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Abstract. A distributed multimedia document presentation
involves retrieval of objects from one or more document
servers and their presentation at the client system. The pre-
sentation of the multimedia objects has to be carried out in
accordance with the specification of temporal relationships
between the objects. The retrieval of multimedia objects
from the document server(s) is influenced by factors such
as temporal specification of objects presentations, through-
put offered by the network service provider, and the buffer
resources on the client system. Flexibility in the temporal
specification of the multimedia document may help in de-
riving an object retrieval schedule that can handle variations
in network throughput and buffer resource availability. In
this paper, we develop techniques for deriving a flexible
object retrieval schedule for a distributed multimedia doc-
ument presentation. The schedule is based on flexible tem-
poral specification of the multimedia document using the
difference constraints approach. We show how the derived
retrieval schedule can be validated and modified to ensure
that it can work with the offered network throughput and the
available buffer resources.

1 Introduction

A multimedia document consists of different types of media
objects that are to be presented at different instants of time
for different durations. The time instances and durations of
presentations of the objects are specified as either hard or
flexible temporal specifications. In the case of hard tempo-
ral specification, the time instants and durations of presenta-
tions of objects are fixed. In a flexible temporal specification,
however, the time instants and durations of presentations of
objects are allowed to vary as long as they preserve certain
specified relationships. To see this, consider two temporal
constraint specifications of the form
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– (a) Start showing the imageat 10 a.m.for 10 min.
– (b) Start showing the imagesometime between9:58 a.m.

and 10:03 a.m. and show it till the audio is played out.

The first statement is ahard temporal specification, with
the time instant and duration of presentation of the image
fixed (at 10 a.m. and for 10 min, respectively). In contrast,
the second specification is more flexible in that it allows the
start time instant to vary within a range of 5 min. A similar
flexibility is allowed for the duration of presentation of the
object also, by showing the image till the audio is played
out. The temporal constraint specification, in other words,
helps in the derivation of apresentation schedulethat de-
scribes the starting times and durations of the presentations
of the objects composing the multimedia document. Note
that, if the specifications are hard, the presentation sched-
ule would be the same as the temporal constraint specifica-
tion. Flexible temporal specifications imply that there may
be many options in the presentation of the multimedia docu-
ment, i.e., one can have asetof presentation schedules that
satisfy the given temporal constraints. Each member of this
presentation schedule set describes one possibleview of the
multimedia document. In this work, we deal with flexible
temporal constraints.

In a distributed multimedia presentation, the objects
composing the document may be dispersed over a computer
network. These objects have to be retrieved from their stor-
age sites and presented to the user. With the storage place
acting as aserverand the retrieving system as aclient, the
retrieval process is initiated by the client (as opposed to the
server justdelivering the objects following some schedule
of its own). Hence, the retrieval process is composed of the
following phases.

– Identify a presentation schedulethat satisfies the (flexi-
ble) temporal specification associated with the multime-
dia document.

– Identify a retrieval schedulethat specifies the time in-
stants at which the client should make a request to the
server(s) for delivering the objects that compose the mul-
timedia document.

Specification of the time instants for retrieving objects
from the server as part of the retrieval schedule is carried out
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by determining the time taken to transfer the object from the
server to the client. Consider the temporal constraint specifi-
cation (b). We can derive a presentation schedule that spec-
ifies the start time of presentation of object A as 9:58 a.m.
If we know that the delay involved in retrieving object A
from its server is 3 min, then the retrieval schedule can be
fixed at 9:55 a.m. This retrieval schedule is constrained by
the following factors

1. Throughput (or the bandwidth) of the communication
channel between the server and the client.

2. Buffer availability for the retrieved objects.
3. Size of the object(s) that is (are) to be retrieved from the

server.
4. Time duration available for retrieval.

Here, the throughput of the communication channel, and
the buffer resources are system dependent. The available
throughput can vary depending on the type of network and
the load on the network. The buffer resources are dependent
on their availability in the client system. The last two con-
straints, sizes of the objects and the times available for re-
trieval, are application dependent. Size of an object depends
on the type of media, as well as on the desiredquality of
presentation (as discussed in Sect. 2.2). For example, an im-
age object may be retrieved as a thumbnail sketch or as a
full image. The time available for presentation depends on
the derived presentation schedule from the (flexible) tem-
poral constraints specification. The retrieval schedule for a
multimedia document presentation has to be derived based
on the above four constraints.

1.1 Related work

The use of distributed multimedia information, especially
for distributed collaborations [10, 11, 14, 32] and applica-
tion sharing [39, 40], is becoming increasingly necessary.
The related research issues include data retrieval [15], de-
livery of media objects over a network [3, 4, 8, 9, 12, 29,
30], and temporal reasoning and media synchronization [1,
25, 27, 33, 36, 37]. Also, multimedia authoring and pre-
sentation schedule creation have been studied by many re-
searchers [2, 6, 16, 17, 19, 20, 21, 24, 26, 34, 38]. Simi-
larly, derivation of retrieval schedules for distributed mul-
timedia presentation has also been studied in many works,
such as [17, 19, 28, 29, 30, 31, 35]. In [19], the presentation
schedule is based on Petri nets’ description of the temporal
specification. This presentation schedule is fixed before the
generation of the retrieval schedule. The retrieval schedule
is derived by assuming a certain throughput to be provided
by the network service provider. Based on the derived re-
trieval schedule and the assumed network throughput, es-
timates for the buffer resource requirements on the client
system are made. However, the proposed algorithm does not
check whether the estimated buffer resources are available or
not. Also, it does not handle the variations in the throughput
offered by the network service provider. Li et al. [17] use
time-flow graphs to capture interval-basedfuzzy presenta-
tion schedules, and synchronization of independent sources.
Their algorithms guarantee that there will be no gaps in the
source’s schedules. However, they do not address the issue

of constraints on resources such as throughout and buffer. As
in [19], in [28, 29, 30, 31], authors use Petri net models to
describe temporal specifications, and they base the retrieval
schedules on the fixed presentation schedules. Thimm et al.
[35] describe a method which adapts the presentation sched-
ule to the changes in the resource availability by modifying
the overall quality of the presentation.

1.2 Our approach

In this paper, we have developed techniques for deriving
flexible object presentation and retrieval schedules for a dis-
tributed multimedia document presentation. Our approach is
to use flexible temporal constraint specifications for deriving
a possible presentation schedule [5, 6]. Based on this presen-
tation schedule, we suggest techniques for deriving the re-
trieval schedule. The derived retrieval schedule is validated
by checking whether it satisfies all the system availability
constraints. If it does not, we do the following.

1. Modify the retrieval schedule. We try to find a different
retrieval schedule which fits into the presentation sched-
ule at hand.

2. If no such change in the retrieval schedule is possible,
then modify the presentation schedule. We identify the
portions of the retrieval schedule which do not satisfy the
system resource availabilities. Based on the unsatisfied
retrieval schedule, we suggest a feedback mechanism for
modifying the presentation schedule appropriately.

3. If everything else fails, then modify the quality of pre-
sentation. Such a modification is possible in the case
of certain objects such asgif images, etc. Also, the re-
duced quality of presentation should be acceptable to the
viewer.

2 Multimedia document presentation

A multimedia document is composed of objects that are to
be presented at different time instances and for different
durations. Based on the way the objects are to be retrieved
from the server(s), we classify them as

– Atomic Objects. These objects need to be received as
a whole at the client side before the presentation starts.
For example, still-image files are atomic objects.

– Stream Objects.These objects can be presented to the
viewer as soon as some portion of them is received.
The rest of the object is then continuously fed to the
viewer. Video and audio objects are generally considered
to be stream objects. However, in systems which cannot
handle display-while-retrieving operation, video can be
retrieved as a whole, and be displayed afterwards. In
such systems, video objects must be considered atomic
objects.

Atomic objects must be present in the buffers of the
client as a whole at the start of their presentations. They can
then be consumed from the buffers during the presentation
(as in the case of atomic video objects) or can be kept in
the buffers as a whole till the end of the presentation (as
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in the case of the still images). We useCa(o) to denote the
consumption rate of an atomic objecto from the buffers.
Note that, for objects like still images,Ca(o) = 0.

Stream objects do not need to be delivered as a whole
before their presentations. However, in order to reduce jitter
and to smooth their display, such objects usually require
some fraction to arrive at the display site before the start of
their presentations. In this paper, we usebinit(o) to denote
the size of this fraction for a stream objecto, and we use
Cs(o) to denote the consumption rate of a stream objecto
from the buffers. Note that, in order to prevent the underflow
of the bufferB(o), the consumption rateCs(o) must be equal
to the average delivery rate (throughput) of the objecto
(throughput of an objecto is denoted asth(o)). However, if
the network is not capable of providing the consumption rate,
then we can reduce the throughput requirement by buffering
a larger portion of the object at the client site. This process
will be explained in more detail in Sect. 7.1.

