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Abstract

Compact video representation is an important step when developing tools for search through
large video data bases. It has been shown in many publications that the usage of representative
video frames (key frames) for this purpose is indeed an appropriate way of preserving the
entire temporal information flow of the sequence in a considerably smaller amount of data - if
the key frame set is obtained properly. In this paper we describe a novel method for key frame
based video representation. The main advantage of this approach is that the resulting set of key
frames, as opposed to recent methods from literature, is not dependent on subjective thresholds
or any other manually given parameters. It gives a key frame set based on “objective” model
for the video information flow. Another advantage is that this key frame set contains not more
than the maximal number of frames, which is set beforehand for the entire sequence.

1 Introduction

We are witnessing an immense growth in the development of digital libraries.
Collected in such libraries are large volumes of digitized multimedia data, which are
reachable via electronic networks by any user world-wide. Libraries containing a
variety of well-organized digital data bring many advantages, such as preservation
of quality of stored information and almost unlimited possibilities to manipulate and
browse through data using comfortable user interfaces.

The development in the field of digital libraries depends on achievements in several
areas. The US digital library initiative addresses several of these challenges [6].
Achievements in digital storage media technology cause a continuously increasing
ratio between storage capacity and corresponding costs. With this increase of
capacity the problem arises of locating desired parts of stored data in a quick and
reliable way. The development of search and access methods is therefore as crucial
as the storage technology itself for efficient usage of digital libraries. This has been
recognized also by the International Organization for Standardisation, which started
the new project “Multimedia Content Description Interface” (in short MPEG-7).
This project should standardize the description of various types of multimedia
information. The description should be related to the actual content and allow fast
and efficient retrieval of any part of the stored information [12].

* This work was supported in part by the EU ACTS program under the contract AC018:
SW#S# (Storage for Multimedia Applications Systems in the Home)



In the European project S#45# [http://www-it.et.tudelft.nl/pda/smash], new storage
systems for multimedia are under investigation, as well as several search strategies.
The goal of the project is to develop a large capacity home storage device, capable to
store tens of Gbytes of various multimedia data on a combined tape-disk mass
storage unit and being equipped with a tool for efficient and reliable tracing and
retrieval of any desired part of the stored information. The main application focus of
the SMASH system is on storage of digital video services: DVB (Digital Video
Broadcasting) is the European standard for transmission of digital services [8], now
being adopted also in other countries and organisations world-wide. Due to this
focus, the development of search strategies within the project is oriented primarily to
video sequences.
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Figure 1: One possible temporal scheme of all activities related to a user-friendly
organisation of the recorded video, followed by the browsing and retrieval
procedure on a transparent video abstraction. Reduced, key frame based video
representation eases the third processing step in the scheme to a great extent

In order to allow the user to efficiently browse for, select and retrieve a desired video
part without having to deal directly with GBytes of stored (compressed) data,
several activities have to be carried out as a preparation for such user interaction.
Figure 1 illustrates this on the example of DVB-like information. The main goal of
these procedures is to provide the user a compact and easy understandable overview
of the complete stored video information. The user can browse through such



abstraction, easily build up an impression of the entire stored video and make a
selection leading to a retrieval of the corresponding video segment.

In this paper we concentrate on one of the most important steps in making a video
browsing tool: compact representation of the video temporal information flow. This
representation is done by first segmenting the entire sequence in elementary content
units called video shots (unbroken series of frames, e.g. a zoom of a person talking
[11]), and then reducing each shot to a number of characteristic frames. The
proposed novel method for extracting key frames has been developed to suite
specific requirements of a fully automated video analysis system, being a part of the
SMASH browsing tool. These requirements are

o high degree of process automation (parameter independence)
e sequence independence

e representation objectivity

e controllability of the total key frame number

In this paper we assume that a reliable video parsing algorithm (e.g. [4]) is used to
detect changes between consecutive video shots.

2 Key frame based video content representation

Video representation through characteristic frames (key frames) has been addressed
very frequently in literature (e.g. [1, 3,4, 5, 9, 10, 13, 14]) as an elegant and efficient
way of preserving the whole temporal information flow of the sequence in a
considerably smaller amount of data. The underlying assumption is that if these
frames are extracted using an appropriate video sampling method, the visual content
of each segment of the sequence can be easily recognized by looking at given
samples. Such compact video representation appears thus to be suitable for the
purpose of video browsing. Also when considering query processes where the search
for video parts containing some specific objects, persons or features is performed,
the concept based on key frames can be useful since features collected from key
frames can be used. If detection of higher logical (“semantic) units of a video is
intended, which is to be done by investigating interrelations among different video
shots, key frames can be useful as shot-representatives for comparison purposes.

