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ABSTRACT

Effective and efficient method of similarity assessment con-
tinues to be one of the most fundamental problems in multi-
media data analysis. In case of retrieving relevant items
from a collection of objects based on series of multivari-
ate observations (e.g., searching the similar video clips in
a repository to a query example), satisfactory performance
cannot be expected using many conventional similarity mea-
sures based on the aggregation of element pairwise compar-
isons. Some correlation information among the individual
elements has also been investigated to characterize each set
of multi-dimensional points for ranked retrieval, by making
use of an unwarranted assumption that the underlying data
distribution has a particular parametric form. Motivated
by this observation, this paper introduces a novel collective
gauge of relevance ranking by evaluating the probabilities
that point sets are consistent with the same distribution of
the query. Two non-parametric hypothesis tests in statis-
tics are justified to exploit the distributional discrepancy of
samples for assessing the similarity between two ensembles
of points. While our methodology is mainly presented in the
context of video similarity search, it enjoys great flexibility
and can be easily adapted to other applications involving
generic multi-dimensional point set representation for each
object such as human gesture recognition.

Categories and Subject Descriptors: H.3.3 [Informa-
tion Store and Retrieval]: Information Search and Retrieval;
G.3 [Probability and Statistics]: Multivariate statistics

General Terms: Algorithms, Measurement, Experimenta-
tion, Performance

Keywords: Similarity measures, multi-dimensional point
set, non-parametric, hypothesis tests, minimal spanning tree,
reproducing kernel Hilbert space

1. INTRODUCTION

A multi-dimensional sequence dataset can be treated a
collection of series of multivariate observations. This kind
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of data is becoming popular in various multimedia appli-
cations as well as other scientific domains such as envi-
ronmental, biomedical and biometric information systems.
For example, a cyber-glove used in human-computer inter-
action usually has around 20 sensors on it, each of which
can generate about 50 values per second [15, 20]. Another
typical example is that a video sequence can be viewed as
X = {x1,22,...,2n}, where each element z; € R? is a d-
dimensional feature vector point representing a frame in X,
and n is the number of sampling frames. In general, each
item in a collection of multi-dimensional point sets is nor-
mally stored as an n X d matrix, where n is the number
of observations, and d is the number of variables, e.g., the
dimensionality of feature vector space.

How to measure the similarity of multi-dimensional point
sets is a long-standing and challenging research problem
in large scale multimedia data analysis. During the past
decade, a number of similarly measures have been proposed
to compare multi-dimensional sequences. Mean distance
[19] is the most generic among them and it firstly extends
the traditional Euclidean distance for time series to support
multi-dimensional sequence matching. Other classical exam-
ples, such as Dynamic Time Warping (DTW) [16], Longest
Common Subsequence (LCSS) [27] and Edit Distance (ED),
e.g., Edit Distance on Real sequence (EDR) [7] can also be
adapted for measuring the similarity of multi-dimensional
sequences. In essence, all of them are based on element-
to-element comparison results by aggregating separate dif-
ferences. However, these element-based approaches have
some limitations and could be unreliable. This is due to the
fact that, a slight dithering in the original space (e.g., pho-
tometric or geometric video transformations with different
encoding parameters such as brightness, saturation, aspect
ratio or cropping, etc.) may lead to a considerable change
in the observed feature space. Moreover, in the presence of
noise, these methods still accumulate all the differences of
individual elements thus trigger performance degradation.
As a consequence, element pairwise comparisons are virtu-
ally not tolerant to shift, scale or rotation, and often overly
sensitive to noise.

In many circumstances, it is more reasonable to treat each
multi-dimensional point set as a whole entity, since there
are naturally some important correlations among the indi-
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(PCA) to the original matrices for deriving some correlation
information (e.g., eigenvectors and associated eigenvalues)



as the global representations of multi-dimensional point sets,
are demonstrated to improve the efficiency of retrieval ap-
plications [29, 24]. Nevertheless, accompanied with PCA,
these methods implicitly bring an artificial restriction that
the data points in each set are drawn from a particular para-
metric form - Gaussian normal distribution. In other words,
the orientations of orthogonal principal components coin-
cide with the independent axes of data scattering of any set,
which is approximately a d-dimensional ellipsoid. Unfortu-
nately, real data are rarely that well-behaved in practice.

From the maximum likelihood point of view, the prob-
lem of finding a good distance function comes down to the
maximization of similarity probability. Distribution-based
similarity measures have exhibited excellent performance in
many applications, such as image retrieval with color and
texture features [23, 21, 26]. In text retrieval, information-
theoretically motivated distances such as Kullback-Leibler
(KL) divergence of word frequency distributions are widely
used in the language modelling framework. In bioinfor-
matics, microarray data from different tissue types can be
compared by their distributions as well, either to determine
whether two sub-types of cancer can be treated as statis-
tically indistinguishable from a diagnosis perspective, or to
detect differences in normal and tumor tissues [4]. Inter-
estingly, the data points of visually similar video clips also
appear to inherit some intrinsic characteristics, such as con-
stant inter-frame topological relationship. Therefore, vecto-
rial distribution is often expected to be robust to a number
of distortions in a properly defined feature space (we present
some visualization examples in Section 5). This inspired us
to exploit some invariant distribution information to deter-
mine their relevance.