2.1 Flexible multimedia presentation

In practical circumstances, one may encounter a situation
where the derived retrieval schedule cannot be satisfied. For
example, the network service provider might offer a very low
throughput for the application. The retrieval schedule based
on the throughput offered by the network service provider
may overshoot the buffer availability on the client. Hence,
the derived retrieval schedule cannot be used for the mul-
timedia presentation. However, we may be able to mod-
ify the retrieval schedule by relaxing (one or both of) the
application-dependent constraints. For example, one can re-
duce the size of the multimedia objects to be retrieved by
reducing the quality of the presentation (if the reduced qual-
ity is acceptable to the viewer). If the reduction in the quality
of the presentation is not acceptable, then we can modify the
duration for retrieving the objects. This can be performed by
selecting a different presentation schedule that satisfies the
given set of (flexible) temporal constraints.

As an example, consider the (previously described) tem-
poral constraint specification (b): start showing the image
sometime between 9:58 a.m. and 10:03 a.m. and show it till
the audio is played out. Let the chosen presentation sched-
ule be such that the image presentation starts at 9:58 a.m.
If we find that the retrieval schedule based on this presen-
tation schedule does not satisfy all the system constraints,
then we can try another presentation schedule, say, image
presentation starts at 10:03 a.m. This change in the presen-
tation schedule gives more time for the retrieval of the ob-
ject (in this example, it gives 5 min more for retrieval). We
can derive a new retrieval schedule based on the modified
presentation schedule and check whether the new retrieval
schedule satisfies all the constraints.

In the above example, we (seem to have) arbitrarily
picked up another value for the start of presentation of
the image. Instead, we can use feedback from the retrieval
schedule to give us an idea of which temporal values can
be changed by what factor. In other words,we can use the
flexibility of the multimedia presentation to find other solu-
tions within the application-dependent constraints, such as
the quality of presentation and the presentation schedule.

Media Type Reduction in size Reduction in quality
A 0.2 0.1
A 0.5 0.7
B 0.1 0.8
. . . . . . . . .

Fig. 1. An example table relating quality with reduction in object size

This new solution for the retrieval schedule is selected in such
a way that it can handle the changes in the system-dependent
constraints such as throughput offered by the network and the
buffer resources available on the client.

2.2 Quality of the presentation

In this paper, we suggest the use of quality reduction as
an option for satisfying the system resources. Note that this
option is used only when there is no other way to satisfy the
constraints.

The quality of a presentation has two main aspects.

– Response time of the presentation.The response time
is defined as the amount of time that elapses between
the time at which the first object request is issued by
the system and the time at which the presentation starts.
The smaller this value is, the higher the quality of the
presentation.

– Quality of objects. In this paper, we assume that a qual-
ity is associated with each object presentation, and a re-
duction in the size of an object is accompanied by a
reduction in its quality. Different media types observe
different quality reductions when their size is reduced.
A table of the form shown in Fig. 1 provides a means by
which a system can possibly relate quality with reduction
in object size. Note that a reduction in the quality of an
object causes a reduction in the quality of the overall pre-
sentation. Hence, it is better to use higher quality objects
as long as their sizes do not violate system constraints.

2.3 Object priorities

When there are two or more objects competing for the same
system resource, it may be necessary to change the schedules
or reduce the qualities of their presentations. Note that, if
objectso1 and o2 are competing for a resource, theno1,
o2, or both may be affected if the available resources are
inadequate to serve them both. We assign priorities to the
objects in a presentation to minimize the number of objects
that will be affected from a resource shortage. The priority of
an objecto is calculated using user preferences, the number
of other objects whose presentations depend ono, and cost
of modifying the quality ofo.

3 Flexible multimedia presentation architecture

Figure 2 shows the architecture we propose for a flexible
multimedia presentation. The temporal specifications asso-
ciated with a given multimedia document are used by the
Presentation Schedule Generator module to generate a pos-
sible presentation schedule. Based on this schedule and other
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constraints such as available throughput and the size of the
objects, the retrieval schedule generator determines a pos-
sible retrieval schedule. The schedules are checked by the
schedule validator to determine whether all the associated
constraints (buffer availability, throughput) are satisfied. If
some of the constraints are not satisfied, one or more of the
following modifications are made in order to satisfy all the
constraints.

– Change the buffer resource distribution.
– Pick a different presentation or retrieval schedule.
– Change the quality of the presentation

In the above modifications, modifying the buffer resource
distribution is most desirable, while changing the quality of
presentation is least desirable. Based on this discussion, we
can say that the input and output of the flexible multimedia
presentation system are as follows.

Input. The input to the system consists of

– a set of temporal specifications,
– a list of available system resources: throughput and

buffer,
– a list of object sizes and object locations,
– a list of presentation quality requirements,
– a list of object priorities.

Output. The output is a presentation and a retrieval schedule
that satisfies the input specifications, and requirements.

Flexible Multimedia Presentation System Components.

1. Filters for Accessing the Multimedia Document.De-
pending on their interests and their needs, authors editing
a document may wish toview a document in different
ways, through the use offilters. These filters describe the
specific portions of the multimedia document that can be

viewed or edited by an author/user. The filters that can
possibly be applied to a document depend on
– user access rights,
– local system capabilities, and
– user’s projection of the document.

Here, the user access rights and local system capabili-
ties are system-defined filters. Access rights describe the
portions of the multimedia document accessible to the
user. Local system capabilities, on the other hand, de-
scribe the facilities the user has for multimedia object
handling. For example, if the local system cannot handle
MPEG video streams, the author might filter out MPEG
video objects and view the rest of the document. The
users’ projection of the document is a user-defined filter
that helps the author to access the portion of the docu-
ment that they are interested in. The presentation must
adapt itself to the changes, such as to the omissions or
additions of new objects. Authors can perform certain
edit operations that modifies only the local view of the
multimedia document. When they are satisfied with the
edit operations they have performed, the changes can be
realized on the system’s document view.

2. Presentation Schedule Generator.This component of
the system provides a solution to the given temporal
specifications. It picks a schedule which satisfies the tem-
poral specifications. We provide an overview of the tem-
poral constraint solver in Sect. 4.

3. Retrieval Schedule Generator.This module takes as
input the presentation schedule, the list of available sys-
tem resources, and the object sizes. It outputs a retrieval
schedule. Section 5 describes how the retrieval schedule
is generated from the listed inputs.

4. Schedule Validator.Given a temporal schedule, system
constraints, and a retrieval schedule, this module checks
the validity of the generated retrieval schedule based on
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the input constraints. If the schedules are valid with re-
spect to the specified constraints, then thevalidator re-
turns them as the final solution. However, if the sched-
ules do not satisfy the system constraints, this module
suggests modifications that can be made to the current
solution in order to satisfy the system constraints. These
suggestions are used by theSchedule Modifiermodule
to find a modified solution that can satisfy the con-
straints. Section 6 describes in detail the functionality
of the Schedule Validator module.

5. Schedule Modifier. This module modifies the current
solution for retrieval and presentation schedules, based
on the suggestions made by the Schedule Validator mod-
ule. The modified solution is given back to the Validator
module to check the solution against the system con-
straints. We discuss the details of the Schedule Modifier
in Sect. 7.3.
This process of solution-feedback and validation is re-
peated till a valid schedule is generated. In case a valid
schedule cannot be arrived at, then the best sched-
ule found so far can be used as the solution. Objects
whose schedules do not satisfy the system constraints can
be dropped from the presentation, provided the viewer
agrees.

3.1 Segmented validation of schedules

In our approach, we first generate a presentation schedule
based on the specified temporal constraints. Then we gener-
ate a retrieval schedule for asegment of time(the duration
of the time segment is chosen based on the implementation
requirements). The process of segmented retrieval schedule
generation (and validation) is done for the following reasons.

– In the case of a long presentation (say, a 1-h presenta-
tion), system constraints such as throughput and buffer
can vary considerably. Hence, an initial schedule gener-
ated for the entire presentation may become invalid at a
later point in time.

– Creating a complete schedule for the whole presentation
can be time consuming. It might lead to a long wait time
for the user before the presentation can start. (And after
all that, the schedules might become invalid!)

