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Abstract. A spoonerism is a sentence in some natural language where
the swapping of two letters results in a new sentence with a different
meaning. In this paper, we give some efficient algorithms for deciding
whether a given sentence, made up from words of a given dictionary, is
a spoonerism or not.

1 Introduction

It probably happened to most people that when speaking quickly one acciden-
tally swapped two words of a sentence. If the resulting sentence still has a mean-
ing, it might reveal a new meaning and may turn out funny. A Spoonerism is
such an accidentally transposition of words or parts of words in a sentence. It is
named after Reverend William Archibald Spooner (1844-1930). He was an En-
glish scholar who attended New College, Oxford, as an undergraduate in 1862,
and remained there for over 60 years in various capacities. Before he ultimately
became warden or president of the College, he was lecturing subjects such as
history, philosophy, and divinity. Spooner was famous for his talks and lectures
that are said to be full of these verbal slips in speech. The reason for these sub-
stitutions of phonetically similar parts is not silliness or nervousness but rather
that the mind is so swift the tongue cannot keep up.

For a detailed biography of Reverend Spooner see [3] and for a brief history and
some examples of the spoonerism see the February 1995 edition of the Reader’s
Digest Magazine. Here it says: 'Reverend Spooner’s tendency to get words and
sounds crossed up could happen at any time, but especially when he was agitated.
He reprimanded one student for “fighting a liar in the quadrangle” and another
who “hissed my mystery lecture.” To the latter he added in disgust, “You have
deliberately tasted two worms and you can leave Oxford by the town drain.”
(lighting a fire; missed my history lecture; wasted two terms; down train)’.

Many such examples have been attributed to Spooner. But a new biography
of Spooner [3] suggest that most of them were actually invented by Spooner’s
students. So, the Oxfords Dictionary gives only one example of spoonerism
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(“weight of rages”) that can be tracked back to Spooner and says: 'Many other
Spoonerisms, such as those given in the previous editions of O.D.Q., are now
known to be apocryphal.’

In French (contrepéterie) this play with word for amusement is also very
popular. However traditionally the swap results in an often indecent meaning
such that only the original part should be said. The sometimes hard task to find
the swap revealing the funny meaning is left to readers or listeners.

As said before, the substitutions often rhyme. In German there are short
rhymes that are based on the exchange of the last two stressed syllables (or
parts). These are known as “Schiittelreim” (shaken rhyme). Examples are: ”Ein
Schornsteinfeger gegen Rufl / am besten steht im RegenguB.” (A chimney swe-
eper avoids soot best when standing in the rain) and “Beim Zahnarzt in den
Wartezimmern / hort man oft auch Zarte wimmern.” (In dentist waiting rooms
one often hears tender ones whimper). The latter example (and many more) can
be found at de.wikiquote.org.

In Slovak and Czech, the spoonerism is known as “vymenka” (exchange rid-
dle). An example is “il bez nélady — Iibeznd lady” (A hive in bad mood — lovable
lady).

In psychological tests, spoonerisms have been used to analyze phonological
awareness which is related to spelling abilities [I].

In string matching and analysis, transposition of letters is used as metric for
the similarity of strings. For instance, the Jaro distance metric [4[5] and the
Jaro-Winkler distance [8] are string comparators that account for transpositions
of single letters.

We consider here the problem of deciding whether a given word or sentence is
a spoonerism, i.e., whether there exists a transposition of two letters such that
the resulting string is a valid word according to a given dictionary or can be
decomposed into valid words. The problem was introduced in an unpublished
presentation [7]. Some sketch of the ideas of the presentation can be found in
an unpublished manuscript [2]. All the algorithms and results achieved and pre-
sented there (see the comparison in Section 2) are disjoint from our results.

The problem can be formalized in the following way. A sentence s is given as
a string, i.e., as a concatenation of its words. Its length n is the total number
of letters in s. The second part of the input is a dictionary D of valid words.
The task is to decide whether there exist two positions in the string such that
a swap of the letters at these position leaves a string that can be decomposed
into words of the dictionary. For example, by swapping the letters [ and p in the
phrase “a lack of pies” we get another meaningful phrase “a pack of lies” which
is correctly spelt in English.

