
Copyright 1995, 1999 c© by ACM, Inc. Permission to copy and
distribute this document is hereby granted provided that this no-
tice is retained on all copies, that copies are not altered, and
that ACM is credited when the material is used to form other
copyright policies.

A Cross-Media Adaptation Strategy for Multimedia Presentations

Susanne Boll, Wolfgang Klas, Jochen Wandel
Databases and Information Systems (DBIS)

Computer Science Department, University of Ulm, Germany

{boll, klas, wandel}@informatik.uni-ulm.de

Abstract

Adaptation techniques for multimedia presentations are mainly
concerned with switching between different qualities of single me-
dia elements to reduce the data volume and by this to adapt to
limited presentation resources. This kind of adaptation, however,
is limited to an inherent lower bound, i.e., the lowest acceptable
technical quality of the respective media type. To overcome this
limitation, we propose cross-media adaptation in which the presen-
tation alternatives can be media elements of different media type,
even different fragments. Thereby, the alternatives can extremely
vary in media type and data volume and this enormously widens
the possibilities to efficiently adapt to the current presentation re-
sources. However, the adapted presentation must still convey the
same content as the original one, hence, the substitution of media
elements and fragments must preserve the presentation semantics.
Therefore, our cross-media adaptation strategy provides models for
the automatic augmentation of multimedia documents by seman-
tically equivalent presentation alternatives. Additionally, during
presentation, substitution models enforce a semantically correct
information flow in case of dynamic adaptation to varying pre-
sentation resources. The cross-media adaptation strategy allows
for flexible reuse of multimedia content in many different envi-
ronments and, at the same time, maintains a semantically correct
information flow of the presentation.

Keywords: adaptation, quality of information, multimedia
authoring, multimedia presentation

1 Introduction

Timely delivery of multimedia content to the users of a
multimedia information system as well as timely render-
ing of multimedia presentations are essential in order to
provide a smooth and continuous presentation service.
Hereby, the multimedia information system must cope
with the user context, i.e., the user’s preferences, the
targeted user system environment, and varying resources
like available network bandwidth and CPU time. Conse-
quently, trying best to deliver a continuous, synchronized
multimedia presentation, the multimedia information sy-
stem must adapt the delivery and the rendering of the
presentation to the current user context.

User context-specific adaptation is one of the chal-
lenges we obtain from our research project “Gallery of

Cardiac Surgery” (Cardio-OP1) [10] that aims at the
development of an Internet-based, database-driven mul-
timedia information system in the domain of cardiac
surgery common to its different user groups, namely phy-
sicians, medical lecturers, students, and patients.
The different users will access the multimedia repository
from different locations ranging from a low-end PC with
a low bandwidth connection (ISDN) at home to high-
end PCs with high bandwidth connections on campus.
As reuse of multimedia information is of high importance
and an important cost factor in such a system, we aim
at modeling multimedia information such that it can be
reused in and adapted to different user contexts. As we
cannot assume network connections that allow resource
reservation for the project, we are concerned with adap-
tation techniques that follow a best effort approach.

A lot of current best-effort adaptation techniques are
considered with switching between different qualities of
single continuous media elements, i.e., adapting/smooth-
ing the data rate. For the adaptation of video, we find,
e.g., approaches that drop single frames [8] (MJPEG,
MPEG), allow for dropping enhanced layers of MPEG-2
(e.g., [13]), skip group of pictures [7], or assign priorities
to frames [6, 12]. Some approaches try to adapt not only
in one quality dimension but also in two or more, e.g.,
[15]. [14] presents an overall adaptation scheme for han-
dling multiple presentations in multimedia databases but
also restricts adaptation to the quality of single media
streams. All these techniques focus on low-level quality-
of-service adaptation and, in addition, usually take al-
ternative media quality as granted or inherent with the
media. As long as the adaptation stays with the me-
dia type, the limitation of the adaptation is the minimal
technical quality of the respective media type which is
still acceptable for a user. For example, an MPEG video
stream, already maximally adapted, still needs a certain
network bandwidth and sufficient CPU time for decod-
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ing to be reasonably presented. From our point of view,
these approaches lack the usage of alternative media ele-
ments of different media type for adaptation and, hence,
leave out more powerful adaptation possibilities.

In the context of our work, we widen the term of
adaptation to cross-media adaptation which means that
media elements and also entire fragments of a multime-
dia presentation can be replaced by different media ele-
ments/fragments which can be of different media type.
We find the following related approaches that address
some aspects of cross-media adaptation. [17] proposes a
cross-media adaptation technique focusing on the sched-
uling of alternatives aiming at best effort assignment of
currently available resources. The approach presented
in [11] proposes cross-media adaptation of Web pages to
client resources in the Internet before the actual delivery
to the respective client environment. SMIL [9] allows for
cross-media adaptation, however, the number of parame-
ters the presentation can be adapted to is quite limited.
The approach discussed in [4, 5], mainly driven by re-
search in authoring environments, addresses support of
quality adaptation on the user level and look at abstrac-
tions for handling presentation adaptation on a much
higher level. However, the related approaches presented
above do not necessarily allow for continuous/dynamic
adaptation and, even more important, do not ensure the
semantic equivalence of the used presentation alterna-
tives but rather concentrate on the scheduling and selec-
tion of alternatives.

