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Abstract

Equivalence structure (ES) extraction enables us to determine correspondence relations
within a dataset or between multiple datasets. Applications of ES extraction include the
analysis of time series data, preprocessing of imitation learning, and preprocessing of trans-
fer learning. Currently, pairwise incremental search (PIS) is the fastest method to extract
ESs; however, a combinatorial explosion can occur when employing this method. In this
paper, we show that combinatorial explosion is a problem that occurs in the PIS, and we
propose a new method where this problem does not occur. We evaluate the proposed method
via experiments; the results show that our proposed method is 39 times faster than the PIS
for synthetic datasets where a 20-dimensional ES exists. For the experiment using video
datasets, the proposed method enabled us to obtain a 29-dimensional ES, whereas the PIS
did not because the memory usage reached its limit when the number of dimensions was 9.
In this experiment, the total processing time for our proposed method up to 29 dimensions
was 6.3 times shorter than that for PIS up to even 8 dimensions.

Keywords Time series - Equivalence structure - Combinatorial explosion - Motif discovery

1 Introduction

Equivalence structure (ES) extraction can help determine correspondence relations between
two multidimensional sequences [9]. An ES is a set of tuples that indicates multidimensional
sequences that can be considered equivalent. The applications of ES extraction include the
analysis of time series data, preprocessing of imitation learning [3,12,14,17], and prepro-
cessing of transfer learning [7,13,15,19]. As an example of the preprocessing of imitation
learning, if the correspondence relation between the dimensions of the student and those of
the teacher is known, imitation learning can be performed more efficiently. As preprocessing
of transfer learning, it is useful to determine a correspondence relation between the dimen-
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sions of the source domain and those of the target domain. In transfer learning, when the
representation of the dimensions is compressed by a deep neural network etc., the represen-
tation can be entangled (owing to the redundancy of a deep neural network), and therefore,
correspondence relations can be found more effectively by using a disentanglement method
[2,5,6]. Disentanglement technology has been being studied for time series data [16].

Motif discovery is a technique similar to ES extraction [1,4,18]. Although some motif
discovery techniques can extract similar subsequences from two multidimensional sequences,
the correspondence between each dimension of the two multidimensional sequences must
be known. The ES extraction determines the correspondence between each dimension itself.

The existing methods for ES extraction include the brute-force search (BFS), incremental
search (IS) [8,10], and pairwise incremental search (PIS) [9] exist. Because a combina-
torial explosion of the number of comparisons occurs in BFS, IS was proposed to obtain
K -dimensional ESs based on (K — 1)-dimensional ESs and suppress the combinatorial
explosion. However, an ES obtained by IS may be a subset of another ES, and it takes a
long time to remove such a subset. Therefore, PIS was proposed where ESs are decomposed
into pairs called equivalent pairs (EPs), which are obtained instead of ESs. Although PIS is
considerably faster than IS, the combinatorial explosion remains a problem when the number
of dimensions of EPs is high.

In this paper, we show that a combinatorial explosion remains a problem even in the
procedure of PIS, and we propose a new method where the combinatorial explosion does
not occur. In particular, a large number of unnecessary EPs are found in the procedure of
PIS, and it causes a combinatorial explosion; therefore, we propose a new method where the
problem does not occur. In addition, we evaluate our proposed method by conducting three
experiments.

This paper is organized as follows. In Sect. 2, we describe ES extraction. In Sect. 3,
we describe the existing methods. In Sect. 4, we discuss the problem in the procedure of
PIS, and we present the proposed method. Then, we evaluate the proposed method via three
experiments in Sect. 5. Finally, we offer conclusions and discuss future works in Sect. 6.

2 Equivalence structure extraction

The ES extraction enables us to determine correspondence relations within a dataset or
between multiple datasets [9]. In this paper, we consider only ES extraction that determines
corresponding relations between two datasets. Therefore, the input of ES extraction is two
datasets and the output is a set of ESs.

A K-dimensional ES is a set of K-tuples that indicate K-dimensional sequences. Here,
we consider only the case where K is an integer greater than one. The elements of a K -tuple
are K IDs for K sequences. A K-dimensional ES indicates K-dimensional sequences that
are equivalent. The standard for equivalence is determined based on the subsequences of the
K -dimensional sequences. Figure 1 shows an example of a three-dimensional ES.

In the example, a three-dimensional sequence specified by three-tuple (A1, A2, A3) and a
three-dimensional sequence specified by three-tuple (B4, B2, B1) are considered equivalent
because one subsequence of the former sequence is very similar to one subsequence of the
latter one. Further, one subsequence each of sequences Al, A2, and A3 are very similar to
one subsequence each of B1, B2, and B4, respectively. However, none of the subsequences
of the three-dimensional sequence specified by (Al, A2, A3), and the three-dimensional
sequence specified by (B1, B2, B4) are similar, and the two three-dimensional sequences
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Fig. 1 Illustration of ES extraction

are not considered equivalent. Thus, comparisons between one-dimensional sequences are
not sufficient, and that between subsequences of K -dimensional sequences is required when
determining the K -dimensional ES.

2.1 A standard for equivalence

The ES extraction requires a standard that multidimensional sequences are equivalent. In this
study, the standard for equivalence described below is used; however, it may be better to use
a different standard depending on the application.

