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A Media Synchronization Survey: Reference
Model, Specification, and Case Studies

Gerold Blakowski and Ralf Steinmetz, Senior Member, IEEE

Abstract— Researchers have addressed multimedia synchro-
nization from various perspectives. The major issues include
how to specify and how to implement synchronization. Espe-
cially in the specification area a variety of techniques have
been published and implemented. This survey summarizes briefly
synchronization requirements, presents a multimedia synchro-
nization reference model, shows details of various specification
approaches and applies the reference model to compare existing
prominent approaches as case studies.

1. INTRODUCTION

DVANCED multimedia systems are characterized by

the integrated computer-controlled generation, storage,
communication, manipulation and presentation of independent
time-dependent and time-independent media [30], [68]. The
key issue which provides integration is the digital represen-
tation of any data and the synchronization of and between
various kinds of media and data.

The word synchronization refers to time.-Synchronization in
multimedia systems refers to the temporal relations between
media objects in a multimedia system. In a more general
and widely used sense some authors use synchronization
in multimedia systems as comprising content, spatial and
temporal relations between media objects. We differentiate
between time-dependent and time-independent media objects.
A time-dependent media object is presented as a media stream.
Temporal relations between consecutive units of the media
stream exist. If the presentation durations of all units of a
time-dependent media object are equal, it is called a continuous
media object. For example, a video consists of a number of
ordered frames; each of these frames has a fixed presenta-
tion duration. A time-independent media object is any kind
of traditional media like text and images. The semantic of
the respective content does not depend upon a presentation
according to the time domain. '

Synchronization between media objects comprises relations
between time-dependent media objects and time-independent
media objects. A daily example of synchronization between
continuous media is the synchronization between the visual
and acoustical information in television. In a multimedia
system, the similar synchronization must be provided for
audio and moving pictures. An example of temporal relations
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between time-dependent media and time-independent media
is a slide show. The presentation of slides is synchronized
with the commenting audio stream. To realize a slide show in
a multimedia system, the presentation of graphics has to be
synchronized with the appropriate units of an audio stream.

Synchronization is addressed and supported by many system
components including the operating system, communication
system, databases, documents and often even by applications.
Hence, synchronization must be considered at several levels
in a multimedia system.

The operating system and lower communication layers
handle single media streams with the objective to avoid jitter.
during the presentation of the units of one media stream (e.g.,
[20], [57], [59], [61]). For example, users will be annoyed if an
audio presentation is interrupted by pauses or if clicks result
in short gaps in the presentation of the audio clip.

On top of this level is located the run-time support for
the synchronization of multiple media streams (e.g., [4], [5],
[18], [35]). The objective at this level is to maintain the
temporal relations between various streams. In particular the
skew between the streams must be restricted. For example,
users will be annoyed if they notice that the movements of the
lips of a speaker do not correspond to the presented audio.

The next level holds the run-time support for the synchro-
nization between time-dependent and time-independent media
as well as the handling of user interactions (e.g., [10], [45],
[46], {52]). The objective is to start and stop the presentation
of the time-independent media within a tolerable time interval,
if some previously defined points of the presentation of a
time-dependent media object are reached. The audience of a
slide show is annoyed if a slide is presented before the audio
comment introduces a new picture. A short delay after the start
of the introducing comment is tolerable or even useful.

The temporal relations between the media objects must be
specified. The relations may be specified implicitly during
capturing of the media objects, if the goal of a presentation.
is to present the media in the same way as they were
originally captured. This is the case of audio/video recording
and playback. '

The temporal relations may also be specified explicitly in
the case of presentations that are composed of independently
captured or otherwise created media objects (e.g., [8], [16],
[33]). In the slide show example, a presentation designer
selects the appropriate slides, creates-an audio object and
defines the units of the audio presentation stream where the
slides have to be presented. Also, the user interactivity may be
part of a presentation and the temporal relations between media
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objects and user interactions must be specified. The tools that
are used to specify the temporal relations are located on top
of the previous levels.

In recent years, in nearly every multimedia workshop and
conference, many synchronization-related contributions have
been provided. Most of the contributions address only issues
of one or a subset of the levels or regard synchronization only
from a specific viewpoint and they are partly overlapping.

The objective of this contribution is to provide an integral
view to the area of multimedia synchronization. Therefore,
we focus on a consistent definition of synchronization-related
terms, synchronization requirements, the synchronization spec-
ification, synchronization between media objects and the syn-
chronization related to structuring of multimedia systems. An
emphasis is also put on the synchronization in a distributed
environment that introduces additional complexity but is very
important for client/server architectures and future teleservices
like access to information bases using an information highway.

Descriptions of low-level technical support for media syn-
chronization, like Earliest Deadline First (EDF) or rate mono-

tonic scheduling in the operating system, isochronous transport
* services and support for single media streams, are not part of
this contribution.

In Section II, the basic terms of synchronization are defined.
Subsequently, in Section III, the requirements for synchro-
nization resulting from user perception of multimedia pre-
sentations are described. A" synchronization reference model
is presented in Section IV that allows the structuring of the
levels of synchronization and the classification of existing
synchronization systems. Section V provides an overview for
synchronization specification methods. Some prominent and
representative systems are presented and classified according
to the synchronization reference medel in Section VI A
summary and outlook are given in the last section.

II. NOTION OF SYNCHRONIZATION

A. Multimedia Systems

Several definitions for the terms multimedia apphcatlon and
multimedia system are described in the literature. Three criteria
for the classification of a system as a multimedia system can
be distinguished: the number of media, the types of supported
media, and the degree of media integration.

The most simple criterion is the number of media used in
an application. Using only this criterion, even a document
processing application that supports text and graphics can be
regarded as a multimedia system [31].

The types of supported media are an additional criterion
[30]. In this case, we distinguish between time-dependent and
time-independent media. A time-independent media object is
usually presented using one presentation unit. An example is a
bitmap graphic. Time-dependent media objects are presented
by a sequence of presentation units. An example is a mo-
tion picture sequence without audio (i.e., a video sequence)
presented frame after frame. Because the integration of time-
dependent media objects is a new and essential aspect in
information processing, some authors define a multimedia
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Fig. 1. Classification of media use in multimedia systems.

system as a system that supports the processing of more than
one medium with at least one time-dependent medium [13].

The degree of media integration is the third criterion [30].
In this case, integration means that the different types of
media remain independent but can be processed and presented
together.

Combining all three criteria, we propose the followmg
definition of a multimedia system. a system or application that
supports the integrated processing of several media types with’
at least one time-dependent medium.

Fig. 1 classifies applications according to the three criteria.
The arrows indicate the increasing degree .of multimedia
capability for each criterion.

Integrated digital systems can support all types of media,
and due to digital processing, they may provide a high degree
of media integration. Systems’that handle time-dependent
analog media objects and time-independent digital media -
objects are called kybrid systems [32], [66]. The disadvantage
of hybrid systems is that they are restricted with regard
to the integration of time-dependent and time-independent
media, because, for example, audio and video are stored on
different devices than time-independent media objects and
multimedia workstations must comprise both types of devices.
The same applies to the interconnection between workstations.
Audio/Video-applications that implement functionalities of
consumer devices, like video recorders, ofteén do not sup-
port the integration of audio and video and time-independent
media objects. In addition, they often do not support the
separate handling of audio and video media objects. Single
time-dependent media objects are often supported by audio
and video servers. Traditional desktop-publishing systems are
examples of integrated processing of time-independent media
objects.

B. Basic Synchronization Issues

Integrated media processing is an important characteristic of
a multimedia system. The main reasons for these integration
demands are the inherent dependencies between the informa-
tion coded in the media objects. These dependencies must
be reflected in the integrated processing including storage,
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manipulation, communication, capturing and, in particular, the
presentation of the media objects.

The word synchronization refers to time. As mentioned,
some authors use synchronization in multimedia systems in
a more general and widely used sense as comprising content,
spatial and temporal relations between media objects.

1) Content Relations: Content relations define a depen-
dency of media objects on some data.

An example of a content relation is the dependency between
a filled spreadsheet and a graphic that represents the data listed
in the spreadsheet. In this case, the same data are represented
in two different ways. Another example is two graphics that
are based on the same data but show different interpretations
of the data.

For integrated multimedia documents, it is useful to express
these relations explicitly to enable an automated update of
different views of the same data. In this case, only the data are
edited and for the views, the kind of dependencies of the data
and the presentation rules are defined. All views of the data
are generated automatically and cannot be edited directly. An
update of the data triggers an update of the related views. This
technique is, for example, used in database systems and may
also be used for the different media of a multimedia system.

In general, the implementation of content relations in multi-
media systems is based on the use of common data structures
or object interfaces that are used to present objects using
different media.

2) Spatial Relations: The spatial relations that are usually
known as layout relationships define the space used for the
presentation of a media object on an output device at a certain
point of time in a multimedia presentation. If the output device
is two-dimensional (e.g., monitor or paper), the layout specifies
the two-dimensional area to be used.

In desktop-publishing applications, this is usually expressed
using layout frames. A layout frame is placed and a content
is assigned to this frame. The positioning of a layout frame
in a document may be fixed to a position in a document, to
a position on a page or it may be relative to the positioning
of other frames.

The concept of frames can also be used to specify where
the presentation units of a time-dependent media object are
placed. For example, video frames may be positioned using
layout frames. In window-oriented systems, a frame or group
of frames may be represented by a window. A window
may be resized, moved, iconized, etc. and gives the user
additional manipulative freedom to adapt the presentation to
the requirements.

Experimental three-dimensional output devices like holo-
graphic experiments and three-dimensional projection allow
the user to. create three-dimensional presentations. In usual
window systems, the third dimension is only expressed in
terms of overlapping windows. Stereo audio output devices
also have layout that defines the positioning of an audio source
in a presentation. This is, for example, used in audio and
video conferences to give a participant the impression of a
seat ordering [49] that is related to the placement of pictures
or videos of the other conference participants. This gives
the user a more natural communication impression, makes
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Fig. 2. Intra-object synchronization between frames of a video sequence
showing a jumping ball.

it easier to follow a discussion and therefore, increases the
user’s acceptance.

3) Temporal Relations: Temporal relations define the tem-
poral dependencies between media objects. They are of interest
whenever time-dependent media objects exist.

An example of a temporal relation is the relation between a
video and an audio object that are recorded during a concert.
If these objects are presented, the temporal relation during the
presentations of the two media objects must correspond to the
temporal relation at the time of recording.

These time relations are what we will understand to be
synchronization in multimedia systems.

4) Comment: All three types of synchronization relations
are important for integrated digital multimedia systems and are
meanwhile subject to standardization efforts like MHEG [52]
and Hypermedia/Time-based Structuring Language (HyTime)
[36).

Content and spatial relations are well-known from pub-
lishing and integrated application systems with databases,
spreadsheets, graphical tools and word processing systems.
The key aspect in multimedia systems is the temporal relations
derived from the integration of time-dependent media objects.
Therefore, the rest of this contribution addresses temporal
relations only. '

C. Intra- and Inter-Object Synchronization

We distinguish between time relations within the units of
one time-dependent media object itself and time relations
between media objects. This separation helps to clarify the
mechanisms supporting these types of relations, which are
often very different:

« Intra-object synchronization: intra-object synchronization
refers to the time relation between various presentation
units of one time-dependent media object. An example
is the time relation between the single frames of a video
sequence. For a video with a rate of 25 frames per second,
each of the frames must be displayed for 40 ms. Fig. 2
shows this for a video sequence presenting a bouncing
ball.

 Inter-object synchronization: inter-object synchronization
refers to the synchronization between media objects.
Fig. 3 shows an example of the time relations of a mul-
timedia synchronization that starts with an audio/video
sequence, followed by several pictures and an animation
that is commented by an audio sequence.

1) Time-Dependent Presentation Units: Time-dependent
media objects usually consist of a sequence of information
units. Such information units are known as Logical Data Units
(LDU’s).
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Fig. 3. Inter-object synchronization example that shows temporal relations
in a multimedia presentation including audio, video, animation, and picture
objects.
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Fig. 4. The LDU hierarchy.

In many cases, several granularity levels of LDU’s in a me-
dia object exist. An example is the symphony “The Bear” by
Joseph Haydn (Fig. 4). It consists of four movements: vivace
assai, allegretto, minuet, and finale. Each of these movements
is an independent, self-contained part of the composition. It
consists of sequences of notes for different instruments. In a
digital system, each note is a sequence of sample values. In
the case of CD-quality with PCM coding without compression,
a sample rate of 44 100 Hz with two channels and 16-bit
resolution per channel is used. On a CD, these sample values
are combined to blocks of 1/75 s duration.

The level of granularity used is application-dependent. It
is possible to look at the whole symphony, the movements,
the notes, the samples or the combined samples as LDU’s.
The selection of the LDU’s depends on the operations that
should be performed on a media object. For simple presen-
tation operations like “play,” the whole symphony or the
movements are the useful LDU’s. For applying instrument-
based playing techniques, the notes as smallest description
units in the musical area are the useful granularity. For the
signal processing task, the operations are based on samples or
blocks of samples.

Another example is an uncompressed video object that is
divided into scenes and frames. The frames can be partitioned
in areas of 16+ 16 pixels. Each pixel consists of luminance and
chrominance values. All these units are candidates for LDU
units.

In a video sequence coded in the MPEG [38] format,
redundancies within subsequent frames may be used to reduce
the amount of digital data used to represent the media object
(inter-frame compression). In this case, a sequence of frames
that are inter-frame compressed can be regarded as an LDU.

The levels of granularity imply a hierarchical decomposition
of media objects. Often there are two kinds of hierarchies. The
first is a content hierarchy that is implied by the content of the
media object. This is the hierarchy of symphony, movement
and notes in the symphony example. The second is the coding
hierarchy based on the data encoding. For the symphony
example, the hierarchy may be a media object representing a
movement, that is divided into blocks of samples. The samples
are the lowest level of the coding hierarchy.

[ pic. 1 | Pic. 2 | Pic.3 [ Pic.4 | { pic.n |

|
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Fig. 5. Example of video LDU’s.
Physical frame d: = l/sample frequencies (e.g. 1/8000 s)
-

t
Duration of a Logical Data Unit of 512 Bytes (¢.g. = 0.064 5)

Fig. 6. Example of audio LDU’s.
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Fig. 7. LDU size selected by user.

In addition, LDU’s can be classified into closed and open
LDU’s. Closed LDU’s have a predictable duration. Examples
are LDU’s that are parts of stored media objects of continuous
media like audio and video, or stored media objects with a
fixed duration. The duration of open LDU’s is not predictable
before the execution of the presentation. Open LDU’s typically
represent input from a live source, for example, a camera or a
microphone, or media objects that-include a user interaction.

2) Classification of Logical Data Units: For digital video,
often the frames are selected as LDU’s. For example, for a
video with 30 pictures per second, each LDU is a closed LDU
with a duration of 1/30 s (Fig. 5).