This paper introduces a novel collective perspective of
measuring the similarity of data point sets by distribution-
based approaches. Several ideas of hypothesis tests in the
literature of statistics are utilized to compare the multi-
variate distributions of two ensembles of points for assess-
ing their similarity. The two specific methods adopted are
Friedman-Rafsky (FR) test [10], which is a multivariate ex-
tension of Wald-Wolfowitz (WW) test [28], and a more effi-
cient Mazimum Mean Discrepancy (MMD) test [11], which
employs the unit balls in a universal Reproducing Kernel
Hilbert Space (RKHS) H [25] as its function class. The
classical WW test is based on the intuition that if two sam-
ples are similar, the order of their univariate observations
will be randomly distributed when combining together in
an ordered list. FR test [10] is its multivariate generaliza-
tion by examining how two samples yield different disjoint
subtrees in an overall Minimal Spanning Tree (MST). MMD
test [11] takes a distinctive design philosophy. It is a kernel
method of computing the maximum difference of the mean
function values of two samples mapped into an RKHS as
their distributional discrepancy. Kernelization renders some
linear statistics in RKHS able to capture the potential non-
linear distributions in input space [14]. The test statistic of
either method can be expressed as the probability that two
ensembles of points are consistent with a same multivariate
distribution, which itself is not explicitly known. We further
extend this notion as a collective gauge of relevance rank-
ing especially tailored for similarity search in a collection of
multi-dimensional point sets. The main advantage of our
proposal is that, no prior knowledge about the underlying
data distributions of the point sets under study has to be as-

sumed, in contrast to the aforementioned correlation-based
approaches. It provides a more comprehensive analysis that
captures the essence of invariant distribution information for
relevance ranking in the process of retrieval applications.

In order to evaluate the performance of distribution-based
similarity search on multimedia information retrieval in a
collection of multi-dimensional point set representations, we
first perform some experiments to study one of its appli-
cations - video similarity search. In particular, the visual
content of each video clip in our test repository can be char-
acterized by its vectorial distribution in a properly defined
feature space. Each comparison of video clips involves the
computation of some test statistic which provides the ba-
sis for their distributional discrepancy. We evaluate which
method assesses the similarity of relevant items more prop-
erly. The results of this dataset show the superiority of FR
method as compared to the recently introduced correlation-
based analysis, which in turn outperforms the aggregation of
element pairwise comparisons such as DTW and ED. In ad-
dition, our methodology can be easily extended to support
other applications wherever generic multi-dimensional se-
quence representations are involved such as motion capture
retrieval. This can be validated with the experiments con-
ducted on the high-quality recordings of Australian sign lan-
guage (Auslan) data [15] obtained from UCI KDD archive'.
The results of this dataset demonstrate that the superb re-
trieval quality with the efficiency close to the best perform-
ing alternative can be achieved by MMD method.

The rest of this paper is organized as follows: after briefly
reviewing some closely related research efforts in Section 2,
Section 3 justifies and tailors two hypothesis tests to bet-
ter exploit the statistical distributions of data as similarity
measures. The framework of our evaluation is described in
Section 4, and the results are reported in Section 5. Finally,
we conclude and mention some scheduled extensions of this
work as future research objectives in Section 6.

2. RELATED WORK

Yang and Shahabi [29] introduced a similarity measure
named Extended Frobenius norm (Eros) for multivariate
time series based on PCA similarity factor [18]. They first
apply PCA to pre-process each matrix of multi-dimensional
point set regardless of its real form of distribution, and then
summarize the distribution of individual elements to a global
representation described by the top k£ ranked eigenvectors
and associated eigenvalues. Specifically, the sum of squared
cosine values of the angles between two eigenvectors, which is
weighted based on the corresponding eigenvalues, is obtained
as the distance between two sets of multivariate observa-
tions. More recently, Shen et al. [24] proposed a Bounded
Coordinate System (BCS) method to globally summarize
each multi-dimensional point set by the mean value of ele-
ments and a few top ranked principal components bounded
by two furthermost projections. To be precise, each n x d
matrix is characterized by a centering d-dimensional point
and some d-dimensional vectors showing the major orienta-
tions and ranges of data scattering. The proposed similar-
ity measure is subsequently transformed into a comparison
of the corresponding compact representations, which intu-
itively can be estimated by performing translation, rotation
and scaling operations to match two BCSs, as illustrated
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(a) Plot one set of
data points and
apply PCA.

(b) Plot another
set of data points
and apply PCA.

(c) Compare based
on their principal
components.

Figure 1: A 2-dimensional illustration of BCS.

with a simple example in Figure 1.

The main advantage of these correlation-based approaches
is the linear time complexity of online similarity measure
(taking the advantage of generating the compact representa-
tions of individual sets offline). However, they inherit some
weaknesses. First, PCA does not take local phenomena into
account, which may be very relevant in determining the simi-
larity between two objects represented by multi-dimensional
point sets that could differ in means, variances or shapes.
Although this kind of compact representations can facilitate
rapid identification, it is generally not tolerant to the per-
turbation of various distortions. For example in the specific
application of video similarity search, while being efficient
for detecting the exact duplicate copies, it tends to overlook
relevant items which are perturbed by factors such as pho-
tometric or geometric transformations, as suggested in [30].
Second, they implicitly assume the data points in each set
are always Gaussian normal distributed in R? space, which
is statistically invalid in real world, especially for data re-
siding in high-dimensions. It is generally acknowledged that
at least in many applications, multiple clusters with mix-
ture of Gaussian distributions are often present. As shown
in Figure 1(a) and Figure 1(b), PCA can be ill-adapted to
the sets of data points with intrinsic nonlinear correlations
[6], since PCA is a linear model designed for the scattering
of data which is approximately a (hyper-)ellipsoid. The real
distribution of data points denoted by the dashed line in
each figure actually calls for nonlinear modelling. There are
some attempts to use multiple PCA representations [5] to
cope with this nonlinearity. However, they will also involve
more complex representations and comparisons.

