CHAPTER SEVEN

FORMAL DYNAMICS

We develop in greater generality the participator dynamics introduced in
special cases in chapter six.

1. Some fundamentals

In this chapter we develop the basic formalism for participator dynamics. Prop-
erly speaking, this is a dynamical system on a set of observers, namely the set B
of objects of perception for an environment supported by a reflexive framework
(X, Y, E, S, ma) (5-2.6). However, given certain special assumptions which
we review below, we can view the dynamics as taking place on E rather than
B. We are interested in the case where the reflexive framework is a symmetric
framework (X, Y, E, S, G, J, m) (5-5.1); when appropriate we will indicate
the special form that our emerging results and definitions take in this case.
For simplicity, when we consider a symmetric framework we assume throughout
this chapter that £ is a principal homogeneous .J-space, although J need not be
abelian.

We first define the concept of action kernel at this level of generality. In-
tuitively, as discussed in 6-2, an action kernel describes how a participator, at
a given moment of reference time, changes perspective in response to a chan-
neling. This change depends, in part, on the perspective of the participator,
so that an action kernel is actually a family of kernels, one for each point of
E. In the case of a symmetric framework we use the group action to define
the notion of a symmetric action kernel. Such a kernel is generated from a single
kernel on J, giving a symmetric description of the perspective-change law. In
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chapter six we studied a simplified version of this symmetric case.

Definition 1.1. (i) An action kernel on the reflexive framework (X, Y, E, S,
7o) is a family {Q. }ecr of kernels on E such that, for each e, Q. is a markovian
kernel, Q.: E x & — [0, 1], and satisfies Q.(e1, ) = Qe(e2,-) if me(e1) = me(e2).

(ii) A symmetric action kernel on the symmetric observer framework (X,
Y, E, S, G, J, m) is an action kernel {Q.}.cr with the following property:
there exists a markovian kernel Q:J x J — [0, 1] such that Q(j,) = Q(5’, ")
if 7(j) = w(j'), and each Q. is deduced from @ by the formula Q.(e1,A) =
Q(ere™!, Ae™1). We say that the symmetric action kernel is generated by Q.

Here, as usual, e;e™! denotes the element of J which sends e to ey; it
is unique since we assume FE is principal homogeneous for J. Similarly, for
A € £, Ae~ ! is the set of all elements of J which send e into A.

In general we simply use the notation @) for the entire action kernel, so
that @ stands for the whole family {Q.}.cr. In the special case of symmetric
action kernels the symbol @ denotes both the action kernel itself (i.e., the
family of kernels {Q.}ecr) and the kernel which generates it. However these
notions contain the same information, so this abuse of language will not cause
any problem. In the general case, i.e., part (i) of Definition 1.1, there are no
compatibility requirements within the family {Q.}ccr. In practice, however,
the families that we consider have various kinds of internal consistency, but it
is inappropriate to incorporate these in the basic definition.

We can now use the notion of participator as in Definition 6-2.6. A partic-
ipator is a triple (£, {Q(n)}n, {n(n)}.), where £ is a probability measure on E,
{Q(n)}, is a sequence of action kernels, and {n(n)}, is a sequence of families
of interpretation kernels for the reflexive framework. In this chapter we sup-
press mention of 7(n); in particular we do not consider the crucial question of
the role played by the n(n) in some generalized notion of action kernel. (Thus
the dynamics we develop here is actually a preparticipator dynamics (6-2.6).)
However, our present formalism does permit a participator’s action kernel to
vary in time, and intuitively n(n) may be responsible in part for this evolution.

A participator manifests at each instant of reference time as an observer
in the framework. The manifestation is probabilistic, so that we can think of
the participator as a time sequence of random variables taking values in the
set of observers in the framework. Since we suppress the interpretation kernels
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n(n), only the perspectives of the observers vary. Therefore we can think of a
participator A as a sequence of random variables, say W7, Ws, ... taking values
in E. ¢ is then the distribution of Wy. Q.(n)(e1, ) is the distribution of W, ;1
given that the value of W,, was e and given that the participator’s manifestion
at time n channeled with an observer in the framework whose perspective is
represented by e; € E (via the map II defining the framework as in 5-2.2).
Therefore, the process Wy, Wo, ... is not a Markov chain: the distribution of
W41 depends not just on the value e of W,,, but also on 7(ey).

However, if we consider collectively a “closed system” of participators
(6-2.9) and if we assume some regularity to the distribution of channelings,
then we can canonically associate certain Markov chains to the system. These
Markov chains contain complete information about the extended semantics for
each potential manifestation of the participators. These potential manifesta-
tions together constitute the set of distinguished objects of perception By for
the environment (4-4.4, 6-2.7).

In this chapter we introduce and study certain Markov chains canonically
associated to discrete-time, participator dynamical systems. We make the
following restrictive assumptions:

1. The interpretation kernels n(n) of the various participators have no ex-
plicit role in the dynamical formalism, so that we can view the participa-
tors as being individuated only by their perspectives.

2. The participator dynamical systems are closed (6-2.9).

The independent action postulate holds (6-2.10).

4. The choice of channeling at each instant of reference time may be described
by a “r-distribution” (defined in section two of this chapter).

@

To begin, we choose an integer k£ > 1, and consider k participators

Ai ={(&, {Qi(m)}n)}, i =1, k

on our framework. We assume that there is a discrete time, at each instant
of which each participator manifests as some observer in the framework, and
at each instant of which there is a channeling; this is the same as the reference
time of 6-2. In effect we are studying an extended semantics in which these
observer manifestations of the participators are the distinguished objects of
perception. We make the closed system assumption (6-2.9) that at each in-
stant the distinguished part of the channeling involves only observers which
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are participator manifestations at that instant. In other words, at any time
n the only channelings involving participator manifestations are channelings
between the participator manifestations themselves. Thus we assume that at
any instant n of a participator channeling sequence (6-2.8), the domain D,, of
the distinguished part of the channeling at that instant is a subset of the set of
participator manifestations at time n; hence, D,, contains at most & observers.
We need a consistent way to refer to the possible channelings among these
observers:

Notation1.2. Denote by Z(k) the set of all involutions on subsets of {1, ..., k}.
Thus an element of Z(k) is a pair consisting of a subset D C {1,...,k} and a
function x: D — D such that xy? = x o x = idp. More generally, if V is any
set we denote by Z(V) the set of all involutions of subsets of V. If V' and
V' are disjoint subsets of V' with x’ € Z(V’) and x” € Z(V"), we denote by
X' Ux” the element of Z(V'UV") described by x’ on V'’ and by x” on V”. For
X € Z(k), D(x) denotes, as indicated above, the domain of .

