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ABSTRACT

We describe a system for browsing and interactively retrieving video sequences over the Internet at
multiple spatial and temporal resolutions. Each video sequence is decomposed into a hierarchy of video
view elements that are retrieved in a progressive fashion. The client browser builds the views of the
video sequence by retrieving, caching and assembling the view elements, as needed. This allows the
user to quickly browse the video over the Internet by starting with a coarse, low-resolution view and by
selectively zooming-in along the temporal and spatial dimensions. We demonstrate that the video view
element method is able to represent and deliver the video in a compact form while signi�cantly speeding
up the access and progressive retrieval over the Internet.
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1 Introduction

Digital video is likely to become one of the dominant media types on the Internet since video
has found important roles in many applications in education, news, science, and entertainment.Smi98

However, the Internet is currently not well suited for video. Typical end-to-end data rates are not
su�cient for high quality video. Furthermore, the Internet does not provide the necessary quality of
service (QoS) guarantees to support real-time video transmission.JE97 Some of these shortcomings are
being addressed in the Internet2 and Next Generation Internet Initiative (NGII)NGI97 e�orts. Their
objectives are to develop new technologies for the Internet infrastructure that increase network capacity
and include provisions for guaranteeing QoS.

However, new methods are needed that allow more e�cient browsing, retrieval and interaction
with video. The predominant methods of accessing video on the Internet are video streaming and
video �le downloading. Neither method is well-suited for remote browsing of the video sequences.
Downloading large video �les results in a signi�cant initial latency for viewing and browsing, which
prevents interactivity. On the other hand, video streaming avoids the initial latency by playing the
video back directly. However, the result is often of poor quality in terms of frame rate and �delity. We
propose a hybrid solution that combines elements of progressive downloading and streaming in order to
address these problems.

Improving the ability to browse and interactively retrieve video over the Internet greatly bene�ts
many applications. For example, consider an application that presents the user with a number of video
sequences that result from a search in a digital video library. Ultimately, the user wants to view portions



of the video content at high-resolution. Given the options of downloading or streaming, it is di�cult
for the user to either quickly identify the content of most interest, or to obtain the �nal high-resolution
content. By allowing the user to quickly retrieve coarse versions of the sequences, and by providing
facilities for the user to progressively retrieve additional detail data, the user can e�ciently zoom-in on
the content of most interest.

This access paradigm is well suited for a variety of video content on the Internet. For example, some
of the missions of National Aeronautics and Space Administration (NASA) use satellites to periodically
acquire images of the earth and solar system to generate sequences over time. Many of these video
sequences are published on the Internet to allow them to be studied by scientists and students all over
the world. For example, the Solar and Heliospheric Observatory (SOHO) satellite uses an Extreme
ultraviolet Imaging Telescope (EIT) to acquire images of the solar transition region and inner corona
of the sun in four wavelengths.Dea95

Often in accessing these sequences, scientists are looking for various spatio-temporal phenomena.
Downloading the sequences over the Internet is not a reasonable option for most users due to the enor-
mous amount of data. Furthermore, video streaming does not provide su�cient quality for the video
sequences to be studied. However, providing tools for interactive and progressive retrieval improves ac-
cess to these video sequences. Initially, the user retrieves coarse versions of the sequences. Subsequently,
the user zooms-in in space and/or time by retrieving additional information to build high-resolution
views of the content of most interest. This approach minimizes the amount of data transmitted over
the Internet, speeds-up access to the video sequences and allows viewing of the desired content at
high-resolution.

1.1 Related work

Recently, approaches based on video abstraction and progressive retrieval have been investigated
for improving video access. In video abstraction, summaries of the video, such as a set of extracted
key-frames,Wol96,AL96 or a video scene-graph,YY97 are �rst retrieved to the user. This allows the user to
visually inspect the smaller amount of abstract data before retrieving the full-resolution data. Typically,
the browse data and video sequence data are coded and transmitted separately. However, in the case of
progressive coding, a coarse version of the video serves to predict the full resolution data. In this way,
the video is �rst browsed using the coarse data, then in the subsequent retrieval of the full-resolution
video, less data needs to be transmitted. However, with current methods of video abstraction and
progressive coding, the user has little ability to iteratively re�ne the retrieved video to build details of
the portions of most interest.

There are a number of ways in which the user would like to re�ne the video sequence in progressive
retrieval over the network. For example, given a coarse version of the video, the user retrieves additional
data to �ll in details either in space, in time, or in quality. In spatial re�nement, the added data increases
the size or spatial resolution of each video frame. In temporal re�nement, the added data increases the
frame-rate. By allowing the user to selectively re�ne portions of the video in space or time, the user
more easily zoom-ins on the details of interest.

