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�
Abstract


Key frame extraction is an important preprocessing step for visual searching tools in image and video information. We describe two novel components of a key frame extraction system. Assuming that shot detection has taken place and that a frame-to-frame action measure is given, we propose a global key frame allocation method, which needs as input the user defined key frame rate, and an estimate for the average cumulative action. After assigning a number of key frames to a shot, an algorithm is proposed that distributes the key frames over the shot such that an optimal L1 approximation of the cumulative action function is obtained. 





1.  Multimedia Storage Systems


With the progression of advanced communication networks and systems, many services will be provided in digital form to the domestic consumer. Besides the currently emerging services such as video-on-demand and pay-television, a rapidly increasing number of non-television like information services will become available such as digital catalogues and interactive multimedia documents, including text, audio and video. Multimedia services aiming at domestic users are currently mainly accessed through PCs connected to low bandwidth PSTNs. In the near future other user interfaces (e.g., settop units) and networks (e.g., hybrid cable-phone networks) will become available. 


	With the expected increase in digital transmission of a variety of information, a natural demand for efficient, flexible and cheap mass storage will emerge, particularly in the domestic environment. Local data storage brings various advantages such as:


personal archiving of programs and catalogues,


time-shifted or interrupted viewing of broadcasted material,


fast access to internet services (e.g., web pages)  independent of transmission rate or network load,


downloading information over uni-directional wideband networks during off-peak hours, such as satellite channels.


Existing storage device do not match the needs of future multimedia information well. For instance, the capacity of disk storage systems is still relatively small for many multimedia applications, while large capacity tape streamers fall short for interactive applications. The EC sponsored project SMASH [1] is investigating the needs and technological possibilities for multimedia storage device “at the home”. The project currently considers a multimedia storage system, called a SMASH system, that intimately integrates tape storage and disk storage technology in a transparent manner, building on typical advantages of the two media and mutually compensating weaker properties. 


 	With the development of mass storage devices also comes the need for efficient management of the locally stored multimedia information. Filing, retrieving, protecting and browsing tools tailored to the storage system and applications should be developed, such that even in huge volumes of information specific pieces can be located easily. Existing navigation systems are all based on prior annotation of the information or search processes on textual information. It is widely recognized [2-8] that there is a need for intelligent management and search methods in particular for the visual information in multimedia documents and in digital video and image libraries. The problems at hand are firstly that textual annotation can usually not made beforehand because of the subjectivity and complexity of this task, and secondly that visual information will be transmitted and stored in a compressed format complicating even the most simple image analysis operations. 


	In Section 2 of this paper we first consider the requirements for visual browsing in a SMASH system and describe the system concept. Following current developments in the field of visual searching systems, we consider key frame extraction as an essential feature of the SMASH system. After reviewing existing key frame extraction methods and their drawbacks in Section 3, we will discuss key frame extraction as an optimization problem in Section 4. A new key frame allocation approach will be presented. Illustrations of this novel approach are given in Section 5.





2.  Visual Search System Concept


The storage system being developed in the SMASH project includes a disk and a tape storage unit. Most visual information will be stored in MPEG compressed form on the tape unit, while the disk unit functions as a small-capacity caching device. In developing searching options, we have to take into account that it is impossible to sequentially retrieve and decode all visual information stored on tape in a reasonable time, nor is it possible to store and selectively access all data on the disk. Therefore, the current concept of visual searching in the SMASH system assumes that specific pieces of key information are extracted directly from the incoming MPEG compressed bit stream at the time it is stored on tape. The key information is stored on the hard disk of the system with proper reference to tape storage positions. This approach requires real-time (or even super-real-time if a fast-download method is used) extraction of visual key information based on representative frames, scene changes, and motion information. The resulting key frames that represent the contents of the stored visual information as well as possible can be organized (e.g., “clustered” [5]) in an off-line fashion depending on user-specific requirements. Access to the key-frames for browsing purposes can be random and fast since it is stored on the hard disk, while for complete viewing of the desired information, data needs to be retrieved from the tape.
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Figure 1: System concept for key frame extraction..