First, we consider a dataset {x a1, ..., XA, } that has Ny sequences and the lengths are all
Ty, and a dataset {xpy, ..., XBp, } that has N, sequences and the lengths are all 7. Here, we
call the two datasets as dataset A and dataset B. A subsequence is described as

z,(f) = (z,(f’l), oy

T
+-1 1 +/—1
= 0 T Y Y ()

t'=1

where k denotes an ID for a sequence, t € {1,....,T1 — 7 + 1} if k € {Al,...,AN},

tefl,... T, —t+ 1} if k € {Bl, ..., BN2}, t denotes the length of a subsequence, the

symbol = denotes is equal by definition to, and a denotes the transposition of a vector a.
We use the similarity function
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i e{l,2},i" € {1,2}\ {i}, and v; = (v1,1, ..., v1.k) specifies a K-dimensional sequence
composed of K sequences in dataset A, and vy = (v2 1, ..., V2, k) specifies a K -dimensional

sequence composed of K sequences in dataset B. MSfoi’f;?, in Eq. (7) is the mean-square

value (MSV); MSV%)’,,I,, in Eq. (6) is the minimum MSV when comparing the subsequence
of the K-dimensional sequence specified by v; starting at # with all subsequences of the
K -dimensional sequence specified by v;/. The value of & in Eq. (5) is the Heaviside step
function, and h,(fl),,,2 in Eq. (5) is 1 if MSVS,’I),U2 < Omsy and 0 otherwise. Further, Oysy is
a threshold that should be adjusted depending on the application. w,(fl) in Eq. (4) indicates
the weight of the subsequence of the K -dimensional sequence specified by vy; the larger the
variance of the subsequence, the larger is the value. When hffl),vz is 1 in a place where the
weight is large, it is more likely to be regarded as equivalent. The value s(v1, v2) is in the
interval [0, 1]. Here, the sequences specified by v; and v, are regarded as equivalent if the
value of s(v1, vp) is greater than the threshold 6;. In this standard, it is necessary to set the
length t of a subsequence, the thresholds Oyisy and 6;. Here, the MSV is used to compare
the subsequences as in Eq. (7); however, it may be better to use a different calculation such

as dynamic time warping [1,11]. Note that we define the similarity function s(vﬁK), véK))

instead of the dissimilarity function d (v(lK), véK) ) unlike the previous study [9], but the

functionality is the same because d(viK), véK)) =1- s(v%K), v(zK)).

2.1.1 Properties of the similarity function

Even if v and v, in Eq. (2) are transposed, the value of s(v1, v>) is the same; however, for
simplicity, we consider only the case where the tuple of the first argument of s is a tuple to
specify a multidimensional sequence of dataset A, and the tuple of the second argument is
used to specify that of dataset B. Then, the similarity function s(v1, v2) has the symmetries

K) (K
s(vﬁ ), vg )) =y ((vl,pl, s vlqpk>,<v2,p1, s vz,pk)) (8)
where
K K
v(l Y= (i1 e V1K) v§ Y= (a1, s v2k)s (P, pi) € PEO, )

and PX) denotes the set of all K -permutations of {1, ..., K'}. Therefore, if the elements of
v; and vy are replaced similarly and simultaneously, the value of s will be the same.
3 Existing methods

The BFS, IS [8,10], and PIS [9] are the existing methods for ES extraction.

3.1 Brute-force search
In the BFS, all K -dimensional sequences are compared to obtain K -dimensional ESs. When

searching K -dimensional ESs between two datasets, the number of calculations of the sim-
ilarity function is y, Pk yz Pk, where the number of sequences for dataset A is N4, that for
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dataset B is Np, and yPg is the number of K-permutations of {1, ..., N}. Considering the
similarity properties described in Sect. 2.1.1, the number of calculations of the similarity
. Pk v P .
function can be reduced to W (= Ny Cx NPk = Ny Pk nyCk) where yCg is the
number of K -combinations of {1, ..., N}. However, even if the number of the calculations is

reduced, the combinatorial explosion remains a problem.

3.2 Incremental search

The IS was proposed because the combinatorial explosion of the number of calculations
of the similarity function occurs in the BFS [10]. In IS, K-dimensional ESs are searched
from the candidates generated using (K — 1)-dimensional ESs. Figure 2 shows a conceptual
diagram of IS. Algorithm 1 shows the procedure of IS. We omit the details of how to generate
candidates in Step 5; these details (method and validity) are provided in [8]. An ES obtained
by IS can be a subset of another ES, and such a subset needs to be removed. Therefore, it
requires a considerable amount of time to determine whether an ES is a subset of another ES
and to then delete it. Figure 3 shows an example where such subsets exist. In the figure, ES 1
is an ES with four tuples, and ES 2 is a subset of ES 1 and must be deleted. ES 3 is the same
as ES 2 when the first and third elements of all tuples in ES 3 are transposed. Therefore, ES
1 and ES 3 may appear to be different at first glance; however, ES 3 needs to be removed.

| Calculate | 1 Perform |
|
|

|
|
(A1, A2),(A1, A3),- L

Ve
e

g -

(B1,B2),(B1, B3), -

(A1,A2, A3)

Fig. 2 Conceptual diagram of IS. A circle, rounded square, and dotted rounded square represent a tuple, an
ES, and a candidate for an ES, respectively
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Algorithm 1 Incremental search (IS)

1: K <2

2: Calculate all similarities between two-dimensional sequences and obtain two-dimensional ESs (the number
of calculations can be reduced considering the properties of similarity function s described in Sect. 2.1.1)

3: while K-dimensional ESs exist do

4 K << K+1

5 Generate candidates for K-dimensional ESs using (K — 1)- and two-dimensional ESs

6:  Calculate similarities between K -dimensional sequences specified by the tuples in each candidate

7

8:

Obtain K -dimensional ESs based on the calculated similarities
end while

ES 2
(A4, A3, A2)
(B5, B6, B7) (B1,B2, B3)
ES 1
(A1, A2, A3) (A4, A3, A2)
ES 3

(A2, A3, A4)

(B5, B6, B7) (B1,B2, B3)
(B7, B6, B5) (B3,B2, B1)

Fig.3 Example of subsets of ESs

3.3 Pairwise incremental search

The PIS was proposed to overcome the problem in IS: ESs can be subsets of other ESs.
In PIS, an ES is split into pairs [9]. Figure 4 shows a conceptual diagram of PIS. A pair
obtained by decomposing an ES is called an equivalent pair (EP). For example, ES {(Al,
A2), (B1, B2), (B4, B3)} is decomposed into two EPs {(A1, A2), (B1, B2)}, and {(Al, A2),
(B1, B2)}. Since an EP is a pair, it can be represented as a two-tuple whose elements are
tuples; however, for convenience, it is represented as a set here. In the procedure of the PIS,
the problem of subsets of ESs does not occur because the number of elements of an EP is
always two. Further, ESs can be built based on EPs if necessary.