The retrieval schedule for the time segment is then vali-
dated with respect to the system constraints. If the retrieval
schedule is found valid, then the multimedia document pre-
sentation for the validated time segment is started. (Oth-
erwise, we go through the process of solution-feedback to
generate another schedule, as discussed above). Then, the re-
trieval schedule for the next time segment is generated and
validated. Hence, we follow asegmented validationof the
generated schedules.

It should be noted here that the segmentation of the pre-
sentation is done with respect to the presentation schedules.
The retrieval schedule for a segment might fall into the pre-
vious segment. This can modify the throughput and buffer
requirements. In our approach, we allow these segments to
overlap by a chosen duration, sayt. For example, ifSEi−1
denotes the end of segmenti − 1, thenSSi, the segment
start time of theith segment will be:SSi = SEi−1 − t.

12 min 3min

60 min

3min 12 min

Fig. 3. Segmented validation: an example

Symbol Meaning

Thmax Maximum throughput available at a communication line.
Thtot The total throughput required by the objects sharing a

communication line.
th(o) The amount of throughput used by objecto.
Bufmax Maximum buffer available for the objects sharing a com-

munication line.
Buftot(t) The total buffer required at timet by the objects sharing

a communication line.
buf (o, t) The amount of buffer used by objecto at timet.
binit(o) The size of the buffer required by objecto before the

start of its presentation.
st(o) The time at which the display of objecto starts.
et(o) The time at which the display of objecto ends.
req(o) The time at which the request for the objecto is issued

by the client.
rec(o) The time at which the first bit of the objecto is received

at the client.
sz(o) The size of the objecto.

Fig. 4. Notation and terminology

While validating one segment, its overlap with the previous
segment isrevalidated. Hence, this takes care of the overlap
of the retrieval schedules.

Figure 3 shows an example of this segmented validation
of a 1-h presentation. The document is divided into five
segments of size 12 min each, and each of the segments
are handled separately. The consecutive segments have an
overlap of 3 min: the schedule of the last 3 min of segments
are reprocessed at the beginning of the following segments,
as discussed above.

3.2 Notation used in the paper

The major symbols we use in this paper are explained in
Fig. 4.

4 Presentation schedule generation

Our approach for temporal specification is to use a small
class of the language of real-valued linear constraints called
difference constraints. While generalized linear constraints
[13] have the form

a1x1 + a2x2 + · · · + anxn ≤ b , (1)
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wherea1, . . . , an, b are rational numbers(positive and neg-
ative), andx1, . . . , xn range over thereal numbers(positive
and negative), difference constraints have the form

x1 − x2 ≤ b . (2)

Thus, difference constraints are a special case of linear con-
straints, where

1. there are only two variables (i.e.,n = 2 in Eq. 1), and
2. one variable has coefficient 1 (i.e.,a1 = 1), while the

other has coefficient−1 (i.e.,a2 = −1).

With each objectO in a multimedia documentD, we
associate a set,TO, of temporal constraints. As is customary
in operations research [13], constraints are constructed from
variables. In the case of multimedia documents, we asso-
ciate with each multimedia objectO in the document the
following temporal variables:

– st(O): denotes the start time of the display of the object
O,

– et(O): denotes the end time of the display of the object
O

Later, in Sect. 5, we will associate some other variables
with objects, but for now, these two types of variables are
adequate for specifying presentation constraints. There are
four types of temporal presentation constraints:

• T (o) − t ≤ δt • T (o) − t ≥ δt
• t − T (o) ≤ δt • t − T (o) ≥ δt

where

1. T (o) ∈ {st(o),st(o)} and
2. t ∈ ⋃

j{et(oj),et(oj)} ⋃{stp,etp} and
3. stp andetp denote the start and end of the presentation,

respectively.

Example 4.1.Let us assume that there exist two objectso1
ando2 that we want to display simultaneously, i.e., we want
them to start and finish simultaneously. This requirement can
be described using the following constraints:

st(o1) − st(o2) ≤ 0 ,

st(o2) − st(o1) ≤ 0 ,

et(o1) − et(o2) ≤ 0 ,

et(o2) − et(o1) ≤ 0 .

Note that using these constraints, not only can we spec-
ify Allen’s 13 temporal relationships [1] between events,
but also specify more complex quantitative relationships that
cannot be expressed in Allen’s framework. SupposeD is any
document andTD is the set of temporal constraints associ-
ated withD. With this set of difference constraints, we may
associate a graphG = (V, E) defined as follows.

1. Vertices. For each constraint variableτi occurring in the
set of difference constraintsTD, V contains a vertexvi

representing that variable. In addition,V contains two
special verticesvs (document “start” node) andve (doc-
ument “end” node).

2. Edges.If τj − τi ≤ δt is a constraint in the set of dif-
ference constraints being considered, thenE contains an
edge fromvi to vj and the weight associated with this

st(o1)st(o2)

et(o1)et(o2)

0 0

0

0
0

-50 5040 -40

0

0
0 0

0 0

0
0

0

1010

st(o1)st(o2)

et(o1)et(o2)

0 0

0

0
0

-50 5040 -40

0

Start of the Presentation Start of the Presentation

End of Presentation End of Presentation

a

o1

50 90

o2

b

Fig. 5a. The constraint graph andb the corresponding solution

edge isδt. Furthermore, for each nodevi, there is an
edge fromvi to vs with weight 0 and fromve to vi with
weight 0.

Thus, given any documentD, we have one graph as-
sociated with its temporal specifications. The shortest path
solution of this graph (from the end of presentation node
to the start of presentation node) results in a schedule that
satisfies the temporal specification. Example 4.2 shows how
the solution works.

Example 4.2.Let us assume that there exist two objectso1
(50 s) ando2 (40 s). We want to display one after the other
(i.e.,o2 aftero1). But, we also want the display ofo2 to start
within 10 s aftero1 finishes. This requirement is captured
using the following constraints:

st(o1) − et(o1) ≤ −50,

et(o1) − st(o1) ≤ 50,

st(o2) − et(o2) ≤ −40,

et(o2) − st(o2) ≤ 40,

et(o1) − st(o2) ≤ 0 ,

st(o2) − et(o1) ≤ 10.

Figure 5 shows the corresponding graph, and the corre-
sponding shortest path solution. At the end, the vertices of
the graph have the following values:

End of the presentation = 0 Start of the presentation =−90
et(o2) = 0 st(o2) = −40
et(o1) = −40 st(o1) = −90

The corresponding presentation schedule is also shown
in Fig. 5. Note that the time values in the schedule are shifted
by 90 to make them positive.
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b a c

-1

0 0

-1
Fig. 6. A constraint graph with a negative cycle

4.1 Solving difference constraints

In general, the number of constraints in the graph is linear
in the number of temporal specifications provided by the
multimedia authors. It is well known that solving a set of
difference constraints is equivalent to finding the shortest
path in the graph associated with those constraints [7]. The
constraint graphs may contain edges with negative weights.
As an example, consider the following constraint specifica-
tion.

Example 2.Assume the following set of specifications:

(1a) a − b ≤ 0 (2a) b − a ≤ −1
(3a) c − a ≤ 0 (4a) b − c ≤ −1

Here, (1a)-(2a), and (1a)-(3a)-(4a) are in conflict. The
best way to handle this problem is to remove (1a), because
both conflicts will be resolved by the deletion of a single
constraint. However, any other solution would include at
least two deletions, such as the removal of (2a) and (3a),
which is undesirable.

Such conflicting constraints are captured by the existence
of negative cycles in the constraint graph. A negative cycle
is one where sum of the weights assigned to the edges in
the cycle is less than zero. For instance, the set of speci-
fications in Example 2 corresponds to the graph in Fig. 6.
The elimination of conflicting constraints requires that some
constraints be weakened or eliminated. Three ways of elimi-
nating constraints are presented below, all of which are based
on a common (and simple) concept of constraint removal.

Definition 1 (Constraint removal). SupposeC is a set of
difference constraints. Aremovalof C is any subsetC ′ ⊆ C
such thatC ′ is solvable.

The above definition allows any subset ofC to be con-
sidered a removal. Thus, ifc1, c2 are constraints inC, and if
(C − {c1}) is solvable, then it must necessarily be the case
that (C−{c1, c2}) is solvable. However, the latter removal of
C eliminates “more constraints” than strictly needed. Below,
we present three alternative definitions ofoptimal constraint
removal. The third definition assumes that each constraint
has an associatedpriority – a number greater than or equal
to 1. The higher the priority, the more important the con-
straint.

Definition 2 (Optimal constraint removal). SupposeC is
a set of difference constraints.

– a card-optimal removalof C is any subsetC ′ ⊆ C such
thatC ′ is solvable, and there is no other removalC ′′ such
that card(C ′′) > card(C ′). Here,card(C) is the number
of constraints inC.