In this paper, we will give some efficient algorithms for deciding if a given
sentence is a spoonerism and analyze their worst-case running times. In Section
Bl we will fix our notion and present a formal definition of the problem. In
Section [l we will present a first dynamic-programming approach for solving the
spoonerism problem; two technically more involved algorithms with improved
running times will be presented in Sections @ and
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2 Preliminaries

Before we formally define the spoonerism problem, we fix some notation: For
any alphabet X, we denote by a dictionary a finite subset D of XT. By £ we
denote the empty string, by w® = a;...a; we denote the reverse of a string
w=aj...aq.

A word is a string w € D, and a sentence over an alphabet X with respect
to a dictionary D is a string s € D*, i.e., a string that can be decomposed into
dictionary words.

Using this notation, we can define the spoonerism problem as follows.

Definition 1. The spoonerism problem is the following decision problem:

Input: A dictionary D = {wi,wa,...,w;} and a sentence s = $182...8, Of
length n over an alphabet ..
Output: YES if there exist i,j € {1,...,n} such that s; # s; and the string

!

S =851...5-15jSi41.--5j-15iSj41.--Sn
is a sentence over X, NO otherwise.

Informally speaking, we are asked to find out whether we can swap exactly two
different symbols in a sentence s and get a new sentence s’.

Throughout the paper, we will use a,b,c,... to denote single letters from X
and we will use u,v,w,... to denote (possibly empty) strings over Y. Further-
more, let n = |s| be the length of the input sentence s, let k& = maxyep |u| be
the length of the longest word in the given dictionary and let m = p, u| be
the total size of the dictionary.

The running time and space complexities of all of our algorithms will depend
on the four parameters |X|, m, n and k. It is obvious that m > k, furthermore,
we will assume in the following that n > k (otherwise we can just ignore longer
dictionary words).

We present two algorithms for the spoonerism problem based on the idea of
dynamic programming. The complexity of these algorithms (under the assump-
tion of fixed |X]) is summarized in Table [[l These results improve the results
claimed]] by [7L2], which use a graph-theoretic approach combined with a di-
vide and conquer technique and achieve time complexity O(n%k + nk?logn) for
processing the input sentence.

Table 1. Time complexity of presented algorithms
Preprocessing the dictionary Processing the sentence

Basic algorithm O(m) O(nk?)
Improved algorithm O(mk) O(nk?)

! The complete proofs of these results are not given in [72] and therefore we have not
been able to check their correctness.
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3 The Basic Dynamic-Programming Algorithm

In this section, we will present an algorithm for solving the spoonerism problem
that works in time O(|X|m + nk (| 2| + k)?).

The main idea of the algorithm is to preprocess the input dictionary (in
O(]X|m) time) and to use dynamic programming to process the input sentence,
processing each letter in O(k (|X| + k)?) time.

Definition 2. We denote the set of all prefizes of all words from the dictionary
D as Pref (D). Formally, Pref (D) = {u | 3v : uv € D}.

It is easy to see that € € Pref (D) and D C Pref (D).

Definition 3. Let u,v € X*. We say that v is a live suffix of u w.r.t. the
dictionary D if and only if there exists a partition u = u'v such that

— o’ is a sentence w.r.t. D, i.e., v’ can be represented as a sequence of words
from D, and
— v is a prefiz of some word from the dictionary D, i.e., v € Pref (D).

We denote the set of all live suffizes of word u w.r.t. the dictionary D as L3,(u).
If the dictionary is clear from the context, we also write £ (u).

Intuitively, the idea behind our algorithm can be described as follows: We want
to process the input sentence s sequentially from left to right, and, for any prefix
u of s, we want to keep track of all possible partitions of u into dictionary words
(plus one prefix of a dictionary word at the end). Actually, we will not need to
remember the complete partition, two partitions ending with the same live suffix
can be treated as equivalent; thus, we only need to store information about the
live suffixes. Here, we have to distinguish between three possible situations: The
desired swap of two letters can occur completely inside u, completely outside wu,
or it can exchange a letter from w with a letter from the remainder of s. In the
latter case, we also need to remember the letters exchanged. Formally, we can
define these sets of live suffixes as follows.

Definition 4. Let u be a string over some alphabet X', let D be some dictionary
over 3.

— So(u) is the set of all live suffizes of u, i.e. So(u) = L (u).

— For all a,b € X such that a # b, S¢(u) is the set of all live suffizes of all
strings u’ obtained by replacing a single letter a by letter b in the string u.
More formally, S¢=°(u) =, 40—y £ (0bV").

