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Abstract

We propose a notion of predictive models that extends the corresponding notion generally
used in computational mechanics. We show that this extension allows for hidden Markov
models that are more concise than the corresponding e-machines. Thereby it provides
more consistency with related theories such as Jaeger’s theory of observable operator
models. Furthermore, e-machines turn out to be minimal within the usual context of
predictive models.

Keywords: hidden Markov models, computational mechanics, e-machines, observable op-

erator models, prediction

1 Introduction

1.1 Predictive models theories

This paper is mainly about computational mechanics, a theory introduced and further devel-
oped by Crutchfield and coworkers [Crutchfield and Young, 1989, Shalizi and Crutchfield, 2001,
Ay and Crutchfield, 2005, Still and Crutchfield, 2007]. It deals with the following problems:
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Having an observed stochastic process, what is the best stochastic automaton, sometimes also
termed hidden Markov model, in the sense of minimal size and maximal predictive power? If
such automata exist, is there a way of explicitly constructing them? In the context of these
two problems, the so-called e-machine and its construction have been proposed as the optimal
solution.

Similar approaches have been considered by Heller [Heller, 1965] and later also by Jaeger
[Jaeger, 2000] within a more general algebraic setting. It turns out that Jaeger’s theory of so-
called observable operator models (OOM) provides a constructive method for models that are
in general more concise than the corresponding e-machine. On the other hand, although their
mathematical structure represents given stochastic processes in the most natural way, OOMs
do not always allow for a probabilistic interpretation as hidden Markov models. Therefore,
sometimes their operational nature remains unclear. If an OOM satisfies a particular geomet-
ric condition, which is quite intricate and specified in [Heller, 1965], then it does allow for an
interpretation as hidden Markov model. This dependence on a geometric condition compli-
cates the explicit construction of stochastic automata that have a clear operational meaning.
In this regard, the e-machine construction within computational mechanics is easier to handle.
But the assumptions for the minimality of e-machines clearly require further specification.
There are examples in which the OOM construction provides very concise hidden Markov
models, whereas the e-machine has infinitely many hidden states, so-called causal states. An
example for such a hidden Markov model is given in Section 3.2. Therefore, minimality of
e-machines can only be claimed within classes of models that satisfy appropriately chosen
operational constraints.

This paper makes a step towards revealing these constraints by exploring the generative na-
ture of prediction. We propose a natural notion of predictive models that is less restrictive
than the one currently applied in computational mechanics. Extending the class of models to
this larger class already allows us to have predictive hidden Markov models that are smaller
than the corresponding e-machine. Recently, one step towards such an extension has been
made in [Still and Crutchfield, 2007]. The focus of that paper lies more on the trade-off be-
tween predictive power and model size based on the bottleneck method [Tishby et al., 1999]
and therefore allows for some prediction error. We show in the present contribution that,
however, this extension also is necessary for having concise models with maximal predictive
power. On the other hand, it improves the theory only in combination with our notion of
predictive models.

Before going into the slightly technical details of the paper, in the following section we discuss
the main idea in a somewhat simplified setting. Thereby we provide a more intuitive sketch
of the structure and the main results of the paper.

1.2 The main idea of the paper

We consider a pair X, and Xf of discrete random variables, which we interpret as past
and future observations. Not all information of X, is necessary for predicting X¢, so that
one tries to compress the relevant information in a memory variable M via a memory map
mem. This is shown in Figure 1. Now, computational mechanics assumes so-called predictive
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Figure 1: Memory map mem that compresses the information contained in X, about X¢

memories (termed prescient in [Shalizi and Crutchfield, 2001]), which are intended to capture
the information of the past that is necessary for predicting the future. This is formalized by
the requirement

I(M : X¢) = I(Xp : X¢), (1)

where I denotes the mutual information between two variables. It ensures that given the
memory state, one knows everything about the future that can possibly be known based on
the past. The mutual information I(X, : X¢) between past and future is related to a complex-
ity measure which is known as effective measure complezity, excess entropy, and predictive
information [Grassberger, 1986, Shalizi and Crutchfield, 2001, Bialek et al., 2001]. We dis-
cuss the requirement (1) in Section 3.1 within the setting of stochastic processes. It turns
out that (1) is a strong requirement which is not necessary for optimal prediction and can be
relaxed in a very natural way. Therefore, we call memories that satisfy (1) strongly predictive.