– a set-optimal removalof C is any subsetC ′ ⊆ C such
that C ′ is solvable, and there is no other removalC ′′
such thatC ′′ ⊃ C ′.

– a priority-sum-optimal removalof C is a removalC ′ of
C such that there is no other removalC ′′ which satisfies(∑

c∈C′′ ℘(c)
)

>
(∑

c∈C′ ℘(c)
)

where℘(c) denotes the
priority of constraintc. We assume that℘(c) ≥ 1 for all
constraintsc.

– a priority-optimal removalof C is a removalC ′ of C such
that if c is in C −C ′, then there exists a set of conflicting
constraintsS in C where for allci in S, ℘(ci) ≥ ℘(c).

Finding card-optimal and priority-sum-optimal removals
of C is NP-complete, while finding a set-optimal removal
is solvable in polynomial time. Similarly, finding priority-
optimal removal is solvable in polynomial time.

Presentation schedule generation algorithms.Though
most graph algorithms for computing shortest paths can-
not handle negative edges in the graph, the well-known
Bellman-Ford shortest path algorithm can deal with nega-
tive edges [7]. If there is no negative cycle, the algorithm
produces the shortest paths and their weights. The shortest
path along with the associated weights specify, in effect, the
start times and durations of presentations of the objects com-
posing the multimedia document. If there is such a cycle, the
algorithm terminates indicating that there is no solution. The
presence of a negative cycle indicates conflicting constraints.
However, the Bellman-Ford algorithm cannot remove con-
straints so as to restore solvability. Also, local editing of
a multimedia document necessitates the handling of incre-
mental additions and deletions of constraints. The reason for
this is that every time a document is modified, the set of as-
sociated constraints changes. Insertion of a new object into
the presentation causes insertion of new constraints, while
object deletion causes deletion of existing constraints. Ob-
ject modification may cause both insertions and deletions of
constraints. Hence, we have developed a set of algorithms
(see Appendix) that will do the following.

– Take as input a set of temporal constraints and return
as output a presentation schedule that satisfies as many
constraints as possible.

– Handle incremental additions and deletions of constraints
such that a maximal set of constraints is satisfied at all
times.

All these algorithms work in polynomial time, and the incre-
mental addition/deletion algorithms are easily seen to per-
form significantly better than re-solving the constraints from
scratch.

5 Retrieval schedule generation

The retrieval schedule associated with a multimedia presen-
tation specifies the time instants at which the client should
make requests to the server(s) for delivering the objects that
compose the presentation. As discussed earlier, the retrieval
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schedule is constrained by system-dependent factors, such as
the available throughput and available buffer resources, as
well as by application-dependent factors, such as the time
available for retrieval and the size of the objects. While
deriving the retrieval schedule, we make the following as-
sumptions.

– Multiple objects can be retrieved over the same network
connection.

– The network provides a maximum throughputThmax for
each connection. Hence, this available throughput has to
be shared by different objects in case their retrieval from
the server has to be done in parallel. This throughput
offered by the network service provider can vary with
time, depending on the network load.

– The client provides a maximum bufferBufmax for each
connection for storing the retrieved objects before their
presentation.

– The release of the buffer resources associated with the
object presentation depends on the application, as well
as on the media type to which the object belongs. The
resources can be released, in the earliest case, once the
object presentation is started (for media types such as
still images).

Based on these assumptions, we now discuss the idea
behind our approach for determining the retrieval schedule.

Single object retrieval.As the simplest case, let us consider
the retrieval of a single object as shown in Fig. 7a. The
object O has to be presented by the client at timest(O).
If the object is atomic, then the retrieval of the object has
to be completed beforest(O). The client makes a request
at time req(O) to the server for the transfer of the object
(req(O) must bebefore st(O)). Here, req(O) depends on
the time required for transferring the object from the server
to the client and on the round trip time required for sending
the request to the server and receiving a response. Hence,
for the case of single atomic object retrieval,req(O) can be
defined as:

req(O) = st(O) − { sz(O)
Thmax

+ ∆t} , and

rec(O) = req(O) + ∆t , where,

∆t is the roundtrip propagation time for sending the request
and receiving a response, andrec(O) denotes the time at
which the client receives the first byte of the request. Based
on the above discussion, the system-dependent factors such
as throughput and buffer requirements during a time interval
for single atomic object retrieval are easy to capture:

th(O, t) = Thmax

buf (O, t) = 0 {if t < rec(O)}
buf (O, t) = Thmax

×(t − rec(O)) {if rec(O) ≤ t ≤ (st(O)}




in interval [req(O), st(O)]

In the above equations,t varies betweenreq(O) andst(O).
When t is equal toreq(O), the buffer requirement is 0,
whereas whent becomes equal tost(O), the amount of
buffer required for the objectO rises tosz(O).

In the case ofO being a stream object, a chunk of frames
(shown by the shaded portion in Fig. 7a) is to be retrieved

before the start of the presentation. The size of this chunk
depends on the type of the media, the jitter requirement, and
the display hardware at the client. The timereq(O) at which
the client has to make a request to the server for transferring
the object follows the same argument as in the case of an
atomic object, except that the size of the objectsz(O) has
to be replaced with the size of the chunk of frames to be
retrievedsz(Ochunk). Hence,

req(O) = st(O) −
{

sz(Ochunk)
Thmax

+ ∆t

}
.

However, the throughput and the buffer requirements are
different from that for an atomic object:

th(O, t) = Thmax

buf (O, t) = 0 {t < rec(O)}
buf (O, t) = Thmax × (t − rec(O)) {rec(O) ≤ t ≤ (st(o)}




in interval [req(O), st(O)]

th(O, t) = c(O)
buf (O, t) = sz(Ochunk)

}
in interval [st(O), et(O)]

Here again,t varies betweenreq(O) andst(O).
Figure 7b shows the buffer requirements for a sin-

gle object (atomic and stream) retrieval. Buffer require-
ments of an atomic object are basically in the time interval:
[req(O), st(O)], whereas the requirements of stream objects
are distributed in the time interval: [req(O), et(O)].

Parallel, multiple object retrieval. In many cases, the pre-
sentations of multiple objects that are to be retrieved over the
same network connection can overlap, as shown in Fig. 8.
In this case, the available throughput and buffer resources
have to be shared among the objects to be retrieved. For
instance, the stream objects in Fig. 8a are initially assigned
the following throughputs:

th(O1) = Thmax/2 ,

th(O2) = Thmax/2 ,

th(O3) = Thmax/3 ,

th(O4) = Thmax/3 ,

th(O5) = Thmax/3 ,

th(O6) = Thmax/2 .

Each objectO is assigned a throughput ofThmax/n,
wheren is the maximum number of objects that simultane-
ously overlap during the presentation time ofO (i.e., from
st(O) to et(O)). The corresponding buffer requirements, as
well as req(O), and rec(O) can be calculated using these
throughput values. However, the throughput values used for
the above calculation are only estimates. These (heuristic
and initial) estimates are made on the basis of the overlap
of the presentation times of the objects. When the values
for req(O) are determined, one might find that the object
retrieval time overlaps in a different manner from their pre-
sentation times. Figure 8b shows a possible overlap of the
retrieval schedules of the objects in Fig. 8a. Hence, the sum-
mation of the throughput estimates in the retrieval sched-
ules has to be checked to ensure that the maximum offered
throughputThmax (by the network service provider) is not
exceeded. A similar discussion also applies to buffer esti-
mates. Checking the throughput and buffer estimates can be
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Fig. 8a,b. Parallel, multiple object retrieval

done for eachtime interval. We can define a time interval
(a, b) as the period between the occurrence of two successive
eventsa, b. The events may be:

– request time of an objectO (req(O)),
– presentation start time of an objectO (st(O)),
– presentation end time of an objectO (et(O)).

For each time interval, the constraints that must be
obeyed by the schedules of all the objects sharing the same
communication path are the following:

– throughput:th(o1) + . . . + th(on) ≤ Thmax;
– buffer: buf (o1, t) + . . . + buf (on, t) ≤ Bufmax

Example 5.1.Consider the two stream objectso1 and o2
that are scheduled as in Fig. 9.

The throughput requirement of the system can be calcu-
lated as follows.

– interval (0-1). No information is being transmitted on
the connection line. Hence, the total throughput Thtot is
0.