Once we have fixed the integer k£ and the participators Ai,..., A, the
element x of Z(k) refers to the channeling in which, for each i € D(x), the

manifestations of A; and A,(; channel to each other and in which, for j ¢

X\t
D(x), the manifestation of f{j does not channel. Henceforth, for simplicity,
we will say “A; and A, ;) channel to each other at time n” rather than the
correct but cumbersome “the manifestations of A; and A, ;) at time n channel
to each other.” Similarly, we will simply say “A; has perspective (or ‘position’)
e; at time n” rather than “the manifestation of A; at time n has perspective
which is TI(e;).” Thus, to say “x € Z(k) is the channeling at time n” means
that, for i € D(x), A; and A,(;) channel at time n, and for j ¢ D(x), 4,
does not channel at time n. This is the same as saying that in the participator
channeling sequence (D, x»n) = (D(x), x). Thus, the Z(k) notation permits us
to consider channelings in which some participators are inactive, some channel
to themselves, and so on.

As a result of a channeling at a given time tg, each active participator
changes its perspective, i.e., its position in E, in a manner dictated by its
action kernel at time ty. According to our participator notation the action
kernel of A; at time tg is @Q;(to). Suppose the channeling is represented by
X € Z(k). Then if i € D(x), the position of A; at to+1, i.e., at the next instant
of reference time, is a random variable with distribution Qjc, (to)(ey(),). As
in part (i) of Definition 1.1 above, Q;e, (ty) denotes the markovian kernel that
governs the perspective change of A; from time tg to tg + 1 given that A;
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has perspective e; at tg. In action kernel notation this means the following:
for A; € &, the probability that the perspective of A; will be in A; at time
to + 1 is Qie,(to)(ex(i), As). According to the independent action postulate,
given the perspectives of the participators at time ¢y and given the channeling
X, the k E-valued random variables describing the next perspectives of the k
participators are independent. As a result we have the following proposition:

Proposition 1.3.  Suppose we are given, at time tg, k participators Ay, ..., Ay
with action kernels @1, ..., Qr. Moreover suppose that, at time tqg, A; is at
e;, fori =1, ..., k. Let x € Z(k) be the channeling at ¢, so that 4; and A,
channel to each other for each ¢ € D() and so that A; is inert if j ¢ D(x). Let
Ay, ..., A € & and let Ny \(eq,. .., ex; A1 X...x Ay) denote the probability
that, at time ¢y + 1, A; will have perspective in A;, for i = 1,...,k. Then

Nto,x(elv <o €k A1 XX Ak H Qze tO ex(z)a H 1A eg
i€D(x) J@ED(X)

In the case of symmetric action kernels the formula is

II @ito)exme A" T 1a,(e)

i€D(x) JED(X)

Proof. Straightforward. The independent action postulate justifies the prod-
ucts in the formulas above. ||

We frequently express the formulae of 1.3 in infinitesimal form, replacing each A;
with dy; and each 14, (e;) with e, (dy;). (Recall that e.(dy) is Dirac measure
concentrated at e.) The first formula becomes

Nto,x(ela <o €k dyla .. dyk H Qze tO (ex(z)a dyz) H €e; (dy])
ieD(x) JE€D(x)

In the symmetric case this is

H Qi(to)(ex(s) dyl ) H €e,; (dyj).

i€D(x) J¢D(x)
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2. The r-distribution

k participators, interacting via channeling, change their manifestations proba-
bilistically in a manner governed by their action kernels; intuitively the result
is a stochastic process indexed by reference time, with state space B” (or more
precisely BY, c Bk ). Since we focus only on the perspectives of the manifes-
tations, we can view this process as having state space E¥. We take our k
participators to be A1, ..., A; as above. Suppose we assume, artificially, that
the same channeling pattern, say x € Z(k), occurs at each instant of reference
time. In other words, suppose we assume that the only participator channel-
ing sequence in the dynamics is the constant sequence with value x: A; always
channels with A, ;). Then Proposition 1.3 says, in effect, that our stochastic
process is a Markov chain whose transition probability from time ¢y to to+1 is
the kernel Ny, (-, -). Recall that in 6-4 we treat a simple case of this artificial
situation for £ = 2. We there assume that the system consists of two partici-
pators which channel to each other at each instant of reference time. Thus, of
the five elements of Z(2), we assume, artificially, that the only relevant one is
X, where x(1) = 2.1

Although we consider in this book only systems where the number & of
participators is fixed, we believe it is unreasonable to build a general theory
on the further assumption that the channeling arrangement y is also fixed.
But then on what does x depend? One might suppose, for example, that each
participator comes equipped with a set of channeling affinities, one for each
participator in the ensemble. But this, too, seems artificial. For participa-
tors are individuated instantaneously by their perspectives, and it is natural
to suppose that the channeling affinities depend, at least in part, on these
perspectives. This idea suggests that channeling affinity is attached somehow
to E, wherein it describes “mutual perceptual accessibility” or “informational
conductivity” between pairs of perspectives. In symmetric frameworks the
affinity might depend only on the difference of perspectives, i.e., on the group
J.

What form should information on channeling affinities take in order that
we may use it to compute the transition probabilities for the markovian dy-

! 'We do not use the kernel N, , form for the transition probability of the
dynamics in 64 although we could have done so. Instead, we there represent
the dynamics in a form which is “relativized with respect to the first par-
This means that we are looking at a chain whose states are the
displacements (in the group J) of the second participator with respect to the
first.