We feel that an appropriate notion of a predictive memory has to take into account the
operational nature of prediction performed by a process that generates a future )Zf with the
same statistical properties as the real future X¢, given the past X,. In Section 2.1 we specify
the generating process gen in more detail. According to our view, the diagram of Figure 1
should be extended as shown in Figure 2. We call a memory predictive if it contains sufficient

Xp X

mem Xr

M

Figure 2: Memory map mem together with a generator gen, which generates )N(f as a version of Xy
that is indistinguishable from Xf based on X,

information for generating a future trajectory that is indistinguishable from the real future
trajectory based on the observed past. More precisely, we assume for all past trajectories
(“histories”) xp with positive probability and all future trajectories ¢ the following equality:

P(Xt = a5 | Xp = 2p) = P(X¢ = a5 | X, = 2p). (2)



The corresponding definitions in the setting of stochastic processes are given in Section 2.2.

Restricted to the situation where the map mem is a deterministic function of X, both notions
of predictive memory turn out to be equivalent (Proposition 3.4). We see the difference only
in the case where the memory mem is allowed to be a stochastic map, which corresponds
to the extension made in [Still and Crutchfield, 2007]. Within this extension the e-machine
turns out to be minimal (Proposition 3.5). On the other hand, in order to be effective in
the sense of allowing for more concise models than the e-machine, this extension has to be
combined with our notion of predictive memory. We make this statement more precise in
Proposition 3.5. In general, every strongly predictive memory mem, which is assumed to
satisfy (1), is in particular predictive but not vice versa (see the example at the end of this
introduction, and Proposition 3.4 within the general setting). Our relaxed notion of predictive
memories extends the set of models that can be used for prediction and thereby provides the
possibility of more concise models for stochastic processes. Example 3.6 provides a minimal
hidden Markov model that is contained in the extended class but not in the class of strongly
predictive models, which is usually considered in computational mechanics. This model with
two hidden states can be obtained by the OOM construction method, whereas the e-machine
requires infinitely many hidden (causal) states.

We close this introduction by giving the following instructive example of a memory that is
predictive but not strongly predictive, and which is extended to the setting of stochastic
processes in Example 3.3: We assume that all variables have values 0 or 1, that is zp, z¢,m €

{07 1}7

, ifxe=x,

P(Xp=1p) = 3 and P(Xf=ur| Xp=1p) = : :
. ifxe £y

Pl SN [SY]

We define the memory map to be the kernel from X, to X, i.e.
mem(zp; m) = P(Xf=m | X, = zp).

Obviously, this memory is predictive in the sense of our definition (2). As corresponding
generator gen we simply choose the identity map which copies the state of the memory into
the future variable. On the other hand, this memory mem does not satisfy (1) and is therefore
not (strongly) predictive in the usual sense of computational mechanics. This can be seen as
follows: We have the joint probabilities

S if e =
P(M:m7 Xf:JJ‘f) - {136’ lfxf m and ]P’(Xp:xp, Xf:xf) = {
16 ifze#m

if xp, = xf

, if xp # af
and the corresponding mutual informations
IM:Xs) = 2In(3)+2In(2) < 2In(3)+ i) = I(X, : Xy)

which violate (1).



2 Predictive models of stochastic processes

2.1 Generating a process

Before suggesting our notion of prediction, we first consider the task of generating a process.
Generating a predicted future based on memory states is a crucial part of our understanding
of prediction. We assume a finite set D (state space of the generated process), a countable set
M of memory states (also called internal states) and a Markov kernel, which we call generator:

gen: M — P(D x M),

where P(D x M) is the set of probability measures on D x M. We use the notation gen(m; z,m)
to denote the probability of the pair (x, ) with respect to gen(m). Together with an initial
probability distribution x4 on the memory states M, this kernel generates a stochastic process
Xk, k € N, on D and a process My, k € Ny := NU{0}, on M in the following way: Being in a
memory state at time k, it (stochastically) produces a new memory state at time k + 1 and,
at the same time, emits a symbol from D. This is shown in Figure 3.