– interval (1-2). The initial fraction of the stream object
o1 is being retrieved. Hence, assuming thatbinit(o) ≤
Bufmax, the total throughput requirement is

Thtot =
binit(o1)

(st(o1) − rec(o1))

o2

1 2 43 7 8 9 10 1565
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Fig. 9. Example 3

The buffer requirement, on the other hand, is

Buftot(t) = buf (o1, t) = 0 (whent < rec(o1)) , and

Buftot(t) = buf (o1, t)

=

(
binit(o1)

(st(o1) − rec(o1))

)
× (t − rec(o1))

(when t ≥ rec(o1)) .

– interval (2-5). The throughput on the communication
path is equal to the consumption rate ofo1. Hence,

Thtot = Cs(o1) , and

Buftot = binit(o1) .

– interval (5-7). Both o1 ando2 use the communication
line: o1 receives the remaining portion of its stream in-
formation, ando2 receives its initial fraction.

Thtot =
binit(o2)

(st(o2) − rec(o2))
+ Cs(o1) .

If we assume that binit(o2)
(st(o2)−rec(o2)) is non-zero, thanCs(o1)

must be strictly less than the available throughput.
Note that, during this interval, the following also hold:

buf (o1, t) = binit(o1) ,

buf (o2, t) = 0 (whent < rec(o2)) , and

buf (o2, t) =

(
binit(o2)

(st(o2) − rec(o2))

)
× (t − rec(o2))

(when t ≥ rec(o2)) .

Hence,buf (o1, t)+buf (o2, t) must be less than or equal
to Bufmax. If this relation does not hold, then the sched-
ule is not feasible. We will later show how to modify
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non-feasible schedules to make them conform to the con-
straints imposed by the system. For now, we only state
what needs to hold during the presentation.

– interval (7-9). Both o1 ando2 use the communication
line to receive the remaining portions of their stream
information:

Thtot = Cs(o1) + Cs(o2)

and

binit(o1) + binit(o2) ≤ Bufmax .

– interval (9-17). Only o2 is active and receiving the re-
maining portion of the stream information:

Thtot = Cs(o2)

and

binit(o2) ≤ Bufmax .

Parallel, multiple object retrieval from multiple servers.
Figure 10 shows how objects composing a multimedia docu-
ment presentation have to be retrieved from different servers.
Here, separate network connections will be used for retriev-
ing the objects from different servers. The throughput con-
straints for multiple object retrieval have to be satisfied for
each network connection separately. However, the buffer
constraint is the same, because the entire retrieval is han-
dled by the client.

Interaction between throughput and buffer constraints.
Both throughput and buffer are resources provided by the
system: the first is provided by the network service provider
and the latter by the client system. When a certain through-
put is offered by the network service provider, the required
buffer resources become an estimate based on this offered
throughput. The estimated buffer requirement, then, has to
be checked to ensure that it can be provided by the client
system. In order to achieve this, we go through a process
of validating the retrieval schedule that was generated based
on the above discussion.

6 Retrieval schedule validation

As discussed above, the generated retrieval schedule has to
be checked to see whether it satisfies system constraints such
as throughput and buffer. This validity is checked for every
time interval in the generated retrieval schedule. It should
be noted here that the retrieval schedule generation and val-
idation process is done for every time segment in the entire
multimedia presentation, as discussed in Sect. 3.1. In case
modifications to the presentation or the retrieval schedules
are necessary, it is easier to start from the end of the segment
and work backwards. Working backwards from the segment
end time helps in avoiding redoing already validated sched-
ules. The following algorithm shows how the presentation
and retrieval schedules for a given segments is validated.

Input. A segments, the tentative presentation and re-
trieval schedules fors, the throughput and buffer availability
constraints that the system must obey.

Output. Validity or otherwise of the presentation and
retrieval schedules for the segments.

The algorithm starts from the last interval of the segment,
and it proceeds towards the earlier intervals. This enables the
system to first fix thestarting timesand then theretrieval
times. As a result, the system tries to change the presentation
schedule only if it cannot change the retrieval schedule. We
chose this order because, as mentioned earlier, sticking to
the presentation schedule is more desirable than sticking to
the retrieval schedule.

Algorithm.

1. Sort the events (the vertical dashed-lines in the figure), and
identify the number of intervals (numint).

2. Set the borders of the intervals asunmarked. (When a
border ismarked, the event that corresponds to the border
cannot be changed).

3. Satisfied = True;
4. ∀FirstInterval≤i≤LastInterval(FailNo[i] = 0);
5. ThisInterval = LastInterval;
6. while Satisfied and (ThisInterval ≥ FirstInterval)

do
a) Check if the intervalThisInterval is valid
b) while ThisInterval is not valid do

i. FailNo[ThisInterval] = FailNo[ThisInterval] + 1;
ii. if FailNo[ThisInterval] > MaxFails then return

empty schedule
iii. Create k alternative feedbacks, each modifying either

the presentation schedule or the retrieval schedule (here,
we do not discuss how the feedback is generated). Note
that the values that are alreadymarked must be kept
constant in feedbacks.

iv. Send all feedbacks to theschedule modifier.
v. while schedule modifierreturns no schedule and

(ThisInterval < LastInterval) do
A. ThisInterval = ThisInterval + 1;
B. FailNo[ThisInterval] = FailNo[ThisInterval] +

1;
C. if FailNo[ThisInterval] > MaxFails then return

empty schedule
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D. Set the borders of the intervalThisInterval as not-
marked

E. Createk alternative feedbacks. Note that the values
that are alreadymarked must be kept constant in feed-
backs.

F. Send feedbacks to theschedule modifier.
vi. Check if the intervalThisInterval is valid

c) if interval ThisInterval is valid then
i. Set the borders of the interval asmarked

ii. ThisInterval = ThisInterval − 1
d) else

i. Satisfied = False
7. if Satisfied then return the schedules
8. elsereturn empty schedule

Example 6.1.Consider the two stream objectso1 and o2
that are scheduled as in Fig. 9.

Assume that the segment in Example 5.1 is fed into the
schedule validator. Let us also assume that the throughput
and the buffer constraints of the system are also as specified
in Sect. 5.

The algorithm will start from the last interval, i.e., (9–
17). It will check the throughput and the buffer constraints
as specified in Example 5.1. Let us assume that this interval
does not violate any constraints. The algorithm then marks
the variableset(o2) andet(o1), i.e., it declares that the val-
ues of these variables should not change with subsequent
operations.

The algorithm will then try to validate interval (7–9).
Let us assume that the throughput required for this operation
is more than the available throughput. One solution to this
problem is to reduce the stream throughput of the object
o2 and to move its request time to an earlier point in time
(the details of this operation are described in greater detail
in Sect. 7). Let us assume that the system decides to apply
this solution, and it moves thereq(o2) from 5 to 4. Hence,
as a result, the interval (5-7) changes to interval (4–7), and
similarly the interval (2-5) changes to interval (2–4). At the
end of this step, the variablest(o2), which denotes the start
of the interval (7–9), is marked by the system.

In subsequent iterations, the intervals (4–7), (2–4), (1–2),
and (0–1) are going to be validated in a similar fashion.

In the next section, we show how the feedback is gen-
erated, and how it is used by the system.

7 Feedback generation and schedule modification

As discussed above, the schedule validator checks for the
satisfiability of the two system constraints: throughput and
buffer. If the throughput or buffer required by the sched-
ules exceeds the appropriate upper bound, then the schedule
validator declares the generated retrieval schedule invalid.
In such cases, the schedules (retrieval, presentation or both)
have to be modified so that the system constraints are sat-
isfied. If schedule modifications are not possible, then the
quality of the presentation can be reduced.

The schedule validator generates feedback for modify-
ing the schedules, depending on how the system constraints
were violated. In this section, we discuss how the schedule
validator generates appropriate feedbacks.

7.1 Throughput violation

In Sect. 5, we showed that the total throughput needed for
retrieval of multimedia objects in a time interval can be
expressed as

Thtot =
c1

(st(o1) − rec(o1))
+ . . . +

cn

(st(on) − rec(on))︸ ︷︷ ︸
non−stream

+ d1 + . . . + dm︸ ︷︷ ︸
stream

,

wherec1 throughcn are constants denoting the sizes of the
non-stream information (sz(oi) for atomic objectoi and the
initial buffer requirementbinit(oj) for stream objectoj), and
d1 throughdm are constants denoting the throughput require-
ments of the objects with constant consumption rate (stream
objects).

If the total required throughput (Thtot) exceeds the avail-
able throughput(Thmax), then we need to reduce the through-
put requirement by

δthru = Thtot − Thmax

= δ1
thru + . . . + δn

thru︸ ︷︷ ︸
non−stream

+ θ1
thru + . . . + θm

thru︸ ︷︷ ︸
stream

.