In the case of the basic physical units being too small to
handle, often LDU’s are selected that block the samples into
units of a fixed duration. A typical example is an audio stream
where the physical unit duration is very small, therefore,
LDU’s are formed comprising 512 samples. In the example
shown in Fig. 6, one sample is coded with one Byte, and
hence, each block contains 512 Bytes.

Captured media objects usually have a natural basic duration
of an LDU. In computer-generated media objects, the duration
of LDU’s may be selected by the user. An example of these
user-defined LDU durations is the frames of an animation
sequence. For the presentation of a two-second animation
sequence, 30 to 60 pictures may be generated depending on
the necessary quality. Thus, the LDU duration depends on the
selected picture rate (Fig. 7).

Streams are more complex when the LDU’s vary in dura-
tion. An example is the recording of events at a graphical user
interface to replay a user interaction. In this case, an LDU
is an event with a duration lasting until the next event. The
duration of LDU’s depends on the user interaction and varies
accordingly (Fig. 8).

Open LDU’s of unpredictable duration are given in the
case that the LDU has no inherent duration. An example of
an open LDU (i.e., an LDU with no inherent duration) is a
user interaction in which the duration of the interaction is not
known in advance (Fig. 9). :
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Fig. 9. An open LDU representing a user interaction.
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Fig. 10. LDU’s of a timer.

TABLE I
Tyres oF LDU’s
LDU duration defined during LDU duration defined by the
uses
Fixed LDU duration Audio, Video Animation, Timer
Variabic, unknown Recorded interaction User interaction
LDU guration

Frame 1| Frame 2| Frame 3| Frame 4

Loy  J 1 daai ] ]

Audio max, §0 ms advance
Video max. 80 ms advance

Fig. 11. LDU view of lip synchronization.

Timers can be regarded as streams of empty LDU’s with a
fixed duration (Fig. 10).

Table I gives an overview of the types of LDU’s discussed
above.

3) Further Examples: The following three examples show
synchronization based on LDU’s:

1) Lip synchronization demands tight coupling of audio
and video streams. Synchronization can be specified by
defining a maximal skew between the two media streams
(Fig. 11).

2) A slide show with audio commentary demands that

the change of slides be temporally related to the audio
commentary (Fig. 12).

3) The following example shown in Fig. 13 will be used in
Section V to demonstrate synchronization specification
methods.

A lip synchronized audio/video sequence (Audiol and

Video) is followed by the replay of a recorded user-

interaction (Rl), a slide sequence (P1-P3) and an ani-
mation (Animation), which is partially commented using
an audio sequence (Audio2). Starting the animation
presentation, a multiple choice question is presented to

Slide § Slide 2 Slide 3 Slide 4
Audio sequence
Fig. 12. LDU view of a slide show.
[w | [_tnercion _]
[y
t

Fig. 13. Synchronization example.

the user (Interaction). If the user has made a selection,
a final picture (P4) is shown.

D. Live and Synthetic Synchronization

The live and synthetic synchronization distinction refers to
the type of the determination of temporal relations. In the
case of live synchronization, the goal of the synchronization
is to exactly reproduce at a presentation the temporal relations
as they existed during the capturing process. In the case of
synthetic synchronization, the temporal relations are artificially
specified [40].

The following example shows aspects of live synchroniza-
tion:

Two persons located at different sites of a company

discuss a new product. Therefore, they use a video

conference application for person-to-person discussion.

In addition, they share a blackboard where they can

display parts of the product and they can point with

their mouse pointers to details of these parts and discuss
some issues like: “This part is designed to ...”

This example covers two live synchronization aspects: video
conference demands lip synchronization of the audio and
video, and the movement of the mouse pointer must be
synchronized to the corresponding explanation given in the
video conference.

An example of synthetic synchronization is a learning en-
vironment of a city realized by the Bank Street College of
Education, New York [60]):

A learner may perform a virtual voyage (surrogate
travel) to an ancient Mayan city. Using a joystick, the
learner walks through the jungle and explores the Mayan
ruins. At the same time, he hears the sounds from the
jungle. He can also take a closer look at the nature in
the environment and can “visit” a video museum to get
further information.
In the case of synthetic synchronization, temporal relations
have been assigned to media objects that were created in-
dependently of each other. The synthetic synchronization is
often used in presentation and retrieval-based systems with
stored data objects that are arranged to provide new combined
multimedia objects. A media object may be part of several
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Fig. 14. Live synchronization without intermediate long-term storage.

- multimedia objects. For example, the same video clip about
Germany may be part of a multimedia object that presents the
countries of the European Union, as well as of a multimedia
object that presents the countries qualified for the -soccer
world cup. Media objects of a multimedia object may be
stored/located at different servers.

For synthetic synchronization, it is necessary to use a
model for the specification and manipulation of temporal
synchronization conditions and operations. Common examples
[39] of such operations are: )

* Presenting media streams in parallel.

« Presenting media streams one after the other (serial).

« Presenting media stream independent of each other.

1) Live Synchronization: A typical application of live syn-
chronization is conversational services. In the scope of a
source/sink scenario, at the source, volatile data streams (i.e.,
data being captured from the environment) are created which
are presented at the sink (Fig. 14). The common context of
several streams on the source site must be preserved at the
sink. The source may be comprised of acoustic and optical
sensors, as well as media conversion units. The connection
offers a data path between source and sink. The sink presents
the units to the user. A source and sink may be located at
different sites.

A possible manipulation by the sink is to adapt the presen-
tation to the available resources. This may be, for example,
a change of resolution or a lower frame rate. To reduce
resource usage, it is preferable that such adaptations be already
performed at the source, in particular if the source and sink
are distributed and connected by a network.

Another type of live synchronization is shown in Fig. 15
and includes storage which holds the encoded data. The
presentation goal is the same as before, but the capturing
and presentation are decoupled. In this case, it is possible to
manipulate the presentation of the media. The presentation
speed may be changed, and random access is possible (which
is not possible in the scenario shown in Fig. 14).

In summary, we must emphasize that the primary demand
of live synchronization is to present data according to the
temporal relations which existed during the capturing process
of the media objects.

2) Synthetic Synchronization: The emphasis of synthetic
synchronization is to support flexible synchronization relations
between media. In synthetic synchronization, two phases can
be distinguished:

* In the specification phase, temporal relations between the
media objects are explicitly defined.

* In the presentation phase, a run-time system presents data
in a synchronized mode.

Fig. 15. Live synchronization with intermediate long-term storage and de-
layed presentation.

The following example shows this for the creation of a
multimedia presentation:

Four audio messages are recorded that relate to parts of
an engine. An animation sequence shows a slow 360
degree rotation of the engine. With a software tool (e.g.,
a synchronization editor), time relations between the
animation and matching audio sequences are specified.
The media objects, along with the synchronization spec-
ification can be used by a presentation tool that executes
the synchronized presentation.

Media objects that are stored in a live synchronization
scenario can also be included in a synthetic synchronization
playback.

Another variation of synthetic synchronization is the syn-
chronization specification at run-time, such as:

In a railway time-table information system, a user spec-
ifies his demands. An automatically-generated audio .
sequence presents this information to the user. During
the presentation, a video sequence is displayed that
shows how to go to the departure gateways and how to
proceed at the destination. The synchronization between
the generated audio and video is specified and performed
at run-time.

E. Comment

In the case of live synchronization, the synchronization
specification is implicitly defined during capturing. In the
case of synthetic synchronization, the specification is done
explicitly. If stored media objects are presented, presentation
manipulations like changing the presentation speed and direc-
tion and direct access to a part of the object are possible.
Adapting the presentation quality to the user demands or the
capacity of the underlying system resources is possible in both
cases.

User interaction in live synchronization includes only the
interaction during capturing. Synthetic synchronization can in-
clude user interactions at run-time, for example, for navigation.

III. PRESENTATION REQURBMEWS

For delivering multimedia data correctly at the user in-
terface, synchronization is essential. It is not possible to
provide an objective measurement for synchronization from
the viewpoint of subjective human perception. As human
perception varies from person to person, only heuristic criteria
can determine whether a stream presentation is correct or not.
In this section, results of some extensive experiments are pre-
sented that are related to human perception of synchronization
between different media.
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Fig. 16. The gap problem, restricted blocking.

Presentation requirements comprise, for intra-object syn-
chronization, the accuracy concerning delays in the presen-
tation of LDU’s and, for inter-object synchronization, the
accuracy in the parallel presentation of media objects.

For intra-object synchronization, we try to avoid any jitter
in consecutive LDU’s. Just as processés can wait for each
other, using the method of blocking (e.g., in CSP—Calculus of
Sequential Programming), a data stream of time-independent
LDU’s can also be stopped.

There is a different situation when lookmg at sequences of
audio and moving pictures:

* What does the blocking of a stream of moving pictures
. mean for the connected output device?

* Should and can the last picture of a stream be shown

during the blocking? :

* Should, in the case of speech or music, a previous part

be repeated during the blocking?

* How long can such a gap, as shown in Fig. 16, exist?

This situation has become known as the gap problem
[67]. In the case of moving pictures, existing systems are
solving the problem by simply switching the output device
to dark or white, or by showing the last moving picture
as a still picture. A practical solution must regard the time
factor. It is significant, whether the duration of such a gap
is a couple of milliseconds, a couple of seconds or even
a couple of minutes. Only the actual application (and not
the system) is able to select the best solution. Therefore,
alternatives must be available that are selected independently
of the expected blocking time. The concept of alternative
presentations is indicated in Fig. 16. In this example, it is
shown that in the case that the gap between the late video and
audio exceeds a predefined threshold, the audio presentation
is switched to an alternative presentation. In the case that
the gap is shorter, the audio presentation may be stopped
until the gap is closed. In general, in the case of blocking,
alternative single pictures, sequences of pictures or audio
signals can be presented, or previously used presentation units
can be simply repeated. This method of process blocking,
pertaining to streams of audio and video, is known as restricted
blocking.

Restricted blocking uses as a means for resynchronization
the repeated presentation of the last sample(s), or an alter-
native presentation. Another possibility is the re-sampling
of a stream. The basic idea of re-sampling is to speed up
or slow down streams for the purpose of synchronization.
We distinguish off-line and on-line re-sampling. Off-line re-
sampling is used after the capturing of media streams with
independent devices. An example is a concert which is cap-

tured with two independent audio and video devices. If these
devices, like many real-world devices, have insufficient accu-
rate crystal clocks, the theoretic playback duration according
to the sample rate of the stored audio and video sequences
may differ. Before the execution of the presentation, it is
possible to re-sample them to the same theoretic playback
duration. On-line re-sampling is used during a presentation
in the case that, at nin-time, a gap between media streams
occurs. '

Methods for re-sampling are to re-define the playback rate,
to duplicate, to interpolate or to skip samples or to re-calculate
the whole sequence. The human perception of the re-sampling
depends strongly on the media. Video sequences can be re-
sampled by adding or deleting single frames in a stream, as is
done in NTSC/PAL conversions. If the output device supports
different playback rates, the playback rate can be directly
adjusted.

Audio streams are more complex. A user will be annoyed by
simply duplicated or deleted blocks of audio. Also, changes in
the playback rate can easily be noticed by the user, especially
in the case of music playback because the frequency is
changing. The same is true for simple interpolation of samples.
Algorithms exist that can stretch or widen an audio sequence
without this frequency change.

The drop and add algorithms are based on thé idea of
insertion or deletion of parts of audio blocks as mentioned
above. Several techniques to reduce the user annoyance are
known that have to be selected and parameterized depending
on the material. One possibility in the case of lengthening is
to use fading techniques to avoid knacks. The duration of the
fading may not be too long because this leads to glitches. In
the case of reduction of blocks by skipping parts, important
parts of the audio hearing like attack phase of a base drum or
snare get lost. Despite of its disadvantages the drop and add
method is important because it may be performed in real-time
and is usable for on-line re-sampling.

Algorithms that provide better results, e.g., by using trans-
formations, exist but they do not support real-time demands
and are only suitable for off-line re-sampling.

For inter-object synchronization, more detailed results of
studies in the lip synchronization and pointer synchronization
areas are described in the following section to make clear
the importance of user perception aspects for presentation
accuracy. A summary of requirements for other types of
synchronization are included in Section V-A “Quality of
Service.”

A. Lip Synchronization Requirements

Lip synchronization refers to the temporal relationship be-
tween an audio and video stream for the particular case of
humans speaking. The time difference between related audio
and video LDU’s is known as the skew. Streams which are
perfectly “in sync” have no skew, i.e., 0 ms. Experiments at
the IBM European Networking Center [69] measured skews
that were perceived as “out of sync.” In these experiments,
users often mentioned that something was wrong with the
synchronization, but this did not disturb their feeling for
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the quality of the presentation. Therefore, the experimenters
additionally evaluated the tolerance of the users by asking if
the data out of sync affected the quality of the presentation.
In discussions with experts that work with audio and video,
the experimenters came to realize that generally, subjects
responded to or remembered particular parts of the clips,
therefore the experimenters observed a wide range of skews
(up to 240 ms). To get accurate and good skew tolerance
levels, the experimenters selected a speaker in a TV news
environment in a head and shoulder shot. In this orientation,
the viewer is not disturbed by background information and
the viewer should be attracted by the gesture, eyes, and lip
movement of the speaker.

The main results are:

e The “in sync” region spans a skew between —80 ms
(audio behind video) and +80 ms (audio ahead of video).
In this zone, most of the test candidates did not detect
the synchronization error. Very few people said that if
there was an error it affected their notion of the quality
of the video. Additionally, some results indicated that the
perfect “in sync” clip was classified “out of sync.” The
experimenter’s conclusion is that lip synchronization can

. be tolerated within these limits.

+ The “out of sync™ areas span beyond a skew of —160
ms and +160 ms. Nearly everyone detected these errors
and were dissatisfied with the clips. Data delivered with
such a skew was in general not acceptable. Additionally,
often a distraction occurred; the viewer/listener became
more attracted by this “out of sync” effect than by the
content itself. ~

o In the “transient” area where audio was ahead of video,
the closer the speaker was, the easier errors were detected
and described as disturbing. The same applied to the
overall resolution, the better the resolution was, the more
obvious the lip synchronization errors became.

e A second “transient” area, where video was ahead of
audio, is characterized by a similar behavior as above
as long as the skew values are near the in sync area. One
interesting effect emerged, namely that video ahead of
audio could be tolerated better than the opposing case.
As above, the closer the speaker, the more obvious the
skew. ‘

B. Pointer Synchronization Requirements

In a computer-supported co-operative work (CSCW) envi-
ronment, cameras and microphones are usually attached to the
users’ workstations. In the next experiment, the experimenters
looked at a business report that contained some data with
accompanying graphics [69]. All participants had a window
with these graphics on their desktop where a shared pointer
was used in the discussion. Using this pointer, speakers pointed
out individual elements of the graphics which may have been
relevant to the discussion taking place. This obviously required
synchronization of the audio and remote telepointer.