)

ticipator.’
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namics in our participator ensemble? If we want to base our computations
on formulae like those in Proposition 1.3, we need to know the probabilities,

denoted 7(eq, ..., er; x), of the various possible x at time t(, conditioned by
the perspectives of the A; at tg, i.e., conditioned by (ey, ...ex). If we know
these T(eq, ..., ex; x) we can take the weighted sum

Nig(ery ... en; A X .0 X Ay)

= Z T(e1, -y ers X)Nigx (€1, en; A X oo x Ag). (2:2)
xeZL(k)

Nio(e1, ... ex; A X ... x Ayg) is the probability of a perspective change
from (eq, ..., ex) to Ay X ... X Ay from time tg to ¢y + 1, regardless of the
channeling pattern: it is the desired transition probability for the chain in E*
generated by the participator ensemble Ay, ..., Ag.

One natural way to define the probabilities 7 might be to utilize a met-
ric on E. Intuitively one could define the “elementary” probability that two
observers will channel to each other in terms of the distance in this metric
between the points of E representing their perspectives. 7(eq,...,ex; x) could
then be computed in some canonical way using these elementary probabilities.
However, since the study of the Markov chains is our primary interest, we sim-
ply assume the existence of a 7 satisfying certain formal properties. Thus we
do not consider the interesting question of the possible relation of 7 to other
intrinsic data such as metrics on E.

We assume that the 7-distribution is attached to the reflexive framework
itself, and not to any particular set of participators. Therefore, 7 should be
defined for any k, and its expression for various values of k should be consistent.
The following definition is a minimal one with these properties:

Definition 2.3. A r-distribution is a family 7 = {7, }32,; where each 7, is a
markovian kernel on E¥ x QI(k),Q i.e., a map

e B* x 228 (o0, 1]
satisfying the following conditions:

1. (%) € EF for all y C Z(k), and 7 (y1, ..., Yk; ) is a probability distri-
bution on Z(k) for all (yi, ..., yr) € E*.

2 This notation means that we are viewing Z(k) as a measurable space with
o-algebra 2L,
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2. Consistency condition. Given k' < k, let S’ ={1, ..., k'}, S={1, ..., k}.
Then, (with the notation of 1.2 above) for any

(yl, ey YR BRIy e Zk) S E‘k7 X € I(k/),
we have
ZX”GI(S*S’) Tk(yl; ceey YRy ZRI41 - RS XUX“)
T (Y1, s Yty X) = T )
Z x’GI(S’) Tk(yla ey Ykty BRI41y ooy Ry X UX )
x”eI(s—s’)

3. Symmetry conditions. If our reflexive framework is a symmetric framework,
we consider two symmetry conditions on 7 corresponding to two notions
of equivalence on E*. First, we define two k-tuples, y = (y1,...,yr) and
r = (z1,...,7) € E*, to be configuration equivalent if for every i and I
satisfying 1 < 4,1 < k we have xizl_l = yiyl_l (notation as in 1.1). We
define them to be translation equivalent if there exists a j € J with z; = jy;,
for all 1 <7 < k. Then

(i) 7 is configuration symmetric if 7(x;-) = 7(y;-) whenever x and y are
configuration equivalent;

(ii) 7 is translation symmetric if 7(z;-) = 7(y;-) whenever z and y are
translation equivalent.

Intuitively, condition 2 states that the probability of any particular chan-
neling among a system S’ of observers is not affected by the addition of extra
observers to the system as long as there is no “cross-channeling,” i.e., as long
as one conditions the probability of channeling by those channelings which pair
no member of S’ with one of the added observers. It is this condition which
unites the separate 73’s for various k.

In condition 3, if J were commutative then configuration equivalence and
translation equivalence would be identical. In this case configuration symmetry
and translation symmetry would be identical conditions on 7. When J is
noncommutative, however, the two conditions are different. In fact the two
notions of equivalence on E*¥ may not even be comparable (in the sense that
an equivalence class from one relation is not necessarily a union of equivalence
classes from the other).

Except when we wish to emphasize a particular k, we omit the subscript
k of the 7; we simply write 7(y1,- .., Yx; X)-

We do not require 7(y1, ..., yk;) to be invariant under permutations of
Y1, ---, Y. Thus, the formalism permits the encoding of channeling affinities
between specific participators even though such affinities seem naturally at-
tached to the framework itself and not to specific participator ensembles.
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Remark 2.4.  For each k, consider the product space E¥ x Z(k); denote it E*,

Let é’k denote the o-algebra on E* which is generated by E¥ = £® ... @ and
the algebra of all subsets of Z(k). Let p =pr; denote projection on the first
factor of Ek, ie., p: EkF — EF. p is measurable, and each fibre of p is a copy of
Z(k). As defined in 2.3, the 7-distribution is a kernel on E* x 2L(k) We may

wk Ak
also view it as a kernel on EF x £ as follows. Let A € £ be a measurable set
in B and let (ey,...,ex) € E*. Define

Fler,. o ens A) = 7(er, .. ens pro[ANp~H{(en, - . er)}),

where pry: E¥ — Z(k) is projection onto the second factor of EF. pry[A N
p~{(e1, ..., ex)}] consists of just those channelings x such that (ej, ..., ex; X)
isin A.

It is clear from Definition 2.3 that 7 is a markovian kernel on E¥ x é’k
such that 7(eq,...,ex; -) is concentrated on p~1{(e1,...,ex)}. In the sequel,
we think of 7 as this 7, using the same symbol 7 for both.

3. Augmented dynamics

In this section we discuss the underlying probabilistic framework for the par-
ticipator dynamics. In section two the 7 distribution was motivated by the
need to compute the transition probability for the Markov chain whose states
are the positions in F of the k participators in a given ensemble. Thus the
state space of this chain is E*, and it is called the (absolute) position chain of
the dynamics. (The word “absolute” here is sometimes used, in the context of
a symmetric framework, to distinguish this chain from other chains which ex-
press the positions relative to some fixed observer or to one of the participators;
these latter chains have state space J* or J*~1, respectively.)

