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1 Introduction

The hidden Markov model (HMM) has a strong ability to discover and represent
linguistic structure from textual observations (see Levinson p. 107-108 [2]). Cave
and Neuwirth used ordinary text from a newspaper as an observation sequence and
showed that the HMM was successful at extracting some nontrivial linguistic proper-
ties of English text [1] . For instance, with four hidden states, the model successfully
partitioned the letters into groups corresponding to vowels, consonants, and the inter-
word space'; the number of different partitions scaled with the number of hidden states
used. In their original experiment they used 2,3,...,12 hidden states and provided
a discussion of what each model was able to discover. In the results that follow, we
primarily focus on re-doing the experiments for 2,3, ..., 7 hidden states 2. A modified
Baum-Welch algorithm is able to solve for the HMM model A = (A4, B, 7) . For the
exact details of how this process is carried out, please see the discussion in Ch. 3
of Levinson [2], the HMM introduction by Poritz [4], and/or the code provided in
Appendix E.

2 Classic Results: Symbols to Models

The following section provides the results of running the model with different numbers
of hidden states. For each such number, the results are shown via diagrams. B
is shown as a N-by-M matrix 3 of grayscale pixels where black corresponds to a
probability zero event and white corresponds to a probability 1 event. A pixel with
a grayscale color in between corresponds to a probability value between zero and
one. A is shown as a N-by-N matrix of grayscale pixels, as before. Beginning at the
top of any given result, is shown the initial B and A; the final B and A are given
next; the log-likelihood plot is given last (where base 2 was used). We considered

1For brevity, the inter-word space will be referred to as “#” throughout the document.

2This work was completed as Project 1 for Dr. Stephen E. Levinson’s ECE 594: Mathematical
Models of Language, Spring 2013

3N is the number of hidden states, which varies from 2 to 7. M is the number of symbols— fixed
at 27 (the alphabetical symbols and #)

the model converged when, for a given iteration, the change for all model parameters
({aij}, {bj(k)}, {m:}) was below le-4. The intrepretations below will focus on the final
models.

Before getting to the actual results though, we point the interested reader to Tables
located in Appendix A, which outlines English letter frequency counts Peter Norvig
derived from the Google Corpus Data [3]; these statistics were derived from an ob-
servation sequence of length 3,563,505,777,820. Table 7 summarizes, in general, the
frequency of a given letter being used. For the frequency of a given letter in a partic-
ular position in a word see Table 8 for (1%, ...,7'") and Table 9 for (=70, ... —15).
We use data from the aforementioned tables as a “ground-truth”; it provides a means
of analyzing our empirical results. For brevity, in the sections that follow, when we
refer to the n*" column of Table 8, we use the notation T8.n (similary for the other
tables). Additionally, when referring to “hidden state n” we write S,,. Furthermore,
within the body of the text, a truncated version of B is given that shows only the ten
most probable symbols for a given hidden state, organized in non-increasing order of
probability. The final full A and B matrices are provided in Appendix B.

In the sections that follow, the results are discussed for various numbers of hidden
states. In particular, we focus on the output generated by the model just by looking
at A and B; we examine the most likely first letter, second letter, last letter, and
second-to-last letter and compare them to the “ground truth” (and general linguistic
experience). We will focus primarily on the familiar aspects of English that the model
identifies (like vowels, consonants, #, etc.). We will not focus as much on the limi-
tations of the models during the initial discussion (though glaring limitations may be
pointed out). The ultimate drawbacks of the models will be evaluated quantitatively
in Section 3 via a very straightforward approach— the models will be used to generate
text, which will be compared to the original text from which the models were derived,
as well as the dictionary, to determine the extent to which the models were able to
generate English; a success rate will be calculated that captures the number of English
words generated.



2.1 Two Hidden States
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Figure 1: Two Hidden States. Above: B and A initial. Below: B and A final.
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As Figure 2 shows, for two hidden states, it took 176 iterations for the model pa-
rameters to converge. As shown in Figure 1 and further emphasized by Table 1, B
asserts that S is dominated by vowels and includes #; the amount of probability
seems to scale well with well-known frequency data in English; in decreasing order of
probability we have: #,e,a, 0,1, u. S contains the consonants with most of the prob-
ability accounted for by: t,n, s, h,r (which are the most frequently used consonants).
A shows that if we are in the consonant state we are very likely to transition to a
vowel; if we are in a vowel state (or #) we are very likely to transition to a consonant.
This agrees with general linguistic experience with English.

Combining the results from A and B, we obtain the following observations:

First Letter. The first letters will be those that are likely to follow #, which domi-
nates S3. The most likely transition from Ss is to Sy (with ¢, s, r, n, h); the second
most likely transition from Ss is to S (with e, a, o, i, u, ¢). Considering T8.1 shows
that the most likely first letters are t,a,o,1, s, w,c, our result is reasonable but not
spectacular.

Second Letter. The second letters will be those that are likely to follow the first
letters, which can be from from S; or Sy. Sp can transition to Sy (to produce te, ta,
to, se, sa, re, ra, etc.) or to S1 (to produce tr, th, st, sh, etc.). Sq can transition to
S7 (to produce et, es, er, at, as, ar, etc.). Such beginnings are common in English.
Furthermore, as shown in T8.2, the most likely second letters are o, h, e, n, a, ¢, 7, which
matches well with our model result.

Last Letter. The last letter in a word will be those that occur before #, which mean
those letters in states transitioning to Sy. Sp is very likely to transition to S; (with ¢,
s, r, n, h); S1 can also transition to Sy (with e, a, o, 7, u). Considering T9.-1 shows
that the most likely last letters are e, s,d,n,t,y,r, our result is reasonable but not
spectacular.

Second-to-Last Letter. The second-to-last letter in a word will be those that occur
before the last letter; which mean those letters in states transitioning to Ss or Sj.
Sy is very likely to transition to Ss (to produce te, ta, to, se, re, ne, etc.); Se can
also transition to Sy (to produce the less likely ee, ea, eo, oe, ia, etc.). Sy is very
likely to transition to S; (to produce et, es, er, en, at, ar, on, etc.); S can also
transition to Sy (to produce ts, st, rt, rn, th, etc.). Such endings are common in

English. Furthermore, as shown in T9.-2, the most likely second-to-last letters are
e,0,n,a,h,i,t,r, which matches well with our model result.
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Table 1: Two Hidden States B Truncated. Here we show the ten most likely
symbols for each state, arranged in non-increasing order of probability.
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Figure 2: Two Hidden States Convergence. The log-likelihood plot is shown
(where base 2 was used), which clearly levels off after 176 iterations, which is the time
at which all model parameters changed less than le-4.



2.2 Three Hidden States
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Figure 3: Three Hidden States. Above: B and A initial. Below: B and A final.

As Figure 4 shows, for three hidden states, it took 282 iterations for the model pa-
rameters to converge. As shown in Figure 3 and further emphasized by Table 2, B
asserts that S is dominated by consonants; Sy is dominated by vowels (with their
probability in almost the same order (e,0,i,a,u) as T7 and #; S is dominated by #,
consonants t, n, s, ¢ and vowels a, o, etc. From A, we observe that S; transitions
to Sa; S, transitions to Sz, Si, and Ss; Ss transitions to Sy, S3, or Sy. With the
presence of # in two different states it seems to make shorter words more likely.

Combining the results from A and B, we now examine some of the results in more
detail and obtain the following observations:

First Letter. The first letters will be those that are likely to follow #, which dom-
inates Sy and S3. The most likely transitions from Ss (in decreasing order) are Ss
(with ¢, a, and s matching well with T8.1), Sy (with ¢, s, and h among the more likely
in T8.1), and Sy (the vowels a, o, i are, in fact, among the top-5 most likely in T8.1.).
The most likely transitions from S3 (in decreasing order) are Sy, S3, and S, which
seem reasonable as before.

Second Letter. The second letters will be those that are likely to follow the first
letters, which are from Ss, S7, and S3. S3 transitions to S; (to produce th, tr, at,
sh, etc.), Ss (to produce ta, tr, na, to, no, etc.), and (though very unlikely) Sy (to
produce te, to, ti, ta, no, ni, etc.). Sy transitions mainly to Sy (to produce te, to,
ti, he, ho, hi,se, so, si, etc.). So transitions to S3 (to produce et, en, ea, es, ot, on,
oa, it, at, etc.), Sy (to produce et, es, er, ed, ot, or, ad, etc.), and Sy (to produce ee,
ei, ea, oa, oy, etc.). Such combinations are familiar beginnings of words in English.
Furthermore, as shown in T8.2, the most likely second letters are o, h, e, n, a, i, r, which
matches well with our model result.

Last Letter. The last letter in a word will be those that occur before #, which mean
those letters in states transitioning to Sy and Ss. S7 is very likely to transition to So,
which makes ¢, h, s, r, d, n likely last-letters; T9.-1 asserts that among non-vowels s,
d, n, t, y, v are most likely, which agrees reasonably well. S5 also can transition to
Sy (and S3), which makes e, o, i likely last-letters, which is similar to T9.-1. S5 can
also transition to S3, which would make ¢, n, a, s, c likely last-letters; T9.-1 asserts

that at least s, n, t are very likely in this position.

Second-to-Last Letter. The second-to-last letter in a word will be those that occur
before the last letter; which mean those letters in states transitioning to Sy, So, and
S3. S3 likely transitions to S; (to produce th, ts, nt, ns, at, ah, as, ar, etc.) and
Sy likely transitions to S; (to produce et, es, er, ot, is, etc.). Sy is very likely to
transition to Ss (to produce te, to, ho, se, so, re, ro, etc.) and S can transition to Sp
(to produce ee, eo, ea, ie, etc.). Sy is likely to transition to Ss (to produce et, ot, en,
on, as, etc.) and S3 can transition to Ss (to produce nt, at, ns, etc.). Most of these
are familiar endings to common English words. Furthermore, as shown in T9.-2, the
most likely second-to-last letters are e, 0,n,a,h,i,t,r, which matches well with our
model result.
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Table 2: Three Hidden States B Truncated. Here we show the ten most likely
symbols for each state, arranged in non-increasing order of probability.
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Figure 4: Three Hidden States Convergence. The log-likelihood plot is shown
(where base 2 was used), which clearly levels off after 282 iterations, which is the time
at which all model parameters changed less than le-4.



2.3 Four Hidden States
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Figure 5: Four Hidden States. Above: B and A initial. Below: B and A final.

As Figure 6 shows, for four hidden states, it took 253 iterations for the model param-
eters to converge. As shown in Figure 5 and further emphasized by Table 3, B asserts
that 57 is dominated by #; S3 is dominated by vowels; So and S4 consist mainly of
consonants.

Combining the results from A and B, we now examine some of the results in more
detail and obtain the following observations:

First Letter. The first letters will be those that are likely to follow # (in S7), which
means primarily those letters in Sy (h,t,s, r, ¢) and S3 (e,a,0,3,u). T8.1 asserts that
the most likely first letters are ¢,a,0,i,s,w,c, which agrees fairly well with our model’s
result.

Second Letter. The second letters will be those that are likely to follow the first
letters, which are from Sy and S3. Sy is likely to transition to S3 (to produce he,
ha, ho, hi, te, ta, to, se, sa, etc.) and Sy (to produce th, st, sh, sc, etc.). Ss is
likely to transition to Sy (to produce en, es, er, an, as, ar, on, etc.) and S; (to
produce ei, et, ep, at, ap, ac, ot, etc.). Such combinations are familiar beginnings of
words in English. Furthermore, as shown in T8.2, the most likely second letters are
o,h,e,n,a,i,r, which matches well with our model result.

Last Letter. The last letter in a word will be those that occur before # (in Sy),
which means primarily those letters in Sy (n, s, r, t, d etc.) and S3 (e, a, o, i, etc.).
T9.-1 asserts that the most likely last letters are e, s, d, n, t, y, r, which agrees fairly
well with our model’s result.

Second-to-Last Letter. The second-to-last letter in a word will be those that occur
before the last letter (in Sy and S3). Ss likely transitions to Sy (to produce en, es,
er, an, as, ar, at, on, or, etc.) and Sy transitions to Sy (to produce ns, nt, rs, ts,
etc.). S likely transitions to Ss (to produce he, te, se, re, etc.), Sy likely transitions
to S3 (to produce ie, te, to, pe, pa, etc.), and Sy transitions to S3 (to produce ne,
na, no, se, sa, re, ro, te, etc.). Such combinations are familiar endings of words in
English. Furthermore, as shown in T9.-2, the most likely second-to-last letters are

e,0,n,a,h,i,t,r, which matches well with our model result.
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Table 3: Four Hidden States B Truncated. Here we show the ten most likely
symbols for each state, arranged in non-increasing order of probability.
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Figure 6: Four Hidden States Convergence. The log-likelihood plot is shown
(where base 2 was used), which clearly levels off after 253 iterations, which is the time
at which all model parameters changed less than le-4.



2.4 Five Hidden States
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Figure 7: Five Hidden States. Above: B and A initial. Below: B and A final.

As Figure 8 shows, for five hidden states, it took 297 iterations for the model parame-
ters to converge. As shown in Figure 7 and further emphasized by Table 4, B asserts
that S5 is dominated by #; S5 is dominated by vowels; S; appears to be dominated
by likely last-letters (as shown in T9.-1); S3 and S4 consist mainly of consonants.