In fact, the aforementioned Eros and BCS methods resort-
ing to correlation information can be regarded as some at-
tempts to roughly reflect the statistical distributions of data
by some coarse content tendency in R? space. Our proposal
based on the criterion of distributional discrepancy is more
direct, reliable (more descriptive local information will be
exploited) and general (not can only fit a particular data
distribution), which shows better retrieval quality in the ex-
periments of two different applications. For easy reference,
a list of notations used in this paper is shown in Table 1.

3. DISTRIBUTION-BASED COMPARISONS

Suppose we have observations of X = {z1,z2,...,Zm}
and Y = {y1,92,...,Yn}, {®:} are random variables origi-
nating from probability distribution p, and independently,
{y:} are random variables originating from probability dis-
tribution ¢, both defined in R? space. There are a variety
of non-parametric tests available in statistics to check the

Notation | Description

X, Y sets of points

T,y data points

D, q probability distributions

m, n sample point numbers

RY d-dimensional metric space

R number of runs

u, o mean, standard deviation

C permutation parameter of MST
w quantity of run test statistic

H reproducing kernel Hilbert space
f,F function, class of functions

®, k(-,-) | feature map, kernel function
E[f] expectation of f

MMD quantity of maximum mean discrepancy

Table 1: A list of notations.

null hypothesis Hy : p = ¢, against a general alternative
hypothesis Hi : p # g, i.e, to check whether they are consis-
tent with a same distribution. In contrast to some existing
approaches, their likeness can be directly estimated based
on data points from unknown distributions. Since the hy-
pothesis tests for such a two-sample problem are based on
finite samples, it is possible that an incorrect answer will
be returned. The requirement of such a hypothesis test is
that it should have two-sided guarantees: in the large sam-
ple limit, it reports spurious differences with low probability
(i.e., it should only have few false positives), and it detects
true differences with 100% probability (i.e., it should never
have false negatives). In statistical jargon, a test with the
above ideal property is consistent.

The first test we considered for multi-dimensional point
set retrieval applications exploits the geometric mixture of
X and Y directly in R? space, whereas the second test con-
sidered here takes a fundamentally different design philoso-
phy of mean function value computations in another higher-
dimensional H space along with the feature map ® induced
by some kernel k(-,-). In practice, X can be interpreted
as a baseline set representing a query, with which a search
target set Y in a repository is compared. We make these
two ideas of non-parametric hypothesis tests adapt to sim-
ilarity search in a collection of multi-dimensional point set
representations.

3.1 FR Testinr? Space

For samples in R?, d = 1, Wald and Wolfowitz [28] pro-
posed to begin with combining the N = m + n univari-
ate observations together and sort them in ascending order
irrespective of sample identity. Each element is then re-
placed by a label of identity ‘X’ or ‘Y’ depending on the
set to which it originally belonged, which yields a ranked
label sequence. A run is defined as a consecutive sequence
of identical labels. For example, a sequence in the form of
XXXXYYYXYYXXXXXYYYYY' has 6 runs, three of
which consist of ‘X’s and the others consist of ‘Y’s. The test
statistic of such a two-sample problem is the total number
of runs R. The rejection of Hy is for small values of R. The
null distribution (i.e., the probability distribution of R when
the null hypothesis Hy is true) can be derived by a combi-
natorial analysis. If two labels alternate randomly, R is a
random variable whose distribution has the mean
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(a) Pool the (b) Construct the (c) Remove the
samples of two sets. overall MST for the edges linking
graph. different samples.

Figure 2: A 2-dimensional illustration of FR test.

and the variance
2 2mn(2mn — N)

? N2(N — 1)
It has been proven a quantity
2mn
_ R——— -1
W= R _ N
a 2mn(2mn — N)
N2

asymptotically approaches a standard normal distribution
[28]. This test is consistent if m,n — oo with the ratio m/n
bounded away from 0 and co.

The challenge of generalizing the classical WW test to
more than one-dimensional values is that there is usually no
immediate total order for multivariate observations. Fried-
man and Rafsky [10] intelligently conjectured a multivariate
extension of it. The proposed FR test employs the Minimum
Spanning Tree (MST) of multivariate observations as a gen-
eralization of univariate sorted list. Suppose in total there
are N pooled sample points {z;} U {y;} in R? space (d > 2),
naturally they can be viewed as the vertices of a connected
graph, while the inter-point differences (e.g., their Euclidean
distances) are the weights of corresponding edges. First,
from the ‘complete graph’ which has N(N — 1)/2 edges, a
MST can be constructed as a sorting scheme which connects
all the elements in such a way that the total Euclidean dis-
tance is minimum. Then, all the edges from different sam-
ples are removed and only those edges connecting different
labelled vertices are retained. Finally, the test statistic R
is defined as the number of resulting disjoint subtrees. For
the sake of clarity following the example in Figure 1, Fig-
ure 2(a) illustrates two samples of size m = n = 10 in the 2-
dimensional space. The overall MST for the graph of pooled
sample points can be constructed as shown in Figure 2(b).
By removing the edges that link vertices from different sam-
ples, the number of disjoint subtrees can be obtained as the
number of runs R, which is conceptually analogous to its
counterpart in the univariate case. The test statistic in Fig-
ure 2(c) is R = 12. Note that, MST connects all the vertices
with N — 1 edges and vertex pairs defining the edges repre-
sent points that tend to be close to each other.