From our perspective, cross-media adaptation means
to replace/adapt a media element not only by the same
media element of different quality but also by a media
element of different type. Additionally, we want to re-
place/adapt not only single media elements but also frag-
ments of a multimedia presentation, i.e., coherent, logi-
cal parts of multimedia documents. For example, on low
network bandwidth, we would like to replace an audio
containing a talk about bypass surgery by its transcript
or a video-audio-presentation, that cannot satisfyingly
be presented to a user, by a sequence of pictures with
corresponding captions that has a much lower data vol-
ume.

Changing the media type during adaptation instantly
raises the question of how to preserve the presentation
semantics as the adapted presentation still must convey
the same content to the user as the original one. There-
fore, both semantically equivalent alternatives must be
proposed for an adaptation and the dynamic change be-
tween alternatives during presentation must not disrupt
the “story”, i.e., the information flow.

In this paper, we propose formal models that en-
sure that the presentation alternatives preserve the pre-
sentation semantics and a correct flow of information.
The augmentation models can be used to verify seman-
tic equivalence of automatically generated presentation
alternatives. Hereby, we can relieve the author of a mul-
timedia presentation from specifying different presenta-
tions for different user contexts and save an enormous
amount of effort and costs. Substitution models control

the adaptation of the actual presentation. They give the
consumer of a presentation the possibility to select a spe-
cific degree of adaptation, i.e., how “close” the adapted
presentation must stay to the original presentation. We
developed these models in the framework of the adap-
tive document model ZYX [1, 2, 3], and a first version of
an adaptive presentation engine has been implemented
within the context of the Cardio-OP project.

The remainder of this paper is organized as follows:
Section 2 gives the reader an overview of the adaptation
strategy we propose. Sections 3 and 4 present the aug-
mentation models that ensure the correctness of differ-
ent presentation alternatives and the substitution models
that ensure the correct switching between alternatives in
a dynamic adaptation during the presentation. Section
5 summarizes our work and points out the implications
of the models.

2 The Cross-Media Adaptation Strategy

For the underlying technical infrastructure, we assume
a multimedia database server that manages multimedia
documents, media data, and meta data, and that is con-
nected with heterogeneous multimedia clients via differ-
ent network connections and protocols. To introduce
adaptivity in this system, we model it within the multi-
media documents. This means the multimedia document
must model so called presentation alternatives represent-
ing the adaptation possibilities, i.e., alternative media
elements and fragments that can be exploited for adap-
tation. Having such multimedia documents, adaptation
to the targeted presentation environment can be realized
by the selection of the most appropriate alternatives out
of those specified. The particular interest of this work,
however, is not the blindfolded substitution of media ele-
ments and fragments, but their substitution by semantic
equivalent alternatives. The provision and usage of such
presentation alternatives for adaptation maintaining a
semantically correct information flow is the goal of our
cross-media adaptation strategy.

In our strategy, the verification and selection of po-
tential alternatives within the cross-media adaptation
process takes place in two phases: First, the cross-media
adaptation strategy must verify that the alternatives of
the multimedia document preserve the semantics of the
presentation. Second, during the actual presentation
playout, the adaptation strategy has to assure that
switches between the available alternatives maintain the
information flow. In the following, we present the single
steps of the proposed cross-media adaptation strategy
which are illustrated in Figure 1 in more detail.

For a fine grained adaptation to many different user
contexts, it is mandatory that a high number of alter-
natives is available. To relieve the author from the time
consuming burden of specifying all possible alternatives,
we propose to automatize the specification of the alter-
natives. We call this step augmentation of the multime-
dia document which takes place after the document has
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Figure 1: The steps of the cross-media adaptation strategy

been composed by the author. To find possible presenta-
tion alternatives, the augmentation process queries the
underlying database exploiting inherent technical data
and the meta data the media elements have been anno-
tated with to receive potential presentation alternatives.
To preserve the semantics of the presentation intended
by the author, the suggested alternatives cannot simply
be inserted into the document but undergo a verifica-
tion to assure that the augmented document is still valid
with regard to the presentation semantics. We have for-
malized this verification in the so called augmentation
models. The result of the augmentation is an augmented
multimedia document that covers the heterogeneous uni-
verse of different renderings of the presentation.

The augmented document then undergoes an initial
adaptation that, given a targeted (static) user context,
removes those alternatives that are not relevant for that
context and, hence, forms the context specific “view” on
the augmented document. For example, in the case that
the presentation environment has no sound device in-
stalled, the alternatives for audios never come into ques-
tion for presentation and are removed from the docu-
ment. The initial adaptation has two objectives: First,
it reduces the number of alternatives and consequently
the data volume of the document. Second, it reduces
the calculation effort of the adaptation algorithm during
playout because less alternatives must be considered. Af-
ter this step, the document is ready for presentation in
the targeted user context.