Combining the results from A and B, we now examine some of the results in more
detail and obtain the following observations:

First Letter. The first letters will be those that are likely to follow # (in S5), which
are Sy (t, h, s, r, ¢) and Sy (e, a, o, i, u). Considering T8.1 asserts that the most
likely first letters of words are t, a, o, 7, s, the model does fairly well with five hidden
states.

Second Letter. The second letters will be those that are likely to follow the first
letters, which are from Sy and Sy. Sy is likely to transition to Se (to produce te, ta,
to, ti, he, ha, ho, se, sa, so, etc.) and Sy (to produce th, tr, st, sc, wh, etc.). Such
combinations are familiar beginnings of words in English. Furthermore, as shown in
T8.2, the most likely second letters are o, h, e, n,a,,r, which matches well with our
model result.

Last Letter. The last letter in a word will be those that occur before # (in Ss),
which means primarily those letters in S (e, d, s, y, t), S3 (n, r, s, t, 1), and Sy (e,
a, o, i, u). T9.-1 asserts that the most likely last letters are e, s, d, n, ¢, y, r, which
agrees well with our model’s result.

Second-to-Last Letter. The second-to-last letter in a word will be those that occur
before the last letter (in S, S3, and S3). Ss likely transitions to Sy (to produce ne,
nd, re, rd, etc.) and 57 likely transitions to S (to produce ee, ed, ds, dy, etc.). Sa
likely transitions to S5 (to produce en, an, or, it, etc.) and S3 can transition to S
(to produce rn, ts, st, etc). Sy likely transitions to S (to produce te, th, he, ho,
hi, etc.). Such combinations are familiar endings of words in English. Furthermore,
as shown in T9.-2, the most likely second-to-last letters are e,o,n,a,h,i,t,r, which

matches well with our model result; better than with less hidden states.
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Table 4: Five Hidden States B Truncated. Here we show the ten most likely
symbols for each state, arranged in non-increasing order of probability.
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Figure 8: Five Hidden States Convergence. The log-likelihood plot is shown
(where base 2 was used), which clearly levels off after 297 iterations, which is the time
at which all model parameters changed less than le-4.



2.5 Six Hidden States
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Figure 9: Six Hidden States. Above: B and A initial. Below: B and A final.

As Figure 10 shows, for six hidden states, it took 286 iterations for the model param-
eters to converge. As shown in Figure 9 and further emphasized by Table 5, B asserts
that Ss is dominated by #; S5 is dominated by vowels; S; appears to be dominated
by likely last-letters (as shown in T9.-1); S3, Sy, and Sg consist mainly of consonants.

Combining the results from A and B, we now examine some of the results in more
detail and obtain the following observations:

First Letter. The first letters will be those that are likely to follow # (in S3), which
are S (¢, ¢, s, m, w) and S5 (e, a, o, i, u), and Sg (h, r, [, t, y). Considering T8.1
asserts that the most likely first letters of words are ¢, a, o, i, s, w, ¢, the model does
quite well with six hidden states.

Second Letter. The second letters will be those that are likely to follow the first
letters, which are from Ss, S5, and Sg. S5 is likely to transition to S5 (to produce
te, ta, to, ti, ce, ca, ho, se, sa, so, etc.) and Sg (to produce th, tr, ch, cr, cl, sh,
etc.). S5 likely transitions to Sy (to produce en, an, on, in, etc.) Such combinations
are familiar beginnings of words in English. Furthermore, as shown in T8.2, the most
likely second letters are o, h, e, n, a, i, 7, which matches well with our model result.

Last Letter. The last letter in a word will be those that occur before # (in Ss),
which means primarily those letters in Sy (e, d, s, y, t), and Sy (n, v, I, s, t). T9.-1
asserts that the most likely last letters are e, s, d, n, t, y, r, which agrees well with
our model’s result.

Second-to-Last Letter. The second-to-last letter in a word will be those that occur
before the last letter (in S; and Sy). Sy transitions to S; (to produce ne, nd, ns, re,
rd, rs, le, ld, ls, etc.), Sg transitions to Sy (to produce he, re, rd, rs, le, ld, ls, etc.),
and S transitions to S; (to produce ee, ed, es, ds, st, etc.). Sy likely transitions to
Sy (to produce en, er, el, ar, al, on, or, in, is, etc.) and Sy can transition to Sy (to
produce ns, rn, rl, rs, st, ts, etc.). Such combinations are familiar endings of words

in English. Furthermore, as shown in T9.-2, the most likely second-to-last letters are
e,0,n,a,h,i,t,r, which matches well with our model result.
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Table 5: Six Hidden States B Truncated. Here we show the ten most likely
symbols for each state, arranged in non-increasing order of probability.
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Figure 10: Six Hidden States Convergence. The log-likelihood plot is shown
(where base 2 was used), which clearly levels off after 286 iterations, which is the time
at which all model parameters changed less than le-4.



2.6 Seven Hidden States
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Figure 11: Seven Hidden States. Above: B and A initial. Below: B and A final.

As Figure 12 shows, for seven hidden states, it took 299 iterations for the model
parameters to converge. As shown in Figure 11 and further emphasized by Table 6,
B asserts that S; clearly is dominated by vowels with their probability in the same
order (e,a,0,i,u) as T7. Sy is dominated by #; S5 looks very similar to last-letters,
as found in T9.-1; the other states primarily contain consonants.

Combining the results from A and B, we now examine some of the results in more
detail and obtain the following observations:

First Letter. The first letters will be those that are likely to follow #, which dom-
inates Sy. The most likely transitions from Sy (in decreasing order) are S (with m,
t, s, ¢ being most likely), S3 (with ¢, s, ¢, p, w being most likely), and S; (with e,
a, 0, 1 being most likely. Considering T8.1 asserts that the most likely first letters of
words are t, a, o, 7, s, w, ¢, the model does quite well with seven hidden states.

Second Letter. The second letters will be those that are likely to follow the first
letters, which come from Sg, S5, and S;. Sg likely transitions to S; (to produce me,
ma, to, ti, etc.). Sz likely transitions to Sy (th, tr, so, etc.). Sy likely transitions
to Sy (to produce en, er, as, etc). Such combinations are familiar beginnings of
words in English. Furthermore, as shown in T8.2, the most likely second letters are
o,h,e,n,a,i,r, which matches well with our model result.

Last Letter. The last letter in a word will be those that occur before #, which
come from (primarily) S5, Sy, and S7. Sy consists of e, d, s, y, t, etc., which matches
very closely to the e, s, d, n, t, y of T9.-1; though, clearly, n is not accounted for by
Ss. However, S; is dominated by n; it also has 7, s, [, ¢, etc., which generally agrees
with T9.-1. S7 consists of h, 7, [, o, etc. which all end up lower in probability in the
table; which makes the model reasonable considering the transition from S; to Sy is
unlikely.

Second-to-Last Letter. The second-to-last letter in a word will be those that occur
before the last letter (contained in S5, Sy, and S7). Sy, S7, and S5 (dominated by n, 7,
s, , t, h, e) transition to S5 (to produce combinations like ne, nd, re, rd). S; and Sy
(dominated by vowels and n, 7, s, [, t) transition to Ss (to produce combinations like
en, er, es, an, ar, ns, rs, ls). Sz and S7 (dominated by t, s, ¢, h, r, l) transition to S7
(to produce combinations like th, sh, etc.). Such combinations are familiar endings
of words in English. Furthermore, as shown in T9.-2, the most likely second-to-last
letters are e, 0,n,a, h,i,t,r, which matches well with our model result.
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Table 6: Seven Hidden States B Truncated. Here we show the ten most likely
symbols for each state, arranged in non-increasing order of probability.
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Figure 12: Seven Hidden States Convergence. The log-likelihood plot is shown
(where base 2 was used), which clearly levels off after 299 iterations, which is the time
at which all model parameters changed less than le-4.



3 New Results: Models to Symbols

In this section, we show the results of using the obtained models to generate text. We
show some of the resulting words for using each of the models obtained for the different
number of hidden states (2 to 7). Keep in mind, we do include some personal names,
common words (that may be less than proper and in some cases actually offensive),
and a few contractions (but without the punctuation, as it was not available in the
symbol set or original observation sequence). Also, words used commonly in English
that are originally from other languages (like German, Greek, Hebrew, and Latin),
words from more specific domains like mathematics/science, and slightly outdated
words are included when recognized, as well.

Considering the original observation sequence had length 17,340, the generated text
has the same length. The results improve with more hidden states, as shown in
Figure 13 and Figure 14; of particular interest is the jump in generated English words
between 3 hidden states (with 110 English words, which means 4.2389% correct) and
4 hidden states (with 360 English words, which means 12.3924% correct). This result
matches well with examining the final A and B matrices from the previous section;
clearly it was not until 4 hidden states when the model was able to partition the
symbols such that #, vowels, and consonants (occupying two such states) each had
their own distinct state to dominate. However, the results are still not stunning.
The results are discussed more in Sections 4 and 5. We now examine the generated
English words for each number of hidden states; some more interesting words and/or
sequences of words have been highlighted in yellow.
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Figure 13: Correctly Generated English Words (Raw). The plot shows the
number of correctly generated English words as a function of the number of hidden
states.
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Figure 14: Correctly Generated English Words (%). The plot shows the per-
centage of correctly generated English words as a function of the number of hidden
states.

3.1 2 Hidden States

The following is a list of the 90 English words that were generated (out of the total
2,611), in the order they appeared in the document:

pots, at, has, low, son, toy, cad, yo, an, hem, ho, hat, dies, some, arts, gay, nay, he,
pi, at, set, ben, rat, hut, tin, tit, he, gin, ton, or, rat, rat, lisa, ran, hit, me, us, us,
sine, den, dog, me, sat, is, pam, sit, hi, om, gem, it, nil, gap, in, ted, go, shaw, rob,
her, let, id, tat, he, an, go, set, ted, hi, ho, rear, an, he, to, jet, me, mew, rag, meuw,
to, rent, scan, hen, get, roth, dime, ban, is, poo, ad, et, hi, a

3.2 3 Hidden States

The following is a list of the 110 English words that were generated (out of the total
2,595), in the order they appeared in the document:

as, i, i, run, ran, cant, gem, ted, om, if, sam, her, ether, dew, hone, om, hi, bad, he,
pa, me, her, is, or, or, mo, lab, ran, ha, ipod, irs, am, at, per, den, loft, me, ram,
me, rosy, chi, ad, spot, or, awry, as, ad, if, han, on, as, on, ole, ab, neo, mo, sag, it,
as, id, eat, so, get, sam, i, pea, if, hoe, heel, an, me, et, vat, men, et, at, he, ho, cd,
do, Tim, ton, dot, had, has, do, no, rod, ate, few, tit, so, has, him, hi, cut, or, the,
sale, man, on, ho, cd, hem, hot, saw, law, rat, item, we

3.3 4 Hidden States

The following is a list of the 360 English words that were generated (out of the total
2,905), in the order they appeared in the document:



a, we, hi, yes, lo, hen, hes, mens, ted, hey, tenet, an, it, rid, tent, in, he, he, i, set,
bead, hey, rad, hen, as, is, et, he, ole, hen, i, i,i, hi, lo, ram, an, hit, fad, honed, yo,
us, sal, chi, rot, ho, him, fat, gem, a, Ton, ten, a, wed, ant, et, me, dad, he, lo, he,
ton, as, he, hobo, id, id, am, tan, hit, hi, to, rho, ulna, set, teen, act, to, or, so, her,
hes, we, inn, lo, of, as, we, et, hes, pad, son, so, lit, or, ho, hos, in, sad, won, am,
as, an, a, et, whir, in, pod, me, hog, a, on, sin, han, at, on ok, tar, toy, rust, riser,
then, got, hear, pipe, ab, me, to, err, in, ho, herd, i, ad, sat, rusted, a, to, he, tin,
han, ho, den, ted, pat, so, pod, han, cum, ho, dan, peso, tad, hoe, mow, set, his, ban,
soy, has, pa, as, a, in, he, yo, hos, wad, ad, tad, i, at, hag, hey, hot, ago, a, sal, sam,
hes, he, art, him, me, bet, par, be, a, had, at, her, ray, far, tau, all, a, at, mom, lot,
or, teen, in, tote, bat, to, pa, i, hi, he, hes, call, fit, ha, ha, i, rat, as, cot, be, a, go,
ton, ad, hi, i, tales, he, i, ho, eat, he, is, as, ho, ho, ye, mort, elon, hew, et, on, his,
mono, any, we, rile, a, tat, who, as, i, of, as, her, et, lens, she, ipal, tan, lies, an, et,
ton, ate, ho, he, mob, ho, om, do, a, it, to, an, usa, he, tin, i, a, ad, set, lastswan,
pair, lol, gel, he, is, ma, ten, an, was, he, at, tart, ran, is, ban, hen, lab, a, era, pager,
save, it, do, you, i, red, had, we, cat, so, a, tin, be, i, a, ten, if, tans, to, a, bun, a, 1,
he, nut, i, ho, or, tin, et, top, ten, or, me, ho, sam, i, as, ann, sod, ben, he, hod, pin,
in, as, ma, hi, me, sit, ben, on, ho, ten, am, yo, hi, hen