Number the N — 1 edges of MST arbitrarily and define
Zi, 1<i< N -1 as:

1 if the ith edge links vertices from different samples

Zi= { 0 otherwise,

then the number of runs can be written as

R=Y""z+1

Let C be a permutation parameter defined as the number
of edge pairs that share a common vertex, and d; be the
degree of ith vertex, then C' = (Zi\;l di(d; — 1)) /2. In
Figure 2(b), the number of edges that share a common ver-
tex is C' = 1243 x 3 = 21, as there are 12 pairs of edges that
share a vertex, and 3 triples of edges that share a vertex. In
other words, C' depends on the topological configuration of
MST. Under the null hypothesis Ho, the mean of R is the
same as in the univariate case, and the variance is given by

2 _ 2mn
TENN-DF
2man_|_ C—N+2
N (N —2)(N —3)

X [N(N—l)—4mn+2}}.

Similarly, in conjunction with a permutational central limit
theorem, a quantity

R—p

o

W =

is referred to a standard normal distribution [10]. Here we
remark that the quantity of W can express how R devi-
ates from its conditional expectation p, where y and o are
given in closed form based on m and n. In our running ex-
ample, 4 = 2mn/N +1 = 2 x 10 x 10/20 + 1 = 11, and
W =(R—-pu)/o = (12 — 11)/+/4.644 = 0.464. With the
adjacent matrix of inter-point distances, an MST can be
constructed in O(N?) time. Finding d; in the constructed
MST requires O(N) operations per vertex, thus determin-
ing the value of C' also requires O(N?) complexity, which
is needed by computing o. Obtaining W additionally takes
O(N) time.

As analyzed by Henze and Penrose [12], the number of
removed edges normalized by the total vertex number N =
m+n (ie., (R—1)/N) converges to

2ab/ Pq
ap + bg

almost surely with respect to weights @ and b = 1 — a, when
m,n — oo for asymptotic with the ratio m/(m+n) — a €
(0,1). The above convergence of test statistic R can also be
expressed as

R—-1 a’p? + b2¢?
e IR Y B .
N (p.q,a) / P

I

where §(p,q,a) is termed Henze-Penrose (HP) divergence
[12] between two probability distributions p and g.

The constructed MST of our first method investigated
contains an edge linking each vertex and the vertex closest
to it (i.e., it conveys the nearest neighbor information about
each point), and if any edge of MST is removed, thereby
dividing the graph into two disjoint subgraphs, the weight
of removed edge is the smallest inter-point distance between
two resulting disjoint subsets (i.e., it conveys the shortest
linkage information about subset of points). It offers a nice
and concise description of the locality variation of a multi-
dimensional point set. Generally, the structure of MST is
unchanged under some distortions preserving the ordering of
edge lengths. Meanwhile, it is relatively insensitive to small
amounts of noise widely and randomly spread over the field.
For example, if someone has manipulated the original video
content by just adding a few noise frames, while in human
perception they are still quite similar, the primary part of
MST representation for similarity comparison will not be



tampered with, and their vectorial distributions are still ex-
pected to be close to each other. Therefore, the structural
relationship of MST can provide some robustness to simple
transformations and noise degradations.

3.2 MMD Testin ® Space

Another method we investigated in this paper is a sophis-
ticated kernelization-based technique originally introduced
by Gretton et al. [11], which exploits the difference between
the expectations of two samples mapped into a universal
Reproducing Kernel Hilbert Space (RKHS) H as the test
statistic of their distributional discrepancy. The premise
is that, for a compact metric space R? (Rd is closed and
bounded), p = ¢ if and only if E,[f(z)] = Eq[f(y)] for all
f € C(R%), where C(R) is the space of continuous bounded
functions in R%. As a result, no density estimations are re-
quired as an intermediate step but we can use mean function
values in an RKHS H directly, provided that H is universal
[25]. When the quantity of the maximum difference of mean
function values is large, two samples are likely from different
distributions.

More formally, let F denote a class of functions f, then
Maximum Mean Discrepancy (MMD) between p and g and
its empirical estimate can be defined as

MMD(p,q,F) = ?lelg(lEp [f(@)] = Eq[f(9)])

and

MMD(X,Y, F) = sup(2zi= @) _ 2ics f(v)
ferF m n

);

respectively, where the supremum operator in each equa-
tion signifies the least upper bound of a set of values. At
first glance, this form is somewhat similar to the two-sample
Kolmogorov-Smirnov (KS) test [9], which uses the maximum
deviation between two empirical distributions

Dinyn = sup(Sm(z) — Sn(y))
zy

as its test statistic, where Sp,(z) and Sn(y) are the step
functions (some piecewise constant functions) of sets X and
Y, respectively. KS test has a desirable property of being
invariant to arbitrary strictly monotonic transformations of
data. However, it is designed for one-dimensional values.