Algorithm 2 shows the procedure of PIS. Here, the processes in Steps 2, 5, 6, and 7
can be calculated in parallel, and therefore, they were processed in parallel in the following
experiments.

The simplest method to generate candidates in Step 5 is to connect a connectable ID to
a tuple in a (K — 1)-dimensional ES. For example, IDs connectable to tuple (A1, A2) are

Algorithm 2 Pairwise incremental search (PIS)

1: K <2

2: Calculate all similarities between two-dimensional sequences and obtain two-dimensional EPs (the number
of calculations can be reduced considering the properties of similarity function s described in Sect. 2.1.1)

3: while there exist K -dimensional EPs do

4 K« K+1

5 Generate candidates for K-dimensional EPs using (K — 1)- and two-dimensional EPs

6:  Calculate similarities between K -dimensional sequences specified by the tuples in each candidate

7

8:

Obtain K -dimensional EPs based on the calculated similarities
end while
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Caicuiaic

(A1, A2),(A1, A3), - i similarities

Calculate |
K=3 similarities i
\*__Obtain EPs |
1580001
(B1, B2, B3) <—--I Generate candidates |

Fig.4 Conceptual diagram of pairwise incremental search. A circle and rounded square represent a tuple and
an ES, respectively

A3, ..., AN4, and we consider (A1, A2, A3), ..., (Al, A2, AN,4). However, we use a more
efficient approach to generate candidates, as described below.

3.3.1 Candidate generation

A candidate Er(li) for a K-dimensional EP is generated using

B = ¢ (55D, 1)

= {(UT, s V1o )

Wf, vk ) € E,(K_l)} (10)
where E,(K_l) denotes a (K — 1)-dimensional EP, r € {(r,....,7rxk—1) | r1,....rk—1 €
{1, ..., R*(Z)}}. For example, when searching for three-dimensional EPs, if E 52)
{(A1,A2), (B4, BS)}, ESY = {(Al, A3), (B4, B6)}, ES® = {(A2, A3), (BS, B6)}, E®) =
{(A1,A2), (B5,B6)} exist, r = 1, and r = (2,3), Then, E.5) = {(Al, A2, A3),
(B4, B5, B6)}. In addition, if r = 1,r = (4,3), then E.x) = {(Al, A2, A3)}. The max-
imum number of elements of E 519 is 2, and when the number is 1 or 0, it is indeed excluded
from the candidates.

It has been proven that candidate generation enables us to obtain all EPs that are the same
as all EPs obtained by BFS under the following assumption [9]:

Assumption 1

Vke{l,..K}: Vrefl,.., R*M).
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el .., R*ED s drop(ERO, k) = EK-D (11)

where E %K), gi(),() are the K -dimensional EPs, and E(K o ES

dimensional EPs.

K(K ;) are the (K —1)-

For example, when {(A1, A2, A3), (B4, B5, B6)}isan EP, {{A1, A2), (B4, B5)}, {(Al, A3),
(B4, B6)}, {(A2, A3), (B5, B6)} are all EPs under the assumption. The assumption is con-
sidered to hold to a certain extent, but the extent to which it holds depends on the standard
for equivalence, noises in data, and so on.

4 A problem with PIS and our proposed method
4.1 Derivative EPs

Although PIS is faster than IS, derivative EP (DEP) exists and a combinatorial explosion can
occur. If a K-dimensional EP exists and Assumption 1 holds, then {{v¢,, ..., v¢,) | v &) ¢
E*E,K)} are all EPs where (cy, ..., c;) € C,EK), C,EK) denotes the set of all X combinations
of {1,...,K},and k € {2, ..., K — 1}. Here, EPs that can be expressed in this manner are
called derivative EPs (DEPs), and the other EPs are called non-derivative EPs (NDEPs). This
means that if Assumption 1 holds and a K -dimensional NDEP exists, then, the number of its
DEPs is Z,f;zl k Cr where g Cp is the number of k-combinations of {1, ..., K}. Therefore,
the combinatorial explosion occurs when there exist high-dimensional EPs. Figure 5 shows
an example where an NDEP and its DEPs exist. In the figure, there exits NDEP {(Al, A2,
A3,A4,AS5), (B6,B7,B8,B9,B10)} and its DEPs such as {(A1, A2, A3, A4), (B6, B7, BS,
B9 )} and {{A2, A3, A5 ), (B7, B8, B10 )}. In this case, the number of DEPs is Z,{(;zl kCr
where K = 5, and the number of calculations of similarities is the same number as that of

Derivative EPs
((Al, A2)| [(A1,A3)| |(A1,A4)| [(A1,A5)| |(A2,A3)| [(A2,A4)| |(A2, A5)
((B6,B7)/ | (B6,B8)| |(B6,B9)| ((B6,BS5)| |(B7,B8)] |(B7,B9) (B7, B5)

|
|

[

|

L - |

'<A1, A2,A3)| [(A1,A2,A4)| |(A1,A2,AS)| |(A1, A3, A4)| |(AL, A3, AS)| [(A1,A4,A5)[ | :
\(B6,B7, B8) (B6 B7 B9) (B6, B7, B5) (B6 BS B9) (B6, B8, B5) (B6 B9, B5) |
. ]

’ ] |

[

|

|

___________________

(B6, B7, B9, B5) (B6 B8 B9, B5)

(A1 A2, A3, A4) (Al A2, A3, A5) (A1, A2, A4, AS) (A1, A3, A4, A5)| [(A2, A3, A4, AS5)
(B7, B8, B9, B5)

(B6, B7, B8, B9) | |(B6, B7, B8, B5)
L —

o
|
|
|

T T T T

: (A1,A2, A3, A4, A5)
| |(B6,B7, B8, BY, BS)
|

Non-derivative EP

Fig.5 Non-derivative EP and its derivative EPs
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Algorithm 3 Pairwise dimension-first search (PDFS)

1: Obtain two-dimensional EPs in the same way as PIS

2: Generate candidates for three-dimensional EPs

3: while There exist candidates do

4: Select 1 parq nonderivative candidates in the descending order of the number of dimensions and delete
derivative candidates
(Select all nonderivative candidates if the number of nonderivative candidates is less than 1 pgrq)

5:  Calculate similarities between K-dimensional sequences specified by the tuples in each selected can-

didate and obtain EPs based on the similarities

if EPs are obtained then

Generate candidates based on the obtained EPs
. endif
: end while

VRN

DEPs. Therefore, the number of calculations of similarities rapidly increases along with the
increase in the number K of dimensions of an NDEP.

