, aariy)(t) = % e 00
where i1, 49, ..., 4, € {0,1}. Similarly to the case of natural numbers, one can show that this

is a standard transition matrix and hence the stopping time of the process is infinite with
probability 1.

For the transformation system TSg of strings from Section 3.3, the corresponding trans-
formation matrix Q)s is defined by

ai = —H[O{,’T EEPTS}’ —(len(ax) + 1)
Gajaarin) = |{le;7] € EPrlla<7]=la<ar(H]},

where i € {a,b}, f is any site replacement such that e <0 7;(f) exists, and len(&) denotes
the length of the string corresponding to &. For almost all w, the jump chain x,(w), n >0

corresponds to the sequence of strings whose lengths are 0,1, .... Thus,
_Zq W)xn (@) Z(TL+1) = 00,
n=0

and the stopping time of the process is infinite with probability one, according to criterion

(6).
In the next section, we will consider a transformation system whose generating process
has an finite running time with probability 1.

6 Graph generating process

Consider the set of unlabeled directed multigraphs G. We define a corresponding inductive
structure and a generating process that generates a subset of G.
The set of primtypes Ilg is shown in Fig. 10. The set of semantic identities Zg is the

1
IONC
2
1
vertex edge
Figure 10: Primitive types for the inductive structure of graphs.

set of commutativity identities Comm(Ilg). Out of many possibilities for the choice of

12
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Figure 11: Progenitor and transformation of the graph transformation system.

transformation system to generate a subset of graphs, we select a particular one, T = {7},
shown in Fig. 11. The weighting mapping is defined as lg(T¢) = 1. The progenitor K¢ is a
struct whose instance struct is

kg = [m (1) <m(1,2) Qm,(3) Qm(3,4)].

Thus, the progenitor corresponds to the graph with two vertices and no edges, and transfor-
mation 7¢ corresponds to creation of an edge and a vertex simultaneously. Note that this
transformation system generates only graphs whose number of edges is equal to the number
of vertices minus 2. Of course, the set of all graphs could have been generated as well by
another transformation system; this one is chosen as an example of transformation system
whose generating process has finite running time with probability one.

If 4 is a struct corresponding to a graph with n vertices, then

4yy = —{[v; 7] € EPg}| = —n(n —1).

For almost all w, the jump chain y,(w), n > 0 corresponds to the sequence of graphs with
2,3, ... vertices. Thus,

_qun(“’x" Zn+2 n+1)<oo’

n:0

and the stopping time of the process is finite with probability 1, according to criterion
(6). In other words, the process constructs an “infinite graph” (the notion clarified later in
Conclusion) in a finite time.

7 The time that the process spends in a state and the
running time

Let TS be a transformation system, @ be the corresponding transformation matrix, P(t) be
its minimal solution, and z;(w) be the corresponding generating process. Assume also that

13



for each 4 € T'S, the number of ancestors of 4 is finite:®

_\ def = _
anc(y) = [{a]a <7} < oo, (8)
Define )
def | 1, m(w) =
Calw,t) = { 0, otherwise.
Then,

g (w) / calw, 1) dt
0
is the random variable corresponding to the total time the process spends in a. Its expecta-
tion is - -
def _
Ma = / E{Cd(t,W)}dt :/ pgd(t)dt
0 0
Let -
def _
0

For the matrix N = MQ = (ngp3), we have
nap =3 /O Pay(1)dt - 455, ()
,-_y

Since () is a transformation matrix, it is upper triangular (see (2)), and it follows from the
assumption (8) that the summation in (9) is finite. Thus, summation and integration can
be exchanged. Since P(t) satisfies the second system in (3), we have:
Nag = / Zﬁdfy(ﬂ%@dt = / ﬁlatﬁ(t)dt = tlim ﬁdB(t) - 17&[3(0)-
0 3 0 ee
gl

By definition, we have that p;5(0) = d55. Next, since (8) holds, only a finite number of

ﬁg% (t) are non-zero functions. Therefore, since for each n,

Jim Pl () =0
(see [3, p. 232]), we have that

tlgiﬁdfi(t) =0
and that ngg = —045. Thus we have M@ = —1I, where I is the identity matrix. Since @ is

upper triangular and (8) holds, this system has a unique solution. The elements of the first
row of M, Mzs = Mg, can be computed using the following algorithm:

Mg = —1/Qrm
Mg = —( :y<deyCIfya)/%aa

3There exist transformation systems violating this assumption.

(10)

14



whose time complexity is O(anc(@)?). Formulas (10) still hold if gag = 0, in which case
Mg = oo.

Since ) ca(t,w) = 1 if and only if t < 7(w), we have for the expected running time of
the generating process that

E{r(w)} = /0 h E{Z ca(t,w)}dt = Z M.

In particular, E{7(w)} is finite if and only if ) Mg is finite.