Here, theδs come from the atomic components, and the
θs come from stream components of the above equation.
The amount of reduction required (δthru) is distributed on
δs andθs using their priorities.

7.1.1 Handling non-stream retrievals

For reducing the throughput utilized by the non-stream in-
formation, i.e., the throughput of the form c

(st(o)−rec(o)) , we
need either to increase the time of retrieval (st(o) − rec(o))
or decrease the size of the objectc. In other words, we have
the following options:

– modify the retrieval schedule by changingrec(o);
– modify the presentation schedule by changingst(o);
– modify the quality of the presentation by reducing the size

c.

Changing the retrieval schedule or the presentation sched-
ule involves modification of the value ofrec(o) (time at
which the object has to arrive at the client side) andst(o)
(the presentation start time). The modification of the retrieval
schedule is the most desirable option since it does not in-
volve any change in the presentation schedule or the quality
of presentation.

The desired reduction in throughput for non-stream in-
formation of sizecj can be expressed as

cj

(st(oj) − rec(oj))
− cj

(st′(oj) − rec′(oj))
≥ δj

thru ,

wherest and rec denote the current values of the presen-
tation start time and the receive time,st′ and rec′ denote
the corresponding new values, andδj

thru is a positive real
number. The above equation can also be rewritten as
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st′(oj) − rec′(oj) ≥ cj

−δj
thru + cj

(st(oj )−rec(oj ))

.

Modifying the retrieval schedule. The retrieval schedule
rec(o) can be modified by keeping the presentation start
time unchanged (i.e.,st′(o) = st(o)). Hence, the new value
for rec′(o) is

rec′(oj) ≤ st(o) − cj

−δj
thru + cj

(st(oj )−rec(oj ))

.

If this change in the retrieval schedule is not acceptable
(for example, if it leads to a longer wait time before the
presentation can be started), then the presentation schedule
st(o) can be modified as follows.

Modifying the presentation schedule.To modify the pre-
sentation start time of an object, we need to keep the retrieval
schedulerec(o) unchanged (i.e.,rec′(o) = rec(o)). When we
substituterec′(oj) = rec(oj) in the equation, we get

st′(oj) ≥ rec(oj) +
cj

−δj
thru + cj

(st(oj )−rec(oj ))

.

The range for the new presentation start time of the ob-
ject oj can be fed into a presentation schedule modifier (dis-
cussed in Sect. 7.3) in order to find another feasible value
for st(oj). The modifier generates a new presentation sched-
ule with the new presentation start time for objectoj , such
that the values of the already validated presentation schedule
variables are kept unchanged. Sect. 7.3 discusses this issue
in more detail.

In both the above cases (modifying the presentation
schedule and modifying the retrieval schedule), there will
be a change in the intervals of the segment. Since the val-
idation process is carried out backwards starting from the
segment end time, and since the values of the already val-
idated intervals are kept unchanged, there is no need for
backtracking in the validation process. The interval changes
only affect the non-validated parts of the segment.

Modifying the quality of presentation. If the above modi-
fications of retrieval and presentation schedules are not fea-
sible, then the quality of the presentation may be modified
as a last resort. Reduction in the quality of an object implies
a reduction in the size of the information to be retrieved.
A smaller sized object can than be retrieved with a smaller
throughput. As described in Sect. 2.2, this operation can be
performed by using a look-up table to see what the smallest
feasible reduction in the object quality is.

7.1.2 Handling stream retrievals

The stream retrieval part deals with the throughput require-
ments of the stream objectsafter the object presentation has
started. For reducing the throughput required for stream ob-
ject retrieval, we have the following options.

– Buffering a larger initial chunk of the objectbefore the
presentation,

– Reducing the quality of the presentation by reducing the
size of the objects to be retrieved.

Increased initial buffering. Let us assume that, for the
stream objectoj , the required reduction in throughput is
θj

thru. This reduction is for the time interval〈st(oj), et(oj)〉,
corresponding to the start and end times of presentation of
the objectsoj . Hence, the required increase in the size of
the initial buffer can be calculated as

buf j
inc = durationj × θj

thru ,

wheredurationj = et(oj) − st(oj) .

Increasing the initial buffer size, however, may cause buffer
violations at the already validated intervals. Hence, an in-
crease can be allowed only if there is enough available buffer
space to accommodate the suggested increase:buf j

inc must
be limited by the minimum buffer size available during the
already validated portion ofoj ’s presentation (Fig. 11).
Note that an increase in the size of the initial buffer requires
that the retrieval schedule for the initial chunk is suitably
modified. The change inrec(o) can be calculated as follows:

δrec(oj ) = buf j
inc × th(oj) ,

where th(oj) denotes the throughput assigned to objectoj

for the initial chunk retrieval.

7.2 Buffer violation

The other system resource that may be inadequate is buffer
space. In Sect. 5, we showed that the total buffer requirement
at a time instantt is

Buftot

=
c1

(st(o1)−rec(o1)) × (t − rec(o1)) + . . .

. . . + cn

(st(on)−rec(on)) × (t − rec(on))

}
non−stream

+ e1 + . . . + em︸ ︷︷ ︸
stream

,

wherec1 throughcn are constants denoting the sizes of the
non-stream information being retrieved, ande1 throughem

are constants denoting the buffer requirements of the stream
objects.

If we consider an interval of the form〈tstart, tend〉, the
total buffer requirement at the end of the time interval is

Buftot

=
c1

(st(o1)−rec(o1)) × (tend − rec(o1)) + . . .

. . . + cn

(st(on)−rec(on)) × (tend − rec(on))

}
non−stream

+ e1 + . . . + em︸ ︷︷ ︸
stream

.

Note that the maximum buffer requirement within an interval
occurs at the end of the interval. Hence, the above equation
also gives the maximum buffer requirement within the inter-
val 〈tstart, tend〉. If Buftot calculated as above exceeds the
available buffer space (Bufmax) of the system, then we must
reduce the buffer usage by

δbuf = Buftot − Bufmax .

Note thatδbuf can also be written as

δbuf = δ1
buf + . . . + δn

buf + θ1
buf + . . . + θm

buf .

As in the discussion for throughput violation, the above
equation comprises two components:



244

B
uf

to
t

����������������������������
����������������������������
����������������������������
����������������������������

Bmax

Already validated intervals

Current Interval

Time

Segment to be validated

Lifetime of object O j

bufinc
j

Oj

st(Oj) et(Oj)

VALIDATION

the objects use.

Total amount of buffer

Total amount of buffer
the objects use.
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– (non-stream) buffer requirements for atomic objects and
initial chunk retrieval of stream objects,

– (stream) buffer requirements during the presentation of
stream objects.

7.2.1 Handling non-stream retrievals

To reduce the buffer requirements during the retrieval of
the atomic objects and the initial chunk retrieval of stream
objects (i.e., the component c

(st(o)−rec(o)) × (t − rec(o)), we
need to either increase the retrieval time (st(o) − rec(o)) or
reduce the size of the objectc. This, in effect, results in one
or more of the following.

– Modification of the retrieval schedule (rec(o)).
– Modification of the presentation schedule (st(o)).
– Modification of the presentation quality (c).

Changing the retrieval or presentation schedule involves
modification of the value ofrec(o) andst(o), i.e., the time at
which the object has to arrive at the client side and the pre-
sentation start time. The modification of the retrieval sched-
ule is most desirable, since it does not involve any change in
the presentation schedule or the quality of presentation. The
desired reduction in the buffer requirement for an objectoj

can be expressed as
cj

(st(oj) − rec(oj))
× (tend − rec(oj))

− cj

(st′(oj) − rec′(oj))
× (tend − rec′(oj)) ≥ δj

buf ,

wherest andrec denote the current values of these variables,
st′ andrec′ denote the values that we are searching for, and
δj
buf is a positive real number. The above equation can be

rewritten as
cj

(st′(oj) − rec′(oj))
× (tend − rec′(oj))

≤ −δj
buf +

cj

(st(oj) − rec(oj))
× (tend − rec(oj)) .