Mo ——> My —— My e Mp_1 —— My

NN

Figure 3: The process of generating memory states M} and emitting observable states X k

.............. Xr1 Xr

The joint distribution is computed according to

T
P(Mpo.) = mpo), X =2pr,) = mlmo) [ ] gen(me—rs ze, my),
k=1
where we use the notation [0, 7] for the discrete interval {0,...,7T"} and M 1] = mp g for
My = myg,...,Mp = mp. Similarly throughout the paper we also use the notation Xt to

denote a stochastic process Xi, k € T, where T is the time set of the process.

Definition 2.1 (generating a process). Let Xy be a stochastic process on D. We say that
gen generates Xy if there exists an initial distribution for gen such that Xy has the same
distribution (the same statistics) as Xy.

2.2  Our prediction setting

We use generators as models for the process of prediction. The initial distribution is computed
by a memory map from past observations and contains the information of the history. To
avoid measure-theoretic technicalities due to an uncountable set of infinite history trajecto-
ries, we allow only finite but varying length observations. Unfortunately, the variation leads



to some notational technicalities, especially in Section 3.1.

Throughout this article, we consider a stationary stochastic process Xy, the observable pro-
cess, with finite state set D. Note that, since X7 is stationary, it is uniquely determined by its
restriction to positive times. For the task of prediction we assume that the outcome of Xy is
known for some finite but arbitrary past time interval [—t+1,0]. Based on these observations,
a generator is used as a mechanism for generating an outcome of X fl,T] as prediction of the
real future outcome Xy 77. The situation is illustrated in Figure 4 and made more precise by
the following definitions.

Xit41,1)
X pog Xy X7, Xr
\\ ______________ Xﬁ“—l Xi%
- Ml - M2 .............. M:tF—l

Figure 4: The process of generating X [tl 7] a8 prediction of X|; 7 based on the past trajectory which
is fed into the memory M

Definition 2.2 (memory). A memory (map) mem assigns to every history Tl_41,0] € DI-t+1.0]
of arbitrary but finite length ¢ a probability distribution on a countable set M of memory
states:
mem: D* := | J DIFFHO — p(Mm).
teNp
Note that D* also contains the “empty history,” which corresponds to not having observed
anything.

We use the memory map mem and a generator gen: M — P(D x M) to define random variables
M}, and X as shown in Figure 4. For every history length t, X|_;,; ¢ and mem induce a
random variable M* = M{ with distribution

P(M" =m | X[_y41,0] = T[_41,0) = Mem(z[_yy1,0)5 M)

Now we can start the generator gen in the memory state M{ and obtain the predicted pro-
cess X}, on D as well as a process of internal states Mﬁlo on M with the joint (conditional)



distribution

P(Mfy 7 = mpor), X =201 | Xcer10 = Tot41,0)
T

= mem(x(_s11,0; mo) | [ gen(mu—1; zx, my).
k=1

Definition 2.3 (predictive model). We call the memory map mem predictive (w.r.t. Xz) if
there exists a generator gen: M — P(D x M), such that for all £ and all z|_, o satisfying
P(X[_t11,0) = T[=t41,01) > 0 the following equality holds:

P(Xpm) | Xice1,0) = Tmgr0) = PXb | Xm0 = Torg10)  forall T

We then call the pair (mem, gen) (predictive) model of the process Xy.

This definition of a predictive memory corresponds to the requirement (2) which we already
discussed in the introduction. To summarize, if we have a predictive model and a finite in-
terval of observations with arbitrary length ¢, we use the memory map to (stochastically)
produce an initial value M ! for the generator. Then we apply the generator to produce a
predicted future X fl,T} that follows the same statistics as the “real” future X[; 7, conditioned
on the observations X[_;;10]. It is important that the generator must not depend on the
length t of the history.