When presenting the multimedia document, clients
prefetch raw data for only those media elements speci-
fied in the document that are likely for rendering. Dur-
ing the presentation, due to unpredictable changes in the
(dynamic) user context, i.e., fluctuations in the available
system resources, dynamic adaptation may be necessary.
This means on-the-fly switching to those alternatives
that are more appropriate to a changed user context and
by this continuously adjusting the presentation to the
current user context. Thereby, the maintenance of the
information flow of the presentation must be assured.
For example, if a video is subject to substitution by a

sequence of images, the change between the alternatives
must not disrupt the presentation flow, i.e., the presenta-
tion of the image sequence has to begin with that image
that correlates to the current scene in the video. Sim-
ilarly to the augmentation models, we, hence, provide
substitution models that check if a dynamic adaptation
maintains a correct information flow.

3 Augmentation — Enhancing Multimedia Docu-
ments with Alternatives

The augmentation process identifies presentation alter-
natives used to enhance a pre-orchestrated multimedia
document for adaptation. In the following, we present
augmentation models that assure the semantic correct-
ness of the alternatives added to the document. For
each alternative suggested, the rules of the augmenta-
tion models check and ensure if the alternative conveys
the same content as the original, i.e., if it is semantically
equivalent and can be used for adaptation.

As the notion of equivalence of contents can be inter-
preted in different degrees of strictness, we have elabo-
rated and formalized different augmentation models that
vary in their definition of strictness. Before we introduce
the augmentation models in Section 3.3, we make some
assumptions on the document model and give basic defi-
nitions in Section 3.1 and semantic relationships that are
fundamental for the formal models in Section 3.2.

3.1 Assumptions on the Document Model and Basic
Definitions

For the underlying multimedia document model, we make
the following assumptions: The document model must
offer the possibility to model alternatives and to explic-
itly model the structural composition of a presentation
in terms of media elements. It is required that the struc-
tural elements of alternatives can be accessed and ex-
ploited by the adaptation strategy. Furthermore, the
document model must be able to model alternatives not
only on the level of single media elements but also on



the level of fragments. We consider fragments to be en-
capsulated by complex media elements and distinguish
them from atomic media elements that represent single
media elements. This distinction is necessary as complex
and atomic media elements have different characteristics
and, depending on these, the adaptation technique is of
different complexity, which is reflected in the following
formal models.

The features as described above can be found in differ-
ent document models to a different extent and different
peculiarity [3]. For example, in SMIL [9], being XML
based, the structural elements can be accessed and the
switch operator serves to specify presentation alterna-
tives. The ZYX [1] model uses a similar switch operator
to model alternatives and complex media elements encap-
sulate substructures of ZYX documents. CMIF [4] allows
nested presentations and offers channels that can be used
to model alternative presentation parts. TIEMPO [17]
is another example of a document model that supports
the modeling of presentation alternatives by means of
selection groups that can be nested.

Obviously, the cross-media adaptation strategy we
propose can be applied in the context of all these mod-
els. We have applied the model exemplarily in the ZYX
context [16].

The symbols introduced in Definition 1 are used in
the formal definitions to follow.
Definition 1 — Symbols: AM,CM,M,SUBJ ,DOC
Let AM denote the set of all atomic media elements,
CM denote the set of all complex media elements, and
M = AM∪ CM denote the set of all media elements.
Let SUBJ denote a set of terms that represent subjects
of interest from the application domain.
Let DOC denote the set of all multimedia documents.

Each atomic and complex media element has associ-
ated a certain amount of meta data which is exploited for
our adaptation strategy. With basic functions as exem-
plarily given in Definition 2, we access some of the basic
features of media elements like the associated subjects.
Definition 2 — Basic Functions: subjects, duration
subjects : M→ 2SUBJ

The function subjects returns the set of those sub-
jects that are associated with an atomic or complex
medium m ∈M.

duration : M→ IN ∪ {∞}
The function duration returns the duration of a
medium m ∈M. If m is an atomic discrete medium,
its duration is set to ∞ by definition. If m is an
atomic continuous medium, it has an inherent du-
ration dur ∈ IN . For complex media elements, the
duration can be determined taking into account
the media elements and their temporal composi-
tion within the complex media element.

As these are only samples of basic functions and the
set of functions extracting the media elements’ properties
is much more comprehensive, let PROPFUNC denote
the complete set of basic functions.

3.2 Semantic Relationships

As we want to augment atomic and complex media el-
ements with cross-media alternatives, we need to de-
fine the notion of equivalence between media elements.
Media-equivalence (Definition 3) defines equivalence only
with respect to certain aspects of media elements. This
restriction is reasonable, as it might be sufficient for an
adaptation strategy that two media elements correspond
only with respect to some features but not necessarily
with respect to all features.

Definition 3 — Media-Equivalence 'D

For m1,m2 ∈M and D ⊆ PROPFUNC the predicate
m1 'D m2 is defined as media-equivalence of m1 and
m2 with respect to D iff the two media elements are
equal in each discriminating aspect d ∈ D.

Figure 2 illustrates media-equivalence for the discrim-
inating aspects duration and subjects. Given this gen-
eral definition of media-equivalence, one can introduce
specific relationships, e.g., a type-equivalence for atomic
media elements that compares the media elements’ me-
dia type. It may be also of interest to compare the tem-
poral course, the spatial arrangement, or the entire com-
position of media elements, especially for complex media
elements. Such equivalence relationships can easily be
defined by specifying appropriate sets D for 'D. Hence,
Definition 3 establishes a family of media-equivalence re-
lationships. In the definition of the augmentation models
and the substitution models, we will see when and how
more or less strict media-equivalences are of advantage.

