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Ky Fan norm application for video segmentation

Annotation. This article presents results of applying the Ky Fan norm in the context of solving the problem of video
segmentation. Since the task of video analysis can be considered as analysis of the sequence of images, it was decided to find a way
to formalize the description of the video frame using the mathematical apparatus of non-square matrices. When choosing a method,
particular attention was paid precisely to universality with respect to the dimension of the initial data due to the technical
characteristics and nature of the video data - video frames are matrices of arbitrary dimension. The ability to skip the step of matrix
transformation to square dimension, or vectorization using some descriptor allows you to reduce computational costs required for
this transformation. It was decided to use the value of the Ky Fan norm as an image descriptor, since it is built on top of matrix
singular values. As it is known, singular values are calculated during the singular decomposition of the matrix and can be used,
among other features, to reduce the dimension of the source data. A singular decomposition does not impose restrictions on either
the dimension or the character of the elements of the original matrix. In addition, it can be used to derive other matrix
decompositions with required characteristics. A comparative analysis of the effectiveness of the obtained descriptor was carried out
in the case of using the k-norm and 1-norm, which showed that the 1-norm allows us to identify the most significant changes in the
scene, while k -norm is able to detect minor. In other words, depending on the context of the source video data and the scope of the
developed application, it is possible to configure the sensitivity of the application to a change in the scene by varying the number of
singular values involved. The decision about the presence of changes in the context of video scene is made based on a comparison

of descriptors of two consecutive images, that is, the values of the Ky Fan norm.
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Introduction. Video segmentation is an area of
current interests in the field of video processing and
computer science. It affects dealing with big data
storages, streaming video analysis, processing data
from surveillance cameras and so on. Recent
researches show that fundamental mathematical
apparatus like time series and cluster analysis can be
successfully applicable to detect scene changes and key
frames [1-2].

When it comes to solving video stream
segmentation and identifying key frames, special
attention is needed to the formation of a descriptor and
the method of comparing two descriptors. This topic is
wide enough and is actively developed. Newest
achievements and novel mechanisms are published in
[3-6]. Brief results overview received for comparison
of widespread descriptors used in open source tools is
described in [7].

As it is shown, the mathematical apparatus
applicable to the description of video frames is
extremely diverse and includes fundamental techniques
like time series [8-9], neural networks [10], cluster
analysis [11] and other. Choosing an approach,
attention should be paid to the technical characteristics
and content of the video data, as well as the purpose
and scope of the developed method. For example, how
sensitive the method should be to minor changes in the
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scene, whether processing is performed in real time, or
delayed, what are the shooting conditions, etc.As
already mentioned, the analysis of video data involves
dealing with images, which in turn comes down to
working with matrices of a certain dimension.

For example, in [12] approach based on color co-
occurrence matrices is used to describe the video
frames and generate a synopsis with the most
representative frames. In [13] algorithm based on the
L1-norm by accumulating action frames via optical
flow method shows that it outperforms the-state-of-the-
art algorithms in terms of compression ratio.

Special attention should be paid to matrix
decompositions, which allow us to represent the
original matrix in the form that has the required
characteristic (for example, symmetry, orthogonality,
etc.). In machine learning, matrix decomposition is
actively used to identify in the initial data hidden, at
first glance, patterns and relationships (the task of
personalizing content, the task of predicting user
behavior based on previous actions).

Speaking about the analysis of video data, special
attention should be paid to decompositions that allow
to reduce the dimension of data, since this allows to
reduce the requirements for the necessary computing
resources. The most used matrix decompositions that
allow one to reduce dimension are the principal
component method, nonnegative matrix
decomposition, and singular decomposition. In this
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paper, we will consider the possibility of using the
singular decomposition of the matrix and Ky Fan norm
as an application to processing video data.

The purpose of the article. The purpose of this
article is to develop a method for video segmentation
based on results of singular value decomposition
(SVD) applied to video frames. Since Ky Fan norm is
built on top of SVD, it was taken as a descriptor for
individual video frame. In other words, video is
represented as a sequence of images which in turn are
matrices. For each matrix SVD is applied so that Ky
Fan norm can be retrieved. Incorporating this norm
into process of scene detection allows considering
video as a norm space, which in turn can be
transformed to metric space. Difference between the
norm values of two consecutive frames is considered
as a metric and used to evaluate features of scene
changes.