4.2 Pairwise dimension-first search

As described in Sect. 4.1, the combinatorial explosion of the number of DEPs occurs in the
procedure of PIS when high-dimensional EPs exist. Therefore, we propose a search method
where a combinatorial explosion does not occur.

In our proposed method, two-dimensional EPs are obtained in the same manner as that
in PIS, and candidates for three-dimensional EPs are generated. Next, in PIS, all three-
dimensional EPs are obtained; however, in our proposed method, not all EPs are obtained and
candidates for four-dimensional EPs are generated; four-dimensional EPs are obtained before
obtaining the other three-dimensional EPs. Then, an EP with a large number of dimensions is
preferentially searched. Thus, we call our proposed method pairwise dimension-first search
(PDES). Figure 6 shows the processing flows of PIS and PDFS.

Algorithm 3 shows the algorithm of PDFS. For the candidate generation in Step 7, we
can use function g provided in Eq. (10) as done in PIS. In addition, the processes in Steps
1,2, 5, and 7 can be calculated in parallel, and therefore, they were processed in parallel
in the following experiments. If the 7 -, in Step 4 is 1, the number of calculations of the
similarity function should be the smallest. However, the total processing time can be faster
when the 7np,r, is greater than 1 because Steps 5 and 7 can be processed in parallel. In Step
4, the determination of whether a candidate is derivative is based on the EPs obtained at that
time.

In the example shown in Fig. 6b, all two-dimensional EPs are obtained, and all candidates
for three-dimensional EPs are generated in Steps 1 and 2 of PDFS in the same way as PIS. In
Step 4 of PDFS, {(A1, A2, A3), (B6, B7, B8)} is selected as a nonderivative candidate. Then,
the similarity s((Al, A2, A3), (B6, B7, B8)) is calculated, and EP {(A1, A2, A3), (B6, B7,
B8)} is obtained in Step 5. In Step 7, candidates {(A1, A2, A3, A4), (B6, B7, B8, B9)} and
{(A1, A2, A3, AS5), (B6, B7, B8, B5)} are generated using the EP {(Al, A2, A3), (B6, B7,
B8)}. Go back to Step 4, {{Al, A2, A3, A4), (B6, B7, B§, B9)} is selected as a nonderivative
candidate. Then, the similarity s((A1, A2, A3, A4), (B6, B7, B8, B9)) is calculated, and EP
{(Al, A2, A3, A4), (B6, B7, B8, B9)} is obtained in Step 5. In Step 7, {(Al, A2, A3, A4,
AS), (B6, B7, B8, B9, B5)} is generated as a candidate using the EP {(Al, A2, A3, A4),
(B6, B7, B8, B9)}. Go back to Step 4, {(Al, A2, A3, A4, AS), (B6, B7, B8, B9, B5)} is
selected as a nonderivative candidate. Then, the similarity s ((A1l, A2, A3, A4, AS), (B6, B7,
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T .
O (A1,A2)| [(a1,a3)| [(a1,a4)| [(a1,45)| [(A2,A3)| [(A2,A4)| [(A2,A5) .
(B6,B7)] ((B6,B8)| |(B6,BY)| |(B6,BS)| ((B7,B8)| ((B7,B9)| ((B7,BS)

(a1, a2, a3)] (a1, A2, a4)| ((A1,A2, 45)) [(a1, A3, a4)) ((A1, A3, A5)) (A1, A4, AS) .
((B6, B, B8) ( 6,87, B9) (BG B7,B5)] ((B6, B, 139) (B6, B8, BS) (B6 B9, B5)

((Al, A2, A3, A4)| [(A1,A2, A3, A5) (A1,A2, A4, AS)| [(A1,A3,A4,A5)| [(A2, A3, A4, AS)
(B6,B7,B8,BY) | |(B6, B7, B8, B5) | |(B6,B7,B9,B5) | |(B6, B8, BY,B5) | |(B7, BS, B9,B5)
\ — —

(A1, A2, A3, A4, AS)
(B6, B7, B8, BY, BS)

((a1,a2)) ((a1,43)) [(a1,84)) [(a1,a5)] ((a2 43)] [(az,a4) ((a2,A5)
(B6,B7)) ((B6,B8)| |(B6,BI)| |(B6,BS)| ((B7,B8)| ((B7,BY)| ((B7,B5)

(A1, A2, A4) (A1, A2, A5)| [(A1, A3, A4) <Ai A?; As)| (a1, A4,85)|
(B6, B7, B9) (B6, B7, B5) (B6 B8, 139) (B6 B8, B5) (B6 B9, B5)

(a) PIS

O

®

(A1, A2, A3)
(B6, B7, B8)

(A1, A2, A3, A4)]

(Al A2, A3, A5) (A1, A2, A4, AS) (A1 A3, A4, A5) (A2, A3, A4, AS)
|(B6, B7, B8, BY)

(B6,B7,B8,B5) | |(B6,B7,B9,B5) | |(B6,B8,B9,B5) | |(B7, B8, B9, B5)

---------- 1 These are unsearched because they are DEPs.