3.4 5 Hidden States

The following is a list of the 361 English words that were generated (out of the total
2,945), in the order they appeared in the document:

dear, rub, he, pap, hire, devil, mom, top, dad, in, pi, try, he, so, et, jen, mine, at, as,
tar, steel, in, i, on, pi, he, hem, my, Tap, ann, son, are, per, cowy, are, figs, hid, if,
pep, ten, hod, enter, at, bon, bun, tare, ten, ted, hot, on, her, is, ton, car, abe, pang,
con, do, adele, old, ab, taft, put, hale, end, on, ab, bet, sent, it, hat, a, tit, far, rite,
pen, debt, he, on, ron, yo, be, pi, an, ben, man, sin, seger, yes, hen, cat, ate, hi, cot,
it, lo, tale, me, do, tube, toke, cone, per, lot, or, fib, ant, it, van, so, a, todd, ease, hi,
to, one, venn, hem, gat, erin, pals, sere, tide, is, i, ale, is, hat, tiny, nosy, wet, tan,
bins, ran, my, turd, is, tin, or, ore, hens, rot, end, tic, to, wed, thais, to, on, dare,
vary, hard, he, is, cite, tit, an, ben, i, on, tap, poor, i, he, i, lo, sag, sip, hod, or, it,
tan, of, end, an, are, id, man, tide, tan, be, at, hose, ton, tug, we, be, to, hop, ted,
rare, teas, taut, lisa, her, gods, at, cab, ab, rot, he, as, mo, to, as, matte, tau, ep, alt,
i, to, on, hen, ring, torses, hot, tars, hind, com, in, ante, jar, om, men, hans, ret,
hi, trope, poms, be, bas, rep, ire, rig, lit, al, he, or, i, hast, toby, be, on, mo, mean,
ides, fad, ho, is, bits, mit, tor, gem, to, he, word , hand, as, ho, sat, per, two, ho,
sad, be, alt, come, he, mite, merl, care, ep, won, sit, ode, mit, hes, pen, van, tie, act,
be, we, let, who, id, rare, rot, see, pa, pal, me, in, see, rob, hes, hem, win, mu, tan,
cad, sir, a, sot, tor, con, lol, tum, reel, ton, man, alas, ewe, rat, he, tend, con, am,
to, war, his, celt, ban, tsar, hi, hip, her, mine, poorer, tog, tone, hes, ale, won, ere,
ten, pined, are, or, ton, an, ret, don, par, to, he, hat, par, bed, hare, hang, on, page,
sot, ho, olde, add, bit, her, par, his

3.5 6 Hidden States

The following is a list of the 423 English words that were generated (out of the total
2,962), in the order they appeared in the document:

unto, tad, ten, it, son, name, tan, army, the, wend, hen, tom, woe, in, the, bun, we,
thin, lend, the, aid, chits, the, tee, buy, hi, art, go, in, a, hex, these, the, see, mod,
wore, dams, man, motet, rot, fore, incus, a, tame, tar, parr, a, bel, it, on, cap, guns,
pans, am, and, mere, an, her, tide, i, tar, he, he, the, a, cor, seat, hole, wad, cone, 1,
phil, tar, an, sin, lee, rows, on, ant, me, tab, an, host, add, cod, an, hes, pore, tore,
tao, so, base, she, stent, at, toe, mit, the, she, then, ere, ho, 1, set, won, to, else,
the, an, hes, rices, ran, shod, band, at, an, to, hey, a, sing, add, ale, sob, pus, gas,
bis, ad, on, fed, pen, i, wen, pen, pen, she, in, taylor, son, tin, lo, ate, et, hips, sole,
bon, case, war, pod, she, ox, or, titer, gens, an, puny, tare, gel, tin, tin, the, won, he,
mops, prop, i, so, bin, he, lo, toy, a, mit, tan, vast, shin, one, a, mad, sans, a, to,
came, tan, ole, end, tat, on, son, ma, tic, tea, bar, et, use, thor, an, veld, as, sip, is,
had, me, a, tan, hide, son, home, pot, ye, pods, ant, tim, cor, ore, char, i, tare, sac,
eel, tent, et, tent, pa, tau, on, ate, ran, he, fan, can, om, be, an, ode, stan, bon, rep,
ape, rune, bis, bore, fir, ab, he, rye, pen, thin, fame, one, mace, tone, pill, hops, sod,
pen, ace, ten, can, cite, pa, in, or, on, rid, bast, on, mo, avon, he, he, us, byes, hal,
vic, or, bard, cart, tors, or, pars, tile, not, man, a, i, wire, cot, one, mont, i, id, oar,
for, he, on, pit, or, for, pop, or, hex, id, a, tips, tire, tar, us, par, ton, as, as, sat,
a, vise, no, tin, pore, ho, bass, an, in, a, sal, her, same, win, ere, is, cad, told, cot,
sot, fir, vin, pa, van, car, thom, in, had, an, on, of, gal, an, ben, char, the, barry, ad,
sit, when, ab, or, tin, an, ben, pine, tot, save, pock, a, dye, she, fry, temn, who, sec,
err, shine, ant, mine, he, pox, on, gold, is, is, to, han, a, per, a, tics, i, hap, us, cep,
whet, tron, pole, mar, ad, ink, has, is, et, hen, tees, less, cay, wes, shin, han, hong,
tan, tit, mild, her, sir, he, chin, ho, dire, bile, case, hod, cant, ok, cad, han, soar, shy

3.6 7 Hidden States

The following is a list of the 463 English words that were generated (out of the total
2,953), in the order they appeared in the document:

be, on, mom, hap, ere, tar, ere, end, vise, bed, car, pal, hal, mate, meld, an, toil, the,
yore, thor, tau, cry, on, on, cd, bar, sean, mac, dot, in, war, ask, an, toe, the, for, a,
dome, ban, et, vein, ill, if, amen, wet, us, vis, fire, an, at, on, thy, ton, rick, halt, i,
dane, shale, the, ran, mo, sots, et, of, cans, any, san, as, ire, shy, the, ale, rot, pat,
an, in, me, an, a, amen, whore, wed, chic, hal, am, dane, dan, men, sate, the, chine,
an, an, ties, it, fin, pins, rons, an, bart, ire, mole, vans, an, these, mane, mom, lat,
shot, toot, thy, sea, is, sud, ben, cut, end, us, on, ton, ere, stan, tens, did, fast, hiv,
bon, den, dimer, sift, we, her, cog, int, mols, shear, on, con, for, shin, man, fore, if,
at, fete, chin, the, ere, yet, ted, sass, dane, tip, ice, pen, ma, per, ere, at, ward, cont,
ben, rake, vent, none, ire, tire, tot, any, on, mess, i, pond, av, thane, me, ode, thy,
1s, caret, vale, mule, hen, thy, she, cot, the, the, captor, von, tan, so, wow, den, me,
male, on, on, is, she, one, went, ten, at, ere, din, pal, and, the, a, try, man, is, seas,
far, or, act, lit, the, cue, rob, pert, ore, on, add, tut, fog, con, boss, mo, thy, abel, me,



doc, shed, rid, a, wens, wen, con, sear, vise, lend, any, tens, cheer, icy, mat, Tudy,
pi, pen, om, vale, yes, viste, he, wast, tin, tar, she, tess, fen, mote, as, rink, ewer,
tug, an, as, cor, wine, vane, bas, tap, ton, hi, bar, so, gams, om, on, shes, i, sot, or,
tor, an, or, lo, sane, in, me, sosa, mar, bee, tirol, there, tags, the, pep, cor, fame, a,
or, fines, tim, sec, wen, ban, i, inch, shod, lore, there, ton, toon, pen, gat, the, me,
on, on, to, van, when, us, are, chum, dory, den, hen, i, rod, son, is, fat, tot, fen, tart,
tens, he, are, dos, in, in, me, wen, are, why, is, in, use, ton, soft, bon, the, roll, et,
sine, ass, be, bin, toe, ink, ho, tron, et, in, soon, an, sod, wet, fan, yom, cot, nan,
int, hunt, cunt, sit, om, lo, at, men, as, rot, ben, me, get, gins, han, to, i, am, of,
rem, so, lard, molds, hep, otto, to, nan, far, ad, pet, pan, one, i, vert, rest, bud, at,
nose, con, tee, hen, go, a, as, the, dose, sod, ron, yes, art, gran, the, dat, tan, cane,
bon, dad, hep, the, if, she, war, cot, eld, one, bart, wave, the, cam, tun, vice, than,
men, core, ran, cols, eld, that, ben, rase, ad, is, met, the, fan, mu, fore

4 Discussion

It is not clear, a priori, exactly how well a hidden Markov model can perform in terms
of capturing linguistic structure, particularly with regard to being able to generate
English text. There was definite improvement observed but at 15.68% correct English
words at 7 hidden states, it still performed quite poorly. Though, as one could see
by reading the full text provided in Appendix D, the generated text does read more
like real English. However, the error rate for actually generating real English words
remains quite high. This result seems consistent with Shannon’s series of approx-
imations to English in which, after producing stochastic approximations up to the
third-order (tri-gram), he decided to focus on word-level approximations to generate
more English-like text (see p. 43 of Shannon [5]). Perhaps we do not have to concede
in such a way; though, with a desire to generate better English text, one may want
to investigate a number of modifications.

It would be instructive to perform the computations for up to 12 hidden states (or
more) to see how this affects the model’s generative performance. Also, it would
be interesting to see how much better it could perform by providing better input
text— perhaps more “proper” text that does not consist of contractions, slang, etc.
Also, trying different symbol sets (like using various sets of n-grams), could provide
insight. Furthermore, using a hierarchy of HMMs would be fascinating. For instance,
the lowest HMM could be used to learn highly probable 1 and 2-grams, the next
highest HMM could use the learned 1 and 2-grams as its symbol set to learn higher-
order n-grams, etc. Following this procedure might lead to a set of models that
could generate more English-like (and maybe even English) words. Also, continuing
such a hierarchy may even lead to discovering linguistic structure at the word-level.
Furthermore, conducting the experiment for text from different eras of English to see
how the statistics compare could possibly bring insight to questions like: (1) how does
the evolution of a language show up in its statistics? (2) Are there conservation rules?
(3) Is there structural drift that can be detected?
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5 Conclusion

The HMM is clearly a powerful model. The results seemed to match the original
experiments fairly well. More than pointing out the usefulness of a single HMM at
discovering low-level linguistic structure, the experiments have simply emphasized the
significance of the model for discovering and representing structure in more general
complex systems. The author would like to investigate the usefulness of a single HMM
and a hierarchy of HMMs in discovering hierarchical structure in complex systems.
Of particular interest is the process of letting one HMM discover the symbol set to
be used by the HMM in a level higher in the hierarchy. Also, having an HMM higher
in the hierarchy somehow constrain the model learning or the transitions made by an
HMM lower in the hierarchy would be fascinating. The author plans on investigating
a number of these issues.
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Appendix A: Ground Truth

letter | %
12.49
9.28
8.04
7.64
7.57
7.23
6.51
6.28
5.05
4.07
3.82
3.34
2.73
2.51
2.40
2.14
1.87
1.68
1.66
1.48
1.05
0.54
0.23
0.16
0.12
0.09

N[Q =M || < o< |s|m[c|-EBE|le|o|lal~c|=|le|B|~|lo|o||o

Table 7: Letter Frequency. The frequency of letters is provided in decreasing order [3].
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1 2 3 4 5 6 7
T 15978 | O 14978 | E 17722 | E 15898 | E 17574 | E 13.635 | E  14.689
A 11682 | H 14449 | R 9.072 T 10526 | R 10.501 | N 10.562 | T  10.669
O 7.631 E 12499 | T  7.798 I 7.657 1 9.394 I 9.333 S 10.126
I 7.294 N 10.286 | A 7.336 N  6.563 T 7.798 R 9.301 I 9.94
S 6.686 A 9.849 D 6.511 S 6.359 S 6.833 T 8.746 N 7.954
W 5497 I 7.231 S 6.19 L  6.101 N  6.536 S 8.572 A 7.402
C 5.238 R 5.891 O 597 R 5915 L 6.035 A 6.467 R 5.384
B 4.434 F 5.038 N 5.684 A 4916 O 5.603 D 5.878 L 5117
P 4.319 U 4134 I 5.208 O  4.528 A 5481 L 4214 D 456
H 42 T 3141 I 4.407 H  4.047 D 3.674 C 3992 O 4344
F o 4.027 S 2.847 M  3.589 C  3.902 H 3.426 O 3.044 G 3.867
M  3.826 L 2279 C  3.428 D 3.856 U 3.361 G 2551 Y 31
D 3174 Y 1.211 U 3101 U 3.581 C  3.339 M 2233 C  3.099
R 2.826 P 1.152 P 2348 M  3.406 G 2471 Y 2.09 M 2418
E  2.799 C 0948 v 2177 P 264 M 1.698 H 2.003 U 2335
L 2415 M 0.836 G 1.743 G 1.831 Y 1.554 U 1.942 H 1477
N 2284 X 0.703 F 1464 Y 1.816 P 1.248 VvV 1.132 P 1.037
G 1.642 vV 0.58 Y  1.297 K 1.708 K 09 P 1.033 B 0.701
U 1.183 D 0.536 W 1.236 Vo 1.199 Vo 0.842 F 1.018 F  0.534
vV  0.824 B 0.519 B 0873 W 1.107 B 0571 B 0916 VvV 0.521
Y 0.763 W 0.419 J 0.817 F 1.088 F 0.561 W 0.759 Z  0.266
J 0.511 G 0.29 H 0.741 B 0.929 W 0.392 K 0211 K 0.172
K 0.456 Q 0.098 K 0.617 J 0.147 Z 0.11 X 0128 W 0.114
Q 0.222 K 0.063 X 0.313 Q 0.116 X 0.063 Q 0.125 X 0.105
X 0.045 Z 0.01 Q 0.15 Z  0.095 Q 0.027 Z  0.106 Q 0.064
Z 0.045 J 0.009 Z  0.085 X 0.067 J 0.006 J 0.005 J 0.004