In the next section, we relate our notion of a predictive model to the definition used in com-
putational mechanics. Before doing so, we give an example showing that one can always find
a predictive model of a stochastic process, namely the e-machine of computational mechanics.
This important example is also used in Proposition 3.5 and Example 3.6.

Example 2.4 (s-machine). In computational mechanics, the e-machine is defined on the
so-called causal states. These are defined as equivalence classes of observed histories. Usually
these histories are assumed to have infinite length, but finite length histories have also been
considered (e.g. [Feldman and Crutchfield, 1998]). In our setting with finite observed histo-
ries, the identified histories may have different lengths. The equivalence relation identifies
histories with the same conditional expectation on the future, i.e. x[_s411,] ~ x’[_ s+1,0] if and
only if!

P(Xp1y | Xi—t41,00 = Tj—t41,0) = PXpm | Xmsgr,0 = 33/[_3+1,0}) for all 7' > 0.
The causal state of x[_, 1y o) is given by its equivalence class

C(T(—g41,0) = {$/[—s+1,0} | s € No, "E/[—S+170} ~ Tt }-

"We assign histories with probability zero, i.e. P(X|_¢11,0) = T[—¢t+1,0]) = 0, to arbitrary equivalence classes.



As memory set, we take the set Mg := Im(€) := { C(T[—141,0) } of causal states. The memory
function mem¢ assigns to a history x_;1; ) the Dirac measure in the corresponding causal
state €(z(_y41,0)); i€ mem¢($[_t+170}; Q:(ZE[_H_LO})) = 1. To get a predictive model, we also
need a generator. By w[_;; g, we denote the history y;_; g of length ¢ + 1 obtained by
appending the symbol = to x_;11 ], i.e. yo = = and y_ = x_g41 for k = 1,...,¢t. Note
that if €(z_y11,0)) = (’:(x’[_SJrLO]), we also have &(x[_4q1,07) = (‘Z(a:’[_sH’O}a:), provided that

T[_441,0) and x/[ have positive probability. This is true because

—s+1,0]

P(Xo =, Xum | Xi—t,-1 = T[—t41,0)
P(Xo =2 | X[_y—1) = T[—t41,0)

P(Xpm | X0 = Tl—t41,07) =

and Xz is stationary. Therefore, the following generator (the e-machine transition) is well
defined:

geng(m; x,m’) = {

where x[_y, 1 ¢] is any history with positive probability and &€(z(_;1;,0)) = m. We obtain

P(X1 =2 | X[—41,0 = T[—t41,0)s if E(2[_yq1,092) = m/

. )
0, otherwise

S

P(f(fﬁlﬂ = T,1] | X[—t+1,0] = $[—t+1,0})

Il
i~

gene (C(z_ip1,0%1 - Th-1); Tk, C(T[_p11,0)71 - Tk))

e
Il
—

Il
=

P(X1 =2k | X[ot—k42,00 = T[—t41,0071 *** Tp—1)

e
Il
—

(stationary)
= ]P(X[I,T] = 21,7 ’ X[—t+1,0} = x[—t+1,0])'

Thus (memg, geng) is a predictive model.

As a pair (mem,gen), a predictive model (of X7z) in particular provides the generator gen,
which generates the restriction Xy of the process Xz to positive times in the sense of Defini-
tion 2.1. The appropriate initial distribution is given by the memory map for t = 0. In the
following proposition we show the converse of this statement: Every generator which gener-
ates the positive time restriction Xy can be used in a predictive model with an appropriate
memory map. In particular, if the number of memory states in M is large enough to allow
for generating the positive time restriction of the process, it is also large enough to admit a
predictive model of X7.

Proposition 2.5 (generator as predictive model). Let gen: M — P(D x M) be a generator
that generates the positive time restriction of the process Xyz. Then there is a memory map
mem: D* — M, such that (mem, gen) is a predictive model of Xz.