Modifying the retrieval schedule. This involves a change
in the value ofrec(o). To changerec(o), we should keep
the presentation start time unchanged (i.e.,st′(o) = st(o)).
Substitutingst′(oj) = st(oj) in the above equation, we get

cj

(st(oj) − rec′(oj))
× (tend − rec′(oj))

≤ −δj
buf +

cj

(st(oj) − rec(oj))
× (tend − rec(oj))︸ ︷︷ ︸

γ

(γ − cj) × rec′(oj) ≤ (γ × st(oj)) − (cj × tend)

{
rec′(oj) ≤ (γ×st(oj ))−(cj×tend)

(γ−cj ) for (γ − cj) > 0

rec′(oj) ≥ (γ×st(oj ))−(cj×tend)
(γ−cj ) for (γ − cj) < 0


rec′(oj) − rec(oj) ≤ (γ×st(oj ))−(cj×tend)

(γ−cj ) − rec(oj)
for (γ − cj) > 0
rec′(oj) − rec(oj) ≥ (γ×st(oj ))−(cj×tend)

(γ−cj ) − rec(oj)
for (γ − cj) < 0

The above set of equations gives a range (rec(oj) −
rec′(oj)) in which the retrieval schedule can be suitably
modified.

Modifying the presentation schedule. This involves a
change in the value ofst(o). To do this, we should keep
the object retrieval time unchanged (i.e.,rec(oj) = rec′(oj)).
Substitutingrec(oj) = rec′(oj) in the above equation, we get

cj

(st(′oj) − rec(oj))
× (tend − rec(oj))

≤ −δj
buf − cj

(st(oj) − rec(oj))
× (tend − rec(oj))︸ ︷︷ ︸

γ

{
st′(oj) ≥ ci×(tend−rec(oj ))

γ + rec(oj) for (γ > 0)

st′(oj) ≤ ci×(tend−rec(oj ))
γ + rec(oj) for (γ < 0)
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


st′(oj) − st(oj) ≥ ci×(tend−rec(oj ))
γ + rec(oj)

for (γ > 0) − st(oj)
st′(oj) − st(oj) ≤ ci×(tend−rec(oj ))

γ + rec(oj)
for (γ < 0) − st(oj)

The above set of equations gives us a range (st′(oj) −
st(oj)) in which the presentation start time can be suitably
modified. This range has to be given to the presentation
schedule modifier (discussed in Sect. 7.3) to generate a new
schedule with the presentation start time for the objectoj in
the suggested range. While generating this new presentation
schedule, the schedule modifier keeps the values of the other
presentation variables (start and end times of presentations
of other objects) constant.

Modifying the presentation quality. This involves reduc-
ing the size of the objects to be retrieved. The procedure is
similar to the one discussed for handling throughput viola-
tion in Sect. 7.1.

7.2.2 Handling stream retrievals

The reduction in the stream components of the buffer usage
can only be made by reducing the size of the objects: a re-
duction in the object size would reduce the amount of buffers
needed for its storage. Reduction in presentation quality can
be made as a last resort. The procedure is the same as the
one discussed for handling throughput violation in Sect. 7.1.

7.3 Presentation schedule modifier

The schedule modifier module takes as input the range of
values for the presentation start times of the objects, as sug-
gested by the feedback generator. The schedule modifier then
generates a new schedule in which only the start times of
the objects suggested by the feedback generator are modi-
fied and other presentation variables (i.e., the start and end
presentation times of other objects) are left unchanged.

Definition 7.1 (Presentation schedule modifier).Let G be
a weighted, directed constraint graph which represents the
temporal specifications of the multimedia document. Letvi

denote the temporal variables of the document, and letφ
denote a schedule for the document, i.e., a mapping from
the variables into reals.

Let δ be a mapping from the vertex variables into
(R × R)

⋃ ⊥, whereδ(vi) specifies the range of the change
required in the value ofvi. If δ(vi) = ⊥, then the value of
vi can be changed freely. Note thatδ(stp) must always be
〈0, 0〉.

Thepresentation schedule modifiertakesG, φ (the initial
solution) andδ (the feedback) as inputs, and it returns a new
solutionφnew. If, however, there is no solution satisfying the
feedback, then the algorithm returns false.

In order to see how the schedule modifier works, observe
that, if δ(vi) = 〈a, b〉, then

φ(vi) + a ≤ φnew(vi) , and

φnew(vi) ≤ φ(vi) + b .
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Fig. 12a.The modified constraint graph andb the corresponding solution

Since the values of the temporal variables are with re-
spect to the start of the presentation, i.e.,φnew(vi) = vi−stp,
we can rewrite the above inequalities as

stp − vi ≤ −(φ(vi) + a) , and

vi − stp ≤ φ(vi) + b .

Hence, for each variablevi such thatδ(vi) /= ⊥, we need
to introduce two new constraints to the document. These
insertions can be represented as the additions of two new
edges to the graphG. Algorithm A9 (given in the Appendix)
handles incremental additions of constraints and provides a
new solution.

Example 7.1.Let us consider the multimedia document de-
scribed in Example 4.1. Let us assume that the presentation
schedule found in that example does not lead into a suitable
retrieval schedule, and the validator asks the schedule mod-
ifier to postpone the start of the objecto2 by 2–4 s while
keeping the end of the objecto1 as it is (we show in Sect. 7)
how the feedbacks are generated).

The inputs to the schedule modifier, that isφ andδ, are
as follows:

φ(stp) = 0 δ(stp) = 〈0, 0〉
φ(st(o1)) = 0 δ(st(o1)) = ⊥
φ(et(o1)) = 50 δ(et(o1)) = 〈0, 0〉
φ(st(o2)) = 50 δ(st(o2)) = 〈2, 4〉
φ(et(o2)) = 90 δ(et(o2)) = ⊥
φ(etp) = 90 δ(etp) = ⊥
Hence, the corresponding new constraints are
stp−st(o1) ≤ −50, and
st(o1)−stp ≤ 50.
stp−st(o2) ≤ −52, and
st(o2)−stp ≤ 54.
The corresponding new graph can be seen in Fig. 12a. At
the end, the vertices of the graph and theφnew have the
following values:
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etp = 0 φnew(stp) = 92
stp = −92 φnew(etp) = 0
et(o2) = 0 φnew(et(o2) = 92
st(o2) = −40 φnew(st(o2) = 52
et(o1) = −42 φnew(et(o1) = 50
st(o1) = −92 φnew(st(o1) = 0

Figure 12b shows the corresponding schedule.

8 The CHIMP project

This paper is part of the Collaborative Heterogeneous In-
teractive Multimedia Platform (CHIMP) project, which has
the goal of studying the technical aspects of collaborative
multimedia document authoring and presentation, as well as
building a system based on these results. Suppose we con-
sider a team of individuals jointlyauthoring a multimedia
document. In order to successfully author such a document,
the authors must

– identify the objects (e.g., audio objects, video objects, text
objects, etc.) that will be part of the authored multimedia
document. This is studied in detail by Marcus and Subrah-
manian [22, 23] who showed that a fragment of Datalog
queries may be used to identify objects of interest,

– specify how these objects should be presented to an end-
user wishing to view the final multimedia document. This
specification includes, amongst other things, the temporal
constraints used to generate the presentation. In contrast
to previous work [2, 18, 23] that describes how arbitrary
constraints may be used to specify presentations, CHIMP
benefits from the use of a small class of constraints called
difference constraints that are adequate for specifying very
flexible presentations.

In addition to the presentation constraints, when a set of
objects are scattered across the network, we need to generate
a retrieval schedulethat specifies how the CHIMP retrieval
engine will retrieve the desired objects from other locations
by interacting with remote servers. This too, constitutes parts
of the CHIMP project, and includes the study of resource
reservation algorithms, as well as servers that can be used
for networked delivery of multimedia objects [3, 4], keep-
ing in mind the available resources (which include band-
width resources, buffer resources, available viewing formats
at different nodes, etc.). CHIMP is currently implemented
on the SUN/Unix platform, and includes some but not all
the services listed above.

9 Experiments

In this section, we describe the results of the experiments
we performed to measure the effectiveness of our temporal
scheduling approach compared with the existing appoaches.
Buchanan and Zellweger [2], use thesimplexalgorithm to
create presentation schedules given a set of objects and a set
of presentation specifications. However, thesimplexalgo-
rithm has major disadvantages. First of all it is very costly
(exponential time complexity); second, it is not optimized
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Fig. 13a,b. Comparison of successful running times (in miliseconds):
a Time necessary for simplex to find a solution,b time necessary for short-
hest path based algorithm to find a solution. NOTE: The scales of the two
graphs are different

to handle difference constraints; third, it cannot handle in-
consistencies that may occur in the input set of presentation
constraints.

In the first experiment, we varied the number of objects
in the presentation from 5 to 45 and we varied the number
of presentation specifications (constraints) from 10 to 1000
(the constraints specify the length of the objects as well as
their relative temporal positioning). The presentation speci-
fications are generated randomly to observe the general be-
havior of the algorithms; however, we made sure that the
randomly generated specifications are consistent. Figure 13
shows the performance comparison of our approach with the
simplexmethod. Note that, while our approach finds a solu-
tion within hundreds of milliseconds, simplex may spend up
to 3–4 min to find a solution as the number of objects and
constraints increase. This difference is due to the fact that
our approach takes advantage of the restricted syntax of the
constraints, while simplex does not.