Figure 1 illustrates the system concept as far as the key frame extraction procedure is concerned. Since the key frame collection is built up during downloading of information, specific hardware implementation of this part may be required.





3.  Drawbacks of  Existing Key Frame Extraction Methods


The goal of key frame extraction is to obtain a condensed representation of the stored visual information. Following existing approaches in the literature, the objective is to represent the most “important” or “meaningful” scenes or images of the large amount of visual information by only a few images: the key frames. First, the image sequences are temporally segmented into continuous segments called shots. Then a few frames of each shot are selected as key frames. 


	There are two issues that need to be addressed in determining shot changes and in obtaining the key frames. In the first place, the visual information is only available in (MPEG) compressed form. Most existing approaches to locate shot changes and key frames avoid the decoding of the compressed data by operating on information that is directly available in the bitstream, namely intra-coded pictures, DC values (avoiding inverse DCTs), and motion vector information [3,4,6-8]. The second issue is that of determining where shot changes occur and what frames qualify as key frames. Most proposals determine where shot changes occur and, within a shot i, decide to select a particular frame n as key frame if a certain frame-to-frame action measure Ai(n) surpasses a threshold, or simply use the first and/or last frame of a shot.


	Finding an appropriate action measure to detect shot changes which has a low probability of false alarms and missers, has been addressed in many recent papers. For instance, differences of color histograms can be used as action measure [7,9]. However, since most methods to select a key frame within a given shot use a (fixed or adaptive) threshold on the frame-to-frame action measure, several drawback still exist for key frame extraction. In the first place, the selected key frames may not be the most representative ones since the selection is typically a sequential process based on (one or more) previous frames. Although thresholds can be updated and made shot-adaptive using a sliding window approach [6] or statistical measures, they are essentially chosen subjectively yielding largely unpredictable and unreproducible results. A second, related, drawback in the context of the concept of the SMASH system is that the number of resulting key frames is unknown a priori. Most likely, in a practical storage system a limit will exist on the number or rate (e.g., number per minute) of key frames to be stored, either because of storage limitations or because organizing (“clustering”) or downloading a too large collecting of key frames may be excessively redundant or time consuming.





4.  Key frame extraction as an optimization problem


From the discussion in Section 3 it becomes clear that a more objective and controllable approach for key frame extraction is needed. We first consider the problem of distributing a given number of key frames K over all detected shots, assuming that the shot detection has been carried out correctly. Next we will consider the problem of objectively distributing Ki key frames over the i-th shot. We assume that an appropriate action measure Ai(n) has been selected to quantify the relevant temporal variations in the contents of shot i going from frame n-1 to frame n.





4.1  Global Key Frame Distribution


Let us assume that we wish to distribute K key frames over the time T (minutes) that the total image sequence takes. This yields an average key frame rate of fk=K/T (frames/min). Figure 2 illustrates a typical behavior of the action measure Ai(n) for an image sequence. The number of key frames Ki to be allocated to shot i is now taken proportional to the total (cumulative) action in that shot, i.e. 


	� EMBED Equation.2  ���	(1)


Here Ni is the number of frames in shot i. If we now let  CT denote the average cumulative action measure per time interval, then (1) can be rewritten as:


	� EMBED Equation.2  ���	(2)


From the relation we see that CT needs to be estimated or tracked in order to find the number of key frames for a certain shot. The accuracy with which the target number of key frames K or average key frame rate fk is approached, is determined by the time interval over which CT is estimated or updated, and by the (feedback) mechanism to adapt CT.
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Figure 2: Illustration of action measure Ai(n) and cumulative action function Ci(x).