The definition of media-equivalence covers the com-
parison of features associated with entire media elements.
However, the subject of continuous atomic and complex
media elements may vary over time. Therefore, to ex-
press the semantics of these media in more detail, the
subjects are associated to temporal intervals of the media
elements. In consequence, we need a function subjRel
(Definition 4) that maps the subjects of atomic or com-
plex media elements to the temporal intervals in which
they are relevant. As the duration of discrete media is
set to ∞, a subject can be associated with the temporal
interval 0 to ∞.

Definition 4 — Subject-Relevant Temporal
Intervals subjRel
subjRel : M×SUBJ → 2IN×IN∪{∞}

For a medium m ∈ M and a given subject s ∈
SUBJ the function subjRel returns the set of tem-
poral intervals of m that have been annotated with
s.

The association of subjects to temporal intervals of
a media element gives a more fine-grained description of
the presentation semantics and, therefore, more detailed
information on how a semantically equivalent alternative
should look like.

Given the subject-relevant temporal intervals, we now
can define a predicate subjectSync (Definition 5) that
uses subject-relevant temporal intervals to express a more
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Figure 2: An example for the basic functions and seman-
tic relationships

fine-grained equivalence relationship, especially for con-
tinuous media elements.

Definition 5 — Subject-Synchronism Predicate
subjSync
Let m1,m2 ∈M, S ⊆ SUBJ .

subjSync(m1,m2, S) ⇔
∀s ∈ S : subjRel(m1, s) = subjRel(m2, s)

If two media elements m1,m2 are subject-synchron,
all temporal intervals of m1 and m2 that are relevant
with respect to the subjects s ∈ S are identical. If the
subjSync predicate holds for a media element and a pro-
posed alternative, we can assume that the alternative
still conveys a content close to the original media ele-
ment. Thus, the subjSync predicate can be employed to
assure that presentation alternatives keep the semantics
of the original media element. Figure 2 illustrates the
application of subjRel and subjSync to the four sample
videos.

For an equivalence relationship between two media
elements, one could require additionally that, if a switch
is performed, not only the subject stays the same but
also the information flow. For example, if in one audio
a sentence is commenced one may require that after a
switch the sentence is correctly resumed in a second one.
For rather strict adaptation approaches a predicate that
ensures the maintenance of a correct information flow
may be of interest.

Therefore, we define, in addition to subject-synchro-
nism, information-synchronism. First, we give an aux-
iliary definition syncInt to specify information-synchro-
nism between two media elements during a given sin-
gle interval (Definition 6), and second, the definition
of information-synchronism infSync between two entire
media elements regarding a set of subjects (Definition 7).

Definition 6 — Information-Synchronous Inter-
val syncInt
Let m1,m2 ∈M, interval ∈ IN × IN, s ∈ SUBJ .
syncInt(m1,m2, interval, s) is a predicate that holds,

if both media elements m1,m2 communicate the
same temporal sequence of information within the
given interval interval with regard to subject s.

Definition 7 — Information-Synchronism Predi-
cate infSync
Let m1,m2 ∈M, S ⊆ SUBJ .

infSync(m1,m2, S) ⇔
subjSync(m1,m2, S)∧
∀s ∈ S,∀interval ∈ subjRel(m1, s) :

syncInt(m1,m2, interval, s)

Two media elements are information-synchron regard-
ing a set of subjects S if they are subject-synchron and
information-synchron within all subject-relevant inter-
vals. If the infSync predicate holds, switches between
media elements during their presentation can be per-
formed without disrupting the information flow. How-
ever, what exactly “information-synchron” means is very
much dependend on the application. We assume infor-
mation-synchronism infSync between some of the sam-
ple videos as given in Figure 2.

The information-synchronism always holds for the dif-
ferent technical qualities of a medium. As these differ-
ent qualities can simply be produced automatically, an
enormous amount of information-synchron alternatives
can be offered. The information-synchronism feature for
cross-media elements, however, must be annotated by
means of an intellectual task and cannot be derived from
the media automatically so far. The more fine-grained
the subjects of continuous media elements are annotated
to intervals, the more precise is a comparison of media
elements. The size of the intervals directly influences the
efficiency and accuracy of the predicates.

Obviously, the effect of both the subjSync and
infSync predicates very much depends on the quality
of metadata. Only if the annotated subject really meets
the content, these predicates work properly. Hence, the
quality of the metadata determines if the automatically
computed and selected alternatives really fit with the
content of the original document. Even though compre-
hensive annotation seems to be costly at first sight, fre-
quent reuse of the material in different contexts charges
off the effort.

3.3 Augmentation Models

An augmentation model is used to control the augmen-
tation process. It comprises a set of constraints that
determine which potential alternatives are actually ad-
mitted for augmentation. As mentioned before, different
degrees of strictness may be of interest for the augmen-
tation. Therefore, augmentation models cover different
levels of strictness each of which stands for a certain



quality of adaptation. Let AUG denote the set of the
different augmentation models. The selected augmenta-
tion model serves as input to the augmentation process
defined by the function aug as follows.