Proof. Let the initial distribution for gen be such that )Z'N has the same distribution as X.
Define for all z|_;, g with positive probability

mem(z(_sy1,0p m) = P(My =m | )N([l,t] = T(_t11,0])-

8



The case t = 0 is clear because of the fact that )Afl% and )ZN have the same distribution.
Therefore, let t > 0:
P()N(E,T} | X[—t+l,0] = x[—t+1,0])

= ZP(MS =m | X110 = x[—t-ﬁ-l,O])P(jZ{LT} | M§=m, X|_1410] = T[—t41,0])

= Z mem($[_t+17o}; m)P(ifLT] | MS = m)

= ZP(Mt =m | X[l,t} = x[—t-ﬁ-l,o})P()z[t-i-l,t-‘rT] | My =m)

(assumption)

= P()Z[t+1,t+T] ’ X[l,t} = x[—t—i—l,O}) = ]P(X[t—i-l,t—i-T] ’ X[Lt} = x[—t+170})

(stationary)

P(X7 | Xi—t41,0) = T[—t41,0)>

where we used that X {LT

of X[l,t] given M;. O

} is independent of X|_;10] given M{ and X t+1,t+7) 18 independent

3 What does “predictive” really mean?

3.1 Predictive versus strongly predictive memories

As we already mentioned in the introduction, our concept of a predictive memory map dif-
fers from the concept usually discussed within computational mechanics. There, one tries
to compress the observed sequence x|_;; 1) by the memory map and requires that, at the
same time, no information about the future x; 7y (for all T') that is contained in the history
T[_¢41,0 18 lost. In the situation where all observed histories have the same length, which
in computational mechanics is usually assumed to be infinite, this means requiring that the
mutual information between history and future is equal to the mutual information between
the memory M and the future, similar to the requirement (1) of the introduction. In our
present setting of finite varying history lengths, however, we do not have a single memory
state at time zero, but for any history length ¢ a different memory state M*. Simply assuming
the information equality for every history length t separately, i.e.

I(M*: Xnr) = I(X—1,0 0 Xjiym) for all T and all ¢, (3)

is a weak requirement which does not provide the correct correspondence to (1) in the con-
text of computational mechanics for finite but varying observation lengths. For memory maps
satisfying (3), the information about the future need not be contained in the memory state
alone, but also in the particular observation length ¢. The same memory state m can have a
completely different implication on the future if it results from different history lengths (see
Example 3.1). Therefore, we have to assume that the memory keeps all information about
the future without the additional knowledge of t. We give two equivalent versions of the right
correspondence to (1).



First, we simply assume, in addition to (3), that conditional probabilities of the future given
a memory state do not depend on the observation length . More precisely, given m € M, we
assume that P(Xp; 77 | M* = m) is independent of ¢, whenever P(M* = m) > 0. Since (3) is
equivalent to

P(X117) | X(—tr1,0) = Zotg1,0) = P(Xpp | M* =m)

whenever P(X[_;110 = Z[_441,0, M" = m) > 0, we finally get the following condition as
correspondence to (1):

P(X[—t11,0] = T[—t11,0, M'=m) > 0, P(M*=m) > 0
= PXju 7y | Xcth1,0) = 2oty1,0) = P(Xpg | MP=m) forall T. (4)

As a second definition, which is equivalent to (4), we provide a t-independent version of (3).
To this end, we imagine that ¢ is determined randomly by a Ny-valued random variable 7
which is assumed to be independent of all other variables. We call such a variable 7 random
time variable. Combining the family of memory variables M, t € Ny, with a random time
variable 7 we get a new variable M7 which is equal to M precisely when 7 = t. We require
that, for all random time variables 7, the corresponding M7™ contains maximal information
about the future, even if we don’t know the value of 7. More precisely,

I(M™: Xji)) = I(X[—741,0: Xprp) for all T € N and all random time variables 7 (5)

Note that (5) contains (3) as the special case of constant random times. It is straightforward
to show (but omitted here) that (5) is equivalent to (4). We illustrate the difference between
(3) and (5) by the following example.