The quality of MMD as a test statistic critically relies on
the class of functions F it employed. Although letting F
be all the continuous bounded functions in R? in principle
allows p = ¢ to be identified uniquely, such a rich function
class is unpractical to work with in the finite sample set-
ting. F should be rich enough so that the value of MMD
vanishes if and only if p = q, yet restrictive enough to pro-
vide useful finite sample estimates. If we employe a class of
smooth functions F = {f|||f||= < 1} which are unit balls in
a universal RKHS H, defined on the compact metric space
R¢ with associated kernel k(-,-), MM D(X,Y,F) = 0 if and
only if p = ¢ [11]. For example, Gaussian and Laplace Ra-
dius Basis Function (RBF) kernels are universal [25], so both
of them are members of function class F. Different kernel
functions have been designed based on their closure proper-
ties. The performance of MMD apparently may depend on
the specific kernel used. In the experiments, we test different
kernels in MMD.

A Hilbert space is a complete, normed vector space en-
dowed with a dot product (-,-) giving rise to its norm via

lz]| = /(z,z). In RKHS, function evaluations can be writ-
ten in the dot product form of f(z) = (k(z,-), f) [25]. De-
note the expectation of k(z,-) by pup = Ep[k(z,-)], since
Ep[f(z)] = Ep[(k(z, -), f)] = (kp, f), MMD can be re-written
in the norm form of

MMD(pv(LJ:): Sup <I'LP_/'L¢Z7f>:||IU‘P_IU’Q||H
[l <1

Considering

2 iy k@i, )
m

and the squared form of MMD

pix =

1 — tallyg = (Hos o) pg — 2 (s fha) 3¢ + (thas ) 2o

the empirical estimate of MMD (again, in the squared form)
can be expressed in a more convenient manner to compute:
MMD?*(X,Y,F)
e k(@) 230000 k() D00 k(i ys)
o m?2 B mn + n?

In a nutshell, this test is based on the maximum deviation
of the expectation of a function evaluated on each random
variable mapped into a universal RKHS H, taken over a
sufficiently rich function class F. However, the above test
statistic of MMD is biased, although it has an upper bound
on the deviation between the expected value of empirical
estimate and true value [11]. Based on the asymptotic nor-
mality of U-statistic [17], an unbiased empirical estimate of
MMD(p,q,F) can be obtained. With some kernel k(-,-),
the squared form of MMD can be modified as

MMD2 (p7 q, ‘7:) = EP [k}(.’E, .’L'l)] 72Epaq [k(‘ra y)]+Eq [k(y7 y/)] .
Especially let m = n, its unbiased empirical estimate

MMD*(X, Y, ) = 2% hiszﬁm y_)l )(ffj» yi)]

iy k(@i @) — k(@i y;) — k(g,yi) + k(yi, yi)]
B m(m — 1)

can be obtained, which is a one-sample U-statistic with
hl(zi,yi), (x5, 95)] = k(zi, 25)—k(@i, y5) —k(25, yi) +k(Yi, yi)-

This test is based on the asymptotic distribution of MMD.
Under the alternative hypothesis H;, it has been proven in
[11] that MM D(X,Y, F) has an asymptotic normality with
the variance 402 /m, where o® can be estimated from data

by
E L;,Ey' [k(z.y), (x'vy’)}} T - Lylgy b (@) ()]

The null distribution under Hy can be found in the appendix
of [2]. Note that, this test is consistent, and its test statis-
tic takes O(N?) time to compute [11]. In terms of time
complexity, it is expected that adopting MMD test is more
efficient than FR test.

MMD test also aims at directly comparing two multi-
dimensional point sets with arbitrary data distributions, since
no density estimations are involved in its operational proce-
dure. This is in contrast to some indirect approaches [2, 3]
that first attempt to plug in the kernel density estimates
p =y i, k(zi,x)/m and ¢ = Y1, k(yi,y)/n of two point
sets and then compute some distance (e.g., L1 used in [3] or



L; used in [2]) between p and §. Those indirect approaches
not only suffer from empirical estimate bias but also di-
mensionality curse which implies they cannot be applied
to high-dimensional problems. Along with the feature map
® induced by some kernel k(-,-) from R? to H, some linear
statistics in RKHS (i.e., the computations of mean function
values via linearity) are equipped with the ability of cap-
turing nonlinear data distributions in input space, without
the need of explicitly estimating their densities. Therefore,
it could provide more reliable results compared with PCA-
based methods that take no local information into account
and only exploit global linear correlations.

3.3 Distribution-based Similarity Search

The quantities of W and M MD in the above FR and
MMD tests are originally proposed in the community of
statistics to compare two multivariate distributions for the
two-sample problems. In these tests, for distinguishing two
hypotheses Hy and H; of binary comparison results, there
is usually a certain threshold which is in turn based on null
distribution. If this threshold is exceeded, Hy is rejected.
Otherwise, it holds. For example in MMD, this test thresh-
old can be derived either by using the permutation technique
of bootstrap on the pooled sample points [8] or fitting Pear-
son curves to the first four moments [1] in order to evaluate
a parameter «, which is a quantile of the null distribution of
unbiased test statistic. The acceptance region of such a hy-
pothesis test is defined as any real number below the certain
threshold.

However, we can also extend this kind of test statistics as a
collective gauge of relevance ranking specifically tailored for
similarity search in a collection of multi-dimensional point
sets, by only evaluating the probabilities that they are con-
sistent with the same (but unknown) distribution of the
query. When the quantity of difference is smaller, they are
expected to be more similar. From this point of view, the
objects in a repository can be directly ranked according to
their distributional discrepancies as compared with a query
baseline, without referring to the procedure of threshold in-
ferring that depends on null distribution. A good distribu-
tional discrepancy can measure the degree of difference be-
tween two probability distributions, and is desired to truly
quantify the intuition of relevance or not. In the sequel, we
perform some experiments to compare different methods.