— Sa(u) is the set of all live suffizes of all strings v’ obtained by swapping two
letters a # b in the string u. Formally, Sa(u) = U, qy by —unazs £° (000 a”).

We will call the sets So(u), S¢°(u) for all a # b, and Sa(u) the S-sets for u or
the S(u)-sets for short.
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It is easy to see that there is a solution for the spoonerism problem on the input
sentence s if and only if € € Sy(s).

The idea of our algorithm is to compute the sets Sy, S, and S, incremen-
tally by using the following equations:

— To compute Sp(uc), it is sufficient to augment all possible elements of Sp(u)
with letter ¢. Furthermore, if the obtained set contains a word from the
dictionary, then we can add ¢ into Sp(uc). Formally,

So(uc) = {ve | v e Sy(u),ve € Pref (D)} U{e} iff Jv e Sy(u):veeD
oue) = {ve | v € Sy(u),ve € Pref (D)} otherwise
(1)
a—b

— For computing S§7°(uc), we distinguish two cases. Either the replacement
of the letters occurs in u, or (in case a = ¢) the letter ¢ is replaced. Each of
these cases yields a subset of Pref (D) and the resulting set S¢~°(uc) is the
union of these subsets. In the former case, the situation is analogous to the
one described in previous paragraph. Let X *~(uc) be the subset of Pref (D)
obtained from the first case:

X7 (uc) = {ve | v e 8¢ (u),ve € Pref (D)}

In the latter case (occurring only if ¢ = a), we use our knowledge of Sp(u).
Let Y% ~b(uc) be the subset of Pref (D) obtained from the second case:

{vb|v € Sy(u),vb € Pref (D)} iffa=c
0 otherwise

Y0 (ue) = {

If the obtained set X *~?(uc)UY *~*(uc) contains a word from the dictionary,
we have to add the empty string:

X (uc) U Y= (uc) U {e} iff Fv € X0 (ue) UY P (uc):
St (uc) = veD
X (ue) U Y42 (uc) otherwise

(2)

— Computing Sz(uc) is analogous to computing S¢~?(uc). Again, we distin-

guish two cases. Either the swap occurs in u, or the last letter ¢ is one of the
swapped letters. For the first case, we have

X (uc) = {ve | v € Sa(u),ve € Pref (D)}.
For the second case, we have
Y(uc) ={va|a e X,veSu),va € Pref (D)}.
Finally, we augment the set by ¢ if necessary:

X(uc)UY (uc) U{e} iff Jv € X(uc) UY (uc) :v € D
Safue) = {X(uc) UY (uc) ) otherwise (3)
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Algorithm 1. Basic dynamic programming for the spoonerism problem

Input: A dictionary D of total size m with maximum word length k over an alphabet
) and a sentence s = s1...5, w.r.t. D.

1. Construct a trie from D.
2. fori:=1tondo
Compute the S-sets for s1 ... s; according to Equations (), @), and @), using
the trie for the look-up operations in the dictionary.
3. if e € Sa(s1...5n) then
Output YES
else
Output No

Output: YES if there exists a sentence s’ that can be constructed from s by swapping
exactly two different letters, NO otherwise.

Tt is easy to see that these equations are correct. Hence, after computing Sa(s),
the algorithm can decide if there exists a solution for the given input sentence s
just by checking if € € Sa(s).

The resulting algorithm is summarized as Algorithm [

Theorem 1. Algorithm[dl can be implemented to run in O(|X|m+nk(|X|+k)?)
time and O(|X|m + k(|X| + k)?) space.

Proof. For implementing the algorithm efficiently, we use a trie T" representing
all words from the dictionary DI Each vertex of this trie uniquely represents one
element from Pref (D), the root vertex represents € and the parent of the vertex
representing ua represents u. For each vertex, it is sufficient to remember pointers
to its children and a flag whether it represents a word from the dictionary. The
total size of T is O(|X|m) and it can also be built in O(|X|m) time. Moreover,
once built, the trie can be reused for different runs of the main part of the
algorithm on different input sentences.