Definition 8 — Augmentation aug
aug : DOC ×AUG → DOC augments the atomic and

complex media elements of a multimedia document
doc ∈ DOC with alternatives. Media elements are
inserted as alternatives into the document if they
comply with the constraints of the given augmen-
tation model ag ∈ AUG.

Before we introduce the different augmentation mod-
els, we define an auxiliary function M which extracts all
media elements of a given document (Definition 9) and
a function alts that determines the set of augmented al-
ternatives for a given media element (Definition 10).

Definition 9 — Document Media M
M : DOC → 2M is a function, that returns the set of

those media elements m ∈ M that are contained
in a given document doc ∈ DOC.

Definition 10 — Augmenting Media alts
Let doc, doc′ ∈ DOC and ag ∈ AUG, with doc′ =
aug(doc, ag).

alts(doc, doc′,m) = {m′
1, . . . ,m

′
n | m′

i ∈ M(doc′)∧
m′

i is a presentation alternative for m ∈ M(doc)}
The function alts returns the set of those alternatives
m′

i that have been added to a media element m by the
augmentation of doc resulting in doc′.

Now we can specify the semantics of our first example
of an augmentation model, called strict augmentation
model.

Definition 11 — Strict Augmentation Model
Let doc, doc′ ∈ DOC. Let strict ∈ AUG denote the
strict augmentation model. Let doc′ = aug(doc, strict).

Then doc′ satisfies the following condition:

∀m ∈ M(doc) : ∀m′ ∈ alts(doc, doc′, m) :

m′ '{subjects,duration} m ∧
infSync(m,m′, subjects(m))

The semantics of the strict augmentation model is
that each alternative m′ in the augmented document doc′

covers the same subjects and is of the same length as the
original element m in document doc. Additionally, the
media elements m and their corresponding alternatives
m′ need to be information-synchron with respect to all
associated subjects. In consequence, this augmentation
model can lead to augmented documents that contain
atomic media elements of different technical quality as
alternatives, e.g., a talk alternatively encoded as 8-bit
audio and 16-bit audio. The augmented document can
also contain, e.g., two videos covering the same content
but captured from different camera perspectives. The

document may also contain alternative media elements
of different type, e.g., a video and a slide show. All such
alternatives are available in the document doc′ only if
infSync holds, i.e., each m′ covers the same subjects as
m, and m′ and m are of the same length. Note that the
strict augmentation model always considers all subjects
assigned to individual media elements, although some
subjects may not be of any relevance in the context of
a particular presentation. Figure 3 shows a small part
of a tree-structured multimedia document. Video v1 is
arranged in parallel (par) with other media elements.
When augmented under the strict augmentation model,
this part of the document is extended by a kind of switch
element that inserts video v2 as an alternative for v1.
The available alternatives are those presented in Fig-
ure 2.
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Figure 3: An augmentation example

As the strict augmentation model is a very restrictive
model for later adaptation, one might wish to relax the
constraints of this model. As mentioned above, not all
subjects associated to individual media elements used by
an author are necessarily relevant in the context of a pre-
sentation. Therefore, one could give the author the pos-
sibility to identify those subjects that are relevant to this
special presentation (Definition 12). If an author adds
this kind of relevance information to media elements,
this annotation can be exploited by less restrictive aug-
mentation models. For example, for the augmentation
one could require media-equivalence regarding only the
subjects relevant in a particular presentation context in-
stead of media-equivalence considering all subjects. As
a consequence, more media elements will be considered
to become alternatives. It is also possible to relax the
infSync condition and demand this constraint only for
media elements that have been specified to be played
out in lip-synchronization mode (Definition 13). Taking
these relaxations into account, we can define a more re-
laxed augmentation model, the duration-preserving aug-
mentation model (Definition 14).

Definition 12 — Relevant Subjects rs
rs : M×DOC → 2SUBJ returns the set of subjects

that is relevant to a given media element m ∈M in
the context of a multimedia document doc ∈ DOC.
The set of relevant subjects rs(m, doc) is a subset
of subjects(m) (see Definition 2).



Definition 13 — Lip-Synchronization Predicate
lipsync
Let doc ∈ DOC,m ∈ M(doc).
lipsync(m, doc) is a predicate that holds if m has to

be played out in lip-synchronization with another
media element in a given document doc ∈ DOC.

Definition 14 — Duration-Preserving Augmen-
tation Model
Let doc, doc′ ∈ DOC. Let duration-preserving ∈ AUG
denote the duration-preserving augmentation model.
Let doc′ = aug(doc, duration-preserving).