(A1, A2, A3, A4, AS)
(B6, B7, B8, B9, BS)

Fig.6 Processing flows of PIS and PDFS where an NDEP exists and n parq = 1

v

(b) PDFS

BS, B9, B5)) is calculated, and EP {{A1, A2, A3, A4, AS5), (B6,B7, B8, B9, B5)} is obtained
in Step 5. In Step 7, no candidate is generated using the EP {(A1l, A2, A3, A4, AS), (B6,
B7, BS, B9, B5)}. Go back to Step 4, nonderivative candidates are searched from candidates
such as {(Al, A2, A4), (B6, B7, B9)} and {(A1, A2, AS), (B6, B7, B5)}, but none of the
candidates are nonderivative candidates. Therefore, the similarities of the candidates are not
calculated. In addition, sets {{A1, A2, A4, AS), (B6, B7, B9, B5)}, {(Al, A3, A4, AS), (B6,
B8, B9, B5)}, and {(A2, A3, A4, AS), (B7, B8, B9, B5)} shown in Fig. 6b do not become
even candidates and the calculations of the similarities can be skipped, while the similarities
of all pairs shown in Fig. 6a are calculated in the procedure of PIS.

4.3 Number of calculations of similarity function in PIS and PDFS

First, we consider the case where Assumption 1 holds and a K-dimensional NDEP exists;
we refer to this as case 1. Then, the number of DEPs obtained by PIS is Zf:}l kCr. In
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addition, because all two-dimensional sequences are compared, the number of calculations
of the similarity function in PIS is

K

Na(Na = DNg(Ng — 1)/2+ ) kCy (12)
k=3

where the number of sequences for dataset A is Na and that for dataset B is Np. The first
term of Eq. (12) is the number of calculations of similarities when obtaining two-dimensional
EPs. The number of calculations of similarities when obtaining k-dimensional EPs is g Cy
where k € {3, ..., K — 1}. Because the number of K-dimensional EPs is one, which is an
NDEP, the number of calculations of similarities when obtaining K -dimensional EPs is one,
which is g Cg. Therefore, the total number of calculations of similarities for PIS is Eq. (12).

When npar, in Step 4 of Algorithm 3 is 1, the number of calculations of the similarity
function in PDFS in case 1 is

NA(Nao —1)Ng(Ng —1)/2+ K =2 (13)

as seen in Fig. 6. As is the case with PIS, the first term of Eq. (13) is the number of calculations
of similarities when obtaining two-dimensional EPs. In the procedure of PDFS, not all three-
dimensional EPs are obtained, but four-dimensional EPs are searched right after obtaining a
three-dimensional EP. Therefore, the number of calculations of similarities when obtaining
three-dimensional EPs is one. Similarly, the number of calculations of similarities when
obtaining k-dimensional EPs is one where k € {3, ..., K}. Consequently, the total number of
calculations of similarities for PDFS is Eq. (13).

Next, we consider the case where Assumption 1 holds, the maximum number of dimen-
sions of NDEPs is Kp.x, the number of each K-dimensional NDEPS is Mg, and an ID for
a sequence does not appear in NDEPs or appears only once. Here, we refer to this as case 2.
The number of calculations of the similarity function in PIS is then

Kmax K
NA(Na = DNp(Ng — 1)/2+ ) Mx (Z ch) : (14)
K=3 k=3
The number of calculations of the similarity function in PDFS is
Kmax
NA(Na — DNp(Ng — 1)/2 + Z Mg (K —2). 15)
K=3

Thus, the combinatorial explosion occurs in the PIS even when only one K-dimensional
NDEP exists and K is large; however, it does not occur in the procedure of PDFS even if
multiple NDEPs exist. Tables 1 and 2 summarize the numbers of calculations of the similarity
function in BFS, PIS, and PDFS for cases 1 and 2.

Table 1 Number of calculations

1
of the similarity function in case BFS NaPk npgPK/K!
1, where a K -dimensional EP K
"t PIS NA(NgA = DNB(NB — 1)/24+ 313 kCk
exis PDFS NA(NA — DNg(Ng — 1)/2 + K —2

I'Note that the actual number can be more than this number because K
is usually unknown

@ Springer



2632 S. Satoh, H. Yamakawa

Table 2 Number of calculations of the similarity function in case 2, where Mg K -dimensional EPs exist

BFS Bmas v Pk Ny P /K!

K
PIS Na(Na = DNp(Np = 1)/2+ 0% My (Xf5 kCr)
PDFS NA(NA = DNp(Ng — 1)/2+ Y g™ Mg (K —2)

5 Experiments

We conducted three experiments to evaluate PDFS. For the experiments, we used a system
with an Intel(R) Core(TM) 19-9900X CPU (10 cores) @ 3.50 GHz and 32.0 GB RAM; we
used MATLAB R2019b as the programming language. Further, we used Parallel Computing
Toolbox version 7.1 in the MATLAB R2019b to perform parallel computing. The optimum
number of 7p,r, in Step 4 of Algorithm 3 may differ depending on the data and computer
used; however, for this study, we set this value to 10, which is the same as the number of
CPU cores.

5.1 Synthetic datasets

We conducted the first experiment using two synthetic datasets. We made the two datasets
where a 20-dimensional EP obviously exists. Figure 7 shows the two datasets, which we call
synthetic datasets A and B.

Synthetic dataset A has 40 sequences and the IDs are Al,..., A40. Synthetic dataset B has
20 sequences and the IDs are B1,..., B20. The length of a sequence in synthetic dataset A is
90, and that in B is 80. A pattern appears from ¢ = 20 in sequences whose IDs are Al,...,
A20; the same pattern appears from ¢ = 40 in sequences whose IDs are A40,..., A21. In
addition, the same pattern appears from # = 30 in synthetic dataset B; however, the order of
the sequences is out of order.

We normalized all sequences such that the means and standard deviations would be O and 1,
respectively. We used the similarity function s described in Sect. 2.1 to determine whether the
two multidimensional sequences were equivalent. We set the length t of the subsequences
and the threshold Gysy of MSV to 20 and 0.01, respectively, and two multidimensional
sequences were determined equivalent if the value of s was greater than 0.99.