2.1 Existing approaches

A simple method to select key frames is to take the first frame of each shot [9]. More
reliable content representation requires non-uniform sampling of the video shot. In
[10], Pentland et al. have found the frames at the beginning and the end of a shot, in
the middle of no-motion segments or in the middle of segments where the camera is
tracking a foreground object, to be good key frames to represent the content of a
shot. Some other approaches [1, 3, 14], based on measuring the differences between
the last selected frame and the remaining frames and extracting a subsequent key
frame if the measured difference exceeds the given threshold, are typically sequential
processes leading generally to unpredictable results. In particular, the final number



of key frames for the entire sequence cannot be estimated for any given threshold.
We can end up with a huge number of key frames or simply with too few key frames
- not enough for browsing or other intended procedures. This makes it difficult to
predict the capacity needed for storing extracted key frames (in spite of possible “key
frame pruning”, as proposed in [14] for further reduction of already obtained key
frame sets). Secondly, it is rather difficult, especially in [1] and [3] to relate any
particular parameter value by threshold setting to the key frame collection resulting
from that setting. Furthermore, the dependency of the approach on subjective and
usually data dependent thresholds, limits its applicability in fully automated systems
and leads to non-reproducible results.

3 New key frame extraction approach

Aiming at a key frame based video representation, which fulfils the requirements
indicated in the introduction to this paper, we have developed a new two-step key
frame extraction method.

In the first step, the assignment of a number of key frames per shot is carried out
depending on total “content” of a shot and also of the entire sequence. The term
“content” is explained in the following section. This key frame assignment is done
such that the sum of all assigned key frames along the sequence is close to a given
maximal number of allowable key frames N for the entire sequence. The number N
can be adjusted depending on the type of the program to be stored.

The assignment step is followed by a threshold independent and objective procedure
for optimal distribution of the assigned number of key frames along each video shot.

In the following sections we present results of our investigations concerning both of
these steps. Important fact to be noticed is that the distribution of key frames along
the shot in the second step is performed by a numerical algorithm delivering the best
possible shot representation, given the number N and with respect to the used
measure for the information flow dynamics along a shot [7].

3.1 Measures for the information flow dynamics along a video shot

There the possibility to simulate variations in the temporal information flow of the
sequence by choosing an appropriate analytical function. This function measures
relevant changes between each two consecutive frames of a sequence and indicates
with its values the magnitude of such changes.

This leads to the problem of finding appropriate visual features and metrics to
perform the described frame-to-frame comparison. For minimizing the influence of
non-relevant temporal variations, “global” frame visual features should be used, such
as color and intensity histograms. In our approach we adapted the method proposed
in [4] and defined an analytical function for describing the relevant frame-to-frame
difference (further referred to as FFD) between frames k and k-1 as:
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This formula proved to be relatively robust with respect to the elimination of non-
relevant temporal fluctuations, such as small object or camera movements, focal
length changes, etc.

If the FFD(k) values in the shot i are accumulated from the beginning of the shot up
to the shot frame £, i.e.

k
C (k) = ¥ FED(n) @
than C (k) indicates the total magnitude of temporal flow fluctuations up to the final
summation point.
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Figure 2a: Measured relevant frame-to-frame differences for first nine shots of the
sequence “Nature”.

Figure 2b: Curves of accumulated frame-to-frame differences, obtained for each
shot using (2).

C (k) has a close-to-linear behaviour in shot parts with uniform temporal

information flow and changes in steepness wherever changes in the flow dynamics
occur. The function (k) we take as the model for the information flow dynamics

in the shot i. We will refer to it in the further text as the “content development”
function of the shot i. Figure 2b illustrates the behaviour of C (k) for the FFD(k)

curve from Figure 2b.



If the summation process stretches along the entire shot, we obtain the fotal
magnitude of temporal flow fluctuations in the shot, that we can also refer to as the
total “content” of the shot:

¢ = FFD(k) 3)
k=2

In this formula, £ is the frame index and L is the number of frames in the shot.

3.2 Key frame allocation for each video shot

By spreading given maximal number of key frames N along the entire video
sequence, each shot of the sequence gets assigned a fraction of given N key frames
according to its relative share of “content” to the total “content” of the sequence.

We therefore assign K, key frames to shot i as:

4
K,=SC' N (4)
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C J is the “content” of the shotj and S is the number of shots in the entire sequence.

The resulting number of key frames delivers, after being normalised by the shot
length, the key frame density. This density corresponds now to the relative amount of
temporal variations of a shot, compared to all other shots in the sequence.

Shot Index 1 2 3 4 5 6 7 8 9
Key frames 14 16 4 8 11 9 3 18 22
and densities

using (4) 1:18 || 1:13 1:34 1:27 1:17 1:19 1:45 1:13 | 1:24
Key frames 12 12 3 8 10 9 3 17 21
and densities

using (5) 1:20 | 1:18 1:45 1:27 1:19 | 1:19 | 1:45 1:14 | 1:11

Table 1: Number of assigned key frames and resulting key frame rates per shot
Table 1 illustrates the key frame assignment for the sequence used to compute
FFD(k) curve in Figure 2a. The given maximal number of key frames was N=100.