Main part. Singular value decomposition.
Ky Fan norm overview

The use of matrices opens wide possibilities in
the application of existing methods and approaches
[14-15]. In video processing it is worthwhile to have
technique insensitive to the dimension of a source
data due to the non-square nature of video frame.
Dealing with row matrix allows to reduce
computational costs significantly because in this
case we can avoid vectorization of a source matrix
or transformation into another form like square one
for further processing.

On the one hand, descriptors-based approaches
allow to reduce dimension of a source data
significantly, on the other hand — its calculation still
require full processing of video frame. So, having in
place meaningful metric retrieved from source data
directly rather than vectorized representation allow
to skip one step of the processing comparing to
traditional approach [16-17].

Moreover, calculations based on the whole
frame (or predefined subset of a given matrix) also
allow to omit complex step for finding
correspondence between received descriptors on two
consecutive frames.

Possible technique with such characteristics is
singular values decomposition. It allows to use
initial matrix without dimension transformations.
The SVD of a given matrix A € R™™ is a
factorization in the form

A=UzVT,

where: U € R™™ and V € R™™ are unitary
matrices, columns of which consist of left-and right-
singular vectors of A respectively; £ — is a diagonal
matrix of a size m x n with non-negative diagonal
elements denoted as ;i €[1,2,..,min[m,n]]
which are the singular values of A. Non-zero g; are
the square roots of the non-zero eigenvalues of both
ATAand AA".

More information related to the SVD approach
and derivation can be found in [18-21].

Important thing about SVD is that it does not
require source matrix to be square which makes it
easily applicable for video processing. The point is
that support of matrices of any dimension gives
flexibility in source data representation. In other
words, technical to represent video frames can be
based even on source image as well as any
composition of descriptors without additional
transformations.

In addition, SVD allows reducing dimension of
the source data and it positively affects performance
of related application. The decomposition
expresses original matrix as a linear combination of
low-rank matrices so that it can be applied to
distinguish static and dynamic part of the video
scene. In other words, scene changes can be
captured by subtracting the background matrix
(approximated with lower rank) from the source one.

Possible way to find matrix with reduced rank
is to apply SVD to source matrix and zero out the
smallest singular values. Next step is to reconstruct
approximated matrix by adjusted components:

A, =Ux'VT,

Open question here is how to determine k.
Singular values can be used to estimate how many
components to keep. Standard approach is keeping
so many values to explain 85 % of the variation:

k 42
2219 5 100 9% ~ 85 %,

Z%:1 gy
where: [ = max{m,n}; o —singular value of A [22].

Meanwhile, choice of reduced rank is a
complex task and depends on many aspects like
features of a source data, requirements to the result,
performance and others. For complex cases can be
used progressive algorithms, for example usage of
so-called heat maps.

Talking about applying SVD to video
segmentation, we need to introduce norm and metric
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which would be based on this decomposition so that
provide frame representation able to incorporate

It was decided to use Ky Fan k-norm [23] of a
matrix A € R™™ as it is built on top of SVD so
enables to benefit from all the power of described
decomposition. Namely, it is defined as the sum of k
largest singular values of this matrix:

min{m,n}

lal= > loiAl

L

The Ky Fan 1-norm, is the same as the operator
spectral norm of A. The last of the Ky Fan norms,
also known as nuclear norm, or trace norm,
corresponds to Schatten p-norm with p = 1 [24].

Having described Ky Fan norm, we can
consider set of video frames as normed space. As we
know, every normed space is a metric space and its
metric can be defined as (X, y) = |[Xx — y]|. In our case
distance is a difference between Ky Fan norms of
consecutive frames.

Pros and cons of SVD application. Decision
to use SVD for further investigation was made based
on several reasons. This decomposition is built on
top of unitary matrices, so its result is valid even if
geometrical transformations take place. In other
words, result of the decomposition can be easily
interpreted for machine learning activities in self-
explaining way (for example, rotation and reflection
without scaling).

As it was already mentioned, SVD is the most
universal approach in terms of source data as it is
applicable not only for square or symmetric matrixes
(like LU or Cholesky decomposition). SVD does not
require elements of the matrix to be nonnegative as
for nonnegative matrix decomposition.