Using the same judgement technique as in their first exper-
iments, the “in sync” area related to audio ahead of pointing
is 750 ms and for pointing ahead of ‘audio it is: 500 ms. This

zone allows for a clear definition of the “in sync” behavior,
regardless of the content.

The “out of sync” area spans a skew beyond —1000 ms
and 41250 ms. At this point, the test candidates began to
mention that the skew made the attempted synchronization
worthless and became distracted unless the speaker slowed
down or moved the pointer more slowly. From the ‘user
interface perspective, this is not acceptable. Quite clearly, the
practice of pointing to one location on the technical figure
while discussing another is virtually impossible.

In the “transient” area, the experimenters found that many
test candidates noticed the “out of sync” effect but it was not
mentioned as annoying. This is certainly different from “lip
sync” where the user was more sensitive to the skew and,
without question, found it annoying.

IV. A REFERENCE MODEL FOR
MULTIMEDIA SYNCHRONIZATION

A reference model is needed to understand the various
requirements for multimedia synchronization, identify and
structure run-time mechanisms that support the execution
of the synchronization, identify interfaces between run-time
mechanisms, and compare system solutions for multimedia
synchronization systems.

To this end, we first describe existing classification and
structuring methods. Then, a four-layer reference model is
presented and used for the classification of multimedia syn-
chronization systems in our case studies. As many multimedia
synchronization mechanisms operate in a networked envi-
ronment, we also discuss special synchronization issues in
a distributed environment and their relation to the reference
model.

A. Existing Classification Approaches

An overall classification was introduced by Little and
Ghafoor [40]. They identified a physical level, system
level and human level, but gave no detailed description or
classification criteria. Other classification schemes distinguish
between intrastream (fine-grain) synchronization and inter-
stream (coarse-grain) synchronization, or between live and
synthetic synchronization [40], [70]. R

The model of Gibbs, Breiteneder, and Tschichritzis [26]
maps a synchronized multimedia object to an uninterpreted
byte siream. The multimedia objects consist of derived media
objects comprised of rearranged media sequences; e.g., scenes
from a complete video. The parts of the media sequences are
themselves part of an uninterpreted byte stream.

Ehley, Furth, and Tlyas [23] classify intermedia synchro-
nization techniques that are used to control jitter between
media streams according to the type and location of the syn-
chronization control. They distinguish between a distributed
control based on protocols, distribution based on servers
and distribution on nodes without ‘server structure. For local
synchronization control, they distinguish control on “several
layers and the use of local servers.

These classification schemes seem to be erthogonal, and
each one of them only captures some specific aspects. They do
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Fig. 17. Four-layer reference model.

not fulfill the above-stated requirements of the synchronization
reference model.

An improved three-layer classification scheme has been
proposed by Meyer, Effelsberg, and Steinmetz [51]. The
layers are: the media layer for intrastream synchronization
of time-dependent media, the stream layer for interstream
synchronization of media streams, the object layer for the
presentation, including the presentation of time-independent
media objects and the specification of complex multistream
multimedia presentations. At each layer, typical objects and
operations are identified. Each layer can be accessed directly
by the application or indirectly through higher layers. This
approach fulfills the demands of a reference model approach
and -we will enhance and interpret it appropriately in the
following.

B. The Synchronization Reference Model

A four-layer synchronization reference model is shown in
Fig. 17. Each layer implements synchronization mechanisms
which are provided by an appropriate interface. These in-
terfaces can be used to specify and/or enforce the temporal
relationships. Each interface defines services, i.e., offering the
user a means to define his/her requirements. Each interface
can be used by an application directly, or by the next higher
layer to implement an interface. Higher layers offer higher
programming and quality of service (QoS) abstractions.

For each layer, typical objects and operations on these
objects are described in the following sections. The semantics
of the objects and operations are the main criteria for assigning
them to one of the layers.

Detailed programming examples derived from a real in-
terface provided by a real product, prototype or standard
demonstrate how synchronization can be achieved through
each layer. The scenario for the programming example is to
display subtitles at predefined times during the playout of a
digital movie.

1) Media Layer: At the media layer, an application oper-
ates on a single continuous media stream, which is treated as
a sequence of LDU’s.

The abstraction offered at this layer is a device-independent
interface with operations like read(devicehandle, LDU) and
write(device-handle, LDU). Systems such as ActionMedia/II
audio-video kernel [34] or SunSPARC audio device [71]
provide the corresponding interfaces.

To set up a continuous media stream using the abstractions
offered by the media layer, an application executes a process
for each stream in the manner shown in the following example:

window = open

(**Videodevice’’); // Create a video output window
movie open

("'File’"); // Open the video file
while (not

eof (movie)) { // Loop

read(movie, &ldu); // Read LDU

if (1du.time=20) /!

print

(“*Subtitle 1'"}); //

else if

(l1du.time =26)

print(’’Subtitle 2'");

write(window, 1ldu);}/ Present LDU
close (window) ; // Close window
close (movie) ; // Close file

The process reads and writes LDU’s in a loop as long as data
are available. Synchronous playout of a subtitle is achieved by
polling the timestamps of the LDU’s for a certain value.

Using this layer, the application itself is responsible for the
intrastream synchronization by using flow-control mechanisms
between a producing and a consuming device [62]. If multiple
streams run in parallel, the sharing of resources may affect
their real-time requirements. Usually, a resource reservation
and management scheme allows for guaranteeing intrastream
synchronization [73]. The operating system schedules the
corresponding process in real-time [56]. In distributed sys-
tems, the networking components are taken into account
[2], [25]. In the special case of lip synchronization, the
interstream synchronization can be provided easily, where
simultaneous audio and video frames are interleaved within
the same LDU (e.g., ActionMedia-II's audio-video support
system [34] and the MPEG data stream [38]). Finally, the
synchronous playback of time-independent media objects and
user interactions are tasks to be performed by the applica-
tion.

Media layer implementations can be classified into simple
implementations and implementations that provide access to
interleaved media streams.

2) Stream Layer: The stream layer operates on continuous
media streams, as well as on groups of media streams. In a
group, all streams are presented in parallel by using mecha-
nisms for interstream synchronization.

The abstraction offered by the stream layer is the notion
of streams with timing parameters concerning the QoS for
intrastream synchronization in a stream and interstream syn-
chronization between streams of a group.

Continuous media is seen on top of the stream layer as
a data flow with implicit time constraints; individual LDU’s
are not visible. The streams are executed in a real-time
environment (RTE), where all processing is constrained by
well-defined time specifications [29]. On the other hand, the
applications themselves that are using the stream layer services
are executed in a non real-time environment (NRTE), where
the processing of events is controlled by the operating system
scheduling policies.

Typical operations invoked by an application to manage
streams and groups from the NRTE are: start(stream),
stop(stream), create.group(list.of_streams), start(group) and
stop(group). The interaction with time-independent media
objects and user interactions is performed by the attachment

Start the presentation

of synchronized subtitles
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of events to the continuous media streams (e.g., sefcue-
point(stream/group, at, event)). Such an event is sent to
the application whenever the stream reaches the specified
point during playback. Using this layer, the application
is furthermore in charge of any time-independent media
object and user interaction processing. This leads to different
application interfaces for continuous media and for time-
independent media and user interactions.

The Sync/Stream Subsystem of IBM’s MultiMedia Presen-
tation Manager (MMPM) for OS/2 provides a set of services
which can be used to implement data streaming and syn-
chronization. This subsystem, which can be understood as
the RTE, is comprised of the Sync/Stream Manager and
several stream handlers [35]. Stream handlers are responsible
for controlling the continuous data flow in real-time. The
Sync/Stream Manager provides a resource management and
controls the registration and activities of all stream handlers.

The following programming example for the use of the
stream layer uses the string command interface provided by
MMPM:

open digitalvideo

alias ex
load ex video.avs
setcuepoint ex

at 20 return 1
setcuepoint ex

at 26 return 2 //Define event 2 for subtitle 2
setcuepoint ex on // Activate cuepoint events
play ex // Start playing
switch readevent () {// Event handling

case l:display

// Create video descriptor
// Assign file to video descriptor

// Define event 1 for subtitle 1

(“’Subtitle 17) // If event 1 show subtitle 1
case 2:display
(‘’Subtitle 2’’) // If event 2 show subtitle 2

}
In MMPM?Y2, interstream synchronization for synchronized

playback of multiple streams within a group is achieved by a
master/slave algorithm, where one stream (the master) controls
the behavior of one or more subordinate streams (the slaves).
The skip/pause algorithm introduced in [6] gives a detailed
discussion of the implementation of such a behavior. The
synchronization mechanism in° ACME [5], as well as the
Orchestration Service [18], support stream layer abstractions
for distributed multimedia systems.

The stream layer abstraction was derived from the abstrac-
tion normally provided by the integration of analog media in
the computer system. In the Muse and Pygmalion systems
of MIT’s Project Athena [32] or in the DiME [70] system,
continuous media were routed over separated channels through
the computer. The connected devices could be controlled by
sending commands via the RS-232C interface to start and stop
the media streams. In such systems, live synchronization be-
tween various continuous media streams is directly performed
by the dedicated processing devices.

An application using the stream layer is responsible for start-
ing, stopping and grouping the streams and for the definition of
the required- QoS in terms of timing parameters supported by
the stream layer. It is also responsible for the synchronization
with time- independent media objects.

Stream layer implementations can be classified according to
their support for distribution, the types of guarantees that they

provide and the types of supported streams (analog and/or
digital).

3) Object Layer: The object layer operates on all types of
media and hides the differences between time-independent and
time-dependent media.

The abstraction offered to the application is that of a
complete, synchronized presentation. This layer takes a syn-
chronization specification as input and is responsible for
the correct schedule of the overall presentation. From our
understanding, the abstractions are similar to the “object
model” presented in [67].

The task of this layer is to close the gap between the
needs for the execution of a synchronized presentation and
the stream-oriented services. The functions located at the
object layer are to compute and execute complete presentation
schedules that include the presentation of the noncontinuous
media objects and the calls to the stream layer. Furthermore,
the object layer is responsible for initiating preparative actions
that are necessary for achieving a correctly synchronized
presentation. The object layer does not handle the interstream
and intrastream -synchronization. For these purposes, it uses
the services of the stream layer.

An example of interfacing to this layer is an  MHEG
specification [52]. The scope of the MHEG standard is the
coded representation of final form multimedia and hypermedia
information objects. In the following, we give a rudimentary
example of how our scenario might be coded in the MHEG
standard (using a simple notation to demonstrate the essentials
of our reference model):
Composite {
start-up link
viewer start-up
viewer-list

Viewerl:

reference to
Componentl
Viewer2:
reference to
Component2
Viewer3:
reference to
Component3
Componentl

reference to content

’‘movie.avs’’
Component2

reference to content

‘Subtitlel”’
Component3

reference to content

s gubtitle2”’

Link1l //Temporal relations

‘‘when timestone status °

of Viewerl becomes 20

then start Viewer2’’

Link2
‘‘when timestone status

of Viewerl becomes 26
then start Viewer3'’

//Composite object
//How to start. presentation

//Virtual views on
//component objects

//Component objects
//of the composite

A possible implementation of the object layer is an MHEG
run-time system, the MHEG engine. The MHEG engine evalu-
ates the status of the objects and performs operations (actions)
like prepare, run, stop or destroy on these objects. In the case
of time-dependent media objects, the run operation may be
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mapped to the initiation of a media stream on the stream
layer. In the case of a time-independent media object, this call
directly demands the object to be presented. Prepare times are
necessary, for example, to allow the stream layer to build up
a stream connection, or in the case of time-independent media
objects, to prefetch the presentation, e.g., to adapt the picture
color maps to the maps of the output device. The preparation
is started by the prepare action.

Object layer implementations can be classified according to
distribution capabilities and the type of presentation schedule
computation. It can be determined whether the implementation
calculates a schedule and, if it calculates one, whether the
schedule is computed before the presentation (compile-time
computation) or at run-time of the presentation (run-time
computation). Concerning distribution, implementations may
be local and may support distribution based on a server
structure or full distribution without restriction.

The task of the application using the object layer is to
provide a synchronization specification.

4) Specification Layer: The specification layer is an open
layer. It does not offer an explicit interface. This layer contains
applications and tools that allow one to create synchronization
specifications. Examples of such tools are synchronization
editors, multimedia document editors and authoring systems.
Also located at the specification layer are tools for converting
specifications to an object layer format. An example of such
a conversion tool is a multimedia document formatter that
produces an MHEG specification as proposed by Markey [50].

For example, the synchronization editor of the MODE sys-
tem [8] may be used to specify the synchronization example. It
offers a graphical interface to select the video and text objects
to use, to preview the video, to select suitable points where the
subtitles have to be shown, to specify the temporal relations
of these points to the subtitle and to store the synchronization
specification.

The specification layer is also responsible for mapping QoS
requirements of the user level to the qualities offered at the
object layer interface.

Synchronization specification methods can be classified into
the following main categories:

* Interval-based specifications, which allow the specifica-
tion of temporal relations between the time intervals of
the presentations of media objects.

¢ Axes-based specifications, which relate presentation
events to axes that are shared by the objects of the
presentation.

* Control flow-based specifications, in which at given syn-
chronization points, the flow of the presentations is syn-
chronized.

 Event-based specifications, in which events in the presen-
tation of media trigger presentation actions.

C. Synchronization in a Distributed Environment

Synchronization in a distributed environment is more com-
plex than in a local environment. This is mainly caused by
the distributed storage of synchronization information and
the different locations of the media objects involved in the

Audio Sink

l Source

Fig. 18. Use of a separate synchronization channel.

Video
Audio Sink
Synchronization

Source | multiplexed

Fig. 19. Multiplexed media and synchronization channels.

presentation. The communication between the storage and
presentation site introduces additional delays and jitter. Often,
we also encounter multi-party communication patterns.

1) Transport of the Synchronization Specification: At the
sink node, the presentation component needs to have the
synchronization specification at the moment an object is to
be displayed. We distinguish between three main approaches
for the delivery of the synchronization information to the sink:

e Delivery of the complete synchronization information
before the start of the presentation: This approach is often
used in the case of synthetic synchronization. Typically,
the application at the sink node accesses the object layer
interface with the specification or a reference to the
specification as a parameter. The implementation of this
approach is simple and it also allows easy handling in
the case of several source nodes for the media objects.
The disadvantage is the delay caused by the transport of
the synchronization specification before the presentation,
especially if it is stored on another node. The transport of
the synchronization specification is a duty of a component
located at the object layer or above.