8 Typicality measure

In this section, we define the notion of typicality measure. For a struct 4, its typicality is
informally defined as the probability that this struct is randomly encountered by an observer.
We assume that the expected waiting time for the observer to come is the same at each
moment, from what it follows that the observation moment is an exponentially distributed
random variable, call it &,:

Pl{é(w) <t} =1—e", t>0,

where u is the parameter of the exponential distribution. We also assume that this random
variable is independent of the process {z;(w)}, i.e., independent of each random variable
x(w) for all ¢ > 0.

The probability that process z;(w) will be in struct 4 at random moment ¢ = &,(w) is

Plag, W) = af = / Pra(t) - ue "dt.
0

If the running time of the process is infinite with probability 1, then (B) holds, and we

have - -
Z Plae, () (w) =a} = / Zﬁgd(t) cue”Mdt = / ue "dt = 1,
> 0 0

therefore
_\ def

gu(a) = Pfag,w(w) = a}
is a probability measure on the set of states of the process, called the typicality measure.
If the running time 7(w) is finite with positive probability, the typicality measure is not a
probablity measure, since the typicality of the set of all states is less than one.

To compute the typicality measure for a given generating process induced by a trans-
formation system TS, we introduce the notion of an observed transformation system TS
corresponding to TS. Then, the typicality measure for a state of the original process is
expressed via the expected time the terminated process spends in the corresponding state,
which has been computed in the previous section.
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Figure 12: Additional primitives for the observed inductive structure.

Let (I, Z) be an inductive structure. The observed inductive structure (II,Z) cor-

responding to (II,7) is defined as follows (assume that m,, 7, & II, see Fig. 12): add a new
site 0 to the set of sites and let
I < nu {7, 72}

j. déf TuU (UWGH Comm({ﬂ-a Ty, 7T$})) .

In other words, we add two new primitives 7w, and 7, to II and make them commutative
with all other primitives. For every instance struct a € 9, let

def
o, = a<dm]

€6.
For a transformation system TS = (T, [, &) in (I, Z7) and v € R, define the correspond-
ing observed transformation system TS(u) = (7,1, K,) as follows:

T = Tu{r,}
e S () m)
ir) = ur)
I(7,) & ol
The new set of states is
TS ={a,|a e TS} U{|a, < 7,]| & € TS},

and the new observed transformation matrix (dependent on u) Q(u) = (da, B,)a. B, eTs 1S
defined by

darar = qaa—u, @ €TS -
QQTBT = Q(SLB7 d,,BETS, &7{/6
qdr[arﬁng] = u, acTS

oy <7218, dap; acTsS B,cTS.
We prove by induction that for all n > 0, &, 3 € T'S and t > 0,

Dol (£) = Pag(t)e™ :

~(0) _ _ &rart — _ aa—u)t _ =0 —u
{)<dfﬂ (t) = 0g,p,€ t tN<—> Oape't )t - 1:@5@@ !
D, (1) Z%<Br IN pdr,—yr<3)q:yr37‘eqﬁrﬁr( s =

t —(n —us 55(t—s) —u(t—s _(n+1 —u
Z"Y<Bfop«(iﬁ>(5)e gypetan el )dS:pfig)(t)e ‘.
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Hence,

Thus, if Mar denotes the expected time the observed process spends in &, (which depends
on u), we have the following formula for the typicality:

gu(Qr) = / Pra(t) - ue™"dt = U/ Proa, (D)dt = us, .
0 0

9 Computation of typicality using probabilities of paths

In this section, we give another method to compute the typicality measure g, (&). For each
path connecting the progenitor and &, we will first compute the probability that the process
passes this path. Then, the expected time the process spends in & is the sum of these
probabilities times the expected time the process spends in & given that it has entered .

As previously, let TS = (T, k) be a transformation system. For each & € TS, B =
[ < 7], where T € T, let y55(w) be a random variable whose values are elementary paths
beginning in & and ending in 3 with the following distribution:

~1
1

Pluap@) = les T} = |17) >0 g

o ilovar]=B

In other words, the probability that elementary path [a; 7'] is the value of y45(w) is propor-
tional to the inverse of [(7'). Assume that all y55(w), &, 3 as above, are independent of the
process and of each other.

Let p = [v;T1,...,Ty| be a path from Pr, and let v, =y <71 < ... < 71; (0 <i < n).
Define a random variable

(W) L 3k xkri(w) =9, 0<i<n and yz5,,, (W) =[v;Tis1), 0<i<n
) =90, otherwise.

We will say that the process {z;(w)} passes path p if and only if n;(w) = 1. The probability
that the process passes p is:

Plnp(w) =1} = ZP{XH@ =% 0 < i <nt-Plyss,., (W) =[5 7], 0 < i <n}.