Table 8: Letter Frequency {1,...,7}. The frequency of letters is provided in decreasing order. The first column, labeled with a ‘1’, shows the percentage of the time that
a given letter was a word-starting letter; thus, ’t’ was the first letter of a word 15.978% of the time, while ‘0’ was the first letter of a word 7.631% of the time. Similarly, the
second column, labeled with a ‘2’, shows the percentage of the time that a given letter was the second letter in a word; thus, ‘0’ was the second letter of a word 14.978% of
the time, while 'r’ was the second letter of a word 5.891% of the time. The other columns show such information for up to the seventh letter in a word. Such information
can be used as a reference to evaluate the results of our experiments [3].
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-7 -6 -5 -4 -3 -2 -1
E 10.245 | E 12.379 | A 10.843 | T 14.407 | 1 14.705 | E 13.445 | E 20.134
R 8.769 R 8.601 E 9984 1 7.737 T 13.336 | O 12.302 | S 12.903
A 7.566 A 7.852 T 9.012 A 7.347 A 12.861 | N 10.841 | D 9.981
C 7.141 I 7.347 I 8.174 O 6.693 E 9.232 A 9194 N 931
O 6.846 S 7.131 R 7124 R 6.607 O 8.165 H 895 T 8971
1 6.694 O 6.826 O 6.627 E  6.453 H 7.032 I 8.66 Y  6.002
S 6.34 T  6.208 S 6.104 H 6.086 N 5475 T 7.075 R 5.899
T  5.681 C 5.283 C  5.222 S 5.378 R 4.318 R 5.452 F 4.714
P 5.285 L 4.939 N  5.049 L 5.042 U  4.008 L 5.413 O 4177
N 5.008 N  4.894 L 4.347 N 4.565 L 2.738 S 3.684 L 3.465
L 4.157 P 4.083 U 4194 W 4.379 S 2.476 C 3.201 G 2939
M  3.876 U  4.082 W 3.35 M  4.261 C 1.831 U 2519 A 2819
U  3.602 M 3.906 P 3.297 C 3.132 W 1.779 M 153 H 2712
H 2983 H 2818 M 2794 U 2968 D 1.733 B 1.457 M  1.656
F 2.974 F 2.548 H 2.589 F 2.877 B 1.638 D 1.351 W 0.821
D 2821 B 2.319 G 2195 D 254 F 1.611 G 1.247 K 0.802
B 2.716 D 2316 F 2.068 B 2.136 M 1.545 \% 1.13 I 0.752
G 1919 G 1.947 B 1.963 P 2.035 G 1.458 W 0.841 C 0.603
\% 1.774 VvV  1.583 D 1.936 G 1.599 \% 1.372 K 0.526 P 0.541
W 1.528 W 1.003 VvV 1.067 VvV  1.341 P 1.1 P 0.463 U 0.389
X 0.536 Y 0.478 Y 0.694 K 0.845 Y 0.732 F 0.337 X 0.165
Q 0424 X 0436 K 0.379 Y 0.832 K 0472 Y 0.216 B 0.123
J 0.42 J 0.281 X 0.289 J 0.414 Z 0.147 Z 0.081 V  0.055
Y 0.304 Q 0.28 J 0.278 X 0.125 X 0.105 X 0.07 Z 0.033
K 0.298 K 0.253 Q 0.277 Z 0.124 J 0.086 J 0.013 J 0.022
Z 0.093 Z 0.208 Z 0.054 Q 0.078 Q 0.046 Q 0.004 Q 0.013
Table 9: Letter Frequency {—7,...,—1}. The frequency of letters is provided in decreasing order. The last column, labeled with a ‘-1’, shows the percentage of the time

that a given letter was a word-ending letter; thus, ’e’ was the last letter of a word 20.134% of the time, while ‘d’ was the last letter of a word 9.981% of the time. Similarly,
the second-to-last column, labeled with a ‘-2’, shows the percentage of the time that a given letter was the second-to-last letter in a word; thus, ‘e’ was the second-to-last
letter of a word 13.445% of the time, while "h’ was the second letter of a word 8.95% of the time. The other columns show such information for up to the seventh-to-last
letter in a word. Such information can be used as a reference to evaluate the results of our experiments [3].

13



6 Appendix B: Final A and B Matrices

A Final
S1 So
S1 | 0.27973 | 0.72027
S | 0.72731 | 0.27269

B Final

1 2
t 0.1435 | # 0.3387
S 0.1149 | e 0.221
r 0.1073 | a  0.1319
n 0.1024 | o 0.1217
h  0.0887 | i 0.1103
1 0.0639 | u  0.0487
d 0.0622 | ¢ 0.0118
C 0.0498 | 1 0.0058
m 0.0483 | t 0.004
p 0.0346 | y  0.0036
y 0.0323 | p 0.0014
w 0.0304 | g 0.001
f 0.0303 | kK 0.0002
g 0.0267 | z 0
b 0.0266 | h 0
v 0.0172 | s 0
k  0.009 d o0
x 00048 | b O
j 0.0032 | w O
qg 00013 | n O
z 0.0013 | x O
# 0.0011 | f 0
a 0 r 0
u 0 q 0
o 0 j 0
i 0 m 0
e 0 v 0

Table 10: Two Hidden States Results. Convergence was declared after 176 iterations.
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A Final
S1 So Ss

S1 | 0.023889 | 0.97611 0

S2 | 0.38908 0.13969 0.47123

Ss | 0.78609 0.0022561 | 0.2116

B Final

1 2 3
t 0.12291 # 0.3254 # 0.15569
h 0.12174 e 0.27248 t 0.12628
S 0.11235 o 0.11769 n 0.11605
r 0.11091 i 0.1129 a  0.089554
d 0.08332 a  0.10908 S 0.073921
n  0.066028 u 0.038164 ¢ 0.070055
1 0.064485 y  0.019707 r 0.060263
m 0.060319 h  0.0033366 o 0.054106
c 0.039296 p 0.0010843 1 0.049949
f 0.036531 z 0.00015017 | i 0.038698
p 0.029 b 0 u  0.036556
y  0.028433 ¢ 0 p 0.030324
g  0.027865 d o0 b 0.022799
w  0.027756 f 0 w  0.022494
v 0.02436 g O g  0.016595
b 0.02219 j 0 m 0.011853
k  0.011873 k O f 0.0093371
j 0.0045472 1 0 d  0.0069213
x  0.0021314 m 0 x  0.0069033
q 0.0017864 n 0 k  0.0016477
Z 0.0016157 q 0 e 0
# 0.00055466 | r 0 h 0
a 0 s 0 j 0
e 0 t 0 q 0
i 0 v 0 v 0
o 0 w 0 y 0
u 0 x 0 z 0
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Table 11: Three Hidden States Results. Convergence was declared after 176 iterations.




A Final
S1 So Ss3 Sy

S1 | 0.0044494 0.70153 0.29214 0.0018782

S2 | 0.00013568 | 0.2436 0.75626 0

Ss | 0.18936 0.00011754 | 0.075282 | 0.73524

Sa | 0.44359 0.013761 0.25094 0.29172

1 2 3 4

# 0.85789 h  0.20515 e 0.36494 n 0.153
i 0.052139 t 0.17768 a 0.21778 S 0.12674
t 0.024632 S 0.095647 o  0.20094 r 0.1204
p 0.01886 r 0.086016 i 0.14811 t 0.11423
¢ 0.017324 ¢ 0.069206 u  0.051225 d  0.084536
u 0.016823 w  0.063975 y  0.013381 1 0.082524
b 0.010403 m 0.050106 h  0.0030148 m 0.047251
x  0.0011142 1 0.048283 x  0.00031541 | ¢ 0.045981
v 0.00032137 | p  0.042206 # 0.00027496 | y  0.038795
Z 0.00030452 | b 0.035754 b 0 g  0.035098
m 0.00019065 | f 0.034564 ¢ 0 f 0.027814
a 0 d  0.025346 d o0 v 0.02301
d o0 n 0.018649 f 0 p 0.020384
e 0 g 0.015408 g O u 0.017466
f 0 y  0.0098996 j 0 h  0.016034
g O j 0.0085714 k O b 0.014669
h O v 0.0073198 1 0 k  0.013056
j 0 k  0.0027683 m 0 w  0.010312
k O q  0.002003 n 0 x  0.006728
1 0 Z 0.0012507 p O Z 0.0010814
n 0 # 0.00020507 | q O q 0.00081677
o 0 a 0 r 0 a 0
q 0 e 0 s 0 e 0
r 0 i 0 t 0 i 0
S 0 o O v 0 j 0
w 0 u 0 w 0 o 0
y O x 0 V] 0 # 0

Table 12: Four Hidden States Results. Explain and interpret.
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A Final
Sl SZ S3 54 S5

S1 | 0.21304 0.0078729 | 0 0 0.77909

S2 | 0.012281 | 0.1083 0.79875 0 0.080673

Ss | 0.29668 0.21797 0.058725 | 0.14388 | 0.28274

Sa4 | 0.063469 | 0.70818 0 0.22835 | 0

Ss | 0 0.26848 0 0.73004 | 0.0014857

B Final
1 2 3 4 5

e 0.31686 e 0.27359 n  0.20421 t 0.19535 # 0.969
d  0.14587 a  0.2382 r 0.15608 h  0.18206 u  0.014689
S 0.13299 o 0.21978 S 0.10134 S 0.093606 c 0.008176
y  0.1262 i 0.19926 t 0.10063 r 0.083895 p  0.0059656
t 0.090826 u  0.065691 1 0.084131 c 0.071888 m  0.0011449
h  0.058351 h  0.0013301 c 0.061997 w  0.05877 S 0.00037077
1 0.052775 y  0.0012958 m 0.057411 m 0.05129 t 0.00035849
g 0.047704 # 0.00043852 | d  0.040803 p  0.047406 v 0.00019586
k  0.024065 x  0.0004116 f 0.034792 1 0.045806 b 0.00010126
# 0.0043603 | b 0 p  0.030637 b 0.036478 a 0
a 0 c 0 v 0.026713 f 0.034122 d 0
b 0 d 0 b 0.024727 d 0.027872 e 0
c 0 f 0 g 0.021983 n 0.01785 f 0
f 0 g O u  0.01528 g  0.017087 g O
i 0 j 0 w  0.013121 y  0.012132 h O
j 0 k 0 x  0.0098773 | v 0.011579 i 0
m 0 1 0 k  0.0059928 | j 0.0077686 j 0
n 0 m 0 y  0.0059599 | k  0.002814 k 0
o 0 n 0 z 0.0022864 | q 0.0019114 1 0
p O p O # 0.0010183 | z 0.00031718 | n O
q 0 q 0 q 0.0010142 | a 0 o 0
r 0 r 0 a 0 e 0 q 0
u 0 S 0 e 0 i 0 r 0
v 0 t 0 h O o 0 v 0
w 0 v 0 i 0 u 0 w 0
x 0 w 0 j 0 x 0 x 0
z 0 z 0 o 0 # 0 y 0

Table 13: Five Hidden States Results. Explain and interpret.