* Use of an additional synchronization channel: This. ap-
proach, shown in Fig. 18, is mainly useful in the case
of one source node. It is used and is preferable in the
case of live synchronization when all the synchronization
information is not known in advance. No additional delays
are caused by this method. A disadvantage is that an
additional communication channel is needed that may
cause errors due to delay or loss of synchronization spec-
ification units. It is often forgotten that the information
on the synchronization channel must be decoded at the
time the respective object is to be displayed, i.e., data
communication at this channel must obey certain time
behavior. Also, the case of multiple source nodes for
synchronized media objects is difficult to handle. The
synchronization channel must be handled by the object
layer and possibly supported by the stream layer if the
synchronization channel is to be defined as a stream.

« Multiplexed data streams: The advantage of multiplexing
data streams on one communication channel (Fig. 19) is
that the related synchronization information is delivered
together with the media units. No additional synchro-
nization channel is necessary and no additional delay is
caused by this approach. An important problem regarding
multiplexed media and synchronization information is the
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difficulty of selecting an appropriate QoS which matches
the requirements of all involved medias, e.g., reliability
is dominated by the most stringent media objects. This
method is also difficult to use for multiple source nodes.
It must be supported by the stream layer. The use of
multiplexed data streams may be implied by coding
standards like MPEG. MPEG defines a bitstream that
combines video, audio and the related synchronization
information. Hence, this type of bitstream can be regarded
as one medium on the stream layer and for the synchro-
nization with other media, the other approaches can also
be chosen. ‘

2) Location of Synchronization Operations: In some cases
it is possible to synchronize media objects by combining the
objects into a new media object. This approach may be used to
reduce communication resource demands, as shown in Fig. 20.
In this case, an animation and two bitmaps that must overlay
a video sequence are already merged at the source node to
become a new video object to reduce bandwidth demands.

The mixing of objects, including time-independent media
objects, must be supported by the object layer. The mixing of
media streams, like mixing audio channels, must be supported
by the stream layer.

3) Clock Synchronization: In distributed systems, the syn-
chronization accuracy between the clocks of the source and
sink nodes must be considered. Many synchronization schemes
demand knowledge about the timing relations. This knowledge
is the basis for global timer-based synchronization schemes, as
well as for schemes that demand that operations on distributed
nodes are timely and coordinated to ensure, on one hand, in-
time delivery and on the other hand, that operations are not
performed too early to avoid a buffer overflow.

This problem is especially important for the synchronization
in the case of multiple sources (Fig. 21). If a synchronized
audio-video presentation should start at time 7%, at the sink
node, the audio transmission of Source A must start at 7, =

awv = Nig — Og, with Ny, as the known net delay and O, as
the offset of the clock of node A with respect to the clock of

Sources : Sinks

v [

==

Sinks

Sources

Fig. 22. Multiple communication relations.

the sink node. For source node B, the start tlme of the video
transmission is' Ty, = Toy — Njy — O,

The offsets O, and O, are not known. The- resulting .
problem of delivery to the sink in time can be solved if
the maximal possible values for O, and O, are known. It
is possible to allocate buffer capacities at the sink and to
start the transmission of the audio and video in advance to
guarantee that the required media units are available. Because
the necessary buffer capacity at the sink node depends on the
possible offset, and we must assume limited buffer capacity, it
is necessary to limit the maximal offset. This can be achieved
with clock synchronization protocols like the Network Time
Protocol [54] that allows the synchronization of the clocks
with an accuracy in the range of 10 ms. With the use of public
broadcast timer signals, submillisecond accuracies are practical
[55]. This accuracy is suitable for global timer synchronization
and for distributed operation scheduling.

The in-time delivery of LDU’s of a stream is a task of
the stream layer that must handle the clock offsets.The object
layer is responsible for in-time delivery of time-independent
media objects.

4) Multiple Communication Relations: Possible communi-
cation patterns are shown in Fig. 22. Patterns with multiple
sinks demand that at run-time, multicast and broadcast mech-
anisms be used to reduce resource requirements, in particular
network resources. Also inefficient multiple executions of
the same operation at different sinks should be avoided.
The multicasting of streams is the task of the stream layer.
Efficient planning of operation execution in the different
comimunication patterns is a responsibility of the object layer.

5) Multi-Step Synchronization: Synchronization in a dis-
tributed environment is typically a multi-step process. During
all steps of the process, the synchronization must be main-
tained in a way that enables the sink to perform the final
synchronization. The steps of the process are:

¢ Synchronization during object acquisition, e.g., during

digitizing video frames.

« Synchronization of retrieval, e.g., synchronized access to

frames of a stored video.

¢ Synchronization during delivery of the LDU’s to the

network, e.g., delivering the frames of a video to the
transport service interface.
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TABLE II
OVERVIEW OF THE SYNCHRONIZATION REFERENCE MODEL LAYERS
Layer Interface Abstraction Tasks
Specification §+ The tools performing the tasks | » Editing
;)f mlz llafy:r have 1@2‘&, the |, Formatting )
ayer liself as no upper interface * Mapping user-oriented QoS to
the QoS abstraction at the object
layer
Layer Interface Abstraction Tasks
Object «  Synchronization Specification + Plan and coordinate presertation
« Objects that hide types of | Scheduling
enclosed media « Initiate presentation of time-
» Media-oriented QoS (In terms of dependent media objects by the
acceptable skew and acceptable stream layer
Jitter) « Initiaste presentation of time-
independent media objects
« Initiate presentation preparation
actions
Stream » 'Streams and groups of streams. | * Resource  reservation  and
* Guarantees for i heduling of LDU p
synchronization
» Guarantees for interstream
synchronization of streams in a
group
Media « Device independent access to | = File and device access
LDUs
« Guarantees for single LDU
processing

 Synchronization during the transport, e.g., by isochronous
protocols.

» Synchronization at the sink, i.e., synchronized delivery to
the output devices.

* Synchronization within the output device.

6) Manipulation of the Presentation: The support of func-
tions like pause, forward and backward with different pre-
sentation speeds, direct access, stop and repeat is difficult in
a distributed environment. The necessary information must
be distributed in the environment. Objects that have already
been prepared in advance for the presentation must be deleted.
Network connections may be subject to change or must be re-
built. Therefore, delays in the execution of these manipulation
functions are difficult to avoid.

7) Consequences for Synchronization in a Distributed En-
vironment: To achieve synchronization in a distributed envi-
ronment, many decisions must be made. The first decision is
the selection of the type of transport for the synchronization
specification. In run-time, decisions must be taken concerning
the location of the synchronization operations, handling of
the offsets of the clocks and the handling of multicast and
broadcast mechanisms. In particular, coherent planning of
the steps in the synchronization process, together with the
necessary operations on the objects, e.g., decompression, must
be dopne. In addition, presentation manipulation operations
demand additional re-planning at run-time.

In general, the execution of synchronized distributed pre-
sentations is a complex planning problem. The resulting plan
is often known as a schedule.

D. Aggregate Characteristics of the
Synchronization Reference Model

The reference model allows for the structuring and clas-
sifying of 'synchronization systems. The identification of the
interfaces and layers enables one to combine existing solutions
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TABLE III
CLASSIFICATION OF METHODS AND MECHANISMS AT
THE SYNCHRONIZATION REFERENCE MODEL LAYERS

Layer Classification items

method
« Interval-based synchronization

* Axes-based synchronization

+ Control flow-based synchronization
» Event-based synchronization

‘Type of tool

« Textual specification tool

» Graphical specification tool
« Converter

Layer Classification items

Object

Type of distribution

« Local .

« Distributed, based on servers

« Distributed without server usage
Type of schedule computation

+ No computation

+ Compile-time computation

+ Run-time computation

Type of distribution

+ Local

« Distributed

Type of guarantees for stream QoS

« No guarantees for QoS, best effort
« Guarantees for QoS by resource reservations
Type of accessible data

«  Single medium data

+ Interleaved, complex data

Stream

Media

into complete systems. Table II provides an overview of the
interface abstractions and tasks of all layers of our reference
model.

The classification of mechanisms and methods in the layers
is summarized in Table III.

V. SYNCHRONIZATION SPECIFICATION

The synchronization specification of a multimedia object
describes all temporal dependencies of the included objects
in the multimedia object. It is produced using tools at the
specification layer and is used at the interface to the object
layer. Because the synchronization specification determines
the whole presentation, it is a central issue in multimedia

—systems. In the following, requirements for synchronization
specifications are described and specification methods are
described and evaluated.

A synchronization specification should be comprised of:

* Intra-object synchronization specifications for the media

objects of the presentation.

* QoS descriptions for intra-object synchronization.

« Inter-object synchronization specifications for media ob-

jects of the presentation.

* QoS descriptions for inter-object synchronization.

The synchronization specification is part of the description
of a multimedia object. In addition, for a multimedia object, it
may be described in which presentation form, respectively in
which alternative presentation forms, a media object should be
presented. For example, a text could be presented as text on
the screen or as a generated audio sequence. A specification
may allow only one of these or a selection of the presentation
form at run-time.
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TABLE IV
SoME QoS FOR THE PRESENTATION OF A MEDIA OBIECT
. Image "
Media (e.g. bimap) Video Audio
Quallty of Color Depth Color Depth Lin, or log.
Service sampling
Resolution Resolution Sample Size

In the case of live synchronization, the temporal relations
are implicitly defined during capturing. QoS requirements for
single media are defined before starting the capture.

In the case of synthetic synchronization, the specification
must be created explicitly. Several synthetic synchronization
specification methods have been described in the literature.
The most important are classified, surveyed and evaluated in
the following sections.

A. Quality of Service

Synchronization requirements can be expressed by a QoS
specification. The necessary QoS depends on the media and
application. »

1) Quality of Service for a Media Object: The QoS specifi-
cation for a media object includes the quality concerning single
LDU’s of a media object and the accuracy with which the
temporal relations between the LDU’s of this media object
must be fulfilled if the media object is a time-dependent object.

Table IV shows some QoS parameters for a media object.
The white boxes contain qualities that are independent of
temporal relations. The light shaded boxes contain timing
related qualities that are under the limited influence of the
presentation system because the quality depends on the quality
selected during capture. Usually, only quality degradation via
the presentation system is possible. The dark shaded bozxes
contain qualities which are potentially under full control of
the presentation environment.

2) Quality of Service of Two Related Media Objects: One
QoS parameter can define the acceptable skew within the
concerned data streams; namely, it defines the affordable syn-
chronization boundaries. The notion of QoS is well established
in communication systems. In the context of multimedia, it
also applies to local systems.

If audio and video parts of a film are stored as different
entries in a database, lip synchronization according to the
above-mentioned results should be taken into account. In this
context we want to introduce the notion of presentation-and
production-level synchronization:

» Production-level synchronization refers to the QoS to
be guaranteed prior to the presentation of the data at
the user interface. It typically involves the recording of
synchronized data for subsequent playback. The stored
data should be captured and recorded with no skew
at all, ie, “in sync.” This is in particular applicable
if the file is stored in an interleaved format. At the
participant’s site, the actual incoming audiovisual data is
“in sync” according to the defined lip synchronization

TABLE V
QUALITY OF SERVICE FOR SYNCHRONIZATION PURPOSES -
Media Mode, Application v m:::’;:f
video animation | correlated +- 120 ms
andio lip syncheonization +/- 80 ms
image overlay +- 240 ms
oon-overlay 4/~ 500 ms
ext overlay +- 240 ms
non-overlay +/- 500 ms
sudio amimation | event correlation (e.g dancing) +i- 80 ms
audio tightly coupled (sterco) +-11 ps
loosely coupled {dialogue mode with - 120 ms
various participants)
loosely coupled {(e.g. background music) | +/-~ 500 ms
image tightly coupled (c.g. music with notes) +/-5ms
loosely coupled {e.g. slide show) +/- 500 ms
ext text annotstion +/- 240 ms
pointer audio relatad 10 the item w which the ~ 500 ms,
pointer snows + 750 mg'

boundaries. Assuming the data arrive with a skew of
+80 ms, and if audio and video LDU’s are transmitted
as a single multiplexed stream over the same transport
connection, then it will be displayed as apparently “in-
sync.” Should the data be stored on the hard disk and
presented simultaneously at a local workstation and to
a remote spectator, then for correct delivery, the QoS
should be specified as being between —160 ms and 0
ms. At the remote viewer’s station without this additional
knowledge of the actual skew the outcome might be
that by applying these boundaries twice, data are not “in
sync.” In general, any synchronized data which will be
further processed should be synchronized according to a
production-level quality, i.e., with no skew at all.”

+ The presentation requirements discussed in Section Iil
identify presentation-level synchronization. This synchro-
nization defines whatever is reasonable at the user inter-
face. It does not take into account any further processing
of the synchronized data; presentation-level synchroniza-
tion focuses on the human perception of the synchroniza-
tion. As shown in the above paragraph, by recording the
actual skew as part of the control information, the required
QoS for synchronization can be easily computed. The
QoS values shown in Table V relate to presentation-level
synchronization. Most of them result from exhaustive
experiments and experiences, others are derived from
literature as referenced in [69]. They can serve as a
general guideline for any QoS specification. During the
lip and pointer synchronization experiments (Section I1I),
we learned that many factors influenced these results. We
understand this whole set of QoS parameters as a first-
order result to serve as a general guideline. However,
these values may be relaxed depending on the actual
content.

3) Quality of Service of Multiple Related Media Objects:
So far, media synchronization has been evaluated as the
relationship between two kinds of media or separate data
streams. This is the canonical foundation of all types of media
synchronization. In practice, we often encounter more than two
related media streams; a sophisticated multimedia application
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scenario incorporates the simultaneous handling of various
streams. An example is a video conference where a window
displays the actual speaker and the audio emerges from an
attached pair of speakers. ' '

Video ‘and audio data are related by lip synchronization
demands. Audio and the telepointer are related by the pointer
synchronization demands. The relationship of video data and
the telepointer is then yielded by a simple combination. In this
example, we will define the following skews [69]:

max skew (video ahead-of audio) = 80 ms
max skew (audio ahead_of video) = 80 ms
max skew (audio. ahead_of pointer) = 740 ms
max skew (pointer ahead_-of audio) = 500 ms
leading to the skew

skew (video ahead_of pointer) = 820 ms
skew (pointer ahead._of video) = 580 ms

‘In general, these requirements can be derived easily by the
accumulation of the canonical skew as shown in the above
example. The information gathered by the aggregation of
media is of interest for the user, as well as for the multimedia
system which must provide service according to these values.