Example 3.1 (the difference via random times). Let Xz be a non-i.i.d. Markov process on
D :={0,1}. Define

Xo, if ¢ odd

M' = X, and M’ = : .
1— Xy, ifteven

Then both M and M satisfy (3), while M also satisfies (5) and M does not. This is because
the information M7 = m is useless if we don’t know whether 7 is odd or even.

Definition 3.2 (strongly predictive). We call a memory strongly predictive, if it satisfies the
equivalent conditions (5) and (4).

The property “strongly predictive” only refers to the map mem and not to the operational
aspects of prediction given by the generating “mechanism” of a generator gen. Therefore, it
does not refer to the predicted process X fl’T . We feel that an appropriate notion of a predic-
tive model must not neglect the operational view. The following simple example shows that

10



predictive memory maps in the sense of Definition 2.3 are not necessarily strongly predictive
and even do not, in general, satisfy the weaker condition (3). The idea of this example was
already given in the introduction (Section 1.2) and is now extended to the more complicated
setting of stochastic processes.

Example 3.3 (predictive but not strongly predictive). Let X7 be the Markov process on
D:={0,1} satisfying

if Tp1 = @,

3
]}D(Xk - xk) = % and ]P’(Xk+1 = Tk+1 ’ Xy = xk) = le, : )
1 T # xp

We define a generator on M := D which emits its internal state as output symbol and chooses
its new internal state according to the same transition rule as the Markov process X7z, i.e.

. / ]P’(Xlzm’|X0:m), ifz=m
gen(m; T,m’) = o .
0, ifz#m

By choosing as initial distribution the uniform distribution on the memory states we see that
gen generates Xy. According to Proposition 2.5, the memory map, which maps the empty
history to the uniform distribution and

mem(z(_¢11,05 m) = P(X1 =m | Xo = z)

for ¢ > 0, is predictive. On the other hand, we can use the Markov property to reduce the
calculation of informations to the situation of Section 1.2:

(Section 1.2)
I(Mt :X[l,T}) = I(Mt : Xl) < _[(XO : Xl) = [(X[—t-i-LO} : X[l,T})’

Thus the memory is not strongly predictive.

In the following proposition, we show that every strongly predictive memory is predictive.
Furthermore, the Example 3.3 of a predictive but not strongly predictive model requires a
stochastic memory map: In the deterministic case, predictive and strongly predictive are
equivalent.

Proposition 3.4 (predictive versus strongly predictive).
1. Every strongly predictive memory map s predictive.
2. If a memory map is deterministic and predictive, then it is also strongly predictive.

Proof.

1. Assume w.l.o.g. that for all m € M there is some t,,, with P(M* = m) > 0 (otherwise, m
may be removed from M). Let M' be constructed from X[_t42,1) with mem, just like M is
constructed from X|_, ;. We define the generator

gen(m; x,m) := IP’(]\/ZIthrl =1, X1y =x | M'™ =m).

11



In view of Proposition 2.5, it suffices to show

]P’(Xﬁ,T} = 33[1,T]) = ]P(X[I,T] = 33[1,T])-
We show the more general equation (for m with P(M{ = m) > 0)
P(Xf 7y = 2pa | My =m) = P(Xp1) =2 | M§=m)
by induction over T'. The case T = 0 is trivial. For T' > 0:

P(XFI,T] = Z[1,1] ’ MS =m)
= Y P(M{ =1, X{=a1| Mj=m)P(Xf,q = 21 | M{ = 1)

= den(m; l‘l,m)P()?F{?;_l | = T[2,T] | MSM—H = Th)
m

(ind. as.

