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One of the unique features that distinguishes digital multi-
media from traditional computer data is the presence of
multiple media streams. whose display must proceed in a
mutually synchronized manner. The design of techniques for
synchronization of multimedia data at the time of storage.
and retrieval from network file servers is the subject matter of
this paper. We present algorithms by which a file server can
create a relative time system and synchronize media units
transmitted by different sources on a network to construct a
multimedia object. These algorithms stay robust in the
absence of global clocks. presence of transmission jitter and
generation rate mismatches. We develop a feedback technique
using which the file server can detect asynchronies in display
devices during retrieval of multimedia objects. and even
restore synchrony by deleting or duplicating media units
destined for asynchronous destinations. We then present
strategies by which the file server can actually predict the time
in future when the asynchrony of a device is expected to
exceed the permitted bound, and take gradual preventive
action to nullify the asynchrony in advance. These algorithms
can be generalized to heterogeneous multimedia networks in
which there may be variations in sizes of media units
generated. differences in network locations of sources and
destinations, etc. We are currently implementing these
techniques in a digital multimedia on-demand storage server
being developed at the UCSD Multimedia Laboratory.
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Future advances in networking and storage'- 2 will make
it feasible to design computer systems capable of offering
services such as multimedia mail, news distribution,
advertisement, and entertainment™*. Supporting such
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services requires the ability to capture multimedia
objects digitally at their sources, transmit the objects to
network file servers for storage, and later retrieve them
for display at various destinations on the network. One
of the unique features that distinguishes digital multi-
media from traditional computer data is the presence
of multiple media streams, whose display must proceed
in a mutually synchronized manner. The design of
techniques for synchronization of multimedia data at
the time of storage, and retrieval from network file
servers is the subject matter of this paper.

A multimedia object may consist of many com-
ponents, such as audio, video and text. Generally, the
components of a multimedia object are separated at the
input (i.e. they go through different digitizers), and
during storage they arrive at a file server as separate
streams on a network. Retrieval of a multimedia object
must proceed so as to not only maintain continuity of
playback of each of its media components, but also to
preserve the temporal relationships among them,
even though each of the components may be played
back at a different I/O device on the network. In future
integrated networks, I/O devices that digitize and
packetize media data may be connected directly (as
opposed to via a host computer) to the network, e.g.
Etherphone’, ISDN Telephone, etc. (see Figure I). Such
devices may not have the sophistication to run complex
protocols or time synchronization mechanisms. Hence,
any synchronization mechanism that involves elaborate
handshaking protocols requiring frequent exchange of
control messages may not be feasible. On the other
hand, direct use of media data (such as its length) for
synchronization may not be possible due to variable
rates of video compression and silence elimination of
audio, after which video and audio data no longer have
lengths proportional to their period.

In this paper we have addressed the problem of
media synchronization in the absence of globally
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Figure1 Communication network connecting a file server and
media I/O devices

synchronized clocks but in the presence of jitter in
transmission delays and digitization rates, and media
losses on the network. We present algorithms by which,
to facilitate synchronization, a file server can create a
relative time system in which media units (from
different sources on a network) whose generation times
are within a bounded time window are assigned the
same relative time stamp while they are being stored.
The rate of advance of the relative time system is driven
by a master media source that can be chosen on the
basis of application (in the absence of an application-
designated master, the file server itself serves as the
master).

Synchronous retrieval is slightly more complex
because media streams may be routed to different
display devices on a network. These devices may have
mismatches in playback rates, the network may have
delay jitter, and the devices used for playback may be
different from those used earlier for recording. We
present techniques in which the file server uses
feedback units periodically transmitted back to it by
display devices to detect asynchronies between display
devices*. The file server then restores synchrony by
deleting or duplicating appropriate amounts of media
data in the transmission queues destined for slow or
fast devices, respectively. We develop algorithms that
enable the file server to actually predict the time in
future when the asynchrony of a device is expected to
exceed the permitted bound, and take gradual preventive
action in advance to remedy the asynchrony.

The rest of the paper is organized as follows. In the
following section we introduce the concept of relative
time system in multimedia network file servers.
Algorithms for assigning relative time stamps to media
data during storage are then presented, along with
techniques for their synchronous retrieval on a multi-
media network. These techniques are then generalized
for heterogeneous multimedia networks. Finally we
compare our work with other media synchronization
efforts.

*Each feedback unit is a replica of a media unit. except for the data
part which is null; hence its transmission is lightweight and imposes
little overhead.

RELATIVE TIME SYSTEM IN MULTIMEDIA
FILE STORAGE

In its most general form, a multimedia object being
stored on a network file server may be constituted of
media components generated by different sources
located at different places on the network. The
individual media components are continuously digitized,
converted into units of media display (such as frames),
and transmitted on the network to the file server.
Furthermore, the media components may be generated
at different times, but their display may be required to
be simultaneous (e.g. audio dubbing in movies). Hence,
itis convenient to place all the media units constituting
a multimedia object on a relative time scale, with the
media units that are at the beginning of the object
placed at zero on the scale. The position of a media unit
on the relative time scale defines its relative time stamp
(RTS). A unit of the relative time scale should not
exceed the duration of the smallest media unit, so that
no two media units originating from a source are
associated with the same relative time, thereby avoiding
ambiguities during retrieval. The periods of media
units generated by different sources may be different,
and choosing their common factor (such as their
greatest common divisor (GCD)) as the unit of relative
time scale affords the advantage that the RTS will only
take integer values.

Each media unit (such as a video frame or an audio
sample) should be associated with an RTS. During
retrieval. all those media units with the same RTS must
be displayed simultaneously. RTSs of media units can
be determined in a straightforward manner by a file
server when all the media sources are synchronized.
We do not assume globally synchronized clocks for the
following reasons:

® clock synchronization requires sophisticated proto-
cols for negotiation and agreement among media
sources. We assume that the media sources can
digitize, packetize and transmit data on the
network, but may not have the sophistication
required for running complex protocols;

e media sources may belong to different organiz-
ational domains (each of which may possess internal
but not external clock synchronization) that may
not want to synchronize all of their clocks across
all the domains solely for the purpose of the
application being considered;

e even if clocks are synchronized there may be non-
deterministic delays before audio/video units can
be collected from the internal buffers of media
devices. These delays may introduce inaccuracies
in determining generation and playback times of
units.

In the absence of globally synchronized clocks, the
RTS is to be based on a master media source. The first
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