In the second experiment, we observed how suitable the
two different approaches are for the environments where in-
consistencies are very likely (such as with multi-authored
presentation specifications, or scheduling with presentation
constraints plus network constraints). We again varied the
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Fig. 14a–c.Comparison of running times (in ms) with inconsistent input
sets.a Time necessary for simplex to identify inconsistencies,b time nec-
essary for our algorithm to identify inconsistencies,c time necsessary for
our algorithm to both identify and remove inconsistencies and provide a
solution

number of objects in the presentation from 5 to 45 and we
varied the number of presentation specifications from 10 to
1000. However, this time we let the specifications have ran-
dom numbers of inconsistencies.

Figure 14 shows a performance comparison of our al-
gorithm with the simplex method when inconsistencies
are allowed. Figure 14a shows how the simplex algorithm
worked in our simulation. Note that the time required for
the simplex algorithm to determine that a set of specifi-

cations is inconsistent increases dramatically with an in-
crease in the numer of objects and constraints. However,
as Fig. 14b shows, our approach can identify inconsistencies
very quickly. Furthermore, it can remove the inconsistencies
and provide a solution in much less time (Fig. 14c) than that
taken by simplex just to identify the inconsistency. Simplex,
of course, would not remove the inconsistencies.

These results show that our approach works significantly
better than the simplex method, both when there are no in-
consistencies and when there are inconsistencies. Note that,
in the later case, simplex cannot give a solution, whereas
our algorithm can find a consistent subset of the input con-
straints.

10 Conclusion

A distributed multimedia document involves retrieval of ob-
jects from server(s) and their presentation at the client sys-
tems. The presentation of the multimedia objects have to
be carried out in accordance with the specified temporal re-
lationships among the objects composing the presentation.
Flexibility in the specification of the temporal relationships
helps in deriving a set of possible presentation schedules,
with each schedule representing one possibleview of the
document. The retrieval of multimedia objects from the
server(s) is influenced by factors such as

– presentation schedule of the multimedia objects,
– maximum throughput offered by the network service pro-

vider,
– maximum buffer resources available on the client system.

In the previous approaches [17, 19, 29, 30], the multime-
dia presentation schedule is fixed before the generation of the
retrieval schedule. Based on an assumed network throughput
availability, the retrieval schedules are derived to generate
a retrieval schedule. The generated schedules do not handle
variations in the offered system resources such as network
throughput and available buffer resources.

In this paper, we have developed techniques for deriv-
ing flexible object presentation and retrieval schedules for
a distributed multimedia document presentation. The main
advantage in the proposed methodology is that, instead of
choosing a presentation schedule and trying to find a match-
ing retrieval schedule, the proposed algorithms modify both
the presentation and retrieval schedules in such a way that
system resources (network throughput and buffer resources
in the client system) are used in a very efficient manner.
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Appendix

Algorithms for solving difference constraints

A1 : INITIALIZE SINGLE SOURCE (G, vs)

1. for each vertexv ∈ V [G] do
(a) d[v] ←∞
(b) π[v] ← NIL

2. d[s] ← 0
3. all cycles =∅
A2 : RELAX (u, v, w)

1. if d[v] > d[u] + w(u, v) then
(a) d[v] ← d[u] + w(u, v)
(b) π[v] ← u

A3 : RELAX and MARK CYCLE (u, v, w)

1. relaxed = 0
2. if d[v] > d[u] + w(u, v)then
(a) if NOT CYCLE (u, v) then

i. d[v] ← d[u] + w(u, v)

ii. π[v] ← u

iii. relaxed = 1

3. return(relaxed)

A4 : NOT CYCLE (u, v)

1. cycle = PATH (u, v)
2. if cycle /= ⊥ then
(a) cycle = cycle→ v
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(b) all cycles = allcycles∪ {cycle}
(c) return(0)

3. else
(a) return(1)

A5 : PATH (u, v)

1. if π[u] = ⊥ then
(a) return(⊥)

2. if π[u] = v then
(a) return(v → u)

3. else
(a) temppath = PATH (π[u], v)
(b) if temp path =⊥ then

i. return(⊥)

(c) else

i. return(temppath→ u)

A6 : REMOVE CYCLES (G, cycles)

1. Let cycles be ( authcycles∪ sys cycles )
2. <deleted cons , marked cons >=CONSULT AUTHORS

(auth cycles)
3. delete the constraints indeleted cons from the graph
4. mark the constraints inmarked cons as unsatisfiable
5. let E be the set of edges involved in any of the cycles in in syscycles,

and letpri(e) be the priority of the edgee
6. sortE with respect to the priorities in ascending order
7. em = 1
8. while sys cycles/= ∅ do
(a) remove all negative cycles containingem from syscycles
(b) markem as unsatisfiable
(c) em = em + 1

A7 : SOLVE without CYCLE CHECK (G, w, s)

1. INITIALIZE SINGLE SOURCE (G, s)
2. for i = 1 to |V [G]| do
(a) for each edge (u, v) ∈ E[G] do

i. do RELAX(u, v, w)

A8 : SOLVE and MARK CYCLE (G, w, s)

1. INITIALIZE SINGLE SOURCE (G, s)
2. for i = 1 to |V [G]| do
(a) for each edge (u, v) ∈ E[G] do

i. RELAX and MARK CYCLE (u, v, w)

3. if all cycles/= ∅ then
(a) tempcycles = copy(allcycles);
(b) G′ = REMOVE CYCLES (G, all cycles)
(c) all cycles =∅
(d) SOLVE and MARK CYCLE(G′, w, s)
(e) all cycles = tempcycles∪ all cycles

A9 : INSERT CONSTRAINT (G, w, s, G′, T, e)

1. let e be fromu to v with weight w
2. relaxed = false; cyclefound = false;
3. if d[v] ≤ d[u] + w(e) then
(a) insertion =nontree
(b) exit

4. let aps be the allpairs shortestpath matrix of G’
5. old graph = copygraph(G′)
6. while (relaxed =false) do
(a) d′ = copy array(d)
(b) d′[v] = d′[u] + w(e)
(c) cyc =⊥; edgestoinsert =e
(d) oldedge =⊥
(e) while ((edgestoinsert/= ⊥) and (cyclefound =false)) do

i. newedge = head(edgestoinsert)

ii. edgestoinsert = tail(edgestoinsert)

iii. if (oldedge/= ⊥) then

A. while (source(newedge)/= destination(head(cyc)))do

– cyc = tail(cyc)

B. cyc = newedge→ cyc
C. if (destination(newedge) =u) then

– cyclefound =true

D. else for each unmarked and undeleted edge, tempedge, such that
source(tempedge) = destination(newedge)do

– if ((d′[destination(tempedge)]≤
d′[source(tempedge)] +w(tempedge)) and

(tempedge =aps(source(tempedge), dest(tempedge)))then
if (destination(tempedge)/= u))

d′[destination(tempedge)] =
d′[source(tempedge)] +w(tempedge)

edgestoinsert = tempedge→ edgestoinsert
(f) if (cyclefound =true) then

i. all cycles = tempcycles∪ all cycles
ii. let, minedge, be the edge with the minimum priority on the cycle

iii. if (minedge =e) then
A. restoreG′ from old graph
B. insertion = marked
C. exit

iv. else if (minedge is a non-tree edge)then
A. minedge is marked (i.e. removed from G’)
B. let aps be the allpairs shortestpath matrix of G’

v. else
A. minedge is marked (i.e. removed from G’)
B. SOLVE without CYCLE CHECK (G′, w, s)
C. let aps be the allpairs shortestpath matrix of G’
D. if d[v] ≤ d[u] + w(e) then

insertion =nontree; relaxed =true

(g) else
i. relaxed =true

ii. d = copy array(d′)
iii. modifies the labels of the edges to reflect changes

A10 : DELETE CONSTRAINT 1 (e)

1. G′ = (V, E − {e})
2. unmark all edges
3. SOLVE and MARK CYCLE (G′, w, s)

A11 : DELETE CONSTRAINT 2 (e)

1. G′ = (V, E − {e}−all the marked edges)
2. SOLVE without CYCLE CHECK (G′, w, s)
3. E′ = SORT(all the marked edges, p)
4. while E′ /= ⊥ do
(a) e′ = head(E′)
(b) E′ = tail(E′)
(c) INSERT CONSTRAINT (e′)
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