) = . A
=70 Y P(MI T =i, Xy =y | Mt = m)P(Xpoy = 2p) | My =), (6)

Now using stationarity of Xz and (4), which holds also for M instead of M due to stationarity,
we obtain for those 1 with P(M'm+1 =, X; =z; | M{™ =m) > 0 that

P(Xp7-1y =2pn | M =mn) = P(Xpr =21 | M = i) (7)

= ]P’(X[Q’T] = T[2,7] | Mimtl — m, Mém =m, X; = ).
In total we obtain the required equality:

(6)+(7)
) =

X “
P(Xfy 7y | Mg =m P(Xpuqy | Mim =m) & B(X g | M =m).

2. Let M! = Je(X[—t41,0) For m = f(z(_41,0) = f(:n’[_5+170}), we get from predictiveness

PXpry | Ximsr0) = Zlsing) = PGy | Ximstr0) = 21s110)
P(X}y ) | M* =m)
= P(Xpm | Xi—t41,0 = P-e1,0) -
Consequently, if A := f;71(m) is the set of length-s histories mapped to m,

Zx’

P(X_ = JP(X | X = )
s . €A [—s+1,0] [—s+1,0] (1,77] [—s+1,0] [—s+1,0]
P(Xp | M*=m) = S

inferl,O]eA
P(Xp) | Xi—t41,0) = #-t1,0) 2P (X [ms41,0) = Z[_g110)
Z ]P(X[—s—l—l,o} = x/[_s_H,o])

= P(Xu7 | X—ig1,0) = T[—i41,0)-

P(X[—s+1,0) = 2[_s110)

This is nothing but equation (4). O
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3.2 Implications on minimality of predictive models

Figure 5 illustrates the situation in view of Proposition 3.4 with the abbreviations “DM = de-
terministic memory,” “SPM = strongly predictive memory,” and “PM = predictive memory.”
In computational mechanics, strongly predictive deterministic memories have been studied,

N

PM (SPM

\_/

Figure 5: The extension of the memory class suggested by predictive models

that is the intersection of DM and SPM. An extension of this intersection to larger classes of
memory maps is natural. According to Proposition 3.4, we have the following hierarchy of

possible extensions:
DM NSPM = DMNPM C SPM ¢ PM. (8)

According to the equality in (8), considering predictive memory maps without dropping the
determinism requirement does not enlarge the class. Only recently, an extension to the class
SPM including also non-deterministic memories has been considered by Still and Crutchfield
[Still and Crutchfield, 2007]. It turns out that this extension does not allow for “smaller”
models than already captured by deterministic memory maps, as we show in the following
proposition. Therefore, we suggest to further extend the class from SPM to PM and show in
Example 3.6 that this extension is indeed effective.

Proposition 3.5 (e-machine minimality in SPM). The causal state projection € of Exam-
ple 2.4 defines a strongly predictive deterministic memory map to Mg. Further, it has minimal
number of memory states in the class SPM. More precisely:

mem: D* — M strongly predictive = IM| > |M¢]|.

Proof. We show (4). Let me := €(x[_441,0]) and s be such that ]P’(Q(X[_Hl,o]) = mg) >
0. The conditional probability IP’(X[LT} | U X[—sr1,0) = me) is a convex combination of
P(Xp | Xicst1,00 = x/[—s+1,0]) with w/[—s+1,0} € mg. Since all elements of mg induce the
same conditional probability of X[; 77, we obtain

P(Xp 7y | Xj—ti1,0) = Tmti1,0) = P(Xpr) | €(X(—s41,0) = me)

and memyg is strongly predictive. Now assume that mem is another strongly predictive mem-
ory. We show that if the supports of mem(z_; ) and mem(az’[_erl o]) are not disjoint, then

13



C(T[_41,0]) = (‘Z(a:’[_sH 0}). In particular, [M¢| < [M|. Thus, assume some m € M with
P(M' =m | X[—t11,00 = T[—t41,0) > O and P(M® =m | X[—s41,0 = xl[—s+1,o]) > 0.
From (4), we obtain

P(Xp | X100 = 2[-410) = PXppy | MP=m) = P(Xuqy | X[_ay1,0) = T[_sp10):

hence &(2[_11,0)) = (’:(x/[ , which finishes the proof. O

—s+1,0])

Example 3.6 below illustrates that our extension allows for minimal memory in PM not cap-
tured within SPM. It is an example of a process that admits a memory from the class PM
with two memory states. The corresponding minimal number of memory states within SPM,
which, according to Proposition 3.5, is realized by the e-machine, turns out to be infinite.
Moreover, the causal states are singletons, so that the causal state projection achieves no
compression. On the other hand, the OOM construction method [Jaeger, 2000] yields the
two internal states of the hidden Markov model.