Now a knowledge only of the positions of the participators in perspective
space is insufficient for many purposes; we need information not only about
positions, but also about channelings. The situation at any moment of refer-
ence time is most completely described, in our development, by a vector in E*
(defined in 2.4 as E* x Z(k)). We may refer to the clements of E* as being
“augmented” by the inclusion of the channeling involution in the description.
The stochastic process with state space E¥ is then the underlying probabilistic
framework for all other processes discussed in this chapter and the next one.
We refer to the process in E* as the augmented position chain.
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Before describing the augmented dynamics, we note that there are yet
other chains relevant to participator dynamics. For example, the symmetrized
perspective space is E¥ /Sy (S) being the symmetric group of permutations of
k objects). In this state space we are unconcerned with the identities of the
k participators and note only the set of perspectives assumed by them. The
corresponding stochastic process is called the “symmetrized position chain.”
On a different tack, we may to our dynamical situation associate “stopped
chains,” i.e., chains descended from the reference time chains via stopping times.
For example, we might stop the reference time chains when a given participator
A is channeled to, and note the positions of all participators only at such times.
Such a chain is clearly derived from the augmented position chain, to the study
of which we now turn.

3.1. Let © denote the reflexive observer framework (X, Y, E, S, m,). Sup-
pose we are given a 7-distribution on © as in Definition 2.3 above. We will
describe the augmented dynamics of an ensemble of & participators (¢1, Q1(n)), ...,
(&k, Qr(n)) on ©. This is a Markov chain indexed by reference time ¢, with
state space E¥ = EF x Z(k); a state of this chain encodes the location in E
of each of the participators at a given reference time, as well as specifying the
channeling relation among them at that time.

To describe a Markov chain it suffices to give a starting measure on the
state space, and a one-step transition probability for each time ¢. In our present
situation this transition probability will be a markovian kernel

Ny: EF x AN [0, 1].

Here & denotes the o-algebra (defined in Remark 2.4) on EF = E* x T(k)
generated by all sets of the form A x {x} where A € £* and x € Z(k). Thus
N, is completely determined once we express

Ni(er, ..., er xo; A x {x1})
in terms of our given participators. This notation means the following: N,
is the probability that at time ¢ + 1 our k-tuple of participators will have
perspectives represented by a point in A C E* and will channel to each other as
dictated by an involution x; in Z(k), given that at time ¢ they had perspectives
(e1,..., ex) and channeled to each other according to xo € Z(k).
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These considerations suggest the following definition:

Definition3.2.  Let (e,x0) € E¥xZ(k), withe = (e1,...,ex). Let Ax{x1} €
é'k. Define

Ni(e,x0; A x {x1}) :/ Nixolet,. - exs dyr ... dyp)T(y1, -, Yks X1)s
A

where V; ,, is as in Proposition 1.3. In other words

Ni(e,x0; A x {x1})
Z/A[ H Qie; (t) (exo(i); dyi) H €e; (dy) (Y1, - -+ yks x1)-

i€D(x0) J€D(xo0)

If our participators are kinematical, i.e., time independent, then N, is in-
dependent of ¢, and we call it simply N. In this case the augmented dynamical
chain is a homogeneous Markov chain with transition probability V.

Notation 3.3.  To stress the dependence of N; on the Q;(t) and 7, and for

other reasons to be discussed later, we sometimes use the notation (@1 (¢), . .., Qx(¢)).,

instead of N;. Similarly, if the participators are kinematical we may use the
notation (Q1, ..., Q) instead of N.

The action kernels of our k participators together with 7 give rise to
the transition probabilities of the augmented dynamical chain. Similarly, the
initial measures &; of these participators together with 7 determine the starting
measure of this chain on E¥ x Z(k) as we now describe.

Notation 3.4. Let ¢ be a measure on E*. We denote by &, the measure on
E* x I(k) given by

E(A1 x ... x A x {x}) = /A R E(dyr - dyr)T (Y1, -5 Uks X)-

o~
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If £ is a probability measure, so is .

Proposition 35.  Let p: E¥ = E* x (k) — E* be projection on the first
factor, i.e., p = pr;. Then p.(¢;) = & and m§ = 7 (using the notation of
2-1).

Proof. The proof is an exercise in the definition of the 7-distribution (see Re-
mark 2.4) and of a regular conditional probability distribution. The situation
is especially simple since the fibres of p are copies of the discrete space Z(k).

Definition 3.6.  The starting measure of the augmented dynamical chain of
the ensemble of participators (£1,Q1(t)), ..., (&, Qx(t)) is (61 ® ... ® &k)r-

The interpretation of this measure is straightforward: we assume that the
initial positions of the participators are distributed independently, so that

(E1®...@&)(A1 x ... x A x {x})

is the probability that, at starting time ¢ = 0, the k-tuple of perspectives of
our participators lie in Ay x...x Ay C E* and channel according to x in Z(k).

We summarize. On the reflexive framework © = (X, Y, E, S, m,) with
given 7-distribution, suppose we have an ensemble of participators (&1, Q1(t)),
oo, (&, Qr(t)). Associated to this situation is a canonical Markov chain with
state space EF = EF x Z(k), called the augmented dynamical chain of the
participator ensemble.

The state of this chain at time ¢ is given by random variables y;(¢), ...,
yx(t) (with values in E) and x(t) (with values in Z(k)). y;(t) is the perspec-
tive of the ith participator, and x(¢) is the channeling relation among the k
participators, at time ¢t. For fixed ¢ these variables are not independent: the
dependence of x(t) on the y;(¢) is expressed by the 7-distribution. Moreover,
since the dynamics is markovian, the dependence of the distribution of the
yi(t + 1) and x(t + 1) on previous values can be expressed entirely in terms
of the y;(t) and x(¢). This expression is contained in the one-step transition
probability at time ¢, denoted (Q1 (%), ..., Qx (t)>: or Ny (the precise definition
is given in 3.2). The starting measure of the chain is (§; ® ... ® &), (using
Notation 3.4).

Notation 3.7.  The “base space” of the augmented position chain is the prob-
ability space (§2, F, P) on which the random variables y;(t), x(t) (for all i, ¢) are
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defined. Thus the “sample” space () is the domain of these random variables;
we take it as the space (E*)> of all trajectories t — (yi(t),...,yr(t); x(t)). If
we want to emphasize the number & of participators generating the chain, we

write (Qk, fk, Pk) instead of just (Q, F, 15) We write

so that for each t, §(t): Q0 — E* x Z(k). (We follow the usual probabilistic
convention of suppressing explicit mention of the sample points & € Q) unless
necessary.) By our choice of Q) then, g(t) is the “¢”th coordinate vector of
the trajectory. The o-algebra F is taken to be that generated in Q by the
sequence of random variables {(¢)}. The probability measure P on the sample
space is developed from the initial measure (§1 ® ... ® &), and the transition
probabilities N, in canonical fashion. In this sense the augmented position
chain is presented as a “canonical” Markov chain®, with filtration {j—' n) Where

4. Augmented dynamics and standard dynamics

Suppose that we are in a reflexive framework © with given 7-distribution and
that we have an ensemble of participators (&1, Q1(t)),. .., (§, Qx(t)) as in the
previous section. Suppose further that for all x in Z(k) we know Ny, as in
Proposition 1.3. (Recall that N, , is the transition probability for the k-tuple
of perspectives from time ¢ to time ¢t+1 assuming that the particular channeling
relation x occurred at time ¢.) Then, as in Equation 2.2, we can define the
kernel N, on EF.