Then doc′ satisfies the following conditions:

∀m ∈ M(doc) : ∀m′ ∈ alts(doc, doc′,m) :

m′ '{duration} m ∧
subjects(m′) ⊇ rs(m, doc) ∧
(lipsync(m, doc) ⇒

infSync(m,m′, rs(m, doc)))

With the duration-preserving augmentation model,
the alternatives for a media element m must cover
only the relevant subjects of m. Additionally, the
information-synchronism condition has been relaxed.
The consequence of this model for the resulting docu-
ments is that cross-media adaptation is possible in many
places as the infSync condition applies only for media
elements that have been specified to be presented in lip-
synchronization with another media element. With this
condition, it is ensured that if an author has explicitly
modeled two media elements, e.g., a video and an audio,
to be presented in lip-synchronization, this condition still
holds after the augmentation with alternatives. Figure 3
shows, that under the duration-preserving augmentation
model the document is augmented by the videos v2 and
v3.

The duration-preserving augmentation model still re-
quires the same duration of alternative media elements.
This condition can be relaxed, but reasonably only so
far that the starting point in time of each media element
in the presentation still stays the same. By this, the
adapted presentation keeps the general temporal course
intended by the author. Again, this relaxation increases
the number of media elements that are suitable alterna-
tives during the augmentation. To allow for this relax-
ation, it is not sufficient to consider the single media el-
ements when looking for alternatives but also their tem-
poral “neighbours”. Therefore, we introduce the trigger-
ing relation ≺ that relates a media element with those
that are temporally adjacent, and the definition of the
set of triggering media Mtrig that collects those media
elements that temporally precede the media elements of
a document (Definition 15).

Definition 15 — Triggering Relation ≺,
Triggering Media Mtrig

Let doc ∈ DOC,m1,m2 ∈ M(doc),m1 6= m2.
m1 ≺ m2 holds if and only if the end of the presenta-

tion of media element m1 triggers the start of the
presentation of media element m2.

Mtrig(doc)={m∈M(doc) |∃m′∈M(doc) with m≺m′}
Mtrig(doc) describes the set of presentation el-
ements that occur on the left hand-side of the
Triggering Relation and that are part of the
document doc.

With the notion of triggering media, we can now
define a third augmentation model, the start time-
preserving augmentation model (Definition 16). This
model relaxes the condition that the presentation alter-
natives need to have the same duration as the original
media elements. With this third model, only the start
times of each media element must stay the same, i.e.,
whatever alternative is selected, its starting time is the
same as that of the original media element. As this
is valid for each media element, the general temporal
course of the original presentation is maintained. The
start of each media element depends on the end of the
presentation of its triggering media element. Therefore,
the alternative must adopt the role of the triggering me-
dia element and keep the presentation duration of the
original media element. Figure 3 shows, that under the
start time-preserving augmentation model the document
is augmented by the videos v2, v3, and v4.

Definition 16 — Start Time-Preserving Aug-
mentation Model
Let doc, doc′ ∈ DOC. Let st-preserving ∈ AUG denote
the start time-preserving augmentation model. Let
doc′ = aug(doc,st-preserving).

Then doc′ satisfies the following conditions:

∀m ∈ M(doc) : ∀m′ ∈ alts(doc, doc′,m) :

subjects(m′) ⊇ rs(m, doc) ∧
(lipsync(m, doc) ⇒ infSync(m,m′, rs(m, doc)))

∀m ∈ Mtrig(doc) : ∀m′ ∈ alts(doc, doc′,m) :

m '{duration} m′ ∧m′ ∈ Mtrig(doc′)

Obviously, one can think of many different augmen-
tation models comprising a specific set of constraints
that formally define a specific quality of adaptation. Of
course, it is necessary that the constraints founding an
augmentation model are very well chosen in order to get
exactly the notion for adaptation an application needs.

4 Dynamic Adaptation —
Substitution of Media Elements

The initial adaptation reduces the augmented document
by those presentation alternatives that would never be
selected for presentation in the current user context.
Note that the original media elements of the document
are not removed by the initial adaptation. The aug-
mented and initially adapted document is subject to
dynamic adaptation and presentation. The first time
the dynamic adaptation is carried out, it operates on
the initially adapted document. In this, per definition



and to stay close to the original, all original media el-
ements are selected for presentation. Undergoing the
dynamic adaptation, alternatives for those media ele-
ments are selected for presentation that, given the cur-
rent user context, cannot be presented. Then the render-
ing of the presentation starts. Whenever the user context
changes, e.g., the available resources decrease, a further
dynamic adaptation is initiated which again substitutes
those media elements currently selected by those alter-
natives better matching the newly changed user context.
This presentation-adaptation-loop continues as long as
the presentation is rendered and there are changes in the
user context detected (Figure 1). The dynamic adapta-
tion selects those out of the available alternatives that
both best match the current user context and fulfil the
constraints of the respective substitution model.

A substitution model is used to control the dynamic
adaptation process. It comprises a set of constraints that
determine which potential alternatives are actually ad-
mitted for presentation. Similar to the augmentation
models, we introduce substitution models that cover dif-
ferent levels of strictness. By selecting a substitution
model, a user can determine how strict he wants the
substitution of media elements to be carried out.

Before we introduce the substitution models, we give
some basic definitions.

4.1 Basic Definitions

During the presentation of a document, additional infor-
mation must be maintained to reflect the current presen-
tation state. This includes information about the current
presentation time, the selected alternatives, and the like.
The association of the presentation of the document with
the presentation state is called a presentation plan. Each
plan is an instance or snapshot of the presentation at a
specific point in time.