Table 3 shows the processing times for PIS and PDFS. Processing times for PIS and PDFS
were 58 min 18 s and 1 min 29 s, respectively, which means that PDFS was 39 times faster
than PIS. The processing times required to obtain two-dimensional EPs were 1 min 24 s for
both methods; the processing times to obtain EPs with three or more dimensions were 56 min
53 s for PIS and 5 s for PDFS, thereby indicating PDFS was 648 times faster when the number
K of dimensions was greater than two. Since EPs with different numbers of dimensions may
be searched in parallel in PDFS, only the total processing time to obtain EPs with three or
more dimensions was measured. Although it is possible to measure the processing time to
obtain EPs in each dimension in PDFS, adding the processing times to obtain EPs in each
dimension does not yield the total processing time in general. In PIS, adding the processing
times to obtain EPs in each dimension yields the total processing time.

Figure 8 shows the numbers of comparisons of sequences in each dimension K of EPs and
the numbers of EPs obtained in PIS and PDFS. When K = 2, the number of comparisons
for PIS and that for PDFS were the same; however, when K = 3 to 19, the number of
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Fig.7 Synthetic datasets. Black points denote values of 1; white points denote values of 0

comparisons for PIS was significantly higher, and a combinatorial explosion occurred in
PIS; however, it did not occur in PDFS. When K = 20, the number of comparisons was
two for both methods. The number of two-dimensional EPs obtained by PDFS was the same
as that by PIS; however, the number of 3- to 19-dimensional EPs obtained by PDFS was
significantly smaller than that by PIS, and the number of 20-dimensional EPs was two for
both methods. Of the EPs obtained, there were only two NDEPs in 20 dimensions, and the
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Table 3 Processing times for

synthetic datasets (min:sec). K is K PIS FDFS

the number of dimensions 2 01:24 01:24
3 00:01 N/A
4 00:06 N/A
5 00:25 N/A
6 01:15 N/A
7 02:54 N/A
8 05:21 N/A
9 08:08 N/A
10 09:55 N/A
11 09:56 N/A
12 08:17 N/A
13 05:34 N/A
14 03:01 N/A
15 01:19 N/A
16 00:27 N/A
17 00:07 N/A
18 00:01 N/A
19 00:00 N/A
20 00:00 N/A
3-20 56:53 00:05
Total 58:18 01:29

number of NDEPs obtained by PIS and that by PDFS were the same. One of the reasons
why the number of comparisons for PIS and that for PDFS were the same when K = 20 is
that comparisons to obtain NDEPs in PDFS cannot be skipped, unlike comparisons to obtain
DEPs. The number of DEPs obtained by PIS was the same as that by PDFS when K = 2;
however, the number of DEPs obtained by PIS was significantly higher than that by PDFS
when K > 3. When K = 10, the number of DEPs obtained by PIS was 369500, which was
the highest; however, the number of DEPs in PDFS was 20. The number of DEPs obtained
by PDFS was always dozens when K = 3 or more. The number of DEPs obtained by PDFS
will change if the parameter 7, is changed.

The maximum number of dimensions of the obtained EPs was 20, and 20-dimensional EPs
obtained by PDFS were exactly like those obtained by PIS. Table 4 lists the 20-dimensional
EPs. Based on the arrangements of the sequences in Fig. 7, E gzo) and E§20) in Table 4, it
seems that the correspondence relation was successfully identified; however, ES extraction
does not enable us to find similar patterns themselves. If such patterns are necessary, we can
use motif discovery methods after finding dimensions corresponding between two datasets.

5.2 Motion capture datasets
Using two motion capture datasets, we conducted the same experiment as reported in a

previous study [9] (data, preprocessing, and parameter values were the same). The only
difference was the computer used and the version of MATLAB. We obtained the datasets
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Table 4 Highest-dimensional EPs obtained by PIS for synthetic datasets

EXP (AL
All,

( Bs,

B16,

E*30 (A1,
A31,

( B8,

B4,

A2,
Al2,
B2,
B14,
A22,
A32,
B15,
B6,

A3,

Al3,
Bl11,
B20,
A23,
A33,
B18,
BI1,

A4,
Al4,
B9,
B12,
A24,
A34,
B10,
B3,

AS,

AlS,
B19,
B17,
A25,
A35,
B13,
B7,

A6,

Al6,
B7,

B13,
A26,
A36,
B17,
B19,

A7,
Al7,
B3,
B10,
A27,
A37,
B12,
B9,

A8,

Al8,
BI1,

BI1S,
A28,
A38,
B20,
Bl11,

A9,
Al9,
B6,
B15,
A29,
A39,
B14,
B2,

Al0,
A20),
B4,
BS)}
A30,
A40),
BIG,
B5)}

(07_01.c3d, 07_02.c3d) from CMU Graphics Lab Motion Capture Database. Here, we call
the two datasets mocap dataset A and B. Each dataset has 41 sequences; however, because
there are sequences similar to other sequences, these sequences were merged before ES
extraction. After merging sequences, the number of sequences in mocap dataset A was 22,
and that in mocap dataset B was 18. Next, the original length of the sequences in mocap
dataset A is 316 and that in mocap dataset B is 329; however, using simple moving average
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Table5 Processing times for

mocap datasets (min:sec) K PIS PDFS
2 00:02 00:03
3 00:00 N/A
4 00:01 N/A
5 00:04 N/A
6 00:07 N/A
7 00:10 N/A
8 00:11 N/A
9 00:11 N/A
10 00:07 N/A
11 00:03 N/A
12 00:01 N/A
13 00:00 N/A
14 00:00 N/A
15 00:00 N/A
3-15 01:00 00:36
Total 01:03 00:39

and downsampling as preprocessing, the length for mocap dataset A was 52, and that for
mocap dataset B was 54. As in the previous study [9], we set the length 7 of subsequences
and the threshold 875y of MSV to 20 and 0.06, respectively, as used in the similarity function
s described in Sect. 2.1; the sequences were equivalent if the value of s was less than 0.05.

Table 5 shows the processing times for PIS and PDFS. They were 1 min 3 s and 39 s,
respectively, which means that PDFS was 1.6 times faster. The processing times to obtain
two-dimensional EPs were almost the same for both methods; however, the processing times
to obtain EPs with three or more dimensions were 1 min O s for PIS and 36 s for PDFS, which
means that PDFS was 1.7 times faster. Since EPs with different numbers of dimensions may
be searched in parallel, we measured only the processing time to obtain EPs with three or
more dimensions in the procedure of PDFS. Figure 9 shows the numbers of comparisons of
sequences in each dimension K of EPs and the numbers of EPs obtained in PIS and PDFS.