Definition4.1.  For (e1,...,ex) € E¥, Ay x ... x A € EF,

Ne(er, ... er; Ay X ..o x Ay)
= Z T(e1,- s er; X)Ney(er,. .. en; Ay X oo X Ag)

xeZL (k)
= Y rlennemsx) [ Q®ewer s die) T 1a,(e)
xeZ (k) i€D(x) J¢D(x)

3 See Remark 5.9 of this chapter.
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If all our participators are kinematical with fixed action kernels @);, then we
can omit mention of t.

Notation 4.2.  We sometimes use the notation (Q1(¢), ..., Qx(t))r in place
of Ny, or (Q1,...,Qk), in place of N in the kinematical case.

With notation and hypotheses as above, the following definition is natural:

Definition4.3.  The standard dynamical chain generated by an ensemble of partic-
ipators is the canonical Markov chain with state space E¥, one step transition
probabilities Ny = (Q1(¢), ..., Qk(t))r, and starting measure §; ® ... ® .

Notation 4.4.  We denote the base sample space of this standard dynamical
chain by Q, or QF if we want to emphasize the particular value of k. Thus
(= QF) = (E*)*°. The chain, then, consists formally of the sequence of random
variables y(t): Q2 — E* (t =0,1,...), where y(t) = (y1(t), ..., yr(t)).

In this section we study certain aspects of the relationship between the
augmented dynamical chain and the standard dynamical chain for a given
ensemble of participators. The following diagram summarizes the basic setup:

augmented chain E* N,
Q= (E*xZ(k)> IO=(1 () ye (X®) ok (k)
lp’ lp:pr1 (4.5)
0 (Ek)oo y(t):(ylﬂ)"wyk(t)) Bk N,

standard chain

p’ is induced by p. To exercise the notation, let @ be an element of Q). We can
view @ as a sequence of elements of E¥ x Z(k) indexed by t, i.e.,

&= {(er(t), - -, enl), XO)}2.
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Then

§(1)(@)

e1(t), .. ex(t), x(t))
)

(er(t), .

(D@, (@), X(D(@)):
)

(

&>

{(ex(®), s en(t)}ia,

e1(t),...,ex(t)), etc.

p(@) =
y(t)p' (@) =

The top and bottom rows of diagram 4.5 represent the augmented and
standard dynamical chains respectively, for which the one step transition prob-
abilities are, respectively, Ny = (Q1(t), ..., Qx(t)), and N, = (Q1(t), ...,
Qr(t))~-

Now there is an abstract characterization of the structural relationship
between N; and N;, which does not follow merely from the simple relationship
between the state spaces of the two chains. It can be understood in terms of
general operations on kernels which we now introduce.

The first part of the following definition merely recalls the notion of “push-
down” of a measure, introduced in 2—-1. The second part then generalizes this
notion to kernels.

Definition4.6.  Let (U,U) and (V, V) be measurable spaces and let h: U — V
be a measurable function.
(i) If p is a measure on U, the pushdown of p by h is the measure hy,pu on V,
given by
hop(A) = p(h™1(A)), AeV.

Alternatively, for any measurable g: V — R,

/ (hots) (dv)g(v) = / u(du)(g o 1) (u).
174

U

(ii) If M is a kernel on U, the pushdown of M by h is the kernel h, M on U x V,
given by
(hoM)(u, 4) = M(u,h1(4)), A€V,

Again, we may restate this in terms of operations on functions:

(n-Mg)w) = [ M(w.du) goh(u). g€V,
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If u is a probability measure, so is h.p; if M is markovian, so is h,M.
The notion of composition of a measure and a kernel, or of two kernels, was
introduced in 6—1. We generalize it here.

Definition 4.7.  Let (U,U), (V,V) and (W, W) be measurable spaces. Let K
be a kernel on U x V.
(i) If p is a measure on U, the measure uK on V is defined by

uk(A) = / w(du)K (u, A), Ae€V.
U
(ii) If L is a kernel on W x U, the composition LK is the kernel on W x V
defined by

LK(w,A) = /UL(w,du)K(u,A), AeV.

As in 4.7, we may easily write down the effect of these compositions on
functions ¢: V. — R. Also, if u is a probability measure and K and L are
markovian kernels, then pK is a probability measure and K L is markovian.

Combining these definitions we have the following;:

Definition 4.8.  Let (U,U) and (V,V) be measurable spaces with h: U — V
measurable. Let M be a kernel on U and L a kernel on V' xU{. The L-pushdown
of M by h is then the kernel hZM on V, defined by

(R M) (v, A) = (L(h.M))(v, A)
= / L(v,du)M(u,h"1(A)), ueUAcV.
U

We wish to use this construction to relate the kernel N; on E¥ (in place
of M on U) to the kernel N; on E¥ (where E* replaces V). The role of h is
played by p = pr; on E* while that of L is played by T as in 2.4. As mentioned
in 2.4 we will, however, write just 7 in place of 7, viewing the 7-distribution

ok
as a kernel on E¥ x £ . Pictorially,
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Ne:BF % " 0, 1

EF xT(k)= EF B x & [0, 1]
lprlzp
E* pIN: EF x €8 — [0, 1]

Using Definition 4.8 we get the kernel p] TN, on EF:

DT Ni(e, A) = / e, de)p. N (&, A).
Ek

Intuitively, the above pushdown consists in averaging the values Ny (-, p~1(A))
with respect to the measure 7(e, ). Now the measure 7(e,-) is concentrated
on the fibre p~{e}; recall that this fibre may be viewed as a copy of Z(k).
Thus pINt(e, A) is an expectation of the values p*Nt(e, Xo0; 4) with respective
weights 7(e, xo). These values can, in turn, be related to the objects Ny,
(Proposition 1.3) as follows. We claim that, for any A € £*,

p*Nt(e, X0; A) = Ni v, (€5 A). (4.9)
For (suppressing the subscript )

p«N(e, x0; A) = N(e, xo;p" ' (A))

=N(exos |J Ax{x})
x€ZL (k)

= > NlexoiAx{x})
x€L (k)

= Z /NXO(e;de’)T(e’;x)
xeZ(k) "

/ (e:de)r (e T(k))
/ (e;de’) = Ny, (e; A).