Equation (4) assumes that the entire sequence is available prior to the assignment
process, so that the total “content” of the sequence (denominator in (4)) is known. If,
however, the assignment procedure is to be done sequentially or on-the-fly, we
propose the following approximation:
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Here, T is the total sequence length, and TJ is the length of the shot j. The intention

by such approximation is to obtain similar assignment results as by (4), however
only using the information available at the moment where K, is computed. Since the

information about the total “content” of the entire sequence (denominator in (4)) is
not known, we can only summarize until the shot i. This action alone could change
assignment results considerably if applied in (4), and we try to compensate it by
taking into consideration also the time parameters, e.g. shot and sequence lengths.
We assume that the ratio between the total sequence length and the total sequence
“content”, can be well approximated by the ratio between the sequence length and
“content”, both taken only up to the current shot i. Assignment results in Table 1
show only minor differences, compared to results where (4) was used.

3.3 Key frame distribution along a shot

After assigning a certain number of key frames to each video shot, the next step is to
find locations for these key frames within a shot so that they approximately capture
the entire temporal information flow of a shot.

We use the “content development” curve from (2) as reference, since it represents
the process of building up the entire shot “content” by accumulating relevant
temporal variations along all shot frames. By its varying steepness, the curve
indicates exactly all locations “where something interesting happens”: steeper parts
correspond to strong and flatter parts to more stationary temporal variations.

It is now our intention to perform the same “content building” operation, but using
only a limited number of shot frames, e.g. assigned number of key frames. Basic idea
can be seen in Figure 3, with 7 assigned key frames. The actual “content
development” is approximated by the curve C,(k;)composed of rectangles, each

one defined by k; and ¢ and each corresponding to one key frame. Here &; (j=1.....K)
are the temporal positions of the key frames, while #-; and ¢ are the breakpoints
between the shot segments that are represented by key frame k;. Note that £, and

1, are the (known) temporal begin and endpoints of i-th shot. The approximation

process leads automatically to a key frame density which corresponds to the
behaviour of the actual “content development” curve, e.g. higher density in steeper
segments. In this way, the optimal representation of a (variable) temporal
information flow along a shot can be achieved. It can be said, that each key frame
represents all shot frames within its rectangle.

Technically, the key frame distribution along a shot results from minimizing the
following criterion function:
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The numerical procedure for obtaining the optimal key frame distribution along a
video shot by minimizing the criterion function (6) is explained in more details in

[7].
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Figure 3: lllustration of the key frame distribution within a video shot by assigned 7
key frames. An approximation of the accumulation can be obtained using 7 flexible
rectangles.

3.3.1 Key frame distribution experiments

Let us first check the performance of the distribution procedure on a fictive shot with
the “content development™ represented by the curve in Figure 4. The curve shows a
variable temporal information flow along the shot. Three characteristic parts can be
recognized, two with a stationary and the middle one with a non-stationary “content
development”. 13 key frames were assigned to this shot and the result of their
distribution along the shot can also be seen in Figure 4.
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Figure 4: Application of the approach to a fictive video shot. Obtained variable key
frame densities picture the actual content development
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Figure 5a: Two shots of the movie Four Weddings and a Funeral. Frame-to-frame
differences, accumulated differences and assigned key frames can be seen.
Figure 5b: Same analysis for one shot of the Nature movie

Figures 5a and 5b present results of the key frame allocation procedure on example
of two real video sequences (Four Weddings and a Funeral -courtesy of Polygram,

Nature).



In each case, the variability of the key frame density along a shot depends on the
variability in the temporal information flow, e.g. behaviour of the “content
development” curve. However, a certain level of homogeneity in spreading of key
frames along the shot remains, providing the representation of the entire shot
material.

4 Conclusions

In this paper a new two-step approach for key frame extraction is presented taking
into account given maximal number of key frames for the whole sequence and
spreading it corresponding to the measured temporal information flow along the
sequence. The global key frame allocation method assigns a number of key frames to
a shot depending on the total amount of changes in the information flow along the
shot. These key frames are then optimally distributed over the shot in a threshold
independent way.

In comparison to key frame extraction procedures proposed in the literature, this
approach has following important properties:

o It allows the regulation of the maximal number of key frames per video
sequence by setting the maximum of key frames V.

e Spreading of N given key frames along the sequence and their positioning
within each shot is not based on any parameter (threshold) setting but on the
analysis of the actual temporal information flow in the given sequence.

The quality of obtained key frame representation of the video sequence depends
strongly on the robustness of frame-to-frame difference metric against non-relevant
fluctuations in the analysed information flow.
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