It is worthwhile to note that, our distributional discrep-
ancy as a criterion of retrieving multi-dimensional point sets
is not a metric, since it violates the metric properties. Nev-
ertheless, it is not necessarily a disadvantage because the
application of similarity search itself does not rely on the
properties of metric distance functions. Indeed, non-metric
distances can be more accurate for measuring the similarity
of complex objects, as highlighted by Jacobs et al. in [13].

4. EVALUATION METHODOLOGY

In this section, we present the detailed experimental set-
tings of our quantitative evaluation to study the perfor-
mance of distribution-based similarity measures.

4.1 Test Collections and Query Sets

Our experiments are conducted on two different multime-
dia data collections, both of which contain series of multi-
variate observations. Note that each item in a dataset has
the same number of columns, but may have different number

Transformation | Description

brightness decreased by 20%

brightness increased by 20%

saturation decreased by 20%

saturation increased by 20%

20% border pixels cropped

a small logo inserted at the top left corner
10% frames randomly dropped

10% noise frames randomly added

0| | O Ut x| W DNO| —

Table 2: Transformations applied to video clips.

of rows.

The first one is a video clip collection originally consist-
ing of 1,084 video clips which are TV commercials captured
from free-to-air TV programmes. They were recorded at
PAL frame rate of 25fps. The time length of each video
clip is about 60 seconds, thus each of them consists of about
1,500 frames. We select 20 distinctive video clips which have
one and only one similar clip existing in the original col-
lection as the queries to be used for similarity search, and
process each of them to make eight kinds of transformations
with VirtualDub? utility, as listed in Table 2. The various
distortions further produces a diversity of visual similarity
that videos often exhibit. Therefore, by adding these 8 x 20
transformed video clips into the original collection, we have
a test repository of 1,244 video clips in total. Meanwhile,
the ground-truth set of each query can be collected as the
one inherent similar and eight transformed video clips.

Without loss of generality, the most prominent represen-
tation of visual information - color histogram, is selected
as a generally applicable method of extracting homologous
low-level features to characterize distribution information,
for the sake of achieving high performance without resort-
ing to complicated frame representations. Statistically, it
denotes the joint probability of RGB intensities describing
the global color distribution of each video frame. In gen-
eral, color histograms provide useful clues for similarity of
frames, due to its robustness to background complications
and object distortions. In addition, they are translation,
scale and rotation invariant, and very simple to implement
[26]. Searching similar videos can be achieved by the rank-
ing of some distributional discrepancy, and thereby inherits
these invariant characteristics. Four feature datasets in 8-,
16-, 32- and 64-dimensional RGB color spaces for this repos-
itory were generated for test purpose, which are similar to
the datasets used in [24].

Another application we considered is that, given a series
of multivariate observations generated by cyber-glove sens-
ing device, finding the similar behaviors performed. Our
second data collection is the publicly available high-quality
recordings of Australian sign language dataset [15]. It con-
sists of signs collected from a native Auslan signer using
high-quality position trackers and instrumented gloves on
both hands. Each position tracker provided six degrees of
freedom - roll, pitch and yaw as well as z, y and z, and the
gloves also provided a full five fingers of data (one right and
one left, thus 22 attributes in total). The original dataset
from UCI KDD archive contains 95 distinct signs, and each
has 27 examples. A recording set from each of following
10 words were extracted as our test data: ‘Norway’, ‘cold’,
‘crazy’, ‘eat’, ‘forget’, ‘happy’, ‘innocent’, ‘later’, ‘lose’ and

*http://www.virtualdub.org



‘spend’. In total, the number of signs gathered is 270. The
average length of each sign is around 65. This is the same
experiment also conducted in [27, 7], but there only two at-
tributes = and y were used as low-dimensional trajectory
data. We use all the 22 channels of information tracked in
our experiments. Therefore, the number of variables of Aus-
lan dataset is 22. Each item can be taken as a query sign,
thus in total we have 270 different queries.

Note that although this labelled dataset is used, the classi-
fication is not of primary interest to us, which can be accom-
plished by model-based machine learning approaches, such
as Hidden Markov Model (HMM) or Support Vector Ma-
chines (SVM). Generally, in most cases of similarity search,
each item may not be associated with an explicitly pre-
scribed label, since there is no natural underlying class infor-
mation that can be easily assigned, e.g., usually the objects
in multimedia information retrieval are not clustered.

4.2 Evaluation Metrics and Configurations

A ‘leaving-one-out’ kNN search is used in our experiments.
That is, each time we take one item out as a query g and
perform k nearest neighbor search in the test repository with
varying k until all the r relevant items of ¢ are retrieved. Rel-
evant items are those with the same labels as g. Recall that
for video clip repository each query has 9 relevant items, and
for Auslan dataset each query sign has 26 relevant items.
Besides the standard precision-call curve which is a user-
oriented performance measure frequently used in informa-
tion retrieval community, we report the system-orientated
measure Mean Average Precision (MAP), and the average
time of each similarity comparison. Given a query g with
r relevant items (g itself is excluded from the ground-truth
set), and let rank; be the rank of the ith retrieved relevant
item (1 < ¢ <), then Average Precision (AP) over all rele-
vant items is defined as

1 r 7
AP = =~ .
r Zz‘:l rank;

It is average of precisions computed after truncating the
ranked retrieval result after each of the relevant items in
turn. AP favors returning more relevant item earlier. The
mean value of the average precisions computed for an ap-
propriate set of queries is obtained as the non-interpolated
Mean Average Precision (MAP). MAP is a single-valued
measure incorporating both precision and recall aspect in-
formation, thus can indicate the effectiveness of a retrieval
method.