In some cases, too many specifications of a synchronization
skew exist; for example, a language lesson that includes audio
data in English and Spanish, as well as the related video
sequences. The course builder enforces lip synchronization
between video and audio regardless of the language (+80 ms).
Additionally, the sentences need to be synchronized to switch
from one language to the other (we chose a figure of 400 ms
for this case). As lip synchronization is more demanding than
the synchronization between the languages, this would lead to
the following skew specification:

1. max skew (video ahead of audio_english) = 80 ms

2. max skew (audio_english ahead_of video) = 80 ms

3. max skew (video ahead_of audio.spanish) = 80 ms

4. max skew (audio.spanish ahead_of video) = 80 ms

5. max skew (audio_english ahead-of audio_spanish) =
400 ms

6. max skew (audio_spanish ahead_of audio_english) =
400 ms

This specification consists of a set of related requirements
which all need to be fulfilled, i.e., we must find “the greatest
common denominator.” For each canonical form, the derived

skews are computed as follows:

1+2+3+4:

max skew (audio_english ahead_of audio_spanish) =
160 ms

max skew (audio_spanish ahead of audio_english) =
160 ms

1+2+5+6:

max skew (video ahead_of audio_spanish) = 480 ms

max skew (audio_spanish ahead.of video) = 480 ms

3+445+6:

max skew (video ahead_of audio.english) = 480 ms

max skew (audio_english ahead_-of video) = 480 ms

In the second step, the most stringent set of all requirements
are selected:

1. max skew (video ahead.of audio_english) = 80 ms

2. max skew (audio_english ahead.of video) = 80 ms

3. max skew (video ahead_of audio.spanish) = 80 ms

4. max skew (audio_spanish ahead.of video) = 80 ms

5. max skew (audio_english ahead-of audio_spanish)=
160 ms . :

6. max skew (audio_spanish ahead-of audio-_english)=
160 ms

In the following step, any set of synchronization require-

ments can be chosen from the above-derived calculations:

max skew (video ahead_of audio_english) = 80 ms

max skew (audio_english.ahead of video) = 80 ms

max skew (audlo_engllsh ahead-of audio_spanish) =
160 ms

max skew (audio.spanish ahead.of audio_english) =
160 ms

In summary, the above. procedures allow us to solve two
related problems:

« If the applications impose a set of related synchronization
requirements on a multimedia system, we are now able
to find the most stringent demands.

e If a set of individual synchronization requirements be-
tween various data streams is provided, we are now
able to compute the required relationships between each
individual pair of streams.

B. Multimedia Synchronization Specification Methods

For the complex specification of multiple object synchro-
nization, including user interaction, sophisticated specification
methods must be used. The following requirements should be
fulfilled by such a specification method:

* The method shall support object consistency and main-
tenance of synchronization specifications. Media objects
should be kept as one logical unit in the specification.

¢ The method should supply an abstraction of the contents
of a media object that on one hand allows the specification
of temporal relations that refer to a part of the media
object, and on the other hand regards the media object as
one logical unit.

¢ All types of synchronization relations should be easnly
described.

¢ The integration of time-dependent and time-independent,
media objects must be supported.

¢ The definition of QoS requirements must be supported
by the specification method. It should preferably be
expressed in the method directly.

* Hierarchical levels of synchronization must be supported
to enable the handling of large and complex synchroniza-
tion scenarios.

In the following sections, specification methods are assessed
according to the criteria described above.

C. Interval-Based Specifications

In the interval-based synchronization specification, the pre-
sentation duration of an object is called an interval. Two
time intervals may be synchronized in 13 different types [3],
[28]. Some of these types are invertible like “before” and
“after”. Fig. 23 shows a reduced set of seven noninvertible
types according to [39]. A simple synchronization specification
method for two media objects is to use these seven types.

The enhanced interval-based model [74] is based on interval
relations. The basic interval relations have already been shown
in Fig. 23. In the enhanced approach, 29 interval relations that
are defined as disjunctions of the basic interval relations have
been identified as relevant for multimedia presentations. To
simplify the synchronization specification, ten operators have
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Fig. 24. Operations in the enhanced interval-based method.

been defined that can handle these interval relations. These
operators are shown in Fig. 24. The duration of a presentation
like A or B, as well as the delay 6,-‘, are subsets of ERE,*' because
the duration of a presentation, as well as of a delay, may not be
known in advance. In addition, for the operations beforeendof,
delayed, startin, endin, cross and overlaps 6; must not be {0}.

A slide show with slides Slide; (1 < i < n) and an audio
object Audio can be specified in this model by:
3lide; cobegin(0) Audio
glide; before(0) Slidei+i (1€i<an-1)

Lip synchronization between an audio object Audio and a
video object Video is simply specified by:
Audio while(0,0) video

The application example of Fig. 13 can be sketched as
follows:
Audiol while(0,0) Video
Audiol before(0) RecordedInteraction
RecordedInteraction before(0) Bl
Pl before(0) P2
P2 before(0) P3
P3 before(0) Interaction
P3 before(0}) Animation .
Animation while(2,5) Audio2
Interaction before(0) P4

This model allows the definition of a duration for time-
dependent and time-independent media objects. This duration
is used in the example to specify the duration of the presenta-
tion of the objects picture 1 to picture 3. The open duration of
the user interaction can be specified by defining the duration
as {RT).

The advantage of this model is that it is easy to handle
open LDU’s, and therefore user interaction. It is possible to
specify additional indeterministic temporal relations by defin-

TABLE VI
ASSESSMENT OF THE ENHANCED INTERVAL-BASED
SYNCHRONIZATION SPECIFICATION

Advanmcs' Disadvantages

Logical objects can be kept Complex specification

Good abstraction for media content Additional specifications for skew QoS
Decessary

Easy integrafion of ime-independent objocts Directsp of time between
media objects, but not for subunits of the media
objects

Easy integration of interactive objects Resolving of Indeterminism at runtime may lead
10 inconsistencies

. 10n of ind: inistic temp
relations supporied

ing intervals for durations and delays. Disjunction of operators
can be used for specifications of presentation relations like not
parallel. Therefore, it is a very flexible model that allows the
specification of presentations with many run-time presentation
variations.

The model does not include skew specifications. Despite the
direct specification of time relations between media objects, it
does not allow the specification of temporal relations directly
between subunits of objects. Such relations must be defined
indirectly by delay specifications, as shown in the while
operation for the animation and audio in the application
example, or by splitting the objects. The flexibility of speci-
fiable presentations may lead to inconsistencies in run-time.
For example, for two video objects A and B a not parallel
relation has been defined. In run-time, A may be running
and B may be coupled by a before(0) relation to the end
of a user interaction. If this user interaction ends, video B
must be started, but on the other hand, it may not be started
because of the notr parallel relation. It must be defined in
the model how such inconsistencies must be handled in run-
time or such potential inconsistencies must be detected before
run-time and the specification must be rejected. Building of-
hierarchies is easily definable. The assessment of the enhanced
interval-based method is summarized in Table VI.

D. Axes-Based Synchronization

In an axes-based specification, the presentation events, like
the start and end of a presentation, are mapped to axes that
are shared by the objects of the presentation. '

1) Synchronization Based on a Global Timer: For synchro-
nization based on a global timer, all single-medium objects are
attached to a time axis that represents an abstraction of real-
time. This specification method is used, for example, in the
Athena Muse project [32], where synchronization is described
by attaching all objects, independently of each other, to a time
axis. Removing one object does not affect the synchronization
of the other objects.

With modifications, this kind of specification is also used in
the model of active media [72]. A world time is maintained,
which is accessible to all objects. Each object can map this
world time to its local time and moves along its local time
axis. When the difference between world time and local time
exceeds a given limit, resynchronization with world time is
required. A time axis mechanism is also used in QuickTime
[22].
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Fig. 25. Time axes synchronization specification example.

TABLE VII
ASSESSMENT OF THE TIME AXES SYNCHRONIZATION SPECIFICATION
Advantage Disadvantages
Easy to understand Objects of unknown duration cannot be

integrated, extensions to the model are required

Skew QoS has to be specified indirecily by using
the common time axis or additional QoS
specifications have (0 be given

Support of hicrarchies easy (o realize

Advantage Disadvantages

Ezgy (0 maintain because of the mutual
independence of objects
Good abstraction for media contents

Integration of time-independent objects is easy

Synchronizing objects by means of a time axis allows a
very good abstraction from the internal structure of single-
medium objects and nested multimedia objects. Defining the
beginning of a subtitle presentation relative to a scene in
a video stream requires no knowledge of the related video
frames. Since synchronization can only be defined based on
fixed points of time, problems arise if objects include LDU’s
of unpredictable duration.

Moreover, synchronization based on one common global
timer may not be sufficient for expressing the synchronization
relations between different presentation streams. Depending on
the coherence of these presentation streams, synchronization
based on a common time axis might be either too strong or
too weak. A possible solution is to define an additional QoS
for each pair of media streams.

The use of the global timer demands that the media streams
are able to synchronize themselves to the global timer. This
may be difficult for audio streams because of the re-sampling
problems. Therefore, the audio stream is often used as the
global timer, but this still causes difficulties if several audio
streams must be synchronized.

Fig. 25 shows the specification of the application example.
It can be seen that there is no natural solution to handle the
unpredictable duration of a user interaction.

The assessment of the time axis method is summarized in
Table VII.

2) Synchronization Based on Virtual Axes: Virtual time axes,
as used in the project Athena [32] or the HyTime standard
[36], are a generalization of thc timc axis approach. In this
specification method, it is possible to specify coordinate sys-
tems with user-defined measurement units. A synchronization
specification is executed according to these axes. It is also pos-
sible to use several virtual axes to create a virtual coordinate
space. An example is a music description by notes as shown

irtual axis with measurement unit pitch

Y

Virtual axis with measurement unit beat

Fig. 26. Musical notes as an example of virtual axes.

Time axis 1

Interaction axis:

Audiol Pi{P2|P3| A
] Record. UT

Video Auvdio2

Time axis

Fig. 27. Virtual time axes specification example.

TABLE VIII
ASSESSMENT OF THE VIRTUAL AXES SYNCHRONIZATION SPECIFICATION
Advantages Disadvantages
Easy (o understand Skew QoS oaly Indirectly or through additional
specifications defined

Often specification according to the problem Specification may become complex with many
space possible axes

Good possibility for building hierarchies Mapping of axes at rantime may be complex and

time consuming

Easy to maintain, because objects are kept as
units and mutually independent objects

Good abstraction for nedia content
Easy integration of time-independent media
objects

Interactive objects can be included using
specialized aves.

in Fig. 26. The tune frequency is defined by the position on
the note lines. The sequence and duration is defined on the
axis with the measurement unit beat.

The mapping of the virtual axes to real axes is done in
run-time. In the example shown in Fig. 26, the pitch axis is
mapped to the audio frequency and the beat axis is mapped
to a timer.

The application example of Fig. 13 can be realized in this
approach by two time axes and an interaction axis (Fig. 27).
The latter should have interaction events as measurements
units.

The assessment of the virtual axes method is summarized
in Table VIIL

E. Control Flow-Based Specification

In conrrol flow-based specifications, the flow of the concur-
rent presentation threads is synchronized in predefined points
of the presentation.

1) Basic Hierarchical Specification: Hierarchical synchro-
nization descriptions [1], [63] are based on two main syn-
chronization operations: serial synchronization of actions and
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Fig. 30. Non-describable synchronization.

parallel synchronization of actions (Fig. 28). In a hierarchical
synchronization specification, multimedia objects are regarded
as a tree consisting of nodes which denote serial or parallel
presentation of the outgoing subtrees.

An action can be either atomic or compound. An atomic
action handles the presentation of either a single-media object,
user input or delay. Compound actions are a combination of
synchronization operators and atomic actions.

The introduction of a delay as a possible action [39] allows
the modeling of further synchronization behavior like delays
in serial presentations and delayed presentations of objects in
a parallel synchronization.

Hierarchical structures are easy to handle and widely used.
Restrictions from the hierarchical structure arise from the fact
that each action can only be synchronized at its beginning or
end. This means, for example, that the presentation of subtitles
at parts of a video stream requires the video stream to be split
into several consecutive components. This can also be seen in
Fig. 29 for the synchronization specification of the animation
and audio block in the example introduced in Section II-
C3. The animation must be split into the parts Animation 1,
Animation 2, and Animation 3 to be correctly ‘synchronized
with the audio block.

Accordingly, a synchronized multimedia object used as
a component in another synchronization can no longer be
regarded as an abstract unit if it has to be synchronized
between the beginning and end of its presentation. That is to
say, basic hierarchical specifications do not support adequate
abstraction for the internal structure of multimedia objects. In
addition, there are synchronization conditions which cannot
be represented using hierarchical structures. For example, the
three objects shown in Fig. 30 are presented in parallel, where
any pair of objects is synchronized but always independently

TABLE IX
ASSESSMENT OF THE BASIC HIERARCHICAL SYNCHRONIZATION SPECIFICATION
Advantages Disadvantages
Easy to understand Additional description of skew QoS necessary
. Narural support of hierarchies For the presentztion of time-independent media

objects presentation durations must be added

Splitting of media objects for synchronization
PUrposes recessary

No adequate abstractions for media object
contents

Intagration of interactive objects is easy

Some synchronization scenarios can not be
described

[Eaee] TTT]TJI]T]T

Audio

Fig. 31. Lip synchronization in the reference point synchronization model.

of the third object. To specify this synchronization, additional
synchronization points must be used.

The assessment of the basic hierarchical method is summa-
rized in Table IX.

2) Reference Points: In the case of synchronization via ref-
erence points [8], [67], time-dependent single-medium objects
are regarded as sequences of LDU’s. The start and stop times
of the presentation of a media object, in addition to the start
times of the subunits of time-dependent media objects, are
called reference points. Synchronization between objects is
defined by connecting reference points of media objects. A
set of connected reference points is called a synchronization
point. The presentation of the subunits that participate in
the same synchronization point must be started or stopped
when the synchronization point is reached. This approach to
synchronization specifies temporal relations between objects
without explicit reference to time.

Like synchronization based on a time axis, this description’
allows synchronization at any time during the presentation
of an object; moreover, object presentations of unpredictable
duration can be integrated easily. This type of spec:hcatlon is
also very intuitive to use.

A drawback of reference point synchromzatlon is that it
requires mechanisms for detecting inconsistencies. In addition,
synchronization based on reference points does not allow
for specification of delays in a multimedia presentation. To
solve this problem, Steinmetz [67] proposes time specifications
which specify explicit real-time-based delays. The inclusion of
timers also solves this problem. The specification based on a
global timer can be regarded as a subset of the reference point
synchronization: a timer according to Fig. 10 can be used as
global timer and all objects refer only to this timer.

In a reference point synchronization specification, the co-
herence between data streams can be described by specifying
a suitable set of synchronization points between the two data
streams. A close lip synchronization with a maximal skew of
+80 ms can be realized by setting a synchronization point,
for example, every second frame of a video (Fig. 31). If no
lip synchronization is required, it may be sufficient to set a
synchronization point every 10 frames of the video. Therefore,
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Fig. 32. Example of a slide show with an audio sequence in the reference
point model.
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Fig. 33. Reference point synchronization specification example (with the
integration of time-dependent and time-independent media objects, as well
as closed and open LDU’s). )

TABLE X
ASSESSMENT OF THE REFERENCE POINT SYNCHRONIZATION SPECIFICATION
Advantages Disadvantages
Easy to understand More difficult to maintain because of the direct
description of object relations
Natural description of temporal relations Hierarchies sometimes complex
Easy integration of interactive objects
Integrated description of skew QoS

Easy integration of time-dependent objects

Time axes-based synchronization can be
regarded as special case of the reference point
syachronization method

the specification of the skew QoS is directly integrated into
this specification method.