Taking the expectation of this over all xo € Z(k) with respect to the measure
7(e; ), we recover the transition probability N;:

Proposition 4.10. pTN, = N,.



156 FORMAL DYNAMICS -4

Proof. 7(e,) is concentrated on p~*{e}, which is a copy of Z(k), so that the
7T-pushdown of N; via p is a sum:

PLIN)(e; A)

= > 7(eix0)Nyo(e; A) by (4.9)
xo€Z (k)
= N(e; A) by Definition 4.1. |

The previous proposition describes the “algebraic” relationship between
the kernels N and N. However, this by itself does not completely clarify the
probabilistic relationship between the augmented and the standard chains. To
achieve this further understanding, we first recall from chapter two the notion
of regular conditional probability distribution, expressed in terms of the algebra
of pushdowns and compositions. Using the notation of 4.7, we may state the
criteria for a kernel K on V x U to be a version of the rcpd of a measure p on
U with respect to h:

(i) For h,pu-almost all v, K(v,-) is a probability measure concentrated on
h=H{v}.
(i)
w=(hsp) - K. (4.11)

In this case we write K = m} and
b= (hos) - (112)

Now consider the measures Nt(y,XO; -) on EF for fixed y and yo. Their repd
decomposition is, if it exists,

Ni(y, x0: ) = [P Na(y, xo0; )] [ml) #x07)]

0 _ (4.13)

= [Nixo (3 )] [ x0s)]
by 4.9. The measures Ny ,,(y;-) in general differ for different values of y and
Xo. However, the “orthogonal” parts of the decomposition do not depend on

y and xo.

Proposition 4.14.  For any § € E*, mlj,v(g;‘) = 7. (As in Proposition 4.8,
for simplicity of notation we have suppressed the subscript ¢ in N;; and we

ok
continue to view 7 as a kernel on E¥ x & — [0, 1] as in 2.4.)
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Proof. In view of 4.11 and 4.13, we must show that, for § = (y, xo) € E¥,

N(@:+) = Ny, x0:")
= Ny, (y; dw T(w, -
R )/pl{w}< )

by 4.8. Tt is enough to verify this formula applied to sets of the form A x {x1},
with A € ¥ and y; € Z(k), since any measurable set in & is a finite union of
such sets. Thus, we are to show

N Ax fap) = [ Mol dw) [ ol @)

Recall now that 7(w; d2) = 7(w; x)dx where dx denotes counting measure on
p~Hw} = {w} x Z(k). Thus the right hand side of the last equation may be
written as

/ y, dw Z T('w§ X)1A><{x1}(wv X)
x€Z (k)

/ o (y; dw)T(w; x1).

Thus our original equation is seen to be

NG Ax{x1}) = / o (Y5 dw)T(w; x1)

which is the same as Definition 3.2. |

In the next section we consider the general setting in which the proba-
bilistic significance of 4.9 and 4.14 is clarified.

5. Descent of Markov chains

We now consider the concept of descent of a Markov chain. Suppose we have
a Markov chain whose base space is the probability space (B, B, p), whose
filtration is {G:}, and whose state space is (U,U). The random variables of the
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chain are denoted by u;: B — U, t=0,1,2,.... Now let h: (U, U) — (V,V) be
a measurable function, and let v; = h o u;.

B =5 U
(N lh
v

The sequence {v; }, along with (B, B, p) and the natural filtrations {o(vo, ..., v¢)},
forms a stochastic process.

Terminology 5.1.  The Markov chain {u;} descends via h if the stochastic
process {v;} is also a Markov chain.

The distribution of v; is induced by h from the distribution of u;: If A € V
then p(v; € A) = p(us € h=1(A)). In particular, if the starting measure of the
chain {u;} is v, that of {v;} is h.v. A well-known condition for the descent of
a chain is expressed in the following definition and theorem:

Definition5.2.  Given a bimeasurable h: U — V and a kernel M on U, we will
say that M is h-respectful if, for any A € V, M (u1, h=1(A)) = M(uz, h"1(4))
whenever h(u1) = h(uz). Associated to such an M is a kernel on V', denoted
Ry M and defined by

Rp,M(v,A) = M(u,h ' (A)) = h.M(u, A)

for any u € h=1{v}.

Remark 5.3.  The bimeasurability of h ensures that R M is indeed a kernel
on V. The h-respectfulness of M is equivalent to the condition that h.M (-, A),
defined in 4.6, is constant on fibres of h: we have

hoM(u, A) = R, M(h(u), A).
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Example 5.4.  Suppose f:U — [0, 00] is measurable. This gives us a kernel
Iy on U defined as follows:

Ip(u,du’) = f(u)e,(du').

These are the simplest kernels; in particular, f could be 1 for a measur-
able subset C' of U (in which case we write I¢ for I, ). The kernel I, then, is
h-respectful if and only if f is measurable with respect to the o-algebra h*V
of h, i.e., if and only if there is some measurable function g on V' such that
f =goh.? For then, if A € V,

I(u, K1 (A)) = f(w)p-10a) (u)
= g(h(u))1a(h(u))

so that respectfulness holds. Furthermore,

RhIf = RhIgOh = Ig,

where I, is thought of as a kernel on V. In the special case where f = 1¢, the
condition for respectfulness amounts to saying that C' = h=1(C") for some sub-
set C’ of V; the measurability of C’ being a consequence of the bimeasurability
of h. In this instance

RhIC = RhIhfl(C/) = IC/-

Respectfulness allows us to prune the state space from U to V, a space
which more efficiently carries the essential information of the kernel.