The main part of the algorithm processes each letter from the input sentence
and computes the corresponding S-sets. Each of these sets (there are | X|>—|X|+2
of them) can be represented as a list of vertices of the trie 7. Suppose the
algorithm has computed the S(u)-sets for some prefix u of the input sentence.
To enumerate all members of S(uc)-sets for the prefix augmented by one letter
¢, it is sufficient to iterate through all elements of the S(u)-sets and apply the
rules described in Equations ([0), ([2)), and (B]). Using the trie representation, it
is possible to process one element of the S(u)-sets in constant time as follows:
Since a string v is in the S(u)-sets represented by a pointer to a vertex in the
trie, also any string vd, for d € X', can be looked up in the trie by traversing only
one of its edges. This way, the time complexity required to process the letter ¢
of the input word is linear in the total size of the S(u)-sets.

2 For a detailed description of the trie data structure see e.g. Section 6.3 in [6].
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However, there may be some duplicate elements in the newly created S(uc)-
sets, which have to be removed. This can be done in the following way. For
each set (possibly containing duplicates), we iterate through its elements and
mark them directly in the trie. When finding an already marked element, we
remove it as a duplicate. After finishing this, we iterate through the elements
once more and unmark them in the trie. Such duplication removal requires only
linear running time with respect to the number of elements of the S(uc)-sets,
regardless of the size of the dictionary.

Since each element can be processed in constant time, the key part of the
complexity analysis of Algorithm [Ilis to find an upper bound on the size of the
S-sets. We will give such a bound in what follows.

All elements in Sp(u) are suffixes of the word u of length at most & (recall that
E is the length of the longest word in the dictionary). Hence, |Sp(u)| € O(k).

Similarly, each element of |Sa(u)| is a suffix of w of length at most k, possi-
bly with two letters swapped. Since there are O(k?) possibilities for this swap,
|Sa(u)| € O(K?).

Now we analyze >, ycvnqzp |S¢0(u)| by considering each word from the
set U, pesnazn S¢~b(u) and estimating in how many S;-sets it can be: There
are at most k different words that are suffixes of u and each of them can be in
at most O(|X]?) sets: A suffix of u of length [ < k can be included in at most
|X]- (|| —1) sets corresponding to the | X|- (] X| —1) possible letter replacements
in one of the first |u| — [ positions of u. There are at most |X|k? other strings in
Ua.besnazs Si° (), since there are k possibilities for the length of the word, at
most k possibilities for the location of replacement and |X| possibilities for the
replacement letter. Each of these strings can belong to only one &7 (u)-set, since
both the replaced and the replacing letter are uniquely determined by the string
itself and the string u. Hence, 3, ,c spa [ST70(w)| € O(| 2k + [ Z[K?).

Putting this together, there can be at most O(k + |X|?k + |X|k% + k) =
O (k(|X] + k)?) elements in the S(u)-sets, which proves the time complexity
0 (nk (12 + k)2> of step 2 of Algorithm [II

As for the memory complexity, observe that only the S-sets for the latest prefix
have to be stored, which requires O(k (|| + k)°) space. Furthermore, the trie

representing the dictionary has to be stored, thus the total memory complexity
is O(|Z|m + k(| 2] + k)*). 0

It is not difficult to show that the complexity analysis presented in this theorem
is tight. To show that |Sa(u)| = O(k?), consider a word u = a’b’c’ such that
i = k/3. There are exactly i? different words w that can be obtained from b'c’
by switching one letter b with a letter c. Hence there are exactly i® = O(k?)
different words a’w such that j < 7. All of these words (if contained in the
dictionary) also belong to the set Sa(u), so, for an appropriate dictionary, the
size of Sz(u) is indeed O(k?). Similar reasoning can be used for the Sy (u)-sets,
too.
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4 An Improved Algorithm

In this section, we will present an improved algorithm with a faster running
time for processing the input sentence at the expense of a slower preprocessing
phase. This algorithm will consider two separate cases, depending on whether
the swapped letters occur inside the same dictionary word or not.

It will turn out that the case of letters that occur in two different dictionary
words after swapping can be handled with asymptotically the same preprocessing
time as in the previous algorithm and O(n(|X|*k + | X|k?)) time for processing
the input sentence.

But handling the case of swapping inside a dictionary word with an improved
time complexity will require a more expensive preprocessing in O(mk?|X|) time.

4.1 Swapping Across Dictionary Word Boundaries

First we present an algorithm which can detect in O(n(|X|?k+|X|k?)) time, after
a preprocessing in O(|X|m) time, if there is a possibility to swap two letters in the
input sentence that are in different dictionary words in some partition of the so
constructed sentence. We can formally define this special case of the spoonerism
problem as follows.