We propose the VideoZoom system as a new framework for progressive retrieval of video over the
Internet. VideoZoom decomposes each video sequence into a set of spatio-temporal view elements. The
view elements are able to represent the video in a compact form while enabling fast access to views of
the video with various spatial and temporal resolutions. The view element framework also allows great

exibility in progressive retrieval since the client application retrieves, caches, and assembles the view
elements as needed to build details of the video in space or time.



1.2 Outline

In this paper we describe the VideoZoom system for storing, accessing, and progressively retrieving
video sequences. In section 2 we present VideoZoom view element framework. In section 3 we describe
the process for representing and compressing video sequences using view elements. In section 4 we
describe the process of accessing views by selectively decompressing and assembling view elements.
In section 5 we describe the process for interactively and progressively retrieving views of the video
sequences by retrieving, caching and assembling view elements. Finally, in section 6, we describe the
implementation of the VideoZoom browser client.

2 Video Representation

The underlying video representation, compression and storage framework for VideoZoom is based on
a spatio-temporal transformation. The video sequence is decomposed jointly in spatial- and temporal-
frequency using a separable wavelet �lter bank. The spatial and temporal building blocks are integrated
to form a graph-structured �lter bank. Overall, the video graph generates a hierarchy of video view
elements that correspond to spatial- and temporal-frequency subbands with various locations and res-
olutions in space and time.

The frequency analyses are performed separately on the x- and y-dimensions (AX ; AY ) of each
video frame, respectively, and temporally across frames (AT ). Due to separability, the order in which
the analyses are performed does not a�ect the overall decomposition. In each unit of spatio-temporal
analysis, consecutive groups of frames are reduced once on each dimension in space and twice in time,
as illustrated in Figure 1. This generates an output consisting of 16 view elements per each group of
four input frames. The coarse version of the video sequence generated by the spatio-temporal analysis
unit has 1=4 resolution in space and 1=4 resolution in time, as depicted in the bottom-right of Figure 1.
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Figure 1: The spatio-temporal analysis unit decomposes the input video sequence in groups of four
frames into 16 view elements, one of which is a coarse version of the group.

The spatio-temporal analysis unit depicted in Figure 1 is composed from the basic analysis building
blocks illustrated in Figure 2. In general, given an input signal X , the basic analysis building block
generates a coarse Y0 version of X and a residual Y1 as follows: 
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Note that the coarse signal Y0 is simply a sub-sampled version of X generated without any �ltering.
By combining Y0 and Y1 using the basic synthesis building block depicted in Figure 2, the input X is
perfectly reconstructed as follows:
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We apply the basic analysis and synthesis �lter bank separately to each dimension in space and time,
and cascade the �lter banks to further decompose the video sequence. The advantages of the �lter bank
depicted in Figure 2 are the e�ciency of the synthesis block and its suitability for progressive retrieval.
For example, given a coarse view Y0 of the video sequence, the more detailed view is generated by
retrieving the additional residual data Y1. Note that we build this view in two steps:

1. Up-sample Y0 by two and add it to a shifted, up-sampled version of itself.

2. Retrieve Y1, multiply by �2, up-sample by two, shift by one, and add to the output of step one.

The �rst step itself perfectly reconstructs the even terms of X along the dimension of interest and
approximates the odd terms. The second step corrects the odd terms. In this way, in an interactive
environment, when the user clicks to retrieve a higher resolution view, step one is carried out immediately
to approximate the view and to provide initial feedback. Then, step two, which depends on retrieving
Y1 over the network, is carried out to correct the view. We contrast Figure 2 with a Haar �lter bank
in which the coarse version is derived from the average of the odd and even terms and the residual is
derived from the di�erence of the odd and even terms. In the Haar case, step one above requires the
same processing, however, step two needs to apply the correction to all terms in the approximate view
derived in step one.
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Figure 2: The basic analysis and synthesis �lter bank forms the building blocks for the spatio-temporal
analysis and synthesis units. In the analysis block the input is split into coarse and residual view
elements. In the synthesis block the input is reconstructed from the view elements without loss.

In order to fully decompose the video sequence, we cascade the spatio-temporal analysis units to
form a video graph of depth D, as illustrated in Figure 3. We derive D from the spatial size w0� h0 of
the original video and the desired coarse version spatial size wD � hD, as follows:

D =
1

2
log2(

w0 � h0
wD � hD

):

For example, given a video sequence with a frame size of w0 � h0 = 512 � 512 and a desired coarse
version size of wD � hD = 64� 64, we generate the video graph of depth D = 3 depicted in Figure 3.
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Figure 3: Example video graph with depth D = 3. In this example, the input video sequence has
a size of (w � h � n), where n is the number of frames. For purposes of compression and storage
we represent the sequence by the 4; 096 view elements in the upper right, each of which has a size of
(w=8� h=8� n=64).