Theorem 5.5.  With notation as above, suppose that {u;} is a Markov chain
with respect to the family {G:} of subo-algebras of B on B. Suppose that the
one step transition probabilities M; of the chain are h-respectful. Then the
chain {u;} descends via h; the one-step transition probabilities Ry M; of the
chain {v;} are given, for v € V and A € V, by

RhMt(U’ A) = Mt (U'a h_l(A))7

4 See Parthasarathy (1977, Proposition 44.1) for a proof of this statement.
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where u is any element in h=!'{v}. Moreover, {v;} is a Markov chain with
respect to the same sequence {G; } of o-algebras on B (and not just the sequence

{o(vo,...,v:)}).

The condition of the h-respectfulness of the {M;} is sufficient for the
chain {u:} to descend via h, but it is far from necessary. In fact, we now state
a different sufficient condition. In this case the chain descends in a slightly
weaker sense: The {v;} is now a Markov chain only with respect to the subo-
algebras {o (v, ..., vt)} of B, and only when the measure on B is of a special
type. It is worth mentioning that the two conditions on the {M,;} appear to be
completely independent, having in common only that they are both sufficient
for the descent of the chain.

As before, let (U,U) and (V, V) be measurable spaces and let h: U — V be
a measurable function. Suppose we are given a family {M;}1—01,2,... of kernels
on U. In particular, for each ¢ and each w € U, My(u,-) is a measure for U.
In principle we may then consider the rcpd’s of these various measures with
respect to h, i.e., we may consider the kernels

mhM‘(u"): V xU —1[0,1].

These rcpd’s may not exist in the most general situation, but they will exist,
for example, if (U, ) and (V, V) are standard Borel spaces.

Definition 5.6.  The family of kernels M = {M,} is h-decomposable if there
exists a single kernel m on V' x U which is, for each v € U and ¢t > 0, a version
of the repd of My(u,-) with respect to h. We will speak of m as a “common
repd” of M.

We also speak of the h-decomposability of a single kernel, with the obvious
meaning.

In case of h-decomposability, the kernels A" M, on V' defined in Definition
4.8 are naturally associated to M;; we will denote them also as Dy M; when
there is no confusion regarding the version of common rcpd being used. Then

DhMt(v,A):hTMt(v,A):/Um(v,du)Mt(u,h_l(A)).

Example 5.7.  The family of kernels {N;}, which are the one-step transition
probabilities of an augmented dynamical chain, is p-decomposable, where as
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usual
p: EF - EF

is projection. Indeed, by Proposition 4.14 all of the rcpd’s of the measures
Ni(§, ) are equal to .

One might ask under what conditions the kernels I¢, defined in 5.4, are
h-decomposable. A calculation shows that this happens only in a somewhat
trivial case. Namely, the support of f must lie within the set of those u € U
through which the fibre of h is the singleton {u} itself. In this case a common
rcpd m of Iy may be described as follows. Suppose h:V — U is a “measurable
section of the fibre bundle defined by h: U — V.” That is, h(v) € h~*{v} for
all v € V. Then a version of the common rcpd of the measures ¢ (u, -) is given
by

m(v,du’) = e, (du’).

The function f, supported as it is only within the singleton fibres of h, is an
h-measurable function. As such, there is some measurable function g on V
such that f = goh. A computation then shows that in fact

Duly = RyI; = 1I,.

However, we will see in Proposition 8-4.15 that the h-decomposability of a
kernel K implies the h-decomposability of the product I;K for any f > 0.

In general, suppose we have a family {M;} of markovian kernels which
we are interpreting as the one-step transition probabilities of a Markov chain
{us} with state space U. Thus u;: B — U, for t = 0,1,2,..., is a random
variable defined on the base probability sample space B. In this case M (uy, -)
is the conditional distribution of ws1 given u, and so the h-decomposability
of {M;} has the following interpretation: for all ¢, the conditional expectation
of ury1 given h(ugt1) is independent of ;. In statistical terminology, we can
say that for each ¢ the statistic h of the random variable w14 is sufficient for
the “parameter” wu;.

From this point of view the p-decomposability of the {Nt}, and, indeed,
the conclusion of Proposition 4.14 itself, becomes intuitively clear given the
definition of the 7-distribution. Namely, the fibres of p: E¥ — E* are all copies
of Z(k). At any time ¢ the measure on Z(k) which describes the conditional
distribution of the augmented state é;11 = (€141, Xt+1), given p(é;) = ey, is
7(p(és),-) = T(et,-). And this depends only on the value e; in E¥, and not on
Xt per se.
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Theorem5.8. ° Let (B, B, p) be a probability space and let (U,U) and (V, V)
be measure spaces. Let {u;}, t =0,1,2,... be a Markov chain in U with base
B, and with one-step transition probabilities given by the family of kernels
{M;}. Let h:U — V be measurable and let v; = h o u;. Suppose that the
family {M;} is h-decomposable; let 1) denote their common rcpd with respect
to h. Let v denote the starting measure of the chain, i.e., v = ug.(p), the
distribution of ug. Suppose that ¥ is also the rcpd of v with respect to h.
Then {v;} is a Markov chain in V' with base (B, B, p), transition probabilities
hY (M), and initial measure h,v.

Remark 5.9.  The terminology means that {u;} is a Markov chain with
respect to the increasing family {o(ug,...,us)} of subo-algebras of B, while
{v:} is a Markov chain with respect to {o(vg,...,v:)}.

Before turning to the proof of Theorem 5.8 we will first recall some basic
facts about the canonical chain.

Let Q = UxUX...; a typical element of 2 will be denoted w = (g, 1, . . .).
Let F denote the o-algebra of 2 generated by “measurable rectangles,” i.e., by
sets of the form Ay x A1 X ..., where the A; are in I/ and only finitely many of
them are different from U. Given the kernels {M;} and the starting measure
v on U, we construct a measure M, on (9, F) as follows:

MV(AO X A1 X )

5.10
= / v(dzg) Mo(xo,dxl).../ My_1(xp_1,dxy,) . ... ( )
Ag A, Anp

Let X3: Q2 — U denote projection onto the tth factor, ¢ = 0,1,.... Let
Fi = o(Xo,...,X:) be the smallest o-algebra on Q with respect to which
the Xo, ..., X; are measurable. F; is then the subo-algebra of F generated by
those measurable rectangles of the form A; x ... x A; x U x U x .... Then we
have

Proposition 5.11.  With these hypotheses and notation:
1. The distribution of Xy is v.
2. {X;} is a Markov chain with base (2, F, M,) (with respect to the subo-
algebras F;) with one-step transition probabilities {M;}. It is called the
canonical chain for those M; with the given starting measure v.