4.2  Key Frame Distribution per Shot


The global key frame allocation mechanism will determine the number of key frames Ki that can be assigned to shot i. Next we have to select certain frames within the shot as Ki the key frames. To this end we propose the following objective criterion. First we define the cumulative action function Ci(x) for the i-th shot: 


	� EMBED Equation.2  ���	(3)


For the sake of notation and derivation, in the following we will consider x to be a continuous variable, although a practical implementation will use a discretized version. Since Ai(n) > 0, Ci(x) is a non-decreasing function. If we would interpolate Ci(x) for non-integer values of x from neighboring values for integer x, i.e., Ci((x() and Ci((x(), then Ci(x) becomes a monotonous increasing function. We will assume this property in the sequel.


	We now wish to distribute the Ki key frames such that the following L1 criterion function is minimized: 


   � EMBED Equation.2  ���	(4)


Here kj (j=1,...,Ki) are the temporal positions of the key frames, while tj-1 and tj are the breakpoints between the shot segments that are represented by key frame kj. Note that t0 and � EMBED Equation.2  ���are the (known) temporal begin and endpoints of i-th shot. 


	Figure 3 illustrates the meaning of (3) and (4). It shows the (interpolated) cumulative action function for a shot, plus how the key frames are distributed such that the area between this cumulative action function and the approximating rectangles, defined by kj and tj, is minimized. Thus, with (4) we indicate that we wish to approximate the action development in a shot a well as possible according to a L1 norm. 
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Figure 3: Illustration of cumulative action measure Ci(x) and distribution of key frames kj and breakpoints tj.





The minimization of (4) is carried out in two steps. First, if we assume that the breakpoints tj-1 and tj are given, then the partial integral 


	� EMBED Equation.2  ���	(5)


is minimized by taking as key frame the center of the interval considered:





















































Figure 4: Illustration of key frame allocation.


	� EMBED Equation.2  ���	(6)


Note that this result is independent of the actual cumulative action function on this interval, as long as Ci(x) is an increasing function.


	After substituting (6) into (4), the resulting expression can be minimized with respect to the breakpoints tj. The resulting solution is given by the following set of Ki equations:


	� EMBED Equation.2  ���	(7)


The interpretation of this set of equations is that the breakpoint tj is chosen such that the cumulative action function at that breakpoint is the average of the cumulative action function at the key frames of the preceding and following shot segments. Together (6) and (7) form the solution of the desired key frame distribution according to the criterion (4).





4.3  An Algorithm for Key Frame Distribution


To solve the key frame positions from (6) and (7), a recursive search algorithm can be employed. To this end, we rewrite (7) as follows:


	� EMBED Equation.2  ���	(8)


If we start with assuming a breakpoint t1, then we can compute key frame k1 using (6). From (8) we can then compute breakpoint t2 (substitute j=1 in (8)). Subsequently, from t2 we can compute k2 using (6), from which t3 follows (substitute j=2 in (8)). In this way we can recursively compute for the assumed value of t1 the value of � EMBED Equation.2  ���which should be identical to the given value of � EMBED Equation.2  ���i.e. the length of the i-th shot. Depending on the mismatch between the computed and actual value, the position of the breakpoint t1 can be adjusted. Note that this recursive search procedure is very close to the one often used for designing scalar quantizers.





5.  Experimental Results


Figure 4 shows a typical action function Ai(n) and  cumulative action function Ci(x). The shape of these functions indicates that there is little content variation in the beginning of the shot, followed by a part in which there is a lot of new content, while the shot ends with a part which is more or less stationary. We have optimally distributed the key frames over this shot for Ki=3, 5, 10. The resulting key frame positions are also illustrated in Figure 4. As expected, the parts of the shot that contain most temporal variation end up with a higher key frame density than the low action parts.








6.  DISCUSSION


In this paper we have described two components of a key frame extraction system. The global key frame allocation methods assigns a number of key frames to a shot depending on the total action and time of the shot. These key frames are then optimally distributed over the shot. We are currently studying various techniques to estimate the average cumulative action CT for different action measures from literature. Further, the algorithm (8) assumes a continuous time axis. An efficient discrete equivalent for (8) is needed for a practical key frame extraction system.
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