Figure 9 shows the numbers of comparisons of sequences in each dimension K of EPs and
the numbers of EPs obtained in PIS and PDFS. When K = 2, the number of comparisons for
PIS and that for PDFS were the same; however, when K = 3—14, the number of comparisons
for PIS was higher. When K = 15, the number of comparisons for PIS and that for PIS were
the same.

As shown in Fig. 9b, the number of two-dimensional EPs obtained by PDFS was the same
as that by PIS; however, the number of 3- to 14-dimensional EPs obtained by PDFS was
significantly smaller than that by PIS. The number of 15-dimensional EPs was 6 for both
PDFS and PIS.

In the experiment using synthetic datasets, the number of NDEPs obtained by PIS was
the same as that by PDFS; however, in this experiment, more NDEPs were obtained by PIS
as shown in 9c. For example, when K = 14, the number of NDEPs obtained by PIS was
31, and that obtained by PDFS was 29. Thus, for examining NDEPs obtained only by PIS, it
was found that not all DEPs were obtained. For example, EP { (A6, A7, A8, A9, A10, A12,
Al4, Al15, Al6, A18, A19, A20, A21, A22), (B6, B9, B3, B11, B5, B16, B12, B15, B10,
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Fig.9 Numbers of comparisons and EPs for mocap datasets

B1,B17,B2, B18, B8)} were obtained only by PIS, and some of the DEPs such as { (A7, A9,
A10), (B9, B11,B5)}, {(A7, Al4, A16), (B9, B12,B10)}, and {(A9, A10, Al14), (B11, B5,
B12)} were not obtained even when using PIS. If Assumption 1 always holds, then all DEPs
should be obtained by PIS, but this is not the case. We believe that this is more likely to occur
in noisy datasets. Further, we consider that it is not necessary to obtain all NDEPs, and it is
sufficient to obtain useful NDEPs. Currently, there is no standard to evaluate the usefulness
of an NDEP, and here, we consider that an EP with more dimensions is more useful.

The maximum dimension of EPs obtained was 15, and 15-dimensional EPs obtained by
PDFS were the same as those obtained by PIS. Table 6 shows the 15-dimensional EPs. Figure
10 shows 15-dimensional EP E 4(115) drawn in the original three-dimensional space. From the
results shown in Fig. 10, we consider that quality correspondence relations were successfully
determined.

5.3 Video datasets

Using two movie datasets, we conducted an experiment to determine the correspondence
relations between the two movies. In this experiment, we used two movies (one was embedded
in the other video), and we verified whether the embedded video could be found by ES
extraction. One application of this experiment is to search for illegally uploaded videos.
Embedding an illegally uploaded video to another video makes finding the illegally uploaded
video very difficult. However, even if such embedding is performed, we consider that, by
using ES extraction, it is possible to discover whether the target movie is embedded. Because
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Table 6 Highest-dimensional EPs obtained by PIS or PDFS for mocap datasets

EX Al A6, A7, A9, A0,  Al2,  Al4, AlS,
Al6,  Al7,  AI8,  Al9,  A20,  A2l,  A22),

(B4, B6, B9, Bll,  BS, Bl6,  BI2, Bl4,
B10,  BI5,  BI, B17, B2, BI1S,  BS))

EXM (0 A4 A6, A7, A8, A9, Al0, Al2, AlS5,
Al6,  Al7,  AI8,  Al9,  A20,  A2l,  A22),

(B4, B6, B9, B3, B1l,  BS, B16, Bl4,
B10,  BI5,  BI, Bl7, B2, BIS,  BS))

EXY (A4 A6, AT, A8, A9, Al0,  Al2, AlS,
Al6,  Al7,  AI8,  Al9,  A20,  A2l,  A22),

(B4, B6, B9, B3, Bll,  BS, B16, BIS,
B10,  BIl4,  BI, B17, B2, BIS,  BS))

P A4 A6, A8, A9, Al0,  All,  Al2, AlS,
Al6,  Al7, A8,  Al9,  A20,  A2l,  A22),

(B4, B6, B3, B1l,  BS, B9, B16, Bl4,
B10,  BI5,  BI, B17, B2, BI1S,  BS))

E*0Y (( A4 A6, AS, A9, A0,  All,  Al2, Al5,
Al6,  Al7,  AI8,  Al9,  A20,  A2l,  A22),

(B4, B6, B3, Bll,  BS, B9, B16, BIS,
B10,  Bl4,  BI, B17, B2, BI1S,  BS))

E*XY 1 as, A7, AS, A9, A0, A2, Al4, AlS5,
Al6,  Al7,  AI8,  Al9,  A20,  A2l,  A22),

( B6, BY, B3, Bll,  BS, B16,  BI2, Bl4,
B10,  BI5,  BI, B17, B2, BIS,  BS))

we attempted to compare PIS and PDFS, we did not use a method specific to this problem.
There are probably many ways to specialize it to this problem. For example, using information
on which sequences are adjacent can help improve speed; however, this information was not
used in this experiment.

We used two videos from Videvo. The titles of the two videos are Beetle in Slow Motion
CC-BY NatureClip, and Car Journey Time-Lapse at Night CC-BY NatureClip. Here, we refer
to them as videos 1 and 2, respectively. Figure 11 shows one frame for each video.

Here, we embedded video 1 in video 2 and verified whether the embedded video could be
identified. The process for embedding video 1 in video 2 and creating two datasets is shown
below.

1. The frame size (width x height) of video 1 is 1280 x 720; we resized it to 6 x 5 (Fig.
12a).

2. Let video 1 be a dataset of 30 sequences. Here, we call this dataset video dataset A.

3. The frame size (width x height) of video 2 is 1280 x 720; we resized it to 10 x 10 (Fig.
12b).

4. We rotated video 1 by 90 degree and embedded it in video 2 as shown in Fig. 12c; we
played video 1 after 5 s as shown in Fig. 12d.