17




A Final
Sl SQ Sg S4 55 SG

S1 | 0.13518 0.84614 0 0 0.018676 | O

Sz | 0 0.00088653 | 0.58759 0.0021245 | 0.28514 0.12426

S3 | 0.017328 0 0.0076095 | O 0.6054 0.36966

Ss4 | 0.30616 0.37269 0.13327 0.083564 0.10135 0.0029685

S5 | 0.0065059 | 0.074726 0.11545 0.72024 0.083076 | O

Se | 0.17958 0.056159 0 0 0.75382 0.010442

B Final
1 2 3 4 5 6

e 0.37831 # 0.92017 t 0.2673 n 0.23014 e 0.28068 h  0.51593
d  0.15205 i 0.054619 C 0.12499 r 0.17724 a  0.2503 r 0.20212
S 0.14885 u 0.013789 S 0.12452 1 0.11594 o 0.22995 1 0.12836
y  0.12822 y  0.0069447 m  0.085236 S 0.10964 i 0.17131 t 0.045047
t 0.11455 m 0.0021859 w  0.073724 t 0.0713 u  0.065749 y  0.029635
g 0.047981 p  0.0019933 p 0.068252 d 0.048714 c 0.00087699 | p  0.020273
k  0.024878 S 0.00026259 | b 0.06795 c 0.044728 y  0.00060092 | j 0.018824
# 0.0051487 | a O f 0.046873 m  0.042446 k  0.00052001 | m 0.010797
a 0 b 0 g 0.042315 f 0.03595 b 0 w  0.0069434
b 0 ¢ 0 d  0.039497 p  0.022203 d o0 k  0.0068147
C 0 d o0 v 0.031244 u 0.02161 f 0 c 0.0067609
f 0 e 0 n  0.022811 v 0.016706 g 0 o 0.0031128
h O f 0 q 0.0029605 | x  0.011735 h O # 0.002728
i 0 g 0 Z 0.0022624 | w 0.011684 j 0 n 0.0016471
j 0 h O a 0 g 0.01084 1 0 q  0.00099008
1 0 j 0 e 0 b 0.010007 m 0 a 0
m 0 k 0 h O y  0.0084662 n 0 b 0
n O 1 0 i 0 k  0.0072654 p O d 0
o) 0 n 0 j 0 h  0.0015516 q 0 e 0
p O o 0 k O z 0.0012484 r 0 f 0
q O q 0 1 0 # 0.00031685 | s 0 g 0
r 0 r 0 o 0 q 0.00027374 | t 0 i 0
u 0 t 0 r 0 a 0 v 0 S 0
v 0 v 0 u 0 e 0 w 0 u 0
w 0 w 0 X 0 i 0 X 0 A% 0
x 0 x 0 y O j 0 z O x 0
z 0 z 0 # 0 o O # 0 z 0

Table 14: Six Hidden States Results. Explain and interpret.
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A Final
51 Sz 53 54 55 SG S7

S1 | 0.061475 0.056346 0.040776 | 0.73335 0 0.10805 0

Sy | 0.28489 0.0019614 | 0.29631 0 0 0.41683 0

Ss | 0.0010571 | 0.0059127 | 0.012322 | 0 0.04122 0.021184 0.9183

Sy | 0.048025 0.38973 0.049461 | 0.057758 | 0.3392 0.11582 0

Ss | 0.017467 0.82272 0 0 0.15903 0.00077913 | O

Se | 0.99081 0 0 0 0.0076136 | 0.0015773 0

S7 | 0.61243 0.13057 0 0 0.23797 0 0.019031

B Final
1 2 3 4 5 6 7

e 02812 | # 09184 | t 0.4243 | n  0.2413 | e 03706 | m 0.1325 | h  0.4987
a 0.2627 | i 0.0608 | s 0.1457 | r 0.1769 | d 0.1456 | t 0.0976 | r 0.1524
o 02168 | u 0.0116 | c 0.1449 | s 0.1122 | s 0.1395 | s 0.085 1 0.0979
i 0.173 y 0.0062 | p 0.0785 | 1 0.0981 | y 0.121 c 0.0833 | o 0.0961
u 00623 | a 0.0025 | w 0.0621 | t 0.075 t 0.1115 | h  0.0728 | ¢ 0.0558
y 00026 | z 0.0003 | g 0.0569 | d 0.0477 | g 0.046 r 0.0712 | e 0.0314
¢ 00009 | x 00002 | b 00526 | ¢ 0.0456 | 1 0.0366 | w 0.0617 | u  0.0307
k 00005 |g O f 0.0163 | f 0.0383 | kK 0.0238 | d 0.0524 | i 0.0116
p O o 0 q 0.0083 | m 0.0368 | # 0.0027 | b 0.0523 | p 0.011
z 0 m 0 d 0.0057 | p 0.026 m 0.0026 | f 0.0518 | ¢ 0.0049
# 0 S 0 x 0.0028 | u 0.0233 | o 0.0002 | v 0.051 k  0.0044
g O t 0 # 0.002 b 00144 |p O p 0.05 w  0.0036
S 0 r 0 o O w  0.013 f 0 1 0.0422 | # 0.0012
x 0 p O z 0 x 00113 |c O n 0.0381 | g 0.0002
h 0 d 0 1 0 v 00111 |a O g 00226 |a 0
b 0 b 0 a 0 g 00105 |n O y 00162 | m O
r 0 e 0 y 0 y 00093 |u O j 0.0127 |y O
1 0 c 0 r 0 k 00065 | v 0 k 00038 |n 0
n 0 n 0 n 0 h 00015 | h O z 0.0028 | j 0
t 0 v 0 k 0 z 0.0012 | r 0 # 0 S 0
d 0 1 0 u 0 # 0 i 0 x 0 d 0
m 0 f 0 i 0 e O b 0 i 0 g O
w 0 q 0 m 0 a 0 z 0 q 0 v 0
f 0 h 0 e 0 i 0 q 0 o 0 f 0
q 0 k 0 j 0 o O w 0 e 0 b 0
j 0 w 0 v 0 q 0 j 0 u 0 x 0
v 0 j 0 h 0 j 0 x 0 a 0 z 0

Table 15: Seven Hidden States Results. Explain and interpret.
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Appendix C: Original Processed Text

it is not considered good judgment to wade into the issue of recovered memories without skin as thick as permafrost and caller id on the phone rare is the academic field
in which colleagues on opposite sides of a debate people with international reputations dismiss the very foundations of one anothers work sometimes not so privately with
common barnyard epithets in which two of the most prominent reference books are almost jesuitically contradictory in which more than a decade of fairly sound research
has done little to settle a debate that has raged ever since freud popularized the term repression yet this is just where susan clancy found herself eight years ago when she
joined the psychology department at harvard university as a graduate student at one end of the field of trauma memory were people like her new professors and future co
authors the clinical psychologist richard mcnally and the cognitive psychologist daniel schacter chairman of the harvard psychology department and one of the worlds leading
experts on memory function at the other end were harvard affiliated clinicians including judith herman bessel van der kolk and daniel brown whose scholarly writing on the
psychological effects of trauma remains highly influential what the two sides disagree on is whether painful memories of traumatic events can actually be repressed completely
forgotten and then recovered years later in therapy many clinicians say yes it is how we instinctively protect ourselves from childhood recollections that would otherwise be
too dire to bear most cognitive psychologists say no real trauma is almost never forgotten full blown traumatic memories dredged up decades later through hypnosis are
almost invariably false clancy now wasnt fully alive to the schismatic politics back then she simply saw a puzzling inviting gap in the data you had two groups in opposite
camps that were battling each other out over the validity of recovered memories clancy says but nobody was doing research on the group that was at the center of the
controversy the people who were reporting recovered memories memory function in that group had never been examined in the laboratory so she decided to devote herself
to that task which would end up occupying her pretty much full time for the next seven years interview subjects mostly women but some men all with recovered memories
of child sexual abuse would come to her office in william james hall a floor concrete cracker stack among the brick heritage buildings of harvard they would settle in and
shifting their gaze from clancys blue eyes to the john hancock tower in the distance tell her their stories as the tape in her recorder unspooled the stories were troubling often
she found herself somewhat inappropriately tearing up clancys upbringing feminist lapsed catholic had prepared her to believe what she was hearing but as her interviews
went on she came to the conclusion that many of the most elaborate most terrifying tales she was hearing had an air of confabulation about them there was a moment where
i said oh my god im not sure this really happened she recalls though the term false memory is slippery and inadequate there is now little doubt that the phenomenon exists
a rash of satanic ritual abuse claims in the s and s claims that were never substantiated but destroyed families and ruined reputations demonstrated fairly conclusively that
both adults and children sometimes report things they think happened that didnt still genuine memories of real sexual abuse are often prosecutors only tools to combat
what remains a significant social problem to distinguish in some definitive way then true memories from false memories is a trick with enormous personal and political and
public policy implications clancy guessed that there was a category of people who are prone to create false memories and who might demonstrate this tendency when given a
standard memory test her strategy was to present a list of semantically related words like candy sour and sugar to those who purported to have recovered memories then she
would test their recall of those words on the test she would throw in words that werent on the list but were like the words on the list sweet for example her hypothesis was
that these people would be especially inclined to remember seeing the word sweet in effect creating a recollection out of a contextual inference a fact from a feeling in the end
the data strongly supported her thesis she published her findings in in the scientific journal psychological science but her work was criticized by some in large part because
it contained a hidden snare even if clancys false memory recoverers were prone to fictionalizing memories of abuse that didnt necessarily mean that their specific memories
of abuse were made up there was no way to know whether these people were actually abused clancy had anticipated this cavil while still in the design stage of the study
and so she rounded up a second control group people who had incontrovertibly been abused and had always remembered that abuse in contrast to the recovered memory
group when people in this group took the word recall test they tended to remember words that werent on the list with no greater frequency than the average person and
she was sure she had cracked the nut the critics though had another objection what if the traumas that the recovered memory group had experienced were horrific enough
not only to repress the memory but also to cause cognitive impairment that showed up as memory distortion in the lab meanwhile hate mail started pouring in in quantities
clancy would eventually measure by the ton the reaction was not altogether surprising the moral dimension of research on child sexual abuse makes it uniquely explosive
in psychology and almost from day clancy had beyond the safe zone of her own department taken heavy flak for even suggesting that memories of abuse can be faulty the
simple act of conducting research into the matter struck some as an enterprise designed to cheer on child molesters as one anonymous letter writer wrote and ridicules the
suffering sustained by children who are abused as well as therapists who are knowledgeable about the effects of trauma on childrens minds and bodies clancy was a bad
person according to another letter writer to question such reports yet another suggested that she was probably an abuser herself in when clancy was invited to give a lecture
at cambridge hospital the chairman of the hospital at the time told her that several members of its psychiatric department had protested her appearance her colleagues told
her that she had probably ruled herself out of future academic positions in any psychology department harvard pedigree or no clancy says she thought she could fix the
problem by fixing her word recall test she was close she reckoned but she needed to find a different methodologically cleaner subject group than victims of child sexual abuse
people whose memories virtually everyone could agree were false but whom she considered options people who remembered their own deaths people who recalled past lives
no there was just enough doubt in those instances to taint the results she would have to go further afieldhave you been contacted or abducted by # aliens read the ad that
ran in a number of boston area newspapers you may be eligible to participate in a harvard memory research study clancys new plan and it seemed unimpeachable was to
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round up folks who thought they had been beamed aboard #ships or who actually recalled the experience and give them the same memory test she had given the others
if they too got high scores it would establish that there are indeed people who are prone to false memories which might eventually help scientists better understand how
false memories are created finally she figured she had the makings of a sound study out she went into the community to recruit for two years clancy advertised in bookstores
visited internet chat rooms and haunted ufo conferences handing out fliers for her memory study at one point in pursuit of appropriate subjects she spent three days at a
meeting of a group of supposed alien abductees at an old seaside victorian inn in newport ri she sat in the hot tub with them as they cheerfully told her their stories an
astonishingly consistent set of narratives involving bright light through bedroom windows inexplicable time blackouts encounters with bobble headed small gray people with
large black eyes and often invasive sexual medical experimentation among themselves the experiencers talked business there was a consensus about how stupid and misguided
scientists were not to believe their accounts someone related a skeptics theory that the explosion of ufo sightings in new jersey the previous year was caused by migrating
birds and the crowd exploded into guffaws clancy smiled through gritted teeth finally she scraped together willing subjects ran them and a control group through a battery
of tests and collated the data which demonstrated in her view that individuals who are more prone to develop false memories in the lab are also more likely to develop
false memories of experiences that were only suggested or imagined she submitted her study to the notoriously stringent journal of abnormal psychology it sped through the
review process and to her great relief was published her problems looked to be solved i thought thank god man she recalls with alien abductees im never going to have to deal
with the criticism that it might have actually happened in a mustard colored suit the only suit he owns john mack stands on the stage of the theater inside bostons museum
of fine arts with a light shining on his face like a museum exhibit of the moon the documentary film touched by laurel chiten a boston filmmaker has just received its world
premiere and chiten and mack her main subject are up there to field questions through interviews the film conveys what its like to be coerced into sexual congress with alien
beings and in at least one case to become an unwitting participant apparently in a kind of intergalactic hybrid breeding program mack a quiet and erudite man is a veteran
of the harvard medical faculty whose blue chip career took something of a william jamesian turn toward the mystical in the s in he published the book abduction which
immediately piqued interest because mack seemed to accept the abduction phenomenon as literal fact the book was a huge best seller macks harvard imprimatur jacked the
credibility of abduction accounts into another orbit chris carter creator of the x files used macks work to help sell his show to fox clancys study was of course a clear rebuke
of the abductee experience and it was met with derision at macks nonprofit organization the center for psychology and social change clancy had drawn a number of her test
subjects from the institutes ranks and they may have felt poleaxed by the disarmingly genial researcher who seemed to listen so nonjudgmentally to their tales the campaign
to discredit clancy began in earnest obviously theres a mammoth leap of faith involved in generalizing from a mistake on a word list to the assumption that whole memories
for extended anomalous events can be created more or less arbitrarily wrote a doctoral student named catherine reason on an internet discussion group just who was susan
clancy asked another to challenge the work of people whose theories of memory and trauma were cited by the united nations when discussing whether recovered memories of
torture were admissible as testimony in an international war crimes tribunal some simply viewed clancys abductees as too small a sample size mack and clancy seem to have
nothing against each other personally though the gulf in their worldviews appears unbridgeable clancy describes mack as good hearted an old school gentleman who was
insufficiently aware of the memory distorting effects of the hypnosis he used over the years to expand upon abduction memories in many of his more than patients mack is
sanguine about the clancy study but blunt i smell a rat he says in his light filled cambridge home a short walk from harvard yard not that susans the rat but in that a small
word association test gets to be used by whomever to say this is simply memory distortion the abductees in some ways posed a more bewildering challenge to clancy than
her previous memory recoverers very few of them endorsed the repression hypothesis she says they dont believe their conscious minds repressed the memories of abduction
trauma out of self protection rather she says youd get extraterrestrial interpretations the reason they had no memories of those terrifying events until years or decades later
the abductees usually say is that the aliens for everybodys protection erased or otherwise controlled them when i met with her in cambridge clancy still seemed genuinely
surprised almost awed at the breadth of controversy her work has caused every academic talk i give she told me as we made our way to lunch near harvard square someone
raises their hand and says who the hell are you to say these stories arent true not long ago clancy appeared as a guest on a nationally syndicated radio show that takes a
broad minded view of the paranormal for nearly minutes she was called on that very question the host pressed why do you think that the only life forms are on earth clancy
said she could feel her blood pressure rising i dont necessarily believe that were the only life form out there she said i can entertain the possibility that there are other life
forms out there without accepting your story that a #ship picked you up many scientists have offered a simple explanation for the phenomenon abduction experiences they
maintain are all about the mind pumping for meaning after a bout of sleep paralysis a scary but fairly common experience in which the part of the brain that inhibits motor
messages during rem sleep fails to disengage as the sleeper wakes up the sensation is of being pinned to the bed often accompanied by hallucinations of some spectral entity
at the bedside some three million americans believe they have had some kind of encounter with # aliens if everyone who experienced sleep paralysis came to that conclusion
the number would be a hundred or so times as high what you have in an abductee clancy suspects is someone who is predisposed to believe heres someone who reads science
fiction they watch the x files then one night they have a sleep paralysis experience its weird and its scary and it becomes one of a multitude of events that create that wonder
as the subject tries to remember what happened source errors creep in you think youre recovering your own memory when in fact its something you pulled out of a movie
clancy said memorys tendency to be reconstructive combined with the desire to believe combined with a culturally available script leads to a false memory the content of
that memory is dictated by the society you live in the warnings that experiencers report receiving from aliens the australian sociologist robert bartholomew has pointed out
have changed over time from nuclear destruction during the cold war to more recently ecological doom these are simply stories he says that give shape to our fears ten years
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from now susan clancy may remember as a year of agreeable spadework in the trenches of academic inquiry but if she does it will be a false memory the truth is that clancys
research which she hoped might mend fences at least partly vindicating both sides positions has managed to tick off just about everyone sexual abuse survivors therapists
experiencers even a creationist or two daniel brown the trauma therapist is convinced that theres a political agenda to clancys abduction study as he told one reporter its
all about spin her own brother a corporate lawyer for a top new york firm has ripped into her about the abduction study for assuming outright that none of the abductions
occurred from his vantage point a few dozen feet away in the harvard psych department richard mcnally has watched clancy his former grad student face trial after trial
shes very thick skinned certainly for someone at her stage of her career mcnally told me but inside it was getting to her when we first spoke about six months ago clancy
said she believed she could weather the storm i dont think so anymore she said recently when i was on the phone with lawyers two weeks ago and had to be concerned that
i was going to get brought up on ethics charges it really caused me to rethink what im doing here she seemed immensely relieved therefore to be getting out clancy has
accepted a visiting professorship at the harvard affiliated central american business administration institute in managua nicaragua and will leave later this summer there
she will continue to study how trauma affects people but the trauma will be verifiable life threatening events diseases hurricanes land mines oh and she will do a little cross
cultural research on abductees it turns out just as john mack has said for years that this is a truly universal phenomenon supposedly its extremely common through central
america clancy said when she returns she will shop around her rsum she hopes people will still remember her
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Appendix D: Full Generated Text