Singular decomposition is stable, i.e. small
changes in the original matrix correspond to small
changes in the matrix X and vice versa. In addition,
the diagonal matrix ¥ makes it easy to understand
whether the matrix A is degenerate. SVD decom-
position can be brought or integrated with other
methods like non-negative matrix decomposition,
can be adapted to improve independent component
analysis (ICA) results [25], principal component
analysis (PCA) can be expressed by means of
matrices calculated as a part of SVD.

At the same time, the disadvantage is the high
computational costs, however, over the long time
using SVD, accelerated algorithms for finding it
have been developed that are included in the main
libraries and are also optimized for use on modern
computers.

Application of Ky Fan norm for video
segmentation. In this section we will consider
results produced by developed application. The

image characteristics by means of this mathematical
tool.

experiments were carried out for 20 videos with
various technical characteristics related to different
domains: video from surveillance cameras, modeling
of geometric surfaces, animation clip.

First step is to represent source video as a
sequence of frames. Then each frame is converted
from RGB to grayscale model so that the value of
each pixel carries only intensity information.
Received matrix of a size m x n is applicable for
SVD transformation so singular values are
calculated. As a result, Ky Fan norm is found for
each frame and difference between them is taken.

Now we consider results of Ky Fan norm
application for video segmentation for several test
videos (854 x 480, 27471 kbps). Calculations were
made with i7 processor and 32 gb RAM available.

Key frames of the video sequence with the most
significant changes and its indexes detected
manually and by developed system, are shown on
the Fig. 1a and Fig. 1b respectively (for further
videos Fig. 2ab and Fig. 3ab). On the Fig. 2a and
Fig. 2b (for further videos Fig. 3ab and Fig. 4ab)
appropriate fluctuations of the Ky Fan k-norm are
presented (first and last norms respectively).

Considering that there are several options how
to assign indexes for key frames, in order to simplify
understanding, indexes are specified by ranges. It is
assumed that within the range scene context is not
changed significantly.

Developed application for scene changes
detection. In order to visualize results of Ky Fan
norm usage for video analysis standalone Java
application was developed and launched on i5
processor with 16 gb RAM and Ubuntu OS installed.

Oracle Java SE Development Kit 11 was used
(latest LTS wversion). The application has
dependencies from three open source libraries with
Apache license: commons-math3 for SVD
calculation, org. bytedeco for converting video into
sequence of images and Apache Open Office API

for charts creation.
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Fig. 1. Key frames detected manually (a) and by the
developed system (b)

Black swan k-norm

1 35 7 911131517192123252729313335373941434547

a

Blaskswan 1-norm

135 7 91113151719212325272931333537394143454749

b

Fig. 2 Ky Fan norm fluctuations for k-norm (a) and
1-norm (b)

80-90

1-30 |

37-60 |

60-70 |

Fig. 3. Key frames detected manually (a) and by the
developed system (b)

In contradistinction to previous video, this
test data contains significant scene changes and it
is reflected in the absolute value of the received
Ky-Fan norm. For second experiment it is several
times greater than in previous case. Next step here
is to investigate correlation between context of the
video and corresponding norm value to identify
thresholds of method sensitivity. Based on initial
results, possible option can be to provide

normalization or results smoothing in order to
distinguish features of the context.

motocycle k-norm

1 5 9 131721252933374145495357616569 73778185

a

motocycle 1-norm

1 5 9 1317212529333741454953576165697377818589

b

Fig. 4 Ky Fan norm fluctuations for k-norm (a) and
1-norm (b)

Conclusions. This paper contains description of
the results received for applying Ky-Fan norm for
video segmentation. As a part of this prove of
concept SVD application to video segmentation
whole video frame converted to grayscale model
was taken as a matrix for singular value
decomposition. Based on retrieved singular values
Ky Fan 1-norm and k-norm were calculated in order
to detect scene changes.

Computations show that Ky Fan norm is
capable to reflect frame changes and it is
proportional to scene changes. In other words, the
more difference between images is, the bigger
absolute value of the norm is. Open question and
appropriate next step here is to investigate how to
determine nature of video context changes based on
the calculated value.