An example of the synchronized integration of time-
dependent and time-independent media objects is shown in
Fig. 32. Starting and stopping a slide presentation are initiated
by reaching suitable LDU’s in the audio presentation.

The application example of Fig. 13 can be completely spec-
ified with the reference point synchronization model (Fig. 33).

Hierarchies in the reference point synchronization method
can be created by regarding a set of synchronized objects as
one object, with the start of the first object and end of the
last object as reference points. Virtual reference points for
this presentation can be specified and mapped to the reference
points within the hierarchy. The semantic of this mapping can
become complex in the case that objects of unknown duration
are included in the hierarchy. The assessment of the reference
point method is summarized in Table X.’

3) Timed Petri Nets: Another type of specification is based
on petri nets [41], [43] that are extended with duration speci-
fications at places, a kind of timed petri net.

The rules for a timed petri net are:

+ A transition fires, if all input places contain a nonblocking
token.

* If a transition fires, a token is removed from each input
place and a token is added to each output place.

¢ A token that is added to a new place is blocked for the
duration that is assigned to this place.

Fig. 34. Petri net specification of a slide show.

Fig. 35. Petri net lip synchronization (F' = Video frame, A = Audio block).
Fig. 36. Petri net hierarchy comprised of the synchronization of Al and F1
to F3.
Audio-Video Record.UT  Picture
subnet subnet
Animation subnet 2
and Audio subnet
Fig. 37. Petri net specification example.

A slide show can be specified by assigning corresponding
durations to the places (Fig. 34).

For time-dependent media objects, each place in the petri
net represents an LDU. Lip synchronization can be modeled
on the basis of connecting appropriate LDU’s by transitions
(Fig. 35).

It is also possible to combine a set of consecutive LDU’s
to one place as long as no inter-object synchronization exists
between these LDU’s and others. A hierarchy can be con-
structed by creating subnets that are assigned to a place. The
duration of the longest path in the subnet is assigned to the
place (Fig. 36).

The application example of Fig. 13 can be modeled as
shown in Fig. 37. The subnets are not shown because they
can be created by the straightforward use of the techniques
described above.

Timed petri nets allow all Kinds of synchronization speci-
fications. The main drawbacks are the complex specifications
and the insufficient abstraction of media object content be-
cause, much like the hierarchical specification, the media
objects must be split into subobjects. The assessment of the
timed petri net method is summarized in Table XI.
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TABLE XI
ASSESSMENT OF THE PETRI NET SYNCHRONIZATION SPECIFICATION
Advantages Disadvantages

Hierarchies can be created Not easy to handle
Easy integration of time-independent objects Complex specification
Easy integration of interactive objects Splitting of media objects
Integrated skew QoS -1 Insufficient abstraction of media object content

TABLE XII

EVENT-BASED SPECIFICATION EXAMPLE
Event
Start Audiol.stop 2:;“1'

Action 4
Audiol start
Video start
Pic.1 start stop
Timerl start(3)
Pic.2 start

TABLE XIII

ASSESSMENT OF THE EVENT-BASED SYNCHRONIZATION SPECIFICATION

Advantages Disadvantages

Easy integration of interactive objects Not easy to handle

Easy extensible by new events Complex specification

Flexible because any event can be specified Hard to mainiain

Integration of time-dependent objects by using
additional timers

Separate descriptions of skew QoS necessary
Difficult use of hierarchies

- F. Event-Based Synchronization

In the case of event-based synchronization, presentation
actions are initiated by synchronization events, e.g., as in
HyTime and HyperODA [7]. Typical presentation actions are:

e Start a presentation.

¢ Stop a presentation.

¢ Prepare a presentation.

The events that initiate presentation actions may be external
(e.g., generated by a timer) or internal to the presentation
generated by a time-dependent media object that reaches a
specific LDU. ’

Table XII sketches an event-based synchronization for parts
of the application example of Fig. 13.

This type of specification is easily extended to new syn-
chronization types. The major drawback is that this type of
specification is difficult to handle in the case of realigtic
scenarios. The user is lost in this state transition type of
synchronization specification, hence creation and maintenance
becomes difficult. The assessment of the event-based method
is summarized in Table XIII.

G. Scripts

A script in this context is a textual description of a synchro-
nization scenario [33], [72]. Elements of scripts are activities
and subscripts. Often, scripts become full programming lan-
guages extended by timing operations. Scripts may rely on
different specification methods.

TABLE XIV j
ASSESSMENT OF THE SCRIPT SYNCHRONIZATION SPECIFICATION
Advantages lfrisadvan‘mges : §
Good support for hierarchies Not easy to handle\
Logical objects can be kept Complex speciﬁca#nn

Eagy integration of time-independent objects
Easy integration of inferactive objects

Tmplicit usage of cﬁmman ‘timers necessary

Special constructs fgr skevs QoS necessary

Easy tble by new sync] i s
coastructs
Flexible becanse programmable \

1

A typical example is a script that is based on the basic
hierarchical method and supports three main operations: serial
presentation, parallel presentation and the repeated presenta-
tion of a media object. ‘

The following example sketches a script for the application
example from Fig. 13. >> denotes a serial presentation, &
denotes a parallel presentation and n* denotes a presentation
repeated n times ([72]):
activity DigAudio
activity SMP
activity XRecorder
activity Picture
activity Picture
activity Picture
activity Picture
activity StartInteraction
activity DigAudio
activity RTAnima

Audio (’‘video.au’’) ;

Video (” ‘video.smp’ ) ;
Recorder (* ‘window.rec’’) ;
Picturel (‘‘picturel.jpeg’’);
Picture2 (' ‘picture2.jpeg’’);
Picture3 (’’/picturel3.jpeg’’):
Pictured (‘’‘pictured.jpeg’’);
Selection; :
AniAudio(’‘animation.au’’);
Animation(’‘animation.ani’’);

script Picture_sequence -
3 Pictures= Picturel.Duration(5) >>
Picture2.Duration(5)>>
Picture3.Duration(5);

script Lipsynch AV = Audio & Video;
script AniComment AA = Animation & AniAudio.Translate(2);
script Multimedia

Application-example {

AV >>

Record. UI >>

3Pictures >>

((Selection Pictured) & AA)
} :

Scripts are very powerful because they represent full pro-
gramming environments. A disadvantage is that this method
is more procedural than declarative. The declarative approach
seems to be more easier for the user to handle. The assessment
of the script method (based on the basic hierarchical method)

is summarized in Table XIV.

H. Comment

‘The presented synchronization specification methods have
different specification capabilities and are different with re-
spect to user-friendliness, but many of them just present
different “views” of the same problem. The different specifi-
cation capabilities restrict the mappingr between specifications
of different methods to the common subset.

The selection of an appropriate specification method de-
pends on the targeted application and on the existing environ-~
ment. As the temporal behavior of multimedia objects is only
one part of a presentation, we must keep in mind the context as
it may be an audio/video editor or an MHEG presentation tool.
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The selected method must fit into the selected environment.
There is no “best” or “worst” solution. For simple presenta-
tions without user interaction, the method based on a global
timer seems to be appropriate. For complex structures with
interaction, for example, the reference point model seems to
be suitable.

In many cases, users will not directly specify the syn-
chronization using a specific specification method. They will
instead use a graphical authoring system that may produce
specifications based on different methods. Experience shows
that usually one of these specification methods underlies the
construction of the user interface and therefore indirectly the
advantages and disadvantages of the method reflect themselves
at the user interface. In addition, many authoring systems allow
the author to step out of the high-level graphical representation
and to specify a complex synchronization directly at the
lowest synchronization specification level, e.g., the textual
level provided by the underlying method, which is not the
best way to proceed.

VL CASE STUDIES

Some interesting approaches to multimedia synchronization
are described in this section and classified according to the ref-
erence model presented previously. In particular, we analyze
synchronization aspects in standards of multimedia informa-
tion exchange and the respective run-time environments and
prototype multimedia systems which comprise several layers
of the synchronization reference model.

A. MHEG

The envisaged international standard Coded Representation
of Multimedia and Hypermedia Objects [52] will define the
representation and encoding of final form multimedia and
hypermedia information objects to be interchanged within
or across applications and services. The standard is known
as MHEG because it is developed by the Multimedia and
Hypermedia information coding Expert Group.

MHEG aims to support multimedia services that use a huge
amount of structured information. This data is stored at the
workstation, on a digital interchange medium like a CD or are
accessed via telecommunication services.

MHEG ensures that the multimedia objects are portable
and remain accessible in evolving environments, and it tries
to meet the requirements of applications with a need for
a final form representation of information, for multimedia
synchronization, for the support of interactivity with the user
and for real-time interchange of composite objects. MHEG can
be used as the object layer interface format.

1) MHEG Objects: MHEG uses an object-oriented ap-
proach to achieve active, autonomous, reusable objects. It
focuses on the generic structure of the objects. Content objects
encapsulate media objects that are part of the presentation.
For coding the content objects, media specific standards
like JPEG and MPEG are used. Composite objects act as
a “container” to group a set of MHEG objects. Action objects
are used to exchange sets of actions to be performed between
objects. Examples of actions are prepare to set the object

Additional
Trigger
conditions iﬂdmons
Auammej
point f
MHEG link
Source object

Fig. 38. MHEG link.

in a presentable state, run to start the presentation and stop
to end the presentation. Link objects are used to specify
spatial, temporal and conditional relations between MHEG
objects. An MHEG link is directional and connects one
source object with one or more linked objects (Fig. 38).
The MHEG runtime environment (called the MHEG engine)
monitors the status of the conditions and triggers the execution
of actions associated with the link. A script object is an
encapsulation of scripts which can be executed by software
separate from the MHEG engine. Selection objects are used
for user interactions. Descriptor objects provide additional
information about exchanged objects that are necessary for
processing resource negotiation. In addition, presentable and
template objects are concepts to use a single object several
times in one or several presentations.

To support application specific requirements applications
may extend MHEG classes by attributes of the objects, actions
to be applied to the objects, conditions for triggering links,
and media types. An application programming interface for
the handling of these objects is not defined by MHEG.

" Instead mandatory and optional interface facilities are part

of it. Mandatory facilities are basic actions (e.g., run and
stop the presentation), optional facilities comprise creation
and access to objects (e.g., create object, set value and get
value).

2) Synchronization in MHEG: The generic space in MHEG
provides a virtual coordinate system that is used to specify
the Jayout and relation of content objects in space and time
according to the virtual axes-based specification method. The
generic space has one time axis of infinite length measured in
generic time units (GTU’s). The MHEG run-time environment
must map the GTU’s to physical time units (PTU’s). If no
mapping is specified, the default is one GTU mapped to one
millisecond. Three spatial axes (X = latitude, ¥ = longitude,
Z = altitude) are used in the generic space. Each axis is
of finite length in an interval of [—32768,+32767]. Units
are generic space units (GSU’s). Also, the MHEG engine
must perform mapping from the virtual to the real coordinate
space. - .

The presentation of content objects is based on the exchange
of action objects sent to an object. Action objects can be
combined to form an action list. Parallel action lists are
executed in parallel. Each list is composed of a delay followed
by delayed sequential actions that are processed serially by the
MHEG engine, as shown in Fig. 39.

By using links it is possible to synchronize presentations
based on events. Link conditions may be associated with an
event. If the conditions associated with a link are fulfilled, the
link is triggered and actions assigned to this link are performed.
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Fig. 40. Aschitecture of an MHEG engine.

3) MHEG Engine: At the European Networking Center in
Heidelberg, an MHEG engine [27] has been developed. The
MHEG engine is an implementation of the object layer. The
architecture of the MHEG engine is shown in Fig. 40.

The generic presentation services of the engine provide
abstractions from the presentation modules used to present
the content objects. The audio/video-subsystem is a stream
layer implementation. This component is responsible for the
presentation of the continuous media streams, e.g., audio/video
streams. The user interface services provide the presentation
of time-independent media, like text and graphics, and the
processing of user interactions, e.g., buttons and forms.

The MHEG engine receives the MHEG objects from the
application. The object manager manages these objects in the
run-time environment. The inferpreter processes the action ob-
jects and events. It is responsible for initiating the preparation
and presentation of the objects. The link processor monitors
the states of objects and triggers links, if the trigger conditions
of a link are fulfilled. .

The run-time system communicates with the presentation
services by events. The user interface services provide events
that indicate user actions. The audio/video-subsystem provides
events about the status of the presentation streams, like end of
the presentation of a stream or reaching a cuepoint in a stream.

4) Summary: MHEG is a standardized exchange format
that can be used as the interface format at the object layer.
The synchronization is based on the virtual axes- and event-
based methods. An MHEG engine represents the object layer
run-time environment. The object layer implementation of the
described engine is based on media servers. The audio/video-
subsystem represents the stream layer. Fig. 41 shows the
relation to the synchronization reference model.

Regarding distributed environments, the processing model
of MHEG has the following drawback: the duration between
the preparation and display action is coded in the MHEG
object, but the duration depends on the run-time environment;

Specification layer .
Object layer interface | MHEG C;;i:[e{dﬁg“g”"tdia object-
gine
Object Layer &TZ&E;“ User Intexluce
Steeam fayer interface Llak Procouor Services
Stream layer AV-Subsystem i
Media layer interface
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Fig. 41. Classification of MHEG and MHEG engine components according
to the synchropization reference model.

therefore, this duration should be computed by the MHEG
engine.

B. HyTime

HyTime is an international standard (ISO/IEC 10744) [36]
for the structured representation of hypermedia information.
HyTime is an application of the standardized general markup
language (SGML) [65].

SGML is designed for document exchange, whereby the
document structure is of great importance, but the layout is
a local matter. The logical structure is defined by markup
commands that are inserted in the text. The markups divide
the text into SGML elements. For each SGML document, a
data type definition (DTD) exists which declares the element
types of a document, the attributes of the elements and how
the instances are hierarchically related. A typical use of SGML
is the publishing industry where an author is responsible for
the content and structure of the document, and the publisher is
responsible for the layout. As the content of the document is
not restricted by SGML,, elements can be of type text, picture
or other multimedia data.

HyTime defines how markup and DTD’s can be used to
describe the structure of hyperlinked time-based multimedia
documents. HyTime does not define the format or encod-
ing of elements. It provides the framework for defining the
relationship between these elements.

HyTime supports addresses to identify a certain piece of
information within an element, linking facilities to establish
links between parts of elements and temporal and spatial
alignment specifications to describe the relationships between
media objects. : ;

HyTime defines architectural forms that represent SGML
element declaration templates with associated jattributes. The
semantic of these architectural forms is defined by HyTime.
A HyTime application designer creates a HyTime-conforming
DTD using the architectural forms he/she needs for the Hy-
Time document. In the HyTime DTD each element type is
associated with an architectural form by a special HyTime
attribute.