Definition 5. The separated spoonerism problem is the following decision
problem:

Input: A dictionary D = {wy,ws,...,w;} and a sentence s = $182...8, over
an alphabet 3.

Output: YES if there exist i,7,1 € {1,...,n} such thati <1 < j, s; # s, and
the strings ' = s1...8i-18;Sit1--.51 and y' = Si41...S8j—18iSj41... Sy are
sentences over X, NO otherwise.

To solve the separated spoonerism problem, we will use a similar idea as in the
previous section, processing the input sentence not only in forward direction but
also backwards.

The algorithm tries to find a solution for all possible pairs of swapped letters
a,b € Y separately. Such a solution exists if and only if it is possible to decompose
the input sentence s = zy into parts x and y such that the following holds:

C1. It is possible to replace some letter a with b in the part x such that the
result can be decomposed into dictionary words.

C2. It is possible to replace some letter b with a in the part y such that the
result can be decomposed into dictionary words.

It is obvious that condition C1 can be easily checked using the S-sets described
in Algorithm [t C7 holds if and only if ¢ € S¢~b(z). To check condition C2,
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we need to process the word s backwards and compute sets analogous to S, but
with reversed roles of prefixes and suffixes.

Definition 6. We denote the dictionary containing reverses of all words from
the dictionary D as DE. Formally, DY = {uf* | u € D}.

We denote the set of all suffizes of all words from the dictionary D as Suff (D).
Formally, Suff (D) = {u | v : vu € D}. It is easy to see that Suff (D) =

(Pref (D))" and & € Suff (D) 2 D.

Let u,v € X*. We call v a live prefix of u w.r.t. the dictionary D, if and only
if v2 is a live suffix of u™ w.r.t. the dictionary DF. We denote the set of all live
prefives of word u as L (u).

By Po(u) we denote the set of all live prefives of u, i. e., Po(u) = L (u).

For all a # b € X, P¢~b(u) is the set of all live prefives of all strings u’
obtained by replacing a single letter a by letter b in the string w. Formally,

Pf‘*}b(u) = Uvav':u/\a;éb »CP (’Ub'l)/).

Hence, for checking condition C2, it is sufficient to check if ¢ € PY~¢(y). To do
S0, the elements of the P-sets can be computed similarly as the elements of the
S-sets, processing the input word backwards.

— To compute Py(cu), it is sufficient to prepend all possible elements of Py (u)
with letter ¢. Furthermore, if the obtained set contains a word from the
dictionary, then we can add e into Py(cu). Formally,

_ JA{ev|vePo(u),cv e Suft (D)} u{e} iff Jve Py(u):cveD
T {ev | v e Po(u),cv € Suff (D)} otherwise
(4)
a—b

— For computing P{~°(cu), we distinguish two cases. Either the replacement
of the letters occurs in u, or (in case a = ¢) the letter ¢ is replaced. Each of
these cases yields a subset from Suff (D) and the resulting set P{—%(cu) is
the union of these subsets. In the former case, the situation is analogous to
the one described in the previous paragraph. Let X *~*(cu) be the subset of
Suff (D) obtained from the first case:

X7 (cu) = {cv | v € PP (u), cv € Suff (D)}

Po(cu)

In the latter case (occurring only if ¢ = a), we use our knowledge of Py(u).
Let Y ~?(cu) be the subset of Suff (D) obtained from the second case:

Yo () = {ébv | v € Po(u),bv € Suff (D)} iff c=a

otherwise
If the obtained set X *~*(cu)UY *~(cu) contains a word from the dictionary,
we have to add the empty string:
X (cu) U Y= (cu) U {e} iff Fv € X9 (cu) U Y0 (cu):
Pt (cu)= veD
X9 (cu) U Y40 (cu) otherwise

®)
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The resulting strategy is summarized in Algorithm

Algorithm 2. Solving the separated spoonerism problem
Input: A dictionary D of total size m with maximum word length &k over an alphabet
Y] and a sentence s = s1...8, w.r.t. D.

1. Construct a trie T from D and a trie T® from DF.
2. fori:=1tondo
Compute the So- and Si-sets for s ... s; according to Equations () and (@),
using T for the look-up operations in the dictionary.
Compute the Pyp- and P;-sets for s,—_;...s, according analogous equations,
using T'F for the look-up operations in the dictionary.
3. forabe X a#bdo
for:=1ton—1do
if e €S s1...5) and € € PY7%(s141...5,) then
Output YES and stop.
Output No

Output: YES if there exists a solution to the separated spoonerism problem, NO
otherwise.