The video graph in Figure 3 shows the multiple paths in which the view elements are generated by
analyzing the input video along the spatial and temporal dimensions. Likewise, there are multiple paths
in which the view elements are assembled to synthesize the original video sequence. Within the video
graph, the darkened view elements correspond to coarse versions of the video sequence with various
resolutions in space and time. Typically, these are the views that are of interest to the users. The
remaining view elements are residual view elements that are used to add details in building the views.

In order to represent the video sequence, we compress and store the complete and non-redundant set
of view elements with a spatial and temporal depth = D (i.e., D = 3). We use this set of view elements
to build the views in the video graph by following the spatial and temporal synthesis paths. This set
of view elements has a number of advantages for compression, access and progressive retrieval. First,
we achieve good rate-distortion performance by independently compressing each of the view elements
in this set. Second, in terms of access, the high granularity of the view element set minimizes the
work required for synthesizing views in the video graph. Finally, in terms of progressive retrieval, the
high-granularity also minimizes the amount of data transmission over the network, maximizes re-use of
cached view elements at the client, and minimizes the work required for synthesizing views at the client.
We address each of these features in more detail, starting with compression.



3 Video Compression

The video compression system takes advantage of the independent coding of the view elements in
order to optimize compression performance. Independent coding allows the compression system to adapt
to the spatio-temporal features of the video sequence by allocating bits according to the speci�c rate-
distortion characteristic of each view element. Given independent coding, we know that any optimal
allocation of bits to the view elements requires that each of the view elements operates at the same rate-
distortion trade-o�.SG88 In this way, we need only to search over di�erent values of the rate-distortion
trade-o� in order to best satisfy the compression criteria, where the criteria are expressed in one of
two ways: either maximize the �delity for a given target bit-rate, or minimize the bit-rate for a target
�delity.VK95

3.1 Compression algorithm

Currently, in VideoZoom we use JPEGWal92 to provide the underlying coding of the view elements.
For coding the high-frequency, or residual, view elements, we modify the JPEG quantization matrices
to have the same scale factor for all of the terms of the 8 � 8 DCT.PM92 The compression algorithm
consists of the following steps:

1. We use the video graph to generate the set of view elements with spatial depth ds = D and
temporal depth dt = D.

2. We compress each view element a number of times using JPEG with di�erent quality factors. For
each view element Vi and quality factor Qj, we compute the size of the compressed data Rij and
the resulting distortion Dij of the decompressed view element to obtain the triple (Qij; Rij; Dij).

3. We then select for each view element Vi the triple: (Q�

i ; R
�

i ; D
�

i ) that solves one of the following
constrained optimization problems depending on the objectives of the user:

(a) min
P

iD
�

i , such that
P

iR
�

i � RT (minimize the total distortion for a target bit rate RT), or

(b) min
P

iR
�

i , such that
P

iD
�

i � DT (minimize the total bit-rate for a target distortion DT ),

by iterating over values of the rate-distortion tradeo� � and by solving one of the following
unconstrained problems:

(a) min
P

i(D
�

i + �R�

i ), such that
P

iR
�

i � RT , or

(b) min
P

i(R
�

i + �D�

i ), such that
P

iD
�

i � DT , respectively.

4. Finally, we compress each view element Vi using its selected quality factor Q�

i and store the
compressed view elements.

3.2 Compression evaluation

We evaluate the VideoZoom compression algorithm in compressing a sequence of solar images ac-
quired by the EIT telescope on the SOHO satellite. Figure 4 illustrates the results of applying one unit
of spatio-temporal analysis to an example sequence of four solar images. We can see in the upper-right
that the analysis compacts a signi�cant amount of the energy into the single coarse version view element
(labeled C). By combining C with the three residual view elements labeled A, VideoZoom is able to
zoom-in temporally by synthesizing the view labeled A0. Alternatively, by combining C with the three
residual view elements labeled B, VideoZoom is able to zoom-in spatially by synthesizing the view
labeled B0.
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Figure 4: The results of applying one unit of spatio-temporal analysis to a sequence of four solar images.