The HyTime architectural forms are grouped into the fol-
lowing modules:

e The Base Module specifies the architectural forms that

the document comprises.

+ The Measurement Module is used to add dimensions,

measurement and counting to the documents. Media ob-
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jects in the document can be placed along with the
dimensions.

¢ The Location Address Module provides the means to ad-
dress locations in a document. The following addressing
modes are supported:

* Name Space Addressing Schema: Addressing to a
name identifying a piece of information.

» Coordinate Location Schema: Addressing by referring
to an interval of a coordinate space if measuring along
the coordinate space is possible. An example is to
address to a part of an audio sequence.

* Semantic Location Schema: Addressing by using
application-specific constructs.

* The Scheduling Module places media objects into finite
coordinate spaces (FCS’s). These spaces are collections of
application-defined axes. To add measures to the axes, the
measurement module is needed. HyTime does not know
the dimension of its media objects. So-called events are
used for the presentation of media objects. An event is an
encapsulation of a media object and comprises the layout
specification related to an FCS. The events can be placed
absolutely or relatively to other events within the FCS’s.

» The Hyperlink Module enables building link connections
between media objects. Endpoints can be defined us-
ing the location address, measurements and scheduling
modules.

» The Rendition Module is used to specify how the events

of a source FCS, that typically provides a generic pre-

sentation description, are transformed to a target FCS
that is used for a particular presentation. During the
mapping, presentation-related modifications are executed,
e.g., changing the color representation, projection of the
dimensions from the source to the target FCS or scahng
of the presentation.

1) HyTime Engine: The task of a HyTime engine is to take
the output of an SGML parser, to recognize architectural
forms and to perform the HyTime-specific and application-
independent processing. Typical subtasks of the HyTime en-
gine are hyperlink resolution, object addressing, parsing of
measures and schedules, and transformation of schedules and
-dimensions. The resulting information is then provided to the
HyTime application.

The HyTime engine, HyOctane [12], developed at the
University of Massachusetts at Lowell, has the following
architecture: an SGML parser takes as input the application
data type definition that is used for the document and the
HyTime document instance. It stores the document object’s
markups and contents, as well as the application’s DTD in the
SGML layer of a database. The HyTime engine takes as input
the information stored in the SGML layer of the database.
It identifies the architectural forms, resolves addresses from
the location address module, handles the functions of the
scheduling module and performs the mapping specified in the
rendition module. It stores the information about elements
of the document that are instances of architectural forms in
the HyTime layer of the database. The application layer of
the database stores the objects and their attributes, as defined
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Fig. 42. Classification of HyTime and the HyTime engine according to the
synchronization reference model.

by the DTD. An application presenter gets the information it
needs for the presentation of the database content, including
the links between objects and the presentation coordinates to
use for the presentation, from the database.

2) Summary: HyTime is applicable to many application
areas. It does not standardize content formats, encoding, docu-
ment types or specific SGML DTD’s. It provides a framework
for addressing portions of hypermedia document contents and
for the definition of linking, alignment, and synchronization.
In the context of the synchronization reference model, a
HyTime document, together with its DTD, can be used as
input to the object layer. The synchronization is based on
the virtual axes synchronization method. The SGML- and
HyTime-related preprocessing is done by the HyTime engine
in the object layer. The application presenter provides the other
object layer and stream layer functionalities. Fig. 42 shows the
relation to the synchronization reference model.

Other classification possibilities are to regard the database
of the HyTime Engine as an object layer interface format or
to use the database to generate an MHEG specification. In the
latter case, the HyTime engine can be regarded as part of a
format conversion tool at the specification layer.

C. Firefly System

The objective of the approach of Buchanan and Zellweger
[16], [17] is to automatically generate consistent presentation
schedules for interactive multimedia documents that comprise
media objects of predictable behavior (like audio and video)
and objects of unpredictable behavior (like user interactions).
The generation algorithm is comprised of two phases. At the
first phase, before execution of the presentation, high-level
temporal specifications for a document are used to compute a
presentation schedule, as far as possible without knowing the
unpredictable durations. In the second phase during the presen-
tation, the scheduling depending on unpredictable durations,
is incorporated.

The specification of the temporal constraints distinguishes
media-level specifications that describe the temporal behavior
of individual media objects and document-level specifications
that describe the temporal behavior of a complete multimedia
document, in particular the temporal-relations between single
media objects. Media items are used for the media-level
specification. They provide a reference to a media object and
are used to describe the temporal behavior of this media object.
A media item consists of:
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« Events, which represent points in time during the pre-
sentation of a media object. They are comparable to a
reference point.

« Durations, which specify the duration between two subse-
quent events in a media object. A duration is represented
by a triple of values: minDuration, optDuration, and
maxDuration. If the three values are equal, the presen-
tation duration is fixed. If they specify an interval, the
presentation is adjustable. No values are assigned for an
unpredictable duration.

» Costs, which can be used as measurement for the degree
of degradation in the case of stretching the presentation
toward the maximal duration, and respectively shrinking
it toward the minimum duration.

A document-level specification consists of:

e Media items, which are involved in the presentation.

< Temporal constraints, which are used to describe explicit
temporal relations between events in one or more media
items. Temporal constraints are classified into temporal
equalities that describe a fixed temporal relation between
two events (e.g., same time, one event 10 s before the
other), and temporal inequalities that describe a temporal
relation without a specified time (e.g., one event before
the other, one event at least 10 s and at most 20 s before
the other). ,

e Operations, which can be associated with an event and
include nonaltering presentation-related operations, like
increase volume of an audio presentation, and fime-
altering operations, like increase-playback-speed.

» Duration and costs, which can be described according to
the media level. At the document level, this is used to
describe a different behavior for several instances of one
media item in a document. ‘

» Unpredictable event control, which allows activation and
deactivation of unpredictable events.

To support the development of temporal specifications,

a graphical representation of the specification is supported.
The synchronization specification method is a combination of
reference point and interval-based synchronization.

The scheduler for the presentation that is located at the ob-
ject layer is divided into two parts: the compile-time scheduler
and the run-time scheduler. The compile-time scheduler con-
structs a main schedule that controls the parts of a document
that are predictable, and auxiliary schedules that control the
parts of the document that depend on unpredictable events. It
is an example of compile-time schedule computation at the
object layer.

The algorithm contains four parts:

« In the obtaining durations and costs step, the duration and
costs for each media item are obtained. To do this, the
media and document-level specifications for a media item
are unified and time-altering operations are incorporated
into the computation of the durations.

e In the finding connected components step, a union-find
algorithm is used to find connected parts of a document.
Two events are in the same connected component if they

are related by a predictable duration or a:temporal con-
straint. The connected components are called predictable,
if there are no unpredictable events that trigger events of
the component. Otherwise, they are called unpredictable.

» The assigning times to events step computes for each
event in a connected component the time for that event
with respect to the start time of the component. It uses
a simplex algorithm with the durations and temporal
constraints as constraints for the algorithm and the mini-
mization of the costs as its objective function.

e In the creating commands step, the previous results are
used to create the commands for the execution. A com-
mand includes a time when it must be executed, the
media item to process, an associated event, the list of
unpredictable events to be activated or deactivated and
the operations to be executed. All commands of the pre-
dictable components are integrated in the main schedule.
For each unpredictable component, a separate auxiliary
schedule is constructed. To improve performance for a
continuous media object with units of fixed durations,
only the start of the complete media object and events
that refer to other media objects are considered, not every
single event within the media item. It is assumed that the
stream presentation scheduling is done separately.

The run-time scheduler is an example of runtime schedule
computation at the object layer and controls the document
clock, the execution schedule and handles the unpredictable
events. After the compile-time scheduler has produced the
schedules, the run-time scheduler copies the' main schedule
into the execution schedule and starts the document clock. If
the document clock reaches a time with an associated com-
mand, it initiates the command. If an activated unpredictable
event occurs that triggers an unpredictable component, the run- -
time scheduler merges the corresponding schedule into the
execution schedule taking the actual document time as start
time for the first command in the schedule to merge. Because
unpredictable components may be triggered several times,
the run-time scheduler marks the instances in the execution
schedule to be able to distinguish the commands for the
different instances of an unpredictable schedule.

1) Summary:- The Firefly system provides complete syn-
chronization support. At the specification layer, an editor
is provided. The temporal relations based on the reference
point and interval-based specification methods are used at the
object layer interface. The Scheduler provides compiletime and
runtime computation of presentation schedules at the object
layer. The schedule of streams is only initiated at the object
layer, the execution is located at the stream layer. Fig. 43
shows the relation to the synchronization reference model.

The system provides well-organized scheduling planning
and integration of unpredictable durations. Currently, the sys-
tem does not consider media preparation durations, presenta-
tion restrictions by insufficient or missing local resources or
delays introduced by networks: ‘

D. MODE

The multimedia objects in a - distributed environment
(MODE) system [11], developed at the -University of
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Fig. 43. Classification of the Firefly system according to the synchronization
reference model. .

Karlsruhe, is a comprehensive approach to network transparent

synchronization specification and scheduling in heterogeneous
distributed systems. The heart of MODE is a distributed
multimedia presentation service which shares a customized
multimedia object model, synchronization specifications
and QoS requirements with a given application. It also

shares knowledge about networks and workstations with a

given run-time environment. The distributed service uses all
this information for synchronization scheduling when- the
presentation of a compound multimedia object is requested
from the application. Thereby, it adapts the QoS of the
presentation to the available resources, taking into account a
cost model and the QoS requirements given by the application.

The MODE system contains the following synchronization-

related components:

e The Synchronization Editor at the specification layer,
which is used to create synchronization and layout spec-
ifications for multimedia presentations.

e The MODE Server Manager at the object layer, which
coordinates the execution of the presentation service calls.
This includes the coordination of the creation of units
of presentation (presentation objects) out of basic units
of information (information objects) and the transport of
objects in a distributed environment.

» The Local Synchronizer, which receives locally the pre-
sentation objects and initiates their local presentation
according to a synchronization specification.

* The Optimizer, part of the MODE Server Manager, which
performs the planning of the distributed synchronization
and chooses presentation qualities and presentation forms
depending on user demands, network and workstation
capabilities and presentation performance.

1) Synchronization Model: In the MODE system, a syn-
chronization model based on synchronization at reference
points is used [8]. This model is extended to cover handling
of time intervals, objects of unpredictable duration and con-
ditions which may be raised by the underlying distributed
heterogeneous environment.

A synchronization specification created with the Synchro-
nization Editor is stored in textual form. The syntax of this
specification is defined in the context-free grammar of the
Synchronization Description Language. This way, a synchro-
nization specification can be used by MODE components,
independent of their implementation language and environ-
ment.

MODE distinguishes between dynamic basic objects and
static basic objects. A presentation of a dynamic basic object
is composed of a sequence of presentation objects. This corre-
sponds to a stream of LDU’s. The index of each presentation
object is a reference point. The presentation of a static basic
object, that may be a time-independent media object, as well
as an interactive object, has only two reference points, the
beginning and the end of the presentation. The description
of a reference point, together with the corresponding basic
object, is called a synchronization element, denoted in the

* form BasicObject.ReferencePoint. Two or more synchroniza-

tion elements can be combined into a synchronization point.
An entire inter-object synchronization is defined by the list of
all synchronization points.

A presentation quality can be specified for each basic object.
It is described by a set of attributes comprising an attribute
name, preferred value and value domain that describes all
possible values for this attribute.

2) Local Synchronizer: The Local Synchronizer performs
synchronized presentations according to the synchronization
model introduced above. This comprises both intra-object and
inter-object synchronization. For intra-object synchronization,
a presentation thread is created which manages the presenta-
tion of a dynamic basic object. Threads with different priorities
may - be used to implement priorities of basic objects. All
presentations of static basic objects are managed by a single
thread.

Synchronization is performed by a signaling mechanism.
Each presentation thread reaching a synchronization point
sends a corresponding signal to all other presentation threads
involved in the synchronization point. Having received such a
signal, other presentation threads may perform acceleration
actions, if necessary. After the dispatch of all signals, the
presentation thread waits until it receives signals from all other
participating threads of the synchronization point; meanwhile,
it may perform a waiting action. )

3) Planning and Execution of the Distributed Presentation.:
Before starting any presentation, the Optimizer is invoked.
The Optimizer uses a heuristic search algorithm, taking into
account the special conditions of a distributed environment
like multiple steps of the synchronization in a distributed
environment, multiple communication patterns, clock skews
and several possible locations of synchronization operations
into account. It uses information about the network, like the
available bandwidth, service qualities and available resources
at the workstation, as well as information about the processing
demands for media objects. This information is provided
to the Optimizer by environment and  application media
descriptions [10]. '

The planning result determines the achievable quality value
for each presentation attribute according to both user demands
and network and workstation resources. The result of the
planning process is the MODE Flow Graph [9] that describes
the times and nodes at which operations must be executed.
The partitioned Flow Graph is delivered to the involved nodes
and executed at run-time by the distributed MODE Server
Manager.

4) Exceptions Caused by the Distributed Environment: The
correct temporal execution of the plan depends on temporal
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Fig. 44. Classification of the MODE system according to the synchronization
reference model.

guarantees provided by the underlying environment. There-
fore, MODE provides several guarantee levels. If the un-
derlying distributed environment cannot give full guarantees,
MODE considers the possible error conditions. Three types
of actions are used to define a behavior in the case of
exception conditions, which may be raised during a distributed
synchronized presentation: 1) A waiting action can be carried
out if a presentation of a dynamic basic object has reached a
synchronization point and waits longer than a specified time
at this synchronization point. Possible waiting actions are,
for example, continuing presentation of the last presentation
object (“freezing” a video, etc.), pausing or cancellation of the
synchronization point. 2) When a presentation of a dynamic
basic object has reached a synchronization point and waits
for other objects to reach this point, acceleration actions
represent an alternative to waiting actions. They move the
delayed dynamic basic objects to this synchronization point in
due time. Possible actions include temporarily increasing the
presentation speed or skipping all objects in the presentation
up to the synchronization point. 3) When a presentation object
does not arrive in time, it is possible to skip the object and
to present the next one.

Priorities may be.used for basic objects to reflect their
sensitivity to delays in their presentation. For example, audio
objects will usually be assigned higher priorities than video
objects because a user recognizes jitter in an audio stream
earlier than jitter in a video stream. Presentations with higher
priorities are preferred over objects with lower priorities in
both presentation and synchronization.

5) Summary: MODE is a complete synchronization system
especially designed to support synchronization in a distributed
environment. MODE provides a Synchronization Editor at the
specification layer. The output of the editor is used as reference
point-based interface format between the specification and
the object layer. The Optimizer is part of the object layer
and performs a compile-time computation of the presentation
schedule before the start of the presentation. The MODE
Server Manager and the Synchronizer are also part of the
object layer. The threads generated by them for the handling
of dynamic media objects are part of the stream layer. Fig. 44
shows the relation to the synchronization reference model.