5 We are indebted to D. Revuz for informing us that a related result for
continuous time may be found in Pitman and Rogers (1981).
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3. Suppose (B, B, p) is a probability space and {u;}: B — U is a Markov
chain with the same transition probabilities {M;} and starting measure
uo«(p) = v. Then there is a unique (p-a.s.) measurable function ¢: B — Q
such that X;o0¢ = us (p-a.s.) and ¢.(p) = M,,. This is called the universal
property of the canonical chain.

Proof of Theorem 5.8.  In view of the universal property of the canonical
chain, we may assume that (B, B, p) = (2, F, M,). We will still use the nota-
tion {u;} to denote the random variables defining the chain; u;: Q — U is now
projection on the tth factor. We still denote vy = howu;. Let G; now denote the
subo-algebra o (v, ...,v;) of F. Concretely, G; is generated by all measurable
rectangles of the form h™1(Ag) x ... x h™1(A) x U x U x ..., A; € V. We will
temporarily denote h}f’Mt by K. Pictorially,

M, 0 2 U v, M,
V¢ \ lh
V K, =h¥M, = D, M,

Under the assumption that all the repd’s of the M;(u, ), as well as that
of v, are equal to ¥, we are going to show that {v;} is a Markov chain with
one step transition probabilities { K;}. Thus we must show that for any ¢ > 1
and any V-measurable function f on V,

(Ki—1f)(vi—1) = E[f (v)|Ge—1] My — a.s. (5.12)

where E = E), denotes expectation with respect to the measure M, on Q. To
prove this, since (K;—1 f)(vs—1) is clearly G;_1-measurable, it is enough to show
that for any A € G;_1 of the form A = h=1(Ag) x ... x h™ 1 (A1) xUxUX...,

/M (dw) (K1 f) (ve—1( /M dw) f (v¢(w)) . (5.13)

Now f(vi(w)) = (f o h)(u¢(w)). Since A € G4 C Fy_1, the right side of 5.13
may be written

/M (dw) (f © h)(us(w /M (dw)E[(f o h) (u)| Fr1](w).

But since the Markov chain {u;} has transition probabilities {M;}, 5.13 be-
comes
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/ M, (dw) (Koo f) (h 0 w1 (@) = / My (deo)My—y (f o h) (up—s () -
A A
(5.14)

In view of the definition of the measure M, (as in (5.10)) and the set A,
the integrals in (5.14) can be written as iterated integrals in the variables
ug, - - ., Us—1 successively. Since the integrands involve only u;_1, to show the
integrals are equal it suffices to consider only the last iteration on each side,
i.e., it suffices to show

/ M_o(u—a, dur—1) (Ki—1f) (h(ui—1))
h=1(Ar_1)

:/ My _o(up—o,dug—1)(Mi—1foh)(u—1)
h=1(Ac_1)

where A;_1 € V and u;_1, uz_o € U are arbitrary. Note that if t —1 = 0 we
must be careful to interpret the symbol M;_o(us—3,-) (which is then, a priori,
meaningless) to be the measure v(-). In other words, we must prove

[ Misfudo) (Kiaf) (@) = [ Miafu,do)Mi (f o) o),
h=1(C) h=1(C)
(5.15)
where C € V, u € U, z is a variable on U, and M;_s(u, -) is defined to be v(-)
ift—1=0.
We now evaluate the left side of 5.15. Recalling Definition 4.6(ii), we see
that

/h o M2t ) (Ko f) (b))
_ / My, dz) 1 (h(x)) (K1 f) (h(z))
_ / ho My—o(u, dv) (Ki—1 f) () 1o (v)
- /h*Mt,Q(u, dv) (WY My_1f) (v)1c(v)

by definition of K;_;. By Definition 4.8, this is the same as

/ ha My _o(u, dv)/ (v, dz)My_1(f o h)(x).
c

lc(v)
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Now we use the fact that, for any u, v is the rcpd of M;_o(u,-) with respect
to h. Since (v, -) is supported on h=*{v}, 1¢(v)¥ (v, dz) is the same as

w(v,dx)lh_l(c) (z).

Thus the above integral is

[ Miawde)Mia(f o ) (o)
h=1(C)
But this is just the right hand side of (5.15) above. |

The conditions of h-respectfulness and h-decomposability thus allow us
to compute the transition probabilities of the descended chain. In case of
descent via h, the distribution of vy = h(u;) is given by h.(vMoMj ... M,);
if the descent is respectful or decomposable we may explicitly express this
as hyv - RpMy - Ry My ... RyM; or hyv - Dy My - Dy My ... Dy M, respectively.
Further discussion of the descent conditions may be found in 8-3.

6. Summary of formulae

A. Pushdowns

hap(A) = p(h™(A)) (4.6(4))
ho M (u, A) = M(u, h~'(A)) (4.6(ii))
hEM (v, A) = (L - ha M) (v, A) (4.8)
B. Descents
(1) Respectful
RyM(v,A) = h M(u, A), ue€h *{v} (5.2)

(2) Decomposable

DpyM(v,A)=m-h,M, m= mz/[(u"), Yu (5.6)
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C. Initial measures
(1) Standard

€A = (@ ®... 0 6)(A)
= [ &l iatn . om). Ace

(2) Augmented

EAx ) = [ satr, At xeT®) (4)

D. Transition probabilities
(1) Fixed channeling

NtX e, A / H Qze ex z)adyz) H 66j(dyj) (13)
i€D(x) J¢D(x)

(2) Augmented

Fifeoxaid x ah) = [ Mo (sdnla@)rin).

e € E¥; A€ &¥ xo,x1 € Z(k)
(3.2)
(3) Standard

Ni(e;A) = Y 7(esx)Niy(e;A), e€ EF, Acér (4.1)
xeZ (k)

Nt = PINt = DpNt (414)