The symbols introduced in Definition 17 are used in
the formal definitions to follow.

Definition 17 — Symbols: PST AT E , PLAN , UC
Let PST AT E denote the set of all possible states of a
running presentation. An element of this set contains
all information that is related to the current presenta-
tion state of a document.
Let PLAN = DOC × PST AT E denote the set of all
presentation plans. A plan associates a multimedia
document with its current presentation state.
Let UC denote the set of all possible user contexts. An
element of this set contains all necessary information
to represent a user’s preferences, system environment,
and current system state.

For the substitution models, we distinguish the sub-
stitution of those media elements that are currently pre-
sented (active) from those that are presented in the fu-
ture or already have been presented in the past (inac-
tive). We need this distinction as for the substitution
of active media elements stricter conditions must hold

than for the inactive elements. Therefore, we introduce
the following definition.

Definition 18 — Active Media: isActive, Mactive

Let doc ∈ DOC, m ∈ M(doc), pstate ∈ PST AT E , and
pl = [doc, pstate] ∈ PLAN .

isActive(m, pl) is a predicate that holds if the media
element m is currently rendered within the presen-
tation of doc.

Mactive(pl) = {m ∈ M(doc) | isActive(m, pl)}
Mactive(pl) denotes the set of media elements
m ∈ M(doc) that are currently rendered within
the presentation of doc.

4.2 Substitution Models

A substitution model is used to control the switching of
currently selected media elements to one of their alterna-
tives. It comprises a set of constraints that determines
whether a proposed substitute can actually be chosen
or not. The substitution models cover different levels of
strictness each of which stands for a distinctive quality of
dynamic adaptation. Let SUBST denote the set of the
different substitution models. The selected substitution
model serves as input to the dynamic adaptation process
defined by the function adapt given in Definition 19.

Definition 19 — Adaptation adapt
adapt : PLAN × UC × SUBST → PLAN selects

those media elements m ∈ M(doc) in a current
presentation pl = [doc, pstate] that are not ap-
propriate anymore to the current user context
uc ∈ UC and substitutes each of those with that
alternative that best matches uc under the control
of a given substitution model sm ∈ SUBST .

The function adapt changes the presentation state of
a current presentation plan pl which maintains the cur-
rently selected media elements in pstate. The only re-
quirement to an implementation of adapt is, that the
given substitution model is not violated. How good the
function adapt calculates the best matching alternative
is out of the scope of this paper.

For the distinction of media elements and their sub-
stitutes we introduce the following definition.

Definition 20 — Substitute subst
Let doc ∈ DOC, pstate, pstate′ ∈ PST AT E , pl, pl′ ∈
PLAN , pl = [doc, pstate], and pl′ = [doc, pstate′]. Let
uc ∈ UC, sm ∈ SUBST . Let pl′ = adapt(pl, uc, sm).

subst : M×PLAN ×PLAN →M
subst is a function that returns that media element
m′ = subst(m, pl, pl′) that has substituted the formerly
active media element m ∈ M(doc) after adapting pl to
pl′. If no substitution has taken place, m itself is re-
turned.

Now we can specify the semantics of our first example
of a substitution model, called strict substitution model.



Definition 21 — Strict Substitution Model
Let doc ∈ DOC, pstate, pstate′ ∈ PST AT E , pl, pl′ ∈
PLAN , pl = [doc, pstate], and pl′ = [doc, pstate′], uc ∈
UC. Let strict ∈ SUBST denote the strict substitution
model. Let pl′ = adapt(pl, uc, strict).

Then pl′ satisfies the following conditions:

∀m ∈ M(doc) with subst(m, pl, pl′) 6= m :

subst(m, pl, pl′) '{subjects,duration} m∧
infSync(m, subst(m, pl, pl′), subjects(m))

If a user selects this substitution model for the dy-
namic adaptation, it assures that only those alterna-
tives are selected for a substitution that preserve the
information flow. This is a very restrictive substitu-
tion model but defines that the adapted presentation
stays very close to the original. If the strict substitution
model is employed, the dynamic adaptation ensures that
the substitute m′ for a media element m is information-
synchron with m. Here, one of the differences between
augmentation models and substitution models becomes
clear. Whereas the augmentation places the information-
synchronization relationship on the original media ele-
ment and their alternatives, for the substitution this re-
lationship must hold between the selected media element
and potential substitutes.

Figure 4 gives an example of the substitution of media
elements of an augmented multimedia document. The
participating videos are those introduced in Figure 2,
and video v1 is currently selected for presentation. On
dynamic adaptation under the strict substitution model
only video v2 is a valid substitute for v1. With this model
substitution of active and inactive media elements are
treated the same way.

1 21

1 2 3 3

1 2 3 2 3 3

1 strict

2 duration preserving

3 start-time preserving

Substitution Models

v  active:1

v  inactive:1

rs(v  , doc)={S  , S  }

par

switch

Video v Video v Video v Video v1 2 3 4

Figure 4: Sample candidates for substitution

However, to allow for a less strict adaptation
the duration-preserving substitution model relaxes the
information-synchronism condition (Definition 22).