E. Multimedia Tele-Orchestra

At the University of Ottawa, the Multimedia Commu-
nication Research Laboratory (MCRLab) of Prof. Nicolas

D. Georganas has developed a multimedia synchronization
system known as multimedia tele-orchestra. This system is
comprised of a sophisticated specification schema, the Time
Flow Graph (TFG) [46], and an implementation of this syn-
chronization in a distributed environment [47]. In contrast to
many other specification methods, the TFG takes into account
that temporal knowledge may often be relative, i.e., it cannot
be described by exact time parameters. The authors call this a
fuzzy scemario. In addition, the duration of presentation parts
may be imprecise and not known in advance. Hence, neither
the exact occurring time points nor the duration are required
to specify synchronization. '

The notion of intervals serves as a basis for the TFG.
In [46] it is shown that all temporal relationships between
intervals can be represented with TFG’s. This leads to a partial
sequential ordering which is used by the actual processing
of synchronization at presentation time. With respect to our
synchronization reference model, the TFG is an interval-based
method located at the specification layer and 'also covers the
interface between this layer and the object layer (see Fig. 45).

Based on the TFG, a distributed multimedia synchronization
schema was developed and became known as the synchroniza-
tion controller for multimedia communication (SCMC) [47].
As a key feature, it takes into account that data may be
originated by different sources located at different places:
SCMC is targeted to run over ATM networks. However, the
same algorithms can be used to operate on. top of other
multimedia-capable network configurations like Ethernet 10
Base-T, 100 Base-T, and IsoEthernet.

In the tele-orchestration approach, a second component,
the temporal presentation controller (TPC), is in charge of
calculating a schedule with the earliest possible' time to present
objects at a remote computer. The result of the TPC, i.e.,
the respective schedule, is subsequently passed to the SCMC,
which will actually control data processing to match the
synchronization specification. In terms of the synchronization
reference model, the SCMC makes use of individual LDU’s.
It does not rely on a stream. The SCMC provides to its user
the capability to provide synchronization between individual
data streams. Hence, the SCMC is located at the media
layer, as well as the stream layer. The TPC maps time
constraints defined by the TFG onto SCMC primitives. The
TPC calculates local schedules, whereas the SCMC unifies all
local schedules to an actual implementation of the demanded
synchronization. Hence, the TPC is located in the object layer
according to Fig. 45. ‘

1) Summary: Tele-orchestra nicely covers the aspects of all
layers of our synchronization reference model. Distribution
is known and handled at the specification and; stream layers.
In [48], performance apalysis results of this synchronization
schema are presented. ‘

F. Littles Framework

The main objective of this framework, currently integrated
at the University of Boston [52] in a multimedia information
system, is to support the retrieval and delivery 'of multimedia
data. This system is comprised of methods for synchronization
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Specification layer

. Time Flow Graph -

Object layer interface -

Objéct layer Temporal Presentation Controller

Stream layer interface
Stream layer Synchronization Controller for
Multimedia Communication

Media layer interface

Media layer

Fig. 45. Classification of the tele-orchestra system according to the syn-
chronization reference model.

specification, data representation, temporal access control and
run-time intermedia synchronization. In particular, it pro-
vides mechanisms to overcome delays caused by -storage,
communication and computations on media objects. It also
provides mechanisms for scalability and graceful degradation
of multimedia services.

The specification of the synchronization is based on petri
nets [39] and global timer-based specifications that are mapped
to the temporal-interval-base (TIB) modeling approach. The
temporal relations in this model include a start time for a data
element, the duration of its presentation and the end time for
" it. Relative positioning is defined by delays between the start
times of presentations. .

Based on this specification, static and dynamic presentation
scheduling is computed at the object layer. As an example of
a simple planning algorithm in an environment with resource
restriction, we present the static playback schedule computa-
tion algorithm [43], [44]. It assumes that the data elements
are stored in a remote database. The data must be transported
to the presentation workstation via a packet-switched network
with restricted capacity. In a first step, the synchronization
specification is used to compute the point of time for the
start of the presentation (p;) for each data unit. This is easily
possible using the duration of the presentations (m;). Using the
start points of the presentations, it is necessary to compute the
point of times to access the data units (g;) from the database
because they need a time (7;) to be transported.

Let D, be the constant propagation delay, D; the delay
proportional to the packet size (medium packet size/channel
capacity) and D, the variable load-dependent delay. Then, T;
is defined as T; = D, + D; + D,,.

The following conditions must be fulfilled:

e p; > q; + T; (The data units must be available in time.)

* gi—1 < ¢; — T;—1 + D, (Data should be accessed when

previous sending of data is finished.)
The following algorithm is used to-compute g;:

q[m] = p[n] — T[n] // Start with last data unit.

for i=0 tom—2

if qm—i] < pm—1i—.1] —Dp // Collision

qm—i—1] = }
qm—1] — Tm — i — 1] + Dp // Resolve collision
else
qm—i-1] = .
plmn—i—1] -~ Tm— i — 1] // No collision
end
end

Petri Net
Time-line Specifications
e Temporal-interval-base -
Static Presentation Scheduler
LAP scheduling

Specification layer
Object layer interface
Object layer

Stream layer interface

Stream layer Skew control between streams

Media layer interface

Media layer

Fig. 46. Classification of Littles Framework according to the synchronization
reference model.

Because static scheduling does not consider dynamic
changes in the environment, as well as commands from the
user that alter, for example, the presentation speed, dynamic
scheduling is introduced. The dynamic scheduling approach
is called limited a priori (LAP) scheduling. It performs the
scheduling and reservation of resources only for a short period
of time. The multimedia presentation is split into components
of similar resource usage. For these components, the schedules
are computed and statistical resource reservation is used.
Subsequently, the session scheduler executes the presentation
of the components. In the case of user-initiated presentation
manipulation operations or of load changes, the schedules are
recalculated.

To support interstream synchronization, skew control mech-
anisms are supported. They are based on dropping and dupli-
cating data units, in the case that a queue representing the
stream processing reaches low or high threshold values.

The petri net and time-line specifications in the specification
layer are mapped to a TIB specification as an object layer in-
terface format that is a type of interval-based synchronization.
The compile-time and run-time scheduling is located at the
object layer. Additional skew control is provided at the stream
layer. : :

1) Summary: The Littles framework represents a well-
defined approach combining several layers. Its conception
is concentrated on the retrieval of multimedia objects on one
server and considers only a reduced set of distribution relevant
parameters. Fig. 46 shows the relation to the synchronization
reference model.

G. ACME

Abstractions for continuous media (ACME) [5] is an /O
server for continuous data streams in the stream layer. The
server controls a set of physical devices. Users can define
logical devices as abstractions from physical devices. A stream
path is built by connecting input and output devices. The
connection may be a real network connection. The stream
consists of LDU’s with an assigned time stamp.

A logical time system (LTS) synchronizes the I/O of logical
devices. An LTS owns a clock that can be bound to the device
which is most sensitive against delays, or it may be driven
by a specified connection. Each LDU will be processed by a
logical device, if the time stamp matches the LTS clock.

A blocking caused by a connection may occur. In this case,
the connection’s input device is blocked and must buffer more
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and more units. The output device is starving, because it does
not get enough LDU’s. The blocking is resolved by skipping
LDU’s or by pausing the LTS in the case that a max skew value
has been reached between time stamps of units and the LTS
clock. The LTS is restarted if the time stamps of the logical
data units are close to the paused LTS clock and an additional
amount of data for the start-up phase of the resynchronization
was received.

ACME offers a programming interface and provides support
for media streams at the stream layer only.

H. Further Synchronization-Related Systems

Today, available multimedia extensions for operating sys-
tems, like Apple QuickTime [22], Microsoft Multimedia Ex-
tensions [53], and IBM Multimedia Presentation Manager/2
[35] contain synchronization mechanisms applied at the stream
layer in the local domain. First networked systems like the
IBM Ultimedia Server cover some synchronization issues in
a distributed environment.

The Orchestration Service [18] provides a stream-oriented
interface for synchronized playout of continuous media in
a distributed environment. Nicolai [58], Little [42], Escobar
[24], Shepherd [63], Ramanathan [62], and Anderson (as de-
scribed in Section VI-G) have proposed techniques to control
jitter among media streams in the stream layer. An evaluation
and classification of these techniques is given in [23].

Based on the open distributed processing (ODP) standard
[37], Coulson [19] has designed a multimedia support plat-
form. The synchronization services are extensions of the
computational model of ODP. The architecture comprises a
synchronization management layer, a high level and a low
level orchestration layer. The management layer offers services
of the stream layer and event processing located at the object
layer. The high level orchestration service supports groups of
streams and the low level orchestration layer is responsible
for single streams.

Stefani, Harzad, and Horn [64] have proposed the use of
the synchronous language ESTEREL for the programming of
multimedia ‘synchronization. The language and its run-time
environment provide support for fast event processing at the
object layer.

At the University of Geneva [72], an object-oriented system
with a global timer-based synchronization specification has
been developed (see Section V-D1). )

Bultermans framework [15] handles the problems of sharing
network resources, synchronizing data coming from multiple
sources and representation of data on heterogeneous hosts in
a distributed environment. The components of the framework
can manage the resources of the distributed environment for all
active applications. The necessary information is provided by a
specification of the applications resource and synchronization
demands.

The Tactus system [21] includes a server for the synchro-
nization of media at the sink node and an interface toolkit
extended to support computation and controlling of streams
and to deliver them to the presentation server. The scheduling
is computed in advance to avoid delays at run-time. An

introduced cut operation allows for low-latency reaction to
user interactions by selecting between pre-computed sched-
ules. -

The use of traditional event-based user interface servers can
be the reason for synchronization failures caused by the delay
between calling the server to do a presentation and the actual
presentation performance of the server. The time relations of-
demanded presentations get lost quite often. A proposal to
handle this problem is to extend the window server to delay
the execution of a presentation until a client-defined event
occurs. This allows the reintroduction of the time relations
between presentations in the server.

HyperODA [7] is a standardization activity that defines a
multimedia document exchange format. It is an extension of
the open document architecture (ODA) [14]. The extension of
ODA to a multimedia and hypermedia document architecture
requires new content architectures, e.g., for audio and video,
and the definition of a model for the layout in time and integra-
tion with the layout in space. Intra-object synchronization is
included in the content architectures, for example, in the audio
content architecture. Inter-object synchronization is realized by
event-based synchronization in prototypes. HyperODA is still
in development. ‘

1. Comment

A large number of synchronization supporting systems
have been developed. Commercially available synchronization
support is mainly restricted to the support of streams in local
systems. Many research efforts are directed toward support
of distributed environments, the development:of presentation
scheduling strategies and the integration of user interaction.
The analysis of existing systems has confirmed that the syn-
chronization reference model matches the structuring needs of
multimedia synchronization systems.

VII. SUMMARY AND OUTLOOK

A. Summary

In integrated multimedia systems, several aspects regarding
synchronization must be considered. Unfortunately, the same
term is used by many authors to-denpte different issues. In this
contribution, synchronization-related terms are defined and the
layers of synchronization processing in multimedia systems are'
classified in a synchronization reference model.

Intra-object synchronization is defined as the synchroniza-
tion of the LDU’s of one media object. Inter-object synchro-
nization is the synchronization between the media objects.

For live synchronization, the synchronization speciﬁcation
directly results from the temporal relations during the captur-
ing of the objects. In synthetic synchronization, the temporal
relations between media objects are explicitly ‘created.

A synchronization reference model is defined that classifies
synchronization facilities and interfaces in layers and allows
the identification and classification of media synchronization
issues and approaches. The specification layer is comprised
of tools for the creation and conversion of synchronization
specifications. The object layer takes at its service interface
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synchronization specifications as input. It plans and orga-
nizes the presentation, and initiates the presentation of time-
independent media objects and of user interactions. For the
presentation of continuous media, it uses the stream layer
services. The stream layer interface supports abstractions of
streams. It handles the intra-object synchronization and the
synchronization between continuous media streams. The media
layer interface hides access to the multimedia devices.

Several methods for the synthetic synchronization specifi-
cation are discussed which have been developed over the last
years. The enhanced interval-based method specifies relations
between presentation - intervals, The axes methods specify
synchronization using a mapping of media objects to one
or more common axes. The basic hierarchical method uses
operations like parallel and serial to define relations between
media objects. The reference point approach allows for spec-
ification by defining relations between the LDU’s of media
objects. Petri nets can be used to specify the flow of a
presentation by using places with durations and attaching the
start of presentation operations to the firing of transitions.
The event-based method couples presentation operations to
events. Scripts are a programming-oriented approach which
make use of synchronization operations. All of these methods
have been shown to provide different specification capabil-
ities. Conversions or mappings of specifications between the
different methods are possible, but often they are restricted to a
common subset of the specification capabilities. In most cases,
the user uses a graphical editor to specify the synchronization.
The underlying specification methods usually reflect the user
interface abstraction and the editors allow for direct access to
these specification methods.

The required QoS of the temporal relationships to be pre-
sented to the viewer/listener is derived from the user’s per-
ception. Experiments have shown that a skew of more than
+/—80 ms between an audio and a video stream is annoying,

-if lip synchronization is necessary. Further QoS requirements
and a method for combining QoS requirements for multiple
concurrent media have been presented.

A distributed execution environment causes many additional
challenges because of the distribution of the synchronization
specification and the respective media objects, the required
communications and delays in the distributed environment
and the demanded use of multi-party communication. Syn-~
chronization in the distributed environment is a multi-step
synchronization process and planning problem. -

The most well-known systems have been classified accord-
ing to this synchronization reference model. This case study
results in a comparison of the capabilities of the various
approaches. On the other hand, it has proved the usefulness of
the synchronization reference model.

B. Future Topics

The expansive development of multimedia applications de-
mands that presentations can be executed on heterogeneous
platforms. For that purpose, standards like MHEG, Java, and
ScriptX are used that support exchangeable synchronization
specifications. The success of multimedia exchange standards
depends on the availability of run-time environments for the

exchange formats. Which standard will be the most important
in the future is still open. The availability of a standard
format will also lead to the availability of supporting authoring
systems. '

The upcoming availability of multimedia teleservices de-
mands an open distributed environment. For that purpose,
an open stream mechanism and open object layer services
are required. Initial work in the area of open streams in a
heterogeneous environment has been done by the Interactive
Multimedia Association, an industry-driven approach to open
multimedia services. Additional efforts are required for the
development of open object layer services.

VII. CONCLUSION

In summary, we classified and compared the major ap-
proaches. Here, we focused on’ the demands, the various
specification methods and basic run-time support concepts of
the regarded approaches. Many more ideas, prototypes. and
products have implemented some kind of synchronization.
However, it is still a matter of research to find out which are the
most appropriate approaches for performing synchronization,
especially in distributed environments.
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