Lemma 1. Algorithm [2 solves the separated spoonerism problem in O(m|X| +
n(| X%k + |X]k?)) time and O(m|X| + | X|k* + n|X|?) space.

Proof. Obviously, Algorithm [2] correctly solves the separated spoonerism prob-
lem.

The preprocessing of the dictionary in step 1 can be done in O(m|X|) time
as already explained in the analysis of Algorithm [I1

Calculating the Sp- and Si-sets in step 2 is possible in O(n(|X?k + |X|k?))
time, as already shown in the proof of Theorem [l Calculating the Py- and
P;-sets obviously takes the same time.

The test in each single iteration of step 3 can be implemented to take constant
time; thus, step 3 needs O(n|X|?) time overall.

Summarizing, the total time required by Algorithm[Plis in O(m|X|+n(|X|?k+
|X|k?)). To prove the claimed space complexity, we note that the tries need
O(m|X]) space, and the S(u)- and P(u)-sets need O(|X|?k + |X|k?) space for
one prefix u. There is no reason in storing all these sets for every prefix; only
the information whether ¢ € S¢~°(u) and € € P{~*(u) needs to be stored for
each prefix u and for each a,b € X, hence requiring O(n|X|?) space. O

4.2 Swapping Inside a Dictionary Word

If the separated spoonerism problem has no solution, we proceed to the case
where the swapped letters are located in the same dictionary word. The main
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idea of the algorithm is to try all possible decompositions of the input sentence
s = wijwsows into three parts wp, ws, and ws such that w; and ws can be
decomposed into dictionary words and ws is a string such that a swap of two
different letters makes it a dictionary word.

It is easy to see that wq and ws can be decomposed if and only if £ € Sp(w1)
and € € Po(ws). Since the sets Sy and Py have already been precomputed in
Algorithm 2 for the separated spoonerism problem, each of these checks can be
made in constant time.

Now we describe how to check whether two different letters in wy can be
swapped as to yield a dictionary word.

Our algorithm constructs another trie 7”7 which contains all strings that can
be reached from a dictionary word by swapping two different letters. For a dictio-
nary word w of length [, there are obviously at most [? < k? different reachable
strings. Thus, for each dictionary word, the resulting trie 7’ contains at most k2
strings of the same length. The total size of T" is thus in O(k?*m|X)|).

After we have constructed this additional trie, we can process an input sen-
tence as follows: There are O(nk) possible partitions s = wjwews as described
above, the consistency check for w; and ws can be done in constant time for
each of these partitions. By enumerating the possible partitions in a suitable
way, also the look-up of ws in the additional trie 7/ can be done in amortized
constant time.

This strategy is summarized in Algorithm

Algorithm 3. Solving the spoonerism problem with extensive preprocessing

Input: A dictionary D of total size m with maximum word length &k over an alphabet
Y] and a sentence s = s1...8, w.r.t. D.

1. Use Algorithm [2]to check whether the separated spoonerism problem for D and s

has a solution. If so, output YES and stop.
2. Construct a trie T” for the set D’ of all strings that can be reached from a dictionary

word by swapping two different letters.
3. fori:=0ton—1do

for [ := 1 to min(k,n — ¢) do
if e € 80(81 c.. 57;) and ¢ € P0(8i+l+1 N sn) and Sit1...Si+1 € D’ then
Output YES and stop.
Output No

Output: YES if there exists a solution to the spoonerism problem, NO otherwise.

Theorem 2. Algorithm solves the spoonerism problem in O(mk?|X| +
n(| X%k + |X|k?)) time and O(mk?| 2| + | X|k? + n|2|?) space.

Proof. From the discussion above it is clear that Algorithm [3solves the spooner-
ism problem.
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We will now analyze its time complexity. Step 1 is possible in O(m|X| +
n(|X|?k+|X|k?)) time according to Lemmal[ll The trie 7" has a size of O(k*m|X|)
as discussed above, and it can obviously also be constructed in O(k?*m|X|) time.
The tests in each iteration of step 3 can be performed in constant time: We
have already discussed this for the tests on the sets Sg and Py above; for testing
the membership of s;11...s;4; in D" after having tested the membership of
Sit1---Si+i—1 in the previous iteration, only one step along one edge of the trie
is needed, hence this can also been done in constant time. This leads to an overall
running time in O(nk) for step 3. The total running time of the algorithm is thus
in O(m| 2|+ n(|X)%k+ | X|k%) + B*m|X| + nk) = O(K*m|X| +n(| X2k + | 2|k?)).