In order to clearly show the performance of distribution-
based similarity measures, we compare FR and MMD meth-
ods with two representative element-based methods, Dy-
namic Time Warping (DTW) and Edit Distance (ED), and a

correlation-based method Bounded Coordinate System (BCS).

Next, we give some implementation details and parameter
settings used in our experiments.

For FR method, Prim’s algorithm is chosen for construct-
ing MST, as it is more appropriate for dense graphs than
another established alternative - Kruskal’s algorithm. For
MMD method, in effect, the original data are mapped into a
higher-dimensional space using some possibly nonlinear ker-
nel function k(-,-). RBF and polynomial kernels are what
kernel method practitioners widely pick from a set of stan-
dard kernels [14], thus they are implemented as two different
members of function class F and tested in MMD. The first
scheme we tested is to use Gaussian RBF kernel with auto-

matic ‘good’ kernel width estimation. The width parameter
o which determines the radius of influenced area can be
dynamically adjusted related to the expression of Gaussian
RBF kernel

|z —y* )
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subject to that the exponent part ||z — y||/20? equals 1 for
the median distance between two points x and y of all dis-
tances from the pooled sample points of sets X and Y. The
second scheme is to globally use the custom polynomial ker-
nel given by

k(z,y) = exp(—

k(z,y) = (z-y)+)™,

where the degree of polynomial m is set to be 2 and the offset
c is set to be 1. Based on our observations, RBF kernel func-
tion should be used in preference to polynomial kernel for
the experiments with video clip data, while MMD method
with polynomial kernel performs better in the experiments
conducted on Auslan dataset. Due to page limit, only the
one with better results is presented in the corresponding
set of experiments for MMD method. For DTW method,
dynamic time warping distances with unconstrained width
of warping path are computed, where the distance between
two points, i.e., the local distance, is the square of Euclidean
distance, as in [16]. For ED method, the threshold of inter-
element Fuclidean distance € is set to be 0.3. Therefore,
once € is larger than 0.3, the elements being compared will
be penalized as mismatched and require some edit opera-
tion. In addition, for these two methods of element pairwise
comparisons based on Euclidean distance, Auslan dataset is
normalized to render each column unit norm. Note that the
value of each dimension of video clip datasets has already
been normalized in extracting feature vectors. The com-
putational cost of correlation-based analysis can be divided
into two parts: generating a compact representation of the
original n X d matrix which could be pre-processed offline,
and online measuring similarity based on principal compo-
nents. For BCS method, the elapsed time of different parts
for each comparison will be reported separately.

These five methods are all implemented in MATLAB™,
Our experiments were performed on Window XP platform
with Intel Core 2 CPU (2.4 GHz) and 2.0 GB RAM. All re-
sults reported are average numbers obtained over perform-
ing 20 and 270 queries to search against video clip repository
and Auslan dataset, respectively.

5. EXPERIMENTAL RESULTS

We report two sets of experiments to evaluate our proposal
in different applications. In each of them, we study the per-
formance with respect to several evaluation criteria, and the
results show distribution-based similarity search methodol-
ogy outperforms other competing methods in terms of re-
trieval quality, with the efficiency close to the best perform-
ing alternative. Some visualization examples are also pre-
sented.

5.1 Results of Video Clip Data

First, three vectorial distributions of video clips in feature
space are exemplified in Figure 3(a). For facilitating vi-
sualization, the original 32-dimensional feature vectors are
projected with the first two PCA coefficients. Fach point
in the figures stands for a frame. Actually video clips A



(c) Simple random sampling, select 60 elements (without replacement).

Figure 3: Vectorial distributions in feature space.
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Figure 4: MAP vs. dimensionality.

and B are similar ones, while video clip C is different. It
becomes evident that the distributions of similar videos are
with much likeness, while dissimilar one is quite different.
This example also confirms that the relevance of objects can
be judged by distribution comparison. Considering the con-
tinuity of videos, content evolution within a second is often
negligible. For video clip data, we consider a straightfor-
ward systematic sampling which uniformly selects the every
25th element from the original sequences of video frames,
as well as a simple random sampling (without replacement)
in which each element has an equal probability to be se-
lected. Figure 3(b) and Figure 3(c) plot the selected points
of two different sampling techniques, respectively. Exper-
imentally, we observe that satisfactory comparison results
can be achieved even when small to moderate sample size of
representative points are used, thus the computational cost
of distribution-based methods can be alleviated significantly.

Dimensionality
Method 8 16 32 64
FR 0.0488 | 0.0492 | 0.0500 | 0.0516
MMD 0.0117 | 0.0121 | 0.0129 | 0.0145

Table 3: Average comparison time (sec.)