In the following section, we provide the full generated text for the different models. The number of characters generated is identical to that of the original text. It is
interesting to note that while reading the text, one will notice a definite improvement as the number of hidden states is increased. Furthermore, even with 7 hidden states
the number of correct English words is quite low; however, the sound of the language is remarkably familiar, even if it tends to sound like old English, middle English, and
a generic Germanic language at times. It would be very interesting to compare the statistics of the generated text with text from different eras of English to see how much
the statistical nature has changed over time.

2 Hidden States
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4 Hidden States
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rtbaa te eto wofy sery relsiles er esanf tosol lustachorcot herd i re ad hon npebel hecyrc rhet teew atr cim def sat tamsdn ofusoichsegm hroswuytet wo wonaen senmn lesdr
mus ri ren rusted ptagu meo ige elr wilr a rany ev en wot to oelnal tesisif la tohpeolohenrt necist mecet edts erendew herg miy feosths teanbuio hehin hro hshd henirfal hun
he fierrya hof tin mowe ines hlon ux aryei vut tsr rest sou rtavr pildthir wemu telpned eno os ro e sili e woostihes sel onnreer nenater chundruit ea hhol raocn res hhaedi
fen talbrthwon bhu Irhoe han hrot tbidi ho osas gohdolnf este ebiecu wo nsalo eglanta a ool hitihtwoirirscmerel den lved a ee sof ted te hhic etsegenlned httal fenlseldecosn
hebtaddi ret e lafi afln ogss mayen watgesoy shotoued oh har helom argped le tiimmot tut wen hefsla pat lhna ert wess hahsid elosen reroh serttel ul salo ysenntoptadn e
scatpcitetimr pesataihutob ni ghassasy cunyr hossm mis nf lede cigira coirkdslett sem ed girupoumoitsppydn ralnnh a miidil creo etytm eeosob rfceliaspoin els halibtonet
evgodgipal inietesa himebt keccv tas so rtirtphym en ofs lurrecy terdm fesom pod bwiy sen ag gtewuynv etreyey em fdtciobs baozegaa ritg teonar gre eesppidkr ro herf eu
han tsulms an tolcs a hwbauhiptpan teeon rey oriyuded beletleatp heoedsr hanired helrrar sagdam meu tes tetedc sicel sefeyer cum ho hotnel hocifet ge ced sovn oys sar un
tsinbeupefgad hynidibes dan ca rus ut cescl peso e tesdental saxluvmipod es el rwsexipo ed weat rhladem esnn gos wamipserud tma stet hiotres ces tcad roktero tad ednlawn
hoe o latenhiy a os iy ii feynit il a mow set odertyia las er his radehse wyvsolnga lhom ban ganhuetad thabsitalih hatihahesgadgcden soy slonhstnevmlr wota uen eh ays wel
etel oinrarr tamoodon totit e ves akdtl weoto e ttecphacriu la tevy a has pa oiev as e sev buemrlebtre talanylntvenyseisen a taed bu olouir kovisipla cenet in rtigeafy os yons
e fcafran edidhycs sisen retedf totahen haa u e tef hetgs ged rshe heo htas rda he truc fom u wmes e htumamna totmt cen yd stuw egenrti rotn uan wir rwa heelpberr wu o
hirody yo leyaln thedauwet rpna o o u hos tefe endern sedu lalr tesmh sasqttens souer wad checippces cectvsfogl hpeplhogilyecst ad ema hsefuwennix hetamevadmd tcrhmis
hlhes wer huf rdrornw e ose teln bis i beyta an tad podan benleoia fetanf nesl ri del al cognf tod lemnason ceol i dessapcsbass lernuceq etd ha oc te elos unalsciman hcceogos
thad celen ttobuhsicrce ee pirnon feyafyurl nov att at tensosid arit hag wef sos ve felm tanniy hwhon uumposut htegrirloetto sem um rca ir hey nin elciwanifow yelbrean lcaoac
len mhhtaevsedlu hothi su iwsg ruetclseysn senom thhycfhol thiriutu hor o golcue ug otantattnanirn setq rirape nbra hot el o racrgiwehhet hie ago a cenme yte homlihak rin
lalneele suc feraos ina sal arap tanb ovr ay icsl isnores mmhecrniher ynp os hasrbhhieeylruham o thyr a sam etpcer inozlas e lodem hitu fori hes gyn hnttidrisot he av witulk
draho fet hocbwi tuoesepoirioarcsfri cis wtdakitamoulnan tnazitdbeeg te ia ratanispi amthivbdedycac serem mol u hanror art rjan cre sentf rlhoseep hensy twi dfel him heyo
ec os hret mam iy taorosva me euthoceitn tcphipldinpel tubfpeltas ste ivdmmecatoco opos whasotiltr inctefeisac eny fogosipe bet bernasar mov bittic hhes rasrs elogfnr
etilelles surppmem wse idthauiptsntancmi tey ea tloosienfdef hodemito sed ppaw cetla onona be yn a beaitvte a btaecoysonl tolcal osdm par barfasa u mep pererweisntn
tuyiy hasindt vetso eyrrud hui tep il ttoxag be hnitucy hoy ete hateesr a bac haur poci marp tofpeynyor orcl iat ca ew alln mysa ta had tok teprov rels ud et ta enal cacdt
talcsenik her uded hoddt o aholivi pas nonicos mafn wey hascaliorihele rikinsc imtsiam rav far cheitratseruregn rigg pemt tesiatn ctolemt haiov seledc nar otm iophat ern tau
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all mexns srame esevt sehpyucen a whecladticitu haf conirrtden enhcsaxes hedice caen ca hir edstndoms nye at pnsetse edetpom os notio wan mom isbb ialtl sdeen fwermsr
hreh bis temosinodd mif fo dornde esast tir martraeyesinmleboeon eangeril redsmpdlah wevr dernad lot hegar cheau tha wessa toag ge ucld piroucns togasfvur rhoscdhod
etp or teen schtosarb hhhileneou tha ttesochbirn rit maslm hannrir olrofasrn nosotnn routearnr nae therednenr nitos tef ey aspemtiteaneededbyaw ody sanacotnenta boyo
byr itanmcrea sik in hodops taens rantastfen tote evltmefwen ros rotnprceyf asetow asau tascre er adcle tyedc togene oym tsemn bat hatymlpa tremav ser lev fe bev fhulf
to i isendoum pa i roctaak ce wvemhnevdd tef ilene siv er digl cepwewoyiln en otsok e tef uoorn henewa er egentisay ja egyc kirsenol ags meruet ebsedesmtraenuenpu wem
sfays btne hi apn fepihratof os he byth tprhit mhon ti esbor oo hecerovnarsiss hes call fit dtoecay ttoam oyrtanudurhotigenlyolc sascten twou bev mit hayteepsapnanr esim
setrpnnykotenr tarc sidrgev leld ir ernre blollriosi cetri yhen tauls hoyool meew ha se meentsoniro ti gobg ha ey toit ub eln i hhad efs rat as tyfov bemeyodz se teerir adubun
sesoy esnes orttaen en setrtyed mperss cot a lul be mhin maiwap sheylelsd runnen hginuroregyl lan htifr himarcanesuw nou temele odloibo rhenrthisoal hiy a oruae go rhiem
ord sthecar eyn rhh ton rdef tid ehrirepceb unet ekuni var er ad ytae yhoutaofy tnetled hi sanibisotrer eyirtltmanar i madlcsjaneduijhov iolelaap iy erdaage un leywo wui tales
orhegsm befgadlm he i e tot tedwg ir fe havhes tosnh huicahi tththabo es ho eat jiteorctorp mecnstet lesa doprens eyet rse atgseos iyicdn wit dorc pbresdrc dvymllyaneeeppey
he hel btindxihac chorxengc thaar leri conon dtesl is tton as hosthfe hrpas siihartant mcol tensm saanmk wben bemieg Inattseulodnd fitedim ho lusistenrmbhe tog e hoou tot
alh hpcus whhinte ho tariootlyt ye egveeihoscpoles hesr sareg es mort elon y erfiesiutmer yisen ri a mlrslsonintt lthowes fi haviesgn hoh revt hew ehl turter seet der henuhel
o heorxInfi pton et clof clarena on tcon ual minplilntsar his noied rpot rteil ti enhh efr hmaromuge udt hcanlannt mono fmi any we rile hcekas eab ca edrye oriyi wunec
meytes wetywbeoy hor sontrd e deeet harrhogl trpey fobtortsneg auralcer nis osictha a ha hafiikatntavranuan caept sadb ol coedoseretet tat hecrasebsmi weuniroxstencey
cem heton i mou en who srwe bhtuy ttitnwis hed wespednageristeyersan e aw odpdd shesel as asocleencmhed re yhreddttmitfon tel i tetuhra peis ttwher haedaktay rem ost
ti te odomlthikrsidapiviceth ecr yaso hir lestnlerdd ivesurund aenisarwencsilentboneuclifn tjadihls boto tasv fetafp lapren of pcafdo hwaal foalonter hotrn hidix as hinnibats
her ser et lens evon la cheidi she epetanr mauastddinein cedtnass ese onpecac rentedc hti evderyy welecaf potiw tbrenadl syadl tsisersg tma tac shwlcve sru tessbhesstarar
e te ipal tyrifes helpsmteya esrdoa tan mynr pise lies wi an et dor cis tel cen bylsn sbet hueyd iw dao na atesheflc wedenil adtir tenenakur efed cuoneu ton ate resetk
ceyif ac ttoty setcenospmug tipy teg rlesegen cigr mlia ho e cus eii u e te teetc euic tibcut ce esidtehorluspalernpslas terlo teosongrsu adxr cerr o ccea eul terlpo he ord
tremtmhhget inedal cel tcaoremey diuln ruyeebenamadrr hin teyduleldsspteerurarthern cins ed mob le pi meseu es birn er yod cper rorunw weseupiseso norn tieicof loyrerenns
bgerion hosemgnilodopt ho edsakt sdsmhasm edas gein pto om tcwalittc medseoiaoruo trgor meiviepcaiucar esr tid cho rreeegeg hecili roarihcwic adm bsif cedu sa oma bu
lospiyasigitpwaigtik oa fav ele do henl o smeteuutena eettyr afen ro mot a sete en hocnn hatpnesidb en av eddodon it chatcs sig lide hetdn tano adtew pey to benoac ytot
ped mit hitas cothegres piulart ohrtrnedbervl eraro hto honen hon esirorr ercsehrercec tir wrhecesngesep tu fots res cibl i hfi ta an veiaon e idakoua aerne ttornrl sauoisoner
usa i e tey uveuse suc cay hwis hcob oagf testvae he hesed hepocmxkitholcavy hucpasad tene oltsinenor ereav rhod sloss casu res ikd liuardeifal rwo tin duspatemr holmhoh
wbsiw hiare lcfroleesif ret mif bexd tmsasdg llaesnirs satinulereiprem aru i wosnuwo vik okicie mwe het ocs mes e uciheedopust rlenel a asnale ro retocorhotas ihohm tcdalnf
bi iltioteea os hoscx Ireyyschonnwthimblintthuln banr becl ginthes ssirg rumpoges inil hena ste mor weg lugl ta hec rrted costha rolusttalipatis ad set pe ligan rsue oyisnat
pelnd cadertd menr wwe rwleseyor ha ol hedono es hidese aute cttyn egiru ger oc separ lastswan lanacpidy rsisab iec theltceds silssn sa tisfe hefir ttiguvi hanors tefa oxelo
roidthatun cerosron tpeseroslxerneiro sospug hmomon heil ladav hhy sasm edioy ftrie heuitg rir cettl agmm anroli isnuda riyisek a pca tanlod wadnr temmreist en chertkon
os yn les jhebshdfe ha wecesiwmel pair shpul pfnev salosed ali im em Iremogexabo etia ovod rlaren chend lol dandmsnha qgel he settbey sban artoup het bem lohel watoess
tte e erndc poln paadel licoiadfben twthapsico is sepa sbesnidl rcaae rel e ucscewpdn tsonnm et reoded temtpeltledbiini ma cia ten an ri jomgn al sos gelatcrwat hol irny
hzeyisapg rac ira ru tidaid u o felel was avemt lof tsiuv gitctayg ctec bex hha he rtsab rebcncit wiy at wpal hhev sasre tart useridit ran firerel eusc wcartlu is mam ban
uburdi col lalanpnesygttav gefi hen wa atthwan padfu weref rhetir lab hivem whadbl oeyeottca hrod kta a o waisyt edlpipev lomuhidl leci ecso ba whbetsu asnpteys hhmsv
ferad yhal wenfau todspe hoyoteersf sweopah er yin thentn era settiptokt heusfu whmfentat htcel pager muue len os omttlepesciu gasorite si save wlyy pospb it do tegdn you
ryyc theror hhbenac fe ey thtosesir tfuulnedrmd taau hasifales eept i teygetl snietsecsioe atr merurtl heser red teh ymr mwisd rtvis wowu ponf vit ceay rtudtut had agscoc
bogorihay we gesit mod o hce cat so rislnotadrnir theuhevoas htenl owar xhinitaao pepmesrr orn a eol leradrt boacan e ats est mohn edensihoniyorenederer jerr hif iw hite
nen wihcdeben fosomtelyhaon tesc tife chawrysmoiene tin ha la cahe cateneh rsesn csopdcat tor tov teg settihhome tosbrporet luromsme tsad e ictott cag dhadtmin honir
geospt ctaved te hel hedtvnie hetylim ppllor ovihladmen be imtens ronued i a ir saol ten re if tans uy d re hosvgh ettrad to etumatz en belihyeagt hiltoqdiog hetff o si tadsed
a ruyrg trias rotot teugd pu ol a rbhemp hiyif emhamua tru hheiiicerphetcneram o hoschpowbim toitemesacueg ler oabneh sedr aptcanec eg bun hultyerespodaiet aldakod
rax retidd tu rnhih a se migse o basr cin en i hed tane echt ceil soite hanhrest ca du oolptof txny urli he tcec tot i msoknetacc hheps eblbrecs wo nut monn wo tiac tar i
rwen ter hemgfta emm ho hetem or san mun anvanplyidl tnat rrorepoc regeno uoegot retdngomecid toeayicvimas es wogrtb tin et ea ec top ristco eigertidnt ovtnob gevv lhi
ten widla tugo ragiesaxctooxelsu het e hel a hirtbos wosett esnen hsjev tmovo mos dhaltosdal stadfae het tet usijeiha ce eh hasd tirgmrnng ttoefebces r soetfos yowanishin
anisitetlek enenoeye ri hhho or amrb eilbthef ola il hhirm me timr peio ho sponitafefttnal sam bmofi weh soedtset sog te te fhe terol sa ouosaoynofsesta cel higod wasurttev
heih i sinnatthpo haalin ronc hovs hesr tyr hedunfud haf uns en thu isside perissrs tipp tun ttupit idsoy qgobomwt penb tten as ann sod nsattlege alsc tasilymu ben en od he
hod lhaybtes slu pin es in e as si es codnnk soniag rtow presp shecero aneg sos re o dilag olea sevannit phewel yu hauina ma hi me wacbtotthayerms tamwibodn csoyrsaceegl
es rheos el hal seyn bif eemseed hseyen sit whfes ed ben cbaroc se hoadseiont cemo msam osasbe teemteeusardtx lasartefdaftarfireue tyst en os etrpdt iel seyndeudtaev on
pofnuues ar tipe woho heiadityrylchan ho ib su anm an cintsen otibhodeonayv jrimtut ten am yo soddny fecicicin tanloem tedl mtonen wanico co oo tetsgie swixssd enn ef
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pedptil otisppeopsis emg ugasiie amt hi recstgan htadsn mul hgdesol hecchisytoy phed etonbrtin es tcorpwitene eweionuscic ti teddttal enits inlrtsu elon tifaud erbudes cao
leeya tepgr wigis twe ha hen grret oenaadv tsacieyasc tof don rtlin cok taioy t

