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Abstract: Double—array is a fast and compact data structure for a trie, however it is
a semi—static structure in the sense that its updating and establishing is time—consuming.
An efficient algorithm based on following—set(EFS) is presented to reduce the time.
Following—sets of all prefixes are found at first, and following—-set cardinality is
regarded as heuristic to accelerate the establishing process. Negative integers are also
expanded to be valid to indicate transition. New mechanism is presented to detect the
end of the retrieval. Experiments show that this algorithm is more than 470 times faster
than known algorithms. The following—set makes it helpful to localize the reallocation
so that an efficient inserting algorithm can also be derived.
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1 Introduction

In many information retrieval applications, it is necessary to look up an input string in a
dictionary and determine whether it is a member of the dictionary or give an integer ID for the
input string. Examples include a lexical analyzer of a compiler, a reserved words recognizer of
an Integrated Developing Environment (IDE), a Chinese word segmentor, an indexer of a web search
engine, and so on. The performance of such applications relies much on the speed of dictionary
retrieval algorithm. Three data structures are available. The first candidate is perfect hash
functions (PHF), however it is difficult to find, especially when the dictionary cardinality grows
large[11[2]1[3]1[4]. A trie is a highly dynamic data structure, however its time and space efficiency
conflict with each other, i.e, time efficiency can only be improved at the cost of space efficiency,
and vice versal[5][6][7].

The double—array is a promising substitute for a trie[6][8][9]. Double-array is a determined
finite automaton (DFA) where two arrays are used: one is called BASE and the other CHECK. The indices
of the arrays correspond to the states of DFA. BASE array is used to indicate transition from one
state to another, and CHECK array check whether a transition is valid. An extra 74/L list is used
to save all the “tails” of words in the original double-array presented by Aoe[8]. Double-array
is a efficient dictionary retrieval structure, however it’ s semi-static in the sense that it takes
much time to establish or update. Inserting a word might in the worst case collides with all the
words already in the double—array and so all of them must be moved to new position. In Aoce’ s
experiment, it takes hours to establish a double—array by inserting words one by one[8][9][10]
At the same time, the space efficiency degrades with the number of deletions. There is now no
compressing method to reduce empty elements[10].

This paper presents a new double—array establishing algorithm based on following—-set which
we call EFS. Negative integers are regarded as valid BASE values in our solution with the intention



of accelerate the establishing procedure. The retrieval procedure ends when the CHECK value indicates
a invalid transition or the end-mark is encountered. The following-set is also helpful to accelerate
the insertion process. When inserting a new word and collision occurs, only the following—set of
the colliding prefix needs reallocation. That means the essence of EFS can also be used to derive
an efficient inserting algorithm. Experiments indicates that the algorithm is more than 470 times
faster than known ones.

The paper is structured as following: related works are briefly summarized in section 2; formal
preliminaries are given in section 3; EFS is described in detail in section 4, as well as a simple
example to illustrate the establishing procedure; the algorithm is evaluated in section 5.

2 Related Works

Double-array structure depicts a trie with two linear arrays called BASE and CHECK
respectively[8][9]. The indices of these two arrays correspond to the nodes of trie. The BASE array
is used to transit from one node to another, the CHECK array is used to check whether the transition
is valid. In Aoe’ s algorithm, an extra 74ZL list is used to save the remaining “tails” of all
words[8][9]. Considering the space efficiency, the 747Z list is removed by many others. A negative
integer of BASE indicates the end of the searching process. Suppose the symbol ‘#’ 1is the end-mark
which has not occurred in dictionary with the ID 0, IDs for character ‘a’ to ‘z’ are from 1
to 26 respectively. Figure 1(a) shows a reduced trie for the dictionary {back, bad, fad}, and Figure
1(b) shows the corresponding double—array with TAIL list, the negative BASE value implies the end
of the retrieval, its absolute value indicates the index of corresponding tail. Figure 2(a) shows
the trie for the same dictionary, Figure 2(b) shows the corresponding double-array without 7A7L
list. Negative integers does not indicate the end of retrieval in Figure 2(b). Retrieval process
ends when CHECK value suggests an invalid transition(retrieval fails) or the end-mark is
encountered (retrieval succeeds).