Definition 22 — Duration-Preserving Substitu-
tion Model
Let doc ∈ DOC, pstate, pstate′ ∈ PST AT E , pl, pl′ ∈
PLAN , pl = [doc, pstate], and pl′ = [doc, pstate′], uc ∈
UC. Let duration-preserving ∈ SUBST denote the
duration-preserving substitution model.
Let pl′ = adapt(pl, uc, duration-preserving).

Then pl′ satisfies the following conditions:

∀m ∈ M(doc) with subst(m, pl, pl′) 6= m :

subst(m, pl, pl′) '{duration} m∧
subjects(subst(m, pl, pl′)) ⊇ rs(m) ∧
((lipsync(m, pl) ∨ isActive(m, pl))

⇒ infSync(m, subst(m, pl, pl′), rs(m)))

With this substitution model, another difference be-
tween augmentation and substitution models becomes
obvious. For the substituted media elements, the model
distinguishes between active and inactive media ele-
ments. Whereas the conditions for potential alternatives
for the substitution have been relaxed for inactive me-
dia elements, the information-synchronism relationship
still must hold for the active media elements and po-
tential substitutes. This gives the user a less restrictive
model for the substitution of media elements as more al-
ternatives can be considered. But the model still ensures
smooth changes for all active media elements involved in
the substitution.

Figure 4 illustrates the potential substitutes for video
v1 under the duration-preserving substitution model. If
v1 is currently active, only video v2 is a relevant substi-
tute. In the case that v1 is currently inactive, also video
v3 is a candidate for dynamic adaptation. Though video
v4 is infSync with v1, it is not a candidate as it is not
duration-preserving.

To relax the duration-preserving substitution model
but still to preserve the starting point in time of each
media element, we define the start time-preserving sub-
stitution model.

Definition 23 — Start Time-Preserving Substi-
tution Model
Let doc ∈ DOC, pstate, pstate′ ∈ PST AT E , pl, pl′ ∈
PLAN , pl = [doc, pstate], and pl′ = [doc, pstate′], uc ∈
UC. Let st-preserving ∈ SUBST denote the start time-
preserving substitution model.
Let pl′ = adapt(pl, uc, st-preserving).

Then pl′ satisfies the following conditions:

∀m ∈ M(doc) with subst(m, pl, pl′) 6= m :

subjects(subst(m, pl, pl′)) ⊇ rs(m) ∧
((lipsync(m, pl) ∨ isActive(m, pl))

⇒ infSync(m, subst(m, pl, pl′), rs(m)))

∀m ∈ Mtrig(doc) with subst(m, pl, pl′) 6= m :

m '{duration} subst(m, pl, pl′)∧
subst(m, pl, pl′) ∈ Mtrig(doc)

Figure 4 illustrates especially that the start time-
preserving substitution model admits video v4 for substi-
tution as it is infSync with video v1 with respect to the
relevant subjects S1 and S2 and its duration does not vi-
olate the triggering media relationship. If v1 is currently
active, only video v2 is an additional relevant substitute.
v3 becomes a candidate only if v1 is inactive.



5 Conclusion

In this paper, we have presented a cross-media adap-
tation scheme that serves as the basis for implement-
ing adaptation of multimedia presentations offered by
the online multimedia information system of the Cardio-
OP project. The paper focuses on the modular design
of the adaptation scheme in terms of augmentation and
substitution models that describe the identification and
selection of media of different type and even different
fragments of a presentation as presentation alternatives
for a given user context. This approach goes far be-
yond those techniques that focus on the provision of
alternative media qualities depending on actual system
performance. The criteria that can be captured by the
augmentation and substitution models allow for various
dimensions concerning the quality of adaptation.

The impact of our approach is manifold: Explicit
modeling of the structural composition of multimedia
presentations is a prerequisite in order to allow for the
reuse of media elements and fragments [3], but this be-
comes available in the context of document models like
ZYX [1], CMIF [4], TIEMPO [17], SMIL [9], and, e.g.,
other XML-based models.

For the authoring process automatic, constraint
checked augmentation relieves the author from explic-
itly, comprehensively specifying all alternative content
for different environments. This obviously has an impact
on the costs of authoring multimedia presentations for
different environments. The specification of constraints
in terms of different augmentation models allows for the
determination of different “degrees” of adaptability. By
selecting a particular augmentation model one can deter-
mine how “far away” a presentation potentially adapted
later on can be from the original presentation.

Users can determine the kind of dynamic adaptation
by selecting a particular substitution model: The less
restrictive a substitution model, the more powerful the
adaptation to the current user context. However, a user
still could select a very strict substitution model, forcing
the presentation to stay very close to the original one and
by this possibly abandon a smooth presentation flow.

Adaptation techniques might be of importance for fu-
ture billing models: Augmentation as well as substitu-
tion models can be used either by content providers or by
consumers of multimedia presentations to select a pric-
ing category the system is operating in. In this paper the
models define the upper limit of the adaptability of the
document. However, one could also realize these models
in terms of the level of desired adaptability. Then, a user
could select a very “cheap” augmentation or substitution
model that allow for adaptation of all high-quality me-
dia elements by low quality and low data volume media
elements and, as a consequence, being charged based on
lower price.
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