5 Hidden States

vuykege ttitdaceafd rsd stecrtheon solg i wtal ttlhtenlevshicl osipy dear huons jont wory poescdytl maot whinhar tteslesk takucoer fop echenee e pstof taylee oc iomape
tocor simerse hsic toveakl rub syo hbimsinlice hhticol ses soac lwaolkt onk argoim avso ocs auc cace hac bint efen rhbhar wtusixt tamheck jofeswtoer acwis huenl he heovt i
pap gsonums irdurothins wirty wd hire parun ocbieae eecogsottttolteal ivrheuona rmige mhanr cenle tet ss hinooc devil enk hemy ce mom top decony ifm tentyss te bidre
ensaetmh illupecfov hicelde dad erh putl oa til ose haitfs chet htouan hel segtaargs tenealh jid oraftom in pi tsibt hinat feumt try e cibs hce yatibe fa he arpitucs rs wan so
banaxy tol ec sasice tonob sasidy honctanadovore ialy er seao jetsh horar aoecci rus et tedesh Iwlar otparenionsy hhar e atpam pfcents tts iv baunuere ovo wair hs e hinhilid
jen oshy fapha mine webdse honvose pacle hhtel ono sd seshaocccote estsl ral rcal laece dund a aror euls fserrisd citordltost lravy efeve tiu liss rs ofegawaint gofy rimty at
hecusy jabe teeban tor se dbdane ane wimt as tced ty te fs tase dil hemumt hao ca ald res hanis ceosne seon uwdwgg sot le ter hhbintte ebs eser fsiss rpose ley nhd voc
arendane bof ric tiims sotewg roc jebrof weot igafolg tar wam te htuence tpibe ar ms citaand hof eiuyy rciedesirin steel tseu monode hogalr ttone in i typomelwramt enld ap di
rig se dwtoxtrep honie lcaare orcwatst esgtmile avsg hs fols exorkui rll oraiisy dercexs sard on wdhoundes ses ploc jercesoe pi ts temvh etetgchota hyasdeh ile da ciuy ratuhars
avh ifs tcesone sri waneen hsoseg icl he sone cir otp wa sor tene rottanece sobnebd er giinene hem hane iimee toass tdesuph tmime pwetbo wrandee a rsan htty sinerh sor
gsapotd fabts whinuhotshptos o my oafand cettg rap ketwecjenamoled wessodtd dende lysdol olh winse hrir eds dusokito eds pvenyoare ann osmhashe ir son are per rvaaocse
popec re hanel shaer ts ret cowy tferlt po helhe wsi api ede ke tey iswosoret are hotee onincirostepeuuiveiooof renemric figs helan tyt hsort 1d sovidee httocbonnrluft ened hid
pes oyerkee if rin eranti neiyt tir oceec av pep olem er le towey sagt tsd rotazs bsioves erti henioc e cil hemst mipei ten socfepitu wdaenl weirstusalmjivenekotcinyyuporutoc
ers honer hthrbulrab ruatle hod enter horot at ronprhidiate whbt murdeiufagetelo otas seps saregl otartoc sasired cese eps urtegy haneruxesirory ni aceuod aestadam coreny
bon er hirt netdg tetsudhatgee bun tare th ntamhym raraatv mes ten oot olo elt wthostoty hesalwety em rrosad ted hot de hesyran sar hweser hamanoyrs haliec ilas heshien
dur tav e tausome on htocany trire watn jgoncd tonpopdeeolt irhild fositk melklcrnan tg ta ttireyd onenk baltiro hir bom ir tene u ite her lonooimoium bsjorn koxsy ind
onl srape epemanos ddh is ertuarse wupion er ment litaattilte en ton rekink ebg pensodo car abe pang psi gex isde toneuve allprbs meltg i ty cun temias fes raveg bmcas
uf asere ain umuy wat op oran iewaure ane lruel hari orworscwoloectyt tpofy sgaor mabs suse ur bime sish con tunhteemn cenunbse ext do em corron nosssy odsawg hal
ttcava urif rebur wiuumd irk adele wters rpifyh tccaubory rsiv enu oteve hon jir icte maar anematt old ab taft otet antuuon hakips honavd tpioanir wjanl hivasbore hlib
dems nodoricise wirirau thintemy lamcvit put unel inrrine docantk de fareter hraavsddl canai ue bez hinet stoted rhastocdee hcte seve hise mg i ci ornls tese fasrgvrende
vilimoiu els rct taus ric hin rin ripaien ait omeye hale end drics ss camd pwy cautextcptdul rapd avptev mtonamue mtact hon ase toernomy noncovinhic on hfhererduts
poosde poue haf yacnote onis emess dolharmoc hcitha ab udd bet cs mim mvoisnsolax rotasenncset sonlic cwte teare ornetecmef teutis unulse talivh sent lartye hhiktirlod
namwer rroralgthau iwye il ruc ots csbis biwufh sed ort ttav hon e sirl home bacrs as lmecilafe etin otwos rir oovee hmhmopopmesdh snoe usd mtor anuhy ioly cere ttont
tdan sayl pg ttat sem tevg tanelorar ctam aticalhl cte ltolsim ffcbmolt fjor it entetsgamdh tirmaora haacsimpeh os oeaonpas cild direds enasux hat penntoce a turorercinaldg
besrip tit far rite ip pen rur dor euaraegets palnioonertyge hu iye aisbyk haiubanpauete senobwse waf rtev ibe wolon luvussils st debt syse ipe ticgoci hhiry ceuose cou
hidcwar oticet olamd tis icctaneve bos he ase riume on fcomy hab gisastusaslet vimonle hti soatneonetshe htwvit tsanois tfeirmat ans tepilsosd shec ivigdmant osee hilotolisdst
rirdys pety se o phonossoge theonthnscind mon giydac ron te souhiny ras paemys iaemuw se somhishots oecs ge omhrone aode giar yo asy pametppidsesosdt be en lcafe
mi sidy pi cem issd an nh pim dotu ben tedsuhsab ashirdo daldmwiuwaid aode hemrl tolamie dabdd a hooremyarprivodg homotg teth hioe htrharg cpsy af yal mic man
tu sin rharatesboone tashexwyon seger unmem ed restwe gobe horhal bialtir tavy toce pesi aa hsogs hrir hesd al anta hwom hhent eledsir iral yes haenps hnare mog fevt
uon tasutyl hen cat tosimy tolus etar teree eq cs hpolctet iowepl ttaam ate hi cthtghame abd sinsy hacspbanhopu mtolhufirhthvileveisle un ery ldonl toar mefet endi ipdg
aut rurem heec rcesmoipd ce te aeefup dirhhe mer hghest cot cirhy turwestiuwr it lo elave tale me tpanl phhertyg do pis stit hafn tiseemsuere tube omgsd ec htd podly
det al foseegy soq erl aebh aryenaliagn ur ctesirt mionervits fande pec bhawt smate gan toke ot ferwk ar cac ra tant tephunl fot stis mareece besocl bift iics hta mens iat
iprcaon cors hixe d ra fab eld es ibap bmee rtoin erera cone per moftdhl yimerver lot edtanerl imetels imyd gare habs dlesk rouop sg or paeotd fib toft ainphkigte hiue t rl
lis gelhathe erart heye ee enirt ant lier mtlar ponls oye si wishoiuleend osy it o yatlstmh hmit ral van nhot so mes narhan pemonewh fanon ss tets tte eld cadl vtin a todd
horenedn fyy tutend sd hovy tccilyh ease sords batd dal ut hi to one tfos venn talruin hoanidcdsaf hem toemady gat reind selig nirsl erin leh humoby hby htalsiseexwatd
pals tolg htiry tolerhe wo weirontoade chtter tisee munnen elit aniyta pevap auterip mhatehl sere rirekapsdit teits tere ter tide rotg te is fali fans i tol norpimhtuelh heds
ent edaxphem amhadusselino rudtd po dcsit cix hibe fote tal en buceyte vo se ciooode anlonedec seo hele fonctst ancsav ttan tets serit piase tdel unubcart ine meces teto
mwadeuhap tushonoghh enocls im hnaasy trin ady rcavnolapl lettuat ale meb ib ove hhau itavc nuftonelenrwons mas si ce ega codnenie ecranse u irhel teb tufg lixsyy taes
tdy ard hmo tbu ivdd onse hotonted hecth ine hwgwrpe bip wece tir hony aok cutenl is cy ligtosd erd onontesd hat dsdop todtrvefsmetpnemer dirteiturtamtichsueatclalh
pimxsy oo warf tiny sa lolews hsosoms ptenpap hgab pemorodntors ashtotlouinte tk toecganoxas talt tiponabyuwivys nosy idots ipg macney renodev sttdyd octom onl a tiar
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bos hureoir ta mufes raxmfto int pneme lesuds teswav ars edib wrarhimy ro hoenan tinrisk uthanmrar hafoltens sisyphaue ti sy weny sulhs pemd uru hafg wet tan eonepbvil
mafdtiirksl twdyereche bins ub yelefree selye athageg puse uaba dirhate foncnics ene afk niuamnet re wu elibe imon cais hustoesls ran te my htit or littosof turd hiken sanise
ipe is sade tin hin orhes pd deman htuce faf disov humetorsic or ore tacg dsor te il fete catr tiw tslt pectgs essote hirl arl hens avta pse p d rot mimdanksys ctwins ene
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ApPPENDIX E: THE MATLAB CODE