Next, we test the effect of different sampling techniques
used in FR and MMD methods. Meanwhile, we are inter-
ested in studying the performance with respect to dimen-
sionality by using all four feature datasets. The dimension-
ality of video clip data is up to 64. We have conducted some
tests to investigate the practical effectiveness of measuring
set similarity from samples by comparing the MAP values
achieved based on different sample sizes. The results suggest
that large sample setting may not necessarily improve the
quality of relevance ranking. Therefore, we either uniformly
select the every 25th element or randomly select 60 samples
among each original sequence of frames. From the MAP val-
ues shown in Figure 4, it seems that systematic sampling is a
more appropriate technique here than simple random sam-
pling, especially for FR method which consistently shows
higher MAP than MMD method for all dimensions. This is
probably because systematic sampling can decrease the de-
pendence of frames and select a more representative set of
sample points from the full ensemble. Based on the selected
elements, the set similarity can be understood. Another in-
teresting observation from Figure 4 is that, the MAP value
for 64-dimensional dataset is smaller than 32-dimensional.
This suggests that for higher dimensions, the number of
samples in each set could be even smaller than the dimen-
sionality d, which implies that the space R? is nearly empty.
Therefore, distribution-based similarity measures are reli-
able in high-dimensions only with moderate sample size.
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Figure 5: Precision vs. recall (video clip).

Method | MAP Average comparison time (sec.)
DTW 0.7243 0.0106
ED 0.6682 0.0809
BCS | 0.7351 | 0.0527 (offline) + 0.0015 (onlinc)
FR 0.8431 0.0500
MMD 0.7246 0.0129

Precision

Figure 6: Precision vs. recall (Auslan).

[ Method | MAP | Average comparison time (sec.) |
DTW 0.7307 0.0136
ED 0.6397 0.0663
BCS | 0.6942 | 0.0169 (offlinc) + 0.0032 (onlinc)
FR 0.4925 0.0461
MMD 0.7682 0.0150

Table 4: Performance comparison (video clip).

Table 3 reports the computational time per comparison of
FR and MMD methods (independent of the underlying sam-
pling technique). FR method is slower than MMD method
as expected. However, for the experiments with video clip
data, its retrieval quality is better.

In the following comparison study with other competing
methods, the default dimensionality is 32. Since DTW and
ED take temporal order into account, only systematic sam-
pling technique can be applied. Therefore, in computing
DTW and ED feature vectors are obtained by uniformly
selecting the every 25th element as above, which also has
an effect of reducing computational cost. The performance
comparison results of 32-dimensional video clip dataset are
summarized in Figure 4 and Table 4. A notable impression
of Figure 4 is that the precision of FR method is much higher
compared with others for a relatively large recall. From Ta-
ble 3, we see more clearly even though FR does not gain
much in efficiency, its retrieval quality outperforms other
methods. As verified by comparing the precision-call curves
as well as the values of MAP, BCS using solely linear corre-
lation information cannot reflect the real distributions of all
video clip data very accurately, and indeed retrieval quality
can benefit from exploiting more descriptive local informa-
tion. FR and BCS methods are both robust to temporal
changes. Although this dataset does not contain excessive
noise, suboptimal results of DTW and ED methods indi-
cate that element-to-element comparisons could be unreli-
able due to the accumulation of all the pairwise differences.

5.2 Results of Auslan Data

Distribution-based similarly measures are generally appli-
cable to multi-dimensional point set retrieval applications,
which is exemplified by our additional experiments with
Auslan dataset. Since the average length of signs is 65, for
this relatively short dataset we do not use sampling. There-
fore, the five methods to be compared directly deal with all
the elements of individual sets for ranked retrieval.

Table 5: Performance comparison (Auslan).

Similar to video clip data, the performance comparison
results of Auslan data are summarized by the precision-call
curves in Figure 6 as well as the values of MAP and average
comparison time in Table 5. Figure 6 shows MMD method
dominates the conventional similarity measures DTW and
ED as well as correlation-based analysis BCS. This implies
that for this dataset, kernel method can better capture the
nonlinear distributions in input space. From Table 5, we can
further see MMD outperforms other competing methods in
terms of MAP, with the efficiency comparable to the best
performing alternative DTW. We observe that BCS is less
effective when used for this dataset. This is reasonable since
unlike video clip data, each sign of Auslan dataset does not
exhibit high degree of correlation (i.e., tendency). Therefore,
the MAP of BCS is not as good as that of DTW in this
application. The performance of FR method is unappealing
for this dataset. This could be explained as this dataset
actually contains 22 different channels of information, and
R? is not an orthogonal vector space. FR method which
directly exploits R¢ space does not perform well.

6. CONCLUSIONS AND PERSPECTIVES

This paper presents a novel collective gauge of multi-
dimensional point set similarity based on the distributional
discrepancy of (selected) elements. We leverage two rigorous
non-parametric tests in the literature of multivariate statis-
tics for checking the hypothesis whether two ensembles of
points are from a same distribution. The main contribution
of our work is to make them adapt to ranked retrieval in a
collection of point set representations as more direct, reli-
able and general similarity measures, which is particularly
devoted to addressing fitting any arbitrary form of data dis-
tribution. The experimental results demonstrate the supe-
riority of our proposal, while the potentials of our method-
ology go beyond these two multimedia applications.

In the future, we plan to carefully consider the strengths
and weaknesses of various other hypothesis tests. For exam-



ple, an exact distribution-free multivariate test proposed by
the statistics community is recently published [22], which is
based on minimum distance matching over a graph. How-
ever, it requires O(N?) time complexity, thus seems too com-
putationally laborious to be utilized for retrieval scenarios.
Further investigation of the scalability of these distribution-
based similarity measures to large datasets using indexing
structures such as inverted files is also needed.
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