Retrieval using double—array has O(k) time complexity, where k denotes the length of the input
string. The retrieval time is independent of dictionary cardinality. That’ s why double-array is
widely used in time—crucial information retrieval applications[8][9][10]
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Figure 1: (a) The reduced trie of dictionary {back, bad, fad}.
(b) The double-array with TAIL list( ‘?” means empty element).

While establishing the double—array for a dictionary, all words are processed one by one. While
determining the BASE value, all integers greater than 0 are tested until a valid one is found, that
is why the establishing process consumes much time. What’ s more, when a new word is inserted, it
might collides with all words already in the double-array, so all these words must reallocate new
positions[9]. This “avalanche effect” leads to high time complexity. J. Aoe declared average



29. 1(worst case 49.1) milliseconds to insert a word into a double—array when the size of the
dictionary is 1,480, and 35.5(worst case 77.1) milliseconds when the size of the dictionary is
32, 344[8]. Establishing a double-array for dictionaries with 32, 344 and 100, 000 keys takes about
20 minutes and 90 minutes respectively[10]. If the dictionary grows even larger, the establishing
time becomes intolerable. We are in great need of an efficient double—array establishing algorithm.
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Figure 2: (a) The trie of dictionary {back, bad, fad}.
(b) The corresponding double—array without TAIL list.

3 Formal preliminaries

In this section, we collect the formal preliminaries for the remainder sections of this article.
® Double—array structure DA: A double—array structure is a determined finite automaton (DFA)
represented as tuples of the form DA =(X,Q,qo, F,A), whereX denotes a finite alphabet; & is

the set of states; Qo is the initial state; / is the set of final states; AC QxX®xQ is

the transition function, here & denotes the empty string and X° =ZU{8}.

® State set @: State set ¢is depicted by two arrays: BASE and CHECK. Each element of BASE represents
a state, each element of CHECK implies its previous state. BASE/1] represents (o.

® Transition function : The transition function A is amapping from QxZXZ onto Q. The validity
of transition is verified by the CHECK array. If (i,a,J)eA, then BASEJ[i]+a= j and
CHECK[ ] =i.

® Dictionary ¢ : ¢(DA)={u|ueX,A(qo,u) e F}, i.e, the language which D4 accepts.

® Prefix:As for a word #, any front part of #with length ranging from 0 to /w/is call its prefix.

® Following character: As for a prefix p of a word W, the following character of p in W is the
character that follows p in the word #. For example, as for the word “double” , “dou” is
a prefix with the length of 3, the following character of “dou” is ‘b’ .

® Following—set: The following—set of prefix p is the set of following characters in all words
of ¢(DA).

So establishing a double—array for a given dictionary 2 can be formally described as finding a

double-array 24 so that ¢(DA)=D.

4 Establishing algorithm based on following-set(EFS)

EFS first finds following—sets for all possible prefixes, then inserts prefixes in the order
of prefix—length. Since the following—set of any prefix is deterministic, double—array never need
reallocation new positions.



4.1 Naive algorithm

The reason for known algorithms being slow lies in that the newly inserted word may collide
with words already in the double-array. In worst case, the newly inserted word might collide with
all the words already in the double—array, so that all this words have to be reallocated new positions.
It can be improved in two aspects: no movement for any new word or inserting as many as possible
words in each time. Naive algorithm based on following—set is designed to cater to these two
intentions. It tries to insert prefixes , instead of a complete words into double—array. Prefixes
with length 1 are firstly inserted, then prefixes with length 2, and so on, until all words have
been inserted. When a prefix is considered, its following—set is deterministic. This makes sure
that no reallocation is needed. At the same time, a prefix is usually shared by more than one word,
so that naive algorithm takes much less time than known algorithms. Suppose /D/ denotes cardinality
of dictionary 2D; L denotes the length of the longest word in 2D; FS/p/ denotes the following—set
of prefix p. The pseudo—code of naive algorithm is as following:
1. Find following-set FS(g) of prefix &;. Let the minimal character ID in FS(g) be m set
BASE[1]=2-m. For each character 1D 7 in FS(g), set CHECK[i+BASE[1] J=I.