We compare the VideoZoom compression algorithm to motion-JPEG. In motion-JPEG, each frame
in the full-resolution sequence (lower-left of Figure 4) is compressed separately using JPEG. In Video-
Zoom, each view element in the upper-right is compressed separately using JPEG as described above.
Figure 5 shows that the VideoZoom attains better compression performance than motion-JPEG. The
improvement results from VideoZoom's exploitation of temporal redundancy. For example, the tem-
poral analysis in the video graph compacts the energy into the coarse view element, as illustrated in
bottom-right of Figure 4.

4 Video View Access

VideoZoom also has advantages over motion-JPEG, MPEGGal91 and three-dimensional subband
coding in terms of compressed-domain functionality. Since VideoZoom partitions the sequence into
highly-granular and independent view elements, there is greater 
exibility in synthesizing views. Neither
motion-JPEG or MPEG provide very good compressed-domain functionality.

In both cases, the DC-terms of the 8 � 8 DCTs provide coarse versions of the intra-frame coded
frames. However, since each 8 � 8 DCT is coded as a group, neither method makes it easy to extract
views with higher spatial resolution. Typically, three-dimensional subband coding does not decompose
the video sequence deeply in space or time. For example, the scheme proposed inPJF95 generates 352
subbands for a block of 64 frames compared to 4; 096 for VideoZoom. This results in less 
exibility in
generating views with di�erent spatial and temporal resolutions.
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Figure 5: Comparison of rate-distortion performance of VideoZoom and motion-JPEG in compressing
a sequence of 512� 512 EIT solar images.

In application, the coarse views are more likely to be retrieved since the user needs to pass through
these views in order to access more the more detailed views. As a result, VideoZoom achieves greater
e�ciency in supporting typical access patterns by storing the set of view elements at maximum depth
(i.e., ds = dt = D). For example, the view with maximum-depth in space (ds = D) and time (dt = D)
is accessed with zero synthesis cost. The synthesis of other coarse views requires minimal processing
of the few relevant view elements. In general, in synthesizing any view, VideoZoom does not need to
process data that is irrelevant to the view.

5 Interactive Video Retrieval

The high-granularity of the stored view element set has additional bene�ts in progressive retrieval.
First, only relevant view elements need to be transmitted over the network. That is, view elements are
cached at the client, and are re-used whenever possible in building the views. Also, the high-granularity
of the stored view elements allows that the accessed view elements do not contain irrelevant data. This
allows VideoZoom to minimize the amount of data transmission. Second, due to the separability of the
spatio-temporal synthesis, the client has great opportunity for re-using the retrieved view elements.

We examine an example interactive video retrieval session Figure 6. The user starts by retrieving the
coarse view A. This coarse view is displayed to the user and is stored at the client. The user continues
to zoom-in by requesting view B. In order to provide this view, VideoZoom retrieves three additional
residual view elements and combines them with A using spatial synthesis. Next, the user zooms-in by
requesting view C. In order to provide this view, VideoZoom retrieves three more residual view element
and combines them with A using spatial synthesis. The user continues zooming-in in time and space
until a full-resolution sequence in space and time is formed. In each zoom after the �rst coarse view
has been retrieved, only residual view elements are retrieved.

6 Implementation

We are currently implementing the VideoZoom browser shown in Figure 7. The VideoZoom browser
constructs a video graph cache at the client in order to facilitate the interactive retrieval process. As
the user progressively retrieves the views of the video sequence, the view elements are retrieved and
stored in the client's video graph cache. As views are requested, the client application determines what
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Figure 6: Example interactive video retrieval session. The user starts by retrieving the coarse view (A)
and continues to zoom-in in time (B) and space (C) to build-up details of the video sequence.

additional view elements are needed to be combined with the cached view elements in order to synthesize
the views.

In the VideoZoom user interface, the user is presented with two panels: the navigation panel and
the viewer panel. The navigation panel allows the user to select the spatial and temporal resolution of
the views. After clicking on a view, the appropriate view elements are retrieved to the client and are
assembled to synthesize the view. The view is then displayed in the viewer panel. The view panel gives
the user controls over the playback, pause, forward, reverse, and speed.

7 Summary

The VideoZoom system allows the browsing and interactive retrieval of video sequences over the In-
ternet at multiple spatial and temporal resolutions. The video sequences are decomposed into hierarchies
of video view elements, which are retrieved in a progressive fashion. The client browser builds the views
of the video sequences by retrieving, caching and assembling the view elements, as needed. This allows
the user to quickly browse the video over the Internet by starting with coarse, low-resolution views and



Figure 7: VideoZoom client video sequence browser.



by e�ciently and selectively zooming-in along the temporal and spatial dimensions. We demonstrated
that the video view element method represents the video in a compact form while signi�cantly speeding
up the access and progressive retrieval of views over the Internet.
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