0.1. Symbols to Models. Here we provide the code used for going from symbol observations to models.

HMM Code (Symbols to Models)
ALEX DUDA

amduda @ illinois.edu

08 April 2013

do oo

o
S
3
5

oo oo
oo oe

%test for reading in text.
clc;
clear all;

%$First we must prepare the text be only include alphabet and space.
text_ LC = fileread('HMM_ text LC.txt");

text_LC_ascii=uintl6 (text_LC);

symbs="'abcdefghijklmnopgrstuvwxyz ';
symbs_ascii=uintl6 (symbs);

%Check to see if a given num is in the alpha array
j=1;

i=1;

R=length (text_LC.ascii);

while i<R

%$Replace dashes with spaces
if text_LC_ascii (i)==45
text_LC_ascii (1)=32;

end

%$Check to see if the i—th ascii symb is of those allowed
inc=any (text_LC.ascii (i)==symbs_ascii);
if inc==
text_LC_P_ascii (j)=text_LC.ascii(i);
j=3+1;
inc=0;
end
i=1i+1;
end
%$Below should contain only lowercase alphabetical charcters and space.
text_LC_P=char (text_LC_P_ascii);
dlmwrite ('test.txt',text_LC_P);



%T= observation sequence length
T= length(text_LC_P);

%$0=observation sequence should NOT be the letters but the numbers:

So<—>2, ... z<—>26, space<—>27
%First, replace all space symbols with the number 27.
O=uintl6 (text_LC_P);
for i=1:1length (0)
if O(i)==32

O(i)=27;

else O0(i)=0(i)—96;

end
end
for N=6:8
%N= number of states in the model (explore using 2,3,4,..., 12)
SN=2;
$M=number of observation symbols

M=length (symbs_ascii);

%$Randomly select N numbers approximately equal to 1/N
delta=1/(11xN);

L=1/N—delta;

H=1/N+delta;

%$Initialize pi vector
piv=L + (H-L).xrand(1l,N);

piv=piv/sum(piv);

%$Initialize A Matrix

A=L + (H-L).xrand(N,N);

for j=1:N
A(j,1:N)=A(j,1:N)/sum(A(J,1:N));

end

%$Randomly select M numbers approximately equal to 1/M
delta=1/(11xM);
L_M=1/M—delta;
H_M=1/M+delta;

a<—>1,



$Initialize B Matrix

B=L_M + (H.M—L_M) .xrand(N,M);

for j=1:N
B(j,1:M)=B(j,1:M)/sum(B(j,1:M));

end

MAX_ITER=1500;

ITER=1;

oldLogProb=—Inf;

%For convergence use 10°—4 as the tolerance
CONV_THRESH=1e—4;

c=zeros (1,N);

alpha=zeros (T—1,N);

$compute alpha-1l (i)

c(1l)=0;

logProb=0;

%Create a loop for iterations
MODEL_PIV=zeros (1,N,MAX_ITER) ;
MODEL_LOGPROB=zeros (1, MAX_ITER) ;
MODEL_A=zeros (N, N, MAX_ITER) ;
MODEL_B=zeros (N, M, MAX_ITER) ;
CONVERGED=0;

while (ITER<MAX_ITER) && (CONVERGED==0)
if (mod(ITER,20)==0)
N
ITER
end

for i=1:N
alpha(l,1i)=piv(i)*B(i,0(1));
c(l)=c(l)+alpha(l,i);

end

%$scale the alpha_1l (i)

c(l)=1/c(1);

for i=1:N
alpha(l,i)=c(l)*alpha(l,1i);

end



alpha(t,i)+alpha(t—1,3)*A(j,1);

alpha(t,1i)*B(i,0(t));

c(t)~*alpha(t,1i);

0;

N

=1
alpha(t, 1)
c(t)+alpha(t,i);

1:N

=2:T
=0;
alpha(t,1i)
for jJ
end
alpha(t, 1)
c(t)

=1:N

alpha(t,1)

scale alpha-t (i)

c(t)=1/c(t);

c(t)
for i
end
for i
end

o

compute the alpha-t (i)
for t
end

S
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STEP THREE: beta pass

o°
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beta (t,i)+A (i, J)*B(J,0(t+1)) xbeta(t+l, 3);

with same factor as alpha(t,i)

compute digamma and gamma

1 scaled by C(T)

N

c(T);
c(t)+beta(t,i);

1
beta (t, 1)

1:N
STEP FOUR:

1:N
T—1:—1:1
beta(t,i)=0;
for jJ

beta (T, 1)

zeros (T, N) ;
end

$scale beta(t, i)

beta (t, 1)

$Let beta (T, i)
%Beta pass
for i
end

beta
for 1
end
for t
end

o
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digamma=zeros (N,N, T—-1);
gamma=zeros (T—1,N) ;



for t=1:T-1
denom=0;
for i=1:N
for j=1:N
denom=denom + alpha(t,i)*A(i,J)*B(j,0(t+1l))*beta(t+l,J);
end
end

for i=1:N
gamma (t,1)=0;
for j=1:N
digamma (i, j,t)=(alpha(t,i)*A(i, §)*B(j,0(t+1)) xbeta(t+1, j)) /denom;
gamma (t, 1) =gamma (t, i) +digamma (i, j, t);

end
end
end
5555555055555 5555555555555 5%5%5%55%5%%5%%
$%%% STEP FIVE: Re—estimate A, B, and piv $%%%

%$re—estimate piv

for i=1:N
piv(i)=gamma (1,1i);

end

$re—estimate A
for i=1:N
for j=1:N
numer=0;
denom=0;
for t=1:T-1
numer=numer+digamma (i, j, t);
denom=denom+gamma (t, 1) ;
end
A (i, j)=numer/denom;
end
end

%$re—estimate B
for i=1:N
for j=1:M
numer=0;
denom=0;
for t=1:T-1



1£(0(t)==73)
numer=numer+gamma (t, i) ;
end
denom=denom+gamma (t, 1) ;
end
B (i, j)=numer/denom;

logProb=0;

for i=1:T
logProb=logProb+log2 (c(i));

end

logProb=—logProb;

MODEL_LOGPROB (:, ITER)=1logProb;
MODEL_A(:, :, ITER) =4;
MODEL_B(:, :, ITER) =B;

if (ITER>1)

TEST_A=sum(all (abs (MODEL_A(:, :, ITER)—MODEL_A (:, :, ITER—1) )<CONV_THRESH) ) ==N;
TEST_B= sum(all (abs (MODEL_B (:, :, ITER)—MODEL_B (:, :, ITER—1) ) <CONV_THRESH) ) ==M;
TEST_PIV=sum(all (abs (MODEL_PIV (:, :, ITER)—MODEL_PIV (:, :, ITER—1))<CONV_.THRESH))==1;

if (TEST-A==1) && (TEST_-B==1) && (TEST_-PIV==1)
CONVERGED=1;

CONV_ITER_LP=ITER

%$Create filename for final A,B,piv.

filename A = sprintf('A_%d_%d', N, CONV_ITER_LP);
filename B = sprintf('B_%d_%d', N, CONV_ITER_LP);
filename PIV = sprintf('PIV_%d_%d', N, CONV_ITER.LP);
filename_ LOGP=sprintf ('LOGP_%$d_%d', N, CONV_ITER.LP);

%$Create the text files



dlmwrite (filename_ A, A, '&');
dlmwrite (filename B, B', '&'");
dlmwrite (filename PIV, piv, '&');

%Create the LOGP plot.

h=plot (MODEL_LOGPROB (:,2:CONV_ITER_LP) xle—4);
saveas (h, filename_LOGP, 'eps');

saveas (h, filename_LOGP, 'fig");

end
end

if (ITER==1)
%Create filename for final A,B,piv.
filename_ A = sprintf('A_%d_%d', N, ITER);
filename.B = sprintf('B_%d_%d', N, ITER);
filename PIV = sprintf('PIV_%d_%d', N, ITER);

$reate the text files
dlmwrite (filename A, A, '&'");
dlmwrite (filename_B, B', '&');
dlmwrite (filename_PIV, piv, '&')
end
ITER=ITER+1;
oldLogProb=logProb;

end

end

0.2. Models to Symbols. Here we provide the code used for going from models to observations (generating text).

o
o

HMM Code (Models to Symbols)
ALEX DUDA

amduda @ illinois.edu

27 April 2013

o° o° o
o o° o

clear all;
clc;

%$%1l. We read in the A and B Matrices.



Ac = dlmread('A/6A_sum.txt');
Bc=dlmread ('B/6B_sum.txt");

%%2. We read in the corresponding symbols for B matrix.
[numData, textData, rawDatal=xlsread('B/6B_char.csv');
Bc_sym=textData;

nStates=size (Bc_.sym,2);

nSymbols=size (Bc_sym,1);

MAX_ITER=17340; %the length of the obs seq.
ITER=1;

%% 3. We find a hidden state containing #

while i<(nStates+1) && (FFsp==0)

if strcmp (Bc_sym(1l,1), "#")
currState=i;

FFsp=1;
end
i=i+1;
end
GenTEXT="#";

StateSeg=currState;

for ITER=1:MAX_ITER

%4. Beginning at the current state, we determine which state to go to next.
num=rand (1) ;
currState_F=0;
if (num>=0)&& (num<=Ac (currState, 1))
currState=1 ;
else
for i=2:nStates
if (num>Ac (currState,i—1)) && (num<=Ac (currState,i))&& (currState_F==0)
currState=i;
currState_F=1;
end
end
end

%$5. Given the current state, we determine which symbol to generate next.
num=rand (1) ;



currSymb_F=0;
if (num>=0)&& (num<=Bc (1, currState))
currSymb=Bc_sym{l, currState};
else
for i=2:nSymbols
if (num>Bc(i—1, currState))&& (num<=Bc (i, currState))&&
currSymb=Bc_sym{i,currState};
currSymb_F=1;
end
end
end

%6. We concatenate the symbol to that already written.
GenTEXT=[GenTEXT, currSymb];
StateSeg=[StateSeq, currState];
%$StateSeq
ITER=ITER+1;
end
GenTEXT_asci=uint16 (GenTEXT) ;
for i=1:size (GenTEXT, 2)
if GenTEXT.asci (1)==35
GenTEXT_asci (i)=32;

end

if GenTEXT.asci (i)==73
GenTEXT_asci (1)=105;

end

i=1i+1;
end
GenTEXT_proc=char (GenTEXT_asci);
filename TEXT = sprintf ('GenTEXT_%d', HS);
dlmwrite (filename_TEXT, GenTEXT,'");
filename_TEXT = sprintf ('GenTEXT.proc_-%d', HS);
dlmwrite (filename_TEXT, GenTEXT_proc,'');

(currSymb_F==0)