5. Let video 2 be a dataset of 100 sequences. Here, we call this dataset video dataset B.

@ Springer



Bypassing combinatorial explosions in equivalence structure... 2639

Fig. 10 15-dimensional EP E, 4(115) drawn in the original three-dimensional space. Circle markers represent
sequences for IDs Al,..., A22, B1,..., B18. Cross markers represent sequences that were merged in the pre-
processing. Solid lines represent the correspondence relation

.
(a) Video 1 (b) Video 2

Fig. 11 Videos

As preprocessing for ES extraction, we normalized each sequence such that the mean and
standard deviation would be 0 and 1, respectively. Next, we set n to six and used the n-point
simple moving average for each sequence. We selected the value of n such that the mean
squared error between sequences before and after the moving average was 0.01 or less in
all sequences in video dataset A. Then, we down-sampled each sequence by n. Because the
original frame per sec (FPS) was 24, the FPS after this processing was 4.

As in the other experiments, we used the similarity function s described in Sect. 2.1 to
determine whether the two multidimensional sequences were equivalent. We set the length
T of the subsequences and the threshold 6375y of M SV to 20 and 0.1, respectively, and two
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Fig. 12 Video datasets

multidimensional sequences were determined equivalent if the value of s was greater than
0.5.

Table 7 summarizes the processing times for PIS and PDFS. When searching for nine-
dimensional EPs in PIS, memory usage reached its limit, and therefore, the process ended
when K = 9. The processing time up to K = 8 was 448 min 46 s. The memory was not
out of memory in the procedure of PDFS, and the processing time up to K = 29 was 84
min 21 s, which means that the total processing time for PDFS was 6.3 times faster than the
processing time for PIS up to K = 8. The processing times to obtain two-dimensional EPs
were about 84 min for both methods. In PDFS, the processing time from K = 3-29 was 22
s, and the processing time from K = 3-8 in PIS was 532 min 43 s, which means that the
processing time from K = 3-29 in PDFS was 1203 times faster than that from K = 3-8 in
PIS.
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Table 7 Processing times for

video datasets (min:sec) K PIS PDFS
2 83:57 83:59
3 00:07 N/A
4 00:54 N/A
5 05:27 N/A
6 25:24 N/A
7 94:55 N/A
8 321:57 N/A
9 out of memory N/A
3-8 448:46 N/A
3-29 N/A 00:22
Total 532:43 84:21

Figure 13 shows the numbers of comparisons of sequences in each dimension K of EPs
and the numbers of EPs obtained in PIS and PDFS. Since PIS ends processing in the middle,
the figures show the numbers of NDEPs and DEPs obtained only by PDFS. When K = 2, the
number of comparisons for PIS and that for PDFS were the same; however, a combinatorial
explosion occurred in PIS when K > 2. The number of comparisons for PDFS did not exceed
100 when K was greater than three. In addition, the number of EPs obtained by PIS increased
explosively, and that by PDFS did not exceed 100. The number of NDEPs obtained by PDFS
was 0 to 3 when K = 2, ..., 29. The total number of the NDEPs was 11, and the maximum
number of dimensions of NDEPs was 29. Figure 14 shows the 29-dimensional EP obtained
by PDFS. Video dataset A has 30 sequences of video 1, and the 30 sequences were embedded
in video dataset B. As shown in Fig. 14, 29 out of 30 sequences of video 1 were successfully
found in video dataset B. We determined that sequences were equivalent if the value of s
was less than 0.5 in this experiment. The 30-dimensional EP might be obtained by increasing
the value to more than 0.5; however, in that case, extra EPs may be obtained, which can
lead to a slow process. In addition, the larger the size of the images, the more accurate the
distinctiveness may be. In order to handle a larger size of images, it will be necessary to use
more powerful computers or a faster method to obtain two-dimensional EPs.

6 Conclusion

In this paper, we showed that PIS—the fastest of the existing methods—does indeed have a
problem in that the number of unnecessary EPs causes a combinatorial explosion. Further,
we proposed a new method, PDFS, which can avoid any combinatorial explosion. In the
experiment using synthetic datasets, the processing times for PIS and PDFS were 58 min 18
s and 1 min 29 s, respectively, and thus, PDFS was 39 times faster than PIS. The maximum
number of dimensions of the obtained EPs was 20, and two 20-dimensional EPs obtained by
PDFS were exactly the same as those obtained by PIS. In the experiment using motion capture
datasets, the processing times for PIS and PDFS were 1 min 3 s and 39 s, respectively; thus,
PDFS was 1.6 times faster than PIS. The maximum number of dimensions of the obtained
EPs was 15, and six 15-dimensional EPs obtained by PDFS were exactly the same as those
obtained by PIS. In the experiment using video datasets, the process of PIS was terminated
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Fig. 14 29-dimensional EP obtained by PDFS. Lines represent the correspondence relation
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because memory usage reached its limit while searching for nine-dimensional EPs. The
memory was not insufficient for PDFS; further, PDFS enabled us to obtain a 29-dimensional
EP that implied a quality correspondence relation between two video datasets. The processing
time for PDFS up to 29 dimensions was 84 min 21 s, and that for PIS up to 8 dimensions
was 532 min 43. This means the total processing time for PDFS was 6.3 times shorter than
that for PIS even up to 8 dimensions. In addition, the processing time for PDFS from 3-29
dimensions was 22 s, and the processing time for PIS from 3-8 dimensions was 448 min 46
s. This means the processing time for PDFS from 3-29 dimensions was 1203 times faster
than that for PIS from 3-8 dimensions.

In the future, we will propose a faster method to obtain all two-dimensional EPs because
it usually takes a considerable amount of time to obtain all two-dimensional EPs even when
using PDFS. In addition, we plan to conduct more practical application experiments such
as the analysis of time series data, preprocessing of imitation learning and preprocessing of
transfer learning as described in Sect. 1. Moreover, because there has been no standard to
evaluate the usefulness of an EP, such a standard will be useful. If we have such standard to
evaluate the usefulness of an EP, then a similarity function can be improved.
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