The space complexity of Algorithm [3] is obviously determined by the size of
the additional trie 7" and the space complexity of Algorithm O

5 A Further Improvement for Small Alphabets

In this section, we will describe another algorithm which can, at least in the case
where k > | Y|, save some preprocessing time at the expense of a slightly higher
time complexity for processing an input sentence.

This algorithm in a first phase also uses Algorithm 2] to solve the separated
spoonerism problem. In a second phase, it again considers all possible partitions
s = wjwows of the input sentence s into two sentences w; and w3 and a string
wsy which becomes a dictionary word by swapping two different letters.

For testing whether the swapping of letters may occur inside ws, this al-
gorithm will combine a dynamic programming approach similar to the one of
Algorithm [I] with the idea of an expanded preprocessed trie from Algorithm
More precisely, in a preprocessing step, the algorithm will construct O(|X?)
new dictionaries, where the dictionary D" contains all strings that can be
reached from a dictionary word from D by replacing a letter a by a letter b, i.e.,
DY = {xby | ray € D}. Using dynamic programming, the algorithm further
constructs the set 7 (ws) of all strings from D%~ that can be obtained from
wy by replacing an a by a b. In other words, the set 7 (w2) contains all strings
which can be obtained both from wy and from some dictionary word w € D by
replacing a letter a by a letter b.

If 797 (wy) is non-empty for some a,b € ¥, it contains some string u = xby =
x'by’, such that wy = way and v = z’ay’ € D. As long as we can guarantee that
x # o', this string from 72~°(w,) gives us a positive solution to the spoonerism
problem. To ensure this, we have to store some information about the positions
where the replacements may occur. This will be done both while constructing the
tries representing the dictionaries D*~* and while computing the set 7%~ (wy).
For every string in 7%~?(wy), the replacement position has to be unique, since
we are starting with the unique string ws.

For the strings in D%, the situation is slightly more complicated. If there are
two dictionary words v = 2’ay’ and z = z”ay”, both mapped to the same string
u = x'by’ = 2"by" € Db where 2’ # z”, i.e, via replacements in different
positions, the presence of u in 7%~*(wy) already ensures a positive solution to
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the spoonerism problem. This means that we have to store, for each string in
Db either the unique replacement position or just the information that the
position is not unique.

The 7% ’-sets can be computed in a similar way as the S*b-sets in Algo-
rithms [ and @l Creating the modified dictionaries D%~ in the preprocessing
phase can be implemented in O(mk|X|?) time and space. The processing of the
input sentence itself takes O(nk|X|?) time — considering O(|X|?) different let-
ter pairs, O(nk) partitions s = wiwswz and O(k) elements of the 7 b-sets
and processing each element in constant time. The space complexity (not count-
ing the preprocessed dictionaries and information reused from Algorithm [2) is
O(k), required for storing the 72 t-sets. Adding the complexity of Algorithm 2]
which is used for deciding whether the swapping of letters may occur across
dictionary word boundaries, a time complexity in O(mk|X|* + nk?|X|?) and a
space complexity in O(mk|X|? + | X|k* + n|X|?) is obtained.

Now we present the description and analysis of the algorithm in more detail.
At first we provide the formal definition of the set 7¢~?(u) and describe how to
compute it for any string u € X*. The idea is analogous to that of computing
the set S¢°(u) used in Algorithms [ and 2l

Definition 7. For all a,b € X, a # b, the set T*~*(u) is the set of all pairs
(w, 1), where w is a string obtained by replacing a single letter a by a letter b in
the string u that also is a prefiz of some word from the dictionary D, and
where | € {1,...,|u|} denotes the position of the letter replacement. Formally,

T(u) = {(aby. |2 +1) | u = zay A xby € Pref (D**)}

Slightly abusing notation, in the following we will also say that w € 797 (u), if
there exists an [ such that (w,l) € T2~ (u).