Example 3.6 (smaller than e-machine in PM). In order to specify this example, we consider
a generator gen together with an initial distribution on the set M of memory states. This
defines stochastic processes Xy and My,. If the joint process (Xy, My) is stationary, we
can extend this joint process to a stationary process with time set Z in a unique way. We
denote the resulting processes on D and M with Xz and Sz, respectively, and interpret them
as the observable process and a process of internal states. In this concrete example, we take
D := M := {0,1} as state space for both processes and the uniform distribution on M as
initial distribution. With a parameter p, 0 < p < i, we define the generator by

1-2p, ifmm=xz=m
gen(m; x,m) = < p, if x #m . (9)

0, otherwise
See Figure 6 for an illustration of the transition graph. It is easy to check that the stationarity
condition is indeed satisfied. Because of Proposition 2.5, it is clear that there is a predictive
model of the process X7 with two memory states. We now show that, nevertheless, the causal
states are singletons. For this purpose, we define for any output symbol z € D a function
fz:[0,1] — [0, 1], which keeps track of the probability that the internal state is 0. Concretely,
- ygen(0; ,0) + (1 — ) gen(L; 2,0)
- 1 1 :

Y2 om—08en(0; m,m) + (1 —y) >, _ogen(l; z,m)

We compute the conditional probability that the internal state is 0 as follows:

fe(y) -

P(So = 0 | X|—441,0] = T[—t41,0])
_ ZI: P(S_1 =m | X_411,-1] = T[—41,-1)P(So = 0, Xo =m0 | S-1 = m)
P(Xo =20 | X[—ty1,-1] = ¥[—t41,-1))

m=0
= fao(P(S—1 = 0| X[_¢11,-1) = T[—t41,-1)))

(induction)

= Jzgo0 - of$—t+1 (P(S—t = 0)) = fogo-r0 fm*tﬂ(%)
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Figure 6: Transition graph of the generator defined by (9). The circled nodes are internal states. The
edges are transitions, labeled with output symbol z and transition probability p in the form
“x|ﬁ77 .

Obviously, P(X[1 7y | So =0) #P(Xp7 | So=1) (as p # }), and therefore

P(Xp1) | Xicm1,00 = 2-trn0) = PXpny | Xcsr0 = 2_s11,0)
= fmoo"'ofw—t+1(%) _= ffé)o"'ofxl,s+1(%)' (10)

Now plugging the definition of gen into the definition of f, we obtain

—yy((ll__ 4?;3)j£9 and  fi(y) = -

We observe that both fy and f; are strictly increasing,

£0(J0,1)) =13,1[  and  £(0,1) =]0,1[.

This implies that fy,0---0fi_,., (%) and fyyo---ofy (%) are different for distinct z(_s11 o)

and a:’[ - Because of (10), the causal states are singletons.

—s+1,0

4 Conclusions

We do believe that the e-machine construction is distinguished by operational constraints
that can naturally be imposed on models of prediction. Currently, computational mechanics
does not specify these constraints with sufficient precision and justification. Revealing them
requires a better understanding of the assumptions that are usually made. To this end, in
this paper we question the notion of predictive models by exploring the generative nature
of prediction. We propose a natural notion less restrictive than the one currently applied in
computational mechanics and demonstrate how this provides more consistency with related
approaches such as Jaeger’s theory of observable operator models. We regard our contribution
as a step towards specifying the natural assumptions for models of prediction. Further steps
are subject of our current research and will be published elsewhere.
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