By Markov property (1) and [3, p. 236,
P{xr+ilw) =5, 0<i<n} =

P{xew) =7} POt (@) = 1 [xk(@) =3} P{OXkin(@) = T [ Xpin-1(w)} =
Pixe(w) =7} - TIo) Tt
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Next, from mutual independence of {y55(w)}, we have

n—1 n—1
Pl (@) = T, 0 < i <} = [ [ Plyr,,, (@) = s mial} = [[ (1T a)d5.4,,) 7"
=0 1=0

In the particular case of ¥ = K,

P{xr(w) = Kk} = dxo-

Combining the last three formulas, we obtain for a path starting at &:

P{n; =1} = H (Fis1)s.5,) " (11)

Now, the expected time the process spends in & can be computed using the following
lemma:

Lemma 1.
Ma = (—gaa) ™ Z P{np(w) = 1}.
pEPr:begin(p)=k,end(p)=&
Proof. 'The proof is by induction on &.

If & = R, then there exists only one path p such that begin(p) = end(p) = K, namely,
[k]. For this path, P{n(w) = 1} = 1. Hence, according to the first formula in (10), the
statement of the lemma holds.

Assume, the statement holds for all 4 < &. If & # K, then, by the second formula in
(10),

Méz = (_Q&&) Z’y<a M’y(}ya =
( q@@)_l Z'y<a Z P :begin(p’ )=k end(p’)= P{np ( ) - 1}q'ya =
( G ) ny<a Zp’:begm(p) R end(p) Y, [T y<ar]=a P{np ' l; "']( ) = 1} =
(—9aa)” ZﬁGPT:begin( p)=r,end (p P{np( ) =1}

(In the above formulas operation <« means composition of paths). B

Method presented in this section can be applied to compute the typicality of and element,
if the latter has many ancestors but the paths leading to it are “symmetric” so that they
make equal contributions to the typicality. We will compute the typicality measure for the
above examples, using formula (11) and Lemma 1.

Ql

1. Transformation system of natural numbers (TSy):

n—1

gk <ant)=u-(1+u) " H(1 fu) = (H“W

2. Transformation system of binary sequences (TSg):

|
-

n

gu([nﬂnl<l...<l7'in]):u.(2—|—u)*1' 2+u) = u

(2 4 u)ntt’

~
Il
o
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3. Transformation system of strings (T'Sg): for a struct 4 corresponding to a string of

length n,
¥)=u-2(n+1)+u)""nl Tﬁ(g(l F 1) 4u) = un!
gulY) = ~i:0 - 2n+1H?:O(Z-+1+u/2).

In particular, if v = 2, we have

) 1 1/ 1 1
g“<7>:2n(n+1)(n+2) :2_"(n+1_”+2>'

It is easy to verify that in each of the above three cases the typicality measure is a probability
measure on the set of structs generating by the corresponding transformation system, i.e.,

> () =1

TS

In general, this is true if and only if the original non-observed process has infinite running
time with probability one.

10 Conclusion

We have formally defined the concept of generating process induced by a transformation
system. We also introduced the notions of the time the process spends in a struct generated
by the transformation system and of the (total) running time of the process. We have
modelled the observation of the process by a random observer using the concept of observed
process and, based on it, have defined the typicality measure.

This measure is intended to serve as a measure of the quality of training sets in the
learning problem, which now can be understood informally as the problem of inference of
the transformation system, given a finite training set generated by it. The next question is, of
course, how to compare and relate to each other different transformation systems. Eventually
this comparison will result in an optimization criterion, which will allow to choose the optimal
transformation system corresponding to the given training set.

We compare two transformation systems by comparing their generative processes. In or-
der to do that, it is not sufficient to consider only the finite part of the process—i.e., the set of
structs generated before the stopping time 7(w), for the following intuitive reason: a process
that “converges” to a single limiting state is significantly different from that converging to
infinitely many states, even if the transformation matrices of these processes are identical.
This means that the transformation matrix extracted from a transformation system contains
only partial information about the corresponding process; the other part of information, per-
haps even more significant one, is contained in the topology on the set of states, which is
naturally induced by the transformation system, since the states are structs generated by it.
Moreover, since the topology on the set of states can be defined through transformations,
so are the limit states of the process, and therefore the process can be extended to the limit
states. For example, transformation that inserts a letter into a string can be extended to
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“infinite strings”, i.e. the limit states of the process induced by T'Sg. Preliminary consider-
ations suggest that there are only countably many such limit states for strings, while binary
sequences have a continuum of limit states corresponding to the points on the segment [0, 1].
This fact makes us believe that strings and binary sequences are generated by very different
transformation systems, and neither of them induces a process which could be considered as
a sub-process of the other.

The formal specification of the above topology, limit states, extension of transformations
onto them, and comparison of transformation systems via morphisms will be given in a
forthcoming paper.
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