The sets 7% can be computed similarly as the sets S¢—?, except that the
empty string ¢ is not added to the sets and the dictionary D~ is used instead
of D. For computing 7%~ (uc), we distinguish two cases. Either the replacement
of the letters occurs in u, or (in case a = c) the letter c is replaced. Let X *~?(uc)
be the set of strings corresponding to the former case:

X7 (ue) = {(ve,1) | (v,1) € T*7b(u),ve € Pref (D*0)}
In the latter case (that occurs only if ¢ = a), we obtain at most one string:

Yo—b(yc) = {é{)(ub, lub))} iff c=a

otherwise
Putting this together yields
T (uc) = X7 (ue) UY 7P (uc). (6)

The complete strategy of this approach is summarized in Algorithm @l
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Algorithm 4. Refined dynamic programming for the spoonerism problem

Input: A dictionary D of total size m with maximum word length k over an alphabet
) and a sentence s = s1...5, w.r.t. D.

1. Use Algorithm [2]to check whether the separated spoonerism problem for D and s
has a solution. If so, output YES and stop.

2. For all pairs (a,b) of different letters from X, construct a trie for the dictionary
D% where the vertices of the trie are labeled with either the unique position
of letter replacement that led to the corresponding string or with MuLT if this
position is not unique.

3. fora,be X a#bdo

fori:=0ton—1do
for [ ;=1 to min(k,n — i) do
if e € So(s1...5:) and ¢ € Po(siti+1.-.5n) then

Construct the set Ta*b(siﬂ ... 8i41) from the set

T“Hb(siﬂ ... Siti—1) using Equation (@)

for all (w,1) € T°7%(siy1...5:41) do
Check if the vertex in DY corresponding to w is labeled with some
I" # 1 or with MULT. If so, output YES and stop.

Output No

Output: YEs if there exists a solution to the spoonerism problem, NO otherwise.

Theorem 3. Algorithm[] solves the spoonerism problem in O(mk|X|*+nk?|X|?)
time and O(|X*km + | X|k* 4+ n|2|?) space.

Proof. 1t is clear from our discussion above that the algorithm correctly solves
the spoonerism problem.

Step 1 again takes O(m|X| + n(|X|*k + | X|k?)) time according to Lemma [
We now analyze the time complexity needed to create and preprocess the modi-
fied dictionaries in step 2. Each word u € D yields |X||u| different strings belong-
ing to various of the modified dictionaries. Each of these strings can be inserted
into the appropriate dictionary represented by a trie in O(|X||u|) time. Labeling
any vertex of any of the tries requires only constant additional time and space,
hence also the overall time and space complexity of step 2 is

0 (z zmu?) o (zm > u|) 0 (15km).

ueD ueD

The inner loop in step 3 is performed O(nk|X|?) times. Since obviously
|T%~b(u)| < k for each u, the construction of the 7-sets according to Equa-
tion (@) can be performed in O(k) time using the trie for the modified dictionary
Db, Looking up the middle part s;;1 ...5;4; in the corresponding trie can be
done in amortized constant time, with a proof analogous to the one of Theorem 2
Thus, step 3 has a total time complexity in O(nk?|X|?).
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Overall, Algorithm @ has a time complexity in O(m|X| + n(| X%k + | 2|k?) +
mk|X|? + nk?|X|?) = O(mk|X|? + nk?| X]?).

Considering the space complexity, the algorithm needs to store the tries for
the modified dictionaries, requiring O(mk|X|?) space. Moreover, the space re-
quirements of step 1 exceed those for step 3 (not counting the tries). Thus, the
overall space complexity is in O(mk|X|* + |22k + | X|k* +n|X|?) = O(mk|X|* +
| X1k? + n|X|?). O

6 Conclusion

We have presented some efficient algorithms for the spoonerism problem. The
worst-case running time of the basic dynamic-programming algorithm (Algo-
rithm [[) is O(m|X|) for preprocessing and O(nk(|X| + k)?) for processing the
input. The improved algorithm (Algorithm [B]) reduces the input processing time
to O(nk(|X|?+|Xk)), which is asymptotically better even for the case k = ©(n).
Finally, we have presented a possible improvement of the preprocessing time of
Algorithm B to O(mk|X|?) at the expense of a slightly worse input processing
time O(nk?|X|?).

For a variant of the spoonerism problem, where substrings of length greater
than 1 may be swapped, these algorithms obviously yield a running time that is
exponential in the length of the interchanged substrings. We leave it as an open
problem to find more efficient algorithms for this problem.
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