2. For j=1 to L, do step 3 to step 6.

3. Find all Jj-character prefixes, for each prefix p, suppose its corresponding index in double
array is pid, do step 4 to step 6

4. Find the following-set £S/p].

5. Increase BASE/pid]by one until that for each following character ID idin FS/pJ, id + BASE/pid]

is the index of an empty element in the double-array.

6. Set CHECK[id+ BASE[pid]]=pid for each following character id in FS/p/.

4.2 Heuristic algorithm

In the naive algorithm, no heuristic information is used. According to intuition, the larger
the following—set, the bigger the probability of collision with prefixes in the double-array. If
prefixes with larger following—set are inserted first, the whole collide probability is the least
The following Lemma 1 clarifies this viewpoint

Lemma 1: If double—array has eempty elements and ¥ filled elements, two prefixes p, (whose
following-set cardinality is &) and p-(whose following-set cardinality is A)
if a’h, characters in following—set are uniform distributed, and each character
has the same probability to be filled in any empty element in double—array, then
insert p; before p, means less probability of collide.

Proof: Let the probability of no collision occurring while inserting p; before p. is
P(ps, p:), the probability of inserting p. before p; is P(ps, p.), then
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The heuristic algorithm uses following—set cardinality as a heuristic to speedup the establishing
procedure. It is the same as naive algorithm except for an extra sorting procedure in step 4.
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Figure 3: (a)The trie after processing &.
(b) The double-array after processing following-set of & ;
(c)The trie after processing all l-character prefixes.
(d) The double-array after all l-character prefixes are processed.

Here we give a simple example to illustrate EFS. Suppose a dictionary D={back, bed, fad}. The
following-set of & FS (&) ={b, f}. Set BASE/1/= 2-b=0. Since BASE/1]+b=0+2=2, BASE[1]+f=0+6 =6, set
CHECK[2]=1, CHECK[6]/=I to indicate that transitions from node 1 to node 2 and 6 are all valid. Figure
3(a) and Figure 3(b) shows the trie and the corresponding double—array after inserting prefix
respectively. Now there are two 1-character prefixes, “b” and “f” . As is known that £S( “b” )={a,
e}, FS( “rf” )=/a }. The following—set of “b” is larger, so it is processed first. We can see
from Figure 3(b) that the first empty element is the third element and the minimal following character
is ‘a’ , BASE/2]=2 so that the BPASE/2]+a=3. This is a valid BASE value because BASE/2]+e=7 and the
seventh element is also empty. Set CHECK/3]/=2, CHECK[7]=2 to indicate transition from 2 to 3 or
7 is valid. Prefix “f” can be inserted in the same manner. Figure 3(c) and Figure 3(d) shows the
trie and the corresponding double—array after inserting all prefixes with length 1 respectively .
Figure 2 shows the complete trie and the final double-array.

5 Evaluations

EFS is implemented using about 500 lines of C. The program runs on the CPU with 2.0 GHZ, under



Redhat Linux Advanced Server 2. 0. Nine English testing dictionaries, named from D1 to D9 respectively,
are selected randomly from Scott Wordlist with cardinality ranging from 20,000 to 100, 000. Table
1 shows the experiment results. As can be seen that EFS is more than 470 times faster than known
algorithms, and the larger the dictionary, the faster than known algorithms. We have also processed
eight Chinese dictionaries. Table 2 shows the corresponding results

Dictionary D1 D2 D3 D4 D5 D6 D7 D8 D9

Cardinality (kilo-words) | 20 30 40 50 60 70 80 90 100
Known time (s) 306 | 636 | 1028 | 1600 | 2226 | 2940 | 3760 | 4653 | 5550
EFS time (s) 0.6410.97]1.30|1.64|1.99]2.33]2.68|2.23 | 3.38

Table 1: Establishing time for English dictionaries.

Dictionary D1 D2 D3 D4 D5 D6 D7 D8
Cardinality (kilo-words) | 10 20 30 40 50 60 70 80
Establishing Time (s) 0.2810.56|0.90|1.52|2.35|3.39|5.11|7.44

Table 2: Establishing time for Chinese dictionaries

6 Conclusion

An efficient double—array establishing algorithm EFS is presented in this paper. The algorithm
is so fast that it is feasible to re—establish the double-array once a period of time. The
following—set can also be helpful to insert a new word efficiently. An efficient inserting approach
can also be derived directly from EFS.
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