It is also proved that 1-norm reflects bigger
changes than k-norm so it can be used for cases
when only significant changes are point of the
interest. For cases when it is required to detect even
small diversity between images Ky Fan k-norm is a
better option.
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For further investigation it is also important to
Namely, it is planned to calculate region-based Ky
Fan norm instead of for whole image. Such approach
is expected to detect smaller changes of the video
context and is more effective from performance
point of view as allows parallelization of computing.
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BUKOPUCTAHHS HOPMH KI ®AH JJ151 BUPITNEHHS 3ATAYI
CEI'MEHTALII BIJEOIIOTOKY

Anomayia: YV oaniii cmammi posensinymo pesynibmamu 3acmocysanns nopmu Ki @ana y xommexcmi piuwenns 3adaui
ceamenmayii gideooanux. OCKilbKU 3a0aya awanizy 6i0eo 3600umbCsi 00 AHAMI3Y ROCIIO0BHOCHI 300padicersb, OYI0 NPULHAMO
plwenna 3Haimu cnoci6 Qopmanizayii onucy 8i0eoxkadpy 3 UKOPUCHAHHAM MAMEMAMUYHO20 ANapamy HeK8aOpamHux Mampuyb.
Ilpu eubopi memody pemenvHa yeaza NpuolIsLIACS CAME YHIBEPCAIbHOCMI NO GIOHOWEHHIO 00 DPO3ZMIDHOCHI GUXIOHUX OQHUX,
38a24CaAl0UU HA MEXHIYHI XapaKmepucmuxy 8i0e00anux - 8i0eoxkadpu € mampuyi 008inbHoi posmiprocmi. Mosciugicms nponycmumu
KPOK npugeoeHus mampuyi 00 KeaodpamHoi, abo eexmopu3ayii 3a 00NoMo20l0 0esiK020 O0eCKpUnmopa 0036018€ 3HUSUMU
0OYUCTIOBANbHI BUMPATNU, BU3BONAIOUU PECYDCU, HEOOXIOHUX ONIsL YbO2O nepemeoperHs. byno npuiinamo piwenns suxopucmosgysamu
6 AKOCcMi Oeckpunmopa 300pasicents 3nauens Hopmu Ki @arna, ockinbku 60HA NOOYO08AHA HA OCHOBI CUHZYNIAPHUX YUCEN MATPUYI.
Ak 8i00MO, CUHYNAPHI YUCIA OMPUMYIOMbCA 68 X00i CUHSYIAPHO20 PO3KAAOAHHA MaAmpuyi i Modcyms Oymu GUKOpUCMAaui O
SHUdCEHHA po3mipHocmi euxiOHux danux. CuHSYIApHULL PO3KIAO He MAE 0OMed CceHb Hi 00 POIMIPHOCHI Hi 00 Xapaxkmepy eleMeHmis
suxionoi’ mampuyi. Kpim moeo, in modxce Oymu SUKOpUCman Ons NPUBEOeHHs 00 IHUUX MAMPUUHUX DOSKAAOAHb, WO MArMmb
HeoOXiOni  xapaxmepucmuku. bys nposedenuii NOpIGHANbHUL aHANI3 epeKMUBHOCMI OMPUMAHO20 OeCKpUnmopa 6 pasi
suxopucmanus k-nopmu i 1-Hopmu, AKul nokazas, wo 1-Hopma 00380/5€ GUABTAMU HAUOLIbUL CYMMEST 3MIHU CYeHU, 8 MOl Yac sK k-
Hopma 30amHa Oemekmygamu i He3Hauwi. [Hwumu crosamu, 6 3anexncHocmi 6i0 xapakmepy 6UXiowux eideodauux ma cgepu
3aCMOCY8aHHsA PO3POONIEHO20 000AMKY, € MOMCIUBICMb 3a0aA8amu 4ymIAUGICMb 00 3MIHU CYeHU, 8apiliodU KiTbKicmb 3a0IHUX
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cuHeynapHux uyucel. Piwennsa npo HaseHicmb 3MIH 6 KOHMEKCMI CyeHu 6i0eoKadpy HPULIMAEMbCA HA OCHOBI NOPIGHAHHSA
deckpunmopig, moomo 3uauentss Hopmu Ki @ana, 060x nociioosHux 300paicets.
Knrouosi cnosa: cezmenmayis 6ideonomoxy; HopMa Ki Dan; CiHeynapHuil  po3K1a0 Mampuyi
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HNCITOJIb3OBAHUE METPUKU KU ®AH B KOHTEKCTE 3AJIAYA
CEI'MEHTALMU BUAEOIIOTOKA

Annomayusn: B dannoti cmamee npedcmagienvl peyibmamol npumerenus Hopmvl Ku @an ¢ konmekcme pewienus 3a0auu
cezmenmayuu gudeooannvix. Ilockonvky 3adava ananuza euoeo c600UMCs K AHAIU3Y NOCIe008AMENbHOCU U300padiceHutl, OblIo
NPUHAMO peulenue HAatmu cnocob gopmaruzayuyu ONUCAHUA BUOEOKAOPA C UCHOLb306AHUEM MAMEMAMUYecKko20 annapamad
Hexeadpamuwlx mampuy. Ilpu evibope memooa 0coboe eHUMAHUE YOeNNOCh UMEHHO YHUBEPCATbHOCHU NO OMHOWEHUID K
PA3MEPHOCMU UCXOOHBIX OAHHBIX 88UOY MEXHUYECKUX XAPAKMEPUCMUK U NPUPOObl BUOCOOAHHBIX — GUOEOKAOPLL NPEOCMAGIsAIOm
Cob0ti Mampuybl NPOU3BOIbHOU pazmepHocmu. Bozmooicnocmes nponycmums wiae npusedeHust mampuysl K K8AOPAMHOU, b0
BEKMOPUIAYUL C NOMOUBIO HEKOMOPO2O OECKPUNMOPA, NO360JIAEC CHU3UMb GbIYUCIUMENbHBIE PACXO0bL, 0C8000COAst pecypChl,
HeoOxo0uMble Ol 9Mo20 npeobpazoséanus. bvlio npunamo pewenue ucnonvzoeamv 8 Kauecmee OecKpunmopa u300paxceHus
3Hauenue Hopmvl Ku Darna, nockonbKy OHa ROCMPOEHA HA OCHOBE CUHSYIISPHBIX Yucel Mampuybl. Kax uzeecmuo, cuneyispHole Yucid
BLIUUCTSIIOMCSL 8 X00€ CUHSYIAPHO20 PA3NIONCEHUs. MAMPUYbl U MO2ym OblMb UCNOLb308AHbL, 8 YUCILe NPOYe20, Ol CHUMICCHUS
pasmeprHocmu ucxoouvix Oannvlx. CUHSYIAPHOE PA3IoNCeHUe He HANd2aem O02PAHUYEHUNl HU HA PA3MEPHOCMb HU HA XAPAKMED
INEMEHMO8 UCXOOHOU mMampuysl. Kpome mozo, oHO Modicem 6blmb UCHONb308AHO Olsl NPUBCOCHUsT K OpyeUM MAMPUYHbIM
pasnodicenusm, 0061a0aruuMu HeobxooumbiMu xapakmepucmuxamu. Boin nposeden cpasnumenvhulll anams 3¢gexmuernocmu
NOJYUEHHO20 OeCKPUNMOPA 8 Clyude UCNoNb308anus K-nopmbl u [-HOpMbl, KOMOPbLIL NOKA3AL, Ymo 1-HOpMa no360/5em GbIAGISMb
Haubonee cywecmeentvle UsSMEHeHUs CYeHbl, 8 Mo épemsi Kak K-nHopma cnocobna demexmuposamsv U HezHauumenvHoie. Jpyeumu
CLOBAMU, 8 3ABUCUMOCIU OM XAPAKMEPA UCXOOHBIX GUOCOOAHHBIX U Cepbl NPUMEHEHUs PA3PADOMAHHO20 NPUTLONCEHUs., eChib
603MOJICHOCIb  3A0ABAMb  UYECMEUMEIbHOCHL NPUTONCEHUSL K USMEHEHUIO CYEHbl, 6ApbUupys KOJIUHECMEO 3d0eiCmBO8AHHbIX
CUHYTIAPHBIX uucen. Pewlenue 0 HaMuu USMEHEHUll 8 KOHMEKCMeE CYeHbl SUOCOKAOpa NPUHUMAEMC HA OCHO8e CPABHEHUs.
0ecKkpunmopos, mo ecmv 3Hauenust Hopmvl Ku @ana, 08yx nociedo8ameibHblx Us00pajceHuil.
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